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FOREWORD

This book contains the lectures and contributions presented at the Carpathian
Summer School of Physics 2005 (CSSP05), held in Mamaia-Constanta,
Romania, June 13-24, 2005. The title of the school, Exotic Nuclei and
Nuclear/Particle Astrophysics, is also the title of the volume. This was the 20th
edition of a series which began in 1967, organized by what was then the Institute
of Atomic Physics and is now “Horia Hulubei” National Institute of Physics and
Nuclear Engineering (NIPNE) Bucharest, Romania. It was an event that took
place, with a few exceptions, every 2 years, in the Carpathian mountain resorts
of Predeal or Poiana Brasov. The latest edition was organized in 2000 in
Predeal. This year the school was organized by NIPNE Bucharest in
collaboration with the Cyclotron Institute, Texas A&M University in College
Station, Texas and Ovidius University from Constanta. It took place under the
auspices of the “World Year of Physics 2005” as part of the celebration of the
WYOP in Romania and in this part of Europe. In recognition of this, it was
supported by the Romanian Ministry of Education and Research and by
UNESCO. The organizers decided to move the conference location to the
seaside resort of Mamaia, just north of Constanta, on the Romanian shore of the
Black Sea.

The lectures and contributions covered the topics announced in the school
circulars: Exotic nuclei; Exotic nuclear structures; Exotic decays; Neutrinos
in Cosmos; High energy cosmic rays; Exotic Clusters and Superheavy
elements; Big Bang and stellar nucleosynthesis; Experimental methods in
nuclear astrophysics.

The aim of this meeting, traditionally called a ‘school,” but which always
combined the features of a conference/workshop with that of a typical school,
was to give self-consistent overviews on essential ideas, open problems and
developments in these topics. We succeeded in having outstanding lecturers give
up-to-date reviews on specific subjects so that students could learn about the real
status of the field. The school provided a mechanism for stimulating mutual
interactions between students, aspiring young scientists and well established
researchers in the field. In addition, we organized a few public lectures on
subjects related to the worldwide centennial celebration of Albert Einstein’s
Miraculous Year. We also organized excursions and social events in order to
provide school participants with a flavor of Romanian landscape and culture. We
believe that the school was successful in achieving all these aims. Briefly:

- We had over 120 participants from 5 continents for the 12 day event, with
70-90 participants at any time (not everyone could stay the whole period). It
was difficult to count how many countries participated, due to so many dual
“affiliations”.
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- We had 52 one-hour or two-hour lectures in 10 days.

- Additionally 12 communications (20 min) were presented by younger
participants.

- The public lectures celebrating the World Year of Physics 2005 were
excellent and we thank Lothar Buchmann, Peter Biermann, Heinigerd Rebel,
Jorge Horvath and Gheorghe Stratan for their efforts. We cannot say they
were a success in terms of the non-conference public attracted, but ... we tried
and we’ll do better next time!

- The boat trip in Danube’s Delta was an occasion to see one of the Romania’s
natural beauties. It was taken by more than 70 people and was a wonderful
surprise for all foreign participants, in terms of landscape and size,
considering that we only saw 3—4% of the whole Delta. We hope that this was
an occasion to see this beautiful place, a UNESCO natural preserve that
belongs to all Europe and needs be protected by all of us.

- The banquet in the last evening, on June 23-rd, gave all attendants a little bit
of a flavor of Romanian folklore and cuisine and was a good occasion to
relax, unwind, eat, drink and dance.

- The soccer competition Romania—Rest of the World ended in a tie that needs
to be resolved in future editions: the game on the beach in the first week was
in favor of the international team 7-6; in the second game, on artificial grass,
the Romanian team, strengthened by its international players, won 8-5!

As the title of the meeting suggests, the Organizing Committee and the
International Advisory Committee intended to provide an avenue for the
discussion of a common ground in the understanding of the Universe from
the smallest to the largest scales, even though the emphasis was on nuclei. The
study of exotic nuclei is on one end secking answers about the structure and
interactions in unique finite quantum mechanical many-body systems. On the
other end, it provides data that have an impact on the understanding of the origin
of the elements in the Universe. The abundance of the elements is an indelible
fingerprint of the evolution of the Universe, of the large array of processes and
places where nucleosynthesis took place. Many lectures were devoted to such
subjects, noting their explicit or implicit ties. The school and this book offer
insights on how experiments in the terrestrial nuclear physics laboratories can be
combined with observations from space to enlarge our basic knowledge. This is
why large experimental facilities, current or future ones, are also presented
together with their research projects.

In addition, with this edition of the Carpathian Summer School, we began a
series of public lectures, some of which were held in Constanta at the Ovidius
University. Distinguished professors talked about “Albert Einstein, the scientist
and the man” (G. Stratan, NIPNE Bucharest and Babes-Bolyai University Cluj),
“The origin of elements” (L. Buchmann, TRIUMF Vancouver), “Black holes,
dark matter and dark energy” (profs. P. Biermann, University of Bonn), “The
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origin of high energy cosmic rays” (H. Rebel, Univ. of Karlsruhe) and “Life and
death of the stars” (J. Horvath, University of Sao Paolo).

During the school, four professors also participated at the Romanian
Parliament in a round table discussion with Romanian politicians and business
men, on the role of the science in society and the level of its financial support,
etc.

The aims of the present book are those of the conference. Immediately after
the end of the school, most, if not all, of the presentations were posted on the
website of the school. The full program of the school is included at the beginning
of this volume. We collected manuscripts quickly for this book and we thank the
authors for their very good response in providing the texts of lectures and
contributions. Very few participants were not able to present their contribution
here. The invited lectures form Part I of the book. The Editors organized the
material in chapters following essentially the structure of the school’s sessions.
However, not all sessions could be presented in well-structured chapters, and
some regrouping was needed. It was done by the Editors alone. Part II contains
the contributions presented. Part III contains concluding material. We included
here the text of the public lecture of Peter Biermann and the notes of his
intervention in the above mentioned round table organized by dr. N.V. Zamfir at
the Romanian Parliament. The content of the public lecture of H. Rebel was
assimilated in his lecture, in Part I. In the whole editing process, we favored
speed of publication over completeness of the proceedings. Also, the texts of
the lectures and contributions had to be limited in size. Readers may find
it useful to consult the presentations posted on the website of the school
http://mare.tamu.edu/cssp05/ which contain typically more graphics. Pictures
taken at the school are also available at the same website, for view or download.

Many thanks are due to the members of the International Advisory
Committee for all their advice, valuable suggestions and recommendations for
setting the program and selecting the lecturers. Members of the Organizing
Committee worked hard to have the event put in place and to run it. We also
thank dr. Gabriel Tabacaru (Texas A&M University) who set up and ran the
website of the school. He and Mihai Horoi (Central Michigan University, Mt.
Pleasant) were running the school’s computer system setup by Sabin Iacob, a
young student from the University of Bucharest (who could only attend the first
two days). Prof. Victor Ciupina, rector of Ovidius University Constanta, was
instrumental with advice on local matters and with the support for the
accommodation of a few participants. All of us would have been lost without the
hard and competent work of the technical secretaries Aurora Anitoaie and
Denise Cranganu and of Alexandra Olteanu, the financial officer of the school.
They significantly contributed to the success of the School and we thank them.
Finally, Dr. Adriana Banu (Texas A&M University) read a large part of the
typescripts for this volume and helped with the editorial process.
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We thank the personnel of Best Western Hotel Savoy in Mamaia, where the
event took place, personnel lead by Bellamy Zahiu, for their professional, warm
and discreet service during the conference and in the planning stage of it. It was
a wonderful venue for a conference of this size and scope.

The school could not have taken place without the financial support of its
sponsors. We thank them, in particular UNESCO-ROSTE Venice and the
Romanian Ministry of Education and Research for their support. NIPNE
Bucharest, the host institute, also devoted personnel and resources for the event.
Without their support, the participation of young scientists would have been
much reduced. Orange Romania also contributed with financial support. We also
thank all the participants for making the whole event a success, without which all
our efforts would have been fruitless!

Given the success of the present edition, the board of NIPNE has recently
decided for the Carpathian Summer School of Physics to be a biennial event, and
to put it in the list of the EPS and NUPPEC events, which means that we’ll see
one another in 2007! Organizers for the event are sought after.

Sabin Stoica
Livius Trache
Robert E. Tribble

Bucharest and College Station
November 2005
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ADDRESSES AT THE OPENING SESSION
June 13th, 2005

The address of Dr. Nicolae Victor Zamfir
General Director, NIPNE Bucharest

It’s a great pleasure for me to welcome all of you here to this international
summer school in nuclear physics. This seems to be the 20th such school, though
it depends on whom you ask. The confusion comes from some uncertainty on
what we consider ‘international’ to mean. I’'m told that at the first such school
there was only one foreigner, a Russian participant, as it happened. So, I wonder,
can we consider it was ‘international’?

Further confusion stems from the fact that after a bunch of enthusiastic
nuclear physicists organized the first edition of this summer school in 1967 -
Aretin Corciovei was leader of the group — many other branches of physics,
mathematical physics and others, started to organize such schools, and they, too,
had some connection with nuclear physics. Should they be counted as part of this
series? Anyway, the consensus is that this is the 20th edition of the Romanian
international school in nuclear physics.

The school has naturally evolved in terms of subjects and participants over
these almost 40 years. We began with the subject of nuclear angular momenta,
coefficients of fractional parentages, Clebsch-Gordon and Wigner coefficients
and so on. Now, you can see what our current subjects are, which, by the way,
are not so basic. In fact, they are very hot subjects in these days.

Much of these 40 years were a very tough period both for the school and for
the profession of nuclear physicist in general. We survived. The school survived
sometimes thanks to a very strong German support and also due to the direct
involvement of Valentin Ceausescu who helped us keep the school alive
(correcting partially, for short periods and only for some, the great deal of pain
and frustrations his family inflicted upon the whole nation in general and upon
science in particular in the late seventies and in the eighties! — Editor’s note).

Since the political changes in the 1990s, things have become more normal.
International connections have grown much better. The distribution of the
participants has changed. As you can see, there now are more foreign
participants than Romanian ones.

I don’t know what the future will be, but we certainly hope to continue this
tradition in international Romanian summer schools. Actually, these Romanian
schools are a little bit different from traditional summer schools in other places,
because the number of students here is not so high. You can see that there are
many speakers, and the talks are very detailed. In fact, here we learn very much
from one another. From this point of view, our summer school is special.

Xix
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Besides, this particular summer school is special, because after a series of
schools we organized in collaboration with German physicists, this is the first
time the school is organized together with an American university. Maybe it is
not just a coincidence that Texas A&M is sometimes called here “IFIN-West,”
because many physicists from IFIN-HH are working there. So, we have
wonderful friends there.

I would also like to take this opportunity to thank the prefect of Constanta for
participating in our ceremony. We are indeed trying to start a policy of making
physics more closely connected with the public, industry, the political level, and
making the public more aware of what we can do. It is not as though we sit on
some Mount Olympus. We have to integrate into society. Thus, we have to
integrate with the community of basic research, so that we might be part of the
international exchange of ideas, but we must also become more useful to the rest
of society.

In this respect, next week we will have a big meeting at the Romanian
Parliament, organized by the Parliament and IFIN-HH. Andrei Dorobantu is the
promoter of this. We will try to bring together politicians, both members of the
Senate and Chamber of Deputies, physicists, and representatives of industry,
exactly with this goal in mind of heightening the profile of physics research amid
the public.

- I'd like to conclude by saying that I'm sure we have set off at a good start.
Even the weather is good; conditions are good; the organizing job seems very
good. So, I hope we will have a very good summer school — two weeks of a very
useful exchange of ideas.

Thank you very much.

Nicolae-Victor Zamfir
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The address of Honorable Dan Culetu
Prefect of the County of Constanta

Ladies and Gentlemen,

Let me first wish you a warm welcome here, in Constanta!

I hope you will benefit not only from this conference, but also from the very
nice area, a very nice weather and the warm people that are living here in
Constanta. We have a good relation with the university and we are very proud
that this conference is taking place here in Mamaia. We have here in our county
the first nuclear power plant built in Romania and we have probably to benefit to
prepare scientists for this very important enterprise, which was built with
international cooperation to begin with. I also hope that you will spend a very
nice time here in Mamaia with its beaches, hotels, restaurants and bars, but
you’ll also take time to visit the surrounding area with its natural attractions, like
Danube’s Delta, Murfatlar winery and the archeological sites for which whole of
Dobrogea is famous. I'm not a physicist, but my best friend is physicist and we
always argue because he always come with arguments.

Well, this is all for me, once again I wish you success and have a nice time in
Constanta.

Thank you very much!
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The address of Dr. Livius Trache
Texas A&M University
Scientific secretary of CSSP05

Dear Collegues,
Guests and hosts,
Current and future friends,

Howdy! Welcome y’all to the 2005 edition of the Carpathian Summer School of
Physics!

Dr. Sabin Stoica, the chair of this session and co-chair of the school,
welcomed you in his opening address. The other chair of the school, prof. Robert
Tribble, could not be here today, he will only arrive Thursday evening.
Unfortunately he had to stay behind and go first to Washington, DC, to attend an
important function related to our fight with the continuous shrinking of the US
budget for science, and particularly for nuclear physics. He charged me to
welcome you on his behalf, which I do now, adding my own welcome. As
scientific secretary of the school, I'll be more the face and voice of the
Organizing Committee and you will hear more technical details from me at the
end of this welcome, please bear with me for a few words before that!

I am very glad to see you here! This is the beginning of the school, but is, in
a way, the end, or the beginning of the end, of a long road for the organizers. An
end that we are glad we meet with a first sign of success, that of your very
presence here! We can tell you that more than 50 lecturers and a total of over
120 participants accepted the invitation to come, and are here or will arrive at
some point during these two weeks. With Wilton Catford, who just told you in
his short address on behalf of the participants that he’s an Australian, and with
the Brazilian who will arrive at the end of the week, we’ll have here scientists
gathered from 5 continents. And from a large number of countries which we did
not even attempt to count due to the difficulties created by the double affiliations
so common in modern science. We consider this presence a success and we
thank you for making it possible.

I have to add my thanks to the sponsors, foremost UNESCO and MEC.
Without their contribution the school itself and the participation of young
scientists in particular, would be a lot weaker, if at all possible. I want to thank
also, on the behalf of the organizers and on your behalf, the Honorable Mr. Dan
Culetu, the Prefect of the Constanta county, the highest ranking government
official in the territory, for taking time from his busy schedule to attend this brief
ceremony and for his address.

Dr. Zamfir, the director of NIPNE, made in his address a short history of this
school, reminding us all that this is a well established tradition, with this being,
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give or take a few units, we are not sure, the 20th edition. However, there are a
number of ‘firsts’ in this edition.

The first “first” is that it is organized for the first time on the Black Sea
coast, here in Mamaia, not in the Carpathian resorts of Predeal or Poiana Brasov.
The Organizing Committee is pleased with the choice, with our experience so
far, and hopes that you’ll all appreciate the conditions offered by the ‘“Best
Western Savoy Hotel”, from the cozy atmosphere of this conference hall, next to
the pool and with the beach and sea in the view, to the comfort of your rooms
with beautiful sea view and the warmth and professionalism of the service and
personnel. Secondly, this school is for the first time organized by a joint
Romanian-American committee. We had in the past editions of the school with
large contributions from our colleagues from Western Europe, in particular our
German colleagues, and we had Americans present in past schools, but never
involved in the organization. This time you received most of the correspondence
from US, and I want to personally thank you here that you gave us the benefit of
the doubt and, while receiving emails from the domain @tamu.edu trying to sell
you a physics school in Romania, you did not reject our emails, mine and dr.
Tribble’s, as spam or such, and trusted us! Thirdly, this is the first school where
we asked the lecturers to support their stay, we were nervous about what kind of
response we shall get, thank you for your positive answer to that. Fourth, we are
adding to the school’s traditional lectures and oral contributions, a number of
public lectures, which we intend to address the larger public, and be part of the
celebration of the “World Year of Physics 2005”. We shall have to wait and see
how successful these will be. They are planned to take place at the Ovidius
University, in Constanta. Prof. Victor Ciupina, Rector of the University, kindly
agreed to be part of our Organizing Committee, and helped us on several local
issues. I thank him for that! In his address, a few minutes ago, he told you a few
facts about Ovidius University, the largest public university in the area, about his
personal efforts (he is a physicist) on improving physics high education in
Constanta, in particular nuclear physics, related to the proximity of the nuclear
power plant in Cernavoda. And he said a few proud words about the city and the
region around, about the name of the university. This encourages me to say a few
words of my own on this subject.

Mamaia is a a young, 20th century sea side resort, situated just north of the
city of Constanta, the largest harbor on this coast. Constanta is, arguably, the
oldest city continuously inhabited in Romania. As other cities around, it was
founded in the VII-th century BC by Greek colonists, named Tomis, and played
a role in the contacts of the locals with the Aegean civilizations. It had periods of
glory and development (that you can learn about visiting the rich history and art
museums and ruins in its downtown; I encourage you to do that) and periods of
decadency that ended at the end of XIX-th century when it became Romania’s
gate to the seas. Currently it hosts around 400,000 people. Ovidius is very much
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a symbol for this city, you will see many places and things named after him: the
central plaza in downtown, an island, restaurants, parks, tourism agencies, you
name it, ... even the university. Indeed Publius Ovidius Naso, the Latin poet,
was exiled here by Emperor Augustus, and died here. He wrote here, he learned
the local language to participate in poetry contests (strange habits of the
barbarians?!) with the son of the local king, but the truth is he never liked the
place! He always complained is too cold and asked for clemency to go back
home. His “Ponticae” are known as “Tristia” (Sad letters from Pont). I want,
therefore, to challenge the locals with the name of an important son of these
places, whose name also deserves our recognition, particularly because affects
our lives every day. Let me try to make it simple! Today is June 13th, 2005. We
due “June” to Julius Caesar of I century B.C., 13th to pope Gregory XIII (of
XVI c. AD). 2005 is due to Dionysius Exiguus (Dennis le Petit in French,
Dennis the Small in English). He was born in one of the villages around here,
completed his high education in the metropolitan schools of Tomis and went the
same road as Ovidius, but 'in the opposite direction. Went to work for the
patriarch in Constantinople, then to Rome, working under ten popes, to become
one of the leading scholars of his century in Europe (and later sanctified). He
proposed a unified system of chronology, starting from the birth of the founder
of Christianity. Made a careful study of all existing facts and literature, made a
timeline, and announced “this is the year 525”!. The system was gradually
adopted and, actually, A.D. initially meant “Anno Dionysii”, before becoming
the universal “Anno Domini”. We know now that he was wrong by 4-6 years
(that is 1% error, compare that with our typical error bars!), but I wanted to tell
you the story, as many of you may not have known it. Therefore, Mr. Prefect and
Mr. Rector, I want to say that I would see a “Dionysius University” in Constanta!
But then, if it is Dionysius University, why in Constanta and not in Murfatlar?!

Thank you for your attention! Enjoy your stay!

Livius Trache

“Murfatlar is one of the most prestigious wineries in Romania, nearby, in the same county (Editor’s
note).
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RESEARCH ON NEUTRON CLUSTERS

F. MIGUEL MARQUES*
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IN2P3-CNRS, ENSICAEN et Université de Caen,
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A new approach to the production and detection of multineutrons, based on
breakup reactions of beams of very neutron-rich nuclei, is presented. The first
application of this technique to the breakup of 4Be into !°Be and 4n revealed 6
events consistent with the formation of a bound tetraneutron. The description of
these data by means of an unbound tetraneutron resonance is also discussed. The
experiments that have been undertaken at GANIL in order to confirm this obser-
vation with 1%14Be and 8He beams are presented. Special attention is paid to the
angular correlations of some candidate events observed in the channel (3He,4He).

1. Neutral nuclei

Stable systems formed by few nucleons, such as 3H and 3“He, have long
played a fundamental role in testing nuclear models and the underlying N-N
interaction. Their ground states, however, do not appear to be particularly
sensitive to the form of the interaction. New perspectives should be pro-
vided by light nuclei exhibiting very asymmetric N/Z ratios. For example,
among the N = 4 isotones one finds the two-neutron halo structure around
the o particle in 5He, or the ground state of H observed as a relatively
narrow, low-lying resonance. Concerning the lightest isotone, “n, nothing
is known.

The existence of neutral nuclei has been a long standing question in nu-
clear physics. Over the last forty years very different techniques have been
employed in various laboratories for the search of multineutrons, mainly
341, without success'. All the techniques consisted of two stages, the for-
mation and the detection of the multineutron, and the negative results were
always interpreted as due to the extremely low cross-section of the reaction

*For the DEMON-CHARISSA collaborations.
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used to form the multineutron. Theoretically, ab initio calculations? suggest
that neutral nuclei are unbound. However, the uncertainties in many-body
forces, the already relatively poor knowledge of the two-body n-n interac-
tion, and in general the lack of predictive power of these calculations, do
not exclude the possible existence of a very weakly bound “n.

2. Neutron stars

One could argue that multineutrons, bound systems of neutrons, already
exist: neutron stars. They are, however, at a very different size scale and
held together by gravity. Is there any straightforward link between the pos-
sible existence of multineutrons at the nuclear scale and the characteristics
of neutron stars?

The possible existence of multineutrons would not have any implication
in the core composition, not even in the whole interior as at densities beyond
po nuclei dissolve —also neutral nuclei would. They could only appear in
the inner crust, in which 56Fe coexists with very neutron-rich nuclei and
free neutrons, but this is a very small part of the star and any effect would
be far beyond the present experimental capabilities.

On the other hand, attempts are being made in order to link the prop-
erties of neutron stars with those of the most neutron-rich stable nucleus,
208Ph, Theoretical models explore in this way the N-N interaction for
N > Z. In that sense, multineutrons could provide a very important input,
as their possible existence would constraint strongly the N-N interaction
in an almost proton-free environement like the one found in neutron stars.

3. A new approach

We have recently proposed a new approach to the production and detection
of multineutron clusters!. The technique is based on the breakup of ener-
getic beams of very neutron-rich nuclei and the subsequent detection of the
liberated multineutron cluster in liquid scintillator modules. The detection
in the scintillator is accomplished via the measurement of the energy of the
recoiling proton (E,). This is then compared with the energy derived from
the flight time (E,), possible multineutron events being associated with
values of E, > E,.

In light neutron-rich nuclei, components of the wave function in which
the neutrons present a cluster-like configuration may be expected to ap-
pear. Owing to pairing and the confining effects of any underlying a-
clustering on the protons, the most promising candidates may be the
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Figure 1. Scatter plot, and the projections onto both axes, of the particle identification
parameter versus Ep/E, for the data from the reaction C(}4Be,X+n). The PID has
been projected for all neutron energies. The dotted lines correspond to Ep/E, = 1.4
and to the region centred on the 1°Be peak?!.

drip-line isotopes of Helium and Beryllium, 8He (S4, = 3.1 MeV) and
14Be (S4n = 5.0 MeV). As breakup reactions present relatively high cross-
sections (typically ~ 100 mb), even only a small component of the wave
function corresponding to a multineutron cluster could result in a measur-
able yield with a moderate secondary beam intensity. Furthermore, the
different backgrounds encountered in previous experiments are obviated in
direct breakup.

The method has been applied to data from the breakup of 11Li, 1“Be
and !B beams. In the case of 14Be, some 6 events have been observed with
characteristics consistent with the production and detection of a multi-
neutron cluster, most probably in the channel 1°Be+*n (Fig. 1). Special
care was taken to estimate the effects of pileup; that is the detection for
a breakup event of more than one neutron in the same module. Three
independent approaches were applied and it was concluded that at most
pileup may account for some 10% of the observed signal. The most proba-



ble scenario was concluded to be the formation of a bound tetraneutron in
coincidence with 1°Bel.

4. Bound or resonant state?

Following the publication of our paper!, many theoretical papers have in-
vestigated the conditions needed for the binding of a four neutron system?.
The overall conclusion is that the present knowledge on the n-n interaction
and the physics of few-body systems do not predict a bound *n. Interest-
ingly, however, the calculations of Pieper suggested that it may be possible
for the tetraneutron to exist as a relatively low-energy, broad resonance.

Two scenarios were confronted® in order to explain the events observed:
the scattering of a bound *n on a proton, and the detection of several neu-
trons in the same module (pileup). The hypothesis of a bound *n was found
to be consistent with the experimental observations, while the estimates of
pileup obtained, mainly through Monte-Carlo simulations, were one order
of magnitude too low.

If the four neutrons, however, form a resonance at low energy, the decay
in flight will lead to four neutrons with very low relative momentum, and
one could expect that the probability of some of them to enter the same
module may increase. The simulations presented® have therefore been mod-
ified in order to include the decay of a “n resonance3.

The results of the simulations show the expected increase of the pileup
probability towards low resonance energies. For a given resonance energy,
the results do not depend much on the width. A significant increase of
the pileup probability appears below E = 2 MeV, the resonance energy
suggested by Pieper?. A resonance bellow 2 MeV may, therefore, be con-
sistent with the events observed!. We note that preliminary results of an
experiment measuring the o transfer in the reaction 8He(d, ®Li)4n suggest
a resonant structure about 2 MeV above threshold?.

5. New experiments and results

The confirmation of the multineutron candidate events observed with a
higher intensity 'Be beam and an improved charged particle identifica-
tion system, and the search for similar events in the breakup of 8He, were
proposed at GANIL. Even if the intensity and quality of the 8He beam, de-
livered by SPIRAL, should be much higher, structural effects may well lead
to a stronger *n component in “Be g.s. than, say, in 8He. For example, the
configuration of the neutrons in a *n system, (1s)2(1p)?, is closer to that of



the valence neutrons in *Be than to those in #He. Therefore, if no events
were observed during the 8He run the question whether the tetraneutron
exists would remain open.

Unfortunately, several problems concerning the cyclotron lead to null
results after two different attempts with 1#Be beams, in 2001 and 2002. An
analysis of the channel (}*Be,®Be), planned in order to search in parallel
for the existence of the hexaneutron, could not be performed either. The
reanalysis of data from a previous experiment on the breakup of !%Be,
specially the (12Be,®Be) channel, was also undertaken®. No clear evidence
of such events appeared.
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Figure 2. Same as in figure 1 for the data from the reaction C(8He,X+n). The PID has
been projected for all neutron energies. The dotted lines correspond to Ep/En, = 1.4
and to the region centred on the 4He peak’.

On the other hand, some data were acquired with a high intensity 8He
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beam from SPIRAL. Preliminary results® exhibit the same kind of signal
observed previously!, an abnormal number of high-energy proton recoils in
the —4n channel with respect to all other channels (Fig. 2).

6. Angular correlations and “n resonances

Due to the (relatively) higher statistics and to the lower beam energy (13
MeV/N compared to the 35 MeV/N of the !*Be beam), the analysis of the
relative angle between the “He fragment and the neutron in the proyectile
frame becomes feasible. This analysis was already introduced in the *Be
datal, but was not developed in detail due to the energy constraints.
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Figure 3. Angular correlations between the o« particle and the neutron in the 8He
reference frame (0;n)5. On the upper row, the 5, 3 and 2 body phase-space scenarios.
On the lower-left panel, all the data (points), the 5 body phase-space simulation (solid
line) and the 4n bound state scenario (dotted line). On the lower-right panel, the 4
resonant state simulations from 0.1 MeV to 2 MeV (from right to left).

The results of the simulations are presented in Fig. 3. The 5 body
phase-space simulation describes very accurately the whole data. But most
importantly, the bound and resonant states lead to significantly different
correlation patterns, being in the resonant case different for each of the
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resonance energies.

This parameter is therefore sensitive to the nature of the tetraneutron
state, and, in the case of the resonance hypothesis, to its energy. The 14
events observed on Fig. 2 lie in the region between 60 and 160 degrees®,
and seem in principle closer to the low-energy resonant state hypothesis,
but the analysis is still in progress.

7. Conclusion

After four decades of experimental search for multineutrons, or neutral
nuclei, the new approach described here has lead to the first observation of
events that can, at present, be only explained through the existence of a
4n state. This state could be a very weakly bound (neutral) nuclei’, or a
broad low-energy resonance®. Following the most complete calculations to
date?, the most likely scenario should be the latter.

Among the different attempts at confirmation, only the one using an
intense 8He beam from SPIRAL was successful. The preliminary results,
and the analyses in progress, seem to confirm the existence of the “n state®.
A new experiment aiming to study the (**Be*,'Be+%n) channel using one
proton knock-out from a more intense °B beam will be undertaken at
GANIL in 2005.
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A general experimental technique for high resolution studies of nucleon transfer
reactions using radioactive beams is briefly described, together with the first new
physics results that have been obtained with the new TIARA array. These first
results from TIARA are for the reaction 2¢Ne(d,p)?®Ne, studied in inverse kinemat-
ics with a pure radioactive beam of 10° pps from the SPIRAL facility at GANIL.
The reaction probes the energies of neutron orbitals relevant to very neutron rich
nuclei in this mass region and the results highlight the emergence of the N=16
magic number for neutrons and the associated disappearance of the N=20 neutron
magic number for the very neutron rich neon isotopes.

1. Introduction

A great hope for the future in radioactive beam experiments is to be able
to map out the changing shell structure for very exotic nuclei, away from
stability, where this arises from effects such as the monopole migration of
orbital energies and the changes brought about by alterations in the sur-
face environment and spin-orbit splitting!. Nucleon transfer reactions such
as (d,p), (p,d) etc. are an established means of populating and studying
nuclear levels that have a substantial single-particle structure. The devel-
opment of techniques to use such reactions with radioactive beams, across
a wide range of beam energies and masses and with high energy resolution,
will open the way to exploit transfer across new regions of the nuclear chart
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and hence to study the new nuclear structure effects that evolve.

The technique that is described here, and implemented via the new
TIARA array used in association with the VAMOS spectrometer and the
EXOGAM gamma-ray array, is designed to achieve excitation energy res-
olution of better than 20-40 keV in the final nucleus. This is an order of
magnitude better than can be achieved in a reasonable experimental setup
that uses charged-particle observations only?. The complete kinematical
detection of the binary transfer reaction products specifies the reaction
channel cleanly, where the identification of the heavy (beam-like) particle
at least in Z is required, and the light (target-like)-particle detection allows
angular distributions to be measured for any mass of projectile.

The present paper updates and extends results of the analysis in
progress, reported elsewhere®4.

2. The TIARA Array

The requirement to use inverse kinematics in order to study nucleon transfer
reactions, induced on radioactive species by protons and deuterons, imposes
certain rather general requirements on the detection system to be used. The
kinematics turns out to lead to particular reactions always appearing in the
same characteristic range of laboratory angles and with similar energies,
regardless of the mass or velocity of the incident beam®%. This allows a
general purpose transfer apparatus to be designed.

The design philosophy and detailed description of TIARA has been dis-
cussed elsewhere®® but, briefly, the aim was to surround the target with
a charged particle array that approached 47 coverage, with reasonable en-
ergy measurement and an angular resolution of 1 or 2 degrees. This array
needed to be very compact so that a high gamma-ray efficiency of >15%
(at 1.3 MeV) could be achieved, whilst avoiding the exposure of gamma-ray
detectors to decay radiation from beam particles scattered in the forward
40°. In the present setup, the TIARA array covers 82% of 4r with active
silicon and the gamma-ray detectors are in a close cube geometry and thus
subtend 67% of 4w. The setup is mounted in front of a magnetic spectrom-
eter which is used to separate physically the direct beam and the transfer
reaction products, after the target. The region around the target is shown
in Fig. 1.

3. Experimental Details

The TIARA system was set up in front of the VAMOS spectrometer at
GANIL?, which was operated in dispersive mode at zero degrees. Direct
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beam was intercepted just in front of the focal plane detectors. The support
frame and four detectors of EXOGAM?® surrounded the TIARA chamber.
All events in which a particle was detected in TIARA were recorded. The

Figure 1. The four EXOGAM detectors, in a compact cube geometry, are shown
mounted around the TIARA vacuum vessel, which is symmetric (both cylindrically and
forward-backward around the target) and narrows down to just 98mm in diameter near
the target. The TIARA array is inside, and the beam enters through a target selection
mechanism, also located inside the vessel at the lower right.

gamma ray parameters were recorded via the VAMOS acquisition system
and events were correlated with TIARA in real time via an event stamping
method developed at GANIL.

An isotopically pure beam of **Ne was supplied at 10 MeV /nucleon after
reacceleration in the CIME cyclotron connected to the SPIRAL facility at
GANIL. The beam intensity of 10° pps was a factor of two lower than the
maximum due to a limitation placed on the emittance, which limited the
beam spot on target to a diameter of approximately 2mm base width. The
target was 1 mg/cm? of CD; self supporting on a thin 25mm diameter
frame.

A test experiment was performed with a stable beam of 4N at similar
intensity and beam quality, in order to verify that normal kinematics (d,p)
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results from the literature could be reproduced with the TTARA setup.
Good agreement was found®.

4. Results

The isotopic identification for beam-like particles recorded at the focal plane
of VAMOS is shown in Fig.2. This is derived from measured AF, E and
time-of-flight parameters plus a ray tracing calculation that used the hori-
zontal and vertical angles and positions measured at the focal plane. The
ray tracing algorithm employed a neural network that was trained using
a set of theoretically calculated rays obtained by numerical integration of
their trajectories through VAMOS!® and this gives results identical to an
algebraic algorithm developed at GANIL.
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Figure 2. Particle identification for particles recorded behind the beam stop at the focal
plane of VAMOS.

By selecting the 2*Ne ions in Fig.2, the scattered deuterons recorded
in TIARA could be analysed. The 2*Ne momentum changes sufficiently
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quickly with scattering angle that very forward scattered elastics can still
avoid the beam stop. The energy of the deuterons changes rapidly with their
angle® and, by using energy cuts, the elastic angular distribution could be
extracted (see Fig.3). A good fit was obtained using the optical potential
measured for d+2°Mg at a similar energy!!. The normalization obtained
using these elastic data allowed absolute transfer cross sections to be ex-
tracted with confidence. From the measured energy and angle recorded for
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Figure 3. Angular distribution for d 4+ 24Ne elastic scattering: (a) Rutherford for-
mula, (b) optical model calculation (see text), (c) ratio of (b) to (a), and (d) present
measurements.

protons from the (d,p) reaction to make 2°Ne (cf. Ref.3) the excitation en-
ergy spectrum for states in 2°Ne could be deduced. Different peaks in this
spectrum could be used to gate the spectrum of associated gamma rays.
Example data are included in Fig.4. An important result of this analy-
sis was that the excitation energies of the populated states could be fixed
with an accuracy of order 30 keV. The limiting factor in this accuracy was
the poor statistics of the gamma ray spectrum. This was in fact severely
compromised in the present experiment by an intermittent fault in an elec-
tronic discriminator unit, and the eventual aim in this type of experiment
will be to use individual gamma ray peaks to apply gates in the analysis. In
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the present case, however, it was still of vital importance that the gamma
ray data could fix the energies and the number of peaks to be fitted to
the (poorer resolution) excitation energy spectra derived from the particle
energies. These fits are shown in the inset of Fig.4. The data are just suf-
ficient to allow limited gamma-gamma coincidence analysis. In the case of
the state near 4 MeV it can be seen that the 1.7 MeV and 2.4 MeV gamma
rays seen in its decay [Fig.4(b)] appear to be in coincidence [Figs.4 (c) and
(d)]. The excitation energy spectrum (derived from the proton energy and
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Figure 4. Gamma ray energy spectra from d(24Ne,p'y)25Ne gated according to the
excitation energy spectrum derived from the proton energy and angle (shown in inset):
(a) all excited states, (b) peak near 4 MeV, (c) as for (b) but also requiring a coincident
1.7 MeV gamma ray, (d) as for {(b) but requiring a 2.4 MeV gamma ray.

angle) was fitted with 5 peaks. The widths of these peaks depended on the
experimental resolution of the system, and this was in turn dependent on
the detection angle of the proton. Thus, the data were binned for angular
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regions chosen to be 8° wide in order to give sufficient statistics for fitting.
In order to fit the angular distributions, different optical model potentials
were investigated, taken from (d,p) reactions on neighbouring nuclei 26 Mg!!
and 22Ne!?. A systematic comparison with adiabatic calculations accord-
ing to the prescription of Johnson and Soper!® was also performed. The
adiabatic analysis was adopted for the extraction of spectroscopic factors,
which were determined by normalising the theoretical curve to the data for
each state, with particular emphasis placed on the data for the smallest
center of mass angles (closest to 180° in the laboratory)!4.

The results of the analysis are included in Table 1. The identifications of
the spins are discussed below. In general, spectroscopic factors extracted in
this fashion have an uncertainty of order 20% arising from the assumptions
in the reaction theory, and this is the dominant source of uncertainty in the
quoted results.

Table 1. Results for states in ?®Ne identified as being populated in neutron
transfer on 24Ne. Previous E, is from Reed et al. and USD refers to a 1s0d
shell model calculation.

Ex (MeV) Ex (MeV) ((h) Jr S S Ex (MeV)
present previous transfer present USD USD
0 0 0 1/2+ 0.80 0.63 0
1.680 1.703 2 5/2% 0.15 0.10 1.779
2.030 - 2 3/2t 0.44 0.49 1.687
3.330 - 1 3/2- 0.75 - -
4030 . - (3) 7/2=  0.73 - -

5. Discussion

The key feature emerging from Table 1 is that the state identified as the
first 3/27% state in 2°Ne, which reflects most directly the single particle en-
ergy of the Odg/; shell model orbital, is substantially higher than predicted.
The identification rests on both the relative strength of this “particle” state
compared to the 0ds/; “hole” state and the observed gamma decay path-
ways. The shift of order 350 keV is presumably due to matrix elements in
the USD effective interaction that are not well determined from data on
less neutron rich nuclei. The shift can be understood very naturally in the
monopole shift picture!>!, in which the emptying of the ds /2 proton orbital
in the more neutron rich N=15 isotones removes an attractive interaction
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that lowers the neutron 0ds/; energy for nuclei closer to stability. This
tends to make N=16 a magic number for neutron rich nuclei. Simultane-
ously, the gap to the negative parity orbitals 07/, and 1p3/, is reduced and
N=20 loses its magicity!®.

The state identified as the 5/27 is almost certainly the state seen in beta
decay'” at 1.703 MeV and has also been seen recently in neutron knockout
from ?6Ne!8. This latter observation also supports the identification of the
1.703 MeV level as the hole state and the newly observed level at 2.03 MeV
as the 3/2% state. The further implications of these results are still under
investigation.
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The first experiments performed using fast fragmentation beams and the RISING gamma-
ray spectrometer arc reviewed and their results are discussed. Plans for future campaigns
using ions which are slowed down and stopped in a catcher will also be presented, including
details of cxperiments which measure magnetic moments (g-factor) and p decays using an
active stopper.

1. Introduction

The study of atomic nuclei and their dynamics at low excitation energies has
been performed over several decades using more and more sophisticated
experimental techniques. The themes of modern day nuclear structure
research are changing. On one hand, they are refocusing towards the study of
low-spin properties and the associated complete spectroscopy. On the other
hand, nuclear structure research is now able to manipulate an extremely
important degree of freedom, namely the neutron-to-proton ratio, with the
advent of the new radioactive beam facilities. Thus, predictions of present-
day nuclear models can be tested and the effects due to the underlying
neutron-proton degree of freedom can be thoroughly studied. Moreover, new
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properties can be revealed, such as the coupling of bound states with the
continuum, dilute nuclear matter, clustering and new decay modes. With the
availability of Radioactive Ion Beams (RIBs), all essential degrees of freedom
become available for experimental manipulation. However, such work
requires infrastructure that can only be afforded on an international scale.
That said, the discovery potential is very large and new facilities, such as RIA
and the GSI extension FAIR, will be built in the coming decade.

Essential for RIB and stable-beam research is the use of high-
performance detector arrays to study properties of stable and exotic nuclei.
Large y-ray spectrometers, such as EUROBALL and Gammasphere, were
developed for the study of high-spin physics where they have been very
successful. Nowadays they are being partly converted towards lower-spin
applications. The most advanced project in this direction concerns the
EUROBALL spectrometer, which was dismantled in 2003 for that specific
goal. The 15 EUROBALL Cluster detectors are now installed at the Fragment
Separator (FRS) at GSI as part of the RISING project [1]. It is also worth
noting that the other major components of the Euroball spectrometer have
been successfully installed at the RITU spectrometer in Jyvaskyla and within
the CLARA array at INFN-Legnaro for use in experiments with stable beams.

2. The RISING fast beam campaign

The first RISING campaign (spokesman P. Reiter) ran from summer 2003
until spring 2005 and was aimed at y-ray spectroscopy of exotic nuclei
moving at relativistic energies. The set-up was conceived in such a way that
the gamma-ray detection efficiency was maximized with the restriction on the
energy resolution of one percent for each individual Euroball Cluster detector
at recoil velocities of v/c = 0.43. Due to the Lorentz boost, it implied a
strongly asymmetric set-up whereby all detectors were mounted behind the
target in three rings around the 16 cm wide beam tube. With this set-up, a
photopeak efficiency of 2.81% (at 1.33 MeV) and an energy resolution of
1.56% were attained [1]. For some of the fast beam experiments, two
additional rings holding seven MINIBALL triple detectors were added,
increasing the photopeak efficiency to 7.3%. In the backward direction, eight
BaF, detectors from the HECTOR array were mounted. These detectors were
used to measure very high-energy y rays and also provide a very good timing
reference. Behind the target the Calormetric Telescope (CATE) [2] array was
used to identify the scattered particles and break-up products. It consists of
position sensitive thin Si and thick CsI(T1) AE-E telescope detectors. For data
analysis, each event was tracked and reconstructed. Figure 1 shows a
photograph of the complete ‘Fast Beam RISING setup’.



Figure 1. RISING fast beam setup. The beam enters into the set-up from the right-hand side. After
hitting the target, the ions are detected in the CATE detector array. The y rays are detected using
the HECTOR array (right), the MINIBALL detectors (middle) and the EUROBALL Cluster
detectors (left).

The first results of the fast campaign are now available. Relativistic
Coulomb excitation was used in several experiments in order to extract the
B(E2) value of the first excited state in a number of unstable nuclei,
providing an independent test of the collectivity of this fundamental
excitation. For *°Cr and *Cr, the results confirm the presence of a subshell
closure at N=32, which was already indicated by the anomalous excitation
energy of the first excited 2" state in *°Cr [3]. The result represents a
challenge for large scale shell-model calculations which overestimate the
B(E2;2" —0") value for this nucleus. In the 1%gn isotope the obtained
B(E2:2" —0") value is in agreement with the theoretical calculations [4].

In order to study proton-rich unstable nuclei, two-step fragmentation
reactions were used in several experiments. Preliminary results on the T=3/2
mirror nuclei in the A~50 region show the potential of this method [5]. In
addition to the first results discussed above, a significant number of other new
results are expected following the completion of the complex data analysis
associated with these experiments, including those performed with the
addition of the MINIBALL detectors to the RISING array.
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3. The g-factor campaign

Static nuclear moments (specifically magnetic dipole and electric quadrupole
moments) represent critical tests for the nuclear wave functions obtained
within theoretical models, since only one state is involved in the calculation
of the expectation values of these observables. The magnetic moment p,
being the product of the nuclear g-factor and the spin I, is a very sensitive
probe of the single-particle structure of nuclear states. High-spin isomers in
the region of doubly-magic nuclei often have a rather pure single-particle
configuration, for which the g-factor is a very good observable to determine
the valence nucleon configuration. Measurements of nuclear g-factors can
also serve as stringent tests of spin and parity assignments [6]. This is
particularly true in far-from-stability regions where such assignments are
often based on systematics and theoretical predictions.

Starting in the autumn of 2005, the RISING collaboration will be
performing a dedicated campaign of g-factor measurements (spokeswoman
G. Neyens) using the Time Differential Perturbed Angular Distribution
(TDPAD) method. The method of g-factor or a spectroscopic quadrupole
moment determination for an isomeric state is based on measuring the
perturbation of the y-ray anisotropy due to externally applied magnetic (or
electric) interactions, following the implantation of the spin-oriented isomeric
beam into a suitable stopper (i.e., a crystal or foil). This method has been
used extensively over the last couple of decades for measurements of static
moments of isomeric states which were produced (and spin-aligned)
following in-beam fusion-evaporation reactions [6]. However, in order to
investigate isomers with lifetimes in the range of 107 - 107 s in neutron-rich
nuclei, the projectile fragmentation and projectile fission reactions are the
most suitable (and often the only available) methods for producing spin-
orienting and selecting the isomers in a fast and efficient way.

To date, only a few TDPAD measurements have been made on isomers
produced in fragmentation reactions at intermediate energies of the primary
beam [7,8,9]. The major difference between these and former in-beam
experiments is that the isomers are first mass separated in-flight using dipole
magnets. During the separation process, the reaction-induced spin orientation
needs to be maintained until the moment of implantation. The hyperfine
interaction between the nuclear and random-oriented electron spin can cause
a loss of orientation during the flight through vacuum. To avoid it, there are
two possibilities: either (i) the isomer is produced without electrons (fully
stripped fragments) or (ii) the isomeric beam is selected in a noble-gas-like
charge state. The primary beam high energies used in fragmentation reactions
mean that most fragments can be produced fully stripped, and therefore such
beams have been used so far. In a pioneering experiment, Schmidt-Ott and
collaborators demonstrated that considerable alignment (~ 30%) is observed
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in the ¥™Sc isomeric ensemble selected with the FRS at GSI and produced in
the fragmentation of a relativistic ““Ti beam (500 MeV/u) [7].

For the planned experiments at the FRS a dedicated magnet system
allowing magnetic fields up to about 1.5 T (with a gap of 5 cm between the
poles) and up to 1.1 T (with a gap of 10 cm) will be used. The y decays will
be detected using § EUROBALL Cluster detectors mounted in a close
geometry in the horizontal plane (see Fig.2).

Cluster detectors

plastic
scintiliator

Figure 2. Schematic layout of the TDPAD set-up for measuring isomeric g-factors viewed from
above. Detectors are at 36 cm from the stopper and at relative angles of 60° to each other. The
total y-ray detection efficiency is estimated of 4%.

Experiments with fully stripped fragments were limited so far to nuclei
up to mass number A4,,, = 80 using intermediate energies as provided at e.g.
GANIL, RIKEN and MSU. This is because the probability of picking up
electrons increases with Z for a fixed beam energy, while it decreases with
the beam energy for a given Z. RISING will address mass 4 ~ 100—200
nuclei. The proposed experiments can be performed at present only at GSI,
because the energy and charge of the primary beam at other facilities are not
high enough. Furthermore, the fragmentation of a relativistic 2*U beam
(available only at GSI) offers the unique possibility of studying isomers in
neutron-rich nuclei approaching '*>Sn. The presence of spin-alignment in
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fragments produced by a relativistic 2®U fission reaction will be
demonstrated for the first time as part of the g-RISING campaign.

The proposed g-factor studies focus on nuclei in regions along sheli
closures (Z=50 and Z=82) and near doubly magic nuclei. Near the Z=50 shell
closure, the structure of isomeric states which consist of rather pure particle
and/or hole configurations with respect to the doubly-magic proton-rich 'Sn
and the doubly-magic neutron rich '*2Sn cores will be investigated. Study of
the g-factors of isomers in these regions will help to pin down the suggested
configurations and spin assignments, as well allowing investigation of the
properties of the M1 operator and its suggested quenching at the extremes of
isospin between '“Sn and '**Sn.

Nuclei along the Z=82 proton shell closure exhibit a variety of nuclear
structures at low excitation energy. In the neutron mid-shell region, a
transition from a typical shell model type structure towards more collective
states seems to set in. The g-factors in this region are investigated to probe the
onset of collectivity in the isomeric wave functions.

4. The stopped beam campaign

Following the g-factor measurements the RISING Stopped Beam Campaign
(spokesman P. Regan) will start. Here the 15 EUROBALL Cluster detectors
will be used to build a compact array around a passive or active stopper. They
will be used to measure y-rays following B decay to excited states and to
measure the direct decay of long lived isomers. For the study of the former
process, a position sensitive silicon detector will be used as an active stopper
so that the incoming heavy ion can be correlated to its subsequent 3 decay.

The compact set-up is expected to reach a photopeak efficiency of 11%
at 1.33 MeV and 20% at 0.662 keV (see Fig.3). It can be extended with 8
BaF, fast scintillators for fast-timing experiments. The FRS will be used in
monochromatic mode which allows the stopping of selected isotopes in a
Imm thick Si stopper at the focal plane. This allows a spreading of specific
species across a wide area of the focal plane, both increasing the sensitivity of
the experiments and allowing longer decay times for subsequent heavy-ion-
implantation B—decay correlation measurements to take place.

The physics aims of the Stopped RISING project are focused on
obtaining spectroscopic information on nuclei with highly exotic proton-to-
neutron ratios. These include specific studies of : (i) isospin and seniority
isomers along the N=Z line (specifically **Ni and N=Z=41—43); (ii) the use
of 'cold fragmentation reactions' to populate rather neutron-rich nuclei and in
particular isomeric states arising from the maximal spin coupling of two-
particle (or hole) states in near doubly magic systems 'south’ of 285 (*°Cd)
and 2°°Pb (**Hg, 2™Pt); (iii) the investigation of very neutron-rich Zr nuclei
approaching the '"°Zr harmonic oscillator double shell closure following
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projectile fission reactions; (iv) and the utilization of K-isomeric states to
map out collectivity and axial symmetry around the valence proton-neutron-
product (Np,Nn) maximum nucleus '"Dy.

Figure 3. CAD drawing of the Stopped Beam RISING array.
5. Conclusions

The RISING project is aimed at frontier research in nuclear structure physics
using relativistic RIBs. It therefore has to combine the complicaied FRS
infrastructure with state-of-the-art y-ray detectors. Although as expected
several technical problems can arise (e.g., atomic background, operation of
the FRS in new settings) the project is moving forward and the first
experiments are providing new and interesting results and, more importantly
perhaps, paving new experimental pathways into the unknown regions of the
Ségre chart. These experiments will be of vital importance for the future
FAIR and RIA facilities. The first results of the fast beam campaign are now
available and a new series of experiments using stopped beams will be
performed in 2006-2007. RISING is a major effort of the European nuclear
physics community and has already demonstrated that the traditional low- and
high-spin communities can merge and pursue common scientific goals in the
future,
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In recent years mass measurement of a number of nuclei away from the line of
stability has revealed a host of new nuclear structure effects viz. new magic con-
figuration, exotic size and a change in nuclear pairing. To estimate nuclear masses
Bethe-Weizsacker formulated a mass formula (BW) based on a liquid drop de-
scription of the nucleus and it reproduces the gross features of the nuclear binding
energies of medium and heavy nuclei. BW was extended later for light nuclei by
modifying its asymmetry and pairing terms. The modified Bethe-Weizscker mass
formula (BWM) reproduces the gross features of the binding energy versus nucleon
number curves of all nuclei from Z=3 to 83. As no shell effect is incorporated, when
compared to experimental masses, BWM helps to identify appearance of some new
light magic numbers and disappearance of some old known ones. BWM is extended
to describe the separation energies of the A, AA, X, = and © hyperons from their
respective hypernuclei. Details of these mass formulae are discussed in the light of
some new discoveries in the field.

1. Introduction

The nuclear mass is one of the most decisive factors governing nuclear sta-

bility. As the binding energy determines how much energy is available for

a given nuclear reaction, the impact of masses in nuclear reaction and nu-

clear astrophysics is far reaching. While many properties of normal nuclear

matter are well studied, recent investigations indicate that existence of hy-
perons in dense nuclear matter can influence various properties of cosmic

objects. For example, mass, vibration and superfluidity of a neutron star

are now predicted to depend crucially on the presence of hyperons in its

high density core.

In the past decades a considerable amount of spectroscopic informa-
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tions has been accumulated on the non-strange normal nuclei as well as
strange hypernuclei. Non-strange normal nuclei are made of neutrons (n)
and protons (p) with quark structures udd (n) and uud (p) respectively,
whereas hypernuclei consist of neutron(s), proton(s) and hyperon(s). A
hyperon has at least one strange quark in them. Lambda (A°=uds), Sig-
mas (£%=uds, ¥~ =dds, Z*=uus), Cascade (- =dss) are examples of some
hyperons. Recently a new hyperon called ” Theta” with pentaquark struc-
ture (©1t=uudds) has been discovered at SPRING-8, Japan!, existence of
which was predicted in 1997 by D. Diakonov, V. Petrov and M. Polyakov?.
Interestingly while a few more laboratories support this discovery, several
other laboratories produced contradictory results®. Further experiments
are now on at different laboratories around the world, including Spring-8,
for confirmation. No bound theta hypernucleus* has been discovered so far.

Hypernuclei have been a topic of continuous interest over a long period
of time. For example, A separation energies have been determined for the
ground states of about 40 A hypernuclei (S=-1) including 3 double-A (S=-
2) hypernuclei®®. For Cascade hyperon, =~ (S=-2) separation energies are
measured for several £~ hypernuclei®. Recent investigations suggest that
due to strongly repulsive ¥-nucleus potential, Sigmas are possibly unbound
in nuclei, except for the very special case of nuclei with mass number A=4.
The $ He is bound due to the presence of an attractive Lane term in the
isospin dependent ¥-nucleus potential”. It has been predicted that the
1/A dependence of the Lane term reduces the possibility of finding bound
¥-hypernuclei with large A7-8.

Calculations in a relativistic mean-field formalism (RMF) suggest that
as there is an attractive ©%-nucleus interaction, the ©1 particle can be
bound in nuclei and, the ©% hypernuclei would be bound more strongly
than A hypernuclei®. Recent calculations in quark mean-field (QMF) model
also support existence of bound ©% hypernuclei and predict that in com-
parison to A hypernuclei more bound states are there in ©F hypernuclei?2.
While a search for bound Theta hypernuclei is on, for a large number of
hypernuclei, including double Lambdas, Cascade and Sigmas, more exper-
imental data are needed.

The n, p, A, &, E and © are all baryons and have different masses. A
generalised mass formula for non-strange normal nuclei and strange hyper-
nuclei has been formulated which is able to predict the nuclear mass over
a wide mass range. This mass formula is presented in the next section.
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2. Generalised mass formula (BWMH) for strange and
non-strange nuclei

The generalization of the mass formula is pursued starting from the
modified-Bethe-Weizsicker mass formula (BWM) preserving the normal
nuclear matter properties. The BWM is basically the Bethe-Weizsédcker
mass formula extended for light nuclei which can explain the gross prop-
erties of binding energy versus nucleon number curves of all non- strange
normal nuclei from Z=3 to Z=8319-13, In BWM, the binding energy of a
nucleus of mass number A and atomic number Z is defined as

Z(Z -1) (N - 2Z)?
W—asymm

where N and Z are the number of neutrons and protons respectively and

B(A,Z) = ayA—a,A%3 —a, + bnew, (1)

a, = 15.777T MeV, a; = 18.34 MeV,
a.=0.71 MeV,  asym = 23.21 MeV,
and k = 17, (2)

and the pairing term,

Onew = (1 — e~4/9)5, where ¢ =30, 3)

and

§= 12A7Y2 for even N — even Z,
= —1247Y2 for odd N — odd Z,
= 0 for odd A. (4)

When a hyperon is inserted into a normal nucleus its net charge (Z)
and neutron number may change. For example, normal 6Li(= 3p + 3n)
and hyper § Li(3p+2n+A°) have same proton number but different neutron
number. Similarly, & Li may have the following configurations (3p+2n+%°),
or (4p+1n+%7), or (2p+3n+XT) each adding up the net charge Z=3 and
net A=6.

Hypernuclei are found to be more bound than normal nuclei. A system-
atic search of hyperon separation energy (Sy ) experimental data for A, AA,
%9 and Z~ hypernuclei leads to a generalised mass formula for both hyper
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and non-strange nuclei which will be, henceforth, called the BWMH. The
experimental separation energy of the A-hypernuclei (for which experimen-
tal data are available over a wide mass range) is found to follow a relation4
Sy A_2/ 3, '

Baryons can be arranged on the basis of some interesting symmetry
consideration. The combined spin(I)-flavour(F) invariance gives rise to
the SU(6) classification of Gursey and Radicati'®>, The flavour symme-
try SUr(3) breaks by explicit consideration of the different mass of these
baryons. The SU(6) symmetry breaking is related to different strengths
of the nucleon-nucleus and hyperon-nuclear interactions and has important
consequences. For example, although small, the ¥ — A mass difference fig-
ures prominently in the smallness of the A-nuclear spin-orbit interaction'®.
The SU(6) symmetry breaking term represented by the strangeness is taken
here to be inversely proportional to A%/3. An additional mass dependent
term breaks the SUr(3) symmetry.

In BWMH the hypernucleus is considered as a core of normal nucleus
plus the hyperon(s) and the binding energy of both normal and hypernuclei
is defined as

Z2(Z - 1) (N — Z.)?
B(A,2) = avA = a,A%0 — 0e=5r= — dam [y gy + bnew
S
+ny[ 0.0335my — 26.7 — 48.7J—4~2/—l 1, (5)

where ny = number of hyperons in a nucleus, my = mass of the hyperon in
MeV, S = strangeness of the hyperon and mass number A = N+ Z.+ny is
equal to the total number of baryons. NV and Z. are the number of neutrons
and protons respectively while the atomic number Z in Eq. (5) is now the
net charge number given by

Z =2Z.+nyq (6)

where ¢ is the charge number (with proper sign) of hyperon(s) constituting
the hypernucleus. The ny =0 for non-strange (S=0) normal nuclei. The
hyperon separation energy Sy defined as

Sy = B(A, Z)hyper — B(A —ny, Z;)cores (7

is the difference between the binding energy of a hypernucleus and the
binding energy of its non-strange core nucleus.
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Figure 1. Hyperon separation energy Sy versus mass number A for (a) single A (my =
1115.63 MeV) and (b) double A separation predicted by BWMH, Dover et al. Ref. 24
and Levai et al. Ref. 23 and experimental values from Ref. 5 and Ref. 6. (c) single £~
(my = 1321.32 MeV) and experimental values Ref. 5 and, (d) single Sg+ (my = 1540
MeV) separation and quark mean field calculations of Shen and Toki of Ref. 22.

Figs.1(a) and 1(b) show plots of Sy versus A for A and AA hypernuclei
respectively. BWMH predictions are found to be in good agreement with
the experimental data®. For ¥ nuclei the situation is more complicated.
Harada et al. investigated the structure of 4 He by the coupled-channel
calculation between the 3H + % and the 3He+ X0 channels and predicted
the Lt separation energy in $ He to be 3.7 to 4.6 MeV’. Experimental
separation energy values are 4.4 0.3 £ 1 MeV!7, 2.8+ 0.7 MeV'8, 4 + 1
MeV 1°. The BWMH predicts binding energy of £° (my = 1192.55 MeV)
and &t (my = 1189.37 MeV) in 5o He (=X° + 3He) as 2.69 MeV and %, He
(=X% + 3H) as 1.6 MeV, respectively. Search for heavier ¥ hypernuclei
has been carried out by several authors®!7—2! without success. BWMH
estimations for the 2~ separation energies compare well with the currently
available experimental values (Fig.1(c)). On the other hand, absolutely no
experimental data exists so far on bound Theta hypernuclei. Therefore, the
©1 separation energies are compared with the recent theoretical predictions
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(Fig.1(d)). The BWMH predictions for Sy of ©F are found to be close to
the quark mean field (QMF) calculations?2. It is interesting to note that
due to a delicate balance between the strangeness and Coulomb terms, the
Sy values of hyperons with ¢ = +1 are found to have a peak near lower A
values with a decreasing trend at larger A, a feature absent for hyperons
with ¢ =0, -1.

Earlier BW was extended for A and AA and A, AA and =~ by Levai
et al.?® and Dover et al.* respectively. The mass formula of Levai et al.23
reproduces the line of stability, while the formulae of Dover et al.?* show
marked deviations. Moreover, both fail to reproduce the binding energy
versus mass number (A) plot of normal non-strange light nuclei such as,
6Li. Those two formulae also fail to reproduce the sharp oscillations in
the experimental neutron separation energy (S,) versus A plots due to the
absence of?*/inadequate®® pairing term. The incompressibility of infinite
nuclear matter?® obtained using the energy co-efficient a, of the volume
term is about 300 MeV for BWM (and BWMH)?® which is within the lim-
its of experimental values, while the mass formula of Levai et al.?? predicts
values in the range of 400-480 MeV which are too high to be realistic (Table
1). While the formula of Dover et al. gives reasonable value for compress-
ibility, it grossly overpredicts the hyperon separation energies (Fig.1). The
presence of a Majorana term in the mass formula of Levai et al. [Egs. (6)
and (8) of Ref. 23] also poses a serious problem that the binding energy per
nucleon diverges as the mass number A goes to infinity. This violates the
nuclear saturation properties. BWMH is not plagued with such divergence
problems and nuclear saturation properties are well preserved for large A.
As mentioned earlier, BWMH also reproduces the overall properties of the
binding energy and nucleon separation energy curves of normal nuclei'®.

Table 1. Compressibility (Kg) predictions of standard nuclear
matter by BWMH, Levai et al.2% and Dover et al.?* using dif-
ferent volume term ay.

Theory BWMH Ref23 Ref?23 Ref24 Ref24

ay (MeV) 15.777  22.63  23.62 18.4 13.4
Ko(MeV) 301 403 418 340 265
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3. Summary and conclusion

Since many questions in heavy-ion physics, particle physics and astrophysics
are related to the effect of strangeness in nuclear matter, understanding of
strange nuclei in baryonic matter is of utmost importance in the current
research scenario. Many laboratories around the world are exploring the
possibilities of binding of different hyperons in nuclei. In this context a
priori estimation of binding energies of hyperons is necessary. With this in
view a single mass formula (BWMH) valid for both non-strange normal nu-
clei and strange hypernuclei is prescribed by introducing hyperon mass and
strangeness dependent SU(6) symmetry breaking terms in the modified-
Bethe-Weizsiacker mass formula (BWM). Hyperon binding energies calcu-
lated by BWMH are in good agreement with the available experimental
values. BWMH does not account for the repulsive hyperon-nucleus poten-
tial. It reproduces the binding energies of bound Sigma hypernuclei % He,
but would not be applicable where the £-nucleus potential is completely
repulsive. Recently, an exotic pentaquark hyperon, called Theta, has been
discovered. It is awaiting for confirmation from various laboratories. One
way to verify its existence is to produce the Theta hypernuclei. BWMH
predicts binding energy of Theta hypernuclei over a wide mass range from
light to heavy mass nuclei and its predictions are are in close agreement
with the quark mean field estimates available for medium to heavy mass
nuclei. The BWMH preserves the normal nuclear matter properties and
gives the value of incompressibility of nuclear matter in consonance with
the currently accepted values. Thus, this single mass formula relating both
non-strange normal nuclei and strange hypernuclei is expected to provide
a bridge between the earth and the cosmos including the neutron stars.
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Results are presented on the influence of Coulomb-induced isospin—mixing on the
superallowed Fermi 3 decay using the complex EXCITED VAMPIR variational
approach for the description of the lowest excited 0% states in the two isovector
triplets of nuclei 7%Se, "°Br, "°Kr and 74Kr, 74Rb, 74Sr, respectively. The calcu-
lated strengths are in agreement with the experimentally available results. Par-
ticular non-analog Fermi branches to excited 0T states with considerable strength
are predicted to coexist with the superallowed decay in some of the presently in-
vestigated nuclei giving some hope for possible experimental detection.

1. Introduction

The investigation of the structure of exotic nuclei around the N=Z line in
the A ~ 70 mass region is one of the most exciting challenges in low en-
ergy physics today. Apart from displaying some rather interesting nuclear
structure effects these nuclei play an important role in weak interaction and
nuclear astrophysics. Superallowed Fermi § decays between analog states
provide tests of the validity of the conserved vector current (CVC) hypoth-
esis and the unitarity of the Cabibbo-Kobayashi-Maskawa (CKM) matrix.
Combining the vector coupling constant (G,)} of nucleon 3 decay with that
of the purely leptonic muon decay, the CKM matrix element between u and
d quarks (V,q) can be determined. This amplitude together with the mix-
ing amplitudes V,, and V,;, provides the possibility to test experimentally
the standard three-generation quark model for the electroweak interaction.

Two classes of nucleus-dependent corrections must be applied to the

*This work was partially supported by Project 436RUM 113/20/0-2 of Deutsche
Forschungsgemeinschaft
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measured ft value of a 0t — 0% 3 transition between T=1 analog states
in order to obtain the coupling constant G, via the relationship
FHL+8R)(L - 60) = i )
2G2(1 + AY)’

where f is the statistical rate function, t is the partial half-life for
the transition, J, is the isospin-symmetry-breaking correction, 6z is the
transition-dependent part of the radiative correction, A} is the transition-
independent part, and K is a known constant.

Intens theoretical effort was devoted in the last years to the investigation
of the superallowed beta decay of nuclei with A>62 (see Ref. [1] and refer-
ences therein). Several experimental programs have been recently initiated
to measure the half-lives and branching ratios for the superallowed decays
of odd-odd N=Z nuclei with A>62, where the charge-dependent correction
terms are expected to be large.

The microscopic nuclear structure calculations for such medium heavy
nuclei are extremely involved. The adequate model spaces are far too large
to allow for a complete diagonalisation of an appropriate effective many-
body Hamiltonian and thus one has to rely on suitable approximate meth-
ods. Furthermore, the appropriate effective Hamiltonian itself is not known
a priori and can only be determined by an iterative process of many time-
consuming calculations. Both, the limitation of the particular approximate
method used as well as the insufficient knowledge of the appropriate Hamil-
tonian, will leave some uncertainties in the quantitative results especially
if small effects are to be investigated.

2. Theoretical framework

In the last decade there have been many rather successfull theoretical in-
vestigations about the structure of nuclei in the A~70 mass region, not
only of those along the valley of 3-stability, but also in some exotic nu-
clei close to the proton drip line?~%. For these calculations the so-called
complex EXCITED VAMPIR (EXVAM) approach has been used. This ap-
proach uses Hartree-Fock-Bogoliubov (HFB) vacua as basic building blocks,
which are only restricted by time-reversal and axial symmetry. The under-
lying HFB transformations are essentially compler and do mix proton- with
neutron-states as well as states of different parity and angular momentum.
The broken symmetries of these vacua (nucleon numbers, parity, total an-
gular momentum) are restored by projection techniques and the resulting
symmetry-projected configurations are then used as test wave functions in
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chains of successive variational calculations to determine the underlying
HFB transformations as well as the configuration mixing. The HFB vacua
of the above type account for arbitrary two-nucleon correlations and thus
simultaneously describe, e.g., like-nucleon as well as isovector and isoscalar
proton-neutron pairing. The complex EXCITED VAMPIR has been proven
to be a rather useful tool for nuclear structure investigations in large model
spaces for the A~70 mass region. Here the effective interaction was ad-
justed in many different calculations. Phenomena like shape-coexistence
and -mixing as well as the competition between proton-neutron and like-
nucleon-pairing turned out to be very important and various experimen-
tal observations in many nuclei could be nicely reproduced. Thus it is
worthwhile to apply the same methods for the investigation of the influ-
ence of Coulomb-induced isospin-mixing on superallowed Fermi 3 decay in
the A=70 and A=T74 isovector triplets of nuclei, even more so, since some
‘of these nuclei have already been studied in some detail recently 24,

3. Results and discussion

Few recent results concerning the structure of some investigated A=70 and
A=74 nuclei obtained in the frame of the complex EXCITED VAMPIR
approach will be illustrated in the following. In all these calculations we
used a °Ca core and included the 1p1s2, 1p3s2, 0fs/2, 0f7/2, 1ds/2 and
0gg/2 oscillator orbits for both protons and neutrons in the valence space.
The effective two-body interaction is constructed from a nuclear matter
G-matrix based on the Bonn One-Boson-Exchange potential (Bonn A).

In ™Kr a strong mixing of prolate and oblate deformed configurations
could explain the irregularities observed at low spins as well as the appear-
ance of isomeric states at low excitation energy 3. The complex band struc-
tures (see Fig.1) observed at high spins can be explained by a strong mixing
of coexisting states based on configurations having different quadrupole,
hexadecapole and octupole deformations in the intrinsic system as well as
different pairing properties. We investigated the properties of the positive-
parity states in the dd-odd "*Rb nucleus at low and high spins 2. The
calculations revealed some striking similarities between 74Kr and “Rb at
low spins, while deviations appear with increasing spin.

In Figs.2 and 3 we present the EXVAM spectra of the mirror nuclei "°Se
and "°Kr, respectively. Particular effects of oblate-prolate coexistence and
mixing at low, intermediate and high spins have been obtained and strong
M1, A I=0 transitions have been predicted. Strong similarities, but also
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significant differences characterize the behavior of the two mirror nuclei 4.
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Figure 1. The EXVAM spectrum of 74Kr is compared to the experimental results.
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Figure 2. The theoretical EXVAM spectrum of "°Kr.
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Figure 3. The EXVAM spectrum of 7%Se is compared to the experimental results.

In order to investigate the effect of isospin mixing on superallowed Fermi
3 decay we calculated the lowest 0% states in 7°Se, °Br,”Kr, 7*Kr, "4Rb,
and 78r. For each nucleus of the A=70 triplet the energetically lowest 13,
for the A=74 triplet the lowest 18 I"=0% configurations have been taken
into account ®. It should be stressed that isospin is not considered as a
good quantum number in the EXVAM approach. Thus, even if a charge
symmetric interaction is used, good total isospin can only be expected,
if the configurations form a complete set under isospin-rotations. This is
obviously not the case, if only the 13 or 18 lowest states are considered.

First we used a charge symmetric effective Hamiltonian. Thus one ex-
pects degenerate isovector excitation spectra for any triplet of nuclei with
proton and neutron numbers (Z-1,Z+1), (Z,Z) and (Z+1,Z-1), respectively.
Here Z is an odd number. Furthermore, one expects for the superallowed
Fermi-transitions from the ground state of the (Z+1,Z-1)- to the ground
state of the (Z,Z)-system and from the ground state of the (Z,Z)- to the
ground state of the (Z-1,Z+1)-system both a total strength of two and van-
ishing strengths for all the transitions from the ground state of the (Z+1,Z-
1)- to all excited states of the (Z,Z)-system as well as from the ground
state of the (Z,Z)- to all the excited states of the (Z-1,Z+1)-nucleus. Devi-
ations from these values as well as from the degeneracy of the spectra can
then be attributed to isospin-mixing effects. In order to study those, the
Coulomb-interaction has been included. For this purpose we need not only
the two-body matrix elements in the model space but also the Coulomb-
contributions to the single particle energies resulting from the 4°Ca core. In
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order to determine the latter, we performed spherically symmetric Hartree—
Fock calculations (with partial occupations of the unfilled j-shells) for the
two doubly-even nuclei (Z-1,Z+1) and (Z+1,Z-1) of each triplet using the
Gogny-interaction D18 and a 21 major-shell model space. The contribution
of the core to the proton single particle energies of the above valence orbits
was calculated. We add the Coulomb-matrix elements and single-particle
contributions to the charge-symmetric effective Hamiltonian defined above.
The resulting Hamiltonian will be denoted by H; in the following.

Two different approaches have been considered : First, the Hamilto-
nian H; was diagonalized for each considered nucleus within the complez
EXVAM solutions obtained with the charge symmetric Hamiltonian Hy
(‘perturbative’ approach). Second, the complex EXVAM calculations are
repeated with H; right from the beginning (‘variational’ approach). For
each triplet of nuclei we calculated the total strength (S7) of the transitions
from the parent ground state to all the calculated 0% states of the daughter
nucleus and the strength for the ground to ground transition (Sg—g). A
summary of the results is presented in Table 1.

Table 1. The total (St) and analog (Sg—y) Fermi 8 decay strengths of
selected A =70 nuclei for the symmetric (Hp) and Coulomb (H; ) effective
Hamiltonian for the perturbative (p) and variational (v) approaches.

Parent Ho HY HY

nucleus St Sg—g St Sg—g St Sg—g
OKr 1.975 1.967 1.970 1.935 1.946 1.917
Br 1.977 1.967 1.979 1.967 1.959 1.951

Estimating the error by summing the missing strengths between all
and the analog transitions for the charge symmetric case (€; = (St(Ho) —
Sg—g(Hp))/2) and the missing total strengths between the variational cal-
culations performed with Hy and H; (e2 = (St(Ho) — St(H1))/2)one may
conclude that the upper limit for the isospin mixing effect on the Br to Se
ground to ground transition is about 0.8 % with this strength distributed
over many excited states, while for the Kr to Br ground to ground transi-
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tion a depletion of at least 0.7 and at most 2.5 % is obtained. In this latter
case a non-analog branch feeding the fourth excited 0% state in Br with an
upper limit of 0.7 % is obtained. The results are summarized in Fig. 4.

130" states Kr
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Figure 4. The isospin-mixing correction for the A=70 isovector triplet.

The EXVAM resuts for the A=74 triplet "4Kr, ™Rb and "4Sr are sum-
marized in Table 2. Estimating the errors in the same way as for the A=70
triplet, one obtains a depletion of the ground to ground decay from Sr to
Rb in between 1.3 and 2.7 % of the sum rule strength and a non-analog
branch with an upper limit of about 1 % from the ground to the second
excited state. For the Rb to Kr ground to ground decay the depletion is in
between 0.2 and 1.2 %. Here an upper limit of only 0.3 % is obtained for
the branch feeding the second excited state in Kr. These EXVAM results
are summarized in Fig. 5. Experimentally, the non-analog Fermi-decay to
the first exited 0 state in Kr has been investigated 7 and has turned out
to be very weak in agreement with the result of our calculations.

The effects of the isospin mixing on the superallowed Fermi transitions
are rather small and thus difficult to describe by any microscopic many-
body theory quantitatively. Small changes in the effective interaction could
yield considerable changes in the quantitative results. However, we think
that we have obtained at least the rough magnitude of the effects to be
expected. Improvements are possible in the near future.
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Table 2. The total (St) and analog (Sg—y) Fermi 3 decay strengths of
selected A=74 nuclei for the symmetric (Hq) and Coulomb (H;) effective
Hamiltonian for the perturbative (p) and variational (v) approaches.

Parent Hy HY HY
nucleus St Sg—g St Sg—g Sr Sg—g
™Sr 1.954 1.947 1.940 1.918 1.932 1.893
"Rb 1.957 1.948 1.948 1.929 1.946 1.924
A=74
2 80 sates .

13%<5<2.7% P

Excitation energy / MeV

Figure 5. The isospin-mixing correction for the A=74 isovector triplet.
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NUSTAR AT FAIR
NUCLEAR STRUCTURE RESEARCH AT GSI
AND THE FUTURE

G. MUNZENBERG
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FAIR, the new international Facility for Antiproton and Ion Research at GSI, will open
up a new era for nuclear research. This contribution will concentrate on Nuclear
STructure, Astrophysics, and Reactions (NUSTAR). NUSTAR at GSI covers the full
periodic table from light halo nuclei to superheavy elements. It includes spectroscopy,
reaction studies, and direct mass measurements as first generation experiments in a
heavy-ion storage ring. Storage ring experiments will play a key role in the future
research and development program within NUSTAR at FAIR.

1. NUSTAR at FAIR

1.1. Introduction to the research program

FAIR, the new international facility for antiproton and ion research at GSI [1],
will cover a broad spectrum of hadronic, nuclear, and atomic physics research
and application using intense heavy ion beams of intermediate energy and
secondary beams of radioactive nuclei and antiprotons.

Nuclear structure research at NUSTAR within FAIR will be extended to
regions at the limits of nuclear stability. New probes for reaction studies with
unstable nuclei will become available. Experimental developments include: (i) a
large-acceptance fragment separator of high resolution [2] which delivers
relativistic radioactive ion beams, including Uranium fission products, to a low
energy branch associated with detection systems for precision spectroscopy such
as an ion trap and gamma arrays with tracking capability; (ii) a high energy
branch for reaction studies in reversed kinematics; (iii) a storage ring complex
for experiments at high precision including direct mass measurements and
reaction studies. In this contribution after a brief overview over the running
program the challenges and opportunities for structure research with the new
facility will be outlined.

*) retired
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1.2,  Facility layout

Figure 1 displays the present and future accelerator complex. The existing
system consists of the UNIlversal Linear ACcelerator (UNILAC), serving as
accelerator for low energy beams and as injector to the synchrotron system, the
heavy-ion synchrotron SIS 18, and the Experimental Storage Ring (ESR). The
new facility comprises the double-ring synchrotrons SIS 100/300 and a system
of storage and cooler rings: the Collector Ring (CR), the RESR (not shown in
the Fig.1), the New Experimental Storage Ring (NESR), and the High Energy
Storage Ring (HESR) [1].

[ Key Technical Features ]

= Rapidly cycling superconducting magnets
* Cooled beams

Figure 1. Layout of FAIR. The NUSTAR part is highlighted. It comprises the Super-FRS, the CR
and the NESR.

The UNILAC provides beams for experiments near Coulomb barrier,
primarily the superheavy-element program [3] and simultaneously serves in a
time sharing mode as injector for the synchrotron complex. Two RFQ-injectors,
one equipped with an ECR ion source, the other one with two high-intensity ion
sources, allow for flexibility in the choice of the primary ion beams.

An important characteristic of FAIR will be the parallel operation of
different experiments making use of the high flexibility of the storage rings and
beamlines. For the existing UNILAC, SIS18, ESR facility parallel operation of
different experiments is already routine now. For the NUSTAR program SIS
100 is operated in a fast cycling mode. It accelerates ions up to Uranium to
energies of 1 AGeV at intensities of the order of 10'%/s which can be slowly
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extracted for reaction experiments or with fast extraction for injection into the
storage-ring complex. The SIS 300 can optionally be used as a stretcher ring for
DC operation.

2. NUSTAR, the research program with radioactive beams

Central topics of NUSTAR, the research program for NUclear Structure,
Astrophysics, and Reactions within FAIR are the exploration of nuclear
structure at the limits of nuclear stability in isospin and charge including exotic
decay modes and the evolution of shells. The aim is to understand correlations
and pairing, in-medium modification of the nucleon-nucleon interaction, and the
behavior of nuclear matter with extreme neutron-to-proton ratios.

The success of the first generation experiments with unstable nuclear beams
motivated a number of second generation projects with improved accelerators
and new experimental equipment. The major ones are SPIRALII (France), the
new RIKEN accelerator facility RARF (Japan), the MSU upgrade (USA), and
the planned facilities EURISOL (a European project) and RIA (USA). The new
GSI facility will play a premier role among these new facilities. It will provide
high beam intensities in combination with the highest energies available for
unstable nuclear beams.

Pairing New.elements beyond
i seaborgium (Z = 106)

ey,

e

et Sl

Figure 2. Highlights of nuclear structure research at GSI.
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As an example, Fig. 2 displays a collection of highlights of nuclear
structure research at GSI. These include: the study of halo nuclei to investigate
correlations and clusters, nuclear skins to investigate neutron and proton
distributions inside nuclei, the discovery of the two-proton decay in “’Fe, a new
decay mode far-off stability, B(E2) values, the evolution of pairing in the
isospin degree of freedom as an example for large-scale mass measurements to
investigate the systematic behavior of the nuclear landscape far-off stability
including new regions of shells and deformations and other global phenomena,
and the creation and investigation of new heavy and superheavy elements [3].

Superconducting FRagment Separator J—
»  High-Energy Reaction Setup - _L_qw(-;l;:rgy
»  Multi-Storage Rings (CR, NESR, il gas target
eA) P
»  Energy-Bunched Stopped Beams Energy Cga-d o "" ‘\\‘
Bunche\r‘ ________ ﬁ §
) NESR |
Pre-Separator /J 4
A~ Main-Separator -~ ’g
Produc‘tlyﬁ, - ] \ //
Target/”
L / Super-FRS
i 20 Tm
,\\o@oﬁg > ‘ : 4
2 « | » all elements, Hto U o CR 1
” % » intensity > 102 jons/sec. 'i\ complex I
T E | » pulsed and CW beams \\...\.f’.’:::?:fw .w‘/

Ring branch

Figure 3. The GSI NUSTAR facility with the Super-FRS and its three branches: low-energy, high
energy for nuclear reactions, and the storage-ring complex with the small electron-heavy ion collider.

Figure 3 displays the layout of the NUSTAR facility at FAIR [1]. Its
principal instrument is the superconducting FRagment Separator (Super-FRS)
[2], a two-staged high resolving energyloss-type spectrometer for in-flight
separation of radioactive nuclides created in the production target by
fragmentation or fission of heavy ions. Super-FRS has a high ion optical
flexibility. It can optionally be operated as low resolution, high transmission
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beamline, as separator for isotopic clean radioactive beams, or in a
spectrometer mode for reaction studies of high resolution.

Super-FRS mostly will work as in-flight separator to provide unstable
nuclei for spectroscopy and reaction studies. For these experiments the Super-
FRS feeds three branches (Fig. 3):

A low energy branch for spectroscopy, including in-beam gamma
spectroscopy, and reaction studies at low and intermediate energies e.g.
below 100 AMeV. The special feature is a combination of a dispersive
magnet and a shaped energy degrader acting as energy buncher to
create in-flight separated isotopic beams of low momentum spread. The
low-energy branch can be equipped with a broad spectrum of
instrumentation including an ion catcher-trap system, silicon arrays for
decay studies with implanted radioactive nuclei, a laser set-up, and the
advanced Germanium ball AGATA for in-beam gamma spectroscopy.
A high energy branch for reaction studies with unstable nuclei. This
branch will be an upgrade of the existing LAND-Aladin set-up with a
new superconducting dipole of 4 Tm bending power, an upgraded
Large Area Neutron Detector (LAND), and improved particle detectors
for heavy fragments and charged particles. The set-up will also contain
a target calorimeter and proton detectors to investigate proton
scattering in reversed kinematics [4].

A ring branch, equipped with the CR to collect and cool the in-flight
separated fragment beams. The CR will be equipped with stochastic
cooling to achieve fast cooling of radioactive heavy ion beams within
the order of seconds. Operation in the isochronous mode will allow
direct mass measurements of short lived species down to microsecond
half-lives. Experiments will be performed in the NESR which has an
electron cooler, an internal gas jet, and a cluster target. An additional
ring between CR and NESR, the RESR, will match the injection energy
into the NESR as required for the experiments. The internal NESR
targets will allow reaction studies with highest precision and scattering
at low momentum transfer. Cooled beams are well defined in
momentum and angle. The use of thin targets avoids atomic
interactions such as energy loss or angular scattering. The effective
target thickness is enhanced by six orders of magnitude as the beam
passes the target on each revolution with a frequency of 10%s.

Besides decay spectroscopy and in-beam gamma spectroscopy reaction
studies in reversed kinematics, precision experiments in the storage-ring systems
will be the principal research fields of NUSTAR. One of the key features of
NUSTAR is the high projectile energy of up to 1 AGeV for all ions up to
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Uranium. The advantage is clean separation in-flight for all fragments up to
Uranium as all heavy ions are bare at this high energy which is most important
to separate fission fragments of the heavy group. Fission fragments will give
access to the large region of practically unknown neutron-rich species. These
are not only important for structure investigations but also for nuclear
astrophysics as the r-process path passes through practically unexplored
neutron-rich regions far off stability. The simple reaction mechanism at high
energy facilitates the interpretation of reaction experiments.

Nuclear halos and skins, correlations, and giant resonance studies will be
premier research fields. Specifically the access to the wide field of the still
almost unexplored neutron-rich species will give new insights into the
spectroscopic properties of nuclei far away from stability. Reaction studies in
reversed kinematics do not only give access to unstable nuclear species. They
are also a new tool for detailed structure investigations. This new experimental
technique allows investigating reactions in complete kinematics. As all
fragments emerging from the relativistic projectile after interaction with the
target are focused in forward direction and have practically the same velocity as
the projectile, they can be detected, identified, and their kinematical properties
can be measured event by event. This allows to look inside nuclei, to observe
the motion of the nucleons, and to investigate correlations and clusters.

A unique feature of NUSTAR is that the radioactive nuclei, separated in-
flight by the Super-FRS, can be injected into the storage-ring system consisting
of the Collector Ring (CR) and the New Experimental Storage-Ring (NESR) for
experiments with stored and cooled beams. The storage and cooler ring system
for nuclear structure investigations is a unique feature of FAIR. Electron-cooled
beams are the ideal tool for precision experiments. As first generation precision
experiments in a heavy ion storage ring direct mass measurements have been
performed. The large acceptance of the storage ring allows systematic studies
e.g. mapping the nuclear mass surface to get a first overview on the evolution of
nuclear structure towards the limits of nuclear stability and to explore isospin
effects. Irregularities in the nuclear mass surface are first indications for
structure changes [5]. Atomic nuclei can be stored as bare, hydrogen- or helium-
like systems. Decay studies in storage rings explore nuclear lifetime under
interstellar conditions [6]. A small collider, the heavy-ion storage ring combined
with small intersecting electron storage ring, will provide electrons as a new
probe for investigations of unstable nuclei [7].

Scattering in reversed kinematics to measure matter distributions will
certainly be among the first generation of reaction experiments in the NESR.
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The Fig. 4 shows a feasibility study of such experiments. The left panel
displays computer simulations of matter radius measurements at the internal gas
target for "**Sn (solid line assumed radius of 4.66 fm, dashed line assumed
radius of 4.87 fm), the right panel is a simulation of charge radius measurements
for '?°Sn (4.82 fm, solid line), and **Sn (4.95 fm, dotted line) measured in the
electron-heavy ion mini-collider.

The mini-collider is a new and challenging development in the NUSTAR
program. A small electron ring operated in a colliding mode with the NESR
allows performing low-energy electron scattering for structure studies. With this
set-up it will not only be possible to investigate electron scattering on
radioactive nuclei but also to measure electron scattering in complete kinematics
with the detection of all participants in the exit channel [7], not possible with the
presently used stable-beamn electron scattering facilities.

The following Letters of Intent have been submitted for the NUSTAR
research program (see: www.gsi.de/nustar):

Low Energy Branch, (C.Scheidenberger (GSl))

HISPEC High-resolution in-flight gamma-ray spectroscopy, Z. Podolyak (U.Surrey)
DESPEC Decay spectroscopy with Implanted lon Beams, B. Rubio (CSIC Valencia)
MATS Precision measurements of very short-lived nuclei using, K.Blaum (U.Mainz)

an advanced trapping system for highly-charged ions
LASPEC LASER spectroscopy for the study of nuclear properties, P. Campbell
(U.Manchester)
NCAP Neutron capture measurements, M.Heil (FZ Karlsruhe)
Exo+pbar Antiprotonic radioactive nuclides, M. Wada (RIKEN)

High-Energy Branch
R’B A universal setup for kinematically complete measurements
of reactions with relativistic radioactive beams , T. Aumann (GSl)

Ring Branch
ILIMA Study of isomeric beams, lifetimes and masses, Yu. Novikov  (NPI St.Petersburg)
EXL Exotic nuclei studied in light-ion induced reactions

at the NESR storage ring, M. Chartier (U.Liverpool)
ELISEElectron-ion scattering in a storage ring (e-A collider), H. Simon (GSi)
pbar-AAntiproton-ion collider; measurement of neutron and

proton rms radii of stable and radioactive nuclei, P. Kienle (TU Munich)
PIONIC Spectroscopy of pionic atoms with unstable nuclei, K. ltahashi (RIKEN)

3. Organization of NUSTAR within FAIR

The GSI FAIR project is a multi-national project [l], steered by the
International steering Committee ISC-FAIR. The total cost according to the
CDR is 675 M€. The German government will pay 65% the state of Hessen
10%. The final decision on the construction of FAIR will be made after the
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commitment of partner states to contribute 25% of construction cost. To
organize funding and contracting, phase one of the project will be run on the
basis of Memoranda of understanding (MOUSs). The Scientific and Technical
Issues STI-FAIR committee will combine the three scientific Program Advisory
Committees PAC QCD, PAC NUSTAR (NUclear Structure, Astrophysics, and
Reactions), and PAC APPA (Atomic Physics, Plasma Physics, and
Applications), as well as the Technical Advisory Committee TAC.

...off profons in NESR ...off electrons in e-A-Mini-collider
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Fig. 4. Simulation of Proton scattering at the internal target of the NESR (left panel ) and electron
scattering using the electron-heavy-ion mini-collider for the example of Sn isotopes (right panel).
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FROM SUPER-RADIANCE TO CONTINUUM SHELL
MODEL*

VLADIMIR ZELEVINSKY
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Consideration of marginally stable mesoscopic systems, including nuclei on the
verge of stability, requires that intrinsic structure and continuum effects be taken
on equal footing. In two lectures we discuss a possible way to the continuum shell
model. The approach is based on the consistent use of the effective non-Hermitian
energy-dependent Hamiltonian that allows one to calculate the discrete spectrum
in agreement with conventional shell model along with the reaction cross sections.
We explain physics of super-radiance and trapping and show examples of first
applications to long chains of neutron-rich isotopes.

1. Introduction

The subject of primary interest in nuclear physics nowadays is physics of
nuclei far from stability. These studies open new aspects of nuclear struc-
ture and provide keys for understanding the chemistry of the Universe.
In contrast to stable nuclei, here we deal with loosely bound formations,
where the excitations easily break up the system. A theoretical descrip-
tion in such cases must include the continuum states, both for calculating
decay probabilities or reaction cross section and as virtual states for in-
trinsic dynamics. More generally, we need to learn how to describe open
or marginally stable many-body quantum systems encountered everywhere
in mesoscopic physics (complex molecules, atomic clusters, atoms in traps,
quantum wires, quantum dots etc.) Future quantum computers should be

*This work is supported by NSF grant PHY-0244453 and the DOE grant DE-FG02-
92ER40750. Collaboration with V. Sokolov and N. Auerbach is highly appreciated.
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open for processing information but avoiding chaos and decoherence emerg-
ing in interactions with the external world.

The most detailed calculations for nuclear structure can be performed
with modern version of the shell model. However, the standard shell model
considers only the discrete spectrum; the relation to continuum and reac-
tions is built indirectly, through quantities like spectroscopic factors. For
weakly bound systems, the effects of coupling with and through continuum
are much more substantial and have to be accounted for in a straightforward
way. In principle, there exists quantum-mechanical theory based on classi-
cal works by Wigner and Eisenbud, Kapur and Peierls, Fano, Feshbach and
Lane and Thomas, summarized in a book by Mahaux and Weidenmiiller?,
that formally unifies the nuclear structure in the shell model description
and nuclear reactions. However, only recently practical approaches were
developed still leaving many open questions.

It turns out that there are new qualitative phenomena predicted for
the systems strongly coupled to continuum which, being a consequence of
general theory, remained essentially unnoticed for a long time. As we dis-
cuss below, the unstable states under appropriate conditions are naturally
divided into short-lived (super-radiating) and long-lived (trapped). This
segregation occurs as a kind of phase transition as a function of a parame-
ter

K= D’ (1)
where v is a typical width of unstable intrinsic states prior to this transi-
tion, and D is their energy spacing. The transition was first recognized in
numerical simulations ? and theoretically explained in Refs. 3 and 4 as a
phenomenon of the same type as super-radiance in quantum optics.

In our short review we show the roots of the super-radiance, discuss its
necessary ingredients, different manifestations, and the way to constructing
a version of the continuum shell model®” based on these ideas and the
Feshbach projection formalism®®. More details can be found in Ref. 10.
We do not discuss here other recent approaches!>1%13 aimed at the same
target.

2. Super-radiance and trapping

The optical super-radiance, coherent spontaneous radiation, was predicted
by Dicke® 50 years ago and observed in HF gas!? and later in many other
media. It appears that incoherent spontaneous radiation may acquire co-
herence in a system of many two-level radiators placed in a volume of a
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size smaller than the wavelength of radiation. The radiators are coupled
through common radiation field. This coupling creates the entangled many-
body states including those with coherent mixing of atoms in the excited
and ground state. Such states maximize the virtual coupling between the
atoms via emission and absorption of photons. As a result, a radiation
burst is observed with intensity proportional to N2, where N is a number
of atoms.

decay
r—— channel
== WV

- E:” Figure 1. System of intrin-
E;f};’/” Coherent state  sic states coupled with continuum.
T '~Ny At Kk ~ 1, a coherent state is formed
’ accumulating a large fraction of the
total width of N original levels; the
remaining states are trapped.

1777777777777/

An analog of Dicke super-radiance (SR) should exist in any quantum
system coupled with continuum if certain conditions are fulfilled. The
scheme of the effect is shown in Fig.1. The necessary ingredients for the
appearance of the effect include (i) a set of intrinsic states |1) with the
same exact quantum numbers, unperturbed energies €; and typical spac-
ing D; (ii) continuum channel states |¢; E), where ¢ stands for all discrete
quantum numbers including those of the residual state of the system; (iii)
energy E above some of thresholds Ef; so that the decay amplitudes A
and partial widths v§ = |A$|? do not vanish; (iv) the unstable states over-
lap, k¢ = v¢/D ~ 1. Iun this situation a sharp redistribution of widths
occurs, and a number of broad (SR) states, equal to the number of open
channels, is segregated from the rest of the states. The latter (trapped
states) return to the no-overlap regime with narrow widths and long life-
time that exceeds the Weisskopf recurrence time ~ h/D and ensures the
intrinsic equilibration.

Experimentally, we see in this regime the segregation of direct and com-
pound reactions. As a well known example we can interpret from this
viewpoint the single-particle resonances. Such broad structures mark the
concentration of the fragmented single-particle strength and correspond to a
broad background seen in neutron scattering as a direct process. Extremely
narrow neutron resonances with chaotic structure and typical enhancement
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of weak interactions and parity non-conservation correspond to trapped
compound states. The manifestations of the same mechanism are seen in
other systems, including atomic!®, molecular!®, condensed matter!?, and
particle’® ! physics examples.

3. Formalism

The convenient formalism that fully accounts for dynamics of intrinsic
states strongly coupled with and through the continuum uses effective non-
Hermitian Hamiltonian. The obvious advantage of working within this
scheme is the opportunity to utilize rich experience and specific results
obtained in the framework of the traditional shell model with effective in-
teractions.

—H= = %'*3'%74-3%% % +%AV
H H° Vv A W

Figure 2. Diagrammatic equation for the full propagator G(E), Eq. (3).

In order to clarify the derivation of the effective Hamiltonian H acting
only in the intrinsic space |k) we introduce first the many-body propagator
1
F-H ®
where the intrinsic Hermitian Hamiltonian H is that of the standard shell
model including the single-particle mean field levels and intrinsic effective
interaction V. The total propagator

G(E) =

1
= 3
G(E) = 7= (3)
differs from the intrinsic propagator (2} by coupling to the decay channels,
G12(E) = Gr(E) + G13(E)M34(E)Gaa2(E). (4)
Here the complex mass operator
M =ReM +iIlmM = A(E) ~ %W(E) (5)

has an obvious structure, Fig. 3,

M12 Z/ Hd3 )c E Hll;(c) ’ (6)

+10
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where all channels, open and closed at given running energy F, contribute to
the sum and corresponding vertices are the matrix elements of the original
Hamiltonian that was defined in full space.

The imaginary part —W/2 of the mass operator (6) comes from the
on-shell processes with energy conservation [the delta-function in the de-
nominator of Eq. (6)]. This is possible only for open channels ¢. Including
the kinematic factors (phase space volume available in channel ¢ at given
energy) in the matrix elements H;., we can always write down this part in
the factorized form,

Wia(E) = Y Af'(E)A3(E), (7)

c(open)

where the effective amplitudes A$(E) vanish at threshold energy E =
The real part A(E) corresponds to off-shell virtual processes of coupling
via continuum which include all, open and closed, channels. This term is
given by the principal value integral (6); its energy dependence is usually
weak in the region of interest.

The effective Hamiltonian

H=H+AE) - %W(E) 8)

is non-Hermitian and energy dependent. Its eigenvalues
£(E) = B(B) - 5T4(B) ©)

are complex and energy dependent. One can use the Breit-Wigner approach
and call the resonance energy E, the solution of the equation E;(E,) = E,;
then T';(E,) can be considered the width of this resonance. However in
general, the decay of such state is not exponential and the resonance shape
is not Breit-Wigner one. The eigenstates of the Hamiltonian (8) form a
biorthogonal complete set but they also depend on running energy.

This formulation allows one to calculate the cross sections of various
reactions directly, avoiding the procedure of diagonalization for the complex
Hamiltonian. The amplitude of the b — a process,

Tab - 15 (E)ZAa g12 Ab*(E) zﬁb(E) (10)
can be found by inverting the propagator (3). For practical purposes, we

add here the “potential phases” 8, and &, as smooth functions of energy
that mimic the contributions of remote energy regions not accounted for
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in the shell model approach. All strong energy dependences coming from
resonances and thresholds are included explicitly. The scattering matrix

5% (E) = §9 — iT*(F) (11)

is by construction unitary, S'S = 1. This is ensured by the fact that the
same entrance and exit amplitudes that enter 7% explicitly are included in
the denominator of the propagator G(F). Vice versa, one can deduce the
factorized form of the Hamiltonian W (E) from the unitarity requirement.
Finally, the observable cross sections are proportional to |S®*(E)|?.

4, Transition to super-radiance

The SR phenomenon follows*2° from the structure of the effective Hamil-
tonian (7,8). Consider, for example, a case of one open channel and
energy-independent A and amplitudes A;. Let €/, be real eigenvalues of
H' = H + A, and B, decay amplitudes of states |a) found from A; after
transformation to the basis |a) (the part W remains factorized). Then the
secular equation for complex energies (9) reads

ZZ Yo 2
2 - 8_6/0‘7 Yo l al ( )

At weak continuum coupling, & < 1, the quasistationary states are
narrow well isolated resonances,

1
ga ~ 5; - 5701- (13)

In the opposite limit of strong coupling, « > 1, the total widthI' =3 74
of all unperturbed states (invariant under transformation from amplitudes
Ay to amplitudes B, ) is getting greater than the total energy interval A¢’
covered by relevant states (strongly coupled to a give channel). Then W
becomes the main term in the effective Hamiltonian. Because of the fac-
torized structure, the matrix of W is of rank 1, so that it has only one
non-zero eigenvalue equal to its trace, I' (for k£ open channels we would
have k non-zero eigenvalues). Other eigenvalues vanish the correspond-
ing states acquire only a small widths because of mixing by the Hermitian
interaction.

If the real spectrum would be degenerate, ¢, = &, the solution is obvious:
one state at

1
ESR=€—§FEZO;’YO‘, (14)
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accumulates the entire summed width I", while the remaining states are still
degenerate and stable. With splitting of the levels on the interval Ae’ < T,
the total width of the narrow states can be found from (12) as

N2
Tharrow =T —T'sp = 4 (ATC) I'= 4-;5 < T. (15)
- The SR state plays the role of the doorway state with respect to the trapped
states as the single-particle resonance for the compound neutron resonances.

The transition to SR occurs at kK¢ ~ 1 when the percolating collec-
tivization of overlapping intrinsic states by their coupling to common decay
channels leads to their coherence. The reaction processes considered in time
domain form a hierarchy of different scales that is governed by two parame-
ters, x and N, the localization length of intrinsic states?!: the fastest direct
process, Tq ~ fi/T'sr, the intrinsic fragmentation time 75 ~ h/A€’ ~ K7g,
the Weisskopf recurrence time rw ~ %/D ~ k14N, and the longest lifetime
of compound states Tcomp ~ i/ (Tnarrow/N) ~ Twk.

5. Towards continuum shell model

Work on converting the nice general formalism into a practical tool with
detailed calculations for nuclei far from stability is still in progress, and
many technical questions still are waiting to be resolved. The main princi-
pal difficulty lies with the Hamiltonian itself. The conventional shell model,
for example in the best studied region of sd-shell®?, uses the single-particle
energies and effective Hermitian two-body interaction matrix elements (63
in the sd-space) as input parameters; they can be smoothly scaled with
mass number effectively accounting for many-body interactions and den-
sity dependence. The parameters are semi-empirical being fit long ago by
the spectroscopic information available at a time. The rest, including newly
discovered isotopes, should be a pure result of the large-scale diagonaliza-
tion. Of course, the results are presented as discrete levels even if in reality
the corresponding states are seen as resonances.

The real problem is in the absence of knowledge of what interaction
should be used for calculations with the continuum. There exist only the
first and technically quite complicated attempts® of constructing the ef-
fective interactions using the Gamow shell model approach in the so-called
Berggren basis?*. The problem consists in identifying the resonances prior
to the shell model solution and therefore the self-consistency condition
become critical. The direct derivation of the G-matrix for a many-body
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system with discrete and continuum spectra was never done, even in the
low-density (Brueckner) approximation.

In this situation we utilize a pragmatic approach. We borrow the intrin-
sic Hermitian interaction from the traditional shell model. The dispersive
part A of the effective Hamiltonian H coming from the off-shell continuum
coupling is assumed to be already included in the effective shell model in-
teraction; its weak energy dependence is neglected. This approximation
can be lifted paying the price of slightly enhanced technical difficulty but
at this stage it makes no sense because of lack of knowledge of interaction.
We neglect also coupling between the channels in the continuum; their cou-
pling through intrinsic dynamics is fully accounted for, see for example the
expression (10) for the scattering amplitude. Then the only element that
is still missing is the set of the continuum coupling amplitudes A§(E).

We are interested mainly in low energy region, when only few open
channels are present. Here the energy dependence of the amplitudes A§(E)
may be crucial. Near thresholds, this dependence is in fact determined by
quantum-mechanical calculations of threshold behavior of wave functions
and phase space volume available in a given channel. However, the positions
of thresholds in a nucleus A are defined by the levels of residual nuclei
A—-1,A-2,... We come to necessity to solve self-consistently the problem
for a chain of nuclei related by consecutive decays. With the amplitudes
determined, one can proceed either diagonalizing the complex Hamiltonian
H and finding the discrete levels and resonances or inverting the propagator
G for calculating the cross sections.

6. How it works

Considering the chains of nuclei (until now we worked with helium, lithium
and oxygen), we start with the core, alpha-particle or }60. For the heavier
isotopes the one- and two-body decay channels were included. An asymp-
totic state in a one-body channel can be written as

le: B)a = c}(e;)los A~ 1), (16)
where the operator ¢! creates one free particle, j labels its quantum num-
bers, €; is its kinetic energy, |a; A—1 is the final discrete state of the residual
nucleus, and total energy is £ = E, + ¢;.

Assuming for simplicity that in the shell model space the single-particle

quantum numbers j provide a unique label, we look for the coupling am-
plitude in the factorized form

AS(Ea +€5) = aj(ej){o; A — 1]bs]1; A). 17
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The second factor here is the spectroscopic amplitude that defines the
weight of the shell model quasiparticle j in the many-body initial state
|1; A). The amplitude j describes the transformation of the internal quasi-
particle into the asymptotic free particle. In the mean field approximation

it can be found as
2 o0
aj(e) =1/ W—’]: /0 dr Fy(r)U (Y (r), (18)

where U(r) is the mean field potential including the Coulomb barrier for
the outgoing protons, Fi(r) and u;(r) are the regular solutions with orbital
momentum [ for free motion and in the mean field, respectively. Near
threshold, where the right energy dependence is crucial, a(e) ~ e(+1)/2,
Only far from threshold, neglecting this dependence and assuming that the
removal of a particle does not lead to a significant restructuring of the mean
field, one can use the closure approximation for calculating W as a single-
particle operator 7.

€
[ X (3
B, : o
/ N-1 Sn\ HJ* N
N

Ex
I Ex

N-2

N-2
Figure 3. Diagrams for two-body decays, sequential (left part) and direct (right part).

The two-body decays can proceed via sequential and direct (“demo-
cratic”) mechanisms sketched in Fig.3. The total amplitude can be pre-
sented as the sum

AS(Eq +€j, +€5,) = (iizi o, A~ 2)|[HE + Vapoay|L; A).  (19)

The sequential decay is described by the second order with respect to the
single-particle Hamiltonian that implements the virtual transition through
a state in the intermediate nucleus (A —1). or direct transitions, we consid-
ered until now only those for a correlated pair with zero angular momentum
using the pairing part of the two-body interaction. Such decays are respon-
sible for instability of such nuclei as 60. The cluster decay can be also
included in a similar way.
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Figure 4. Continuum shell model calculations for oxygen isotopes.

An example of a realistic calculation for the chain of isotopes 17=280
is shown in Fig. 4. An important advantage of this scheme with self-
consistent threshold energies in parent-daughter relations is that for stable
states the results by construction are identical with those in the standard
shell model if the same residual interaction was used. For resonance states
theory predicts positions and widths although the lineshape may not be
given by the BW formula. The inset shows more detailed comparison with
data for the lightest isotopes. Many predictions, such as the width of the
ground state of 260, are expected to be tested with coming experiments.

7. Outlook

The suggested theoretical scheme for unified description of structure and
reactions in open or marginally stable many-body systems is shown to work
effectively and reliably. The work is in progress, and many problems are
still to be solved. Below we selectively list some of them.

¢ Extension of calculations to new isotope chains.
o Direct calculation of reaction cross sections with loosely bound nu-
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clei.

o Better treatment of decay amplitudes from first principles; inclu-
sion of other decay modes.

e Consistent derivation of the effective interaction to be utilized in
continuum shell model with possible necessity of renormalizing the
interaction used for description of discrete spectra.

¢ Theory of pigmy-branch of the giant resonance based on the inter-
play of super-radiance (collectivization of widths) and collectiviza-
tion of multipole strength, see Ref. 10 and references therein.

¢ Improved consideration of Ericson fluctuations in the region of over-
lapping resonances.

e Statistical properties of resonances in open quantum systems.

e Application to other mesoscopic systems.
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NEW METHODS FOR THE EXACT SOLUTION OF THE
NUCLEAR EIGENVALUE PROBLEM BEYOND MEAN
FIELD APPROACHES
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We report on an important sampling algorithm for generating a subset of exact
eigensolutions of the nuclear shell model Hamiltonian within a truncated space
and its tests performed on typical nuclei. We also mention an equation of motion
method, under way of development, which generates iteratively a microscopic mul-
tiphonon basis and is therefore especially suitable for the investigation of collective
modes.

1. Introduction

Powerful methods for solving the nuclear eigenvalue problem have been
developed in the last two decades. A notable one is a Monte Carlo method,
adopted to compute ground states properties! or to generate stochastically
a truncated basis for diagonalizing the many-body Hamiltonian?. The first
approach has to deal with the sign problem, the second with the redundancy
of the basis states and the broken symmetries.

Alternative approaches, mostly based on Lanczos® algorithm, face di-
rectly the diagonalization of the Hamiltonian. The critical point of these
methods is the amount of memory needed and the time spent in the diag-
onalization process.

In a recent paper?, we have developed an iterative algorithm for gener-
ating a selected set of eigenvectors of a large matrix which is fast, robust,
yielding always stable numerical solutions, free of ghost eigenvalues, and
extremely simple to be implemented. Moreover, the algorithm could be
naturally endowed with an importance sampling which allows for a drastic
reduction of the space and offers other important advantages®.

SM is, in general, not suitable for studying nuclear collective proper-
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ties. These are studied traditionally in mean field approaches, like Tamm-
Dancoftf (TDA) or random-phase approximation (RPA), which select the
configurations building up the collective states.

TDA and RPA can be considered as harmonic approximations to the full
nuclear eigenvalue problem. Anharmonic effects may be accounted for by
going to higher RPAS or by Boson expansion methods”™8. Closely related to
the latter approach is the quasiparticle-phonon model (QPM)?, which faces
the nuclear eigenvalue problem in an enlarged phonon space spanned by a
restricted set of two or, exceptionally, three RPA phonon states. The QPM
has been adopted with success for studying collective states of complex
structure. On the other hand, it applies only to separable Hamiltonians
and does not provide precise prescriptions for keeping under control the
uncertainties due to the space truncation, the quasi-boson approximation
and the lack of antisymmetrization of the multiphonon basis states.

We are currently developing an equation of motion method!®, which
solves exactly the nuclear many body problem, for a Hamiltonian of general
form, in a space with an arbitrary number of phonons.

2. Shell Model Algorithm
2.1. The Importance Sampling Algorithm

Let us consider, for simplicity, a symmetric matrix A = {(a;;) = (@ |
A | j)} representing a self-adjoint operator A in an orthonormal basis {|
1),] 2),...,| N)}. The algorithm goes through several iteration loops.

The first loop consists of the following steps: 1la) Diagonalize the two-
dimensional matrix (as;) (i,j=1,2), 1b) select the lowest eigenvalue Az and
the corresponding eigenvector | ¢2)c(12) | 1) + cf,f) | 2), Ic) for j=3,...,N

diagonalize the matrix
(% an)
bj ajj

where b;(¢;-1 | A | ) and select the lowest eigenvalue \; together with the
corresponding eigenvector | ¢;). This zero approximation loop yields the
approximate eigenvalue and eigenvector

N
EW =)y, [wV)=lon) Y ™ 1), 1)
i=1

We use these new entries to start an iterative procedure which goes through
n = 2,3,...refinement loops, consisting of the same steps with the following
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modification. At each step j = 1,2,..., N of the n-th loop (n > 1) we have
to solve an eigenvalue problem of general form, since the states | ¢;_1) and
| 5) are no longer orthogonal. The eigenvalue E™ = Ay and eigenvector
| (™) =| ¢n) obtained after the n-th loop are proved to converge to the
exact eigenvalue E and eigenvector | ¥) respectively?.

The algorithm has been shown to be completely equivalent to the
method of optimal relaxation!! and has therefore a variational founda-
tion. Because of its matrix formulation, however, it can be generalized
with minimal changes so as to generate at once an arbitrary number n, of
eigensolutions. Indeed, we have to replace the two dimensional matrix (?7)
with a multidimensional one

Aj-1 b ) (Ak Bk)
2
< bj Qg4 = BE Ag ’ ( )

where Ay, is a n,-dimensional diagonal matrix whose non-zero entries are the
eigenvalues ,\5’“‘”,,\9““”, e, )\slkv—l), Ar = {ay} (4,7 = (k=1)p+1,...,kp)
is a p-dimensional submatrix, By and its transpose are matrices composed
of the matrix elements bl(-;-c) = (¢Z(-k_1) Al (=1 ...,n;7=(k—
)p+1,...,kp). A loop procedure similar, though more general, to the
one adopted in the one-dimensional case, yields a set of n, eigenvalues
E,,...,E,, and corresponding eigenvectors ¥1,...,¥n,.

When the dimensions of the Hamiltonian matrix become prohibitively
large, one needs to resort to truncation methods. To this purpose we have
exploited the fact that the algorithm yields quite accurate solutions already
in the first approximation loop to devised a sampling which makes use of the
first loop only. This now goes through the following steps :1a) Diagonalize
the v-dimensional principal submatrix {a;;} (¢,7 = 1,v); 1b) For j = v +
1,..., N, diagonalize the v + 1-dimensional matrix

A, b;
: (3)
(53’ aw)

where b; = b1, b2j, -,b;j; Ic) Select the lowest v eigenvalues A, (i = 1,v)
and accept the new set only if

DN =Nl (4)

i=1,v

The outcome of this procedure is that the selected states span a ny;(< N)
dimensional space, so that the subsequent refinement loops iterate only on
the smaller set of n, basis vectors. The number of operations is thereby
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reduced by a factor N/n,. Indeed, for large N, they are O (ns (N + uns)),
to be compared with O(u'N?2) when dealing with the full matrix, having
denoted by p and u’ the number of iterations required to reach convergence
in the two cases.

The sampling procedure has also the important virtue of generating a
scaling law for the eigenvalues. Indeed the sampling parameter € scales
with n according to

N N
€= bﬁ exp [—C?]. (5)

This induces for the energies the following scaling law
N N
E=FEy+b— —c—
0 + nexp[ cn], (6)

where b, ¢, and Ey are constants specific of each state and the full dimension
N provides the scale. This law, which is somewhat different from the one
proposed in Ref. 14, is valid for all states and nuclei examined and follows
directly from the sampling®.

This is illustrated in Fig. 1 for the lowest states of the semi-magic 1°8Sn
and the N=Z even-even *®Cr. Similar results hold for the N > Z odd-even
133Xe. It must be pointed out that the asymptotic eigenvalues extrapolated
by the scaling law differ from the exact ones in the second or third decimal
digit.

The sampling guarantees a high accuracy also for the eigenstates ¢, As
shown in Fig. 2, their overlap with the exact eigenvectors 9 for the first five
J™ = 2% states of 198Sn and J™ = 07 of 48Cr converges rapidly to unity.

Correspondingly also E2 transition strengths converge rapidly to the
exact values. Indeed, the strengths computed at a relatively large e differ
very little from the exact values. This rapid convergence is quite significant
in view of the extreme sensitivity of the transition strengths to even very
small components of the wave function.

3. Equation of Motion Method for Collective Modes

As pointed out in the Introduction, mean field approaches, like TDA or
RPA, being more selective in the choice of configurations, are more suitable
than SM for studying collective modes. In order to account for anharmonic
effects, however, it is necessary to enlarge the space so that more complex
configurations come into play. To achieve this goal we have developed an
equation of motion method!?, which solves exactly the nuclear many body
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Figure 1. Eigenvalues versus the dimensions n of the truncated matrices resulting from
the sampling.

problem in a space which is the direct sum of n-phonon subspaces, with n
running from 0 to an arbitrary number V.

We start with a general two-body Hamiltonian written in second quan-
tized form and solve the following eigenvalue equations in each n-phonon
subspace

< n; Bl [H, a;‘,ah] In—1l;an-1 >=(Eg, — Ean_l)Xéih_),gn’ (M)

where a;f, and ap creates a particle and a hole respectively, Eg, are the
unknown eigenvalues of the Hamiltonian H within the n-phonon subspace
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Figure 2. Overlap of sampled wave functions with the corresponding exact ones.

with eigenvectors |n; 3, >, and

h
Xéijlﬁn =< ng ﬂn|a;’,ah|n - o1 > (8)
are the unknown amplitudes to be determined. Once the commutator is
unfolded, we get after some manipulations a set of equations in X é’; h_)l B,
These equations establish recurrence relations between subspaces with dif-
ferent number of phonons. They can therefore be solved iteratively, thereby

generating the full multiphonon basis up to any N. As in all methods adopt-
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ing a multiphonon basis, the states so generated, being composed of prod-
ucts of microscopic ph phonons, cannot be properly antisymmetrized and,
therefore, form an overcomplete set. We, however, eliminate exactly and
completely the redundant states in each n-phonon subspace by adopting
a procedure based on the Choleski decomposition, which allows to extract
the correct number of linear independent states, out of the overcomplete
set. The latter method leaves unchanged also the phonon structure of the
basis states and, therefore, allows to eliminate naturally and maximally the
spurious admixtures induced by the center of mass motion.

Once represented in the multiphonon basis so constructed, the Hamilto-
nian matrix has a relatively simple structure and, therefore, can be reduced
drastically in sizes and easily diagonalized.

We are presently tested the method on 0. This nucleus has been
studied already in several approaches!®16:17:18  The goal of the test is to
explore the potential of the method in relation to the other approaches and
in the perspective of facing more complex nuclei. The results will be given
in a forthcoming paper!®.

4. Concluding Remarks

We have outlined a new algorithm for solving the nuclear shell model Hamil-
tonian. Such an iterative algorithm is naturally endowed with an impor-
tance sampling, which allows for a drastic truncation of the matrices, while
keeping the accuracy of the solutions under strict control.

The importance sampling has the further important virtue of providing
scaling laws for the energies which allow to extrapolate to the exact eigen-
values. Since the truncation is far more effective in nuclei with neutron
excess, we feel confident that the sampling may be successfully applied to
heavy nuclei.

We have also briefly outlined an equation of motion method, comple-
mentary to the shell model algorithm, which is intended to provide an exact
and thorough description of collective modes within a microscopic multi-
phonon space. This work is in progress and will be presented elsewherel®
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Q-PHONON APPROACH FOR LOW-LYING 1~
TWO-PHONON STATES IN SPHERICAL NUCLEI
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141980, Dubna, Moscow Region, Russia
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The properties of 1] two—phonon states and the characteristics of E1 transition
probabilities between low-lying collective states in spherical nuclei are analyzed
within the Q-phonon approach. Several relations between observables are ob-
tained. Microscopic calculations of the El 0‘1" — 17 transition matrix elements
are performed on the basis of the RPA. A satisfactory description of the experi-
mental data is obtained.

1. Introduction

In investigations of the E1 transitions!~7 the low-lying 17 have been
observed in spherical nuclei states, which are characterized by strong
B(E1;0} — 17), of the order of several unitsx10~3e2fm?2. It was demon-
strated that these low-lying 17 states arise as |2} ® 37; 1~ M) due to cou-
pling of the collective quadrupole 21 and the collective octupole 3} states.
Similar 17 states have been observed in the Cd, Sn, Ba, Ce, Nd, and Sm
isotopes. Their two—phonon character has been proved by the observed
strong E2 and E3 transitions to the corresponding one—phonon states®67
and by the fact that the energies of these 17 states are very close to the
summed energies E(27) + E(37).

Strong correlations between the values of B(E1;07 — 17) and the prod-
uct of average squares of the quadrupole {32) and octupole (3%) deforma-
tion parameters in non-magic nuclei® clearly show that away from the closed
shells the large B(E1) values have a collective nature connected with the
motion of the nuclear shape. The ratio B(E1)/({3%)(G%)) is amazingly
constant, although the B(E1) strength varies by an order of magnitude
in the considered nuclei. Analyzing the experimental data on the ratio
B(EL;1; — 0f)/B(E1;37 — 27) it was shown in Ref. 9 that this ratio
is a constant equal to 1 within a factor of 2 although these El1 transi-
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tion strengths can differ by about two orders of magnitude for different
nuclei. Considered nuclei are rather vibrational and can be understood,
at least qualitatively, in a harmonic phonon picture. In the last model
B(E1;17 — 0{)/B(EL;3] — 2}) = L. This correlation of the E1 strengths
can be considered as an additional support for the quadrupole-octupole
coupled character of the 1] states.

The B(E1;1] — 2}) is small in Sn isotopes; however, it increases in Cd,
Te isotopes!?.

A minimum has been found in the A-dependence of B(E1;17 — 07) in
the Nd, Sm and Ba isotopes when the number of neutrons N is equal to 78
or 86111213, This characteristic feature of the behavior of B(E1;17 — 07)
as a function of IV has been discovered earlier in the RPA-based calculations
in Ref. 14.

Summarizing experimental data one can see that the microscopical
model describing strong E1 transitions at low energies basing on the two—
phonon quadrupole-octupole model of the low lying 1] states should ex-
plain experimental data.

To analyze experimental data mentioned above we suggested the Q-
phonon approach for a description of low-lying 1~ two-phonon states
recently!®.

2. Model

In Ref. 16 the @ - phonon approach to the description of the positive parity
collective states was developed within the IBM.

In contrast to Ref. 16, where the Q—phonon approach was formulated for
the bosonic configurational space of the IBM, our approach is formulated for
the fermionic configurational space. In addition, we consider both positive
and negative parity states.

In the Q-phonon approach the 2] state is presented by the following
expression

|2T,N) = NQTQ2MIO-1|-)’ (1)

A oA -1/2
where [07) is the ground state vector, N2T = (VLg(OT|(Q2Q2)o|Ol+))

=5/ (0F || Q2 || 27) | and Qo is in our case the standard shell model
quadrupole moment operator

Qau= ) (imir*Yauli'm)afajim, @)

ji'mm!
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expressed in terms of the nucleon creation at
erators.
Let us include into consideration the octupole mode

137,v) = Ng-Q3,107), ®3)

m and annihilation a;im/, op-

—1/2
where Ny- = (2001 1@s@9)l0D) " = VA/ 1 0F I Qs | 37) | and
qu is the fermionic octupole moment operator
Qs = Y (mir*Yauli'm)a}, ajm. (4)
jj'mm’

As we know from the RPA type calculations!” both expressions (1) and
(3) are very good approximations for the lowest collective 2% and 3~ states.

Continuing along this line and remembering that the 17 state is mainly
a quadrupole—octupole two—phonon state we suggest for the 17 state vector
that

17, M) = Ny (Q2Qa) l07), (5)

where for NV 1; we obtain the following relation:

()" = (Nz+)’2 ()™

\/— Z (0F1(Q2Q2)0[07 )0 |(Q3Q3)0l07)
n#l

2\/_

;/; (071 ((Q2@2)4(Q3Q3)4), |0T) (6)

T1(Q2Q2)2(Q3Q3)2), [0F)

The last three terms in the right-hand side of expression (6) can give
a noticeable contribution only in the case of strong mixing of the two-
phonon quadrupole-quadrupole and two—phonon octupole—octupole states.
However, as it is known from the RPA type calculations!®, this mixing is in-
significant: less than 1%. Neglecting these terms we obtain an approximate
relation

Ny ~ Nyt Ny (7)

The wave vector (5) can be written in terms of the RPA collective
phonons and the two—quasiparticle components which correspond to the
noncollective RPA solutions. Written in this way the wave vector (5) has the



78

two—phonon component with one quadrupole and one octupole collective
RPA phonons as the main component, the three—phonon component with
two collective quadrupole and one collective octupole RPA phonons, and
the two—quasiparticle 1~ components. It means that the results of our Q -
phonon approach should be compared not with the pure RPA calculations
but with the RPA based calculations which include also anharmonic effects.
A contribution of the last two components to the norm of the wave vector
(5) is very small for nuclei considered in the present paper.

The strength of the Q—phonon scheme lies in a possibility to derive
relations between electromagnetic transition matrix elements also outside
the analytically solvable harmonic vibrator and rotor limits. This is possible
because of the simple form of the wave vectors in this approach. However,
the wave vectors (1), (3) and (5) only look simple. The multipole moment
operators in these expressions act on the exact ground state. Thus, for
calculations we needed an expression for the ground state vector. In section
V we take as an approximation to the ground state vector the vacuum state
of the RPA phonons.

Let us apply the model formulated above to calculations of the matrix
element of the E1 07 — 17 transition. We obtain

(17, MMy (ED)[0]) = Ny (0[(Q2Qs) 1 Mim(EL)IOT),  (8)

where M1y (E1) is the operator of the electric dipole transition. Since
multipole operators @2, @3 and M (E1) commute with each other we can
rewrite the last expression as

(17, MMy (ED)|0]) =
N Zc V0T I(-1) Qe Mint (B)(-1)*Qa-ul0})  (9)
Using expressions (1), (3) and relation (7) we can rewrite (9) in the
following way:

(17, MM, p(E1, M)[0 Z M (~1)*(37, vIMim(E1) (2], —p)
From the last expression using the Wigner—Eckart theorem we obtain

A7 || M(BL) [ of) = 37 | M(E1) || 2), (10)

and from (10) we get

7
B(FE1;17 — 07)/B(E1;37 — 2) = 3 (11)
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The last value coincides with that of the harmonic phonon picture.
However, we did not use the assumption of harmonicity of quadrupole and
octupole vibrations, Thus, the Q—phonon model explains qualitatively one
of the experimental results mentioned in Introduction.

3. E1 transition 17 — 27

Let us consider the matrix element (17 M’ | M1,(E1) | 21 M). This matrix
element can be written in the following way:

(17 M' | My, (B1) | 2f M) = Npy (1T M’ | Qame My (E1) | 0F) - (12)

Having in mind that the 0f — 17 transition is the strongest one among
the low-lying states we can rewrite approximately (12) as

(1T M' | Miu(E1) | 2f M) ~ Ny (1T M" | Qane | 17 ) (17 1 | My, (E1) | OF)
and as a consequence we obtain

(17 | M(EL || 2f) _ \/E (17 1| @2 11 17)
(17 | M(E1) || 0f) 3¢07 | Q21 21)

The quadrupole moment of the 17 state can be expressed approximately
in terms of the quadrupole moments of the Zf’ and 3] states. Finally, we
have

(Ir [MED]2) 1 @120 v6 (37| Q237)
ar IMEY fof) ~ v35(0f | Q2 12f)  v35(0f [ @2 21)
From (14) we can see that going from the magic or semimagic nuclei to

nuclei with open shell the ratio B(E1;17 — 27)/B(E1;17 — 07) increases
with the quadrupole moments of the first 27 and 3~ states.

—

(13)

.(14)

4. RPA based microscopic consideration

The aim of this section is to calculate the dipole transitional matrix element
(17 || M(E1) || 0F), basing on expressions (1), (3) and (5) for the state
vectors |27), |37) and |17) and on the RPA approximation for the ground
state. Thus, in the calculations below it is assumed that the wave vectors
of the 2%, 37 and 17 states are

|2~1F,/1'> = NziFQA?u]O-l‘-aRPA% (15)

131—’1/) = N31_ QA3VIO-1F1 RPA), (16)
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and

17, M) = By (QeQa) 10}, RPA), (17)

Since the derivation of relations (11) and (14) is independent of a con-
crete structure of the 0F state and is based only on the Q-phonon form of
the wave vectors, the results obtained below are consistent with relations
(11) and (14).

We assume below that the ground state contains only those correla-
tions which are produced by the quadrupole—quadrupole and the octupole-
octupole interactions. Therefore, calculating the strength of the E1 tran-
sitions we must introduce the core polarization factor x which takes into
account a shift of a part of the E1 strength to the giant dipole resonance!®.
We mention that the RPA-type calculations of the E1 transitions were
performed in Refs.14, 20.

The components of the wave vectors of the 2}, 37 and 17 states, con-
taining operators creating two—quasiparticle 1~ states, appear because the
quadrupole and the octupole multipole operators representing the corre-
sponding state vectors according to (1), (3) and (5), are not exhausted by
the one-boson term expressed in collective bosons only. In the calculations
based on the Quasiparticle-Phonon model!7:18:14.20 this admixture is gen-
erated by the quasiparticle-phonon coupling term which is produced by the
terms in ()2 and Q3 additional to the one-boson term. However, the weight
of this contribution in the norm of the eigenstate is similar in both the ap-
proaches. An expression for the reduced matrix element (17 || M(E1) || 0F)
is given in Ref. 15.

The results of the calculations of the electric dipole transition matrix
elements are presented in the Tables 1,2.

Here besides the total calculated dipole transitional matrix element
17 || M(E1) || 0)}totar including all contributions the results obtained
without inclusion of the contribution coming the I™ = 1~ two—quasiparticle
admixture denoted by |(17 || M(E1) || 0F)|r—o are also shown.

The results presented in Tables 1 and 2 show that in Cd, Sn, Ba, Ce
and partly in Nd and Sm isotopes the experimental data are between the
results of calculations obtained with and without a contribution of an ad-
mixture of a dipole two—quasiparticle component to the 17 state. However,
in many cases the matrix element [{0F || M |} 17 )|7=0, which includes only
a collective contribution, is closer to the experimental data than the total
matrix element, which includes both collective and two—quasiparticle contri-
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Table 1. The experimental (ex) and calculated electric dipole transition matrix elements for
Cd, Sn and Ba isotopes obtained including all contributions (tot) and without a contribution
of the two—quasiparticle admixture to the 17 state (T=0) (in units e - fm).

Nucleus  |(17 | M(B1) || 0%}l [(17 | M(ED) || 0F)|T=0 {17 || M(E1) || 0F)|ex

108Cqd 0.140 0.018 0.050
110¢cq 0.119 0.024 0.048
11204 0.115 0.026 0.041
4cg 0.114 0.031 0.044
116Cq 0.109 0.036 0.034
1i6gn 0.170 0.066 0.081
118gp 0.173 0.073 0.085
120Gy 0.169 0.076 0.087
1228 0.156 0.073 0.085
1245 0.134 0.063 0.078
134B,, 0.086 0.019 0.048
1363, 0.113 0.040 0.071
138R,, 0.160 0.082 0.114
1408, 0.152 0.074 -

142, 0.153 0.078 -

144, 0.158 0.079 -

butions. Nevertheless, we can see that the two—quasiparticle admixture to
the collective quadrupole—octupole two—phonon component of the 17 state
should be taken into account to improve agreement with the experimental
data.

Both sets of the results obtained with and without inclusion of the

Table 2. The same as in Table 1 but for Ce, Nd and Sm isotopes.

Nucleus  [(17 || M(ED) || 0%)leoe (17 || M(EL) [| 0%)l7=0 (1] || M(E1) || 0%)lex

140Ce 0.179 0.099 0.129
142¢Ce 0.170 0.092 0.108
1440e 0.190 0.114 -

146 (e 0.209 0.134 -

142Ng 0.189 0.108 0.128
144Nd 0.181 0.101 0.098
146Nd 0.187 0.111 0.071
148Nd v 0.223 0.141 0.119
l4dgm 0.193 0.115 0.140
1465 0.177 0.103 -

148gm 0.190 0.116 0.052

1509m 0.212 0.132 0.099
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contribution of the two—quasiparticle component of the 17 state reproduce
also an experimental A-dependence of the reduced matrix element.

Concluding this section we should like to stress that any microscopic
consideration of the enhanced El transitions cannot be performed in a
harmonic approximation, i.e., cannot be carried out in the framework of the
pure RPA and requires from the beginning an inclusion of the anharmonic
effects.

5. Summary

In conclusion, based on the @-phonon representation of the wave vectors of
the low-lying collective states we have derived the relations between differ-
ent reduced matrix elements of the E1 transition operator. These relations
explain qualitatively the experimentally observed correlations among data
on E1 transitions.

It is shown that the two—quasiparticle component of the wave vector of
the |17) state should be taken into account to achieve an agreement with
the experimental data in spite of a small contribution of this component to
the norm of the [17) state.
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An analytic collective model in which the relative presence of the quadrupole and
octupole deformations is determined by a parameter (¢¢), while axial symmetry is
obeyed, is developed. The model [to be called the Analytic Quadrupole Octupole
Axially symmetric model (AQOA)] involves an infinite well potential, provides
predictions for energy and B(EL) ratios which depend only on ¢g, draws the
border between the regions of octupole deformation and octupole vibrations in an
essentially parameter-independent way, and in the actinide region describes well
226Th and 2?6Ra, for which experimental energy data are shown to suggest that
they lie close to this border. The similarity of the AQOA results with ¢o = 45°
for ground state band spectra and B(E2) transition rates to the predictions of the
X(5) model is pointed out.

1. Introduction

Shape phase transitions in nuclear structure have been recently described
in terms of critical point symmetries, leading to parameter-free (up to over-
all scale factors) predictions for spectra and transition probabilities. The

E(5)! and X(5)? critical point symmetries introduced so far deal with the

quadrupole degree of freedom alone. On the other hand, it is known? that

in the light actinides octupole deformations and octupole vibrations occur.
It is the aim of the present work to provide an analytic description of the

light actinides lying near the border between the regions of octupole vi-
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brations and octupole deformation, through the use of a model containing
the minimum number of free parameters, which will be called the Analytic
Quadrupole Octupole Axially symmetric (AQOA) model. A non-analytic
description of the same problem has been given recently in Ref. 4.

In Sec.2 the AQOA model is formulated, while numerical results and
comparisons to experiment are given in Sec.3. Finally Sec.4 contains dis-
cussion of the present results and plans for further work.

2. The Analytic Quadrupole Octupole Axially Symmetric
(AQOA) Model

We consider a nucleus in which quadrupole deformation (8;) and octupole
deformation (f3) coexist. We take only axially symmetric deformations
into account, which implies that the y degrees of freedom are ignored, as in
the Davydov-Chaban approach®. The body-fixed axes z', 3, 2z’ are taken
along the principal axes of inertia of the (axially symmetric) nucleus, while
their orientation relative to the laboratory-fixed axes z, y, z is described
by the Euler angles 6 = {61, 02,603}. The Hamiltonian reads®”’

= - R 19 50 R2L?
" ,\=Z2,3 2B, B 05 0p T 6B+ 2Bl TV Peh) ()

where Bsy, Bg are the mass parameters.
We seek solutions of the Schrédinger equation of the form®

L (B2, B3,0) = (B203) "2 V% (B2, B3)| LMO, %), (2)

where the function |LMO, £) describes the rotation of an axially symmetric
nucleus with angular momentum projection M onto the laboratory-fixed z-
axis and projection K = 0 onto the body-fixed z’-axis. The moment of
inertia with respect to the symmetry axis z’ is zero, implying that levels
with K # 0 lie infinitely high in energy®. Therefore in this model we are
restricted to states with K = 0 only. The function |[LMO0,+) transforms
according to the irreducible representation (irrep) A of the group Do, while
the function |[LMOQ,—) transforms according to the irrep B; of the same
group®?. The general form of these functions is®

oL +1 L

|ILMK,*£) = m(DK,M(e)i(_l)LDEK,M(e))‘ (3)

In the special case of K = 0 it is clear that [LMO0,+) # 0 for L = 0, 2, 4,
..., while |[LM0,-) #0 for L =1, 3, 5, ... The functions ‘I’Z(,Bz,ﬂ:;) and
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U (B2, B3) are respectively symmetric and antisymmetric with respect to
reflection in the plane z'y’, and therefore describe states with positive and
negative parity respectively”.

Using the solutions of Eq.(2) for the Hamiltonian of Eq.(1),
introducing6’7 Bz = ﬂZ\/BQ/B, ﬁg = ﬂgy/Bg/B, B = (B2+B3)/2, re-
duced energies € = (2B/h?)E and reduced potentials u = (2B/A%)V 1.2
as well as polar coordinates (with 0 < § < o0 and —7/2 < ¢ < 7/2) &7
By = Bcos, B3 = Bsing, B =4/ ,@% + ﬁg, the Schrodinger equation takes
the form

02 10 L+l 18 3
[_5[3—2 ) * 352(1 +sin®¢) 72 042 +u(B,9)+ Bein?2g -
xUE(B,¢) = 0. (4)

Separation of variables in Eq.(4) can be achieved by assuming the po-
tential to be of the form u(8, ¢) = u(B) + u(é*), where u(¢*) is supposed
to be of the form of two very steep harmonic oscillators centered at the
values Ly, i.e.

u@) = 3T = 2@ FE=0Fh, ()

with ¢ being a large constant. In other words, the nucleus is supposed to be

rigid with respect to the variable ¢, implying that ¢ remains close to x¢o

and, therefore, the relative amount of quadrupole and octupole deforma-

tion remains constant, as in Strutinsky-type potential energy calculations®.

This assumption will be (partly) justified a posterior: by the fact that the

spectrum remains almost unchanged for values of ¢9 between 30° and 60°.
In this way Eq. (4) is separated into

{_3_2_1_5’_+L< L(L+1) 3
(

)+ ud) - 50

B2 Baf B2 \3(1+sin®gy) = sin’ 240
xyE(B) =0, (6)
and
[—% al +u(¢‘si)~e¢] X() = 0 @
(8%) 0(¢*)? ’

where UE(8, ) = ¥ (8)(x(¢%) £ x(67))/v/2, while (32) is the average of
B2 over wi(ﬂ), and e = €5(L) + €4. It is worth noticing that Eq. (6)
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has the same form for both +¢y and —¢g, since only even functions of ¢,
appear in it.

In the case in which u(f) is an infinite well potential (u(8) = 0 if
B < Bw; u(,@) =00 if B > Bw), using the definitions €5 = k%, z= Bké, Eq.
(6) is brought into the form of a Bessel equation

d*ypF  1dyt 2 L(L+1) 3
Yo = v 1 — — = O, = .
dz? 2z dz + [ z2] v g 3(1 4 sin? ¢y) + sin® 2¢¢
(8)

Then the boundary condition ¥F(Bw) = 0 determines the spectrum
2 Zs,
€850 = €B,s,00,L = (k_,,,,) ’ k"v” == V’ (9)
Bw

and the eigenfunctions

"/),:gt,u(ﬁ) = w:;po’L(B) = cs,uJu(ks,uB)y (10)

where z; , is the sth zero of the Bessel function J,, (2), while ¢, ,, are normal-

ization constants, determined from the condition foﬁw [y, (B)|*BdB = 1 to

be ¢, = v2/ Ju+1(ks ). The notation has been kept similar to Ref. 2.
Eq. (7) for the potential of Eq. (5) takes the form of a simple harmonic

oscillator equation. The total energy in the present model is then

E(s,L, ¢, 1) =E0+A€5,s,¢o,L+Bn¢7 (11)

where ng is the quantum number of the above mentioned oscillator. Only
the case with ny = 0 will be considered in what follows.

In the axial case used here the electric quadrupole and octupole opera-
tors are

TED = 1,6,D000(0), T = tafa DY (0), (12)
while the electric dipole operator reads®
T(ED = t,6,6:D0)(6). (13)

B(EL) transition rates are calculated using the standard techniques, the
final result being

B(EL; L — Ly) = c(Cau sy wy ) (LiLLs[0002(ISD)2, (14)
where the integrals over 3 are

IéE2) = IéES) = /ﬁzjw (ksi,uiB)JUf(ksbufB)dﬁv (15)

with I¢EY containing an extra factor of B and all constant factors having
been absorbed in c.
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Figure 1. (a) Experimental energy ratios R(L) = E(L)/E(2}) for 2°Th [10], 222Th
[11], 224Th [12], 226Th [13], 228Th [14], 239Th [15], 232Th [15,16], and 234Th [185],
compared to theoretical predictions for ¢ = 45° and ¢ = 60°. (b) Same for 2!8Ra
(17,18], 220Ra [10], 222Ra [15,19], 224Ra [15,19], 2?6Ra [15,19], and 2?8Ra [15], compared
to theoretical predictions for ¢ = 45° and ¢ = 56°.

3. Numerical Results and Comparison to Experiment

Numerical results indicate that the region of interest in the present model,
in which smooth and essentially parameter independent behavior of spectra
and B(EL) rates is observed, is the region 30° < ¢y < 60°, to which further
considerations will be limited.

A comparison between the AQOA and X(5) results is also instructive.
The ground state band of X(5) lies a little lower than the ground state band
of the AQOA model with ¢y = 45°, while for the s = 2 and s = 3 bands
the AQOA model predictions for ¢ = 45° are larger than the X(5) values
by almost a factor of two. Furthermore, the B(E2) values in the ground
state band of X(5) are slightly higher than the corresponding predictions
of the AQOA model for ¢g = 45°.

The similarities between the ground state bands of the AQOA and X(5)
models can be understood as due to the fact that both models originate
from the Bohr Hamiltonian and use an infinite well potential, while in ad-
dition for the properties of the ground state band the quadrupole degree
of freedom, included in both models, is expected to be important. In con-
trast, the excited bands appear to be more sensitive to the inclusion of the
octupole degree of freedom. The position of the 02+ state becomes therefore
an important factor in the process of comparison to experiment. One can
also think of the AQOA model as an extension of the X(5) framework, in
which the negative parity states, as well as the B(EL) transitions involving
them, are included.

Experimental data for the ground state and related negative parity
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bands of ?20-234Th are shown in Fig.1(a). It is clear that 226Th lies on
the border between two different regions. Below 2?6Th the odd-even stag-
gering is very small, while from ?*®Th up the odd-even staggering is be-
coming much larger, increasing with the neutron number N. It is clear
that below #26Th the situation corresponds to octupole deformation, in
which the ground state band and the negative parity band merge into a
single band, while above 226Th the picture is corresponding to octupole
vibrations, i.e. the negative parity band is a rotational band built on an
octupole bandhead, thus lying systematically higher than the ground state
band. Theoretical predictions for ¢ = 45° lie a little below 226Th, while the
¢ = 60° results follow the 226Th data very closely.

A similar picture is observed in 28~228Ra  shown in Fig.1(b). In this
case octupole deformation appears below ?26Ra, while 22Ra is already
in the regime of octupole vibrations. Theoretical predictions for ¢y = 45°
again lie a little below #26Ra, while the 22Ra data are followed quite closely
by the predictions of ¢y = 56°.

As far as the 07 bandhead is concerned, the experimental values (nor-
malized to the 27 state) are 12.186 for 226Ra and 11.152 for 226Th, in good
agreement with the 11.226 and 12.410 values predicted by the AQOA model
for the ¢p values of 56° and 60° used in Fig. 1 . It should be noticed that
the normalized 0 bandhead is lying close to this height for all Ra and Th
isotopes for which data exist, namely 2?2Ra (8.225), ?**Ra (10.861), 2?’Ra
(11.300), 228Th (14.402), 23°Th (11.934), 232Th (14.794), 234Th (16.347),
with data taken from the references used in Fig. 1.

Considering the AQOA model as an extension of the X(5) framework
involving negative parity states implies that the search for X(5)-like nuclei
in the light actinides, where the presence of low-lying negative parity bands
is important, should be focused on nuclei with R(4) ratio close to 3.0 and
04 bandhead higher than the X(5) value of 5.65 .

On the results presented in this section, the following additional com-
ments apply.

1) Fig. 1 indicates that 226Th (?*°Ra) can be well described using the
AQOA model with ¢g = 60° (¢9 = 56°), which provides results quite similar
to the ¢g = 45° case. In all these cases the value of ¢ indicates that the
quadrupole and octupole deformations are present in comparable amounts.
This is in agreement with Strutinsky-type potential-energy calculations®2°,
resulting in comparable B2 and (3 values for these nuclei. The presence of
octupole deformation in 226Ra has also been realized in a study?! within
the framework of the spdf-IBM?2:23,
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2) Fig. 1 suggests that ?26Th and 2?6Ra lie close to the border be-
tween octupole deformation and octupole vibrations. This is in agreement
with Woods-Saxon-Bogolyubov cranking calculations?* for the Ra and
Th isotopes, suggesting shape changes from nearly spherical (N ~ 130)
to octupole-deformed (N =~ 134) to well-deformed reflection-symmetric
(N ~ 140) shapes, in which negative-parity bands can be interpreted in
terms of octupole vibrations.

3) One can easily see that no odd—even staggering is predicted by the
AQOA model. This is in agreement to the well known fact that odd-even
staggering is produced when the potential in (3 is a double well with two
symmetric minima?®, the staggering being sensitive to the angular momen-
tum dependence of the height of the potential barrier?®. An infinitely high
barrier leads to no odd-even staggering®®, which is indeed the case here.
The introduction of a finite barrier in the present model will lead to stag-
gering, but it will require the addition of at least one new parameter, in
contrast to the main goal of the present work, which is the description of
the border between octupole deformation and octupole vibrations with the
minimum number of parameters possible. As shown in Figs. 1(a) and 1(b),
the model does predict the border between the regions of octupole defor-
mation and octupole vibrations in an essentially parameter independent
way.

4) It should be noticed that the transition examined here is the one from
octupole deformation to octupole vibrations as a function of the neutron
number in a chain of isotopes, which is different from the gradual setting
in of octupole deformation as a function of angular momentum in a given
nucleus, usually studied by considering the odd-even staggering®">25,

4, Discussion

The analytic quadrupole octupole axially symmetric (AQOA) model intro-
duced in this work describes well the border between octupole deformation
and octupole vibrations in the light actinides, which corresponds to 22Th
and ??6Ra in the Th and Ra isotopic chains respectively. Some of the main
ingredients of the present model, such as the infinite well potential and the
approximate separation of variables, strongly resemble the ones used in the
X(5) model, describing the critical point of the shape phase transition from
vibrational to axially deformed rotational nuclei?, determined through the
study of potential energy surfaces derived from the Hamiltonian of the In-
teracting Boson Model?®. An interesting task is the study of the potential
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energy surfaces resulting in the spdf-IBM?2:23  the version of IBM including
the octupole degree of freedom in addition to the quadrupole one, which
can possibly lead to the determination of a shape phase transition from oc-
tupole deformation to octupole vibrations. Although some early results are
given in Ref. 23, this task is far from complete. The inclusion of staggering
in the present model, as well as its application to the rare earth region
near A = 150, where octupole deformation is known to occur®, are also of
interest.
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THREE-BODY MODELS IN NUCLEAR PHYSICS
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We present different three-body models used in nuclear physics. Microscopic and
non-microscopic models are briefly described, with emphasis on the hyperspherical
formalism. Recent applications are presented on $He spectroscopy, on a +n +n
scattering phase shifts, and on the 7Be(p,7)®B radiative-capture reaction.

1. Introduction

Three-body models play an important role in nuclear physics. For many
years, several nuclei such as 2C (= a + a + a) or °Be (= a + a + n) are
known to be well described by a three-body structure!. This property is
even extended to hypernuclei?, such as $Be or §,He, which can also be
considered as three-body systems (o + a + A or a + A + A, respectively).

Recently, the interest for exotic nuclei® still strengthened the importance
of those models. Many exotic light nuclei are believed to have a marked
three-body structure. For example the a + n + n structure of ®He, or the
9Li + n + n structure of 'Li are now well established.

In a theoretical point of view, two approaches are considered, according
to whether the internal structure of the three constituents is taken into
account or not. Neglecting this structure gives rise to the potential model,
where the many-body problem is reduced to a nucleus-nucleus interaction.
In this respect, the hyperspherical method* has been shown to be well
adapted. On the other hand, more sophisticated models do consider the
internal structure of the clusters. Microscopic cluster models are based on
a nucleon-nucleon interaction, and therefore present a significant predictive
power. The many-body Schrédinger equation is solved by the Resonating
Group Method (RGM), or the equivalent Generator Coordinate Method
(GCM), which assume that the system is described by clusters, whose wave
functions are defined in the shell model®. The RGM has been applied to
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many two-cluster systems, for nuclear spectroscopy and nucleus-nucleus re-
actions. Extension to three-cluster models requires important computer
time, and is therefore more recent. This extension has been done in two
directions: (z) in nucleus-nucleus collisions, if one of the colliding nuclei
presents a cluster structure, a three-body model is necessary®; (i3) for nu-
clear spectroscopy a recent development allows to combine the microscopic
approach with the hyperspherical formalism?.

Here we briefly described the different three-body models, with recent
applications.

2. Non-microscopic models

If the structure of the individual nuclei is neglected, the three-body hamil-
tonian reads

3
Hy=3 T, + ) Vi(r;—ro), (1)
i=1 i<j

where 7r; is the coordinate of nucleus ¢, T; its kinetic energy, and V;; a
two-body interaction. To solve the Schrodinger equation associated with
(1), we use the hyperspherical coordinate formalism®. After c.m. removal,
the coordinates r; are replaced by the Jacobi coordinates « and y. These
are transformed to the hyperradius p, and to five angles denoted as §25 =
(Qz, y, a); Qg and §, are the angles associated with the Jacobi coordinates
z and y, and a is the hyperangle. The wave function in partial wave Jx is
written as

UM (p,Q8) = 72D xa k(D) VIR (), (2)
vK

where K is the hypermomentum, v a set of additional quantum numbers
(£y,4y,L,S), and yj }}” (€25) the hyperspherical harmonics.
Using expansion (2) in the Hamiltonian (1), we get a set of coupled
differential equations
2 (d? (K+3/2)(K+5/2) J

- (=2 _ —E| 7

I: 2mN <dp2 ,02 ) X'yK(p) +
S Vi ka(0) X (0) = O, ®)
KI,YI

where my is the nucleon mass. The potential matrix elements are obtained
from a numerical integration over the hyperangle a. Integrations over €2,
and € are performed analytically.
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System (3) should be truncated at some maximal K value, Kpqz. Typ-
ical values are K4z =~ 20 — 30, which leads to large-size systems (typically
~ 100 — 200 equations). We use the Lagrange-mesh method®, where each
partial wave xiﬁ(p) is expanded over a Lagrange basis. The main advan-
tage of this method is that the matrix elements are obtained from values of
the potential at the mesh points. Without any loss of accuracy with respect
to other variational methods, the calculations are very fast.

An important issue with three-body models concerns two-body forbid-
den states. They are accounted for either by adding a projection operator to
Vij, or by using its supersymmetric transform. Details are given in Ref. 10.

The method has been first applied to bound states!?. Let us consider
6 He described as o +n +n. In Fig. 1, we give the probability distribution
" defined as

P (ay) = [ dadey, | WM (@) P, @)

which is plotted as a function of the relative coordinates (rp—n = V2z
and To_nn = My). We obtain the well known wave function, with two
maxima. This wave function is similar to the wave function obtained by
Voronchev et al.!' who find a maximum at large ro—n,, values (”dineutron”
configuration), and one at large r,, values (”cigar” configuration).
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Figure 1. SHe probability P [see Eq.(4)] for the § = 0 component. Distances are given
in fm.
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More recently, we have extended the model to three-body scattering
states'?. In that case, the correct treatment of the asymptotic wave func-
tions is restored with the R-matrix method!3. The use of the hyperspher-
ical framework leads to long-range three-body potentials!?, and therefore
requires propagation methods'®. This formalism provides scattering ma-
trices with a high accuracy with a small number of basis states (typically
20 ~ 30). The method has also been applied to charged system.
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Figure 2. Eigenphases of ®He and SBe for different J values (solid lines). For 6Be,
dotted lines represent Coulomb eigenphases for J = 0%.

In Fig. 2, we present the a +n + n and o + p 4+ p phase shifts for
J =0%,17,2%. They are given as eigenphases, i.e. eigenvalues of the scat-
tering matrix. As expected, the 2% phase shift of ®He presents a narrow
resonance. The theoretical energy (about 0.2 MeV) is however underesti-
mated as the experimental value!® is E = 0.82 MeV. The 0t and 1~ phase
shifts show broad resonances near 1.5 MeV. Similar phase shifts have been
obtained by Thompson et al.l* with other potentials. A broad structure
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has been observed recently by Nakamura et al.l” in the ®Li(t,*He)%He re-
action near E, = 4.4 MeV. This structure is dominated by negative-parity
states but contains a small admixture of positive-parity states. Although
the theoretical 07 and 1~ resonances are located near E, = 2.5 MeV, they
could be candidates for the experimental structure.

In %Be, the ground state is found at E = 1.26 MeV with a width " = 65
keV. These values are in reasonable agreement with experiment (E = 1.37
MeV, I = 92 + 6 keV), the width being underestimated by the model due
to the lower energy.

3. Microscopic three-body models
3.1. General definition

In the second variant, the internal structure of the constituents is explicitly
taken into account through their internal wave functions. The A-body
hamiltonian is therefore given by

A A
Ha=Y T+ Vy ()
i=1 i<j

where T; is the kinetic energy of nucleon 4, and Vj; a nucleon-nucleon in-
teraction. In the cluster approximation, the total wave functions of the
system are defined from the cluster wave functions ®; of the constituents.
Let us consider three particles with wave functions <I>f i (P;) with spin and
projection S; and v;, and located at P;. A three-cluster wave function is
written as

Dy ,03,05(P1, Py, P3) = A®T (P1) 83°(P2) ®5° (Ps), (6)

where A is the antisymmetrization operator between all nucleons of the
system. The locations P; are used as generator coordinates. These A-body
basis functions are then projected on total spin and parity. Essentially two
methods are developed, with specific angular-momentum projection. Both
approaches are described in the next subsections.

3.2. Nucleus-nucleus collisions

The first variant can be applied to nucleus-nucleus reactions, where one
of the particles presents a two-cluster structure. These two clusters are
coupled to each other, to form one of the colliding nuclei. This approach
has been applied to p+"Be(=a+%He)in Ref. 6 and a+?’Ne(=10+a) in
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Ref. 18, for example. In that case, basis functions involve two generator
coordinates, one associated with the two-cluster nucleus, and the other one
with the relative motion.

As an example we choose the "Be(p,y)®B S-factor, which plays a cru-
cial role in the solar-neutrino problem!®. Many direct as well as indirect
measurements have been performed in order to reduce the uncertainties on
the S-factor at zero energy (see Ref. 20 for an overview). As a high preci-
sion is required for S(0), the extrapolation down to astrophysical energies
should be done very carefully. Current experiments are performed in a lim-
ited energy range, which requires the use of a theoretical model to derive
S(0). The reliability of the model can be tested in the energy range where
data exist, which provides some ”confidence level” on the extrapolation. In
most experiments, a microscopic cluster model® (hereafter referred to as
DB94) is used for the extrapolation. This model takes account of the "Be
deformation, of inelastic and rearrangement channels, and has been tested
with spectroscopic properties of B and 8Li, as well as with the "Li(n,y)3Li
mirror cross section. An update of the calculation has been performed
recently?!. The S-factor is shown in Fig. 3.

o Strieder at al. ‘u Baby et al.

60 Y 7
K "Be(p.y)°B
g 40 | . +
g - F
: pathi !
5; 20 m“ *‘% + % ++ﬁ Ifc Hammache etal. ¢ Hass et al.

oJunghansetal. & Schumann etal
4 Davids et al.

0 1 2 3
Ecm (MeV)

Figure 3. 7Be(p,7)®B S factor with two nucleon-nucleon interactions (V2 and MN).
The results of DB94 are shown as a dashed line. See Ref. 21 for references to the data.
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3.3. Nuclear spectroscopy

Recently the hyperspherical formalism has been applied to microscopic
three-cluster models”. A direct extension of Eq. (2) reads

UM = Adr 2 s ™ Y xTR(DVIR (D), (7)
vK

where ¢; represent the internal wave functions. In that case the relative
functions are expanded over a gaussian basis, involving a single generator
coordinate, denoted as R. We refer the reader to Ref. 7 for details.

This model has been applied to He and Li. Here we show some selected
results on ®He. In Fig. 4, we diagonalize the Hamiltonian in the basis states
with fixed hyperradius R, and obtain the eigenvalues E(R), or ”energy
curves”. Although these energy curves do not directly correspond to the
effective potentials of the hyperspherical method, they provide a useful
insight into the cluster structure of the system.

8 0.14

g oo 1

E(R), MeV
p(0), fom

1E-3 4

vK%

Figure 4. Energy curves for 8He. The Figure5. Proton (dashed lines) and neu-
horizontal solid line is the center-of-mass  tron (solid lines) densities of the ground
kinetic energy fw/4 = 5.61 MeV. states of ®He and Li.

Both positive-parity curves exhibit a similar behavior with pronounced
minima around B = 3 fm and maxima around 8 fm. Such a behavior sug-
gests the existence of either a bound state or a resonance. The 2t minimum
is located 1.5 MeV higher, which is compatible with the experimental gap
between the ground 07 state and the 2% resonance. Figure 4 suggests that
the energy curve is not consistent with the existence of a low-energy 1~
resonance.

The present calculation confirms the existence of a neutron halo in ¢He.
Apart from the value of the r.m.s. radius, this is evident from the nucleon
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densities (Fig.5). The neutron density decreases noticeably slower than the
proton one.

4. Conclusion

Three-body models represent powerful tools for the study of many light nu-
clei. We have outlined here the main characteristics of two complementary
approaches: a potential-model description, where the three constituents
interact through nucleus-nucleus potentials, and a microscopic formalism,
where the three clusters are described by shell-model wave functions.

We have presented different applications of both approaches. Calcula-
tions are essentially limited to bound states. However the low separation
energies of exotic nuclei make continuum states quite important. A signif-
icant progress has been recently achieved in non-microscopic models. An
extension to microscopic descriptions of three-body continuum states raises
several problems, namely in the treatment of boundary conditions, but will
be certainly considered in the next years.
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PROPERTIES OF LOW-LYING STATES: SHAPE
PARAMETERS AND PROTON-NEUTRON SYMMETRY™*

V. WERNER

This report summarizes some past and ongoing works on quadrupole shape invari-
ants and mixed-symmetry states. The role of quadrupole shape invariants as model
independent measures for nuclear deformation is shown. A method is presented
to derive approximate values for the lowest invariants from only few E2 transition
data, as well as how to obtain relations among E2 matrix elements, both involving
the lowest-lying excited states. In the second part the current status of the inves-
tigation of mixed-symmetry states in N=52 nuclei is briefly discussed, showing the
importance of measuring g factors in this region, and the decay from the scissors
mode to the -y-vibrational band in well-deformed rotors is addressed.

1. Quadrupole Shape Invariants
1.1. Nuclear deformation from E2 properties

The nuclear shape is usually discussed in terms of geometrical deformation
parameters S and v, which parametrize the elongation and the triaxiality of
a drop-like nucleus, respectively. However, this parametrization is naturally
model dependent, as the view of the nucleus as a geometrical object is
involved, and the deformation parameters are derived from comparison of
data to a geometrical model, e.g., the rigid triaxial rotor model (RTRM)®.

An alternative, model independent approach to nuclear deformation is
given by the concept of quadrupole shape invariants, which was introduced
by Kumar? and widely used by Cline and co-workers® in the evaluation of
large sets of E2 matrix elements. Quadrupole shape invariants are higher
order moments of the quadrupole operator and, considering the ground
state, have the form

gn o (071 Q... Q1@ 0F) . ey

n

*This work is supported by USDOE under grant number DE-FG02-91ER-40609 and the
DFG under contract number Br 799/12-1
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We use the shape parameters K,, defined* by
Kn = /(25" . )

These parameters are model independent, which means that they can be
calculated from any model, or directly from measured E2 matrix elements.
Writing the ¢ and K parameters in terms of the geometrical model, one
gets for the lowest invariants

3ZeR*\* . _ (3ZeR*\® _
a=(35) 0= (3) ba ®
3
and Ks.—_—ii;;—zzylz—cos(&yeﬂ), (4)

showing their relation to the geometrical deformation parameters. The K
parameters take fluctuations of the deformation, i.e., vibrations in 8 and
v, into account. Therefore above equations define effective deformation
paramters S.q and v.g, while higher invariants relate to fluctuations in
those.

1.2. Shape invariants and the shape/phase transiton

A model accounting for fluctuations and covering a broad range of nu-
clear structures is the interacting boson model (IBM)®. The simple
Hamiltonian54

¢
o X Qx ©
with only two free parameters { and x, where x is inert in the quadrupole
operator X, can be used to interpolate between the dynamical symmetry
limits of the sd-IBM-1, U(5), SU(3), and O(6), which correspond to vibra-
tiors, axially symmetric rigid rotors, and «-soft nuclei, respectively. Here,
ng is the d-boson number operator, N is the number of bosons, and an ab-
solute energy scale is omitted. It was shown® that the K parameters vary
smoothly over the space of structures spanned by the Hamiltonian (5) and
can be used as benchmarks for nuclear structure.

Hipy = (1~¢) ng -

Quadrupole shape invariants also mirror phase transitional behavior in
shape/phase transitional regions”8. For example, K,, which relates to -
softness, has values around 1.4 for vibrational (U(5)) nuclei, while it equals
1.0 for axially symmetric rigid (SU(3)) and «y-soft (O(6)) rotors. In between,
K4 shows a rapid change in the region corresponding to the vibrator-rotor
phase transition, as depicted in Fig. 1, showing the derivative of K4 with
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respect to the control parameter ¢ for N = 10 bosons. The derivative
peaks where the rapid change in K4 between spherical and deformed nuclei
appears, marking the critical point. Different lines correspond to different
values of x, which controls the effective triaxiality (7. = 30° for x = 0
and y.q = 0° for x = —1.32).

x=1.32

—4 1 L 1
0 0.2 0.4 0.6 0.8 1

spherical C deformed

Figure 1. Derivative of K4 with respect to ¢, calculated” for different values of x within
the IBM.

The shape invariant most sensitive to the oblate/prolate phase
transition® is K3, which changes sign at the O(6) dynamical symmetry
limit of the IBM. Figure 2 shows K3 on the transition from the prolate
SU(3) to the oblate SU(3) limit. K7 correlates strongly to the quadrupole
moment of the 2} state, as Q(2) dominates the main term in K3, as seen

below.

1.3. @Q-phonon approximations

Using different intermediate couplings of two quadrupole operators in the
definition of g4, as

0711RAIQQIV0f) , 7 =0,2,4, (6)

useful approximations to the paramter K, can be obtained. Expanding the
expressions (6) into sums over E2 matrix elements one derives large sums.
These sums can be truncated using the Q-phonon scheme!®l. In this
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Figure 2. Ky as a function of x, calculated between the prolate and oblate SU(3) and
SU(3) dynamical symmetry limits of the IBM.

scheme only E2 transitions between states which differ by one @-phonon
(AQ = 1) are allowed. Applying this selection rule, the sums reduce drasti-
cally. In addition, it was found that the expressions (6) are approximately
proportional to each other. Thus one obtains'? a simple expression!® for
K4a

gorer _ B(E2;4f — 2) ™)
4 10 B(E2;2f —0f)’

which approximates the exact value of K within a few percent. Also by
application of the @ selection rule ¢, is approximated by

5™ = B(E2;0f —2{), 8
and the 3-B(E2)-relation
B(E2;2} — 2F) ~ B(E2;4] — 2{) - B(E2;2§ — 27) 9)

is obtained, with B(E?2;2] — 27) being proportional to the squared value
of the 2] quadrupole moment!2.

It was found® that the first order approximation to K3 is not sufficient
in order to derive a good approximative value for K3. A second order
approximation is needed, which includes at most one matrix element with
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AQ = 2, leading to the expression

K5 =\ [T sign(@ed)

VB(E22f - 0) - B(E2 2} — 2f)
B(E2;2{ — o)) ’

B(E2;2f — 2})
B(E2;2{ — 07)

-2

(10)
which involves 4 B(E2) values only.

2. Mixed-Symmetry States
2.1. Shell effects at N=52

Nuclear eigenstates which are symmetric with respect to the proton-neutron
(pn) degree of freedom usually make up the lowest excited states in even-
even nuclei. Typical collective phenomena are vibrations of spherical nu-
clei, or rotations of deformed nuclei, in which protons and neutrons are
in phase. An additional class of collective excited states exists, in which
not all protons and neutrons move in phase. These states are known as
mixed-symmtetry (MS) states!®!5. In the proton-neutron version of the
IBM, the IBM-2, they are characterized by the F-spin quantum number,
which is the bosonic analog to the isospin quantum number. Symmetric
states have a maximum F-spin, F,,.., while the here discussed MS states
have F = Fq, — 1.

In vibrational nuclei, showing the typical patterns of multi-phonon exci-
tations, the first excited state built on the 01 ground state is a pn-symmetric
one-phonon 2% state. From the isovector part of the quadrupole operator,
another one-phonon 2% state with MS character can be excited from the
ground state. The main signature of this state is a strong M1 transition to
the symmetric 2] state, with a transition matrix element in the order of 1
Wi

MS structures are so far best investigated?' in %Mo, including MS
multi-phonon states. The one-phonon Zitms state was found at about 2
MeV excitation energy and the strong M1 transition to the 2?‘ state was
identified!”. A similar result was obtained!® in %Ru. Another N=52 iso-
tone, 92Zr was found to behave differently, with the 2| state being iden-
tified at lower energy'® - even below the two-phonon symmetric 2+ state -
with larger E2 excitation strength, and a smaller M1 transition strength to
the 2] state.
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The reason for this behavior was found in the underlying shell structure
and is due to the closure of the proton p,,; orbital. Proton j = 2 config-
urations are suppressed in the light Zr nuclei, and thus the 2 state has
enhanced neutron character, as it is mirrored in its measured?° negative g
factor of g(27) = —0.18(1). If F-spin is a good quantum number, one would
expect about equal amounts of protons and neutrons in the wave functions
of the symmetric and the MS one-phonon 2% states. Therefore, the broken
pn-symmetry in the 2} state suggests broken F-spin in 92Zr, and the miss-
ing proton component should be found in the 2§ __ state. This is supported

1,ms
by a shell model calculation'? predicting a positive g factor for the 2]
state. The calculation also predicted the observed?! M1 strength (see Fig.
3) beween the lowest 47 states, identifying them as being dominated by g

boson like configurations.

BM1D) /pd
BE2)/ W Y

4
/— 0.26(3)
0.37(4) £

Figure 3. Comparison of shell model predictions and data for the lowest 2% and 4%
states in 92Zr.

Current experiments at WNSL at Yale University aim on measuring the
g factor of the MS 2} state in Zr isotopes using the transient field setup
of the Rutgers group®?. The principle of the measurement is that Zr nuclei
are Coulomb excited on a carbon target in inverse kinematics and then
pass magnetized Gd. As the high-energetic ions in their excited states pass
the transient magnetic field, the spin of the oriented nuclei precesses. This
causes a rotation in the angular distribution of the y-rays, when the nucleus
decays to its ground state. This rotation is proportional to the magnetic
moment, and thus the g factor, of the excited state. The experiments are
challenging due to the short lifetime of the MS states in the order of 100
fs, making the effect small.

First experiments have been performed on %*Zr, the structure of which
is expected to be very similar to that of °2Zr. This is depicted schematically
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Figure 4. Scheme of low-lying levels in 90=94Zr and 99Sr. Structures of connected states
are expected to be similar.

in Fig. 4, showing a correspondence of levels in both Zr isotops to their
neighboring nuclei with only two valence protons, or neutrons, respectively,
explaining intuitively the enhanced neutron content of the 2;“ states, which
is known?? to be even more pronounced in ?4Zr as seen from its g factor.

2.2. The scissors mode in 164Dy

The coupling of isovector resonances to v-vibrations has been subject of
investigation already years ago in terms of a search for a decay of the giant
dipole resonance (GDR) to the y-band in well deformed rotors?3. The
GDR is a collective counter motion of the nuclear proton body versus the
neutron body. It was described within a geometrical approach by a mixture
of K = 0and K = 1 components of the GDR, and within the IBM involving
a p boson modeling the dipole excitation.

The IBM-2 predicts'® another dipole mode, which can be seen as a
relative of the GDR in the valence space, the scissors mode?4. In a geo-
metrical picture, the scissors mode is a scissors-like counter oscillation of
the deformed proton and neutron bodies, involving only valence nucleons.
Similarly to the findings for the GDR, the IBM-2 predicts a decay of the
scissors mode to the band-head of the y-band, which was so far unobserved
in well deformed rotational nuclei.

Recent experiments using photon scattering techniques with incident
photons from bremsstrahlung at Stuttgart University, and an almost mono-
energetic polarized photon beam from the free electron laser at TUNL reveal
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such a decay in '%*Dy. Final experimental results and a detailed compari-
son to IBM-2 predictions, that will be published soon??, solve ambiguities
in the level scheme of 4Dy that were left in the past, and show a good
agreement of the observed decays and the model.
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SHELL MODEL NUCLEAR LEVEL DENSITIES

M. HOROI*

Department of Physics,
Central Michigan University,
Mount Pleasant, Michigan 48859, USA
email: horoi@phy.cmich.edu

The knowledge of the nuclear spin and parity-dependent level densities p(E, J, )
is important for understanding statistical properties of nuclei and reaction rates.
We review recent methods for calculating spin and parity-dependent shell model
nuclear level using the formalism of statistical spectroscopy and the exponential
convergence method.

1. Introduction

Knowledge of the level density is an important element of the description
of highly excited many-body systems. In application to nuclei, as well as
other finite systems, such as atomic clusters, the many-body level density
determines all statistical properties, both for the discrete spectrum and for
reactions. The importance of the level densities is obvious, especially in
connection to neutron resonances in heavy nuclei and related applications,
nuclear reactions in general and advances far from stability in particular,
and the astrophysical problem of nucleosynthesis'. The most common semi-
phenomenological approaches to the problem of the nuclear level density
use basically the noninteracting Fermi-gas model of a nucleus®3. One of the
shortcomings of the Fermi-gas approach to the nuclear level density (NLD)
is its inability to correctly predict the ratio of negative to positive number of
levels in the energy region of interest for nuclear astrophysics calculations.
Some mean-field solutions have been recently proposed?, however there are
no practical solutions to this problem. The residual interaction can be fully
taken into account in modern large-scale shell model calculations based on
a direct diagonalization. One would hope that at not very high excitation

*Work supported by grant PHY-0244453 of the US National Science Foundation.
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energy the finiteness of model space is not crucial because of a relatively low
statistical weight of intruder configurations. Furthermore, one can try to
smoothly match the exact shell model results using methods of statistical
spectroscopy®®. Recent developments in this area of research are presented
in this contribution.

2. Spin-Dependent Nuclear Level Density

As the dimensions of the shell model Hamiltonian matrices grow beyond the
directly tractable limits, the approach of using the methods of statistical
spectroscopy®® is still possible. One needs to build the Hamiltonian matrix
and calculate the traces of its moments without an explicit diagonalization.
According to the central limit theorem, the distributions of level densities,
strength functions and related quantities are converging to Gaussians so
that the lowest moments are expected to provide sufficient information?.
The standard partitioning of Hilbert space according to the particle config-
urations, which is a usual tool in the construction of the shell model basis,
is very convenient here since it facilitates the calculation of the traces. The
propagation procedure for the traces including the projection operators for
additional quantum numbers is more complicated®. Meanwhile, reliable
information on the level density p(E,J™,T) as a function of total spin J,
parity and isospin T is highly desirable.

Taking into account only the first two scalar moments (of total den-
sity} seems to be insufficient in cases where the inclusion of many major
shells and other shell effects distort the shape of the level density. The
approach developed by Jacquemin et al.® allows to calculate exactly shell
model centroids F(J) and widths o(J) for the level densities at fixed spin
J. Recently®1? we proposed® a method of calculating the nuclear level
density as a function of excitation energy E, spin J, and parity , in the
following way:

p(E,J,7) =Y D(niJT;)(FRG)(E + Eo — Enmr, (J), onmr. (1) (1)

Here m = [my,ma, ..., mp) labels a configuration of n particles in p spherical
single-particle levels, D(nmJT;) is a number of states with given J and
isospin projection T, one can build in the configuration M1°, E, a1, (J) and
onmr, (J) are the fixed-J configuration centroid and width (see below), E is
the excitation energy, Ey is the ground state (g.s.) energy, and (FRG)(z, o)
are the finite range Gaussians defined in Horoi et af.
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In this approach each partition has a definite number of particles and
parity; no special effort for conserving number of particles and parity is
required, as in the case of a model that cannot select subspaces with cor-
rect symmetries, such as Shell Model Monte Carlo!!. The generalization
to fixed-isospin level density is straightforward. E,(J) and o,(J) are cal-
culated using techniques similar to those described by Jacquemin®19.

A part of the present approach was sometimes mentioned in the litera-
ture as a method to determine the shape of the J-dependent level density
p(E, J) as a function of the absolute energy of the system. Equation (1) in-
dicates that one needs the g.s. energy to obtain the NLD as a function of the
excitation energy. Finding the energies of low-lying states can be achieved
using the exponential extrapolation!?!3, It was established!4 that the re-
mote tails of the generic strength function are exponential. This can be
translated into exponentially small admixtures of highly excited states, lo-
cated beyond threshold of 3-4 scalar widths from the scalar centroid, to the
exact wave functions of low-lying states. The exponential convergence was
rigorously proved in some models and tested by the full matrix diagonaliza-
tion when possible. A practical algorithm was worked out!® to establish the
onset of the exponential regime by several progressive truncations keeping
the partitions in their entirety. Using this algorithm it is usually possible
to locate the ground and low-lying states very close (better than 200-300
keV) to the exact energy value using shell model spaces of dimensions that
are less than 1% of the full dimension!3:13,

The results obtained using this procedure are shown in Fig. 5 of Horoi
et al.? for the lowest part of spectrum in the cases of J = 0 and J = 3. Fig.-
6 shows the density of 07 and 0~ states for 6 particles in psd model space
using the PSDMK interaction!®. The comparison with exact shell model
calculations proves to be extremely good. No attempt to address the contri-
bution of the center-of-mass (CoM) spurious components was done; meth-
ods of removal of the CoM spurious states from the nuclear level density
are presented in Secs. 4 and 5.

3. Spin—Cutoff Approach to Spin-Dependent Level Density

The calculation of the fixed-J widths in the middle of the fp-shell could
take days on a single modern workstation (similar times may be necessary
to accurately estimate the yrast states energies). However the all-averaged
configuration centroids and widths can be calculated in seconds using Egs.
(129-133) of French and Ratcliff®. In addition, calculations of the restricted
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configuration widths require about the same amount of time when using
Eqs. (134-140) of French and Ratcliff°. As recently shown®, these moments
can be used to calculate very accurately the total density of states. It
will thus be interesting to investigate if a method of calculating the fixed-
J density of states using the spin cutoff factor could be an efficient and
accurate alternative. Knowing the total density of states p(F) one can
calculateS the fixed-J density of states p;(E).

(2J + 1)2 —J 2 2

E) =2 T 77 —(J+1/2)%/20%) gy 9
PJ( ) \F87_I'03 P( ) ( )
Here, o is the spin cutoff factor. A quick and accurate summation over J at
each energy would indicate a simple relation between the density of levels
pev(E) and the total density of states,

1
E) . 3
Equation (3) can be used as a definition of the spin cutoff factor as a
function of energy. However, using Eq. (3) to calculate the spin cutoff
factor would not be any easier than solving exactly, or very accurately, the

problem of fixed-J density of states. One alternative would take advantage
of the fact that®®

plev(E) -

o*(E) = (M*) (E) , (4)

and try to estimate (M?) using methods of statistical spectroscopy (see e.g.
Wong® p. 45). In the lowest zeroth-order expansion one can calculate (see
p. 45, 1716) the energy dependence of (M?)(E) using

(M?)(E) = )dewRG E)(M?). . (5)

Figure 3 of Horoi et al.ls, summarizes the results of three different
calculations based on methods of statistical spectroscopy and compares
them with the exact shell model results (staircase): (7) the fixed-J centroids
and widths method®?, (i) the spin cutoff factor formula of Eq. (2) using
the exact spin cutoff factor from Eq. (4), and (iit) the spin cutoff factor
formula of Eq. (2) using the zeroth-order spin cutoff factor from Egs. (4-5).

One can summarize that: () the shell model nuclear level density de-
scribes very well the experimental data, at least up to the particle emission
threshold; (4i) the fixed-J level density is accurately described by the fixed-J
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centroids and widths method®19; (i) the fixed-J level density is reasonably
well described, except for high spins, by the spin cutoff factor formula of
Eq. (2) when one uses the exact spin cutoff factor extracted with the help
of Eq. (4); (i) the fixed-J level density is not sufficiently well described
by the spin cutoff factor formula of Eq. (2) when one uses the zeroth-order
spin cutoff factor extracted with the help of Eqgs. (4-5).

4. Nuclear Level Density for a Restrictive Class of
Configurations

Equation (1) provides a good description of the exact shell model level
density for cases when all possible configurations of a given single-particle
model space are taken into account?®; this is usually the case for 0Aw calcu-
lations. However, in order to describe unnatural parity states, one should
be able to include only a restricted number of configurations, e.g. those cor-
responding to 1hw, 3Aw, etc. Moreover, to reduce the effect of the spurious
center-of-mass states, one would restrict the set of configurations to that
of factorizable wave functions (e.g. 1hw for two major shells), and use the
Lawson'” technique to push up the contribution of the low-lying spurious
states to higher energies. Even in these cases Eq. (1) can be used. However,
the J-dependent configuration widths, opmr, (J), have to be calculated by
including only the restricted class of configuration in the intermediate states
(see below). Recently!9, we published explicit expressions for matrix ele-
ments that can be used to calculate the fixed-J configuration centroids and
widths entering Eq. (1) for cases (i) when all intermediate configurations
are considered, and (ii) when only a restricted class is included. They are
similar to the configuration centroids and widths averaged over all values
of M and T, as given by French and Ratcliff in their classical paper®. Their
Eqs. (129-133) for the centroids and widths that include all intermediate
configurations, and Eqs. (134-140) for the widths, that include only a re-
strictive class of intermediate configurations, have been recently extended*?
for fixed spin and isospin and parity.

We recently proposed® a precise recipe of calculating the fixed-J con-
figuration centroids and widths using traces of powers of the two-body
Hamiltonian ((H?)),mJ1,, €.9-

Enmr,(J) = (H)nmaT,
= [({(H))nam=ayr, — (H))nmm=s+1)1, ) /D(nRJITS) , (6)
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Onmt, (J) = \/(H2>nmJTz - <H>721ﬁ‘1JT, ) ()

where the averages (HP) T, are related
to the traces by (HP)nmr, D(nJT,) = ((HP))pmyr,. In the case that
one has to include only a restricted class of configurations into the calcu-
lation, the centroids can still be calculated from Eq. (6), but the widths
have to be calculated in the same spirit as Eqs. (134-140) of French and
Ratcliff®. The results for the contribution to the fixed-J traces of H? from
configurations 71’ that belong to the class under consideration are [see also
Eqs. (6-7) above]

(H* )nmmr, = ), ((H®)nmmr, (m') (8)
™ m'em’
where
(H®)nmmr, (m' € W) = > (mIH|m/){(m/|H|m) . (9)
mem

Explicit expression for ((H2))pmmr, (m' = m), (H*))pamt,(m' = m :
r=tsth), and ((H2))pamr, (M’ = m: r~1s~1¢+1y+1) are given in Horoi et.
al'®. The rstu labels denote single-particle states rather than single-particle
orbits®.

An application of the formalism was presented!® for the case of 16 par-
ticles in the p — sd single-particle space, where we calculated the density
of 17 levels, the most affected by the spurious center-of-mass motion, in
a class of configurations restricted to 1hw excitations. The calculations
were performed adding to the nuclear Hamiltonian the center-of-mass term
multiplied by a constant 3: H = Hy + S[Hcom/(hw) — 3/2]. This is the
standard procedure of pushing up the spurious states out of the energy
range of interest!”. We use 3 = 2 to eliminate the spurious states and com-
pare with the case when 3 = 0 (no center-of-mass corrections). The results
are presented in Fig.1!?, where the staircases are the results of the full shell
model diagonalization, while the curves are the results of calculations ac-
cording to our approach. The results of our model follow well the exact shell
model results in both cases, and the level density for the center-of-mass cor-
rected case is lower than the one without such corrections, indicating that
the spurious states were pushed up to higher energy.



113

5. Cases of Exact Removal of the Contribution of
Center-of-Mass Spurious State to the Nuclear Level
Density

One can show that if the model space includes a complete set of Nhw exci-
tations (such as 1/w), the many-body wave functions factorize in a center-
of-mass component and an intrinsic part. We recently'® found recursive
formulae to exactly remove the contribution of the center-of-mass spurious
states from the fixed-J and parity shell model nuclear level density if one
knows the level densities for restricted class of shell model configurations:

pnsplE, J,(n) +(n+2)+ ...+ (n+2m)] =
plE,J,(n)+ (n+2)+ ...+ (n+2m)] —
N K, step 2 J+JIKk

>N Y pnsplE, S (n— K)+ ..+ (n+2m—K)], (10)

K=1 Jxk=Jkmin J'=|J-Jk]|

with the condition that if (n — K} < 0 then

pnsplE, J,(n—=K)+(n+2—K)...+ (n+2m—K)| =
prsplE,J',(n+2 = K)... + (n+2m — K)] . (11)

Here pnsp(E, J, (n) + (n + 2) + ... + (n + 2m)] represents the nuclear level
density free of CoM spurious states for an exactly factorizable shell model
space that includes (n}, (n+2) and up to (n+2m) hw excitations. We note
that the recursive system of Eqgs. (10) and (11) can always start from the
level density in the 0fw model space, which does not contain CoM spurious
states. This method is valid for a large class of problems that use a har-
monic oscillator shell model basis and translational invariant shell model
Hamiltonians. Using our methods for calculating nuclear level density uti-
lizing fixed-J configuration centroids and widths for restricted class of shell
model configuration!®?, such as NAw excitations, one can calculated very
accurately nuclear level densities free of center-of-mass spurious states. This
approach could be also applicable to other many-fermion systems such as
3He or 8Li atomic clusters.

6. Conclusions and Outlook

In conclusion, we proposed a new practical method of calculating the total
density of states using the procedures of statistical spectroscopy in a given
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shell model space. We show that a sum of Finite Range Gaussians over par-
titions with the J-dependent centroids and widths can successfully describe
spin- and parity-dependent partial level densities; the essential ingredient
is an accurate estimate of the ground state energy of the system, which is
possible with the aid of the exponential convergence method. We explicitly
showed for the first time how to calculate the fixed-J widths when only a
restricted class of shell model configurations, such as NHw excitations, is
allowed in the intermediate states. A specific example is the case when the
elimination of the spurious states from the lowest part of the spectrum is
desired; it can be very useful to accurately calculate the ratio of negative
and positive parity level densities, a quantity of acute interest for a reliable
description of the astrophysical reaction rates?!. The suggested methods
are also applicable for the description of other many-fermion systems with
degenerate single-particle orbits, such as complex atoms or atomic clusters.
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NUCLEAR STRUCTURE AND DOUBLE BETA DECAY
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The nuclear-structure problems related to the double beta decays are reviewed.
The present status of the nuclear matrix element calculations of the neutrinoless
double beta decay is presented. The structure of the involved nuclear matrix
elements and the related universal behaviour are discussed. Independent probes of
the involved virtual transitions are proposed.

1. Motivation

The recent neutrino-oscillation experiments Super-Kamiokande, SNO,
KamLAND, and CHOOZ! have confirmed the existence of the neutrino
mass. These experiments can only probe the differences of the squares of
the masses, not the absolute mass scale of the neutrino. On the contrary,
the neutrinoless double beta (0v33) decay can probe the absolute mass
scale using the effective neutrino mass, (m,), extracted from the results of
the underground double-beta-decay experiments. To extract the absolute
neutrino masses one needs information about the involved nuclear matrix
elements?, neutrino mixing®, and the associated charge parity (CP) vio-
lation phases®. In fact, knowing the underlying nuclear matrix elements
accurately enough, one can extract from the double-beta experiments in-
formation about the CP phases of the neutrino-mixing matrix*. One more
fundamental piece of information would emerge if the 0v33 decay were de-
tected, namely that the neutrino would be a Majorana particle, naturally
contained in various particle-physics theories going beyond the standard
model of electroweak interactions.

Given the above impressive list of important qualitative and quantita-
tive neutrino properties, potentially probed by the Ov3(3 decay, one can
not stress enough the importance of a reliable calculation of the involved
nuclear matrix elements (NME). Lack of accuracy in the values of these
matrix elements is the source of inaccuracy in the information on neutrino
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properties, extracted from the 0v33-decay experiments. Along the years a
host of different nuclear models have been used to compute values of these
matrix elements?5. At the same time the calculation of the half-lives and
the corresponding NME’s of the two-neutrino double beta (2v3(3) decay has
served as a first test for theories aimed at the description of the 0v88 de-
cay process. The 2v30 decay mode proceeds as a second order perturbative
process within the standard model.

2. Nuclear Matrix Elements

Both for the 2v83 and 0v38 decay the initial and final nuclei are even-
even ones, two charge units apart from each other. In the present work we
consider only decays between the 01 ground states of these nuclei.

The 2v33 decay can be thought of as two successive Gamow—Teller
beta-decay transitions, and the corresponding NME can be simply written
as a sum over virtual transitions through the 11 states of the involved odd-
odd intermediate nucleus. For a recent study where these transitions are
displayed and discussed see Ref.6.

For the neutrino-mass mode of the Ov33 decay the half-life can be writ-
ten as
2 (m,)?

pol )

e

-1
(8970 = 0] =6 M)

where m, is the electron rest mass and (m,) is the effective neutrino mass

3
(my) =Y miXi|Ueil® (2)
i=1

with the CP phases A;, mass eigenstates m;, and the mixing matrix elements
Ue; for the electron neutrino. The quantity MIE%'% is the nuclear matrix
element

2
0 gv 0
M) =GP - (2) M, ®

containing the double Gamow-Teller NME, Mé%'), and the double Fermi
NME, Méo"), as given in detail, e.g., in Ref. 7. The factor G(®) is a
leptonic phase-space factor, as given in Refs. 2 and 7. The constants gy
and ga are the vector and axial-vector coupling constants of the effective
nucleon current within a nucleus.
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The most notable nuclear models used in the evaluation of the NME of
Eq. (3) are the nuclear shell model (SM) and the proton-neutron quasipar-
ticle random-phase approximation (pnQRPA). The SM calculations can be
divided into three categories, namely the early calculations, with heavily
truncated configuration spaces, the later, more realistic calculations for the
light nuclei, like 8Ca, and the large-scale SM calculations of the first half
of the 90’s, when some medium-heavy and heavy nuclei were calculated by
using realistic interactions in single-particle bases, considered large in the
SM framework.

The pnQRPA calculations are characterized by an adjustable particle-
particle part of the proton-neutron two-body interaction®8. Determination
of the value of the corresponding strength parameter, gpp, has been a key
issue since the mid 80’s. The NME of the 2v3(3 decay is very sensitive
to the value of this parameter, leading to the so-called g, problem of the
pnQRPA. An example is shown in Fig. 1 for the decay of "®Ge. The value
gpp = 1 corresponds to the bare proton-neutron two-body interaction and
the value g, = 0 to the disappearance of this interaction. As seen from the
figure, the increasing strength of the proton-neutron interactions drives the
2vp NME towards zero, and finally across it to the negative side. Hereby
it reaches the values allowed by the measured 2v33 decay half-life. These
experimentally allowed regions of the NME, extracted from several different
measurements with their ranges of error included, are shown in the figure
as two shaded horizontal stripes.

Contrary to the 2v3( decay, the NME of the 0v33 decay is much less
dependent on the value of gy, within the framework of the pnQRPA. This
has been shown in Fig. 2 for the decay of "®Ge. Here the four different values
of gpp correspond to the borders of the experimentally allowed regions of
the 2v38 NME in Fig. 1. The decomposition to different multipoles has
been done according to

MEY =S MEP (™), (4)
J'rr

where the different multipoles stem from the Fourier-Bessel expansion of
the neutrino-exchange potential corresponding to the propagator of the
Majorana neutrino between the two decaying neutrons’.

From Fig. 2 we notice that the 1* component of the NME (4) is strongly
dependent on gp,, as was the case for the 2v38 NME. This is the main
uncertainty of the Ov33 NME with respect to the value of gpp. On the

other hand, the multipoles other than J™ = 1* depend only weakly on Ipp
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Figure 1. The NME for the 20383 decay of ®Ge as a function of the interaction strength
parameter gpp. The two horizontal stripes define the experimentally allowed values.

reducing the overall dependence of Méor['f) on gpp. In addition, we notice
that the multipoles 27, 37 and possibly 4~ give a substantial contribution
to the total Méoq'f ). In fact, studying several other Ov33 NME’s of medium-
mass nuclei it seems that the 2~ contribution is by far the most important
and describes a kind of universal behaviour of the 0v33 NME’s8.

A chronologically ordered compilation of the available NME’s (3) for a
selection of most relevant Ov3(3 decaying nuclei has been summarized in
Fig. 3. The coding of the figure is the following: for each mucleus the left
bar includes NME’s calculated before the end of the year 1995. The used
theories are mainly the pnQRPA and the shell model. The middle bar
contains NME’s computed between the years 1996 and 2000. The used the-
ories are mainly the pnQRPA and the renormalized pnQRPA (pnRQRPA, a
higher-order version of the pnQRPA?). Finally, the right bar shows NME’s
computed from the year 2001 on. The used theories are the pnQRPA and
pnRQRPA, and other higher-order extensions of the pnQRPA.

As can be seen in Fig. 3, the uncertainties in the computed half-lives, and
thus in the computed NME’s, are unacceptable in view of the determination
of the absolute mass scale and the CP phases from the potential results
of the underground experiments. Hence, the problem remains: how to
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Figure 2. Multipole decomposition of the negative of the Ov38 NME Méo;) of Eq. (4)

for the decay of 7Ge within the pnQRPA description. Four different values of Ipp»
indicated in the figure, have been included in the analysis.

probe independently the involved virtual transitions and to obtain useful
information to constrain the parameter spaces of the used nuclear models.

3. Independent Probes

As mentioned in the previous subsection, it is important to find independent
probes of the virtual transitions involved in the NME’s of both types of
double beta decay. The probe which most likely first enters one’s mind
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Figure 3. Compilation of the computed Ov33-decay half-lives for selected nuclei. For
each nucleus the left, middle, and right bars include the computed NME’s, up to 1995,
1996-2000, from 2001 on, respectively.

is the measurement of single beta decays from the intermediate odd-odd
nucleus of the double beta decay to the adjacent even-even nuclei. Typical
examples of the available data is shown in Fig. 4 for double-beta chains
involving medium-mass nuclei. As seen from the figure the available data
on relevant beta decays is scarse and other independent probes are called for
to access higher intermediate multipoles (see Fig. 2) and higher intermediate
energies.

Beyond the beta decays other independent probes of the virtual tran-
sitions have been proposed. They are the charge-exchange reactions!® and
possibly neutrino-nucleus charged-current scattering’!. In addition, in!? it
was proposed to use the ordinary muon capture (OMC) as a probe of the
virtual transitions to the J™ states of the intermediate odd-odd nucleus. In
particular in light nuclei the OMC seems to be a powerful probing device!3.
An example is given in Fig. 5 for the OMC on 48Ty, i.e. for the process
48Tj 4 u~ — *¥Sc 4 v, which probes virtual transitions to the states of the
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Figure 4. Available experimental data for the beta decays of medium-mass odd-odd
nuclei involved in double beta decays.
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Figure 5. Calculated rates for the OMC on the nucleus 43'Ti,
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intermediate nucleus *8Sc of the “8Ca double beta decay. The presented
relative capture rates (relative to the capture rate to the first 2~ state)
can be compared with the experimental ones in the near future when the
analyses of the experiments performed recently at the PSI are finished (see
Ref. 14 for more information).
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A simple formula that relates the Coulomb parameter to the logarithm of the
proton emission half-life, corrected by the centrifugal barrier, is presented. The
corresponding experimental data lie on two straight lines corresponding to differ-
ent regions of charge numbers, independently of the angular momentum of the
outgoing proton. We also present a simple relation between the logarithm of the
spectroscopic function and the quadrupole deformation. These dependencies pro-
vide a powerfull tool to assign quantum numbers to the experimentally observed
decay processes.

1. Introduction

Nearly a century ago one of the most challenging problems in physics was
the understanding of the Geiger-Nuttall rule, which says that the logarithm
of the half live in alpha decay is proportional to the energy of the outgoing
alpha particle, i.e., its Q-value. It can be asserted that the probabilistic
interpretation of quantum mechanics started by the explanation given by
Ganow to that rule as a consequence of the quantum penetration of the
alpha particle through the Coulomb barrier!. Nowadays the challenge in
nuclear physics is related to rare nuclei, i.e., nuclei lying very far from the
stability line which, therefore, decay rapidly by particle emission (proton
and neutron drip lines). When a rare isotope is reached at the proton drip
line it desintegrates through various open channels, but proton radioactivity
is of a primordial importance because the decaying proton is relatively easy
to detect and the information that it carries, as e.g., its kinetic energy and
angular momentum, provides precious knowledge of the dynamics of rare
nuclei.
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2. Theoretical background

The purpose of this lecture is to present a simple formula that allows one
to determine precisely the spin and parity of the mother nucleus indepen-
dently of any model calculation. To achieve this we use the strong de-
pendence of the half-lives upon the proton Q-values (Q,). One may think
that by just plotting the logarithm of the half-lives as a function of Qp,
as in the Geiger-Nuttall rule, one would obtain a clear graphical pattern
of the experimental data. However, such a plot which is the standard way
to present proton decay? does not show any obvious trend, see Fig.1(a).
The data corresponding to different deformations and spins are all mixed
up and it is impossible from that plot to deduce what state corresponds to
a given spin and parity. The reason of this disorder is that it is not Qp,
i. e. the kinetic energy of the emitted proton, that determines the decay,
but rather the height and width of the Coulomb and centrifugal barriers
in which the proton is trapped before decaying. Or, in other words, it is
the probability of penetration through the total barrier that determines
the decay. The centrifugal barrier, and the corresponding penetrability, is
determined by the orbital angular momentum ! of the proton, which in
deformed nuclei is the I-value of the spherical partial wave used to expand
the deformed potential. The decay process is strongly dependent upon [,
specially since parity conservation requires that adjacent [-values differ by
two units. One therefore expects that there will be one dominant partial
wave also in deformed nuclei.

Assuming that the proton is located at a point R, the half-life corre-

sponding to that wave can be written as®
) 2
In2 Hl (Xv ,0)
Ty = — |—/ = > (1)
v | s;(R,0)

where H ,(+) is the Coulomb-Hankel spherical wave, x = 2(Z — 1)e?/(hv) is
the Coulomb parameter (which determines the Coulomb barrier), Z is the
charge number of the mother nucleus, v = fik/pu = 1/2Qp /1 is the velocity
of the outgoing proton, y is the reduced mass of the proton-daughter sys-
tem, p = kR and s;;(R, 8)/R is the deformed proton wave function at the
radius R projected into the outgoing channel (I, )%, which depends upon
the deformation parameters §. For spherical emitters s;;(R,0)/R is the
radial component of the wave function.

A good approximation of the function H1(+) for physical situations is
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given by the WKB value, i.e.3,
H{(x, p) ~ Gi(x, p) ~ Ci(x, p)/ebg aeXla-sim acos @) | (g)

where G| is the irregular Coulomb function. The influence of the centrifugal
barrier is fully contained in the function Cj, which is given by

— [Mtg a] 2 — Qp

Ci(x,p) =el"x , €os®a AR (3)
and V,(R) is the Coulomb potential at distance R. We will choose this
distance as the matching radius, for which we will adopt the standard form,
ie, R= 1.2(A(11/ Sy A,l,/ 3), where Ay is the mass number of the daughter
nucleus and A, = 1. It is worthwhile to point out that the results do not
depend upon R as long as it is chosen beyond the range of the nuclear
potential.

Defining the reduced half-life as

T1/2 _ F(X, p)

et = CF T fou R, )P W

where
F(X»p) — l—:?-ctg o e[2x(a—sin o cos a)] (5)

one finds that T}y does not depend upon the angular momentum ! if plot-
ted against the dimensionless Coulomb parameter x. Moreover, logi1g Treq
which, according to Eq. (5), is proportional to 2x(a — sin « cos a), is a
linear function of x independently of the value of I, provided the velocity v
and the parameter a, which depend upon the Q-value, have a smooth be-
haviour. Only in the case of a sudden transition, in the Q-value or in shape
of the nucleus, the value of logyy F(X, p) or logip s1; may change. But it is
important to stress that the entire analysis is based upon the assumption
that the proper value of [, that is the one that determines the experimental
half-live Ty 9, is used. Otherwise, and since T}/, is strongly l-dependent,
that straight line pattern would be completely spoiled.

3. Systematics of experimental data

To check these rather straightforward conclusions we evaluated logip Treq
in cases where experimental data are available, which we took from Ref. 2.
For odd-odd emitters with integer angular momenta J,, the proton spins
Jm are extracted from calculations that estimate the main component of
the proton-neutron mother state.
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Figure 1. (a) Logarithm of the experimental half-lives corresponding to proton decay
as a function of the Q-value. (b) The reduced half-life logi1p Tyedq, Eq. (4), as a function
of the Coulomb parameter x, The numbers labelling the different symbols correspond to
the [-values of the outgoing proton. The two lines are computed according to Eq. (6).

Angular momentum conservation requires that I = Jy +f, where Jj is
the angular momentum of the daughter nucleus and 7 = [+ (s=1/2) is the
spin of the outgoing proton. In the case of odd decaying nuclei to the ground
state with Jg = 0 it is J,, = jn,. If, in addition, the nucleus is spherical
then j,, = 7 and l,;, = [, where [, is the orbital angular momentum of the
single quasiproton state in the mother nucleus.

The relation between j,, and [ is more complex if the mother nucleus
is deformed. The values of j,, in % are often extracted from theoretical
predictions.

With the values of I, x and logio Treq as extracted from experiment
we produced the plot shown in Fig.1(b). Amazingly, the points lie all
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approximately along two straight lines. The seven nuclei on the upper line
bear proton number Z < 67.

Using a fitting procedure we found that the experimental half-lives can
be reproduced by the formula

logio T = ak(x — 20) + by, ,
ay = 1.31 y b1 = —-2.44 ) Z S 67 y
ag =125, by=—471. Z>67. (6)

where k = 1(2) corresponds to the upper (lower) line in Fig.1(b).

The standard errors are o1 = 0.26 and o2 = 0.23, corresponding to a
mean factor less than two. These differences are small in our logarithmic
scale. ‘

As pointed out above, these two straight lines, which are the equiva-
lent of the Geiger-Nuttall rule, may have been induced either by a brusque
change in the Q-values or in the structure of the different emitters, or by
both. The Q-value dependence affects only the function F(x, p). We there-
fore plotted this function against y in Fig.2. One recognizes similarities in
this figure with the pattern of Fig.1(b), namely there appear two lines, but
now the upper line excludes three of the seven emitters of the upper line
in Fig.1(b). These are just the ones with Z=67, i.e., 141Ho and *'Ho* as
well as Z=64, 1¥'Eu. In fact the deviations from the two lines in Fig.2 are
much larger here than in Fig.1(b), corresponding to an error of about one
order of magnitude. This forces us to conclude that although there is a
dependence upon the Q-value, this effect is not the only reason behind the
two remarkable straight lines of Fig.1(b). The only other source that may
contribute to the shift is an abrupt change in the nuclear structure of the
emitters.

In order to extract the influence of the Coulomb barrier we computed
the spectroscopic factor sl_jz, defined by Eq.(4). In Fig.3(a) we plot the
logarithm of this quantity as a function of the charge number Z. In Fig.3(b)
we show the deformation parameter 3, taken from Ref. 5, as a function of Z.
One sees that it has an obvious similarity with the dependence in Fig.3(a).
At the proton drip line between Z=67 and Z=69, there occurs a pronounced
change: from a large prolate shape with § = 0.3 to oblate shape with
8 = —0.2 deformation. These shapes are substantiated by measurements
of the moments of inertia. After this phase transition,nuclei with increasing
Z acquire a shape close to spherical.

There is a point in Fig.1(b) that deviates conspicuosly from the upper
straight line. That is the solid square corresponding to 4'Ho*. In Fig.3(b)
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Figure 2. The logarithm of F(x,p), Eq. (5), as a function of x. Solid symbols corre-
spond to nuclei with Z < 67. The solid circles correspond to the emitters 4*Ho and
141 Ho*.

one sees that this nucleus is situated at the border between the two regions
of deformation, which is consistent with the interpretation given here to
the behaviour of l0g19 Tred.

The remarkable agreement between the data and the straight lines be-
havior shown in Fig.1(b) can hardly be considered accidental. Will all nuclei
lie on these two lines or will another region in the nuclear chart occur, with
yet another line? These are important questions to answer and we encour-
age further experimental efforts directed to the measurement of half-lives
and Q-values in proton decays, not only from rare nuclei, with the aim of
probing the assumptions made here to arrive to Eq. (6). Besides the possib-
lity thus opened to determine angular momenta the consistency of angular
momentum assignment in nuclei, this may even help to parametrize the
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Figure 3. (a) Logarithm of the spectroscopic factor, defined by Eq.(4), versus the charge
number Z. Solid circles correspond to nuclei with Z < 67. (b) Dependence of the
quadrupole deformation parameter 5 upon the charge number Z. Solid circles correspond
to nuclei with Z < 67.

systematics of other processes where the centrifugal barrier plays a role.

4. Conclusions

In conclusion we have presented in this lecture a simple formula [Eq.(6)]
which is the equivalent of the Geiger-Nuttall rule for proton emission. This
formula allows one to assign rather precicely the spin and parity of proton
decaying states. The only quantities that are needed are the half-life of
the mother nucleus and the proton Q-value. As a function of these quanti-
ties, corrected by the centrifugal barrier [Eq.(4)], the experimental data lie
along two straight lines. Since the decay probability is strongly dependent
upon the orbital angular momentum [ of the decaying proton, only properly
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assigned [-values will fit into the straight lines. Moreover, these two lines
appear as a result of a sharp change in the nuclear shape and therefore
they correspond to two regions of deformation, one being between oblate
and spherical with Z < 67 and the other being bewteen prolate and spheri-
cal with Z > 67. Indeed, we showed that the spectroscopic factor is directly
correlated with the deformation parameter. Therefore proton emission can
be a powerful tool to determine experimentally quantum numbers as well
as deformations in rare nuclei close to the proton drip line.
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An overview of present experimental investigation of superheavy elements is given. The
data are compared with theoretical descriptions. Results are reported from an experiment
to confirm production of element 112 isotopes in irradiation of **UF, with **Ca. One
spontaneous fission event was measured, which agrees with three events of previously
measured data assigned to the decay of **112, However, more experimental work is
needed in order to obtain an independent and unambiguous confirmation of previous re-
sults.

1. Introduction and Status of Experiments

For the synthesis of heavy and superheavy elements (SHE) fusion-evaporation
reactions are used. Two approaches have been successfully employed. Firstly,
reactions with medium mass ion beam impinging on targets of stable Pb and Bi
isotopes (cold fusion) were used. These reactions have been successful to pro-
duce elements up to Z=112 at GSI [1] and to confirm these experiments at
RIKEN [2] and LBNL [3]. Using a *Bi target the isotope 7°113 was recently
synthesized at RIKEN [2]. Secondly, reactions between lighter ions, especially
with beams of **Ca, and radioactive actinide targets (hot fusion) have been used
to produce more neutron-rich isotopes of elements from Z=112 to 116 and 118
at FLNR [4]. Figure 1 summarizes the data as they are presently known or under
investigation.

" and University Frankfurt, Josef-Buchmann-Professor of Physics
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Figure 1. Calculated ground-state shell correction energy (a) and dominating partial half-lives for a,
B’ or EC, B~ decay and spontaneous fission (SF) of even-even nuclei (b). The calculated data were
taken from Refs. {5,6]. The squares in (a) show the isotopes of heavy and superheavy clements,
which are known or presently under investigation, and the arrows in (b) mark the measured decay
chains. In all cases the decay chains end, in agreement with theoretical predictions, at nuclei decay-
ing by SF.

Besides the discovery of the existence of these high-Z elements, two more
important observations emerged. Firstly, the expectation that half-lives of the
new isotopes should lengthen with increasing neutron number as one ap-
proaches the island of stability seems to be fulfilled. Secondly, the measured
cross-sections for the relevant nuclear fusion processes reach values up to 5 pb,
which is surprisingly high. Furthermore, they seem to be correlated with the
variation of shell-correction energies as predicted by macroscopic-microscopic
calculations [5,6].

A number of excitation functions was measured for the synthesis of ele-
ments from Nobelium to Darmstadtium using cold fusion reactions. Some of the
curves are shown together with the two data points for 2’112 in Fig. 2. Maxi-
mum evaporation residue cross-sections (1n channel) were measured at beam
energies well below a contact configuration, where projectile and target nucleus
come to rest according to the fusion model by Bass [7].
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Figure 2. Excitation functions measured at SHIP for the synthesis of elements Rf and Hs plus two
data points measured for Z=112 using cold fusion reactions (***Pb target) [1] and at the DGFRS of
FLNR for the synthesis of element Z=114 [4] using hot fusion reaction (***Pu target). The arrows
mark the excitation energy for reactions, when the kinetic energy of the projectile is just sufficient
high to reach a contact configuration according to the fusion model by Bass [7]. The excitation
energies were calculated using binding energies for the compound nuclei from Ref. [8].

Excitation functions for hot fusion reactions were measured recently at
FLNR [4]. The data for the reaction **Ca + 2**Pu — 2**114 + 4n is shown in the
lowest panel in Fig. 2. Here the peak is located well above the contact configu-
ration calculated from a mean value of the nuclear potential of the deformed
target nucleus. This shift as well as the increased width of the curve (10.6 MeV
instead of 4.6 MeV FWHM for **Hs) are in accord with an orientation effect on
fusion using a deformed target nucleus. The shift to higher energy indicates
collisions in direction of the short deformation axis.

It was pointed out in the literature [9] that closed shell projectile and target
nuclei are favorable for the synthesis of SHEs. The reason is not only a low
(negative) reaction Q-value and thus a low excitation energy, but also that fu-
sion of such systems is connected with a minimum of energy dissipation. The
fusion path proceeds along cold fusion valleys, where the reaction partners
maintain kinetic energy up to the closest possible distance. Recent theoretical
studies are able to reproduce the measured data. That work is continued by vari-
ous groups (see e.g. Refs.[10,11]) aiming to work out reliable predictions for the
production cross-sections of SHEs.
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2. Study of the *Ca + *U reaction

2.1. Results from previous investigations

Data from studies of the reaction **Ca + 28U — #¢112* are contradictory con-
cerning half-lives and cross-sections. A summary of the published data is shown
in Table 1.

Most comprehensive studies of hot fusion reactions with “*Ca beams were
performed at the DGFRS of FLNR, Ref. [4]. The results from this group are
based not only on the reaction **Ca + U, but also on data from reactions for
the synthesis of nuclei of elements beyond Z=112. These data served as a basis
for the preparation of our experiment to search for ***112 at SHIP using the
reaction “*Ca + **U.

Table 1. Published data from investigation of the reaction **Ca + 28U — 286112,

days E*/MeV dose/ 10" events  event type Tinls Xn c/pb Ref.

25 33 3.5 2 ER-SF 81 3 50 12
15 39 22 0 - - <13 12
29 33 59 0 - - <2 13
15 35.5 47 2 ER-SF 568 3 30 13
14 31.4 5.8 1 ER—(c)-SF  (34) 3 05 4
17 35.0 7.1 2 ER—(0)-SF  (1.4) 3 25 4

3 ER-oSF 27 3
] ER—40-SF 6.1 3
13 39.8 52 i ER-SF 000014 4 06 4

225 34.2 2.8 7 SF >60 3 2 14

~8.7 31.9 226 0 - - <080 15

~7.1 363 1.85 0 - - <0.96 15

E* at half thickness of the target layer; cross-section limits given are "one-event" limits which do not
include errors from statistical fluctuations.

2.2, Technical aspects and test reactions

The **Ca beam was prepared from the ECR ion source and accelerator UNILAC
at GSI. Metallic, isotopically enriched (89.5 %) “®Ca and the ECR oven tech-
nique were used. Ions with charge state 10" were extracted and accelerated by
the high charge state injector (RFQ + IH structure) and the UNILAC to Cou-
lomb barrier energies. A mean current of 1.2 ppA were reached on target at a
duty factor of 28 % (5.5 ms wide pulses at 20 Hz repetition frequency). The
consumption of “8Ca was 0.6 mg/h on the average.
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The targets were prepared from the chemical compound UF,. Layers of
488, 408 and 451 pg/cm® were evaporated on backing foils of 42 pg/em’® C and
subsequently covered with C layers of 10 or 20 pg/cm’. Details of the target
preparation are given in [16]. The target thickness was controlled on-line by
registration of elastically scattered projectiles and scattering of 20 keV electrons
[17]. The data showed a continuous decrease of the thickness during irradiation.
The target wheel was replaced at the latest, when the losses reached a value of
30 %. We estimated a mean fading of 20 % of target thickness for the calcula-
tion of the cross-section. A total of 14 uranium target wheels were used. The
Uranium content of new and irradiated targets including the performance of the
whole experimental set-up was tested by measuring the yield of fusion products
from reactions with a **Ne beam supplied for two days at half time of the ex-
periment. This test confirmed the results obtained by the measurements using
scattered projectiles or electrons.

Figure 3. Detector set-up at SHIP. For details see text and description in Ref. [1].

Properties of SHIP and of the detector system are described in Ref. [1].
Since that time, however, the detector system was modified. A Si veto detector
was mounted behind the stop detector and the Ge detectors were replaced by a
four-crystal Ge clover detector. The new set-up is shown in Fig. 3. During the
Uranium irradiation the first of the TOF detectors was removed after few days,
which resulted in reduced scattering of the ions and deeper implantation into the
Si stop detector.

Two different field settings for SHIP were calculated using a Monte Carlo
method, in order to optimize efficiency for the separation of fusion products
from the **Ca + Z*UF, reaction. Values of 17 % and 24 % were obtained. Test
reactions using a “®®Pb target confirmed the dependence and, because the back-
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ground did not increase more than proportional, we used the setting with higher
efficiency.
Stop (single)

400

Box and Stop (coinc.) TKE
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Figure 4. Detector response to SF events of 2’No produced in the reaction **Ca + **Pb$ for three
different implantation depth obtained by mylar degrader foils of 1, 4 and 8 pm thickness located in
front of the Si detector array. The measured energy (a calibration) of the implanted nuclei is given on
the right. The three columns show from the left the energy singles spectra obtained from the stop
detector, coincident signals detected in the box and the stop detector (here combined in one spec-
trum) and the total kinetic energy (TKE) as sum of the coincident signals. The energy values given in
MeV are the peaks centre of gravity. The energy calibration is based on a particles and does not
include heavy ion deficit energies. Note that at 14.2 MeV implantation energy both fission fragments
are detected simultaneously in the stop and the box detector with a probability of 42 % relative to all
SF signals in the stop detector. This probability is slightly increasing at less deep implantation,
because then the probability decreases that both SF fragments are stopped in the stop detector. The
arrows in the first row mark the energy values measured from the SF event on May 8", 2005. The
implantation energy was 19.5 MeV (see Fig. 6), which corresponds roughly to the same implantation
depth as for #?No shown in row one, assuming implantation of a heavy isotope of element 112.

The response of the detector system to SF events was investigated espe-
cially carefully, expecting that fission will terminate the decay chains of element
112 isotopes. These measurements were performed using the “Ca beam and
targets of “®Pb and **Pb before and after the main irradiation, respectively.
Half time the main irradiation the reaction ?Ne + 2**UF, was also used for test-
ing purposes. The isotopes produced were **No, **No and 2*****No, **Md (p3n
channel) and their daughter products, respectively. In order to give an impres-
sion of the detector response, we plot in Fig. 4 part of the data.

The response of the Ge clover detector to SF was obtained from 10,000 SF
events. SF—y coincidences were measured with fractions of 25.6, 31.0, 23.8, and
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7.7 % for signals in 1, 2, 3 or all 4 of the 4 Ge crystals, respectively. Only in
11.0 % of all cases no signal from the clover detector was in coincidence with
SF. Vice versa the response of the clover detector to background events was
also measured. From 19,000 background events in the Si stop detector with
energies >150 MeV the corresponding fractions are 1.8, 0.4, 6x107, 5x107°,
and 97.7 %.

2.3, The experiment at SHIP

The irradiations at SHIP, including various test reactions, took place from April
6" to June 9™ 2005. Duration of the »**UF; irradiation, beam energies, beam
doses and results are summarized in Table 2. Chronologically, energies were
chosen as given in the table from top to bottom. '

Table 2. Parameters and results of the **Ca + 2*UF, irradiation studied at SHIP.

days Ey/MeV E*/MeV dose/ 10" event event type Tin/s xn o/pb
209 2393 37.0 12 0 - - - <0.6
16.8 236.2 345 10 i ER—SF 52 7?7  07+1.6-06
14.8 2333 32.0 7 0 - - - <0.8

For E* and cross-section limits see footnote to Table 1.
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Figure 5. Mcan beam currents in particle pA and appearance of SF events during irradiation of an
P8UF, target with **Ca projectiles. From May 3" to 6™ a Ne beam was used for testing purposes.

No SF events were measured at excitation energies of 37.0 and 32.0 MeV.
At the beginning of the irradiation at E* = 34.5 MeV within 12 hours after the
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test reaction *Ne + »*UF,, we measured 3 SF events. The period of interest is
shown in Fig. 5. The TKE (energy calibration based on a particles) of these SF
events is 149.4, 141.3, and 154.8 MeV, respectively, which agrees well with the
energies of SF events from 2**No or **Fm measured during the test reaction. We
assign these events to the decay of **Fm on the basis of well known half-lives
and SF branching ratios.
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Figure 6. TOF (inverse time scale)—energy spectrum from the reaction “*Ca + Z*UF, with all signals
(marked by crosscs) appearing 1000 s before the SF event from May 8", 2005 and within a position
window of +1 mm (left side) in comparison with a similar plot from the test reaction “*Ca + ***PbS
(right side). In that plot the branches show, with increasing energy, scattered projectiles, scattered
target nuclci and **No evaporation residues. It was taken from an 11.5 hours irradiation in which a
beam dosc of 3.4 x10'7 was reached. Contour lines begin at 201 counts and are plotted in steps of
201 counts. The structure on the projectile branch is an artifact from the graphics program. The
contour lines on the left plot begin with 49 counts and are plotted in steps of 49 counts. For this
underlying contour plot all data of the **UF, irradiation at 236.2 MeV beam energy were taken,
which were measured after the test with the ??Ne beam during a period of 12.1 days and at a beam
dose of 7.1x10'® projectiles.

A forth SF event was measured on May 8", 2005, also shown in Fig. 5. The
measured parameters clearly identify this event as SF. The energies, based on «
calibration, are Egop, = 190.4 MeV and Epox = 15.3 MeV. These data are shown
together with the energies from SF of ***No in Fig. 4. The considerable high
TKE is clearly visible. In order to determine the true TKE we used the known
TKE of the **?No decay, which is 195 MeV [18] (see Fig. 7). The difference to
the peak position at 158.7 MeV in Fig. 4 is 36 MeV. This energy difference was
added to the TKE of the SF event from May 8", which resulted in a TKE of 242
MeV. Assuming a width of the TKE distribution similar to that of »2No, we
determine a one o uncertainty of £15 MeV for this one event.

The following properties of the SF event were measured further: no signals
from the TOF detectors, signals of 386 and 2068 keV in two of the Ge detectors,
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appearance during the beam pause at 12.508 ms after beginning of the macro-
pulse period which starts with the 5.5 ms wide beam pulse. Finally, the event
occurred in strip number 9 of the 16 strip stop detector at a vertical position of
30 mm from the bottom. The signal from the 28 segment box detector was de-
rived from segment number 13.
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Figure 7. Shown is the Viola-Seaborg systematic of SF nuclei. The horizontal line at 242 MeV marks
the TKE value of the SF event measured on May 8® in our experiment. The +1¢ uncertainty of the
mean TKE for this SF decay is also given. Marked at 195 MeV is the TKE of ***No [18], which was
used for calibration. The TKE of our event was added to a Fig. taken from Ref. [4], which shows
data recently measured at FLNR (filled squares) and previously measured data (open squares) [19].

At the position of the SF event in the stop detector we searched for preced-
ing a particles and the implanted evaporation residue. Within a reasonable posi-
tion window of +1 mm (a more accurate position calibration is in preparation)
and a time window of 1000 s, we found a total of 36 implantations, but no o
particle was measured. Due to the low discriminator level (200 keV) for detec-
tion of a particles escaping from the stop detector, we exclude non-registration
of such events with high probability. TOF and energy values of the 36 im-
planted nuclei are plotted in Fig. 6, left side. Most of the events coincide with
background events from elastically scattered target nuclei. Only one appears at a
position where we expect signals from implanted evaporation residues. Where
this region is located relative to the background distribution is clearly seen in
Fig. 6, right side, which was taken from the test reaction “Ca + 2*°PbS. The
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measured time difference between implantation and SF is 7.57 s, which corre-
sponds to a half-life of (5.2 +25.1 -2.4) s.
Finally, we show in Fig. 7 the Viola-Seaborg systematic of SF nuclei.

3. Conclusion and Outlook

The data measured for the decay of nuclei in the region of heavy and super-
heavy nuclei agree well with the predictions from the macroscopic-microscopic
model.

Using fission barriers from these models, the production cross-sections
were reasonably well described in recent theoretical work. Aiming at confirma-
tion of results on element 112 using hot fusion reaction, we measured one SF
event which agrees with data measured in Dubna. However, if we tentatively
assign the
SF to the isotope 2112 in accordance with the interpretation given in [4], then
we have to introduce an adequate SF branching of this nucleus, because no o
particle was measured between implantation and SF. More experimental work is
needed in order to obtain an independent and unambiguous confirmation of
previous results. As a next step, we will explore the production of metallic ura-
nium targets which result in higher efficiency of the SHIP separator than targets
of chemical compounds, in order to study the reaction *Cr + *U — *?116*
and to repeat the reaction *Ca + ***U — *¢112* under further improved condi-
tions.
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SYNTHESIS OF HEAVIEST ELEMENTS USING A GAS-FILLED
RECOIL SEPARATOR AT RIKEN
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Using heavy-ion fusion reactions with one neutron evaporation, production and decay of
isotopes of the heaviest elements with atomic numbers 108, 110, 111, 112, and 113, were
studied. The reactions used were *Pb(**Fe, n), **Pb(*Ni, n), 2Bi(*Ni, n), 2*Pb("*Zn,
n), and **Bi(""Zn, n), respectively. A gas-filled recoil separator was used to separate the
isotopes of our interest from the primary beams from the accelerator, and from the other
background particles. Our results clearly confirmed the productions of **Hs, *’'Ds, *’'Rg
(Z=111), and *""112 reported previously by a GSI group. The convincing candidate event
of the isotope of the 113th element, ’*113, and its daughter nuclei, **Rg and Mt were
observed for the first time.

1. Introduction

To produce the isotopes of very heavy elements, including the new elements,
and study their properties has attracted both experimental nuclear physicists and
chemists continuously. The results of the activities have been providing
information about the interesting nuclear structure of the very heavy region
where the fission barrier of a nucleus as determined by the liquid-drop model is
very low and the nucleus could only exist because of the stabilization by a
quantum-mechanical shell effect, and about possibly interesting chemical
behavior expected by the relativistic effect because of the high Coulomb-field
provided by a large Z nucleus. The steps of discoveries of the new elements
have not been so fast however, because the production cross-sections of the
heaviest elements are known to be very small. In the case of producing an
isotope of the 113th element ’*113 [1], the value reached the order of 0.1 pico-
barn which is almost at the lowest limit of performing the experiment within a
reasonable accelerator-time, even using the highest performances of the
experimental setups of recent days.

In the Institute of Physical and Chemical Research, RIKEN, we have performed
a series of experiments to study the production and the decay properties of

! e-mail: morita@rarfaxp.riken jp
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isotopes of the heaviest elements using so-called ‘cold-fusion’ reactions which
have been studied intensively by a group at the Gesellschaft fiir
Schwerionenforschung (GSI), Germany [2]. We started the experiments with
the reactions which have already been studied at GSI in order to confirm their
results with an independent setup by a different experimental group. These were
studies of production and decay of isotopes, whose atomic numbers were 108,
110 [3], 111 [4], and 112 [5]. The reactions used were “*Pb(**Fe, n), 2*Pb(**Ni,
n), 2®Bi(**Ni, n), and 208Pb(7°Zn, n), respectively. The results provided clear
confirmations of the productions and decay of the isotopes ***Hs, *’'Ds, *"’Rg,
and 27’112 reported in Ref. [2]. Because there were quite a few confirmation
experiments performed [6] for these nuclei, the importance of our results should
be highly stressed.

As an extension of the work mentioned above, we performed experiments
aimed at synthesizing an isotope of larger atomic number, Z = 113, using the
2Bj + "Zn reaction. We observed one decay chain which can be assigned to
subsequent a-decays from 113, using the genetic correlation of a-decays
connected to the known nuclides, **Bh and *’Db [1]. The production of
element 113 was first reported by Oganessian et al. [7] in 2004 in the decay
products of the reaction *’Am(**Ca, xn)(x=3, 4). Recently, the production was
reported by Oganessian et al. [8], with additional results of an identification of
atomic numbers of the long lived Db-products by means of nuclear-chemical
technique.

2. Experimental Procedure

Setups were almost the same in the series of experiments. Details of the
experimental procedures were described in Refs. [1, 3, 4].

Beams accelerated and extracted by the RIKEN Linear Accelerator
(RILAC) irradiated the targets mounted on the rotating wheel which was turning
at 2000~3000 rpm to prevent the damage of the targets by the intense beams.
Targets were prepared by vacuum evaporation of metallic material (*°*Pb
enriched up to 98.4% or **Bi) of about 450 pg/em? in thickness onto carbon
foils of 30 pg/cm’ in thickness. Conditions of the beams and the targets were
monitored by measuring the elastically scattered beam particles by the targets
with using a PIN photodiode.

Fusion-evaporation residues of our interest, recoiling out of the target in the
same direction as the beam particles, were separated by a gas filled recoil ion
separator GARIS [2] from the intense (~3%10'2 /s) beam particles, target recoils
(~10 /s), and other unwanted particles, and were collected at the focal plane of
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GARIS where a detection system was set. The separator GARIS was filled with
helium gas at a pressure of 86 Pa.

The focal plane detection system consists of two sets consisting of a timing
detector and a silicon semiconductor detector box (SSD box). The timing
detector is an assembly of micro-channel-plates (MCP) that detect secondary
electrons emitted from a thin foil by the impact of ions passing through the foil.
The SSD box placed downstream of the timing detector consists of five silicon
detectors. The active area of each detector is 60 mmx60 mm. One of the silicon
detectors, which faces the direction of the incoming particles, is placed at the
bottom of the SSD box and consists of 16 strip detectors (PSD). The strip
detectors are position sensitive along the longer dimension. Other four detectors
are set to detect decaying particles from the radioactive reaction products
implanted in the PSD.

Evaporation residues transported through GARIS pass through two MCP
assemblies where the time-of-flight of the ions is measured, are then implanted
in a semiconductor detector set at the focal plane of GARIS.

A schematic drawing of the setup of the separator is shown in Fig. 1.

beam RIKEN GAR'S

Differential pumping system

Mylar Foil (1 um)
~10% Pa

Rotating
target

~80 Pa (helium)

PIN photodiode

ions
MCP1

Focal Plane Detectors

Figure 1. Plane view of RIKEN GARIS. Envelopes of evaporation residues’ trajectories are shown
by lines. Typical trajectory of primary beam is also shown by a thick line. A schematic drawing of

detection system at the focal plane is superimposed.
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3. Experimental Results

3.1. Synthesis of **Hs (2=108), "' Ds (Z=110), and **Rg (Z=111).

In July 2002, an experiment on the synthesis of **Hs by the **Pb(**Fe, n)
reaction, which was intensively studied at GSI by Hofmann et al. [9], was made
for the purpose of total system check, checking the background conditions, and
the transmission of the separator. Ten atoms of the isotope *Hs were produced
and detected in 3 days of beamtime. The transmission of GARIS was deduced to
be 80% using the cross section value 68 pb reported in Ref. [9]. The counting
rate of the PSD was measured to be 10 cps at a typical beam intensity of 3x10"
/s. The measured small counting rate indicates a high reliability of the
correlation analysis of the decay chains.

In the latter half of the year 2002, the production and decay of *’'Ds
produced by the ***Pb(**Ni, n) reaction were investigated. Fourteen atoms of
'Ds were detected in total. The measured decay energies and decay times in
the decay chains, assigned to the subsequent decay starting from *’'Ds, provided
a clear confirmation of production and decay of *’'Ds previously reported by
Hofmann et al. [10]. In Table 1 improved half-lives of ”’'Ds and **’Hs are listed
together with the isomeric state of 2'™Ds and possible isomeric states of 6"Hs,

Table 1. Half-lives of ¥"'Ds, 77'™Ds, *'Hs, and *"™Hs. To deduce them,
the values obtained in the present work and those reported in Ref. [10]
were combined. For 2*™Hs, only present data are used. The second

column (n) denotes the number of decays observed.

Nuclei n Tz

pg 11 1.63 %% o ms improved
Himpg 3 69 ™%, ms confirmed
®7Hs 12 52*13 5 ms improved
6 1 0.80 "% o5 s possible

The excitation function, that is the incident energy dependence of the
production cross section, was measured. The beam energy giving the maximum
cross section was 316 MeV. The corresponding center-of mass energy at the
half-thickness of the target is 240 MeV. The FWHM value of the excitation
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function is deduced to be 4 MeV assuming that the shape of the curve is
Gaussian. Other results are reported in Ref. [3].

In the first half of the year 2003, the production and decay of *’Rg by the
2Bi(*Ni, n) reaction were studied. Fourteen atoms of >’Rg were detected in
total. Measured decay energies and decay times of decay chains, assigned to the
subsequent decays starting from 2"’Rg, provided a clear confirmation of
productions and decays of ”’Rg previously reported by Hofmann et al. [11, 12].
We observed fourteen atoms of *"’Rg, while the GSI group obtained six atoms
of that [12]. Because of the better statistics than the one obtained at GSI, more
information on decay properties of decay chains started from 2’’Rg was obtained,
beside the confirmation. Results are summarized in Table 2.

Table 2. Decay properties of 2?Rg and its daughters observed in the
present experiment.

Nuclei n Tin Eq
MeV
Rg 14 3.8%14 o5 ms 102~ 11.56
28Mt 14 21" ms 9.4~10.77
#%9Bp 14 08973 oo s 8.86 ~9.83
29D 12 57, s 8.35~9.4
B6py 8 1810 s 8.35 ~8.65

The excitation function for the production cross section was also measured.
From a Gaussian fit assuming the width (FWHM) of 4 MeV which is the same
value as in the case of 2”'Ds described in the previous paragraph, it was found
that the maximum cross section was at Ec = 318.9 MeV which corresponds to
the center-of-mass energy of 244.1 MeV. Results are reported in detail in Ref.

(4].

3.2. ®pp +7°Zn reaction

In April to June 2003, we performed an experiment to study the production and
decay of 277112 using the 2%8pp("Zn, n) reaction. The beam energy at the half-
thickness of targets was estimated to be 345.9 MeV. During the irradiation we
observed two decay-chains that can be assigned to subsequent decays originated
from 27112. The result has provided a confirmation of the discovery of *"7112
and its daughter nucleus “°Ds reported by Hofmann et al. [12]. The total dose
of ™°Zn was 4.4%10'®, The production cross section of the isotope 27112 by the
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28pp(7°Zn, n) reaction was deduced to be 0.447%% o pb using a transmission
efficiency of 0.8 for GARIS'. Observed decay chains are shown in Fig. 2. In the
figure, energies, decay times, and detected positions are indicated. For both
chains, decay ended by spontaneous fissions after four sequential alpha decays.
Results are reported in detail in Ref. [5].

Observed e;glents at RIKEN Strip #8 Strip #11
11y 208Ph + ;
in **Pb Zn reaction 34.42 MeV 35.13 MeV
23.33 mm 18.45 mm
16-April-2004 P7112CN P7112CN
E ("%Zn) = 349.5 MeV
11.09 £ 0.07 MeV 1132 0.04 Mev
1.10 ms 1.22 ms
213pDg 23.57 mm 21D 18.31 mm
1.14% 0.04 MeV 1.15% 0.07MeV (2™ trig. PSD+SSD)
0.52ms 399 us
269g|  23.45 mm 2694gl  20.18 mm
171 0.04 MeV .25 0.07 MeV(PSD+SSD)
14.19 s 0270
65Sgl  23.34 mm %58g1  19.03 mm
871 0.04 MeV 70 0.04 MeV
23.02s 7995
261 261
Rf| 23.45mm Rf| 18.05mm 22-May-2004
70 =
197.3 MeV 156.3 MeV E (Zn) = 349.5 MeV
297s 83s
23.41 mm 18.50 mm

Figure 2. Observed decay chains in the reaction *®Pb("Zn, n). CN denotes compound nucleus ¥#112.

3.3. Bi+ "Zn reaction

The experiment was designed to produce the isotope >’*113 by the one-neutron
evaporation channel in the *Bi + Zn complete fusion reaction. On the basis of
a systematic study of the most probable reaction energies for the one-neutron
evaporation channel in the *®Pb(*Ni, n)*"'Ds, **Bi(**Ni, n)*”’Rg, and
2%pp("°Zn, n)*"’112 reactions mentioned in the previous sessions, a reaction
energy of 349.0 MeV at the half-thickness of the targets was adopted to
maximize the relevant cross section for producing >"®113.

As a result, the convincing candidate event of the isotope of the 113th
element, *’®113, and its daughter nuclei, 274Rg and 7°Mt, was observed, for the
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first time, in the *’Bi + "°Zn reaction at a beam energy of 349.0 MeV with a
total dose of 1.7%10". The alpha decay energies and decay times of the
candidates, *"®113, ?*111, and *°Mt, were (11.68£0.04 MeV, 0.344 ms), (11.15
+0.07 MeV, 9.26 ms), and (10.03+£0.07 MeV, 7.16 ms), respectively. The
production cross section of the isotope was deduced to be 55"°° 45 fb (10° cm?).
The decay chain is shown in Fig. 3, together with decay energies (E, and/or Egf)
and decay times. Results are reported in detail in Ref. [1].

36.75 MeV

200Bi + 79Zn —» 278113 + n '31‘00534:].21 ns

Strip #12

L11.68 MeV (PSD)

344 s
30.49 mm
CA115 Mev

6.15+5.00 (PSD+SSD)
270\t 9.26 ms
30.40 mm

0.03 MeV
1.14+8.89(PSD+SSD)
266Bh 7.16 ms
o 29.79 mm — +154
5.08 MeV (PSD) 55.47 b
2.47s

262
Dbl 30.91 mm 23-July-2004 18:55 (JST)

A E (7°Zn) = 349.0 MeV
204.1 MeV(PSD)
409 s

30.25 mm

Figure 3. Decay chain observed in the irradiation of **Bi by ™Zn projectiles. Measured energies,
decay time, and measured positions are indicated in the figure. CN denotes the compound nucleus
289

113

4. Summary

At the RILAC facility in RIKEN, we have studied the production and decay
properties of isotopes of the heaviest elements, 55, 2'Ds, 272Rg, 217112, and
7113, using a gas-filled recoil separator GARIS. The reactions used were
208pb(**Fe, n), 2°Pb(*Ni, n), 2Bi(**Ni, n), ®*Pb("°Zn, n), and **Bi(""Zn, n),
respectively. The results clearly confirmed the production and decay properties
of **Hs, ?'Ds, *'Rg (Z=111), and 277112 reported previously by a GSI group.
The convincing candidate event of the isotope of the 113th element, 113, and
its daughter nuclei, ”’“Rg and "®Mt were observed for the first time.
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Potential energy surfaces are calculated by using the most advanced asymmetric
two-center shell model allowing to obtain shell and pairing corrections which are
added to the Yukawa-plus-exponential model deformation energy. Shell effects are
of crucial importance for experimental observation of spontaneous disintegration
by heavy ion emission. Results for 242Cm illustrate the main ideas and show
for the first time a potential barrier for a cluster emitter obtained by using the
macroscopic-microscopic method.

1. Introduction

Recently we performed a systematic analysis! of the experimental results
concerning heavy particle radioactivities? showing that our predictions
within the analytical superasymmetric (ASAF) model (see ® and the ref-
erences therein) have been confirmed and that the strong shell effects of
the daughter 2°8Pb were not fully exploited. In this way we could make
suggestions for the candidates to be used in the future experiments.

A new method allowing to explain qualitatively the fission fragments
mass asymmetry was derived? by finding the saddle-point shapes as a result
of integrating a Euler-Lagrange eq. associated to the variational problem of
minimizing the deformation energy. The cranking inertia of a simple shell
model can be expressed by an analytical relationship.®

In the present work we take advantage of using the most advanced two
center shell model® to study the potential energy surfaces (PES) of cluster
emitting nuclei showing deep valleys due to the doubly magic fragments
208pPh and '32Sn. Strutinsky’s’ macroscopic-microscopic method is used.
A particularly deep valley is that of 2°8Pb which proved to be of practical
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importance not only for the production of superheavy nuclei but also for
the experimental search of cluster decay modes. Even for alpha decay it
is possible to see such a valley if the emitter is 2'2Po or 1%Te. In the
latter case the fragment '°2Sn plays the important role. The potential
barrier shape for a heavy ion decay mode may be obtained by cutting the
PES at a given value of the mass and charge asymmetry. In this way one
can compare the difference between the macroscopic barrier and the total
one with shell and pairing corrections taken into account. This provides a
further justification of the ASAF barrier shape.

2. The method

In a binary fission process 4Z - 41Z; + “42Z, the phenomenological
energy Eyigm is calculated within Y+EM by taking into account the
difference between charge and mass asymmetry.? In the following we would
like to outline the calculations of the shell” and pairing® corrections §E =
0U + 8P leading to the total deformation energy

Edef (Rv 71) = EY+EM (Rv 77) + 6E(R1 77) (1)

By choosing two intersected spheres for nuclear shape parametrization one
can take the separation distance between fragment centers, R, as a defor-
mation parameter. Initially, for a parent nucleus R; = Ry — Ry. At the
touching point R; = R; + R;. The mass asymmetry n = (4; — 4;)/A.

The two-center shell model® gives at every pair of coordinates (R,7) the
sequence of doubly degenerate discrete energy levels ¢; = E;/Fw§ in units of
hwd = 41A~Y/3 arranged in order of increasing energy. The smoothed-level
distribution density is obtained by averaging the actual distribution over a
finite energy interval ' = yAw, with v ~ 1,

gle) = {i[z.ms + yi(yi (1.75 — 33 /6) — 4.375)]e~y-‘} (1.77245385+)*

i=1
2 @
where y = 22 = [(e — ¢;)/7]°. The summation is performed up to the level
ny, fulfilling the condition |z;| > 3.
The Fermi energy, A, of this distribution is given by

b
Ny = 2/ gle)de (3)
with N, = Z for proton levels and N, = A — Z for neutron levels, leading
to a non-linear equation in A, solved numerically. The total energy of the
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uniform level distribution

A

i =U/hw = 2/ g(e)ede (4)
—o0
In units of Aw] the shell corrections are calculated for each pair (R,7):
Su(n, R,n) = _ 26(R,m) — i(n, R,n) (5)
=1

n = Np/2 particles. Then du = du,+6u,. Similarly, for pairing corrections

T T T
------ shell corr.
-== paircorr. -
— sh+p corr.

0.8 1.0

0.0 0.2

04 06
(R-R)/(Ry-R;)

Figure 1. Shell and pairing corrections for a symmetric (n = 0) fission of 236Pu.

we take the doubly degenerate levels {¢;} in units of wl. Z/2 levels are
occupied with n levels below and n' above Fermi energy contributing to
pairing, n = n' = Qg,/2. The cutoff energy, @ @ 1 > A = 12/VARS.
The gap A and Fermi energy A are solutions of the BCS egs:

ks K,
= € — A 2 _ 1

where k; = Z/2—n+1, kf =Z/2+n', and

% ~ 2G(A) In (%) (7
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As a consequence of the pairing correlation, the levels below the Fermi
energy are only partially filled, while those above the Fermi energy are only
partially empty. Occupation probability by a quasiparticle (ux) or hole (vy)
is given by

vi =1~ (ek = N)/Ex] /25 uf =1 v} 8)
The quasiparticle energy is expressed as
E, =+/(e, — A% + A2, 9)

The pairing correction dp = p — P, represents the difference between the
pairing correlation energies for the discrete level distribution

kg Z/2 A2
—_ 2. _ -
p= Z uger — 2 Z %= & (10)
k=k; k=k;
and for the continuous level distribution
p=—(§42)/2 = —(3:4?)/4 (11)

Compared to the shell correction, the pairing correction is out of phase
and smaller (see Fig.1) leading for n = constant to a smoother total curve
de(R) = du(R) + ép(R) where dp = 6pp + 0p,. In the present work we
prefer to use the dimensionless separation distance z = (R — R;)/{(R; — R;)
instead of R. In this way one can clearly see the initial parent nucleus at
z = 0 and the touching point configuration at z = 1.

3. Results

In the following we shall present results for 2#2Cm — the heaviest cluster
emitter observed until now. The PES versus the normalized separation dis-
tance (R— R;)/(R; — R;) and the mass asymmetry n = (A; — Az)/(A41 + 43)
are plotted in Fig. 2. The macroscopic Y+EM deformation energy is shown
at the bottom, followed by the microscopic shell plus pairing corrections
(center), and their sum (the total deformation energy) at the top. Very
deep valleys due to the doubly magic fragments 2°8Pb and !32Sn can be
seen in the center of Fig. 2 and on the corresponding contour plot (Fig. 3)
at large and small mass asymmetry, respectively. Such cold valleys were
used in the sixties by Walter Greiner to motivate the search for superheavy
elements, and the development of Heavy Ion Physics worldwide and in Ger-
many, where GSI was built. These valleys may also be seen on the total
PES at the top of Fig. 2. Here the deepest valley remains that of Sn, which
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Figure 2. PES of 242Cm vs (R — R;)/(R¢ — R;) and 57 = (A; — A2)/(A1 + A2). Y+EM

(bottom), Shell + Pairing corrections (center), and total deformation energy (top). The
energies are expressed in MeV.
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Figure 3. Contour plot of shell and pairing corrections for 242Cm vs (R— R;)/(R: — R;)
and 7).

is responsible for the cold fission; the 298Pb + 34Si valley, explaining the
34Gi radioactivity of 242Cm, is laying on the Businaro-Gallone mountain,
hence it is shallower.

Two plots obtained by cutting the PES at a given value of the asym-
metry are shown in Fig. 4. We adopt the usual convention of having zero
deformation energy and shell plus pairing corrections for the initial spher-
ical shape, leading to Fqey = Eyygm = 6E = 0 at R = R; for all values
of n and at n = %1 for all values of R. In the upper part one can see
an expected two hump barrier at = 0. The typical example for 34Si
emission from 242Cm, shown at the bottom, provide justification for one
of the basic assumptions of the analytical superasymmetric fission (ASAF)
model, which was very successful in predicting the half-lives of cluster decay
modes. It is remarkable to see for the first time a potential barrier obtained
by using the macroscopic-microscopic method for a cluster emitter. Hav-
ing a smaller height and width compared to the (dotted line) macroscopic
Y+EM barrier, it is very similar to the barrier used in ASAF which was
based on the Myers-Swiatecki’s liquid drop model.?
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Figure 4. A cut through the PES of 22Cm at symmetry n = 0 (top) and for 34Si
radioactivity with 208Pb daughter (bottom).

E, 6E (MeV)
.aé&om o o

Figure 5. Deformation energies at the touching point configurations (R = R:) of 242Cm
vs the asymmetry n: By ga and Eg4. ¢ (top); shell + pairing corrections and only shell
corrections {bottom).
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One can see how deep are the two main valleys on the PES by plotting
in Fig. 5 a cut of the PES at the touching point configuration, B = R;. In
the upper part of this figure the macroscopic energy Ey.tgum (the smooth
dashed line) and the total deformation energy Eg.s (heavy line) can be seen.
They exhibit few valleys of which that of Sn at lower values of  and that of
Pb at higher n are the deepest ones. In the lower part of Fig. 5 there are two
other curves representing the shell plus pairing correction (dotted curve)
and only the shell corrections (dashed line). As we already mentioned when
Fig. 1 was discussed, there are two effects of pairing corrections leading to
a smoother variation and to a shallower valley.

In conclusion the strong shell effect associated to the doubly magic char-
acter of the daughter 2°8Pb observed in the systematic analysis of experi-
mental results’ comes from a deep valley present on the potential energy
surfaces. The potential barrier shape of heavy ion radioactivity obtained
from the first time by using the macroscopic-microscopic method provides
further support for the particular choice of the barrier within the ASAF
model.
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IN DINUCLEAR SYSTEMS
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! Joint Institute for Nuclear Research, 141980 Dubna (Moscow Region), Russia
2 Institut fir Theoretische Physik der Universitit Giessen, D-85892, Germany
* E-mail: werner.scheid@theo.physik.uni-giessen.de

The dinuclear system concept assumes two touching nuclei which can exchange
nucleons by transfer. This concept can be applied to nuclear structure, to fusion
reactions leading to superheavy nuclei and to multi-nucleon transfer.

1. Introduction

The dinuclear system (DNS) concept was introduced by V. V. Volkovl. A
dinuclear system is a configuration of two touching nuclei (clusters) which
keep their individuality. Other notations for such a system are nuclear
molecule or bi-cluster configuration. Two main degrees of freedom govern
the dynamics of the DNS: (1) the relative motion between the nuclei de-
scribing the decay of the dinuclear system which is called quasifission and
(2) the transfer of nucleons between the nuclei. The latter process changes
the mass and charge asymmetries which are defined by the coordinates

A — Ay Zy— 23
e e = o 1
n A1 + A2 and Nz ( )

These coordinates can be assumed as continuous or discrete quantities. For
1 =1z = 0 we have a symmetric clusterization with two equal nuclei, and
if 7 approaches the values £1 or if A; or A is equal to zero, a fused system
has been formed.

The dinuclear system model has a large variety of applications. In this
article we consider nuclear structure phenomena, e. g. normal- and su-
perdeformed bands, the fusion dynamics in producing superheavy nuclei,
and the decay of the dinuclear system, i. e. the quasifission since no com-
pound nucleus is formed.
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2. Dinuclear configuration

The dinuclear configuration describes quadrupole- and octupole-like defor-
mations corresponding to normal, super- and hyperdeformed states. To
demonstrate the deformation we calculated? the mass (m) and charge (c)
moments of a nucleus described by a dinuclear configuration with a (mass
and charge) density o(r) = g1(r1)+ g2(r2), where g; (¢ = 1,2) is the density
of the nucleus ;. The moments can be compared with those of an axially
deformed nucleus by use of a shape expansion with multipole deformation
parameters 3x = Bo, 51, 52, B83... Then one obtains these parameters Sy as
functions of 5 or 7z, nearly independent of A for spherical clusters and with
a specific dependence on the surface thickness, the radius parameter and
the deformation of the clusters?.

The dinuclear system model can be applied in the range of n =0 - 0.3
to hyperdeformed (HD) states (nuclei with large quadrupole deformation),
in the range of n = 0.6 — 0.8 to superdeformed (SD) states (similar quadru-
pole and octupole deformations) and around 7 = 1 to the parity splitting
of bands (linear increase of deformations). As example let us discuss the
152y system?. The potential energy of the DNS as a function of 7 shows
significant minima for 7 = 0.34 (°°Ti + °2Ru), n = 0.66 (**Mg + 26Xe)
and 7 = 0.71 (*2Ne 4 13°Ba). The DNS °°Ti + !92Ru is compatible with
HD properties, the dinuclear systems 26Mg + !%6Xe and #2Ne + 130Ba
have SD properties. For 26Mg + 26Xe we calculated a moment of inertia
of J=104 h?/MeV and an electric quadrupole moment of Q2=24 eb in com-
parison with the experimental values of SD states with J=(85%3) h?/MeV
and QQ2=(18%3) eb.

3. Normal- and superdeformed bands

The DNS model can be used to describe the ground state (GS) and su-
perdeformed (SD) bands of various nuclei. Let us apply this model to the
structure of °Zn 3. This nucleus has a threshold of 2.7 MeV above ground
state for its decay into 5°Ni + . Therefore, one can assume that the ground
state band contains an o-component. Further thresholds are positioned at
10.8 and 11.2 MeV above the ground state for the decays into 3?Fe + 8Be
and *8Cr + 12C, respectively. The extrapolated band head of the SD band
has an energy of 7.5 MeV and a moment of inertia of (692-795)M fm? in
comparison with the moment of inertia of the 52Fe + #Be system of 750
M fm?. Hence one can assume that the SD band of %°Zn contains a ®Be
component.
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Figure 1. Calculated and experimental levels of the ground state and superdeformed
bands of 80Zn (L.h.s.) and !94Hg (r.h.s) .

The cluster picture of the GS and SD bands can be consistently de-
scribed by a collective dynamics in the mass asymmetry coordinate 7. To
achieve this aim we formulate a Schrédinger equation in 7. The calculated
potential U(n) for %9Zn has minima for a-type clusterizations, namely for
5Ni + «, %?Fe + ®Be and so on. Then the probability |17(n)|? expressed
with the intrinsic wave function is peaked around these potential minima
indicating a corresponding cluster structure of the states. In Figure 1 we
demonstrate calculated and experimental level spectra of °Zn and also of
194Hg 4. The electromagnetic transition probabilities can be evaluated®*
with the intrinsic wave functions v¥;(n) and agree with the experimental
ones. Also the effect of parity splitting is reproducible with the dynamics
in 7 which is related to the octupole degree of freedom near |n| = 1.

4. Dinuclear dynamics in the fusion process

Heavy and superheavy nuclei can be produced by fusion reactions with
heavy ions. We discriminate Pb or Bi based reactions, e. g. "°Zn + 28Pb
— 278112 — 277112 + n with an evaporation residue cross section of o =
1 pb and an excitation energy of the 278112 compound nucleus of about 11
MeV, and actinide based reactions, e. g. *¥Ca + 24Pu — 28°114 + 3n,
with the emission of more neutrons. The cross sections are small because
of the strong competition between complete fusion and quasifission.
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4.1. Models for production of superheavy nuclei

The models for the production of superheavy nuclei can be discriminated
by the dynamics in the most important collective degrees of freedom of the
system, i. e. the relative and mass asymmetry motions. The description of
the fusion process depends sensitively whether an adiabatic or a diabatic
potential in the internulear coordinate R is assumed.

a) Models using adiabatic potentials: These models minimize the poten-
tial energy and apply an adiabatic dynamics in the internuclear distance.
In that case the nuclei first change their mass asymmetry in the direction of
more symmetric clusters and then they fuse together by crossing a smaller
fusion barrier in the relative coordinate around n = 0. The models yield
large probabilities for fusion if similar target and projectile nuclei are taken
which seems to contradict the exponential fall-off of the evaporation residue
cross section with increasing projectile nuclei in Pb based reactions.

b) Dinuclear system concept: The fusion proceeds by a transfer of nu-
cleons between the nuclei in a touching configuration, i. e. in the dinuclear
configuration. Here, mainly a dynamics in the mass asymmetry degree of
freedom occurs. The potential is of diabatic type with a minimum in the
touching range and a repulsive part towards smaller internuclear distances
prohibiting the dinuclear system to amalgamate to the compound nucleus
in the relative coordinate. Such a potential can be achieved with a diabatic
two-center shell model and can also be justified with structure calculations
based on group theoretical methods®.

¢) Comparison of fusion probabilities calculated with adiabatic and dy-
namical diabatic potentials®: We studied fusion probabilities for the com-
pound system 2%Fm using adiabatic and dynamical diabatic potentials
obtained with the Strutinsky formalism and single-particle energies of the
asymmetric two-center shell model. The fusion is assumed as a statistical
diffusion process and estimated with the Kramers formula by taking into
account the quasifission. The fusion probabilities are calculated as func-
tions of the initial mass asymmetry n; = 0— 0.6 of the projectile and target
for an optimal incident energy. The fusion proceeding in the internuclear
coordinate has a large probability of 0.8 — 1 for the adiabatic potential
and an extremely small probability of 10717 — 10~ for the dynamical dia-
batic potential. If the nuclei fuse along the mass asymmetry coordinate, we
find fusion probabilities of 1078 — 10~ in agreement with the experimental
observed ones. Therefore, the experimental fusion probabilities support a
fusion process in 7 as predicted with the DNS model.
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4.2. FEvaporation residue cross section

The cross section for the production of superheavy nuclei can be written

Jmaz

UER(EC.m.1 J) = Z Ucap(Ec.m.7 J)PCN (Ec.m., J)Wsur(Ec.m., J) (2)
J=0

The three factors are the capture cross section, the probability for complete
fusion and the survival probability. The maximal contributing angular mo-
mentum Jp,q, is of the order of 15 - 20. The capture cross section Ocap
describes the formation of the dinuclear system at the initial stage of the
reaction when the kinetic energy of the relative motion is transferred into
potential and excitation energies. The DNS can decay by crossing the qua-
sifission (Coulomb) barrier Bqy which is of the order of 0.5 - 5 MeV.

After its formation the DNS evolves in the mass asymmetry coordi-
nate. The center of the mass distribution moves towards more symmetric
fragmentations and its width is broadened by diffusion processes. The
part of the distribution, which crosses the inner fusion barrier B}, of
the driving potential U(n), yields the probabitility Poy for complete fu-
sion. The DNS can also decay by quasifission during its evolution. There-
fore, the fusion probability Poy and the mass and charge distributions of
the quasifission have to be treated simultaneously. The fusion probability
can be quantitatively estimated with the Kramers formula and results as
Pon ~ exp(—(B},s — Bes)/T) where the temperature T is related to the
excitation energy of the DNS. Since the inner fusion barrier increases with
decreasing mass asymmetry, we find an exponential depression of the fusion
probability towards symmetric projectile and target combinations.

The excited compound nucleus undergoes fission and neutron emission
besides other negligible decays. The probability to reach the ground state of
the superheavy nucleus by neutron emission is denoted as survival probabil-
ity Wsyr. In the case of the one-neutron emission in Pb-based reactions the
survival probability is roughly the ratio of the width I', for neutron emis-
sion to the fission width I'y because of I'y > TI',. The survival probability
depends sensitively on the nuclear structure properties of the superheavy
elements as level density, fission barriers and deformation.

With the DNS concept we can reproduce the measured evaporation
residue cross sections of the Pb- and actinide-based reactions with a preci-
sion of a factor of two. This concept also yields the excitation energies of the
superheavy compound nuclei at the optimal bombarding energies (largest
production cross sections) in agreement with the experimental data.
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4.3. Isotopic dependence of production cross section

An opinion is that the production cross section is increasing with the neu-
tron number for isotopic superheavy nuclei. For example, the cross sections
for Ds (Z = 110) increase with the neutron number: #2Ni + 29%8Pb — 269Dg
+ n and %¢Ni + 298Pb — 27!Ds + n have evaporation residue cross sections
3.5 and 15 pb, respectively. This opinion can not be generalized. When
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Figure 2. Excitation energy EZ ,, evaporation residue cross section o1n and Q-value
for Zn + 208Ph — 4112 (Lh.s.) and 48Ca + 4Pu (r.h.s.). The experimental points are
from Ref. [8].

the neutron number of the projectile is increasing, the dinuclear fragmen-
tation gets more symmetrical and the fusion probability decreases if the
more symmetric DNS does not consists of more stable nuclei. Also the
survival probability is of importance. For compound nuclei with closed
neutron shells the survival probability is larger. Hence the product of Poy
and W, determines whether the production cross section increases or de-
creases with increasing neutron number. Figure 2 shows examples for cold
and hot fusion reactions”. These calculations are very valuable for an ade-
quate choice of projectile and target nuclei in experiment.

5. Quasifission as a signature for dinuclear systems

The process of quasifission is the decay of the dinuclear system. Since qua-
sifission leads to a large quantity of observable data like mass and charge
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distributions, distributions of total kinetic energies (TKE), variances of
total kinetic energies and neutron multiplicities, a comparison of the the-
oretical description with experimental data provides sensitive information
about the applicability and correctness of the used model. For this reason
we studied the dynamics of mass and charge transfer and the succeeding
quasifission with master equations®. At the starting point we consider the
shell model Hamiltonian of all dinuclear fragmentations of the nucleons.
This Hamiltonian can be used to derive master equations for the probabil-
ity Pz n(t) to find the dinuclear system in a fragmentation with Z; = Z,
Ny =N and Z3 = Ziot ~ Z, N3 = Nyt — N. The master equations are

d
Gz = AN Pzan(®) + AFD Pz N (1)

Az N+1PZ N+1(t) + A(zoﬁ) 1Pz,n-1(t)
— (A5 + A% + ALY + A0D) P ()

— (AYy + ALY Pan(e). (3)

The one-proton and one-neutron transfer rates A(>) depend on the single
particle energies and the temperature of the DNS where the occupation of
the single-particle states is taken into account by a Fermi distribution. The
simultaneous transfer of more nucleons is neglected. The quantities A%{ N
and Ag?v are the rates for quasifission in the coordinate R and for the fission
of the heavier fragment, respectively, and are calculated with the Kramers
formula. These rates cause a loss of the total probability Y Pz n(t) < 1.
Then the mass yield is obtained as

Al Z/ Azl,Al ZIPZ1,A1—Z1 (t) dt, (4)

where to = (3 — 5) x 1072 5 is the reaction time. The DNS dynamics was
also studied by Li et al.'® with similar master equations.

a) Results for quasifission?: We calculated quasifission distributions,
TKEs, variances of TKE and neutron multiplicities for cold and hot fusion
reactions and found satisfying agreement with the experimental data of Itkis
et al.'!. For heavier systems, e. g. “8Ca + 248Cm, the contribution of fission
products to the mass distribution can be neglected since the probability for
forming a compound nucleus is very small.
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Figure 3. Production cross section in the reaction 76Ge + 298Pb as a function of Z and
A of the heavier fragment.

b) Production cross sections for asymmetric systems: The master equa-
tions give also probabilities for more asymmetric systems than the initial
one. In Figure 3 we present production (transfer) cross sections for asym-
metric fragmentations in the reaction 6Ge + 2°8Pb. The measurement
of these observable cross sections would be an unique prove for the fusion
dynamics in the dinuclear system concept.
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CLUSTERS OF MATTER AND ANTIMATTER: A
MECHANISM FOR COLD COMPRESSION

WALTER GREINER

1 will first present the vacuum for the et-e~ field of QED and show how it is
modified for baryons in nuclear environment. Then I discuss the possibility of pro-
ducing new types of nuclear systems by implanting an antibaryon into ordinary
nuclei. The structure of nuclei containing one antiproton or antilambda is inves-
tigated within the framework of a relativistic mean-field model. Self-consistent
calculations predict an enhanced binding and considerable compression (4...5p9)
in such systems as compared with normal nuclei. I present arguments that the
life time of such nuclei with respect to the antibaryon annihilation might be long
enough for their observation. This yields a mechanism for cold compression.

1. Introduction

It is generally accepted that the physical vacuum has nontrivial structure.
This conclusion was first made by Dirac on the basis of his famous equation
for a fermion field which describes simultaneously particles and antiparti-
cles. The Dirac equation in the vacuum has a simple form

(170, —m)¥(z) =0, (1)

where v* = (y°,7) are Dirac matrices, m is the fermion mass and ¥(z) is
a 4-component spinor field. For a plane-wave solution ¥(zx) = e~*P®u,, this
equation is written as

(ﬁ— m)up =0, (2)

where p = v°E — 4p. Multiplying by (p + m) and requiring that u, # 0
one obtains the equation E? — p? — m? = 0 which has two solutions

E*(p) = £/p2+m?. (3)

Here the + sign corresponds to particles with positive energy En(p) =
E*(p), while the — sign corresponds to solutions with negative energy.
To ensure stability of the physical vacuum Dirac has assumed that these
negative-energy states are occupied, forming what is called now the Dirac
sea. Then the second solution of Eq.(3) receives a natural interpretation:
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it describes holes in the Dirac sea. These holes are identified with an-
tiparticles. Their energies are obviously given by Fg(p) = —E~(-p) =
v/ p? +m?. Unfortunately, the Dirac sea brings divergent contributions
to physical quantities such as energy density, and one should introduce a
proper regularization scheme to get rid of these divergences. This picture
has received numerous confirmations in quantum electrodynamics and other
fields.

One of the most fascinating aspects is the structure of the vacuum in
QED and its change into charged vacuum states under the influence of
strong (supercritical) electric fields!, which we briefly remind of.

Figure 1 shows the diving of the deeply bound states into the lower
energy continuum of the Dirac equation. In the supercritical case the dived

E|[keV]
positive energy continuum
500
0 , bound
0 5o states 19
o ] SRS S N W
Yd— . . ————
— U #—%— negative energy continuum
H— - )
——  %»— _ occupied with electrons
rd
-1000 T—

Figure 1. Lowest bound states of the Dirac equation for nuclei with charge Z. While
the Sommerfeld fine-structure energies (dashed line) for s1,2 and p;/o states end at
Z = 137, the solutions for extended Coulomb potentials (full line) can be traced down to
the negative-energy continuum reached at the critical charge Z¢r for the 1s state. The
bound states entering the continuum obtain a spreading witdth as indicated.

state is degenerate with the (occupied) negative electron states. Hence
spontaneous et e~ pair creation becomes possible, where an electron from
the Dirac sea occupies the additional state, leaving a hole in the sea which
escapes as a positron, while the electron’s charge remains near the source.
This is a fundamentally new process, whereby the neutral vacuum of QED
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becomes unstable in supercritical electrical fields. It decays within about
10~'%s into a charged vacuum. The charged vacuum is now stable due
to the Pauli principle, i.e., the number of emitted particles remains finite.
The vacuum is first charged twice because two electrons with opposite spins
can occupy the 1s shell. After the 2p, /5 shell has dived beyond Z., = 185,
the vacuum is charged four times, etc. This change of the vacuum struc-
ture is not a perturbative effect, as are the radiative QED effects (vacuum
polarization, self-energy, etc.). It is hoped to observe it in narrow energy
windows in collisions of very heavy ions (e.g. U 4+ Cm) near the Coulomb
barrier, where “sticking” of the nuclei by about 10~19 s could be possible.
Such sticking is important for observing a line-structure in the positron
spectruin.

2. The vacuum structure in nuclear physics

It has been noticed already many years ago (see e.g. Ref. 2) that nuclear
physics may provide a unique laboratory for investigating the Dirac picture
of vacuum. The basis for this is given by relativistic mean-field models
which are widely used now for describing nuclear matter and finite nuclei.
Within this approach nucleons are described by the Dirac equation coupled
to scalar and vector meson fields. Scalar S and vector V potentials gener-
ated by these fields modify the plane-wave solutions of the Dirac equation
as follows

Ef(p)=V £+/p2+(m—-25)2. (4)
Again, the + sign corresponds to nucleons with positive energy En(p) =
V + /p?+ (m—S5)? , and the — sign corresponds to antinucleons with
energy Ex(p) = —E~(-p) = =V + /p?2+ (m — S)2. It is remarkable
that changing sign of the vector potential for antinucleons is exactly what
is expected from the G-parity transformation of the nucleon potential. As
follows from Eq. (4), in nuclear environment the spectrum of single-particle
states of the Dirac equation is modified in two ways. First, the mass gap
between positive- and negative-energy states, 2(m — ), is reduced due to
the scalar potential and second, all states are shifted upwards due to the
vector potential. These changes are illustrated in Fig. 2.

It is well known from nuclear phenomenology that a good description
of nuclear ground state is achieved with S ~ 350 MeV and V ~ 300 MeV
so that the net potential for nucleons is V — § ~ —50 MeV. Using the
same values one obtains for antinucleons very a deep potential, -V — 8§ ~
—650 MeV. Such a potential would produce many strongly bound states
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Figure 2. Schematic spectrum of the Dirac equation in vacuum (upper panel) and in a
nucleus of radius R (lower panel). A divergent contribution of negative-energy states is
often regularized by introducing a cut-off momentum A

in the Dirac sea. However, if these states are occupied they are hidden
from direct observation. Only creating a hole in this sea, i.e. inserting a
real antibaryon into the nucleus, would produce an observable effect. If
this picture is correct one should expect the existence of strongly bound
states of antinucleons with nuclei. Below we report on our recent studies
of antibaryon-doped nuclear systems>4.
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3. Systems made of baryons and antibaryons

Unlike some previous works, we take into account the rearrangement of
nuclear structure due to the presence of a real antibaryon. The structure of
such systems is calculated using several versions of the relativistic mean—
field model (RMF): TM1 %, NL3 and NL-Z2 6. Their parameters were found
by fitting binding energies and charge form-factors of spherical nuclei from
16() to 208Pb. The general Lagrangian of the RMF model is written as

L= Z Ej (17" 0 — my) ¥;

j=B,B
1 1 b c
+ 58“08“0 - §mgaz - 503 - ZU4
1 1 d
- Zw’“’ww + §mf,w”wu +7 (whw,)?
1 . 1 5.5
= 7P P + 550" P
+ Z Ej (9550 + GuiWH vy + 9pi P*VuTs) V5
j=B,B
+ Coulomb part (5)

Here summation includes valence baryons B, in fact the nucleons form-
ing a nucleus, and valence antibaryons B -inserted in the nucleus. They
are treated as Dirac particles coupled to the scalar-isoscalar (o), vector-
isoscalar (w) and vector-isovector (#) meson fields. The calculations are
carried out within the mean-field approximation where the meson fields
are replaced by their expectation values. Also a "no-sea” approximation is
used. This implies that all occupied states of the Dirac sea are ”integrated
out” so that they do not appear explicitly. It is assumed that their effect is
taken into account by nonlinear terms in the meson Lagrangian. Most cal-
culations are done with antibaryon coupling constants which are given by
the G-parity transformation (9,5 = gon, 9,5 = —gun) and SU(3) flavor
symmetry (9,5 = % 9o 9wk = % g,7)- In isosymmetric static systems the
scalar and vector potentials for nucleons are expressed as S = g,nyo and
V = gonw®.

Following the procedure suggested in Ref. 7 and assuming axial sym-
metry of the nuclear system, we solve effective Schrodinger equations for
nucleons and an antibaryon togethér with differential equations for mean
meson and Coulomb fields. We explicitly take into account the antibaryon
contributions to the scalar and vector densities. It is important that an-
tibaryons give a negative contribution to the vector density, while a positive
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contribution to the scalar density. This leads to increased attraction and
decreased repulsion for surrounding nucleons. To maximize attraction, nu-
cleons move to the center of the nucleus, where the antiproton has its largest
occupation probability. This gives rise to a strong local compression of the
nucleus and leads to a dramatic rearrangement of its structure.

Results for the 180 nucleus are presented in Fig. 3 which shows 3D plots
of nucleon density distributions. The calculations show that inserting an
antiproton into the 60 nucleus leads to the increase of central nucleon den-
sity by a factor 2-4 depending on the parametrization. Due to a very deep
antiproton potential the binding energy of the whole system is increased
significantly as compared with 130 MeV for normal 180. The calculated
binding energies of the p—!60 system are 830, 1050 and 1160 MeV for
the NL-Z2, NL3 and TMI, respectively. Due to this anomalous binding
we call such systems super bound nuclei (SBN). In the case of antilamb-
das we rescale the coupling constants with a factor 2/3 that leads to the
binding energy of 560+700 MeV for the A—160 system. As a second ex-
ample, we investigate the effect of a single antiproton inserted into the ®Be
nucleus. The normal 8Be nucleus is not spherical, exhibiting a clearly visi-
ble 2a structure with the ground state deformation 2 ~ 1.20. As seen in
Fig. 4, inserting an antiproton in ®Be results in a much less elongated shape
(B2 ~ 0.23) and disappearance of its cluster structure. The binding energy
increases from 53 MeV to about 700 MeV. Similar, but weaker effects have
been predicted® for the K~ bound state in the ®Be nucleus.

The calculations have been performed also with reduced antinucleon
coupling constants as compared to the G-parity prescription. We have
found that the main conclusions about enhanced binding and considerable
compression of p-doped nuclei remain valid even when coupling constants
are reduced by a factor 3 or so.

4. Life-time estimates

The crucial question concerning possible observation of the super-bound nu-
clei (SBNs) is their life time. The main decay channel for such states is the
annihilation of antibaryons on surrounding nucleons. The energy available
for the annihilation of a bound antinucleon equals @ = 2my — By — By,
where By and By are the corresponding binding energies. In our case
this energy is at least by a factor 2 smaller as compared with the vacuum
value of 2my. This should lead to a significant suppression of the available
phase space and thus to a reduced annihilation rate in medium. We have
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Figure 3. Sum of neutron and proton densities for 0O (top), 160 with 5 (bottom right)
and %0 with A (bottom left) calculated with the parametrization NL-Z2.

performed detailed calculations assuming that the annihilation rates into
different channels are proportional to the available phase space. All inter-
mediate states with heavy mesons like p, w, 77 as well as multi-pion channels
have been considered. Our conclusion is that decreasing the Q value from
2 GeV to 1 GeV may lead to the reduction of total annihilation rate by
a factor of 20+30. Then we estimate the SBN life times on the level of
5-25 fm/c which makes their observation feasible. This large margin in the
life times is mainly caused by uncertainties in the overlap integral between
antinucleon and nucleon scalar densities. Longer life times may be expected
for SBNs containing antihyperons. The reason is that instead of pions more
heavy kaons must be produced in this case. We have also analyzed multi-
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Figure 4. Contour plot of nucleon densities for ®Be without (left) and with (right)
antiproton calculated with the parametrization NL3.

nucleon annihilation channels {Pontecorvo-like reactions) and have found
their contribution to be less than 40% of the single-nucleon annihilation®4.

We believe that such exotic nuclear states can be produced by using
antiproton beams of multi-GeV energy, e.g. at the future GSI facility. It
is well known that low-energy antiprotons annihilate on the nuclear pe-
riphery (at about 5% of the normal density). Since the annihilation cross
section drops significantly with energy, a high-energy antiproton can pen-
etrate deeper into the nuclear interior. Then it can be stopped there in
an inelastic collision with a nucleon, e.g. via the reaction A(p, N7w)zA’,
leading to the formation of a p-doped nucleus. Reactions like A(p, A)xA’
can be used to produce a A-doped nuclei. Fast nucleons or lambdas can be
used for triggering such events. In order to be captured by a target nucleus
final antibaryons must be slow in the lab frame. Rough estimates of the
SBN formation probability in a central pA collision give values in the order
of 1075 — 10~%. With the § beam luminosity of 2:10%2 cm~2s~* planned at
GSI this will correspond to the reaction rate of a few tens of desired events
per second.

Several signatures of SBNs can be used for their experimental observa-
tion. First, annihilation of a bound antibaryon can proceed via emission
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of a single photon, pion or kaon with an energy of about 1 GeV (such
annihilation channels are forbidden in vacuum). So one may search for
relatively sharp lines, with width of 10+40 MeV, around this energy, emit-
ted isotropically in the SBN rest frame. Another signal may come from
explosive disintegration of the compressed nucleus after the antibaryon an-
nihilation. This can be observed by measuring radial collective velocities of
nuclear fragments. Such systems serve as a tool for creating cold compres-
sion of nuclear matter, in contrast to nuclear compression in high energy
nucleus-nucleus encounters where nuclear shock waves — due to the Rankine-
Hugoniot relation — yield compression and heating closely connected. For
more details on all the points discussed here I refer to our comprehensive
paper by Mishustin et al.%.
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THE BRAHMS EXPERIMENT QUEST FOR EARLY UNIVERSE
PHASES OF HADRONIC MATTER"

ZBIGNIEW MAJKA'
M. Smoluchowski Institute of Physics, Jagiellonian University
ul. Reymonta 4, 30-059 Krakdéw, Poland

We report BRAHMS experiment study of hadronic matter phases created at RHIC. Heavy
ion collisions at RHIC energies are characterized by a high degree of transparency of
colliding nuclei leading to the formation of a baryon-poor central region. An initial
energy density in this zone is well above the energy density considered necessary for the
formation of quark-gluon plasma. Some forward rapidity results suggest the possible
color glass condensate phase in colliding nuclei.

1. Introduction

Thirty years ago, Collins and Perry [1], realized that the asymptotic freedom
property of Quantum Chromodynamics (QCD) suggests the existence of an
extremely dense form of hadronic matter with deconfined quarks and gluons,
called later by Shuryak [2], and others [3], the Quark Gluon Plasma (QGP). This
theoretical background led to the construction of the Relativistivistic Heavy Ion
Collider (RHIC) at the Brookhaven National Laboratory [4]. Since the year
2000, four complementary experiments, namely BRAHMS [5], PHENIX [6],
PHOBOS {7], and STAR [8], are investigating this novel abnormal dense state
of nuclear matter. Some results obtained by these four experiments can be rather
easily understood in the frame of the theoretical picture that has been developed
before RHIC started taking data, but some of the results are quite puzzling. It
has been proposed that some effects observed by the BRAHMS experiment
might be related to the possible existence of the nuclei prior to the collisions in
the Color Glass Condensate phase (CGC) [9].

2. Quark Gluon Plasma

The fact that a single quark has never been observed has been the greatest
puzzle of elementary particle physics for years. This basic experimental fact has
led theorists to conjecture that quarks may be permanently confined within
hadrons as a result of the fundamental nature of the chromo-dynamic force. The
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quantum field theory describes the interaction of quarks through the strong
color field whose quanta are gluons. This theory called Quantum
Chromodynamics (QCD) is a gauge theory with non-Abelian symmetry group.

The non-Abelian nature of QCD gives rise to the confining force which
does not decrease with increasing separation distance of quarks. The intrinsic
strength of the color force between quarks decreases as they are brought closer
together. At asymptotically small separations, the quarks are virtually free
(asymptotic freedom). Now the physics of quark confinement in QCD is well
established experimentally and by numerical simulations of lattice gauge
theories. However, little is known about the confinement mechanism and how
the parton physics at short distances smoothly evolves into hadron physics at
large distances. The understanding of this transition requires non-perturbative
knowledge of the parton dynamics at all length scales. It was mentioned in the
introduction that QCD predicts the existence of a deconfined form of hadronic
matter called a quark gluon plasma [1, 10], in which the quarks and gluons
normally confined within hadrons are liberated. This transition might occur at
the energy density of an order of magnitude higher than the energy density
inside of atomic nuclei, that is larger than 1 GeV/fm® [11]. It is possible that the
condition for deconfinement could exist in neutron star cores, in exploding
black holes, or may have been present in the early Universe, a few microseconds
after Big Bang. It was suggested in the mid 70s by W. Greiner and others [12],
that QGP can be formed in a laboratory by use of relativistic heavy ion
collisions. This theoretical motivation led to the construction of the Relativistic
Heavy Ion Collider (RHIC) at the Brookhaven National Laboratory.

3. Color Glass Condensate

The ideas for a new form of hadronic matter which controls the high energy
limit of strong interactions are motivated by HERA experiment data on the
gluon distribution function inside protons, xG(x, Q") [13]. The issue of x and 0’
dependence of parton distributions at very small values of the Bjorken x variable
is one of the most interesting and challenging problems in QCD related to our
understanding of hadrons. The wave function of a very high energy hadron has
contributions from quarks, anti-quarks and gluons with energies from values of
the order of the scale of light hadron masses, £ ~ 200 MeV, up to that of hadron
energies. A useful variable, x which characterizes these quark degrees of
freedom is the typical energy of the constituent scaled by that of the hadron. The
quantity Q’ is the resolution scale measured in the inverse momentum of the
probe, which is usually a virtual photon. The essential feature of small x physics
is that the gluon density is very large. These high density gluons exist in a very
coherent configuration, the color glass condensate. The gluon density can be
thought of as a momentum scale squared at saturation, Q°;. Here, the saturation
means that the density of gluons approaches a fixed limit as x goes toward
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smaller values. The gluon phase space density in a hadron or nucleus of radius

R for p’r < (% is given by:
S U
7R2 dyd 2 p,

dn g 1
* ——
a 5
Because the strong interaction coupling, a;, is evaluated at Q2s>>AQCD , the
coupling is small (s << 1). This means that the quantum mechanical states of
the system are multiply occupied and share some properties of Bose condensates
- hence the gluons are in a condensate. The gluons at small x are generated from
gluons at larger values of x, and in the infinite momentum frame their natural
time scales are Lorentz time-dilated. This time-dilated scale is transferred to the
small x degrees of freedom which therefore evolve very slowly as compared to
natural time scale - this is the property of the glass. The gluons which make up
this glass condensate are colored and now the Color Glass Condensate (CGQ)
phrase has been explained. The CGC is considered as a universal form of QCD
matter which describes high energy strongly interacting particles and nuclei.
While the QGP is the incoherent thermal limit of QCD matter at high
temperature, the CGC is the coherent limit of QCD matter at high energies. If
the QGP has been created at RHIC from the interaction of initial nuclear matter,
then the CGC has to be also present at RHIC collisions.

4. BRAHMS Experimental Setup

The BRAHMS experimental setup [5], has the unique capability among the four
RHIC experiments [5-8)], to measure identified hadrons with high transverse
momenta that can reach up to about 5 GeV/c and can access rapidities close to
the beam value for the top RHIC energy. The very different momenta and
particle densities at mid-rapidity and forward angles has led to a design with two
moveable magnetic spectrometers [14]. The BRAHMS experiment also has four
global detector systems. A perspective view of the experimental setup is
presented in Fig. 1. The Forward Spectrometer (FS) has a solid angle of 0.8 msr
and measures identified particles having momenta up to 25 GeV/c in the angular
range of 2.3° < 6 < 30°. Four magnets (D1-D4) are used for sweeping and
analyzing particles emerging from the reaction. The forward arm of the FS
tracking detectors (T1 and T2) are Time Projection Chambers (TPCs) which
provide good three-dimensional track recognition and rejection of background
in a high multiplicity environment. The back arm of the FS tracking detectors
(T3-T5) are Drift Chambers (DCs) and each consists of three identical modules
that contain 10 (8) detection planes for T3 (T4-TS). Particle identification in the
FS is based on two time-of-flight hodoscopes
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Figure 1. The BRAHMS experimental setup in perspective.

(H1-H2) as well as on Cerenkov measurements. Higher momentum
particles are identified with a threshold Cerenkov detector (C1) placed behind-
the H1 magnet and a ring imaging Cerenkov detector (RICH) placed behind H2.
The Mid-Rapidity Spectrometer (MRS) has a solid angle of 6.5 msr and
measures identified particles having momenta in the range 0.2 GeV/c <p <5
GeV/c and in the angular range of 30° < 6 < 95°. The single dipole magnet (D5)
of the MRS is placed between two TPC’s which are used for tracking. Particle
identification is obtained with a time-of-flight wall. Four global detector
systems are used to enable event characterization. Around the interaction vertex
a global multiplicity array is used to estimate event-by-event centrality. The
Multiplicity Array (MA) consists of two independent systems with a modestly
segmented silicon strip detector array (SiMA) surrounded by an outer plastic
scintillator tile array (TMA) in a double, hexagonal-side barrel arrangement.

The silicon strip detectors also provide information on overall charged
particle yields, with an effective coverage in pseudorapidity of 3.0 <n< 3.0.
Beam — Beam Counters (BBC) are located 220 ¢cm from the nominal interaction
vertex near the beam pipe. They are constructed from two sizes of Cerenkov
radiators glued to photo-multiplier tubes. The primary task for the BB counters
is to provide a start time and a level O trigger. The 50 ps time resolution of the
array allows the determination of the vertex position to an accuracy of 0.9 cm.
These detectors also provide multiplicity information at high pseudo-rapidity
with 2.1 <jn|< 4.7. The Zero Degree Calorimeters (ZDCs) are located + 18 m
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from the nominal interaction vertex and detect neutrons emitted in a small cone
(8 < 2 mrad) around the downstream beam directions. The neutron multiplicity
1s correlated with the event geometry and can therefore be used along with the
multiplicity array and beam-beam counters to estimate the centrality of the
collision. The ZDCs coincidence can provide a minimum-bias selection making
it useful as an event trigger as well as a luminosity monitor. Clean selection of
minimum-biased events required a coincidence between the two ZDCs and a
minimum of 4 hits in the TMA. Such selections include 95% of the total nuclear
cross section of 7.1 b. There are identical sets of ZDCs in all of the RHIC
experiments. This enables a cross check of results from all four experiments and
provides luminosity measurements for the RHIC machine group.

5. Selected Results from the BRAHMS Experiment

The main focus here is to give an overview of the main BRAHMS results
on the properties of hot and high energy density hadronic matter produced in
ultra-relativistic heavy ion collisions at RHIC. The kinetic energy that is
removed from the beam and which is available for the production of new states
of hadronic matter (e.g. QGP) depends on the amount of stopping between the
colliding nuclei. BRAHMS has measured the net proton rapidity distribution in
(0-10)% central Au+Au collisions at full RHIC energy [15], and the results are
displayed in Fig. 2 together with the results of measurements at AGS [16], and
SPS accelerators [17].
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Figurc 2. Rapidity density of net protons (i.e. number of protons minus number of antiprotons)
measured at AGS [16], SPS [17], and RHIC by BRAHMS [15].
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The net number of protons per unit of rapidity around y = 0 is only about
7 and the distribution is flat over at least +1 unit of rapidity. The distribution
rises in the rapidity range y = 2—3 to an average dN/dy =~/2. These results
indicate that heavy ion collisions at RHIC energies are characterized by a high
degree of transparency of colliding nuclei leading to the formation of a baryon-
poor central region. From such measurements one may deduce the upper and
lower limits for both the rapidity and energy losses at RHIC. The analysis of the
data establishes that 26 TeV of kinetic energy is removed out of 35 TeV
available energy per central AutAu collision and this energy is available for
particle production in a small volume immediately after collision.

The multiplicity distribution of emitted particles is a fundamental
observable in ultra-relativistic collisions due to its sensitivity to all stages of the
reaction. It was observed that the production of charged particles in central Au +
Au collisions at Vs =200 GeV exceeds the particle production per participant
pair observed in elementary p + p collisions at the same energy by 40-50% [18].
This means that nucleus-nucleus collisions at the considered energies are far
from being the simple superposition of elementary collisions. The measurement
of charged particle density dN/dn can be used to estimate the so called
Bjorken energy density, & [19]. For the central Au+Au reaction at Vsyy =200
GeV this estimation gives the value 4 GeV/fi’. This value exceeds by the factor
4 the predicted energy density for the boundary between hadronic and QGP
phases [11].

The first collisions of gold ions at nucleon-nucleon center-of-mass energies
of 130 GeV at RHIC revealed a dramatic decrease of pion production at high
transverse momentum pr as compared to an incoherent sum of pions produced
in p+p collisions at the same energy [20]. High pr hadrons are primarily
produced from the fragmentation of the hard-scattered partons and the observed
suppression could be either due to the initial state shadowing of the gluon
distribution inside the nuclei [21], or due to the final state jet energy degradation
[22]. The crucial test of these different mechanisms has been performed during
the third RHIC run when collisions between deuterium and gold ions at Vsyy
=200 GeV were investigated. Figure 3 shows the so-called modification factor
measured for central Au+Au collisions and minimum bias d+Au collisions at
Vsan =200 GeV [23]. The modification factor is defined as a ratio of the particle
yield produced in a nucleus-nucleus collision scaled with the number of binary
collisions and the particle yield produced in an elementary nucleon-nucleon
collision. The absence of the suppression around midrapidity in the d+Au
collisions suggests that the suppression observed in the AutAu collisions is
indeed due to final state interactions. However it was also observed in the
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Figure 3. Nuclear modification factors measured for for central Au+Au collisions and minimum bias

d+Au collisions at Vsyy =200 GeV [23].

BRAHMS experiment that at forward pseudorapidity n= 2.2 inclusive
negatively charged hadrons are suppressed in both Au+Au and minimum-bias
d+Au collisions [23,27]. This observation suggests the possible existence of

nuclei prior to the collisions in the CGC state.

6. Summary

The matter that is created at RHIC differs from anything that has been seen
before. The overall scenario of ultra-relativistic heavy ion collisions at RHIC is
consistent with particle production from a color field formation of a QGP and
subsequent hadronization The suppression of high py particles seen at forward
rapidities in nucleus-nucleus collisions is a novel effect and may be related to
the CGC. We must wait for deeper a understanding of the observed matter.
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STRANGE MATTER IN CORE-COLLAPSE SUPERNOVAE
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We present a discussion of the main features of the appearance and propagation of
hypothetical strange quark matter inside massive star collapsing cores, expected to add
energy to the explosion of a Type II supernova. We show first the different approaches
and results obtained for the critical conditions for the nucleation of a small chunk of this
matter. Then, issues related to the type of outward propagation (quite analogous to a
thermonuclear combustion, but in the supranuclear density regime) are discussed, with
emphasis on the several dynamical instabilities of the flame and combustion regimes, a
problem not yet solved and of considerable complexity. Finally we outline other
applications of these models including "short” GRB and gamma flares from galactic
neutron stars.

1. Introduction

1.1. Early Days of Quark Matter and the Rise of a Wild Hypothesis

The first reports addressing the possible existence of quarks inside stars are over
three decades old now [1]. We are still not completely sure about their relevance
for relativistic astrophysics, but it must be also acknowledged that the
“standard” assumption of a normal (i.e. confined hadrons) composition is
nothing but an act of faith given the observational set of constraints. Therefore,
it has become fashionable to construct and test quark matter models by
calculating stellar properties and other astrophysical features. Generally
speaking, the original expectation was that quark matter may appear at high
pressure forming a compact core above a certain critical density, while the
external layers of the star were still composed of normal hadrons.

After this early work, a handful of very interesting papers [2] entertained the
idea of a metastable or even absolutely stable quark matter (SQM), in which the

T Available at foton@astro.iag.usp.br
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“opening” of a third Fermi sea (the strange quark one) was fundamental to

share the energy by reducing its value per baryon number unit. A sketch of this
hypothetical situation is depicted in Fig. 1.
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Figure 1. The free encrgy per baryon number unit as a function of the pressure. If a transition to
deconfined quark matter happens at a certain critical pressure (dotted line), the possibility of creating
a third Fermi sea by the decay to s quarks could lower the energy per baryon, perhaps to a value
which is lower than the nucleon mass at zero pressure (vertical axis). In this case, the three-flavor
uds matter would not decay back into hadrons, and received the special name of Strange Quark
Matter, or SQM for short.

[t is important to remark at this point that, by hypothesis, the energy release
in the transition (indicated with an arrow in Fig. 1) is not purely due to latent
heat, but rather to the existence of a “chemical” difference between the phases.
Therefore, the two-step process globally seen as n —> uds renders an analogous
to a laboratory combustion [3].

Several issues arise, related to the appearance, propagation and
astrophysical consequences of the SQM hypothesis. In what follows we shall
sketch some of these issues, and finally list a number of open questions useful
for those who wish to contribute to this field.

2. Appearance (nucleation) of SQM

An initial seed of SQM is needed if a combustion of the star will happen. This
can be achieved either by the presence of a “dormant” strangelet(s) present from
earlier phases of stellar evolution (i.e. by accretion from the interstellar
medium), or by the decay to SQM of a small blob of two-flavor ud matter (much
in the same way as described in Fig. 1), a process that involves the nucleation of
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a quark phase. The first mechanism has been shown to be likely, actually so
likely that it is almost impossible to avoid a contamination in every neutron star.
Therefore, these ideas lead to a SQM of most of “neutron stars”, an observation
that prompted early objections [4] against the Bodmer-Terazawa-Witten
hypothesis. An assessment of these problems can be found in Ref. [5] and
references therein.

The probability of nucleation, on the other hand, has been calculated by a
number of works using nucleation theories, both classical {6] and quantum [7].
The expectation of nucleation in a “hot” environment (see below) suggests that
at = few TeV the classical thermal regime would be the most relevant.
However, if this stage is bypassed without SQM nucleation, all the relevant
temperatures would be ineffective and the quantum regime be the most relevant.
The expressions of the first regime are controlled by exponentials of the work
needed to create a bubble of SQM with radius r, of the form

W= —g—nr3 (P, -P)+ 4nor? - 8myr +%nr3ni(pi —He) N

where P;,P, are the quark and hadron pressures, H;,p. their chemical
potentials and o,y the surface and curvature coefficients at the interface.

We draw the attention to the third and fourth terms, which are unlike other
nucleation situations. The linear one is the so-called curvature term, which is
proper of light fermions confined to a cavity [8]. It is known to disfavor the
nucleation of the quark phase in general. The last term contains the composition
effects, and it is quite dependent on the specific hypothesis made about the
nucleation process.

The nucleation rates happen to be (no surprise) extremely dependent on the
temperature and density respectively. Since the temperatures needed for SQM
nucleation in the thermal regime are at least one order of magnitude lower than
the physical temperatures inside a collapsing core, we believe that is quite
difficult to “hold” the protostar in the hadronic state after several seconds.
Another reason is that, for generic equations of state, the difference between the
central density of a =~1.5M, model and the maximum mass model along the
same sequence is something like Ap/p=2. This means that if the star does not
convert to SQM at birth, the critical density must be fine-tuned. The situation is
shown in Fig, 2.
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In summary, even though it is not clear that nucleation of SQM happens at
all, there are strong indications that if that ever happens, the high-temperature,
high-density regime in a collapsing core would be the ideal place. It has also
been shown that the presence of neutrinos quench the nucleation [9], in addition
to the fact that the star rises its central density only when neutrino diffusion
happens. This again suggests that the moment of nucleation might be ~ seconds
after a supernova bounce.

14 14.5 15 15.5 16
log A

Figurc 2. The mass of the stellar models as a function of their central density, for two different
cquations of state. In the cases of the stiffer equation of state, the difference between the central
density of the 1.5 solar mass model and the maximum mass is around a factor of 2, and much less for
the softer one. Accretion of, say 0.1-0.5 solar masses would not change the central density of the
star a lot, and then the critical value must be “tuned” for a mixed hadronic/strange population.

3. What Happens Next?

The inevitable propagation of the phase change converting the star to SQM is
quite different from the case in which quark matter appears only at high
pressure. Descriptions using kinetic formalisms employed for ordinary
combustions led to the idea that deflagrations (slow combustions) are the
preferred mode [10]. However, fast combustions (detonations) are a possibility
in spite of the relative slowness of weak interactions that limit the rate at which
matter creates its strangeness content. This issue is still open, given that several
examples of two-step detonations which start with an endothermic reaction are
known. In addition, if there is some “overshooting” and the initial seed happens
to be macroscopic, the star would face a sudden build of an overpressure almost
instantaneously, a situation known to be favorable for the launch of a shock of
strength = AP /2 (Fig. 3), capable of starting a detonation wave.
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Another feature that points towards a non-laminar combustion mode is the
occurrence of instabilities on very short timescales, of the order of =~ ms . The
most conspicuous are the Landau-Darrieus and Rayleigh-Taylor instabilities,
which distort the laminar front and wrinkle the flame, thus increasing the
burning rate depending on the area of the interface. A first study devoted
specifically to this problem [11] concluded that, within a linear treatment, there
is no way that even if initially laminar, a deflagration remains as such. This
means that very quickly an acceleration of the flame should ensure, leading the
process towards the turbulent combustion branch, and perhaps boosting it to the
detonation region.

A
P pA

\ T ~ 10—8
weak ™ s !

> >
R R

Figure 3. If a macroscopic region makes the transition to »d matter inside a collapsing core, it will
become (by hypothesis) a SQM core after a timescale typical of weak interactions, orders of
magnitude faster than dynamical timescales of = ms. Then the core has no time to readjust itself and
it would be an effectively isocoric transition. The overpressure due to the released energy could be
important for the start of a detonation.

In any case, it is clear that because of the microphysics, instabilities can not
be ignored and the actual speed of the burning would be much faster than the
laminar deflagration. A similar picture has been developed by Khlokhov and
collaborators [12] for Type la supernovae, namely thermonuclear combustions
in degenerate white dwarfs. The SQM case would be a high-density analogue to
the SN Ia case.

The possible effects in a Type 1l supernova are summarized at a glimpse in
Fig. 4. Several important issues remain to be established, and numerical
simulations may be the only form to address them. These include the very
propagation of a detonation, the efficiency of energy transfer to the stalled
shock at the bottom of the stellar envelope and of course the effectiveness of
neutrino capture by the shock after ~ seconds after bounce (provided a
supernova can hold that much without recollapsing to a black hole). The
instabilities must be revised, if possible going beyond the linear level. It is also
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important to take a detailed look at the coupled problem of reaction kinetics +
hydrodynamics, since a non-trivial interplay of both is known to exist.

sSaM . wrinkling of the
pmfﬁigta 0N fame = acceleration !

neutrinos dm /

leak, T rises in Y A—
sQm vtn — pt+e”
>~ v+p — n+et
sz30 km neutrinosphere P
TV= 1 MeV

Figure 4. A Type II supernova scenario. After deleptonization SQM nucleates in the protoneutron
star and begins to propagate inside the core, probably in a non-laminar mode. While the simplest
shock-piston one dimensional models suggest that energy could be added to the stalled prompt shock
mechanically [13], it is also possible that the main effect could be the addition of neutrinos from the
hot matter [14], which do leak promptly but rather diffuse out with a higher mean energy than the
“standard” ones.

4. Propagation of flames with magnetic fields

Up to now we have implicitly assumed a zero-magnetic field environment, thus
neglecting possible effects on the nucleation and propagation of SQM.
However, it is well-known that magnetic fields are ubiquitous in astrophysical
environments, and in (proto)neutron stars in particular. In fact, compact stars are
the most magnetized objects in the Universe, and thus a look at the magnetic
field issue would be in order.

There is no need to worry about structural properties of magnetic fields
deep inside stars, since their energy density in several orders of magnitude lower
than degeneracy pressures (this is true even for the highest magnetic fields
suggested for magnetars, if they exist at all). However, we have calculated quite
recently a more subtle effect, namely the influence of a magnetic field on the
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propagation of a combustion via the dispersion relations. We found, in

agreement with other studies, that the development of instabilities is quenched
across field lines, while it proceeds unimpeded along them. This generates an
asymmetry of the propagation of the order of the quotient of polar to equatorial
velocities (assuming that a simple ordered dipole is a good description inside the
star and that both velocities represent a suitable average over the fluid elements)

E=vp/Ve =[1+B2 /(47tpv21am)]D—2 @

with v),, the laminar deflagration velocity and D the fractal dimension of the
turbulent deflagration, a number to be extracted from numerical simulations.
The asymmetry has a “threshold” value of B around ~10'3 G, fields smaller
than this would not be important at all for the propagation, while very large
fields would cause an approximate scaling £~ B, and a needle-shaped front
[14].

Applications of the above model suggest a continuum of explosive
phenomena, perhaps including “short” GRBs and Type II supernovae in the
same class provided SQM is relevant for the physical evolution of these
systems. The same model may be useful for applications to a different
phenomenon, namely the giant flares from Soft-Gamma Repeaters like the
recent event Dec 27 2004 suffered by SGR 1806-20 which released at least
1047 erg in gamma-rays, provided only one of such flares happens per source
(Lugones, Horvath and Gouveia Dal Pino, in preparation). Finally, recent
calculations [15] have shown that the possibility of self-bound quark matter is
greatly enhanced if the effects of pairing are considered. Therefore, we stress
again the importance of more detailed studies of SQM in physics and
astrophysics, well beyond these “first generation” outline.

5. Conclusions

We have presented an overview of the possible features and effects of SQM
inside protoneutron stars, and suggested that important consequences are
potentially affecting the very explosions through direct transfer or neutrino
energy leak. In spite of the appeal of these models, we must acknowledge that
after 20 years or so SQM theory is still a speculative area [16]. In particular, a
list of questions we would like to answer include (but is not limited to):

e How strong and firm are the experimental limits on the abundance of SQM?
Is there a body of candidates still supporting the SQM hypothesis?
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To what extent does SQM violate some sacred facts in astrophysics? Are
we clever enough to rule out SQM on purely astrophysical grounds?
Is there a definitive answer on the stability issue, from some reliable
theoretical method?
Can we be sure about the nucleation of SQM in so-called “delayed”
timescales in a supernova environment?
Do we know the hydrodynamics of the combustions well enough? If so, can
we calculate/simulate the propagation {17]?

Is there a significant energetic modification for Type Il supernovae from
these models? In which conditions?

If answers could be obtained with some confidence, we could provide a firmer
ground to study exotic possibilities in physics and astrophysics.
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NEUTRINO ASTROPHYSICS: GAMMA RAY BURSTS
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We discuss the importance of neutrinos in astrophysics and consider the particular
case of accretion disks which may power gamma ray bursts. We examine accretion
rates of 0.1Mg /s — 10Mg /s, which are sufficiently large to produce strong fluxes of
neutrinos. In many cases significant regions of trapped neutrinos are created in the
accretion disk. We discuss the implications for the nucleosynthesis that occurs in
these objects, as well the energy deposited by neutrino-antineutrino annihilation.

1. Introduction

Neutrinos have importance in many areas of astrophysics. Experimental
detection of neutrinos has been used to confirm models of the sun. While
there is still much to learn about core collapse supernovae, the handful of
neutrinos detected from supernova 1987a confirmed our basic picture of
these objects, which is that the core of a massive star collapses to nuclear
density, forms a “proto-neutron” star, and that most of the gravitational
binding energy leaks out in the form of neutrinos.

Neutrinos in both of these environments are indicators of the type of
nucleosynthesis that is occurring. In the sun, the neutrinos which are emit-
ted are products of nuclear burning. Most of the neutrinos which have been
detected are produced in the decay of Boron-8, which was synthesized in
the sun. In the supernova, most of the neutrinos are produced thermally,
not as a by product of nucleosynthesis. However, they greatly influence
element synthesis near the core of the proto-neutron star, in the so called
neutrino driven wind, by setting the neutron-to-proton ratio in outflowing

*Work partially supported by grant DE-FG-02ER4166 of the Department of Energy
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material through the reactions

Ve+n—ptet (1)

Vetp—mn+e (2)

Neutrinos have a similar influence in Big Bang Nucleosynthesis, where the
same reactions determine in part the neutron-to-proton ratio and therefore
the amount of Helium that exists in the universe today.

In this contribution we will discuss the role of neutrinos in accretion
disks surrounding black holes, and their impact on the nucleosynthesis that
comes from these objects. We are motivated by recent observation and
theoretical work on gamma ray bursts! ~!!. While gamma ray bursts were
first observed more than thirty years ago, it is only recently that great
strides have been made observationally. The current evidence points to
explosions of massive stars as being responsible for long duration bursts,
i.e. some sort of exotic supernova. Less data exists on short duration bursts,
but these have been suggested to be formed by neutron star mergers.

The neutrinos from accretion disks may be responsible for powering a
gamma ray burst, by providing the energy for the ejection of small amounts
of material at highly relativistic velocities. We explore the energy deposition
that comes from neutrino-antineutrino annihilation above the gamma ray
burst.

Also, although a large part of the material in the disk is accreted into
the black hole up to half can be ejected vertically off of the disk. The
wind will produce a variety of elements that will contribute significantly to
the abundance of certain isotopes observed in our solar system today. We
explore the elements that are produced in the course of the outflow from
the accretion disk. We begin by discussing the neutrinos in the disk.

2. Neutrinos from Accretion Disks

We first calculate the nuclear composition of matter in the accretion disks
surrounding stellar mass black holes. We use accretion disk parameters
from!?13 and as in Ref. 14 we follow mass elements in the accretion disk
starting at the point of nuclear dissociation and determine the evolution
of the electron fraction. We find that the initial neutronization of the
disk material by electron capture can be reversed by neutrino interactions
in the inner regions of disks with accretion rates of 1 Mg/s and higher.
For these cases the inner disk regions are optically thick to neutrinos. In
order to estimate the emitted neutrino fluxes we calculate the surface of
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last scattering for the neutrinos for each optically thick disk model. Figure
1 shows the surfaces of last scattering for the neutrinos in two different
accretion disks. Optical depths of neutrinos in accretion disks have also
been considered in Ref. 15.

In order to determine what sort of nucleosynthesis may occur we must
examine the composition of matter as it flows away from gamma ray burst
accretion disks!®. Since there is a large flux of neutrinos leaving the surface
of the disk, the electron fraction of the outflowing material will change due
to charged current neutrino interactions. We calculate the electron fraction
in the wind using detailed neutrino fluxes from every point on the disk and
study a range of trajectories and outflow conditions for several different
accretion disk models. We find that low electron fractions only appear in
outflows from disks with high accretion rates (M = 10Mg/s) that have a
significant region of both trapped neutrinos and antineutrinos. Disks with
lower accretion rates. e.g. (M = 1Mg/s) only have a significant region of
trapped neutrinos, but not antineutrinos, and can have outflows with very
high electron fractions. The low accretion rate disks with little trapping
(M = 0.1My/s) have outflow electrons fractions closer to one half.

Although a large part of the material in the disk is accreted into the
black hole up to half can be ejected vertically off of the disk. A self-
consistent model for this outflow has not yet been developed, therefore
we use a parameter study for the conditions in this outflow. There are
three parameters in the outflow which primarily influence the final element
abundance distribution: the entropy per baryon, s/k, the acceleration and
final velocity of the material, 5 and v, respectively, and the radial distance
from the center of the disk where the material is ejected?.

3. Nucleosynthesis in the Outflow of Accretion Disks

For the highest (M = 10Mg/s) and medium (M = 1Mg/s) accretion rate
disks, the electron neutrino and antineutrino interactions play the domi-
nant role in determining the nucleosynthesis that takes place in the ma-
terial which is ejected from the disk. These accretion rates reflect those
that would occur in the neutron star - neutron star merger scenario. In the
highest accretion rate disks the electron fraction is driven quite low in the
ejecta, so the material is very neutron rich. Our preliminary calculations
show that this is a potentially viable environment for the r-process!”. Fig-
ure 2 shows two nucleosynthesis calculations using the high accretion disk
model.
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Figure 1. Neutrino and antineutrino surfaces in a M =1Mg/s, a =0 (a, on the top)
and a M = 10Mg/s, a = 0 (b, on the bottom) accretion disk. The solid line shows the
density scale height of the disk.
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Figure 2. R-process nucleosynthesis abundances resulting from a reaction network cal-
culation using a M = 10M¢ /s model and outflow conditions of 8 = 2.0, s/k = 48 (solid
line) as well as 8 = 0.8 and s/k = 12 (dashed line). The starting disk radii for both
trajectories is rg = 250 km. The crosses show the solar system abundances.

Lower accretion rate disks (M = 1Mg/s) are currently predicted by the
collapsar model®'® which describes exploding massive stars. For low accre-
tion rates and entropies per baryon around s/k ~ 40 the electron fraction is
closer to 1/2, i.e. equal numbers of neutrons and protons. In this case rare
nuclei such as Zinc and p-process nuclei may be produced!®?°, Figure 3
shows overproduction factors for Zinc-64 in outflow from an accretion disk
of M = 0.1Mg/s (Ref. 21).

4. Neutrino— Antineutrino Annihilation from Accretion
Disk Neutrinos

The energy which makes a gamma ray burst explosions possible may de-
rive from the large neutrino luminosity that is emitted from the accretion
disk surrounding a stellar mass black hole. Calculations of the flux com-
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Figure 3. Shows the overproduction factor for Zinc The shaded regions correspond,
from darkest to lightest, of 1000, 100, 10 and 1. The horizontal axis shows entropy per
baryon, while the vertical axis, § is related to inverse acceleration as in a stellar wind
parameterization. This was calculated using the neutrino flux from a M = 0.1 Mo/s
disk model.

ing from the accretion disk surrounding the black hole from! can be used
to estimate the neutrino-antineutrino annihilation rate. The strongest neu-
trino flux emerges from a ring at the inner edge of the disk and the extended
source leads to a considerable departure from spherical symmetry. The non-
spherical geometry increases the efficiency of neutrino annihilation and can
cause a collimation of scattered material into a jet along the axis of the disk.
The spatial distribution of annihilation efficiencies is shown in Fig.4, similar
to the calculations in??. Different disk models!?*3 not only give neutrino-
antineutrino annihilation rates that differ by several orders of magunitude,
but also produce a pattern of energy deposition that varies??. Particularly
in the region near the inner edge of the accretion disk, the neutrino flux
depends very strongly on the model, and future, more sophisticated models
will help to better determine the total rate and the deposition pattern.
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Figure 4. Shows the rate of neutrino-antineutrino annihilation, in units of eV/cm™3/s

above a GRB accretion disk disk. The black hole is in the center and the solid lines show
the density scale height of the disk.

5. Conclusions

Neutrinos are important in many environments in astrophysics and the
disks that are thought to surround black holes in gamma ray burst mod-
els are no exception. The rapidly accreting disks that are thought to be
produced by neutron-star mergers produce regions of trapped electron neu-
trinos and antineutrinos. The less rapidly accreting disks thought to be pro-
duced by the explosions of some massive stars, also release copious numbers
of neutrinos. A wide variety of nucleosynthesis is possible in the outflow
from these disks. This depends primarily on the accretion rate, but also
on the entropy and outflow timescale of the ejected material. For a rapid
accretion rate and rapid outflow, the conditions are viable for producing
an r-process. For lower accretion rates, the conditions are favorable for
producing certain rare nuclei, such as p-process nuclei and 64-Zinc.
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Energy deposition from the neutrinos above the disk may power the
gamma ray burst. The flux depends greatly on the accretion rate of the
of the disk. Future models will tell us whether neutrino-antineutrino an-
nihilation is responsible for providing the energy which drives gamma ray
bursts.
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NEUTRINO EMISSION FROM NEUTRON STARS *

D. G. YAKOVLEV, M. E. GUSAKOV | A. D. KAMINKER, AND
A.Y. POTEKHIN

Ioffe Physical Technical Institute,
Politekhnicheskaya 26, 194021, Saint-Petersburg, Russia

The main mechanisms of neutrino emission from the matter of supranuclear density
in superfluid cores of neutron stars are reviewed, with the emphasis on the cores
composed of nucleons.The effects of neutrino emission on the thermal evolution
of neutron stars are described. The prospects of exploring the fundamental (but
still poorly known) properties of supranuclear matter by comparing simulations of
neutron star thermal evolution with observations are outlined.

1. Introduction

Neutron stars are the most compact stellar objects in the Universe. Their
typical masses are M ~ 1.4 M (where Mg is the solar mass), while their
radii are only ~ 10 km. Their mean mass density reaches a few pg (pg =
2.8 x 10" g cm™3 is the standard nuclear matter density); their central
density can exceed 10 pg. Accordingly, neutron stars can be regarded as
unique astrophysical laboratories of supranuclear matter.

It is currently thought (e.g., Ref. 1) that a neutron star consists of
a thin crust (of mass < 1072Mg) and a core (where the mass density
P 2 po/2). The crustal matter contains atomic nuclei, electrons, and (at
p 2 4 x 10 g cm~3) free neutrons. The core can be subdivided into the
outer (p < 2p0) and inner parts. The outer core consists of neutrons (n),
with an admixture of protons (p), electrons (e), and muons (all constituents
being strongly degenerate). The composition of the inner core is unknown.
It may be the same as in the outer core but may also contain hyperons,
pion or kaon condensates, quark matter, or a mixture of different phases.

*Supported by grants 05-02-16245 and 03-07-90200 of the Russian Foundation for Basic
Research and by grant 1115.2003.2 of the Russian Leading Science School Program.
tPartially supported by the INTAS grant YSF 03-55-2397 and by the Russian Science
Support Foundation
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Table 1. Main processes of neutrino emission in nucleon matter

Process Reactions L,,ergs™! Comment
Direct Urca. n — ped pe — nv ~ 10%-46TSR  fast
Modified Urca nN — pNeo pNe—>nNv ~ 1039-40T8R  slow
Bremsstrahlung NN — NNvip ~1037-3978R  very slow
Cooper pairing NN — vp < 10‘10_42T98 moderate

Nucleons, hyperons, and quarks can be in superfluid state. Microscopic
theories of dense matter are model dependent. The fundamental problem
of the equation of state (EOS) and composition of the matter in neutron
star cores is still unsolved.

Here, we briefly review neutrino processes in neutron stars with nucleon
cores and their effect on neutron star cooling (see, e.g., Refs. 2~ ¢ for more
details).

2. Neutrino Emission Processes

Neutron stars are born hot in supernova explosions, with the internal tem-
perature T ~ 10! K, producing a powerful neutrino outburst. In one
minute after the birth a star becomes transparent for neutrinos. We dis-
cuss the following neutrino-transparent stage when the neutrino emission
is much weaker than at the supernova stage but still important for neutron
star cooling.

We outline the neutrino emission from stellar cores which is usually more
powerful than from crusts.The main neutrino reactions in nucleon cores are
listed in Table 1. It is important to know the neutrino emissivities @
(erg cm™3 s71) for these reactions and the associated neutrino luminosities
L, (erg s7!), which are the emissivities integrated over the star volume.

The most powerful is the direct Urca process’. In the matter composed
of n, p, and e, this is the beta decay of a neutron and subsequent electron
capture by a proton (Table 1).The process occurs if the proton fraction is
sufficiently high (to satisfy momentum conservation). This happens only
for some EOSs in the inner cores of massive stars, where the density exceeds
a certain density threshold pp.

In addition, there are slower neutrino processes (Table 1), which oper-
ate in the outer and inner cores.They are two modified Urca processes (for
N=n or p) and three bremsstrahlung processes (nn, pp and np). The mod-
ified Urca processes differ from the direct Urca by an additional nucleon-
spectator N (which simplifies momentum conservation). In the presence of
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muons there are additional Urca processes, with muons instead of electrons.

Neutrino reactions are greatly affected by nucleon superfluidity. When
the temperature T drops much below the critical temperature T for a given
nucleon species, the energy gap in the nucleon energy spectrum greatly (ex-
ponentially) suppresses all reactions involving such nucleons (e.g., Ref. 3).

Also, superfluidity initiates a specific neutrino process owing to Cooper
pairing of nucleons® (annihilation of Bogoliubov quasi-nucleons N into neu-
trino pairs, Table 1). This process is forbidden in nonsuperfluid matter.
With decreasing T, it becomes allowed at T = T, produces the maxi-
mum emissivity at T' ~ 0.8 T¢, and is exponentially suppressed at T’ « Ts.
For realistic density profiles Tc(p) at T much below the maximum value of
T.(p), the neutrino luminosity due to this process behaves as LSF oc T®
and may exceed the luminosity provided by the modified Urca process in a
nonsuperfluid star by up to two orders of magnitude®®.

Order-of-magnitude estimates of neutrino luminosities for the cited pro-
cesses are given in Table 1, where Ty = T/10° K and R describes the re-
duction of the luminosity by superfluidity (with R = 1 and LSF = 0 in a
nonsuperfluid star).

3. Neutrino Emission and Cooling Neutron Stars

Because the neutrino emission depends on the internal structure of neutron
stars and affects their cooling, it allows one to explore the internal structure
by comparing the cooling theory with observations. Here we follow Ref. 10.

Observations of isolated neutron stars, whose thermal surface radiation
has been detected or constrained, are summarized in Fig. 1 (the data are
the same as in Refs. '19). We present the stellar ages ¢ and effective surface
temperatures T inferred from observations; ‘co’ means the quantity red-
shifted to the reference frame of a distant observer. Arrows show the upper
limits on T9° (in cases no thermal radiation has been detected).

The cooling theory gives cooling curves, T°(t) (e.g., Fig. 1). Int < 100
years the stellar interiors become thermally relaxed. At ¢t < 10° years, a
star cools mainly via neutrino emission; at ¢ > 10° years it cools via thermal
surface emission of photons.

Figure 1 shows the basic cooling curve. It is calculated for a star with
a non-superfluid nucleon core which cools slowly via the modified Urca
process. This curve is almost independent of the EOS and neutron star
mass. It cannot explain the observations — some sources are hotter and
some colder than predicted by the curve.
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Figure 1. Left: Observational limits of surface temperatures for several isolated neutron
stars compared with the basic theoretical cooling curve. Right: Internal and surface
temperatures; neutrino, photon and total luminosities (red-shifted for a distant observer)
for the basic cooling model.
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Figure 2. Left: Illustrative models of critical temperatures for singlet-state proton (p)
and triplet-state neutron (nt) pairing in a neutron star core. Right: Neutrino emissivity
in the same core at T = 3 x 108 K for non-superfluid matter (thick line; noSF) and either

for proton pairing (p) or for proton and neutron pairing (p+nt). The vertical dotted line
shows the direct Urca threshold.

At the next step let us take into account the effects of enhanced neutrino
emission in massive neutron stars (Fig. 2). We adopt a moderately stiff EOS
of dense nucleon matter from Ref. 11 (the same modification as in Ref. 4).
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Figure 3. Left: Cooling of neutron stars of several masses (indicated near the curves)
with proton superfluidity p from Fig. 2 in the cores. Right: Same as in the left panel
but adding the effect of neutron superfluidity nt.

It opens the direct Urca process at p > pp = 7.851 x 10} g em~3, i.e.,
at M > Mp = 1.358 My (M being the gravitational mass) and gives the
maximum neutron-star mass Mpax = 1.977 M. In non-superfluid matter
the direct Urca process switches on sharply at p > pp. If M exceeds Mp
only by 0.1%, the neutrino luminosity owing to the direct Urca process is
already so strong that T.2°(t) falls much below the T for coldest observed
stars in Fig. 1 (close to the lowest curves in Fig. 3). Therefore, we have
either the basic curve for M < Mp or much lower curves for more massive
stars; these curves are inconsistent with the data.

However, protons and neutrons in neutron star cores can be in superfluid
state. As a rule, protons undergo singlet-state pairing, whereas neutrons
undergo triplet-state pairing (e.g., Ref. 2) with density dependent critical
temperatures Tcp(p) and Tene(p) which are very sensitive to theoretical
models. Figure 2 shows some phenomenological Tene(p) and Tep(p) curves *
and their effect on the neutrino emissivity.

First we assume strong proton superfluidity p alone. It extends to den-
sities p > pp and suppresses the modified Urca process in low-mass stars
(M < Mp). The neutrino luminosity of these stars becomes lower (Fig. 2),
being determined by a weaker mechanism (nn bremsstrahlung, unaffected
by proton superfluidity). This rises the cooling curves of low-mass stars
and allows one to explain the observations of stars hottest for their age,
such as RX J0822-43, 1E 1207-52, PSR B1055-52 (left panel of Fig. 3).
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Figure 4. Left: Model density dependence for critical temperatures of protons (pl) and
neutrons (ntl) in a nucleon stellar core for the EOS which forbids the direct Urca process.
Right: Cooling of neutron stars of several masses (indicated in the inset) with pairing
pl and ntl for the same EOS.

Thus, we may treat these sources as low-mass neutron stars.

Proton pairing p suppresses even the direct Urca process at p ~ pp. At
higher p pairing gradually dies out, opening the direct Urca process. The
gradual opening broadens the direct Urca threshold (Fig. 2) and ensures the
gradual decrease of cooling curves with increasing M. In this way we may
attribute masses to observed neutron stars!?, as shown in the left panel of
Fig. 3, and explain all the data. For instance, we obtain M = 1.47 M, for
the Vela pulsar. However, this weighing of neutron stars is sensitive!* to
the EOS of dense matter, to the direct Urca threshold, and to superfluidity
model T¢p(p). Even strong pairing p dies out in the centers of massive stars
(M ~ Myax), where direct Urca process is allowed. Thus, massive stars
cool very rapidly, as if they are non-superfluid, and become very cold.

Now let us include also neutron pairing nt with the peak of Tent(p) as
low as ~ 4 x 108 K at p ~ 4 x 10! g cm™3. This pairing is mild and
insignificant, according to nuclear physics standards, but crucial for the
cooling. It appears in a cooling star when the internal temperature falls
below the peak value. It creates then a powerful neutrino emission owing
to Cooper pairing of neutrons in outer stellar cores, especially efficient in
low-mass stars. The emission accelerates the cooling (the right panel of
Fig. 3) and violates the interpretation of the observations of such sources
as PSR B1055-52. Thus, this mild neutron superfluidity contradicts the



211

observations.

The opposite example is given in Fig. 4. Let us consider neutron stars
with nucleon cores and employ the EOS!S which forbids the direct Urca
process in all stars with M < Myax = 2.05 Mg. Furthermore, let us adopt
the model of strong proton pairing pl and mild neutron pairing nt1 (the left
panel of Fig. 4). Pairing pl is similar to pairing p in Fig. 2; it suppresses the
modified Urca process in low-mass stars. The peak of Teni(p) for pairing
ntl is as low as for pairing nt but shifted to higher densities. Accordingly,
pairing ntl is inefficient in low-mass stars and does not affect their cooling.
However, the enhanced neutrino emission owing to this pairing operates in
massive stars and accelerates their cooling. Then the cooling of stars with
different masses enables us to explain the data (the right panel of Fig. 4),
but only under stringent constraints on the Tent(p) profile®. Note that a
discovery of a neutron star slightly colder than those observed now would
ruin this interpretation.

4. Conclusions

We have outlined the main neutrino emission mechanisms in nucleon cores
of neutron stars. We have shown than these mechanisms are greatly af-
fected by the EOS and by superfluid properties of dense matter. We have
demonstrated that the neutrino emission strongly regulates the cooling of
isolated neutron stars. Current observations of cooling neutron stars can
be explained by different theoretical models of dense matter. Nevertheless
the theory rules out some theoretical models (e.g., the model in the right
panel of Fig. 3).

Neutron star cooling can also be regulated by the surface magnetic
fields and by the presence of light (accreted) elements on stellar surfaces
(see, e.g., Refs. 46:10). The fields and accreted elements affect the thermal
conductivity of surface layers. They may increase the surface temperature
T°(t) of middle-aged stars and decrease T°(t) for t > 10° yrs. In addition,
the neutrino emission and cooling can be modified® by the presence of
different forms of matter (hyperons, pion or kaon condensates, deconfined
quarks) in neutron stars (and in strange quark stars). Also, the cooling
can be affected by some reheating mechanisms, for instance, by the viscous
dissipation of rotational energy or Ohmic decay of magnetic field. All in all,
current observations of cooling neutron stars can be explained by drastically
different physical models of dense matter.

New observations of neutron stars are required for a better understand-
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ing of their internal structure. Observations of cooling neutron stars should
be analyzed together with other observational data. The data should be
combined with new theoretical results, particularly, with new studies of nu-
cleon superfluidity and neutrino emission properties. This would allow one
to obtain more stringent constraints on neutron star structure.
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NEW ACHIEVEMENTS IN NEUTRINO PROPERTIES
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Neutrino oscillation experiments, from solar and atmospheric to reactor and ac-
celerator ones, have firmly proved that neutrinos have mass and mix. However,
the absolute scale of the neutrino mass remains still unknown. In the last years
cosmological data allow us to extract stringent constraints on the sum of neutrino
masses. On the other side, accurate information about the absolute neutrino mass
can be extracted from direct measurements performed in beta and double-beta
decay experiments. Moreover, double-beta decay experiments can provide us with
information about the nature of neutrino. This lecture makes a short review of
the main achievements in neutrino properties based on data obtained recently in
these experiments.

1. Introduction

Fundamental properties of neutrinos, like their absolute mass and their
nature (Majorana or Dirac particle), are still unknown, while others, like
the number of neutrino flavors or the precise values of their mixing angles,
are not yet fully settled. Since neutrinos play a key role in major domains
like particle and nuclear physics, astrophysics and cosmology, there is a
continuous effort, both theoretical and experimental, to give answers to
these issues.

During the last years there was a significant progress in the knowledge
of the neutrino properties. Shortly, the present situation can be charac-
terized by: i) important results obtained in different neutrino oscillation
experiments which confirm that neutrinos have mass and mix, ii) stringent
constraints on the sum of the neutrino masses derived from recent cosmo-
logical data and iii) a hope that the next generation of double-beta decay
experiments will provide us with meaningful information about the nature
and absolute mass of the electron neutrino.

This lecture makes a short review of the main achievements in neutrino
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properties based on data obtained recently in these experiments.

The paper is organized as follows: in sect. II we present recent results
obtained in neutrino oscillation experiments, including atmospheric, solar,
reactor and accelerator experiments. Section III is devoted to the presen-
tation of cosmological data including WMAP, 2dFGRS, SDSS and Lya
analysis. In sect. IV we refer to direct measurements of the neutrino mass:
tritium and double-beta decay experiments and in the last section we end
up with some conclusions and prospectives in this field.

2. Neutrino oscillation experiments
2.1. Channel y — 7

Atmospheric neutrinos are produced maily in the decay of pions and muons:
= U+, B e+ v+ e (2.1)

Experiments have measured the ratio R, . which is compared to the
(expected) theoretical one. The experimental values were found signifi-
cantly smaller than the expected ones. Particularly, we refer to the Su-
perKamiokande (SK) experiment’ which produced the most concludent re-
sults during its 1996-2000 run. They measured R, /. in two energy regimes
and got the following results: i) E, < 1.33 GeV; (Ry/e)meas/(Ruse)ih ~
0.638 instead of ~ 2 and ii) E > 1.33 GeV; (Ry/e)meas/(Ryuse)tnh ~ 0.658
instead of > 2. This result was also confirmed by other atmospheric exper-
iments like Soudan, MACRO, etc.

In addition, they found a significant zenith angle asymmetry of the high
energy muon events [(U/D)meqs]/[(U/D)n] ~ 0.54, while no asymmetry
was found for the electron events. This result was explained by a standard
neutrino oscillation between two species in the channel 4 — 7 with the
following most probable values of the oscillation parameters:

Am? =26 x10"%V?%  sin?26,5 ~ 1.00 (2.2)

A nice confirmation of the this interpretation came from the K2K ter-
restrial experiment’: neutrino oscillations in the same range of values of
the oscillation parameters as atmospheric neutrinos measured by SK were
searched for neutrinos coming from the decay of pions produced by 12 GeV
protons accelerated at the KEK proton accelerator hitting a dump target
at KEK and detected at SK, at about 250 km distance. Near KEK (300m
away) two detectors were placed to count the number of neutrinos which
go to the SK detector and then this number was compared with what the
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SK detector has found. The reaction v +n = e~ +p was chosen to measure
the neutrino energy. The last result reported by the K2K group is: the
total number of neutrinos observed at KEK was 151 as compared with 108
observed at SK. In terms of oscillation parameters this result gives values
of these parameters very closed to those obtained in the SK atmospheric
experiment:

Am? =24 x1073eV?;,  tan®20;5 ~ 0.44 (2.3)

which is an independent confirmation of the neutrino oscillations in this
channel.

2.2. Channele — p, T

a) Solar neutrino experiments
The main sources of solar neutrinos are presented in Table below.

Reaction Neutrino energy SSM flux
p+p—d+et + v, < 0.42MeV  5.95 x 101%m 251
e”+"Be - v, 0.86 MeV  4.77 x 10%m =251
8B —8 Be* + et + v <15MeV  5.05 x 108cm™2s7!

Several experiments (Homestake, GALLEX-GNO, SAGE, SK, etc.)
have measured the neutrino fluxes from the last reaction and found a sig-
nificant difference between the measured fluxes and the theoretical ones
predicted by the Standard Solar Model (SSM). A possible explanation of
this result was advanced from the beginning: a transition of v, into v, and
v-. However, the range of oscillation parameters which accommodate all
these results allows several proposed solutions (scenarios) for the neutrino
oscillations: Large mixing angle (LMA), Small mixing angle (SMA), Low
mass (LOW}), Mikheev-Smirnov-Wolfenstein solution (MSW); vacuum os-
cillations (VAC). Very recently, the new results from SNO’ and from the
reactor experiment KamLAND? lead to a unique solution for the solar neu-
trino problem. The essential step forward in the SNO experiment was the
construction of a detector that has multiple detection channels. They use
the following reactions:

ve+d—e+p+p (CC) (2.4a)

vy = vz +n+p  (NC) (2.4b)
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Vp — Uz te (ES) (2.4¢)

recording the v, by one reaction and the total flux of all neutrinos by
another. In the SK measurement for solar neutrinos only the ES process
was investigated.

In addition, the spectrum of the recoil electrons was measured in both
experiments and no deviation from the spectrum expected, calculated in
the hypothesis that the shape of the v, spectrum on the Earth is given by
the known initial 8B spectrum, was observed. In the SNO experiment the
fluxes in all three processes were measured. Combination the SK and SNO
results the v, and v, fluxes were derived and found different from zero,
although the initial lux (from the 8B decay) contained only v,. This is a
demonstration that v oscillate into the other neutrino species. The best
fit for the oscillation parameters accomodating this result gives:

Am® ~5x107%V?;  tan®6a; ~ 0.34 (2.5)

The SNO result together with measurements of the recoil electron spec-
trum disfavored the SMA-MSW regions. Furthermore, the results got from
the KamLAND reactor experiment excluded SMA, LOW and VAC solu-
tions.

In the KamLAND experiment the 7 are detected in the 1kt liquid scin-
tilator detector located in the Kamioka mine, via the observation of the
process U, + p — et + n with E, ~ 1.8 MeV. The 7 flux is expected
from 26 reactors in Japan and Korea with distances in the range of 138-
214 km. Both prompt photons from the annihilation of positrons in the
scintilator and the 2.2 MeV delayed photons from the neutron capture
n+p — d+ v are detected. During 145.1 days of running they got
(Nobs — Nbg)/Nezpecteda = 0.611 £ 0.085 and the best fit values of the oscil-
lation parameters derived from this result are:

Am? = 6.9 x 10 %eV?; sin® 26,3 = 1.00 (2.6)

Conclusion: KamLAND confirms the solar neutrino results leaving LMA
the only solution for the solar neutrino problem. It provides strong evidence
of neutrino oscillations obtained for the first time with terrestrial reactor
antineutrinos with the initial flux under control. It is, however, worth
mentioning that while the results of the KamLAND experiment restrained
the range of the Am? parameter derived in SNO and SK experiments, it
can not reduce the uncertainity in the values of the mixing angle.
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2.3. Channele — T

CHOOZ and Palo Verde experiments’ (finished in 1998) provide us with
information on the third mixing angle 6;3. Like in the KamLAND experi-
ment, the 7 disappearance was searched via the same reaction: v, +p —
et +n. No indication for the disappearance of 77, on the way 300 m from
reactor to detector was found. The ratio of the measured and expected
number of 7, was found R ~ 1.01. The values of the best fit parameters
are:

Am? ~ 2.5 x 107 3eV/2 sin20 < 0.15 (2.7)

At this point we mention the result of the LNSD experiment’ that used
decays of stopped v, at the LAMPF facility at Los Alamos to look for
the appearance of electron antineutrinos. They reported the oscillation
probability:

P(v, — V) = (0.264 £ 0.067 + 0.045) (2.8)
with
Am? ~ 1eV?

Thus, LSND claims evidence for conversion v,, — V.. Having in mind
that solar and atmospheric experiments give for Am? values with four and
two orders of magnitude, respectively, smaller than the LSND value, the
presence of this disparate value requires the introduction of a fourth neu-
trino flavor in order to accommodate the results from all the neutrino oscil-
lation experiments. However, the LSND result is controversial and should
be checked independently by other experiments. MiniBooNE is now run-
ning to check this result.

3. Cosmological constraints for neutrino masses

Neutrino oscillation experiments provide us with convincing evidence that
neutrino have mass and mix. The scale of the masses can be derived from
other kind of experiments. At present, there are still no conclusive exper-
imental results giving this scale, but to put limits as stringent as possible
for neutrino masses is also meaningful. Recently, cosmological observations
have started to provide valuable upper limits for the sum of the neutrino
masses, which now are more stringent than those from laboratory exper-
iments. The Gerstein-Zeldovich model makes the connection between the
total neutrino mass and their associated energy density:

Qv)h? = Tm(i)/(93MeV) (3.1)
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where h is the Hubble parameter. From the analysis of the cosmic mi-
crowaves background (CMB) power spectrum, measured by WMAP, for
instance, one can extract the temperature fluctuations. Since the tempera-
ture fluctuations of the CMB spectrum display a spatial homogeneity, they
can be expanded in spherical harmonics:

(AT)/T° = Za(lm)Yim (6, ¢) (3.2)

with a(lm) aleatory variables which fulfil the relations a(lm)a(I'm’) =
C()owdmm:. C(l) is called the angular power spectrum and is conven-
tionally shown when presenting the CMB results.

The massive neutrinos affect the CMB anisotropy spectrum (but to a
lesser extent than was previously thought) by i) shifting the peaks to lower
I’s (small effect) and ii) by enhancing the magnitude of peaks for high
[ (more significant effect). The anisotropies in the energy density power
spectrum of the CMB are measured accurately within WMAP experiment’.
However, from WMAP data only one can not extract stringent constraint
on the sum of the neutrino masses because one can not fix precisely the
other cosmological parameters.

Massive neutrinos contribute to the critical density of the universe.
They also affect the formation of the large scale structures, particularly
the power spectrum of matter fluctuations at small scales (within the hori-
zon, when they are still relativistic), suppressing it.

This effect can be studied via the observation of the distribution of
galaxies. Large samples of galaxy redshifts in surveys such as the 2 de-
gree Field Galactic Red Shift Survey (2dFGRS)’ and Sloan Digital Sky
Survey (SDSS)” provide a tool for studying the power spectrum of matter
fluctuations with very small random errors.

" One can extract an upper limit for the sum of neutrino masses combining
data from WMAP and fixing the other cosmological parameters from the
analysis of 2dFGRS and SDSS data. The most stringent limit found in
literature from such an analysis is ¥m; = 0.65 eV. This limit can be even
improved when Lyman-a (Lya) analysis is also included.

The matter density fluctuations are locally related to the optical depth
for the absorption of light emitted by quasars by the Lyman clouds. Thus
the analysis of Lya) forest can give us constraints on the matter power
spectrum on scales within horizon, where the effect of massive neutrinos is
most visible.

Combined data of WMAP, SDSS and Lya give ¥m,; = 0.42 eV. There
is a tendency to more stringent upper limits for the sum of neutrino masses
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coming from cosmology. However, when performing such analysis one
should have good constraints on the other cosmological parameters. For
instance, Hannestad’ showed that when dark energy is taken as a free (but
constant parameter) the limits relax: ¥m; ~ 1.48 eV which leave still pos-
sible all the results on the neutrino masses.

4. Direct measurements of the neutrino mass

Neutrino oscillation experiments have proved that neutrinos have mass,
which is the first evidence for beyond Standard Model physics. However,
still remain the questions: what is the scale of this mass and what is the
nature of neutrino, is it a Dirac or a Majorana particle? Answers to these
questions are expected from direct measurements of neutrino mass. For
example, neutrino mass can be derived by measuring the energy end point
part of the beta-spectrum of tritium:

SHe =3 He+e™ + v, (4.1)

In spite of some advantages of this method (8 decay is superallowed,
nuclear matrix elements are constant, the electron spectrum is determined
by only the phase space, the energy released Ejp is a convenient quantity), it
has a reduced sensibility. The present most advanced experiments (Mainz
and Troisk) give an upper limit of neutrino mass of m,, < 1.8 eV. The next
generation beta decay experiment KATRIN? aims at reaching a sensitivity
of m, ~ 0.2 eV. The tritium experiment measures the quantity:

m§ = E|Ueil*m? (4.2)

In the normal hierarchy hypothesis mg ~ 0.012 eV, in inverted hierarchy
mg ~ 0.05 eV, while for the eventuality of 4 neutrino flavors it results:
0.45mg ~ 1.4 eV. One can see that the sensibility of KATRIN would not be
sufficient to measure the neutrino masses if there are 3 flavors of neutrinos.

Double-beta decay is a nuclear process in which an even-even nucleus of
(A,Z) decays into another even-even nucleus of the same mass but having
the number of protons (or neutrons) changed by two units. It can occur
with the emission of two neutrinos in the final states, the so called 2v33
decay mode, which is allowed within the Standard Model (SM). However, in
GUTSs beyond the SM, a second decay mode in which no neutrino is found
in the final state is also allowed: the 033 decay mode. The observation of
this process would prove that v, is a Majorana particle and would allow the
derivation of the electron neutrino mass. The decay rate of the neutrinoless
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decay mode reads:
[' = GF[M(GT), M(F)] < mgg >*:< mgp >2= |%;|Usi|2e*Pm,|2 (4.3)

To derive neutrino masses one needs to calculate of the nuclear matrix
elements (of Gammow-Teller and Fermi type) and the phase space G and
use the experimental neutrinoless double-beta decay half-lives. Assuming
CP conservation and taking into account the v-oscillation results one ob-
tains:

< mgg >~ |Uei|? & [Uei|2(m1 + Amyz)'/? (4.4)

This relation can be used to derive the scale of neutrino mass values
for different scenarios concerning the neutrino mass hierarchy: normal, in-
verted and degenerate. Unfortunately, at present the range of possible
values for the neutrino masses is still too large, with a lower limit fixed at
the v/Amgim, which is out of the sensitivity of the most ambitious future
B0 decay experiments. However, in the inverted and degenerate hierarchy
scenarios the lower limits for the absolute neutrino masses are of the order
of several tens of meV, which is in the range of sensibility of experiments
like GENIUS and GEM, for instance.

We also mention the result of the Heidelberg-Moscow S decay exper-
iment which reported a positive result for the 0v383 decay observation’.
They found m,, = (0.11 —0.59) eV, with 0.39 eV the most probable value.
However, this result is not yet confirmed by other independent experiments.

Combining the results from v-oscillation experiments and the analysis of
the cosmological data (including Lya analysis), this result seems to be ex-
cluded. However, as we already mentioned, a recent analysis of the present
data, involving a better parametrization of the dark energy’, may relax the
upper limit for this sum and thus this result can not yet be excluded. From
the future 33 decay experiments, aiming to reach a sensitivity ~ 0.015 eV
there is a hope to find out new information about the absolute mass and
the nature of neutrinos. k

5. Coclusions

During many years there were indications in favor of the disappearance of
solar v, (solar neutrino problem) or atmospheric v, (atmospheric anomaly).

In the last years there were impressive experimental results for the expla-
nation of these “unexpected” results by neutrino oscillations between differ-
ent flavors. The essential steps forward made in these last years were: the
up-down asymmetry observed in the atmospheric multi-GeV muon events
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in the SK experiment, the confirmation of this result by the K2K terrestrial
experiment, the evidence of transition of solar v, into v, and v; from the
observation of the ¢’s through the detection of CC, NC and ES processes
by the SNO experiment, the evidence of disappearance of reactor 7 in the
KamLAND experiment.

On the other hand many cosmological data allow us to extract strin-
gent limits for the sum of the neutrino masses. However, these limits are
dependent on cosmological models, whose parameters should be properly
fixed.

Direct experiments for measuring the neutrino mass, especially 58 de-
cay experiments remain the only able in a predictible future to provide us
with absolute values of the neutrino masses and nature. In the next future
there is good chance to find answers for the following still unsolved ques-
tions: a more precise determination of the neutrino oscillation parameters
(for instance how small is the #;3 mixing angle (this information is ex-
pected from the large baseline neutrino oscillation experiments); how many
neutrino flavor exist? (MiniBooNe experiment will check soon the LSND
result, which still leaves some room for 4 neutrino flavors); neutrino mass
scale and hierarchy (from improved analysis of cosmological data and direct
measurements of the neutrino mass); nature of neutrino: is it a Majora or
a Dirac particle( from 83 decay experiments).

So, we expect in the next future more answers to fundamental questions
related to the neutrino properties, maintaining this domain of research
among the most exciting ones.
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Here we review some arguments of recent years about the origin of cosmic rays,
both Galactic and extragalactic. The final decision has not been made, but for
Galactic cosmic rays supernova explosions, into a predecessor stellar wind, or into
the interstellar medium are the option explored the most. Other candidates are
microquasars and Gamma Ray Bursts. It appears likely, that the physics of very
massive star explosions, Gamma Ray Bursts, and the origin of cosmic rays is
tightly linked. For extragalactic cosmic rays the situation is even less clear: The
activity by nearby active galactic nuclei is perhaps the most compelling, but the
decay of relic particles seems still quite plausible, while new particles produced in
interactions close to active black holes, or perhaps even near the merger of two
massive black holes are avenues that remain to be investigated. The future work
on this quest remains fascinating.

1. Introduction

Ever since their discovery almost 100 years ago, cosmic rays have challenged
the physics commmunity with both the search to understand their origin,
but also with the attempt to learn more fundamental physics through their
properties.

2. Spectrum of Galactic Cosmic Rays

The basic idea is that particles go back and forth across a shock, with a
small step in momentum gain each time. This is called diffusive Fermi accel-
eration, since the particles go back and forth diffusively. Fermi acceleration
was invented by Fermi and subsequently refined through the explicit use
of a shock wave by many others (Fermi 1949, 1954; Axford et al. 1977;
Krymskii 1977; Bell 1978; Blandford & Ostriker 1978; Ptuskin et al. 1980).
Recent key theoretical work was done by I. Axford, A. Bell, E. Berezhko,
R. Blandford, A. Bykov, L. Drury, D. Ellison, T. Gaisser, F. Jones, R.
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Jokipii, M. Malkov, J. Ostriker, M. Ostrowski, R. Protheroe, V. Ptuskin,
R. Schlickeiser, T. Stanev, A. Strong, H. Volk, and many others. In the ref-
erences we only list a selection of reviews and books, in order to limit space.
Classical references are the books by V. Ginzburg, S. Hayakawa, and W.
Heisenberg. One attempt to collate all data was done by B. Wiebel-Sooth
& P. Biermann, another in the book by P. Grieder.

An early hypothesis was that this acceleration happens in the interstellar
medium near the exploded star, when the shock produced by the explosion
travels through the Interstellar Medium at very high speed. After all, this
shock is directly observable.

Another hypothesis is that acceleration in shocks in winds plays a key
role for cosmic rays (CRs). A general theory was proposed in a series of
papers starting with P. Biermann (1993), based on earlier work with H.
Vélk (1988). This approach gave quantitative predictions, that have held
up so far.

Since the environment of the exploded star is often still under the in-
fluence of the earlier star, both approaches have similarities.

In the concept that particles go back and forth across a shock, the energy
gain/loss of particles of various kinds has several contributions:

o Injection: from the winds of Wolf Rayet (WR) stars, the winds of
red supergiant stars (RSG), and/or the interstellar medium (ISM).
In some approaches these different sites are critical. A variant on
the idea that the injection is from the winds, is that the injection
is from the hot and partally unmixed gas in a hot bubble around
a number of recently exploded supernovae.

e Momentum kick: the Lorentz transformation at a shock with ve-
locity U; scattering with diffusion coefficient x, particle energy E
and charge Z

e Adiabatic loss: in an expanding spherical shock system, in stellar
wind, radial distance r

e Injection history: in a wind of density p ~ r~2, in the interstellar
medium obviously with the local clumpy structure (work by, e.g.,
E. Berkhuijsen)

e Drifts: in curved magnetic fields, in magnetic fields perpendicular
to shock normal, in a stellar wind. The knee is due to a scale change
in the relevant curvature, leading to a small loss in acceleration
efficiency at a specific rigidity E/Z. The line of reasoning about
drift motions, and the associated energy gains has been emphasized
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most by R. Jokipii. An alternate approach is to argue that the
acceleration is enhanced by an instability in the shock (recent work
by A. Bell), leading to much higher magnetic fields and so also
higher particle energies, and that the acceleration just becomes
less efficient at the knee. A third idea is to have the spectrum
straight at the source site to the largest energies, and to bend the
spectrum via a loss from the Galaxy, which depends on rigidity
~E/Z

e Supersonic turbulence: observable in shear, radio polarization in
post shock region, temporal variations: this leads to

Kk ~ Arx AU (1)

An alternate concept is to just use microscopic scale turbulence,
scattering the particles within a very small distance from the shock.
e In winds injection spectrum of E~7/3. In WR winds acceleration
to Z 107 eV, reaching the ankle with heavy elements. In RSG
winds a smaller maximum energy due to the limited size, but the
same predicted spectrum. In ISM injection spectrum of E~242,
The earlier papers give an error estimate of these predictions, a
prediction for the knee energy, and the final cutoff energy (both
proportional to charge Z). In other work, for the explosions into
the ISM the initial spectrum is much closer to E~2. However, in
a standard explosion “downstream” is inside the supernova shock,
and only when the shock disappears do get the cosmic rays released
into the outside world; the final spectrum of cosmic rays injected
into the interstelllar medium is an integral over the accumulated
losses and gains and so different from any instantaneous spectrum;
the spectrum can be curved, and is usually steeper than E~2.
e Reference injection spectrum E~23 to E~24, for one proposal
(P. Biermann et al.), and closer to E~%! for the second proposal
(e.g. H. Volk et al.).

A full description of arguments is in the Calgary review (P. Biermann
1993), in the Tucson review (P. Biermann 1997), and in the Landolt-
Bornstein data listing and review (B. Wiebel-Sooth & P. Biermann 1999).

Alternate recent arguments have been made by A. Bell, P. Blasi et al.,
and H. Vélk et al. The main observable difference is that the injection in
the first approach is slightly steeper than in the second one; this implies
a different interaction scenario, in the material close to the source mostly
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in the first proposal, and distributed across the interstellar medium in the
second one.

3. Transport Galactic Cosmic Rays

Here the basic idea is to rely on ISM data, Solar wind analogy, CR electron
spectrum data, and CR anisotropy, but use the secondary/primary ratio
from spallation as a test of the spallation site.

The original key paper is by N. Kardashev (1962). Electrons are ob-
served to have a spectrum of E~33. In the energy range beyond 5 - 10
GeV electron energy losses by Synchrotron and IC emission dominate over
leakage from the Galaxy, so steepening by unity. Therefore injection with
E~23, Protons/Helium in CRs show E~27. So difference gives leakage en-
ergy dependence as 7, ~ E~93--04 Including error bars and anisotropy
limits gives exponent in 77, ~ E7®L with a; < 0.4. This implies Kol-
mogorov turbulence governs CR transport (A. Kolmogorov 1941). So the
key result is

e Transport 7, ~ E~1/3,

This implies a steepening of the spectrum by 1/3: so for wind final
spectrum E~8/3. The time scale implied has been checked, spallation versus
IC and synchrotron loss. Data confirm very closely the spectrum of E~267,
Other tests have been done with the available KASKADE data (work with
A. Vasile, S. Ter-Antonyan).

The alternative is to seek to resolve the discrepancy between the spal-
lation derived grammage as a function of energy, and the implied leakage
time energy dependence in a reacceleration throughout the medium.

3.1. Spallation Galactic Cosmic Rays

Here first hypothesis, most spallation in region close to an exploding star,
so local turbulence spectrum governed by injected cosmic rays.

Key initial papers are by A. Kolmogorov (1941), R. Kraichnan (1965),
W. Matthaeus et al. (1992) and later; early work was done by L. Prandtl
in the 1920ies and Th. Karman in the 1930ies.

Injecting energy into turbulence at some specific length scale of
wavenumber ko gives usually a spectrum I(k) of energy per volume per
wavenumber of k2 at long wavelengths k < ko, and k%3 at short wave-
lengths & > ko.
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Injecting with lots of power leads to a saturated spectrum of k=1 at
long wavelengths or short wavenumbers, as seen in the Solar wind. This
has also been called an inverse cascade.

Injecting power in a 2D medium, such as dominated by a magnetic field,
gives a k—3/2 spectrum.

The turbulence describing a series of shocks running through a medium
is k=2, a saw-tooth pattern.

However, injecting power at all scales simultaneously (see A. Bell 1978)
with a CR E~7/3 gpectrum at a discontinuity such as a shock, gives a
spectrum of I(k) ~ k~!3/° leading to a energy dependence as

spallation grammage ~ E~5/9

Hirschegg review (P. Biermann 1997), confirmed by V. Ptuskin at the
ICRC 1999 with E~954. A preliminary analysis suggests that 2/3 of the
grammage or more are near the source, and 1/3 or less are in the aver-
age ISM (work with R. Sina, E.-S. Seo). Tests are the precise spectra of
positrons, antiprotons, and of the spallation secondary nuclei.

In the alternate picture this reasoning leads to difficulties, which some
have used to suggest that supersymmetry is required. There may be a
solution by adducing secondary acceleration in the ISM.

4. Predictables and Answers Galactic Cosmic Rays

At the workshop the challenge arose to give answers to a number of ques-
tions. Here we try to give the answers based on the approach by the author.

e Very massive stars explode with about Esy =~ 10°2 erg (work
with G. Pavalas).

e The mechanism of explosion for the most massive stars is the
magneto-rotational mechanism proposed by G. Bisnovatyi-Kogan
1970, following an earlier idea of N. Kardashev 1964; many papers
now G. Bisnovatyi-Kogan & S. Moiseenko 2004 /2005.

¢ Observed knee caused by He and C, and so AE/E = 3. Egpee =
Eqankie(U/c)?. Knee energy universal for all contributing stars, the
WR star explosions.

¢ Inner Galaxy in y-rays corresponding to a CR interaction spec-
trum of E~7/3, outer Galaxy corresponding to a CR interaction
spectrum of E~%3 (work with S. Casanova et al. 2004). TeV
emission predicted to be much more patchy than matter distribu-
tion. This appears to be consistent with both the EGRET and the
MILAGRO results.
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e CR abundances composite of WR stars (some He, all heavy ele-
ments), RSG stars (some H, some He), and some ISM (only part
of H) (work with A. Popescu; here at meeting R. Binns).

e CR power of Galaxy 3 10*! erg/s. Galaxy has wind, with k=2
turbulence spectrum, dominated by shocks (work by V. Ptuskin,
V. Zirakashvili et al., with E.-J. Ahn et al., and L. Caramete).

The most comprehensive approach using the ISM as the main interac-
tion site has been made by A. Strong & I. Moskalenko.

For literature see the many quotations in those review articles and books
listed here at the end.

4.1. Tests

In the next few years we can expect that the new TeV spectra of cosmic
ray acceleration sources may help bring a decision, whether any one of
the proposals above is what Nature chose. A second avenue is the high
precision spectra for various nuclei at relatively high particle energy. And
the ultimate test will be the neutrino spectra of our inner Galaxy.

5. Extragalactic Cosmic Rays

Here we have explored the concept that the radio galaxy M87 can contribute
most at the highest energies, and the radio galaxy Cen A around 10 EeV;
many weaker radio galaxies contribute at yet lower energies. We have
explored in some detail the physics of relativistic jets in microquasars to
active galactic nuclei, in order to understand the cosmic ray role; these
papers are not listed here (work with H. Falcke, W. Kriills, K. Mannheim,
S. Markoff, R. Rachen, F. Yuan, et al.).

An alternate picture is to invoke the decay of some postulated plausible
relic particle (work by D. Schramm, P. Bhattacharjee, G. Sigl, et al.). The
difficulty reconciling the AGASA data and the HiRes data, now again found
in the AUGER analysis, illustrate that the resolution may not come for
some more years.

Tests will be the isotropy of cosmic rays on the sky, the spectra, any
possible directional correlation of ultra high energy cosmic rays with dis-
tant known sources, and any insight on the nature of the particles arriv-
ing. An indirect test will be provided by the modelling of the magnetic
field around our Galaxy, perhaps in an extended halo, perhaps in a large
magnetic wind; for a small number of CR sources such an environment is
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required to isotropize the arrival directions (work with A. Bogdan, L. Ca-
ramete, and A. Curutiu). Just as for Galactic cosmic ray sources, gamma
ray and neutrino spectra as well as their variability characteristics of active
galactic nuclei may provide the ultimate test.

6. Conclusions

The evolution of our understanding of the origin of Galactic cosmic rays
is beginning to show convergence towards an origin mostly connected to
the supernova explosions of very massive stars and their environment. The
possible relation of the origin of galactic cosmic rays and their progenitor
stars to the origin of Gamma Ray Bursts, and the mechanism of explosion
of very massive stars promises just like the unknown origin of extragalactic
cosmic rays to be an exciting field of research in the future.

For the extragalactic cosmic rays the remaining discrepancy between the
different avenues of measurements leaves the debate wide open, between an
activity of cosmologically nearby black holes on one end of the range of
discussion, there mostly M87 and Cen A, and an origin from the decay of
relic particles of some unknown sort at the other end of the range.

Ultimately, this physical understanding can hopefully be used to deepen
our understanding of the fundamental physics of matter.
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THE MYSTERY OF THE HIGHEST ENERGIES IN THE
UNIVERSE
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The present status of the experimental research looking for the end of the cosmic ray energy
spectrum and the some aspects of this question are briefly discussed

1. Introduction

Our Universe is filled with many kinds of radiation: Electromagnetic radiation
and particles in a broad range of wavelengths and energies, respectively, visible
and invisible for our eyes. Some of the radiation is produced in stars and
galaxies, while some is the ubiquitous cosmological background radiation, a
relic from the cosmic evolution starting with the Big-Bang (as we believe in
terms of the standard understanding). Among all these radiations, the most
energetic are cosmic rays particles, dominantly protons, helium, carbon,
nitrogen ... up to Fe ions in a appreciable amount. They continuously bombard
our Earth from the cosmos by an isotropic stream of high energy particles.

Roughly once per second, a subatomic particle enters the Earth's
atmosphere carrying as much energy as a well thrown rock. That fact implies
that there are somewhere in Universe forces that can impart to a single proton
100 millions times the energy achievable by the most powerful Earthbound
accelerators.

Cosmic rays were discovered in 1912 by the Austrian Victor Hess through a
series of balloon flights, in which he carried electrometers to over 5000 m
altitudes. Nowadays we know that the energy spectrum of these particles
extends from 1 GeV to beyond 10° eV (or 100 EeV), the highest energies of
known individual atomic particles in the Universe.

But we have only a rudimentary understanding where these cosmic particles
are coming from, how they are accelerated to such high energies and how they
propagate through the interstellar space. The difficulty is that cosmic rays are
overwhelmingly charged particles (stripped nuclei), and the galactic magnetic
fields are sufficiently strong to scramble their paths. Perhaps except at highest
energies cosmic rays have lost all their memory about the location of the
emission sources, when they eventually arrive the Earth’s atmosphere. Hence
the only observable quantities, which may give us some information are the
energy distribution and the elemental compesition of primary cosmic rays,
at highest energies eventually with deviations from isotropic incidence. The
experimental determination of these observables are topics of contemporary
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research and of current interest, especially in regions which exceed the energies
provided by man-made accelerators [1].

The rather featureless energy spectrum of primary cosmic rays comprises
more than 12 orders of magnitude in the energy scale. The flux of primary
cosmic rays falls from 1 particle/m*s to 1 particle/lkm’/century at the highest
energies. It follows an overall power-law (e< E*7) with a distinct change of the
index to (e< E™) around 3-10'° eV, called the ,knee®. This feature and other
discontinuities are more distinctly displayed, when the flux is multiplied with
the power law dependence of the flux (Fig.1). The origin of the knee is still not
consistently explained, though discovered 40 years ago by German Kulikov and
George Khristiansen from the Moscow State University with studies of the
intensity spectrum of Extensive Air Showers (EAS), of the so-called shower
size, which roughly reflects the primary energy [2].

A great deal of interest and current efforts concern the shape of the
spectrum in the EeV — region, i.e. above 10'® ¢V, where the spectrum seems to
flatten (“ankle”), especially around 5-10'° eV. There is the theoretically
predicted Greisen-Zatsepin-Kuzmin (GZK) cut-off originating from the photo-
interaction of protons with the 2.7 K background radiation. The AGASA
experiment in Akeno (Japan) [3], in particular, but also others, has shown that
this limit may not exist. Other experiments see a tendency for the GZK cut-off.
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Figure 1. The primary energy spectrum of cosmic rays.
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This fact (and the controversary features) is an issue of extreme
astrophysical and cosmological relevance. This lecture will be particularly
focussed to these highest energies. One should realise that the energy range we
are considering is many orders of magnitude higher than of artificial
accelerators on Earth.

Something is hurling incredibly energetic particles around the universe. Do
these particles come from some unknown superpowerful cosmic explosion?

From a huge blackhole sucking stars to their violent deaths? From colliding
galaxies? From the collapse of massive invisible relics of the origin of the
Universe? We don't yet know the answers!

2. Methodical Features and Techniques

Above 10" eV the techniques used to study cosmic rays employ the
phenomenon of Extensive Air Showers discovered independently by Auger and
Kohlhorster in 1938 [4,5].

An extensive air shower is a natural phenomenon of our environment that
happens when a high energy particle from the cosmos enters into the Earth
atmosphere and dissipates the energy by multiparticle production. Thus the
atmosphere acts globally as a particle multiplier and enables the detection of the
rare single particle by large-area ground-based detector arrays.

Most of the produced particles in the hadronic interactions are pions and
kaons, which can decay into muons and neutrinos before interacting, thus
producing the most penetrating component of atmospheric showers. The most
intensive component - electrons and photons - originates from the fast decay of
neutral pions into photons, which initiate electromagnetic showers in the target,
thus distributing the originally high energy over millions of charged particles.

The backbone of an air shower is the hadronic component of nucleons,
pions and more exotic particles. The electromagnetic component is
accompanied by an additional EAS phenomenon, the production of atmospheric
Cerenkov light which carries further irformation about the shower
development.

However, in ground-based experiments, in general, we are not in the
situation to see the longitudinal development, we observe only the developed
status of the air shower cascade at a certain observation level. From the
observables there, that means from the intensity, the lateral and eventually the
energy distributions, we must deduce the characteristic properties of the primary
particle.

The analysis of the observations invokes extensive Monte Carlo simulations
of the development of air showers. They serve as references for pattern
recognition methods considering the correlations (multivariate distributions) of
the observables [1].

In an EAS experiment the lateral distributions of the particles are sampled
by more or less regular arrangements of a large number of various types of
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particle detectors: scintillators, streamer tubes, gas counters, water - Cerenkov
detectors. They cover only a small fraction of the total area. An example of a
modern experiment of this kind is the KASCADE (-Grande) experiment [6] in
Forschungszentrum Karlsruhe, which attempts to explore the region of the knee.
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Figure 2. Schematic display of the structure of Extensive Air Showers.

3. Air Fluorescence Technique

For the experimental research at higher primary energies above 107 eV, we are
discussing briefly an efficient method applicable there, which informs even
about the longitudinal development of the EAS: Air fluorescence observations.
The technique relies on the fact that an ionising particle can excite N;
molecules in the atmosphere, Such excited molecules emit fluorescence photons
(typically within 10 to 50 ns after excitation: rigorously speaking it is
“luminescence”). The optical fluorescence come from various bands of
molecular nitrogen of the molecular nitrogen ion, with light emitted between
3000 and 4000 A, which happens to be the wave band for which the atmosphere
is quite transparent. The attenuation length is approximately 15 km for vertical
incidence. The fluorescence yield per particle is mildly dependent on altitude.
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An EAS of 10" ¢V has more than 100 millions of electrons in the shower
maximum, so that there are many fluorescence photons, even with 0.5 %
fluorescence efficiency.

The fluorescence light is isotropically emitted and can be detected at large
distances from the shower axis. Thus it can be distinguished from air-Cerenkov
light which is induced by the fast electrons and is emitted in forward direction,
confined to near distances from the shower axis. The problem is to identify the
weak light traces from a 40-Watt glue ball, flying some microseconds through
the atmosphere in some kilometres distance.

The effective area for recording showers is very large as compared with
conventional detector arrays and compensates the low duty cycle resulting from
observations only on clear dark moonless nights. There are special techniques
used for discrimination against night sky background and terrestrial light noise.

The fluorescence light (a flash of a few microseconds of duration) is
collected using a lens or a mirror and imagined to a camera, located in the focal
plane. Essentially the camera is an assembly of a large number of photo
multipliers, each looking to a certain region of the sky. The camera pixelizes the
image and records the time interval of the light arrival in each pixel element. We
just inspect in Fig. 3 an air fluorescence felescope prepared in
Forschungszentrum Karlsruhe and installed as a building stone of the Pierre
Auger detector [7] in Argentina for studying the highest energies.

Figure 3. Fluorescence telescope assembled for the Pierre Auger Observatory [7].
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The detector is in fact a large area spherical mirror telescope of 11 m?
collecting area of aluminum segments, assembled with a correcting lens
(Schmidt optics), covering a field of 30° x 30°. The camera is an assembly of 20
x 22 photomultipliers in the focus. The light trace is stored by a digital film in
100 ns distances .

From such traces together with the timing information, or more accurately
by a stereoscopic procedure using two telescopes , the longitudinal development
of the extended air shower in the atmosphere could be reconstructed. The
fluorescence technique has been developed and effectively used by the Fly's
Eye detectors installed in Dugway, Utah, 160 km from Salt Lake city, US [8].

4. The Spectral Region of the Ankle and Above

There the first remarkable feature results from the interaction with the 2.7 K
microwave background radiation filling the universe. Above a certain threshold
the cosmic particles interact with these photons, which appear to be blue-shifted
to high gamma ray energies. For protons at about 5-10'° eV these gamma rays
reach 300 GeV and start photo production of pions and cool down the proton in
this way:

ptyxk—=A >p+n’(@m+n’)

That is the Greisen—Zatsepin—Kuz'min (GZK) spectral cut off [9]. The
consequence is that above 5:10' eV, the cosmic radiation have rather short
attenuation lengths, in the order of, say several tens Mpc and the Universe gets
relatively opaque for them. To state this more explicitly: It is impossible for
ultrahigh energy cosmic ray (UHECR) particles to reach us from sources whose
distance would exceed 100 Mps, unless rather exotic particles or interaction
mechanisms are envisaged.The size of 100 Mps is roughly the size of our local
supercluster, the home of our Galaxy in the Universe.

A second feature is related to the chemical composition of ultrahigh energy
primary cosmic rays. If the highest energy cosmic rays would be mainly
protons, as some experimental results are tentatively interpreted, the trajectories
of single charged ultrahigh energy particles through the galactic and extra-
galactic magnetic fields (which are believed to be in the order of pG and nG,
respectively) get no more noticeably deflected over distances limited by the
Greisen-Zatsepin-Kuzmin cut-off. Typically the angular deviation of a 10°° eV
proton from a source of 30 Mps distance would be about 2 degrees. In other
words, above the cut-off, the direction of incidence of such particles should
roughly point to the source: Proton astronomy should become possible to some
extent, defined by the box of the consequences of the cut-off. However, looking
in our astrophysical surroundings, the number of objects within a few degrees of
the observed arrival directions and within a distance of a few Mpc is quite
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limited, if such objects should be able to accelerate particles to such extremely
high energies at all. Some short remarks about that in a moment.

What is the present experimental knowledge? The data around the ankie
and above come from a few large-aperture ground based detector arrays with
two types of techniques. Alternatively to particle detector arrays [3,10] the
observation method based on the nitrogen fluorescence is used [8,11].

Figure 4 displays the highest energy region of the cosmic ray spectrum as
observed by the AGASA detector (1999) [3]. The figures near the data points
indicate the number of events and the bars show the 90% confidence level. The
energy spectrum is multiplied by E°, so that the part below 10'® eV becomes
flat. The ankle structure becomes evident and the deviation from the cut-off
predictions. “Impossible” events beyond the cut-off (see Fig.4) seem to be
existing! There are of course large error bars, but the tendency is confirmed
when other 13 events are included, detected by other detectors.

.20

10 - T T 17777 T T 1T T T T7T7T] T
AGASA ;
o~ 3 ]
jo]
'Th 1025 g -
B 7
C\"w ad *"'."a’--."i * #
.E.. a
[+2]
w102 -
U}_J-',  esenni Uniform sources :
238 4 4 oyl ; ]

10

Energy [eV]

Figure 4. Highest energy region of the cosmic ray spectrum [3].

It should be noted that first results of the Pierre Auger Observatory,
communicated at the 29" ICRC in Pune, India, 3-10.August, tentatively agree
with results of the HiRes detector, which, in contrast to the AGASA results, do
not find events beyond the GZK cut-off within the actual statistical accuracy.

Such trans-GZK UHECR events would finally constitute a mystery, when we
ask: Where are the sites and what are the acceleration mechanisms being
capable to impart energies of macroscopic orders ( in the most energetic case of
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3. 10% eV: 50 joules) to a microscopic particle. Many processes have been
proposed., where in a astrophysical plasma large scale macroscopic motion is
transferred to individual particles, for example in a turbulence and by shock
waves. The crucial role is played by the size of the acceleration region and the
magnetic field embedded in the plasma and keeping the gyroradius of the
particle in the acceleration region. That depends also from the velocity B of the
motion.

In the conventional approach of shock wave acceleration by the Fermi
mechanism, say in supernova remnants, § is in the order of 0.01. This is usually
demonstrated by the so-called Hillas plot [12] (which neglects various sources
of possible energy losses). It shows that we hardly find objects which might be
able to accelerate cosmic rays beyond the 10%° eV limit.

If all parameters related to the question are taken into account, one has to
admit that none of the proposed scenarios seems fully convincing. In addition
we have to keep in mind that the sources should be nearby in cosmological
scales. Within the present statistical accuracy the data do also not show a
distinct correlation with nearby point sources. There are only two potential
candidates: the radio galaxy M87 in the Virgo cluster (about 20 Mpc away) and
the radio galaxy NGC 315 at about 85 Mpc.

In order to associate some observed UHECR with this source it has been
assumed that the two cosmic particles registered with the highest energies
(210% eV and 3.2:10%° eV) are He particles. When such a hypothesis of a
galactic wind accelerator would turn out to be real, proven by larger statistics,
we would have discovered a gigantic accelerator reaching energies many orders
of magnitude higher than any conceivable man-made machine.

However, if future studies would exclude “conventional” astrophysical
acceleration mechanisms, one would need to consider another class of theories
proposed as possible explanation, so-called “ top-down” processes, where even
the violence of the Lorentz invariance has been considered. Most of the top-
down models consider the possibility that UHECR arise from decay of some
super-heavy X particle whose mass is in the Grand Unification range ( 10% eV)
produced during some phase transition period during the early Universe. The
models differ mainly, how to produce the density of X particles to fit the
UHECR observations and their survival since some 10° s after Big Bang. One
should mention that such models (“one new suggestion per week”) have quite
specific features and experimental signatures (spectrum and mass composition)
so that a discrimination appears to be not impossible, provided the experimental
knowledge could get increased. That is just our challenge for the next generation
of detectors with large apertures!

5. The Next and Over-Next Generation of Detectors

The next detector is the Pierre Auger Obsetvatory with 14.000 km® sr aperture
over two sites (30 times the size of Paris), one in each hemisphere. The
installation of the Southern observatory has started in 2000 with a prototype
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array of 55 km’ and an air fluorescence telescope, near the small town of
Malargiie in the province of Mendozza, Argentina. In final the site will be
equipped with 1600 detector stations (12 m® tanks filled with water detecting
Cerenkov light produced by secondary particles), distributed in a grid with 1.5
km spacing. Four “eyes” composed of 33 air fluorescence telescopes will view
3000 km® of the site and measure during clear moonless nights i.e. with a duty
cycle of 10 % the giant showers through the fluorescence generated in air.

This hybrid detector provides unique advantages. A subsample of 10% of
the total number of events simultaneously observed with both techniques,
enables a cross calibration and yield an unprecedented quality for shower
identification. It is expected to detect some 60 to 100 events per year above 10
eV, and 100 times more above 10" eV.

measurament

- 4 Fluorescence stations: 184° x 30° by 4 ® & Telegcopss
< 1800 Water Cherenkov-Tanks: 1.5 km Grid; 3800 kim?

Figure 5. Hybrid layout of the Southern Pierre Auger Observatory {7].

The Pierre Auger Observatory was just started by a collaboration of 19
contributing countries, and the community looks already forward to the next
generation of detectors. There is less doubt that this will be an airborne detector
observing the giant shower development in the atmosphere with a huge aperture
quasi “from above”. This is envisaged with the EUSO project [13]: fluorescence
detectors installed on the International Space Station. Another proposal is a
balloon borne project using the Antarctic ice as reflector of Cerenkov light [14].
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Such projects are particularly interesting, when in few years the Pierre
Auger Observatory will have shown that the spectral cut-off exceeds the present
reach and that larger statistics is necessary for studies of the focal points of
Extremely High Energy Cosmic Ray Observations. However, the lesson of the
advanced studies [1] of the knee region like with KASCADE, that the
investigation of the
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ppr onch from all directions thongh a galactic magnetic ficld
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way, hecause the particles otherwise lose energy by thé interaction with
tiversal microwaye background. left-from the birth of the cosmos
the big bang,?’ (James W Cronin)
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OF CURRENT STUDIES OF EXTREME ENERGY COSMIC RAYS

The change of the spectral index at the “ankle”
Change of the production mechanism?
Change in-elemental composition?

Change of the interaction processes?

Evidence for the existence of CRs with the energy >10% ¢V

What is the maximum CR energy , if there is any limit at all. ?.

Figure 6. Focal points of UHCR investigations.

far-reaching astrophysical aspects by EAS observations has to be accompanied
by a serious and quantitative understanding of the hadronic interactions in that
energy range. That is the other side of the medal of all necessary efforts!

Without that, even the energy determination of EAS and scale of the
spectrum may remain finally under debate! This debate got recently some new
impact since the HiRes collaboration presented a new calibration inducing some
doubt on the non-existence of Greisen-Zatsepin cut-off.

6. Conclusions

The most remarkable feature of the cosmic radiation is that the investigators
have not yet found a natural end of the energy spectrum, albeit with decreasing
intensity. We do not know the cosmic source of such a radiation, and the
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features establish a mystery of great cosmological relevance at the frontier of

natural science.
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The cosmic ray experiment KASCADE, set up in Forschungszentrum Karlsruhe, Germany as a multi-
detector installation, studying the electromagnetic, the muonic and the hadronic extensive air showers
(EAS) component for each observed shower event, has explored the primary energy spectrum and the
mass composition of cosmic rays in the energy range of the so called ,.knee* (around 3 PeV). The multi-
dimensional analyses reveal a distinct knee (change of the spectral index of a power-law description) in
the energy spectra of the light primary cosmic rays and the dominance of heavy particles with increasing
energy. This result provides some important implications, discriminating various conjectures and
astrophysical models of the origin of the knee. The KASCADE-Grande experiment is an upgrade of the
KASCADE experiment extending the detection area by a factor of 10. It is motivated by studies of a
higher primary energy range, looking for the knee-like features of the heavy components, which are
expected to appear in the range of 100 PeV. The lecture describes details of motivation, of experimental
lay-out and of first studies with KASCADE-Grande.

1. Introduction

The energy spectrum of cosmic rays comprises more than 12 orders of magnitude,
up to 102 eV, following overall power laws, decreasing first oc E7, with a distinct
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change of the spectral index around 10" eV, called ,,knee* and a further change,
called ,,ankle* at ultrahigh energies [11, see Fig. 1.

At energies higher than 10" eV, the observation of Extensive Air Showers
(EAS) produced in the interaction of cosmic ray particles with atmospheric nuclei,
can be done only by indirect observation with large surface experiments. From the
lateral and longitudinal development of the particle cascades the energy and the
mass of the primary particle can be inferred. The main EAS components are muons,
hadrons and €', €, y, usually observed by large arrays like KASCADE [2,3],
recently upgraded to KASCADE Grande [4,5].

The analysis of EAS observables to deduce properties of the primary particles
relies on comparison with Monte Carlo (MC) simulations of the shower
development, performed with the CORSIKA program [6], including the detector
response. Using multivariate parameter distributions and advanced statistical
methods, like Bayesian decision method [7] or neural network approaches [8], it is
possible to infer the energy spectrum and mass composition of cosmic rays.

10}93 T T T fllff! ¥ T ¥ lll}{l T T T T FTTT T T T f"‘ll;
= + PROTOM B HASCADE (QGSIETOY o Akeno g
- % KASCADEH ) .
- - « RUNIOB N KASCADE He a Hiflest -
10" . * KASCADE heavy o HiResH =
= w direct data KASCADE (SIBYLL 2.1} &
- KASCADE H v AGASA 3

KASCADE He
KASCADE heavy

Flux E 2° JE) (m “sec Tsrotev ')

Vo o 4
10 = a?nnu E
= L2 1 -
= '.:!:,,D =
” 'lu””gﬁb P
10’5 = T 4 Bag . =
£ edle, 000000 o 4t E
3 s 4 ta =
- Y- ‘18 P -
- Tevatron b0 4
14
10 " &
]0i3 d et el i RETIT N RNIT)
1013 !Gld 10!5 ‘olﬁ 1017 ]018 1019 1020 ]021

Energy  (eV/particle)

Figure 1. Primary cosmic ray flux covered by KASCADE and KASCADE Grande indicating the knee of
the light component and the expectation for the heavy on (from Ref. [9]).
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2. The KASCADE Experiment
2.1. Results of KASCADE Data Analysis

The KASCADE experiment, located in FZK, Germany (8°E, 49°N and 110 m a.s.1.)
is the main part of KASCADE-Grande, being able to measure all three main
components of EAS for primary energies 10'*-10'¢ eV, (Fig. 2).

It consists of an array spanning 200 m x 200 m with 252 scintillation detectors
(with detection threshold for electrons E.> 5 MeV and for muons, E,> 230 MeV), a
central detector, 320 m’, (formed by a hadronic calorimeter using liquid ionization
chambers, a trigger plan of scintillation counters in the third layer and at bottom, 2
layers of position sensitive, MWPC and Limited Streamer Tubes, LST, for muon
tracking at E,> 2.4 GeV) and a muon tracking detector MTD, (in a 44m x 54m x
2.4m tunnel, using limited streamer tubes MWPC, E,> 0.8GeV).

For an approximate energy identification, the KASCADE experiment uses the
truncated muon number, N,‘", the muon intensity integrated between 40 m and 200
m from the shower axis, as simulations studies have shown a nearly independence of
this estimator on the primary mass.
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Figure 2, Schematic layout of KASCADE-Grande experiment (from Ref. [9])



247

1 ; T T T = 35 T T
g os b QGSJet i Samst 0GSJet'  VENUS
: . NN o NN
é 08¢ :% E 3F % Bayes O Bayes
‘é 07 ¢ s Fe & 276 E
§ 0.8 ¢ E 25 ¢ E

05 F : 225 F

oo R T

oaf [ 175 |
e

D2 P A |.—§-—| - 15 ¢ -
01 & < 125 b E
o Bl i ot \ T N £ i L i\ i
] 6.25 BY 878 7 & 625 6.5 B35 T

IGIE/Ge V) IGIEXGeV]

Figure 3. The relative abundances of the classes H, O and Fe vs. log N,”, reconstructed on the basis of
two hadronic interaction models and using the EAS observables N, and N,". The right graph shows the
corresponding mean logarithmic mass < InA> vs. N, (from [8]). Statistical (thick) and methodical (thin
lines) uncertainties are indicated as error bars.

The most powerful quantity measured by KASCADE about the primary mass is
the correlation between the electron size and the muon component.

The non-parametric statistical methods can be used to explore the significance
of the observed features for a discrimination of different EAS primaries, by applying
Bayesian decision rules {7] or neural networks [8], (Fig. 3).

The data indicate a mixed composition [8] which becomes heavier above the
knee.

2.2. Main Conclusions from KASCADE Data

Using CORSIKA code for different hadronic interaction models, studies of some
hadronic observables indicate that the QGSJET seems to be more adequate [1].

Different procedures of analysis lead to the interesting result that the knee is a
change of the spectral index in the all-particle spectrum due to the light component.

A change towards a heavier composition above the knee is expected in
acceleration models, where the knee is supposed to be rigidity dependent. A
verification of this model would be the observation of the knee in the heavy
component in a primary energy region around Eo = 10'7 ¢V.

The question where is the knee of the iron component [9,10], determined the
extension of KASCADE to KASCADE-Grande.
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3. The KASCADE Grande Experiment
3.1, Description of KASCADE-Grande Array

KASCADE Grande covers a large area of detection 0.5 km?, (Fig. 2), making
possible to measure EAS produced by primaries cosmic rays with energies 10"eV-
10"eV. It consists of three arrays: KASCADE (previously described), Grande and
Piccolo [5,6].

Grande is formed by 37 stations at a distance about 130 m on an area of 0.5
km®. Each of 10 m’ station is split into 16 individual scintillators, 80 cm - 80 cm
area, 4 cm thick. Each scintillator is viewed by photo-multipliers for timing and
particle measurements, with a dynamic range of 0.3 to 750/10 m™ mips.

Piccolo consists of an array of 8 huts (10 m* each), with 12 scintillator plates
each. The aim of Piccolo is to provide an external trigger to KASCADE and Grande
for coincidence events, allowing the recording of data from all detectors of
KA]%SCADE-Grande. A trigger condition of 1 Hz will provide an efficiency € > 0.6 at
107 eV.

The basic observables obtained from both KASCADE and the new detectors
from KASCADE-Grande are the following: the shower core position, the angle-of-
incidence, the total number of charged particles, given from Grande array data, the
muon density, p,, the reconstruction of the total muon number, provided by
KASCADE muon detectors, the lateral electron density profile from the extended
electromagnetic array and the total electron number (by subtracting the muon
number from the charged particle number), the reconstructed production height, h,,
from the tracking modules,

3.2. Results of KASCADE-Grande data

Figure 4 (left) shows for a single shower, the lateral distribution of electrons and
muons measured by KASCADE and the charge particle densities measured by the
Grande station [9]. The good agreement between the two sets of data indicates the
capability of KASCADE Grande experiment and the high quality of the data.

For simulated H and Fe showers at 107V primary energy and 22° zenith angle,
the reconstruction accuracy of the shower core position and direction is in the order
of 4 m (13 m) and 0.18° (0.32°) with 68% (95%) confidence level. For both
primaries, the statistical uncertainty of the shower is around 15%.

The critical point of KASCADE-Grande reconstruction is the estimation of the
muon number due to the limited range of KASCADE muon detectors. The
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systematic uncertainty of the muon number depends on the radial range of the data
measured by the KASCADE array and the chosen lateral distribution.
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Figure 4. Left: particle densities in the different detectors of KASCADE Grande measured for a single
event (from Ref. [9]); Right: the comparison between KASCADE and KASCADE-Grande data for a
combined test-run {from Ref. [9])

Figure 4 (right) compares the correlation of the electron and muon distributions
for KASCADE and KASCADE-Grande in a 1-day test-run [9]. Due to the larger
area of KASCADE-Grande, about 10 times larger than KASCADE array, the
numbers of showers increases significantly at primary energies approximately 10
times higher.

3.3 Event-by-event Studies

Based on the SHOWREC program [10] to reconstruct the charged particle
component for KASCADE-Grande taking into account the response of the Grande
detectors, extensive studies have been done to explore features for energy estimation
and mass discrimination around 10'7 eV [11]. A set of H, C and Fe induced EAS
have been simulated with CORSIKA program for hadronic interaction QGSJET
(CORSIKA version 6.023), distributed randomly over an angle-incidence range 0°-
45°% calculated with a spectral index of the power-law slope of —2.0 for 8 energy
ranges from 10'® eV to 10" eV. The reconstructed charged particle density in a
range 500-600 m from the EAS center, observed with KASCADE-Grande array
was found sensitive to the energy of the primary particle with a relation nearly
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independent from the primary mass. The observables S*°/S*° and the charged

particle number N, %% can be used for energy estimation.
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Figure 5. Left: the energy variation of the mean value of Ig N,'™®® corresponding to single events
showers, the error bars represent the statistical errors (from Ref. [11]). Right; the N, 7% . N,/'*%®
correlation for selected energy ranges (from Ref. [11]).
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Figure 5 (left) displays the energy variation of lg N,***%% of 400 reconstructed

showers in the energy range 10'*-~10'® eV, the energy variation of the mean value
indicates no variation between different primaries, but appreciable fluctuations.

While the lateral distribution of EAS particle in the radial range of 500-600 m
does practically not show significant differences for different primary masses at the
same primary - energy, the region 100-200 m exhibits features for mass
discrimination. S'%%/S*® or the particle number Ng,'** could play for KASCADE-
Grande a similar role as the electron size N, in KASCADE experiment, which has to
be correlated with an observable representing the muon component, a muon number
N,“7% integrated on the fit range 40-700 m.

Figure 5 (right) compares the relevant correlation for mass discrimination
N0 79N, ' in selected energy ranges, indicating a better mass discrimination
for higher primary energies.

4. Concluding Remarks

1. The extension of KASCADE to KASCADE-Grande experiment, accessing
higher primary energies, is expected to prove the existence of the knee-like
structure in the heavy component.

2. KASCADE-Grande experiment [4,5] keeps the multi-detector concept of
KASCADE, but for a larger area of detection, being possible to test
different interaction models for primary energies 10'°¢V—~10'"%¢V.

3. The first measurements of KASCADE-Grande, in comparisons with
KASCADE [9], shows the capability of KASCADE Grande to perform
unfolding procedure like in KASCADE and the high quality of the data.

4, Event-by-event studies give the charged density $*/S°® and the charged
particle number N, 0960 with similar dependence for all primaries,
indicating such observables as suitable for energy identification [11].

5. The correlations of the reconstructed particle density S'/S*® or the
particle number N> with a muon number N,**77%, integrated on the
fit range 40-700 m, presents features for mass discrimination being
analogous to N,“~N, correlation used in KASCADE experiment [11].

6. KASCADE-Grande provides the environment detecting radio emission in
extensive air showers, what is the aim of LOPES project [12].
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PROSPECTS FOR THE DETECTION OF HIGH-ENERGY
COSMIC RAYS USING RADIO TECHNIQUES®

AM. VAN DEN BERG

Kernfysisch Versneller Instituut, Rijksuniversiteit Groningen, Zernikelaan 25
NL 9747 AA Groningen, the Netherlands

The determination of the origin of cosmic events with energy beyond 10'® eV remains a
challenge in cosmic-ray physics. To determine the nature of these particles, their origin,
and the way they are being accelerated, requires new efforts where radio detection will
play a crucial role. Recently, the LOPES collaboration employed techniques based on the
detection of geomagnetic synchrotron radiation. They achieved the first calibration
between conventional techniques and digital radio. The cosmic-ray induced emission
mechanism in more dense and radio-transparent media is called the Askaryan effect,
presently exploited or under study at several experiments. [ will discuss the initiatives
from the Netherlands UHE Cosmic-ray Community (NUCC). At AUGER, we anticipate
to deploy antennas from the radio telescope LOFAR using the 100% duty cycle of radio
as a clear advantage. Both at Auger and at LOFAR itself, radio will be used to get
additional information on the shower development in the atmosphere leading to a better
understanding on the very origin of these rays. LOFAR will also be used to detect radio
signals emitted during the impact of cosmic events on the surface of the Moon. Finally,
the existence of salt domes in the northern-eastern part of the Netherlands offers the
possibility to detect neutrinos in rock salt.

1. Cosmic Rays in the Year 2005: pushing back the frontiers

This year, the World Year of Physics, marks important events in the field of
ultra-high-energy (UHE) cosmic-ray (CR) physics. From many, I mention only
a few. Of course, the biannual International CR Conference in Pune
(ICRC2005) is a highlight; others are the inauguration of and the first data from
AUGER [1], being the largest CR experiment in the world. And finally, the first
calibration by the LOPES collaboration [2] of radio signals using coincidence
data from surface detectors is a land-marking event, opening a new window of
opportunities in CR physics, eventually leading to new and advanced detector
systems. In the early years of CR research, important contributions were made
using rather simple pieces of equipment [3]. Hess ascended balloon-born

" This work was performed as part of the research program of the Stichting voor Fundamenteel
Onderzoeck (FOM) with financial support from the Nederlandse Organisatie voor
Wetenschappelijk Onderzoek (NWO).
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electroscopes into the atmosphere and concluded from their rapid discharge,
that we are constantly bombarded by ionizing particles. Millikan, studying the
nuclear interactions between these ‘rays’ and atmospheric nuclei, was the name
giver for these ghostly events, and because of their extraterrestrial nature, he
called them ‘cosmic rays’. Also Auger and his collaborators used rather simple
equipment, Geiger-Muller counters, separated from each other by about 100 m,
leading to the discovery of extended air showers (EAS’s), a concept which has
led to the construction of the largest detector areas in the world. Using EAS
detectors, it was Linsley and his colleagues in New Mexico, who discovered in
1962 the first CR with energy larger than 10%° eV; ever since scientists (of
different kind: physicists and astronomers alike, united in the field of
astroparticle physics) are hunting for these extremely high energy events and are
building models to explain them.

2. The quest for events around and beyond 10*° eV

One of the aims of the most recent experiments in high-energy astroparticle
physics is to discover the sources of UHE CR events which have been detected
with various detector systems [1,4,5] especially beyond the critical limit of
6x10'° eV, known as the Greisen-Zatsepin-Kuzmin (GZK) limit [6]. This limit
is related to nuclear scattering processes between a proton and the abundant 2.7
K cosmic microwave background photons. In case the CR is a hadron, traveling
to us over a distance of more than 100 Mpc (thus from an extra-galactic origin),
it will almost certainly interact on its path with cosmic microwave background
photons. Because of this interaction, the kinetic energy of the ray will drop
below the GZK limit and therefore the detected flux should sharply diminish
beyond this limit. In case the GZK limit holds for UHE CR’s, as supported by
the HiRes data [4] (see Fig. 1a), there should be a flux of UHE v’s, produced
through this scattering process, peaking at an energy just below this critical
limit. On the other hand, in case the UHE CR spectrum continues to follow a
more or less constant power-law behavior as suggested by the AGASA [5] and
AUGER [1] data (Fig 1b), it may point either to very nearby sources of UHE
CR’s with a chemical composition of these UHE CR’s close to iron nuclei, or to
new physics at the highest energies. In this last scenario the decay of relics from
the Big Bang has been proposed as the source for these UHE CR’s, which
therefore at the same time could also be a source of UHE v’s {7]. So both the
presently apparent inconsistency in the flux spectrum of UHE CR’s and the
predicted existence of UHE v’s [8], calls for new initiatives, e.g. looking
specifically for UHE v’s or extending existing CR set ups. At the highest
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energies, V’s are the only events which can travel over cosmological distances
without being distorted by scattering or absorption processes; nor are they
deflected by intergalactic or interstellar magnetic fields. Therefore, a UHE v
telescope with a good pointing accuracy provides the unique opportunity for
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Figure 1. Flux spectra for UHE CR’s. Panel a shows the recent compilation from the HiRes
experiments (taken from Ref. [4]); the thick solid line shows a fit to the data using a double-
broken power-law spectrum, with an indication for the GZK cutoff. Panel b displays the first
estimated energy spectrum from AUGER (taken from Ref. [1]), where dI/dInE = EdI/dE. The
Auger data can be described by a single power-law spectrum.
precise backtracking to the cosmological sources. If we summarize the present
situation in the field of UHE CR physics, we conclude that many theoretical and
experimental efforts are taking place, but that the fundamental questions remain
unanswered: what is the nature of the CR’s, what is their composition, what are
the cosmological sources, and will we identify UHE extraterrestrial v’s? The
recent rapid development of digital radio offers new opportunities for this field,
taking advantage of the special properties of radio signals, such as the frequency
spectrum, the correlation with magnetic fields and the polarization degrees of
freedom.

3. Radio as a tool to listen into CR’s

The use of radio techniques [9], being one of the tools to get more information
on events happening in the cosmos, goes back to the Inter-bellum, when Jansky
at the Bell laboratories investigated at a wavelength of 15 m atmospheric
disturbances. He concluded that, in addition to local and remote thunderstorms,
extraterrestrial sources located in the direction of the center of our Galaxy could
be detected using rather simple radio equipment. Signals received with radio
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antennas or telescopes, can be of various nature. The most important

mechanisms responsible for observed radio signals are: 1) blackbody radiation
where the temperature of an astronomical object is an essential parameter, 2)
synchrotron radiation where the direction and strength of magnetic fields are
important, 3) Cherenkov radiation caused by fast moving charges in dielectric
media, and 4) human-induced radiation, e.g. radar signals reflected from remote
bodies. All these different radio signals have specific properties, e.g. with
respect to the shape of the spectrum as function of frequency, or to the existence
and direction of polarization. For our present discussion coherent emission of
synchrotron radiation and Cherenkov radiation is important.

3.1. Coherent Synchrotron Radiation induced in the Earths atmosphere

The standard techniques for the detection of UHE CR’s rely either on EAS
detectors which are located on the Earths surface over large areas (many
squared kilometers) or on imaging techniques where fluorescence light from
excited air molecules are detected with optical telescopes. The detection system
of Auger [10] encompasses both the detection of EAS’s by 1600 ground-based
water tanks and the tracking of fluorescence light emitted by the ionization trail
in the atmosphere using 24 optical telescopes. The covered area of Auger south
in the Mendoza Province in Argentina will be 3000 km?; a site in Colorado in
the USA, having the same area has been selected this year. Therefore, by and
large Auger will be the leading experiment in CR physics for the next decade.
Recent results [11] using radio techniques for the detection of CR’s in the
Earths atmosphere make it possible to open a new window of opportunities for
CR physics. Within EAS’s leptons gyrate in the magnetic field of the Earth, thus
emitting synchrotron radiation. The thickness of an EAS is only 1 m, leading to
coherent emission at small enough frequencies (less than 100 kHz). This
coherent emission with a strength of about 1 pV/m/MHz can easily be detected
with simple radio antennas. The new digital radio telescope LOFAR {12]
operates in this frequency domain and can therefore be used to ‘listen’ into
EAS’s induced by a UHE CR. This telescope has a diameter of 350 km and is
centered about 60 km south of the city of Groningen. Its antennas are very
simple crossed dipoles; beam forming is done using digital techniques where
signals from many antennas are brought together to direct the beam to a fixed
point in the sky, or to look back for a short period of time in case a transient
event (a supernova or an EAS) passed the field of the telescope. The use of
radio for the detection of CR’s goes back to middle of the last century, but only
in recent years a breakthrough was established, especially because of the results
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obtained by the LOPES collaboration [2], which demonstrated that indeed the
detected radio strength has a strong correlation with the energy of the primary
CR and with the strength and direction o
of the magnetic field of the Earth; see
Fig. 2. They proved that coherent
geomagnetic synchrotron radiation
lies at the basis of the observed radio
pulses induced by UHE CR’s. The
advantage of radio compared to other
detector systems is large: radio signals
are not absorbed or deflected on their fog (muon number)
path, the signal is proportional to the  Figure 2. Correlation between radio signal
primary energy of the incoming event, ~ stength and primary CR energy after

. correction for the geomagnetic field [2].
and one can study the shower front in
detail. In addition, radio has a 100% duty cycle, which is a factor of 10 higher
than fluorescence detection, which works only during cloudless and moonless
nights. In the coming years more R&D will be done by the NUCC to extend the
energy range of the radio calibration and to use the high pointing accuracy of
radio interferometers to search for point sources emitting UHE CR’s. The
results of this R&D phase will also break the ground for the CR research
program at LOFAR.
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3.2. Coherent Cherenkov Radiation induced in dielectric media.

As was proposed by Askaryan [13], the detection of radio signals originating
from the coherent Cherenkov radiation emitted in a suitable dielectric medium
by a fast moving CR-induced electromagnetic cascade, may offer good
prospects for targets with a volume of several km’. Because of the interactions
of the leptons with the medium, a net negative charge remains in the cascade.
The shower front has the shape of a pancake with a thickness of a few
centimeters and a diameter of about 10 cm. Although each individual charge
emits Cherenkov radiation, there will be coherency near a frequency of 1 GHz
and lower, because of the small dimension of this shower. After the initial
proposal of Askaryan, the first experimental proof of coherent radio Cherenkov
emission was reported by Saltzberg et al. [14]. Presently, several experiments
[11] based on this effect are running using the polar icecaps or the Moon [15,16]
as targets. Also the properties of rock salt are being investigated as another
suitable candidate [17]. Table 1 lists some relevant bulk properties of dielectric
media. The advantage of coherent Cherenkov radio emission is that a small
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number of receivers can be used to reconstruct the direction of the initial ray, to
determine its full energy for contained events and to use its linear polarization to
reduce random signals. Recently, Alvarez-Muifiiz and coworkers [18] have made
calculations on the strength of radio signals induced by UHE events in dense
materials, such as ice, regolith and salt. These calculations indicate that at lower
frequencies the width of the Cherenkov radiation cone increases from less than
10° at a frequency of 1 GHz to more than 90° at frequencies in the 100 MHz
region. If the frequency is low enough even down-going showers in the lunar
regolith give rise to radio signals escaping from the lunar surface. In addition,
because of the increased width of the Cherenkov cone, the chance to observe the
signals with a telescope increases rapidly. New calculations [19] confirm this
effect, which has led to the first lunar observations by the New Moon
collaboration [16] using the Westerbork Synthesis Radio Telescope. This device
consists of 14 dishes each with a diameter of 25 m and it can operate in the
window of 117-175 MHz. A 100 hour observation time with this telescope will
increase the sensitivity for observing UHE V’s in the energy range beyond 10%
eV by several orders of magnitude as compared to the GLUE results [15] (Fig.
3), thus imposing strong limits on the flux of UHE v’s predicted by several
models [8]. In a later stage the collaboration will also use LOFAR.

Table 1. Properties { 18] of dielectric materials uscful as a target for the detection of CR’s and v’s.

Material Ice Rock salt Lunar regolith
Density (g/cm’) 0.9 22 1.8
Radiation length (¢m) 39 10 13
Cherenkov angle (°) 56 66 55

Width Cherenkov angle at 1 GHz (°) 3 8 9
Attenuation length at 250 MHz (m) ~1000 ~2507? ~10

Field strength at 1 GHz (V/MHz/TeV) 12107 5310°% 6.210*

RICE SalSA [20] GLUE[15]

Experiments (sce also Ref. [11]) ANITA  ZESANA[21]  New Moon [16]

In addition to the lunar regolith, rock salt offers interesting opportunities to
detect UHE v’s. Substantial salt deposits from the Zechstein period can be
found in the shallow underground of the Netherlands. After the Zechstein period
(in the late Perm) these salt deposits were covered with several other sediments
during more recent geological periods. However, because rock salt is relatively
flexible and light compared to other geological deposits, domes could be
formed; a few of them with an overburden of less than 100 m. The storage of
natural gas under a pressure of about 200 bar is a new application for these
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domes. In the coming years a

10 D ' ’ ',,, 100Ihours consortium  formed by several

2 10° F ' 1 companies will make a grid of about 10
Né 0% “to of, o.m® 1  caverns separated by distances of 200 m
S0t B {4 in the Zuidwending salt dome, located
@10_6 i | near the city of Groningen. This
% ot | Zuidwending dome is one the largest
o 108 and shallowest in the Netherlands,
10 7 actually consisting of two almost
T 2.2 GHz 1 overlapping domes, the northern and the
16 _1_ 0.1 GHe —e ) southern lobe. The depth of the dome is
10 L 10100 100 100 ghout 2.5 km and the surface cross

E 107 eV) section roughly 0.5 by 5 km®. The roof

Figure 3. Flux spectrum predicted for the  of the caverns for fast gas storage will
detection of UHE v’s with the New Moon e at a depth of about 1 km; the height

experiment [19]. The lines indicate the .
sensitivity at 0.1 and 2.2 GHz for an and diameter of these caverns are 300 m

observation period of 100 hours of the ~ and 50 m, respectively. Initial
Westerbork telescope. The squares are the measurements were made at 2

results from GLUE [15] frequencies, resulting in rather short
attenuation lengths of only (22+2) m and (77+11) m at a frequency of 0.3 and
1.0 GHz, respectively [22]. These data deviate strongly from those determined
for other sites, which might hint to problems with the samples, e.g. surface
effects may play an important role in the determination of the bulk properties.
This project for the development of a Zechstein SAlt Neutrino Array (ZESANA
[21]) in one of the Dutch salt domes can take advantage of the infrastructure of
LOFAR. One of the spiraling arms of this radio telescope runs very near the
dome, allowing for fast data transmission to central computing systems.

4. Conclusion and outlook

In the past century important contributions have been made by many scientists
in the field of astroparticle physics, initially using rather simple techniques.
Because of recent developments, such as digital and high speed data
transmission, which will be fully employed for radio detection, it is now
possible to construct large detector arrays in the hunt for the rare events at end
of the CR spectrum. The nature and the origin of these events may shed new
light onto processes taking place in the cosmos, within our Galaxy or far away
at the boundary of the Universe. The research program in the Netherlands will
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contribute to this research area using amongst other things radio as a new and
very promising technique to make a decisive step forward in CR physics.
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The first nucleosynthetic processes occurred about 200 seconds after the Big Bang,
when the Universe was cool enough to allow the formation of light elements. Hydro-
gen, Helium-4, and traces of only a handful of isotopes (c.f., Deuterium, Helium-3,
and Lithium-7), constitute the legacy of this primordial nucleosynthesis, that lasted
only about 10 minutes. Synthesis of heavier species requires stellar furnaces and
more or less violent events that provide a suitable way to contaminate this pristine
primordial material, and therefore had to wait for the formation and evolution of
the first stars. This took place about 180 Myr after the Big Bang, according to the
recent analysis of the cosmic microwave background performed with the WMAP
satellite. In this paper, we outline the nuclear processes associated with explo-
sive stellar sites, namely supernovae, classical novae and x-ray bursts, and their
interplay with the Galactic abundances.

1. Introduction: Setting the Scene

Core collapse (or types II and Ib/c) supernova explosions constitute the
most dramatic fate for a single star (with M > 10 — 12 Mg). During these
violent events, most of the star is expelled into the interstellar medium,
leaving only an extremely compact remnant, either a neutron star (an object
of 1 -2 Mg and a very small diameter, 20 to 30 km) or a black hole behind.
In contrast, single stars with masses M < 10 — 12 M end their lives in -
a less violent fashion, typically evolving from the steady Main Sequence
phase through the Red Giant stage, and leaving a white dwarf remnant (an
object of planetary dimensions and masses in the range 0.6 - 1.4 Mg). In
the process, the ejected shells likely give rise to a bright planetary nebula.

Stars forming binary systems can revitalize these final, inert stellar
corpses (c.f., white dwarfs and neutron stars) by mass transfer episodes.
This can give rise to other explosive scenarios, including type Ia (or
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thermonuclear) supernovae, classical nova outbursts (both involving white
dwarf stars), as well as X-ray bursts (for which the explosion takes place on
the surface of an accreting neutron star). Classical novae and type Ia su-
pernovae have been extensively observed during the past two millennia. In
constrast, X-ray bursts have been discovered much recently, since a major
fraction of their energy output is emitted in X rays, and hence, detection
requires the use of space observatories. About 65 Galactic low-mass X-ray
binaries that exhibit such bursting behavior have been found since the in-
dependent discovery by Grindlay et al. (1976) and Belian et al. (1976).
In all these cataclysmic systems, mass transfer episodes, caused by Roche
lobe overflows of the Main Sequence companion, proceed through the in-
ner Lagrangian point of the system, forming an accretion disk around the
compact star. A fraction of the material contained in the accretion disk
ultimately falls on top of the white dwarf (as a result of angular momentum
losses driven by dissipative forces in the disk), where it is gradually com-
pressed to degenerate conditions, thus leading to a thermonuclear runaway
(TNR). Contrary to type la supernovae, for which the white dwarf is fully
disrupted by the strength of the explosion, classical novae are expected to
recur within a timescale of the order of 104 — 10° yr; in contrast, X-ray
bursts recur on timescales from hours to days. All these stellar explosions
are characterized by a remarkable energy output, of the order of 103° ergs
(X-ray bursts), 104 ergs (classical novae), and 10°! ergs (supernovae). A
major difference between these cataclysmic events is the amount of mass
ejected as well as the mean ejection velocities, whereas in a type la super-
nova, the whole star (c.f., 1.4 Mg) is ejected at > 10 km s~!, the explosion
in both classical novae and X-ray bursts is restricted to the accreted enve-
lope. Hence, 10~* - 107% M, are typically ejected during a nova outburst,
at mean ejection velocities ranging from 102 — 10® km s~!. In contrast, it
is likely that in a typical X-ray burst no mass ejection takes place because
of the extreme escape velocities from a neutron star (the energy required
to escape from the strong gravitational field of a neutron star of mass M
and radius R is GM'm,/R ~ 200 MeV /nucleon, whereas the nuclear energy
released from fusion of solar-like matter into Fe-group elements is just ~ 5
MeV /nucleon).

2. Supernova Explosions

Spectroscopically, type Ia supernovae (SNIa) are defined by the lack of Hy-
drogen and the presence of a P Cygni feature associated with Si II at 6355
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Figure 1. Temperature, density and velocity profiles, following the progress of a deto-
nation front originated at the thick envelope’s base, by He-rich accretion of matter at a
rate of M = 3.5 x 1078 Mg yr~! onto a 0.8 My CO white dwarf, up to the time when
C ignites near the center. See José & Hernanz (2005) for details.

A. They constitute a quite homogeneous class of objects (c.f., 90% of all
SNIa share similar spectra, light curves and peak absolute luminosities),
which suggests a unique progenitor. Indeed, these supernovae appear in
both elliptical and spiral galaxies, and hence, are not attributed to young
progenitors. The scenario leading to SNla is not fully settled, although it
is likely associated with the thermonuclear disruption of a mass-accreting
white dwarf reaching the Chandrasekhar mass (see Hillebrandt & Niemeyer
2000). One possible scenario (the so-called single degenerate scenario) in-
volves a white dwarf accretting H- and/or He-rich matter from a “normal”
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companion. The difficulty here is how the white dwarf can reach the Chan-
drasekhar mass, avoiding mass-loss episodes such as classical nova outbursts
(see Section 3). A second, competing scenario (double degenerate) deals
with a pair of white dwarfs in a close binary system. Here, He- or CO-
rich accretion is expected, which somewhat helps to overcome the problems
faced by the single degenerate scenario. However, there is a problem of
statistics since the number of double white dwarf systems observed so far
is not able to account for the Galactic SNIa rate. An additional problem
faced in the modeling of SNla deals with uncertainties in the propagation
of the burning front. Several models involving detonations, deflagrations or
a combined deflagration/detonation have been proposed to date. From the
nucleosynthesis point of view, it is worth mentioning that SNIa constitute
the main source of Fe in the Universe.

A less fashionable model involves low mass (or sub-Chandrasekhar)
CO-white dwarfs accreting He-rich matter from a closeby companion (see
Woosley & Weaver 1994). When accretion takes place at a moderate rate
(about 1078 My yr~?), a detonation is found at the core-envelope inter-
face, which propagates outwards and incinerates most of the envelope to
Ni, whereas a second shock wave propagates inwards and ultimately pro-
vokes a near-center C-ignition. This powers a second detonation front that
incinerates the central layers of the white dwarf before dying out. Unfor-
tunately, these models have been critisized because the expected velocity
profiles do not fit those corresponding to “canonical” supernova explosions,
but because of the lower amount of *®Ni synthesized, they have been claimed
to account for some subluminous supernovae. Indeed, it has been recently
claimed that sub-Chandrasekhar models (see Fig. 1) can account for the
whole bunch of p-nuclei, including the puzzling Mo & Ru isotopes (Goriely
et al. 2002).

In contrast, all other supernova type (SNII and/or SNIb/c) are at-
tributed to the explosion of massive stars (with A > 10 Mg). Despite the
lack of a self-consistent model for the explosion several “tricks” have been
proposed to qualitatively derive the associated nucleosynthesis. One pos-
sibility is to artificially induce an explosion (c.f., the thermal bomb model;
See Thielemann et al. 1996) by injecting energy in the central Fe core, in
such a way that the total kinetic energy in the ejecta matches the required
~ 105! ergs. An alternative (c.f., the piston model, See Woosley & Weaver
1995) implies the injection of momentum. A critical issue affecting the fi-
nal nucleosynthesis in SNII is the pre-supernova evolution. An interesting
debate has been recently raised as regards the contribution of SNII to the
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Galactic amounts of both 26 Al and %9Fe, which are coproduced in the same
regions within SNII. It is yet a matter of debate if current models match
the observed values.

3. Classical Nova Outbursts

In nova outbursts, the main nuclear activity is associated with (p,y) and
(p,a) reactions, running between the line of stable nuclei and the proton
drip line. Most of these rates have been measured at the right energy
range in the laboratory since at the typical temperatures achieved during
nova outbursts, measurements of nuclear cross sections in the region of
the Gamow peak are, except for a few exceptions, feasible. In this sense,
classical nova are unique stellar explosions, and represent the only explosive
site for which the nuclear physics input is (or will be in the near future)
primarily based on experimental information (see José et al. 2005).

Recent estimates of several CNO-breakout reactions (see, for instance,
Davids et al. 2003, for *O(a,y)), demonstrate that at the typical tem-
peratures attained during nova outbursts the CNO cycle does not break
out (contrary to what happens for X-ray bursts, for which peak tempera-
tures are almost an order of magnitude higher than in novae). Indeed, it
is important to stress that the injection of ‘seed’ nuclei in the Ne-Si mass
region, resulting from mixing with the outer layers of the underlying white
dwarf core, withdraws the main argument in support of CNO-breakout in
classical novae.

The moderately high peak temperatures achieved during nova explo-
sions, Tpeak ~ (2 — 3) X 10® K, suggest that abundance levels of the
intermediate-mass elements in the ejecta must be significantly enhanced,
as confirmed by spectroscopic determinations in well-observed nova shells.
This raises the issue of the potential contribution of novae to the Galactic
abundances, which can be roughly estimated as the product of the Galactic
nova rate (~ 30 events yr~!), the average ejected mass per nova outburst
(~2x1075% Mgy), and the Galaxy’s lifetime (~ 10 Gyr). This order of mag-
nitude estimate points out that novae scarcely contribute to the Galaxy’s
overall metallicity (as compared with other major sources, such as super-
nova explosions or AGB stars), but nevertheless they can substantially
contribute to the synthesis of some largely overproduced species. Indeed,
studies suggest that classical novae are likely sites for the synthesis of most
of the Galactic 13C, 1°N, and 170, whereas they can partially contribute to
the Galactic abundances of other species with A < 40, such as "Li, !°F, or
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26 Al (Starrfield et al. 1998, José & Hernanz 1998). Because of the lower
peak temperatures achieved in CO models (together with the lack of signif-
icant amounts of ‘seed’ nuclei in the NeNa-MgAl region), the main nuclear
activity in CO novae does not extend much beyond oxygen. In contrast,
ONe models show a much larger nuclear activity, extending up to Silicon
(for 1.15 Mg ONe) or Argon (for 1.35 Mg ONe). Hence, the presence
of significantly large amounts of intermediate-mass nuclei in the spectra,
such as phosphorus, sulfur, chlorine or argon, may reveal the presence of
an underlying massive ONe white dwarf.

Despite of the problems associated with the modeling of the explosion,
there is in general good agreement between theory and observations as
regards nucleosynthesis (¢.e., including atomic abundances -H, He, C, O,
Ne, Na...-, and a plausible endpoint for nova nucleosynthesis around Ca) is
quite remarkable.

Among the isotopes synthesized during classical nova outbursts, several
radioactive species have deserved special attention. Short-lived nuclei, such
as 150 and !"F (and to some extent, '3N) have been identified as the
key isotopes that power the expansion and further ejection of the envelope
during nova outbursts through a sudden release of energy, a few minutes
after peak temperature (Starrfield et al. 1972). Other isotopes have been
extensively investigated in connection with the predicted y-ray output from
novae. Hence, 3N and ®F are responsible for the predicted prompt y-ray
emission at and below 511 keV, whereas "Be and ??Na, which decay much
later (when the envelope is optically thin), are the sources that power line
emission at 478 and 1275 keV, respectively (see Gomez-Gomar et al. 1998,
and references therein). 26 Al is another important radioactive isotope that
can be synthesized during nova outbursts, although only its cumulative
emission can be observed because of its slow decay.

4, X-Ray Bursts

Accretion onto neutron stars in close binary systems can also give rise to
some nova-like events known as X-ray bursts. Because of the stronger sur-
face gravity in a neutron star (as compared with that of a white dwarf),
temperatures and densities in the accreted envelope during X-ray bursts are
typically an order of magnitude larger than in a typical nova outburst. Asa
result, detailed nucleosynthesis studies involve several hundreds of isotopes
(up to the so-called SnSbTe cycle. See Schatz et al. 2001) and thousands
of nuclear reactions. Indeed, the main reaction flow moves far away from
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the valley of stability, and even merges with the proton drip-line beyond A
= 38 (Schatz et al. 1999). Until recently, because of computational limita-
tions, many simulations of X-ray bursts were performed in the framework
of reduced nuclear reaction networks. Recent hydrodynamic simulations
with a reasonably extended network containing 298 isotopes (up to Te)
have been performed by Fisker et al. (2004). An unprecedented attempt,
coupling detailed hydrodynamic stellar models in one-dimension with a
complete nuclear reaction network (up to 1300 isotopes, in the framework
of an adaptative network) has been recently performed by Woosley et al.
(2004).

Contrary to classical novae, where the main nuclear activity is driven
by proton-capture reactions in competition with 3+-decays, X-ray bursts
are triggered by a combination of nuclear reactions, including H-burning
(via rp-process) and He-burning (that initiates with the triple a-reaction,
and is followed both by the breakout of the CNO cycle by 4!°0 plus «,
and a competition of proton captures and (a,p) reactions — the so-called
ap-process). Initially, the CNO breakout is led by ®O(c,y)!°Ne, which
is followed by two consecutive proton-captures through 2°Na and 2'Mg,
where the flow faces strong photodisintegration reactions on 22Al. Follow-
ing 2! Mg-decay, the flow shifts through 2'Na(p,y)??Mg. As the temperature
rises and enough *O is build-up through the triple-a reaction, followed
by 2C(p,7)!3N(p,7)!*0, an alternative path through “O(a,p)!"F reac-
tion dominates the flow, by-passing the **0O(ca,7v)!°Ne link to ' Na through
17F(p,v)'8Ne(a,p)?! Na, where 8Ne(a,p)?!Na represents the main path to-
wards heavier species. The rates for these breakout reactions have huge as-
sociated uncertainties and are subject to intense experimental studies both
at stable and radioactive beam facilities. Of special interest is the fact that
H-burning continues after the peak of the explosion through the rp-process,
which extends the main path much beyond 5Ni, up to the SnSbTe region.

5. Nuclear Physics Inputs for Novae & X-Ray Bursts

Significant experimental information is already available at the typical tem-
peratures reached in classical nova outbursts and we are confident that, in
the near future, novae will become the first explosive stellar site for which
all relevant nuclear physics input will be primarily based on experimental
information. Main uncertainties are localized in only a handful of nuclear
reaction rates (namely, 3F(p,a), 2 Al(p,y) and 3°P(p,y), for which several
experiments have been already proposed in different facilities).
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In contrast, the situation is much more complex as regards X-ray bursts:

nuclear physics requirements include mass measurements along the rp-
process path, and a much better knowledge of key reactions and effective
lifetimes at the waiting points under rp-process conditions.

Acknowledgments

This work has been partially supported by the Spanish MCYT grant
AYA2004-06290-C02-02.

References

© 0N oA W=

Belian, R.D., Conner, J. P., and Evans, W. D, ApJ 206, L135 (1976).
Davids, B., et al., Phys. Rev. C 67, 065808 (2003).

Fisker, J.L., Thielemann, F.-K., and Wiescher, M.C., ApJ 608, L61 (2004).
Gémez-Gomar, J., et al., MNRAS 296, 913 (1998).

Goriely, S., et al., A&A 383, L27 (2002).

Grindlay, J., et al., ApJ 205, L127 (1976).

Hillebrandt, W., and Niemeyer, J.C., ARA&A 38, 191 (2000).

José, J., and Hernanz, M., ApJ 494, 680 (1998).

José, J., and Hernanz, M., in preparation (2005).

. José, J., Hernanz, M., and Iliadis, C., Nucl. Phys. A, in press (2005).

. Schatz, H., et al., ApJ 524, 1014 (1999).

. Schatz, H., et al., Phys. Rev. Lett. 86, 3471 (2001).

. Starrfield, S, et al., ApJ 176, 169 (1972).

. Starrfield, S., et al., MNRAS 296, 502 (1998).

. Thielemann, F.-K., Nomoto, K., and Hashimoto, M., ApJ 460, 408 (1996).
. Woosley, 8.E., and Weaver, T.A., ApJ 423, 371 (1994).

. Woosley, S.E., and Weaver, T.A., ApJS 101, 181 (1995).

Woosley, S.E., et al., ApJS 151, 75 (2004).



EXPERIMENTAL APPROACH TO NUCLEAR REACTIONS
OF ASTROPHYSICAL INTEREST INVOLVING
RADIOACTIVE NUCLEI
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Nuclear reactions are responsible for the nucleosynthesis and energy generation in
stars. From all the stellar sites, explosive events have attracted great attention
in the last years. Due to the high temperatures and short reaction time scales
in these events, nuclear reactions on unstable nuclei play a crucial role. However,
substantial uncertainties remain in reaction rates on unstable nuclei due to limited
experimental data. In recent years some remarkable developments in radioactive
ion beam production and experimental techniques have allowed many key reaction
rates to be experimentally determined with reasonable accuracy for the first time.
Some experimental methods that have recently been exploited are reviewed here.
Remaining experimental challenges are outlined.

1. Introduction

It is well known that it is through nuclear reactions that stars are powered,
and also through them the chemical elements all living beings and celestial
objects are made of, are created!. The stellar environment being considered
determines the energy region within which the nuclear reaction processes
need to be studied. This region is known as the Gamow Window?, and the
specific nuclear properties within it can play a vital role in investigating the
nucleosynthesis that occurs. Thus, a reaction that may play an important
role in a certain stellar environment can be completely negligible in differ-
erent temperature and density conditions. Therefore, each nuclear reaction
must be treated as a unique process.

Among the many sites where astrophysical nuclear reactions occur, ex-
plosive environments, such as novae, supernovae, and X-ray bursts are fas-
cinating cases. Stellar explosions are dramatic events characterized by high
temperatures and densities that produce energy at a rate greater than in al-
most any other astrophysical phenomena. The rates of the nuclear reactions
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taking place during the explosion become then sufficiently large so that any
particular nucleus can undergo a series of light particle captures forming
nuclei far from the line of stability. Because such nuclei have shorter beta
decay lifetimes and are more loosely bound, the sequence of reactions in
these environments is determined by a balance between capture rates and
rates for intrinsic beta decay or photo-dissociation. Higher temperatures
and densities naturally lead to faster reaction rates, and thus in such en-
vironments one expects the nucleosynthesis to involve nuclei with shorter
lifetimes which are farther from stability.

In general, for any particular explosive event, reactions between many
hundreds of different stable and unstable nuclei will be involved. However,
in order to gain an understanding of the explosion mechanism it is often
the case that only a few of these reactions are important. Though even
for those our knowledge of crucial nuclear information is often incomplete,
the main reason being the experimental difficulties related to the study
of those interactions in the laboratory. The information needed includes
nuclear masses, excited state properties, decay properties and lifetimes,
electron capture rates, neutrino and photon interaction rates, as well as
light particle reaction rates. To obtain such information for unstable nuclei
is experimentally very challenging; for some nuclei, especially for the upper
limits of the r-process paths, this information will remain inaccessible for
many years to come.

The most important reactions can be identified by studying the sensi-
tivity of astrophysical models to the nuclear physics input. For example,
at very high temperatures some capture and photo-dissociation rates come
into equilibrium, and the reaction network path is insensitive to the indi-
vidual reaction rates. In this scenario, of main interest are the so-called
“waiting-point” nuclei, and the most important nuclear parameters are the
masses and a-decay half lives of these particular nuclei®. However, knowl-
edge of individual reaction rates is of critical importance. While the sta-
tistical model of nuclear reactions can be used to estimate nuclear reaction
rates, care must be taken since the Q-value for a capture reaction will be
lower for nuclei far from stability than for those near stability, and the den-
sity of the energy states in the compound nucleus will be similarly lower.
For certain light nuclei, the compound system may only have one or two
nuclear states contributing at the relevant astrophysical temperature. In
this case, there is no alternative other than to measure the properties of
individual resonances. Some innovative experimental techniques have been
developed to indirectly determine energy level information for certain nu-
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clei, but direct measurements with radioactive ion beams are needed. The
typically weak intensity of radioactive ion beams necessitates to use efficient
and highly-selective experimental techniques.

This paper is not intended to as a comprehensive review, it contains se-
lected examples of experimental techniques and relevant reactions®. Details
can be found in a recent review paper by Blackmon, Angulo and Shotter?
and complementary information may be found in other recent reviews (see,
for example, works by Smith and Rehm?®, Kubono®, and Geissel, Kratz and
Sherrill”).

2. Experimental methods
2.1. Accelerators and beams

Much experimental information is difficult or impossible to determine
through indirect techniques, and many reactions involving radioactive nu-
clei remain largely uncertain. This has focused world-wide attention on
the development of radioactive ion beams. There are mainly two meth-
ods for producing radioactive species®: the Isotope Separation On Line
(ISOL) method in connection with a post-acceleration facility, and the pro-
jectile fragmentation method. Present ISOL facilities include CYCLONE at
Louvain-la-Neuve (Belgium), REX-ISOLDE at CERN, SPIRAL at GANIL
(France), HRIBF at Oak Ridge National Laboratory (USA), and ISAC
at TRIUMF (Canada). Two major projects for next generation of ISOL
facilities are the Rare Isotope Accelerator (RIA) in the USA and the EU-
RISOL project in Europe. First-generation radioactive beam facilities us-
ing the fragmentation method are GANIL at Caen (France), GSI at Darm-
stadt (Germany), Flerov Laboratory at Dubna (Russia), NSCL at Michigan
State University (USA), RIKEN at Saitama (Japan), and IMP at Lanzhou
(China). The Radio-Isotope Beam Factory (RIBF) currently under con-
struction at RIKEN, RIA in the USA, and the new international Facility
for Antiproton and Ion Research (FAIR) proposed for GSI at Darmstadt are
next generation facilities that will use the projectile fragmentation method
of radioactive ion beam production. A similar technique called the “in-
flight” method, which is limited to nuclei very close to stability, uses a
heavy ion beam at lower energies, typically just above the Coulomb bar-
rier, to induce single nucleon transfer reactions. The resulting beam energy

8The choice here is exclusively based on the author’s preferences and experience.
bSee 4 for details.
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is usually near the Coulomb barrier. This approach has been used at many
facilities including ATLAS at Argonne National Laboratory (USA), CRIB
at CNS/RIKEN, Texas A&M University, and the University of Notre Dame.

2.2. Targets

Reactions involving Hydrogen and Helium are the most important in ex-
plosive burning. Therefore, experimental techniques involving radioactive
beams require the use of hydrogen-rich or helium-rich targets. The choice
of the target must be adapted to the physics goal and the other experimen-
tal conditions (such as beam energy and intensity, detection system, etc).
Polyethylene foils [(CHz),] are easy to handle and have been one of the
most popular and successful type of targets for investigation of Hydrogen
burning reactions. Foils with thicknesses between 40 ug/cm? and several
mg/cm? have been used with beam intensities as high as 10° pps®? with-
out significant degradation, though care must be taken to distribute the
beam power by, for example, rotating the target. Solid targets containing
Helium must be produced by implantation. Implanted helium targets have
been developed at Louvain-la-Neuve with helium thicknesses up to 108
atoms/cm?, sufficient for measurements of elastic scattering and some re-
actions with radioactive ion beams!®. Gas targets are an obvious alternative
to foils. Gas cells with thin windows are easy to handle, but with windows
similar challenges are faced as with foil targets, degrading the beam energy
and inducing background reactions. Windowless gas targets eliminate the
problems associated with windows. However, many pumping stations are
required to decrease the pressure down to the 10~7 mbar range as required
for accelerators, so the targets are large and costly, and the target thickness
is limited!!.

2.3. Detectors

The usually low intensity of radioactive ion beams places particular im-
portance on the efficient detection of the reaction products, and arrays of
gamma, neutron and charged-particle detectors have been constructed at
many facilities in order to maximize the detection efficiency (see Ref. 4 for
references). The advent of large-area silicon strip detectors has played a
crucial role. These detectors may be segmented in one or two dimensions
(double-sided detectors) to any practical level of pixelation. The shape of
the strips can also be tailored to experimental requirements. For example,
strips are curved in a circular pattern in many annular detector designs
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to allow better reaction angular resolution in a strip. This approach was
used in the Louvain—Edinburgh Detector Array (LEDA), one of the pio-
neering charged-particle arrays used with radioactive ion beams for nuclear
astrophysics'2. A broader range of detector thicknesses has recently be-
come available, and detectors between 50 pum and 1 mm are commonly
used. This broad range of thicknesses allows Z identification of a broad
range of charged particles through AE — E energy loss techniques.

Arrays of gamma-ray detectors have played an important role in sev-
eral new approaches using both stable and radioactive ion beams. The
high total efficiency of the Gammasphere array!'? allowed v — vy coincidence
measurements that accurately determined excitation energy levels that are
important in studying proton-rich nuclei. The inverse reaction kinematics
technique applied in radiocactive ion beam measurements also allows heavy
fragments to be efficiently collected using recoil separators. Several labo-
ratories have developed recoil separators that are designed to collect these
heavy products and disperse them by their mass-to-charge ratio. For ex-
ample, ARES at Louvain-la-Neuve, DRAGON at ISAC, the RMS at the
HRIBF, and the FMA at ANL.

2.4. Ezxzamples of experimental techniques
2.4.1. Elastic scattering

The elastic scattering technique is a well-known method to study resonant
states. As a natural extension, the elastic scattering technique in inverse
kinematics'*, used normally to investigate reactions involving radioactive
species, makes use of the sensitivity of the protons (or o particles) to the
presence of a resonant state in the compound nucleus. When a resonant
state is scanned with the appropriate ion beam and target, the recoil proton
spectra show an interference pattern that is indicative of the resonance
energy, angular momentum and width. All experimental effects, mainly
the beam energy resolution inside the target and angular resolution of the
detectors, must be properly taken into account to precisely extract the
resonant properties. Fitting procedures, such as the R-matrix method?5,
are used to evaluate these quantities and to obtain the resonance properties.
This method is an invaluable tool prior to any capture reaction study:.
One of the main advantages with the resonant elastic scattering tech-
nique is the large elastic scattering cross section that allows measurements
with radioactive beam intensities as low as 10 s™!. Another advantage is
that the energy of the recoil protons is usually sufficiently high to be de-
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tected readily in standard Si particle detectors or in more sophisticated strip
detector arrays'?. The S-radioactivity of the beam species may induced
background in the particle detectors at low energies. This background can
limit the lowest energies measurable, but this time uncorrelated background
can be distinguished from the events of interest by time-of-flight techniques.

2.4.2. Transfer reactions

Much of our understanding of nuclear spectroscopy has been shaped by
four decades of study of transfer reactions, which have proved to be a par-
ticularly powerful tool for characterizing energy levels of importance for
astrophysical reaction rates. One advantage of these measurements is that
states covering a broad region of excitation energy are populated, but this
necessitates high-resolution particle detection in order to resolve the states
of interest. Many of these reactions are well-described by the Distorted
Wave Born Approximation (DWBA), so that the shape of the angular dis-
tribution of the differential cross section is distinctive of the transferred
angular momentum, and the magnitude of the cross section is a reflection
of the single particle-character of the state!?. For example, proton-transfer
reactions, most notably (*He,d), are the best surrogate for proton-induced
reactions like (p,a). Proton single-particle states are preferentially pop-
ulated, and if the reaction mechanism is well understood, proton partial
widths can be extracted from the magnitude of the cross section. This ap-
proach has been applied to many nuclei that can be formed into suitable
targets'®, and alpha-transfer reactions have also been used to determine
the alpha-particle character of those states!®. The only proton transfer re-
actions that have been studied in inverse kinematics so far have focused on
low-lying bound states important for direct capture. Difficult targets and
problematic kinematics make studies of resonant states via proton transfer
in inverse kinematics particularly challenging.

The properties of mirror nuclei are used to indirectly infer properties of
single-particle resonances that are crucial for (p,a) reaction rates. The
properties of neutron single-particle states can be studied by the (d,p)
reaction on the mirror nucleus, and the properties of proton resonances
are determined under the assumption of mirror symmetry. This technique
was first applied with a radioactive ion beam to 3Ni at Argonne National
Laboratory??. More recently the ¥F(d,p)'°F(c)!®N has been investigated
at Louvain-la-Neuve?! and at the HRIBF at Oak Ridge??. The aim of these
measurements was to determine neutron spectroscopic factors for states in
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I9F that are mirrors to !?Ne states important for the *¥F(p,a)!°0 reaction.
Under the assumption of mirror symmetry, these spectroscopic factors can
constrain the ¥F(p,a)!%0 reaction rate. In the Louvain-la-Neuve experi-
ment, a 14 MeV 8F radioactive beam of about 2 x 10° pps bombarded a
CD; target. Two LEDA silicon strip detector arrays!? were used to detect
protons in coincidence with o particles or °N ions from the breakup of
alpha-unbound states in !°F. Differential cross sections for the ¥F(d,p)!°F
reaction were fitted with theoretical DWBA distributions to extract neu-
tron spectroscopic factors for excited states in 1%F. A similar approach was
used in the HRIBF measurement, except that a higher bombarding energy
(108 MeV) was used. Cross sections for transfer to bound states (with well
known excitation energies) were also measured by detecting '°F ions in the
Daresbury Recoil Separator, which allowed a more accurate energy cali-
bration. Spectroscopic factors extracted from both of these measurements
place important new limits on contributions of low-energy resonances to the
rate of the ¥*F(p,a)!®0 reaction. The uncertainty in the ¥F(p,a)!®O re-
action rate is substantially reduced. However, interference effects between
several low energy resonances remain to be investigated??, having impor-
tant consequences for novae nucleosynthesis and application to nova ~-ray
emission.

3. Conclusions

The quest to understand explosive stellar events confronts physicists with
many challenges across a wide range of physical phenomena. The energy
source that drives the macroscopic explosive evolution originates from nu-
clear reactions involving many unstable nuclei. Our understanding of the
energy sources and nucleosynthesis in explosive events is reflected in our
knowledge of the properties of these unstable nuclei and reaction rates in-
volving them. Improving ocur understanding requires a source to produce
these unstable species and efficient experimental techniques for studying
them. In the last few years, there have been great strides in meéting these
challenges for certain case studies.

Experimental approaches that were undertaken traditionally with stable
beams (i.e., elastic scattering, inelastic scattering, and transfer reactions)
have been employed to obtain much of the initial information on energy
levels in radioactive nuclei. Indirect techniques like transfer reactions are
particularly appealing for measurements with low intensity radioactive ion
beams, but such approaches are model dependent, and uncertainties related
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to the model will be reflected in the confidence of the final result. Much
progress has been made in the last few years, but many key nuclei reactions
remain largely unconstrained by experiment. The remaining reactions are
the most challenging ones. New and more intense radioactive beams, as
well as more sophisticated detection systems, are thus required. On the
other hand, nuclear physics theory must be extensively exploited to avoid
misinterpretation of experimental data.

Finally, while new facilities and innovative techniques provide great
promise for the future, it cannot be stressed strongly enough that a a close
collaboration with observers and astrophysical modellers is as essential as
ever.
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BACKGROUND STUDIES AT THE LUNA UNDERGROUND
ACCELERATOR FACILITY

7S. FULOP FOR THE LUNA COLLABORATION
ATOMKI, H-4001 Debrecen, POB51, Hungary

The LUNA (Laboratory Underground for Nuclear Astrophysics) facility has been
designed to study nuclear reactions of astrophysical interest. It is located deep
underground in the Gran Sasso National Laboratory, Italy, where low energy elec-
trostatic accelerators in combination with solid and gas target set-ups allowed to
measure the total cross sections of the radiative capture reactions 2H(p,v)3He and
14N(p,7)!50 within their relevant Gamow peaks. In the present work, the labo-
ratory and beam induced background conditions for radiative capture studies at
energies of astrophysical interest are discussed.

1. Introduction

Stars generate energy and synthesize chemical elements in thermonuclear
reactions!. All reactions induced by charged particles in a star take place in
an energy window called the Gamow peak. In the static burning of stars,
the cross section ¢(E) has a very low value at the Gamow peak. This
prevents a direct cross section determination at the Earth’s surface, where
the signal-to-background ratio is too small partly because of the cosmic ray
background. Therefore, the relevant cross sections are usually measured at
higher energies and the astrophysical S(F) factor is used to extrapolate the
data to the corresponding Gamow peak:

o(E) = -S—(EE——)-e—z’"’ (1)

where 7 is the Sommerfeld parameter with 27 =31.29 Z1Z, \/g . Here

Zy and Z; are the charge numbers of projectile and target nucleus, re-
spectively, p is the reduced mass in amu, and F is the center of mass
energy in keV units. Although S(E) varies only slowly with energy for a
direct process, resonances and resonance tails may hinder an extrapolation!.
Therefore, the primary goal of experimental nuclear astrophysics remains
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to measure cross sections at energies inside the Gamow peak, or at least to
approach it as closely as possible.

The Laboratory Underground for Nuclear Astrophysics (LUNA) has
been designed for this purpose and is located in the Laboratori Nazion-
ali del Gran Sasso (LNGS) in Italy. LUNA uses high current accelerators
with small energy spread in combination with high efficiency detection sys-
tems. At the 50kV LUNAL accelerator?, the 3He(*He,2p)*He cross section
was measured for the first time within its solar Gamow peak34. Subse-
quently, a windowless gas target set-up and a 47 bismuth germanate (BGO)
summing detector® have been used to study the radiative capture reaction
2H(p,vy)3He, also within its solar Gamow peak®.

The 400kV LUNA2 accelerator” has been used to study the radiative
capture reaction *N(p,y)'®0O, which is the bottleneck of the Hydrogen
burning CNO cycle. The LUNA data — based on experiments down to
E=130keV using solid state targets and HPGe detectors®® — resulted
in a total extrapolated S factor that was a factor two smaller than the
adopted values!®, leading to considerable astrophysical consequences on
the age of globular clusters and the CNO cycle induced neutrine yield from
the Sun’!. In order to extend the 4N(p,7)!50 cross section data down to
E=70keV, a gas target set-up similar to the one used for the 2H(p,v)*He
study and a bore hole BGO detector have been installed at the LUNA2
400kV accelerator!®13,

2. Background conditions at the Gran Sasso underground
laboratory

The Gran Sasso underground laboratory consists of three experimental
halls and several connecting tunnels. Its site is protected from cosmic
rays by a rock cover equivalent to 3800 m water (3800mw.e.). The over-
lying rock suppresses the flux of cosmic ray induced muons by six orders
of magnitude!4, resulting in a flux of muon induced neutrons of the or-
der of ®,, 1078115 At LNGS, a reduction in the v continuum of
about a factor 100 was observed!® for E., < 2MeV when compared to a low
level counting facility at the Earth’s surface. Radiative capture reactions,

however, often lead to the emission of -y rays of higher energy.

2.1. Laboratory background at LUNA

The laboratory background up to E, <8MeV taken with a Germanium
detector is shown in Fig. 1, where spectra recorded at the Earth’s surface
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and inside the Gran Sasso Laboratory are compared. In the plot, the region
of interest (ROI) for the LUNA N(p,y)!*0 (Q =7.30MeV) experiment is
marked. One can see that the Gran Sasso mountain effectively eliminates
the muon induced continuum which dominates the surface spectrum above
2.6 MeV. A similar suppression in cosmic ray induced background can be
observed for BGO detectors.

4
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Gran Sasso, 5 cm Pb shield
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Figure 1. Laboratory y-background as seen with a Germanium detector at the Earth’s
surface (1000 m above sea level) and inside the Gran Sasso underground facility. Above
the 2.61 MeV line from 208TI, the surface spectrum has been rebinned in 10keV bins,
and the underground spectrum has been rebinned in 100keV bins.

2.2. Background induced by the incident proton beam

While the laboratory background can be reduced by proper shielding, it
is difficult and in some cases impossible to shield the detector against v
rays arising from parasitic reactions induced by the ion beam incident on
the target system. For the LUNA solid target study of the ¥N(p,y)!%0
reaction, the proton beam induced background has been investigated in
the energy region Ep=140-400keV'®. It was found that the principal
background reactions were 'B(p,7y)'?C, 0(p,y)!°F, and °F(p,ay)!€0.
They originated from the target itself, and a reduction in their yield was
achieved by making adjustments in target production.
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As an example for the background conditions of the gas target experi-
ments, a spectrum obtained with the Germanium detector at E, =200keV
proton energy and with 1 mbar nitrogen as target gas is shown at the top of
Fig. 2. In the spectrum, the most important background lines as well as the
lines from the N(p,7)'30 reaction are identified. The ®N(p,7)'®0 and
15N(p,a7)!2C background results from the natural isotopic composition of
the target gas. The 30(p,v)!°F and the °F(p,ay)'80 reactions play an
important role for runs close to their resonance energies at E, =151 and
224 keV, respectively.

At the bottom of Fig. 2, two spectra obtained with a bore hole BGO
detector at E, =200keV are shown: one denoted as ‘nitrogen’ with 1 mbar
Nitrogen as target gas, the other denoted as ‘helium’ with 1 mbar Helium
as target gas. It is clear that the high resolution Germanium detector is
needed in order to identify the background visible in the spectra taken with
the BGO detector. The lines at E., =4.4 and 12 MeV, evident in both BGO
spectra, are from reactions on !B and 1°N. The line at 16 MeV is due to
the 11B(p,7)'2C reaction caused by a !B impurity on the final collimator.
At 7.7MeV in the helium spectrum, there is a line due to the *C(p,y)*N
reaction which is not visible in the nitrogen spectrum, because it is buried
under the 7.5MeV sum peak from 4N(p,v)!®0. The small structure at
8.2MeV in both BGO spectra is due to the ¥O(p,v)!°F reaction. The
peaks at 5.2, 6.2 and 6.8 MeV in the nitrogen spectrum are due to 4N,
with possible contributions from 2H at 5.6 MeV and '°F at 6.1 MeV.

The place of origin of ion beam induced gamma background can be
localized using spectra taken with a Germanium detector using the Doppler
shift of the « lines. For a given transition and beam energy, the sign and
magnitude of this shift depend only on the angle of emission ¢, as measured
from the beam direction, allowing to localize the source of the y rays®.

3. Further possibilities to improve the figure of merit of the
LUNA set-ups

In the LUNA gas target “N(p,y)'®O study'?!3, the lowest energy point
has been obtained with a target current of 0.2 mA, leading to a counting
rate two times lower than the laboratory background in the Gran Sasso
underground facility with no additional shielding applied. With that set-
up, the limit for a *N(p,7)*®0 experiment has been reached.

In order to study the N(p,v)!%0 reaction at even lower energies than in
the LUNA gas target 1*N(p,7v)!50 experiment, four approaches are possible:
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Figure 2. Spectra for Ep =200keV with 1 mbar gas in the target. Top panel: Germa-
nium detector, Nitrogen gas. Bottom panel: BGO detector, one run with Nitrogen gas
and one run with Helium gas.

(A) Reduce the laboratory background while keeping the ion beam induced
background at the present level. (B) Increase the detection efficiency and
improve the signal-to-noise ratio in the detection system. (C) Increase the
beam current. (D) Increase the target density.

(A) The laboratory background in the present BGO detector is domi-
nated by (n,y) reactions in the detector itself and in parts of the
setup?°. By shielding the set-up against neutrons, a reduction of
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Figure 3. Counting rates from the }4N(p,7)150 reaction in the LUNA 47 BGO sum-
ming detector®, region of interest from 7, =0.5, under the assumption of a constant
S factor of 1.7keV barn at low energy. Curves are shown for a hypothetical target of
thickness 4 - 1017 242588 and several target currents. Also shown are Gamow peaks for
Te =22 and 16 (temperature at the center of the Sun) and laboratory background levels
at the surface of the Earth, and at the LUNA site?C.

the laboratory background seems feasible. A reduction by a factor
100 is, however, an optimistic limit, since at this level (x,n) neutron
production in the shield will likely dominate.

(B) The detection efficiency is already 7, ~60 % in the gas target ex-
periment, depending on the individual run!?13, A segmentation of
the BGO detector and setting a coincidence requirement for pri-
mary and secondary 7 rays would reduce the detection efficiency,
but also reduce single (n,y) background lines, possibly by a higher
factor.

(C) An increase of the ion beam current seems feasible, since many
implanters with currents in the mA range exist in the world. This
would, however, require a jet gas target instead of a solid or stream-
ing gas target as in the LUNA N(p,7)!%0 experiments. With jet
gas targets, target thicknesses of 4-10'7 2£2%¢ have been obtained?!,
and the target density was found to be unaffected by the beam
heating effect, up to a deposited power of 700 ¥ for protons in

mm
Nitrogen gas and 4000 ‘—“nTY—nV- for Oxygen nuclei in Argon gas, with an
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ion beam limited by an aperture of 3 mm diameter®?. For compari-
son, the ion beam in the LUNA 4N(p,v)!%0 gas target experiment
was limited by an aperture of 7mm diameter?’, and the maximum
deposited power in the data taking runs was 30 anl.‘!mv‘v leading to a
-beam heating correction of the target density of at most 15%. An
E, =60keV proton beam in a 4-10'7 22253 thick jet gas target will
lose 7keV energy?3. For a jet width of 3.3mm?!, this corresponds
to 420, 4200, and 42000 % for 0.2, 2, and 20 mA proton current,
respectively. For 0.2 and 2mA proton current, based on the data
of Gorres?? one can therefore predict no beam heating correction
for a jet gas target. It has to be noted, however, that the space
required for the jet nozzle and above all for the pumping arrange-
ment will reduce the solid angle available for v ray detection. In
Fig. 3, calculated counting rates are plotted for a reduced detec-
tion efficiency due to solid angle restrictions, but the laboratory
background counting levels are not reduced in proportion, because
it is assumed the detector size will remain unchanged. It is clear
that while entering the solar Gamow peak (Tg=16) will only be
possible in the 20 mA case, with 2 mA target current one might
be able to obtain some information for globular cluster stars at
the main sequence turnoff (T ~22). Assuming a 50 % accelerator
uptime, with the accelerator downtime entirely dedicated to lab-
oratory background measurements, the time required to obtain a
statistical precision of 12% for an E =47keV point with a 2 mA
beam current and the quoted target density would be five years,
with an estimated number of 220 counts from the reaction and 220
counts from laboratory background. /

(D) Already in the LUNA gas target *N(p,7)'°O experiment, the cross
section varied by a factor five over the target length. A further
increase in target density, while in principle possible, will therefore
not lead to an appreciable increase in the yield.

4. Summary

The installation of accelerators at the Gran Sasso underground laboratory
with its effective cosmic ray shield allows to measure the cross sections
of astrophysically relevant reactions at energies that are much lower than
those accessible in laboratories at the Earth’s surface. In many cases, one
can even reach the Gamow peak for important stellar scenarios making



288

extrapolations unnecessary. This is possible also because of the success-
ful elimination of beam induced backgrounds at the LUNA set-ups. Even
for the experiments with BGO detectors, a background study with high
resolution Germanium detectors is needed to identify the beam induced
background. The careful analysis of the Doppler shift of the background
peaks can help in the localisation of background sources. Further back-
ground studies are needed for the *He(a,v)"Be cross section determination
to be completed in the near future.2
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THOUGHTS ABOUT TWO OF THE IMPORTANT
REACTIONS IN NUCLEAR ASTROPHYSICS

L. BUCHMANN

TRIUMF
4004 Wesbrook Mall
Vancouver B.C.
Canada, V6T 2A4

Some aspects of the 12C(a,7)'60 as well as the "Be(p,7)8B reactions are discussed.
Emphasis is placed more on theoretical and experimental methods rather than on
results. In particular, phase shifts and angular distributions are discussed in the
12C(a,7)'1%0 case with some concentration on the underlying theory. A short
description of the TRIUMPF-Seattle "Be(p,7)®B experiment will then be given. At
the end an outlook on a 7Be(p,p)?Be elastic and inelastic scattering experiment
planned at TRIUMF is presented including a discussion of a new cylindrical time
projection chamber (TACTIC) with a radial drift field.

1. The ?C(a,v)'%0 reaction

The 2C(a,7)*¢0 reaction in static core helium burning of red giant stars
proceeds at the same time as the 3a-reaction. This has as a consequence
that for a given energy output the ratio of these reactions is fixed. A
possible variation of this ratio, due to the uncertainty of our knowledge
of either rate, has then rather drastic consequences on the evolution of
massive stars and the composition of white dwarfs remainders from lower
mass stars.

The radiative a-capture on '2C has been the subject of many investiga-
tions for more than 30 years. The reason is that the center-of-mass-energy
corresponding to static helium burning is quite low, 7.e. 300 keV, and there-
fore the reaction has not been measured at this energy directly as the cross
section there is very small. In addition, the total cross section at 300 keV
consists of many components with none of them absolutely dominant and
no narrow resonance present for a-capture, as is the case of the 3a-reaction.
Therefore, extensive extrapolation to low energies for each component of
the cross section is necessary. To illustrate the situation, the structure of
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160 and radiative capture paths of a-particles on 2C are shown on Fig. 1.
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Figure 1. 160 structure relevant for 12C(a,v)!%0. The energy dependence of the S
factor for the two ground state components is also indicated.

The components of the cross section that must be known to evaluate
the total 2C(0,7)!80 cross section are the £1 and E2 radiative capture
to the ground state that likely provide the dominant cross section and
similar transitions to each of the subthreshold excited states of 60. Also
the cascade transitions show frequently mixed angular momenta and E1
and F2 v-ray multipoles. Therefore, to extrapolate with confidence, as
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many as possible data at higher energies are necessary. These data include
radiative capture measurements including angular distributions as well as
other pieces of information which are elastic scattering data, direct reactions
and the special case of the 3-delayed a-decay of SN(Ref. 1). An extensive
discussion of these individual components of the 2C(a,y)€O cross section
can be found in the the overview article about helium burning in stars by
Buchmann and Barnes?.

However, while the extrapolation demands cross sections sorted by elec-
tromagnetic multipole transitions and angular momenta, the data typically
do not provide them directly. While a decomposition into, e.g. different
multipole transitions by angular distributions, is in principle possible, it
can be shown that such an analysis produces correlations between the dif-
ferent components as well as correlations of errors. This problem has been
discussed extensively in Buchmann et al.3%. It is therefore recommended
to fit generic experimental data by incorporating as many theoretical com-
ponents as necessary.

Extrapolations of the different cross sections involved in 12C(a,7)'%0
are typically done with the help of the R-matrix theory. However, there is
a lot of confusion, how to apply it, see e.g. Kunz et al® ®. It is recom-
mended to use the R-matrix prescription of Barker and Kajino® for fitting
and extrapolation. This formalism includes a correct description of direct
radiative processes which are of relevance whenever E2 type v radiation is
involved®.

Recently, measurements of the radiative capture cross section have been
improved by the use of recoil separators”®. In this method the recoiling
160 is observed either in single or in coincidence mode with the -+ ray. The
separator typically consist of electric and magnetic fields that separate the
lower energy recoils from the beam. As beam and recoil momentum are
approximately identical, electric fields are necessary for separation. These
are provided in the two cases either as electromagnetic bending elements
or as Wien Filters, i.e. crossed electric and magnetic fields. Previously,
mostly v rays have been detected often suffering from background problems
due to either room background, or at higher energies neutron induced «
radiation. Sometimes problems with the response of the vy-detector made

®The fit in Kunz et al.’ does not include direct radiative processes both in the ground
state as well as cascade transitions. The error estimates do furthermore not explore the
full range of allowed interaction radii @, an important input in R-matrix theory.

b p1 direct capture is suppressed by the effective mass factor Zo Aq — Z12A412 for the o
and 12C charge and mass, respectively.
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the analysis of measurements difficult. A recoil separator largely overcomes
these problems.

2. A measurement of the "Be(p,7)®B reaction in Seattle

A small fraction of the hydrogen in the core of the sun is consumed via the
"Be(p,7)®B reaction producing the unstable isotope 8B which has a very
high B* decay Q-value. The emanating high energy neutrinos have been
detected on earth and are now shown to oscillate between different weak
flavours®. To determine the parameters of this oscillation, input from a
model of the sun is necessary, which as a key ingredient requires a good
knowledge of the "Be(p,v)®B reaction.

This reaction involving the radioactive nucleus "Be (T;/2=53.4 d) has
been subject to controversy over a long time. Therefore, a new measure-
ment of this cross section was performed by a group from TRIUMF and
the University of Washington, Seattle trying to improve on all possible sys-
tematic errors and reducing the statistical uncertainty. The experiment
is completely described in the article of Junghans et al.!° and only a few
features are repeated here.

The target was produced at TRIUMF employing the TR13 cyclotron
with a 13 MeV proton beam of 50 uA intensity® and a metallic, molten
lithium target. The "Be present in the target was chemically separated,
evaporated in reduction and finally reevaporated on a finite spot, forced to
be 4 mm and situated on a molybdenum watercooled backing. The proton
beam was rastered over this spot so that in first order only the total amount
of 7Be was to be known, but not its area distribution. As the decay of "Be
can be easily monitored, in fact, that amount was known throughout the
bombardment with the proton beam. The three targets contained about
50% of "Be, considerably higher than achieved in previous experiments.

The measurement of the "Be(p,)®B reaction was carried at the tandem
accelerator, operated in terminal ion source mode, of the University of
Washington. The "Be target was activated by the proton beam and swung
after 1.5 seconds in front of a silicon detector where the a-spectrum from
the G-delayed a-decay of 8B was registered. The integrated proton current
was both measured at the target as well as in a Faraday cup when the
target was swung away. A target depth profile was obtained by employing
a narrow resonance in the "Be(a,v)!!C reaction. In another experimental

¢Limited by the cyclotron.
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run, the possible backscattering of 8B in activation out of the target was
measured to be negligihle. After correcting for the solid angle of the o-
detector, the excitation function is derived as shown in Fig. 2 as S factor.
These data were made subject to fits to extrapolate the S factor to low

50 + -

S, (eV b)

0 1 1 !
0 500 1000 1500 2000 2500

E... (keV)

Figure 2. Data from the TRIUMF-Seattle measurement of the "Be(p,7)3B reaction and
fit to these data. The p-wave part of the fits invokes a resonance description while the s
wave part is scaled from a calculation by Descouvement and Baye!l,

energies.

While the model of Descouvement and Baye!! gives the best ap-
parent agreement with the data, we used several models to fit the
low energy region of our datad and estimate the theoretical uncertainty

1

9In the low energy region the interaction takes place farest away from the nucleus and
should be most easily handled by theory. Also no inelastic excitation to the first excited
state of "Be at E;=418 keV is possible.
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for the extrapolation to the zero emergy S factor®. For our measure-
ment, we derive S;7(0)=22.1+0.6(expt)+0.5(theqr) eV-b. For the aver-
age of all direct "Be(p,v)®B measurements we obtain a weighted value of
S17(0)=21.4£0.5(expt)+0.5(theor) eV-b.

3. Elastic proton scattering on "Be and TACTIC

As it is noticeable from our estimate of S17(0), the error from the theoretical
extrapolation in “Be(p,y)®B has become approximately as large as the one
associated with the direct measurement. This error, from an experimental
point of view, can be tackled by providing high precision elastic scattering
data of protons on "Be. The reason is that the nuclear part in the elastic
scattering is identical to the one in radiative capture. In particular the
s-wave scattering lengths are of interest as well as the phase shift sign of
the 3S; wave at higher energies. It was pointed out by Descouvement!?
that this phase shift sign is positive at about 1-2 MeV in his cluster model,
but negative in potential models. In any case, a model of the radiative
capture should also be capable of fitting elastic scattering data which can
be obtained, in principle, at much higher precision.

With the newly installed laser ion source (TRILIS) at TRIUMF-ISAC, it
will be possible to produce a "Be beam of considerable intensity. This beam
can be accelerated to energies between 0.15 to 6 MeV /u using either ISACI
or ISACII. As we wish to invoke a secondary stripper to strip “Be to the 4t
charge state to remove any possible “Li contamination, indistinguishable
by the scattered recoil protons, we will restrict the lower beam energy to
0.25 MeV /u, where the full stripping efficiency for "Be is about 10%.

As target we propose a hydrogen filled gas chamber (avoiding problems
with solid polyethylene targets) being at the central part of a time projec-
tion chamber with a radial electric field. This chamber, named TACTIC, is
now at its design stage at TRIUMF and Daresbury!®. The principle layout
is shown in Fig. 3. The recoil protons from the elastic scattering of then
"Be beam will be detected. As the TACTIC detector will be surrounded
by a BGO array, also inelastic scattering into the first excited state of "Be
at 418 keV will be observable.

The TACTIC detector consists of an inner target region which is not
visible to the detection system and an outer region into which scattered
charged particles can penetrate and leave a trace. The resulting electrons

°The Gamow peak for this reaction in the sun is at about 20 keV; however, traditionally
the S factor is quoted for zero energy with a possible estimate of the first derivative.
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anocde strig_s

Figure 3. Layout of the TACTIC detector (upper panel) and working principle (lower
panel).

are then drawn in a radial electric field toward the anode. However, on the
way they encounter a GEM (Gas Electron Multiplier) foil. This GEM is
a thin foil, copper plated on both side with microholes penetrating. The
voltage applied between the two sides of the foil will lead to electron ampli-
fication in the strong field of the holes. With the GEM in place we obtain a
very strong signal for heavy ion traces as shown in our test chamber where
we used an « source to test signals and tracing!$. Basically the GEM al-
lows us to process the signals directly without preamplification. The inner
target region can be configured in two ways: (i) with inner and outer region
sharing the gas volume (a wire cage will collect beam induced electrons)
and (ii) the inner and outer region separated by a foil which also serves as
cathode. For the "Be(p,p)"Be experiment the second configuration will be
employed.

The data acquisition system will consist of VM48 cards developed at
the University of Montreal which will digitize each pulse. From that we
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hope to not only get good timing and energy loss information but also
some knowledge about the radial position of pulse generation. The anode
will be segmented in ® and © to allow for high rates, the thorough de-
termination of scattering angles and also the detection of reactions with
multiple charged particles emanating, e.g. "Be(p,3He p)a at higher ener-
gies. We have already shown that tracing the « tracks in our test chamber
is possible.

This summary report is based on the work of many people, in fact too
many to list here. Quite a few are co-authors of articles with the author
names, but there are more who must stay anonymous here. Nevertheless
that does not diminish their contributions.
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RECENT EXPERIMENTAL STUDIES OF NUCLEAR
ASTROPHYSICS USING INTERMEDIATE-ENERGY
EXOTIC BEAMS

TOHRU MOTOBAYASHI

RIKEN, 2-1 Wako, Saitama 351-0198, Japan
E-mail: motobaya@riken.jp

Intermediate-energy Coulomb dissociation has been applied to nuclear astrophysics
studies using fast radioactive-isotope (RI) beams. This method helps to overcome
the low intensity and low emittance of the beams. Recent studies on several reac-
tions involved in steady and explosive hydrogen burning are presented.

1. UNSTABLE NUCLEI in ASTROPHYSICS

Certain nuclear reactions with short-lived nuclei are expected to play im-
portant roles in explosive nuclear burning scenarios. These reactions may
become faster than their 8 decays in high-temperature and high-density
conditions. Non explosive situations as in the hydrogen burning in the sun
sometimes involves unstable nuclei. These reactions are, however, difficult
to study in laboratory experiments, because the short-lived nucleus is hard
to be smade in a target. Use of radioactive ion (RI) beams is useful in such
cases. Direct measurements can be performed by a low-energy RI beam of
the nucleus of interest. Another solution is to employ an indirect method
such as the one based on the transfer reaction (ANC method)?, the “Trojan
Horse” method? or the Coulomb dissociation. The first and third meth-
ods are used for radiative capture reactions, whereas the second one is for
transfer reactions.

Compared with ordinary beams of stable particles, the beam intensity
is quite low and the emittance is large especially for intermediate-energy RI
beams produced by the fragmentation scheme. Therefore, measurements
should be quite efficient and reactions with large cross sections should be
employed. Efforts to overcome the poor quality of the beams should also
be made in order to resolve the final states of the reaction.
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2. COULOMB DISSOCIATION

For a Coulomb dissociation experiment in reversed kinematics, the residual
nucleus A of the radiative capture reaction of interest, B(x,7)A, bombards
a high-Z target and is Coulomb excited to its unbound state that decays
to the B+x channel. The cross sections of these reactions can be related
since the dissociation process can be regarded as the absorption of a virtual
photon, i.e. A(v,x)B, the inverse of the astrophysical reaction of interest.
The idea of applying this Coulomb dissociation method to astrophysical
radiative caputure has been first proposed by Baur, Bertulani and Rebel?,
and some review articles are available?®. In addition to the advantage of
using thick targets, the Coulomb dissociation method enhances the original
capture cross section by a large factor.

The cross sections of the radiative capture and the photoabsorption are
connected by the detailed balance relation,

, _ @+ NQi R )
Aty—Btz 2(2ja +1) k2 oreTAYT

The spins of A, B and x are denoted by j’s, respectively. The wave number
k in the B+x channel is given by k? = 2uE.,/h? with the reduced mass u of
the B+x system, while the photon wave number is given by ky = E,, /hic =
(Ecm+Q)/ e, where @ denotes the Q-value of the (x,v) reaction. Due to the
large phase space volume for the B+x channel, the photoabsorption cross
section is enhanced. For example the factor k?/ k% in Eq. 1 is calculated to
be about 1,000 for the case of "Be(p,7)®B reaction.

The energy-dependent Coulomb-dissociation cross section docp/dE,
and that of photoabsorption can be related with the number of virtual
photon n, as,

dO'CD 1

dE, = E,;n'yo'photo- (2)

The intense flux of virtual photons produced by a large-Z target enhances
the Coulomb dissociation cross section. For example, the n, value is
evaluated to be about 1,000 for the 8B Coulomb dissociation at around
50 MeV /nucleon.

In Coulomb dissociation experiments, the relative energy of the two
fragments B and x, which corresponds to the center-of-mass energy of the
B(x,v)A capture reaction, is obtained from their invariant mass extracted
from the velocities of B and x and their relative angle. The relative energy
resolution depends on the accuracy of energy and angle determination in
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detecting outgoing particles, whereas it is independent of the energy and
angular spreads of the incident beam. For example, the relative energy res-
olution is evaluated to be 200 keV at the relative energy of 1 MeV with the
angular resolution of 0.6° and the energy resolution of 2%. This indicates
that this method is suitable for experiments with RI beams of intermediate
energies with poor qualities.

3. "Be(p,7)°B

The "Be(p,7)®B reaction is a sort of bench mark case where various meth-
ods are employed. It is important for estimating high-energy neutrino flux
relevant to the solar neutrino puzzle, defined as the discrepancy between
the measured and predicted neutrino yields from the sun®. Direct proton-
capture measurements have been and are being performed with a radioac-
tive "Be target. The Coulomb dissociation experiments provide an opportu-
nity of independent determination of this important reaction cross section.
we performed several experiments of the Coulomb dissociation of 8B at
RIKEN7®9 and GSI'%:11,

At RIKEN, unstable 8B nuclei were produced by the 2C+°Be frag-
mentation at 92 MeV/ nucleon, and were analyzed by the RIPS fragment
separator'2, The 8B beam energy in the center of the target, 50 mg/cm?
208pYL,, was approximately 50 MeV /nucleon. The breakup fragments, "Be
and p, were detected in coincidence, and their relative energy was extracted.
The experimental breakup cross sections were converted to the "Be(p,7)®B
cross section with the help of a Monte-Carlo simulation calculation which
included the detection efficiency and the theoretical Coulomb-dissociation
cross sections calculated by the distorted-wave theory. In one of the experi-
ments, the DALI setup, an array of sixty NalI(T1) scintillators, measured the
deexcitation v rays from the first excited state of "Be at 429 keV populated
in the dissociation process. The contribution from this process was mea-
sured to be about 5% of the Coulomb dissociation yield, and was subtracted
to extract the cross section of interest.

In Fig. 1 the astrophysical Sy7-factors obtained in the two experiments
at RIKEN are shown together with the results from several direct (p,v)
measurements. The S-factor is related to the capture cross section ¢ by,

S = o E exp[2mn), 3)

with the Sommerfeld parameter n = €27, Z5/hv and center-of-mass energy
E. Our Coulomb dissociation data are consistent within errors with the
results by Filippone et al.'® and Vaughn et al.!4. The second experiment
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Figure 1. Astrophysical Sy7-factors for the 7Be(p,7)®B reaction extracted from the
first (large open circles) and second (large solid circles) experiments at RIKEN. Existing
direct (p,y) data are also shown. The solid and dashed curves represent the fits to
the data from the second Coulomb dissociation experiment with the theoretical energy
dependence of Barker and Spear and that of Descouvemont and Baye, respectively.

yielded the S factor extrapolated to E=0 as S17(0)=18.9713 eV-b®, which
agrees with the recent recommendation $7(0)=1973 eV-b'® evaluated es-
sentially from the direct capture data by Filippone et al.!3.

Experiments at a higher incident energy of 254 MeV /nucleon!®!! pro-
vided a good test for the reaction mechanism by comparison with the lower
energy results of the RIKEN experiments, because higher order processes is
less important in general at higher incident energies. The results basically
agrees with the RIKEN data and hence the direct capture data with lower
S-factors.

The Coulomb dissociation measurement was made also at MSU!6. Al-
though the data themselves taken at the incident energy of 83 MeV /nucleon
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essentially agree with the RIKEN data, the authors deduce a slightly lower
S factor by subtracting their evaluated E2 component based on their anal-
ysis on the parallel momentum distribution of "Be from the 8B Coulomb
dissociation!”. On the other hand, the angular distribution measurement at
RIKENS and the second GSI experiment!! with precise angular correlation
data both point to an E2 mixture much smaller than the one evaluated in
the MSU experiment. This discrepancy affects the extracted S17 factors by
10-15%.
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Figure 2. The S17(0) values extracted by the Coulomb dissociation method (solid cir-
cles) and the ANC method (solid squares). The ones obtained by direct capture measure-
ments are also shown by solid diamonds. The latest recommendation .5'17(0)=19f3 eV-b
is indicated by the dashed and dot-dashed lines.

S1,(0) [eV-b]
w
(] (@]
FT T 171 | T T T 1 | T T T T ] T T 1 T ’ T 1 1 71 I T T T T 5
——
—.—
—.—

Figure 2 summarizes the S)7(0) values reported with the direct,
Coulomb dissociation and ANC methods. Though recent results are gen-
erally in good agreement with the evaluation in 19985 more works might
be necessary to resolve the discrepancy mentioned above for the Coulomb
dissociation results and to improve the accuracy to the level of 5%, which
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is expected to be the accuracy of future solar neutrino measurements. It
should noted that new attempts to improve the accuracy to the 5% level
have been made for direct capture experiments'®1?, However, the disagree-
ment among the existing data with various experiments has not been fully
understood.

4. EXPLOSIVE HYDROGEN BURNING

Recently we performed experiments of the dissociation of °C, 12N, and
130, which are intended to determine reaction rates relevant to the hot-pp
mode nuclear burning in hydrogen-rich massive objects?®. The experiments
have been performed by essentially the same procedures as in the 8B dis-
sociation experiments. Figure 3 shows a relative energy spectrum of the
9C dissociation. The data follow essentially the simulation assuming an
energy-independent S factor of 100 eV-b except for the excess of yield seen
at around 0.9 MeV, which corresponds to the excitation of the first resonant
state of °C.
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Figure 3. Experimental cross sections edo/dE, for the dissociation of °C on Pb plotted
as a function of the relative energy E,q). The cross sections include the energy-dependent
detection efficiency €. The closed circles represent the experimental data, and the his-
togram shows the result of the Monte-Carlo simulation assuming Coulomb dissociation
mechanism with a constant E1 S factor of 100 eV-b.

After considering the data taken with a carbon target, which are sensi-
tive essentially to the dissociation due to nuclear force, the S factor for the
direct capture through continuum states and the radiative widths of the
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resonance in the M1 and E2 multipolarity could be extracted. The domi-
nant M1 width is directly related to the capture cross section through the
Breit-Wigner one-level formula. These results are summarized in Table 1
together with the experimental S factors obtained by the ANC method?!:22
and theoretical estimates?%:23:24,

Table 1. Astrophysical § factor for the 8B(p,v)?C reaction at low
energies and radiative widths of the 0.92 MeV resonance in °C.

S1s (energy range) I'y(M1) T4(E2) method

(eV-b) (MeV) (meV) (peV)
(1) 77415 (0.2-0.6) 21+6 4.3+1.0 9C dissociation
@) 45413 (0-0.1) ANC
(3) 4646 ANC
(4) 210 (0-0.8) 34¢ shell model (S15)®
(5)  72%, 80b (0.2-0.6) 1004 600¢  cluster model
(6) 46¢  AMD

(1) present, (2) Beaumel et al., (3) Trache et al., (4) Wiescher et al.,
(5) Decouvemont, (6) Kanada-En’yo and Horiuchi

@ Minnesota force, ® Volkov force, ¢ jr=1/2", ¢ jr=5/2", ¢ [y is
evaluated by systematics

As seen in the table, the extracted Sig factor agrees with the one pre-
dicted by Descouvemont??® and is slightly larger than the results obtained
by the ANC method. The estimate by Wiescher et al?® is considerably
larger. For the 0.92 MeV resonance, the dominant M1 width is consistent
with the estimate by Wiescher et al.%, but is smaller than the prediction of
Descouvemont?®, The extracted E2 width agrees well with the prediction of
the antisymmetrized molecular dynamics by Kanada-En’yo and Horiuchi?4.
A complete set of experimental information of astrophysical interest was
extracted from the Coulomb dissociation experiment, demonstrating the
usefulness of the method.

Encouraged by the success of the ®B dissociation experiments, we
extended the Coulomb dissociation method to a heavier system, the
2Mg(p,y)?* Al reaction?®. This reaction might play a role in the rp-process
relevant in thermonuclear runaway expected to occur in certain novae. The
resultant relative energy spectrum is shown in Fig. 4. We could obtain the
radiative width of the first resonant state in 23Al, and provided the first
experimental support to the recent evaluation of the reaction rate?®. It
should be noted that in a direct capture measurement data with equivalent
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statistics can be obtained only by the 22Mg beam intensity of the order of
10'2 s~1, which is impossible in the current technology.

m_--:.'.v--I.T..I.---
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Figure 4. Experimental relative energy spectrum for the dissociation of 2Al on Pb
plotted as a function of the relative energy E... The lowest-energy peak corresponds
to the dissociation through the first excited state in 23Al, which is expected to play a
important role in the rp process hydrogen burning.

5. COULOMB EXCITATION for SUBTHRESHOLD
STATES

Recently, we studied the Coulomb excitation of °0O to its 3/2% state
at Eox=6.793 MeV, which can affect the low-energy behavior of the
14N(p,7)!%0 reaction, a key process in the CNO cycle hydrogen burn-
ing. This might add an independent information to the recent life-time
measurement?’,

Figure 5 shows the energy spectrum of v rays associated with the in-
elastic 150 scattering with a lead target. The fits of simulated line shapes
result in an upper limit of the cross section for the 3/2% excitation, leading
to its radiative width I', < 1.6 eV. This result suggests a negligible effect
of the state to the low energy (p,y) behavior. This is consistent with the
recent lifetime measurement??, but is in contrast to the result of R-matrix
fits to the direct capture data28.

6. SUMMARY

Indirect determinations of astrophysical (p,y) cross sections involving un-
stable nuclei trough the Coulomb dissociation method are discussed. The
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Figure 5. Experimental y-ray spectrum observed for the 1504Pb inelastic scattering
measured at §,=63°. The curves show the result of the best fit with the six components,
four spectra due to the 120 excitation, target excitation component, and background.

8B dissociation has been studied at two different energy domains, 50-80
and 250 MeV /nucleon. Extracted astrophysical 517 factors are consistent
with a recent recommendation S37(0)=1913 eV-b'®. The hot pp chain is an
explosive burning process involving short-lived nuclei. The ®B(p,v)°C re-
action in the chain was studied by the Coulomb dissociation method. More
reactions in explosive hydrogen-burning processes have been also studied
by the Coulomb dissociation method: the radiative proton captures on 12N,
130, and here 22Mg(p,7)23Al. Low-energy behavior of the N(p,v)'°0 re-
action, a key process in the CNO cycle hydrogen burning, was studied by
the Coulomb excitation. The role of the subthreshold 3/2% state to the
astrophysical reaction rate was clarified.

The advantages of these experimental studies are the large cross section
and the possibility to use thick targets. This enables investigations of as-
trophysical reactions involving unstable nuclei with reasonable yield. This
may open a possibility of measuring further (p,y), (n,y) and even (2p,y)
processes by the indirect methods using RI beams provided by the RIKEN
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RI Beam Factory project, which is expected to start operation in the end
of the year 2006. '
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During the last decade, new indirect techniques have been developed to determine
reaction rates of interest in nuclear astrophysics. One of these involves measure-
ments of asymptotic normalization coefficients (ANCs). ANCs, which provide the
normalization of the tail of the overlap function, determine S factors for direct
capture reactions at astrophysical energies. They also can be related to resonance
capture rates and are particularly useful for determining proton-capture reaction
rates that involve subthreshold resonance states. Proton ANCs have been mea-
sured by peripheral transfer reactions using both stable beams and targets and
radioactive beams. Recently neutron ANCs have been measured by heavy-ion
transfer reactions. Using mirror symmetry, the neutron ANCs can be related to
proton ANCs and the results can then be used to determine direct capture reaction
rates. Following an introduction to ANCs, recent experiments are discussed along
with the astrophysical implications of these measurements.

1. Introduction

Understanding stellar evolution requires detailed information about nuclear
reactions and decays that are important in using nuclear fuel in burning

*present address: Physics Division, Argonne National Laboratory
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processes that provide energy to a star. Stellar nuclear burning is com-
plicated, involving sequences of capture reactions and beta decays, and
depends on density, temperature and nuclear abundances. Reaction and
decay cycles, beginning with the p-p chain and extending to the CNO, Ne-
Na, etc., cycles, process the nuclear fuel, primarily through hydrogen and
helium burning, yielding increasingly massive nuclei and producing energy.
Explosive stellar processes involve similar sequences of reactions and de-
cays. Some of the important reactions in the burning cycles and most in
explosive processes involve unstable nuclei. New direct and indirect tech-
niques have been developed over the last decade to measure these reaction
rates. Most of these new approaches are being discussed in contributions
to this summer school proceedings.

The ANC technique is based on the fact that direct proton-capture re-
actions of astrophysical interest involve systems where the binding energy
of a captured charged particle is low. Hence at stellar energies, the cap-
ture proceeds through the tail of the nuclear overlap function. The shape
of the overlap function in this tail region is determined by the Coulomb
interaction, so the amplitude of the overlap function alone dictates the rate
of the capture reaction. The asymptotic normalization coefficient (ANC),
C, specifies the amplitude of the tail of the overlap function for the system.
Astrophysical S factors for peripheral direct radiative capture reactions can
be determined through measurements of ANC’s using traditional nuclear
reactions such as peripheral nucleon transfer’2. Also the ANC can be used
to determine the external part of F.y3. Thus the ANC is connected to both
the resonant and nonresonant capture amplitudes, and it can be used to
determine astrophysical S factors when the capture occurs through a sub-
threshold resonance state3.

2. ANC Measurements

The connection between ANCs and the direct proton capture rate at low en-
ergies is straightforward to obtain. The cross section for the direct capture
reaction A + p — B + v can be written as

o =A< 15,) | O@) | v (x) >[, (1)

where A contains kinematical factors, I Ep is the overlap function for
B - A+p, O is the electromagnetic transition operator, and 1/)f+) is
the scattering wave in the incident channel. If the dominant contribution
to the matrix element comes from outside the nuclear radius, the overlap
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function may be replaced by

IEP(’I‘) ~C (2)

where C, the ANC, defines the amplitude of the tail of the radial overlap
function I Ep, W is the Whittaker function, n and [ are the Coulomb para-
meter and orbital angular momentum for the bound state B = A+p, and
is the bound state wave number. If resonance parameters are known either
from measurements or calculations and ANCs are known, the resonant and
nonresonant components can be used together in an R-matrix calculation
to obtain capture cross sections.

Peripheral transfer reactions provide an excellent way to determine
ANCs. Consider the proton transfer reaction a + A — ¢ + B, where
a=c+p B =A+p The DWBA cross section can be written in the
form*

W_pi41/2(267)
’,‘ b

B 2 2
d_O' — (CAPlBjB) (Cgplnja) ~DW (3)
aQ b? b2 Olpjiplaja’
ija AplBjB Cplaju

g‘;‘; laja 18 the reduced DWBA cross section and j;,[; are the total

and orbital angular momenta of the transferred proton in nucleus 7. The
factors by, ;. and bapiyjs are the ANC’s of the bound state proton wave
functions in nuclei a and B. They are related to the corresponding ANC
of the overlap function by

where o

( gplaja)z = gplaja bgplaja’ (4)
where S¢,; ;- is the spectroscopic factor. If the reaction under consideration
is peripheral, the ratio

gow .

Ripjiplaje = 52“”——8;)‘5]“— (5)

. Aplpjp“cplaja
is independent of the single particle ANC’s bapigj; and bepr,j,. Thus for
surface reactions the DWBA cross section is best parametrized in terms
of the product of the square of the ANCs of the initial and final nuclei
(CB)?(C*)%. The ANCs, (CB), are just those needed in Eq. 1 to determine
the capture reaction cross section.

As examples of measurements with stable beams and targets, ANCs
for 0 — N + p and ?'Na — 2Ne + p have been determined using
the *N(*He,d)'50 and ?°Ne(®He,d)?'Na reactions. The experiments were
carried out with *He beams supplied by the U-120M isochronous cyclotron
of the Nuclear Physics Institute of the Czech Academy of Sciences. ANCs
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were obtained for the ground and five excited states in 50 and the ground
and first three excited states in 2!Na. Capture in both reactions at stellar
energies is dominated by a subthreshold state. In 50 the state that dom-
inates is at E; = 6.79 MeV and for 2Na the subthreshold state is at E, =
2.425 MeV. ANCs have been used to obtain the astrophysical S factors for
both systems®®.

Recent measurements with radioactive beams include the determina-
tion of the ANCs for *O — 13N + p which have been extracted from the
14N(13N,140)!3C reaction. The experiment was carried out at Texas A&M
University. A beam of 3C at 15 MeV/A from the K500 superconducting
cyclotron was used to bombard a 9 cm long gas target filled with 2 at-
mospheres of Hy gas cooled to LNs temperature. Recoil ions were collected
by the MARS recoil spectrometer to produce a pure (>99%) secondary
beam of 13N at 11.8 MeV/A. A 1.5 mg/cm? melamine target was placed at
the focal plane of the recoil spectrometer and reaction products from the
14N(13N,0)!3C reaction were observed in 5 cm x 5 cm AE-E Si detector
telescopes. A plastic scintillator detector was used to measure the beam
particles. The angular distribution for 14O reaction products populating
the ground state of 13C is shown in Fig. 1. The ANCs for 140 — 13N + p
have been extracted and used to predict the direct capture contribution to
the 3N(p, )0 reaction’.

In addition to the proton transfer reactions mentioned above, neutron
ANCs have been measured for several systems. As an example, the ANCs
for 8Li — “Li + n have been obtained from the neutron transfer reaction
13C("Li,2Li)*2C. By mirror symmetry, these ANCs can be related to those
for the 8B — "Be + p system®. Thus the neutron transfer reaction can be
used to determine the S factor for “Be(p, v)®B. The ¥C("Li,2Li)*2C reac-
tion was measured at Texas A&M University with a "Li beam at 9 MeV/A
from the K500 superconducting cyclotron bombarding a 300 ug/cm? 3C
target. After passing through the beam analysis system, the primary beam
was focused at the target chamber of the MDM magnetic spectrometer.
Reaction products from the '3C target were observed in the focal plane of
the spectrometer. The high-quality beam from the analysis system allowed
for a measurement of the angular distribution even at 0°. This made it
possible to separate the 1p,/ and 1ps/, components in the transfer. The
angular distribution for the reaction and the DWBA fit using optical model
parameters from "Li elastic scattering are shown in Fig. 2. More details
can be found elsewhere®.
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Figure 1. Angular distribution for N(*3N,}4 0)!3C, ;.. The dashed curve is the

DWBA prediction. The solid curve is the smeared prediction taking into account the
finite size of the secondary beam spot and the angular spread in the beam. The upper

and lower dashed-dotted lines represent the N(p;,5) — 40(p;,2) and ¥N(p;,5) —
140(p; /) proton transfer reactions, respectively.

3. Astrophysical S factors from ANCs

The ¥N(p,7)*®O reaction is one of the most important reactions in the
CNO cycle. As the slowest reaction in the cycle, it defines the rate of en-
ergy production'® and, hence, the lifetime of stars that are governed by
hydrogen burning via CNQO processing. Previously a measurement of the
YN(p, v)1®0 reaction was carried out!! in 1987 and a total astrophysical
factor S(0) = 3.20 £ 0.54 keVb was deduced. This measurement deter-
mined that *N(p,v)'®0 capture at low energies is dominated by capture
through the first resonance at Fr; = 259.5 keV (the resonance energy in
the c.m.) and a subthreshold state at E; = —504 keV. At very low energies

appropriate for stellar burning, the reaction was found to be dominated by

a combination of direct and resonant capture and interference from the tail
of the subthreshold resonance and the first resonance. Recently the first
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Figure 2. The angular distribution for the '3C(7Li,8Li)!2C reaction. The data are
shown as points and the solid line is the best fit. The py;3 — p1/2 component is shown
as the dotted line, and the p; ;2 — p3 2 component is the dashed line.

measurement of the radiative width of the subthreshold state in >0 to the
ground state was reported!?. The new result for the width, 0.417033 eV,
is about 15 times smaller than the value used in the analysis of the data
from 1987. Due to the small width only direct capture to the subthreshold
state in 130 is important for the S factor and the ANC thus determines the
reaction rate at stellar energies.

The ANCs that were found from the transfer reaction have been used in
an R-matrix analysis to determine the S factor for 1N(p,v)'°0. Extrapo-
lating to stellar energies gives S(0) = 1.40 £0.20 keVb for the contribution
from the subthreshold state. Including all contributions, the total calcu-
lated astrophysical factor at zero energy is S(0) = 1.70 £ 0.22 keV b%. This
rate is about a factor of 2 smaller than that obtained from the earlier
analysis and makes the energy production in the CNO cycle smaller than
previously estimated.

With increasing temperature, the rates of the proton capture reactions
in the cold CNO cycle exponentially increase. Eventually the reaction rate
for 13N(p,7)140 exceeds the rate of 13N 3 decay (t1/2=9.965 min) and the
hot (3 limited) CNO-cycle takes over. But *N(p,y)'0 is still the slowest
reaction and it controls the energy generation rate. As the temperature con-
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tinues to increase, all of the proton capture reaction rates in the hot CNO
cycle exceed the B-decay rates of O and 'O (with half lifes t;/,=70.6
s and 122 s, respectively). The energy generation rate of the hot CNO
cycle will remain constant until some break out processes begin to occur.
Indeed the thermonuclear runaway in novae is driven by the energy release
of the hot CNO cycle. Because the peak temperature in the thermonuclear
runaway is typically below 3.5 x 108 K, break out processes are inhibited
by their limited reaction rates. Observation of the abundance distribution
in nova ejecta indicate large over abundances of nitrogen produced by the
B-decay of the bottleneck nuclei, 1*O and °0, in the hot CNO cycle!3.

For Ty=0.2, the Gamow window for the 3N(p,7)!4O reaction is located
at 148 keV with a width of 117 keV. At this energy the reaction is dominated
by the low-energy tail of the s-wave capture on the broad 1~ resonance at
E,=0.529 MeV!4. The direct capture contribution is significantly smaller
than that due to the tail of the resonance within the Gamow window.
But since both resonant and nonresonant capture proceed via s waves and
then decay by E1 transitions, there is an interference between the two
components. Thus the resonant tail can be enhanced through constructive
interference or reduced through destructive interference.

The cross section for direct capture and resonant capture through the
broad first excited state was calculated from the measured ANC and the ex-
perimental resonance parameters using the R-matrix approach”. In the cal-
culation, the same parameters (E§™ = 5279+ 1.7 keV, Lot = 37.3£0.9
keV and I, = 3.36 £0.72 eV) as Magnus et al.!5 adopted were used for the
first resonance. A theoretical calculation by Descouvemont!® suggested that
constructive interference occurs between the resonant and nonresonant am-
plitudes for the low energy tail, but there is no experimental confirmation of
this so far. Thus both constructive and destructive interference were calcu-
lated. The new result for direct capture alone, is about 30% larger than the
result obtained by Decrock et al.'* At E, ., = 140 keV where the Gamow
peak is located for Tg=0.2, the calculation with constructive interference
is about 38% higher than the previous result. This is due to the larger
direct capture contribution from the ANC measurement. The estimated
destructive interference is smaller than the constructive interference result
by a factor of 3 at E.,, = 140 keV. Verifying by a direct measurement
that constructive interference is indeed correct would be quite useful.

As material leaks out of the CNO cycle, the Ne-Na cycle can begin.
The 2°Ne(p,7)?'Na reaction is one of the reactions in the Ne-Na cycle.
Its reaction rate is extremely hard to measure since, like the “N(p,v)!50
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reaction, it is dominated by a subthreshold state. The important state in
2INa at E; = 2.425 MeV is only 7 keV below threshold. Thus even a small
I, will result in a substantial resonant contribution to the reaction rate.
The reaction rate at stellar energies was estimated previously to be about
3500 keV b!7. The ANCs that were determined for this state fix the direct
capture through the subthreshold state. At proton energies below about
150 keV, resonant capture through the subthreshold state dominates the
S factor. Based on the present information available about the ~ width of
the state, S(0)} = 5900 £ 1200 keV b. A new measurement of the width of
this state, would substantially reduce the uncertainty in this result.

Previously, we used ("Be,®B) proton transfer reactions to measure the
ANCs for the 8B — "Be + p process, from which we determined the astro-
physical factor S,7(0)!8. This reaction is a very small branch in the p — p
chain but the resulting 8B produces essentially all of the high-energy neu-
trinos from the sun. And it is these neutrinos that are detected in the water
based solar neutrino detectors. Thus knowing the rate of 8B production in
the sun is quite important.

8B and ®Li are mirror nuclei, and charge symmetry implies that the
spectroscopic amplitudes for the proton single particle orbitals entering the
8B wave function are nearly the same as those of the neutron single particle
orbitals in the 8Li wave function. This leads to a proportionality between
the asymptotic normalization coefficients in 8B — "Be + p and 8Li — "Li +
n. Thus the neutron transfer reaction allows us to determine the ANCs for
8B — "Be + p and, consequently, the astrophysical factor S;7. Indeed the
results from using charge symmetry agree well with those from the direct
reaction. This is a new variation of the ANC approach that will also be
useful in other nuclear systems.

This work was supported in part by the U.S. Department of Energy
under Grant number DE-FGO02-93ER40773, the U.S. National Science
Foundation under Grants No. INT-9909787, PHY-0140343, ME 385(2000)
project NSF and MSMT, CR, grant GACR 202/01/0709 and the Robert
A. Welch Foundation.
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RECENT APPLICATIONS OF THE TROJAN HORSE
METHOD IN NUCLEAR ASTROPHYSICS
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The basic features of the Trojan Horse Method are discussed together with a review
of recent applications, aimed to extract the bare nucleus astrophysical S,(E) factor
for several two body processes. In this framework information on electron screening
potential U, was obtained from comparison with direct experiments.

1. General Introduction

In order to overcome the experimental difficulties arising from small cross
sections involved in charged particle induced reactions at astrophysical en-
ergies and from the presence of the electron screening, a number of indirect
methods, e.g. the Coulomb dissociation!, the ANC?, and the Trojan Horse
Method (THM)? were developed. Some of them make use of direct reac-
tion mechanisms, such as transfer processes and quasi-free reactions. In
particular, the THM is a powerful tool which selects the quasi-free (QF)
contribution of an appropriate three-body reaction, performed at energies
well above the Coulomb barrier, to extract a charged particle two-body
cross section at astrophysical energies free of Coulomb suppression. The
THM has already been applied several times (Table I) to reactions con-
nected with fundamental astrophysical problems®5. In this paper, the role
of the THM as complementary tool for studying reactions of astrophysical
interest as well as fusion reactions for energy production in nuclear power
plants is stressed, and some results are shown.
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2. Theory
2.1. Quasi-FPree mechanism

The quasi-free A +a — ¢+ C + S reaction, having a strong z & S clus-
ter structure, can be described by a pseudo-Feynmam diagram (Fig. 1 in
Ref. 3), where only the first term of the Feynman series is retained. The
upper pole describes the virtual break-up of the target nucleus a into the
clusters £ and S; S is then considered to be spectator to the A+z — ¢+ C
reaction, which takes place in the lower pole.

In Plane Wave Impulse Approximation (PWIA) the cross section of the
three-body reaction can be factorized®” as given by:

d3c do off
St hatell (5.2 1
dE.d0.d00 < XF (dﬂcm) @)1 L

where:

e [(do/dQ)em]°?? is the off-energy-shell differential cross section for
the two-body A(x,c)C reaction at the center-of-mass energy Ep,
given in post collision prescription by:

Ecm = Ec—C - Q2b (2)

where Qg is the two body Q-value of the A + x — ¢+ C reaction
and E._¢ is the relative energy between the outgoing particles ¢
and C;

e KF is a kinematical factor containing the final state phase-space
factor and it is a function of the masses, momenta and angles of
the outgoing particles;

e &(ps) is the Fourier transform of the radial wave function x(7) for
the x-S inter-cluster motion, usually described in terms of Han-
kel, Eckart and Hulthén functions, depending on the x-S system
properties.

3. From Quasi-free Reactions to the Trojan Horse Method

The application of the quasi-free mechanism to the study of reactions at
astrophysical energies®® derives from previous researches on the quasi-free
mechanism at very low energies?~!3. In particular, it is an extension of the
indirect excitation function measurements for the two-body cross section of
the "Li(p,a)a and SLi(p,a)3He reactions!%15 at low energies.

This phenomenological approach derives from the theory of the THM
proposed by Baur!®, whose basic idea is to extract a two-body A+z — C+c
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reaction cross section at low energies from a suitable three-body 4 +a —
C + ¢+ s reaction.

Under appropriate kinematical conditions, the three-body reaction is
considered as the decay “of the Trojan Horse”, a, into the clusters z and
S and the interaction of A with z inside the nuclear region, whereby the
nucleus S can be considered as a spectator during the reaction.

If the bombarding energy E4 is chosen high enough to overcome the
Coulomb barrier E¢ in the entrance channel of the three-body reaction,
the two-body channel is not affected by Coulomb Barrier, and electron
screening effects are negligible.

In the original paper by Baur!®, it was proposed that the initial veloc-
ity of the projectile A is compensated for by the Fermi-motion of parti-
cle z. In this framework, a momentum of the order of hundreds MeV/c
could be needed. However, in the case of a nuclei with a predominant 1=0
inter-cluster motion, such momenta populate the tail of the momentum dis-
tribution for particle x, making very critical the separation from eventual
background reaction mechanisms, like sequential decays feeding the same
exit channel.

Moreover, as already mentioned, the tail of the calculated momentum
distribution entering Eq. 1 changes depending on the theoretical approach
applied, thus a very sophisticated treatment might be required in order
to get the relevant two-body cross section. In order to overcome these
problems, we have introduced a different approach!”—21:1422-29 haged on
the idea that the initial projectile velocity is compensated for by the binding
energy of particle z inside a.

Thus, the two-body reaction can be induced at very low (even vanish-
ing) relative energy?®. Moreover, the role of the cutoff in the momentum
distribution consists in fixing the accessible astrophysical energy region, as
given by:

Aqu - EAJ: - st :t E,;s, (3)

where F 4. is the beam energy in the center-of-mass of the two-body A—x
system, B.s represents the binding energy for the x-b system, and E,,
describes their inter-cluster motion within the chosen cutoff in momentum.

In this way, it is possible to extract the two-body cross section from
Eq. (6) after inserting the appropriate penetration function P in order
to account for the penetrability effects affecting the direct data below the
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Coulomb barrier?>!9. The complete formula is given by:

(j%) x [ﬁ)—"m] (KFIS@) - P @

If |®(5,)|? is known and P; and KF are calculated, it is possible to derive
(do/dQY) from a measurement of d3c/dE1dQ1dQ> by using Eq.(1).

When the projectile energy is not very high and off-energy-shell effects
are not negligible, a more sophisticated approach based on a Modified Plane
Wave Born Approximation (M PW BA)3%3!, turned out to be useful since
Coulomb and off-energy-shell distortions in the two-body entrance channel
are included?!,23.24,25,26,

4. Experimental Details and Results

As already mentioned, the THM applies to a suitable three-body reaction,
which is performed in a kinematically complete experiment. The experi-
mental set-up is optimized in order to cover the angular regions where the
quasi-free process is expected to be favored. The two-body cross section
is then extracted from the three-body coincidence yield within a spectator
momentum window usually ranging from -30 to +30 MeV/c. Note that
the deduced two-body cross section is the nuclear part alone, this being
the main feature of the THM. In order to deduce the experimental S(E)
factor from the standard definition?!, the nuclear cross section is multiplied
by the proper transmission coeflicient P;(E). An experimental program
has already been undertaken to study proton capture reactions on %7Li,
main responsible for their destruction!®2125:26 The extracted astrophysi-
cal S(E) factors for these reactions are shown in Fig. 1. Recently, proton
capture reactions on !B and °Be were also investigated by selecting the
quasi-free contribution to the 1!B(d,a®Be)n and °Be(d,afLi)n three-body
processes?®, Their importance is indeed strongly related to cosmology as
well as to stellar structure and evolution®334, The S(E) factor of the bare
nucleus for the !'B+p interaction is reported in Fig. 2. Moreover, we have
performed the experimental study of the 3He(d,p)*He?" reaction in order
to get an independent estimate of the electron screening potential. This
investigation can give more hints concerning the electron screening effect,
responsible of the very pronounced enhancement in the cross section at low
energy, significantly larger than could be accounted for from the adiabatic
limit. Results are shown in Fig. 3. The THM was also applied to study
the N(p,a)!2C reaction via the break-up of 2H nucleus. Its reaction rate
affects the production of Fluorine, removing both protons and *N nuclei
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Figure 1. S(E) factors for the 7Li(p,a)3He and ®Li(p,a)3He reactions. Full dots rep-
resent THM data, open symbols refer to direct data32. The solid line is the result of a

second order polynomial expansion which gives in both cases the S(0) value reported in
Table 1.
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Figure 2. THMS(E) factor for the 11B(p,a)®Be reaction (full dots) compared with
direct data (histogram) 35, both averaged out at the same bin energy of 20 keV.

from the °F production chain®t. This introduces a 8 % of uncertainty in
the debated Fluorine surface abundance estimate. The indirect S(E) factor
is reported in Fig. 4, together with direct data and extrapolations. The
normalization to the direct data was performed in all cases in an energy
region were screening effects on the direct measurements are negligible. At
energies above E ~ 100 keV, the agreement between direct and THM data
sets is quite good, while they disagree at lower energies as expected, thus
fully supporting the validity of the THM. Once parameterized the two be-
haviors, it was possible to get also independent estimates of the screening
potential from one free-parameter fit. The resulting values together with
the S(0) parameters extracted from second order polynomial fits/R-matrix
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Figure 3. THM S(E) factor for the 3He(d,p)*He reaction (full dots) compared with
direct data (open circles)37:38.39,40  The solid line represents the result of the fit to get

the S(0) value?7.
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Figure 4. THM bare nucleus S(E) factor for the 5N(p,a)!2C reaction (full dots) com-
pared with direct data (open symbols)46. The solid red line represents the result of a fit
on the THM data to get the S(0) value5. For comparison, the extrapolations from46:47
are also reported.

calculations on the data are quoted in Table 1. Values from direct exper-
iments are also reported. The electron screening potential estimates are
also reported, compared with the adiabatic limits and the extracted values
in the direct experiménts.

Our results, affected by smaller uncertainties than direct data, agree
with both the extrapolated S(0) and U, direct estimates, with the exception
of the 1!B+p S(0) value which turns out to be a factor of 6 smaller than the
direct estimate. This disagreement is not fully understood yet. A further
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Table 1. Reactions studied via THM.

S(O)dir S(O)THM (Ue)teor. (Ue)dir. (Ue)THM

(MeVb) (MeVb) (eV) (eV) (eV)

"Li(p,a)*He 0.058 0.05540.003 186 300+£160 33040
5Li(d,a)*He 17.4 16.9+0.5 186 3304120 340450
11B(p,a0)8Be 2.1 0.3140.05 340 430480
SLi(p,a)3He 2.97 3.004:0.19 186 4504160  440+100

3He(d,p)a 6.51 6.0+1.8 120 21947 180440
9Be(p,a)®Li 16.4 240 800

2H(d,p)*H 0.056 14 2545
5N (p,a)i2C 65+7 3246

experiment is planned to study both B(p,a,,1)®Be processes. Moreover,
our U, estimates for p+%7Li processes confirm within the experimental
errors the isotopical independence of the screening potential. The large
discrepancy (about a factor 2) with the adiabatic limit (186 eV) is still
present. As concerns with the 3He+d interaction, the extracted U, value
(180+40 eV) confirms the discrepancy with the adiabatic limit, while for the
15N +p reaction, the result provides a reduced rate in the relevant energy
region for astrophysics, confirming the value reported in CF88, in contrast
with the one cited in the NACRE compilation.

5. Conclusions

The present paper reports the basic features of the THM together with a
general review of recent applications to several relevant reactions in astro-
physics. In particular, these results show the possibility to extract the bare
nucleus two-body cross section via the THM, which has proven to be a
powerful tool for measuring nuclear reaction cross sections at sub-Coulomb
energies. However, a lot remains to be done in the future to obtain reliable
information for many key reactions and processes, especially for the electron
screening effects in fusion reactions where new theoretical developments are
strongly needed to meet progress in the experimental field.

References

1. G. Baur and H. Rebel, Annu. Rev. Nucl. Part. Sci. 46, 321 (1996).

2. A.M. Mukhamedzhanov, C.A. Gagliardi, and R.E.Tribble, Phys. Rev. C63,
024612 (2001).

3. C. Spitaleri et al., Nucl. Phys. A719, 99c (2003).

C.J. Copi et al., Science 627, 192 (1995).

5. L. Piau and S. Turck-Chieze, Ap.J. 566, 419 (2002).

»~



® o

323

U.G. Neudatchin, Y.F.Smirnov, At. Energy Rev. 3, 157 (1965).

G. Jacob, Th. A. Maris, Rev. Mod. Phys. 38, 121 (1966).

C. Spitaleri, Problems of Fundamental Modern Physics II, World Scientific, p.
21-35, 1990 and references therein.

. M. Furic et al., Phys. Lett. B 39, 629 (1972).
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.

Dj. Miljanié et al., Phys. Lett. B 50, 330 (1974).

J. Kasagi et al., Nucl. Phys. A239, 233 (1975).

M. Zadro et al., Nucl. Phys. A474, 373 (1987).

S. Blagus et al., Z. Phys. A-Atomic Nuclei 337, 297 (1990).

M. Zadro et al., Phys. Rev. C40, 181 (1989).

G. Calvi et al., Phys. Rev. C41, 1848 (1990).

G. Baur, Phys. Lett. 178B, 135 (1986).

C. Spitaleri et al., Eur. Phys. J. A 7, 181 (2000).

G. Calvi et al, Nucl. Phys. A621, 139c (1997).

C. Spitaleri ef al., Phys. Rev. C60, 055802 (1999).

M. Aliotta et al., Eur. Phys. J. A 9, 435 (2000).

M. Lattuada et al., Ap.J. 562, 1076 (2001).

S. Cherubini et al, Ap. J. 457, 855 (1996).

C. Spitaleri et al., Phys. Rev. C63, 005801 (2001).

A. Musumarra et al., Phys. Rev. C64, 068801 (2001).

A. Tumino et al., Nucl. Phys. A7T18, 499¢ (2003).

A. Tumino et al., Phys. Rev. C67, 065803 (2003).

M. La Cognata et al., Nucl. Phys. A758, 98 (2005).

A. Rinollo et al., Nucl. Phys. AT58, 146 (2005).

C. Spitaleri et al., Phys. Rev. C69, 055806 (2004) and references therein.
S. Typel and. H. Wolter, Few Body Syst. 29, 7 (2000).

S. Typel and G. Baur, Ann. Phys. 305, 228 (2003).

S. Enstler et al., Z. Phys. A342, 471 (1992).

R.N. Boyd and T. Kajino, Ap. J. 336, 55 (1989).

A. Stephens and A.M. Boesgaard, Astroph. Journ. 491, 339 (1997).
H.W. Becker et al., Z. Phys. A327, 341 (1987).

A.J. Sierck and T.A. Tombrello, Nucl. Phys. A210, 341 (1973).
M. Aliotta et al., Nucl. Phys. A690, 790 (2001).

W.H. Geist et al., Phys. Rev. C60, 054003 (2001).

A. Krauss et al., Nucl. Phys. A465, 150 (1987).

G.S. Chulick et al., Nucl. Phys. A551, 255 (1993).

R.L. Schulte et al., Nucl. Phys. A192, 609 (1972).

R.E. Brown and N. Jarmie et al., Phys. Rev. C41, 1391 (1990).
H.S. Bosch and G.M. Hale, Nucl. Fusion 32, 611 (1992).

M. Lugaro et al., Ap. J. 615, 934 (2004).

M. La Cognata et al., Eur. Phys. Journ. (2005) to be published.
A. Redder et al., Z. Phys. A305, 325 (1982).

J.L. Zyskind et al., Nucl. Phys. A320, 404 (1979).



NUCLEAR ASTROPHYSICS EXPERIMENTS AT CIAE

WEIPING LIUY
ZHIHONG LI, XIXIANG BAI, GANG LIAN, BING GUQ, SHENG ZENG,
SHENGQUAN YAN, BAOXIANG WANG, NENGCHUAN SHU

AND YONGSHOU CHEN
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Beijing 102413, P. R. China

This paper described the nuclear astrophysical studies using the unstable ion beam
facility, GIRAFFE. We measured in inverse kinematics the angular distributions
for some low energy reactions, such as "Be(d,n)®B, 1C(d,n)!2N, 8Li(d,n)°Be,
8Li(d,p)°Li and '"F(d,n)!8Ne, and derived the astrophysical S factors or reac-
tion rates of “Be(p,y)®B, 1'C(p,7)*?N, 8Li(n,7)°Li, Y"F(p,7)!8Ne by asymptotic
normalization coefficient approach at astrophysically relevant energies.

1. Description of unstable ion beam facility GIRAFFE

Aiming at the studies of nuclear astrophysics, the secondary beam facility
(GIRAFFE)"? for producing and utilizing low energy beams of unstable
nuclei has been constructed at the HI-13 tandem laboratory in 1993. The
facility made use of the transfer and charge exchange reactions in inverse
kinematics to yield some beams of unstable ions (A < 20) near the §-
stability line with the acceptable intensities (10% - 108 pps). It comprises a
primary reaction chamber, a dipole-quadrupole doublet (D-Q-Q) magnetic
separation and focusing system, as well as a secondary reaction chamber,
as shown in Fig. 1. Up to now, the ion beams of $He, "Be, 8Li, !1C, 13N,
150, 17F and 1°C have been delivered. They are summarized in Table 1. A
velocity filter was installed between quadrupole doublet and focal plane by
the end of 2004, which greatly improved the secondary beam purity.

*e-mail; wpliu@iris.ciae.ac.cn
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Figure 1. Sketch of GIRAFFE.

Table 1. Summary of the produced unstable ion beams at GIRAFFE.

Energy FWHM Purity Beam intensity

RNB Reaction (MeV) (MeV) (%) (pps)®
SHe  2H("Li,®He)3He 35.3 0.5 90 500
"Be 'H("Li, "Be)n 23.0 1.3 99 1000
8Li 2H("Li, 8Li)'H 39.0 0.5 90 500
e TH(MB, 'C)n 38.2 2.7 85 1000
18N 2H(*?C, ¥ N)n 57.8 2.1 86 500
150 ZH(N, ¥0)n 66.0 3.6 91 300
YF o ZH(Y90, "F)n 76.1 3.7 90 300
¢ TH(1OB, 19C)n 55.9 3.5 96 200

SWith 2 mm diameter collimator and primary beam intensity 100-700 enA.

2. Experiments and theoretical analysis

The astrophysical S factor for the "Be(p,y)®B reaction at solar energies
is a crucial nuclear physics input for the “solar neutrino problem”. The
S factor can be indirectly determined through the asymptotic normaliza-
tion coefficient (ANC) 3 extracted from the proton pickup reaction of "Be,
with accuracy comparable to that from direct radiative capture or Coulomb
Dissociation reaction, providing thus a significant cross examination. We
measured the "Be(d,n)®B angular distribution in inverse kinematics at Ep,
= 5.8 MeV and extracted the ANC for the virtual decay 8B — "Be + p
based on DWBA * analysis. The astrophysical S factor for the "Be(p,7)B
reaction at zero energy was found to be S17(0) = 27.4 &+ 4.4 eV-b 5. Our
experimental data were re-analyzed by other groups, as shown in Fig. 5.
One of the key reactions in the hot pp chains is the !C(p,y)'?N, which
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Figure 2. Experimental set-up.

is believed to play an important role in the evolution of Pop III stars. As
a result of the low Q-value, its cross section at astrophysically relevant
energies is likely dominated by the direct capture into the 11 ground state
of 12N, and the resonant captures into the first and second excited states of
12N at 2% 0.960 MeV and 2~ 1.191 MeV, respectively. Angular distribution
of the !C(d,n)!?N reaction at Ecn = 9.8 MeV was measured with the
secondary 1!C beam. The experimental data were analyzed with DWBA
calculations and thereby the (ANC)? was extracted to be 2.86 + 0.91 fm ™1
for the virtual decay 2N — 1C + p. The zero energy astrophysical S factor
for the direct capture 1*C(p,7)'?N reaction was then derived to be 157 + 50
eV-b. We have also estimated the contributions from resonant captures into
the first and second excited states of 12N and the interference between direct
capture into the ground state and resonant capture into the second excited
state. The astrophysical S factor of 'C(p,7)!*N in the astrophysically
relevant energies are illustrated in Fig. 3. The temperature dependence of
the direct capture, resonant capture and total reaction rates for *! C(p,y)!?N
were derived 8. This work shows that the direct capture dominates the
1 C(p,7)'%N in the wide energy range of astrophysical interest except the
ranges corresponding to two resonances.

In the baryon inhomogeneous big-bang models for primordial nucleosyn-
thesis, (IBBNs) 7, many nuclear reactions of unstable nuclei are involved,
which can bridge the stability gap at mass number A = 8, and predict
a higher production of elements beyond “Li and a larger universal mass-
density parameter of baryons 2g. The reaction chains involving unstable
nuclei 8Li, 9Li, 8B, etc. are found to play a pivotal role in IBBNs. The
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Figure 4. Angular distribution of 8Li(d,p)°Li at Ecm = 7.8 MeV.

production of succeeding heavier elements scales with the abundances of
these unstable isotopes during primordial nucleosynthesis and thus all the
reactions for generating or destroying them are of importance. We have
measured the angular distribution of 8Li(d,p)°Li reaction at E., = 7.8
MeV through coincidence detection of 9Li and recoil proton, and obtained
the cross section and astrophysical S factor. By using spectroscopic factor
deduced from the ®Li(d,p)°Ligy . angular distribution, we have successfully
derived the 8Li(n,y)°Li direct capture cross section and astrophysical reac-
tion rate for the first time'!.

The typical experimental set-up for the 3Li(d,p)°Li reaction is shown
in Fig. 2, the set-up of "Be(d,n)®B reaction and that of 'C(d,n)!?N were
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described elsewhere®®, respectively. Two Multi-Ring Semiconductor De-
tectors (MRSDs) with center hole were used in this experiment. The up-
stream one aimed at detection of the recoil protons, and the downstream
one served as a residue energy (E,) detector, which composed a AE — E,.
silicon counter telescope. This set-up enabled the %Li-recoil proton coinci-
dence measurement. We applied the similar experimental set-up to other
reactions except upstream MRSD. Such a detector configuration covered
the full laboratory angular region. This setup also facilitated to precisely
determine the accumulated quantity of incident unstable beams because the
beams themselves were recorded by the counter telescope simultaneously.
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Figure 5. The "Be(p,v)®B S factor by different approach.
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Figure 6. Comparison for reaction rates of 8Li(n,y)°Li.

As examples, Fig.4 demonstrates the angular distribution of 8Li(dr,p)gLi
reaction, where setl to set4 refer to four sets of optical potential parame-
ters; Fig. 5 shows the comparison of "Be(p,y)®B S17(0) factor with other
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measurements described in Ref. 8 and references therein; Fig.6 displays the
reaction rate of 8Li(n,v)°Li derived through transfer reaction approach and
those of theoretical calculations and Coulomb dissociation measurements
presented in Ref. 9 and references therein. This data was also used to ex-
tract the ANC of mirror system by assuming the identical nuclear spectro-
scopic factor as a result of mirror symmetry!2. Recently the measurement
of 17F(d,n)!8Ne reaction angular distribution at center-of-mass energy of
7.0 MeV was finished. The data analysis is underway; this data will be
very important to determine the contribution of direct capture component
of "F(p,7)'®Ne reaction.

All astrophysical reactions and their deduced parameters are summa-
rized in Table 2.

Table 2. Summary of astrophysics experiment results.

Ecm Otot (ANC)2 Indirect S factor or

Reaction (MeV) {mb) (fm~1) Reaction  reaction rate  Ref.
"Be(d,n)®B 5.8 5848  0.71140.090 () 2744 eV-b 5
"Be(d,n)®B 8.3 2843 0.624+0.12 (pyY) 2445 eV.b 10
11C(d,m) 12N 9.8 2315 2.86:0.91 (pyy) 157450 eV b 6
8Li(d,p)°Li 7.8 7.942.0  1.2540.25 (n,7) 3970£950 1

cm3mole~1g—?

8Li(d,p)°Li 7.8 7.9+£2.0  1.1040.23¢ (py7)® 4249 eVb 12
17F(d,n)!8Ne 7.0 tbd thd (pyy) tbd 13

@For #B(p,y)?C mirror system.

3. Summary

In summary, GIRAFFE, a tandem-based-one-stage unstable beam facility,
proved to be effective to produce beams suitable for the study of nuclear
astrophysics reactions. Angular distribution measurements of transfer reac-
tion in inverse kinematics together with DWBA /ANC theoretical approach
have been used to study the astrophysical reactions indirectly. The as-
trophysical S factors and/or reaction rates for "Be(p,7)8B, !C(p,7)!?N,
8Li(n,y)°Li, "F(p,7)!®Ne were deduced by using the measurements of
"Be(d,n)®B ,'C(d,n)!2N, ®Li(d,p)°Li and "F(d,n)!®Ne reactions at the
energies of astrophysical interest.
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GLOBAL REACTION MODELS RELEVANT TO THE
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This contribution reports on a systematic work on cross section measurements of
22 (p;y) and 7 {«,7) reactions on nuclei in the Se-Sb region at energies well below
the Coulomb barrier. The aim is to contribute to a cross-section database relevant
to the modelling of the p process and to obtain global input parameters for Hauser-
Feshbach (HF) calculations. The results are compared with HF calculations using
various microscopic and phenomenological models of nuclear level densities (NLD)
and optical model potentials (OMP).

1. Introduction

The trans-Iron elements are known to be synthesized in various stellar sites
by three different mechanisms, the so-called s, r, and p processes. The first
two develop via successive neutron captures, i.e. (n,y) reactions that can
be followed by 8~ decays, thus producing most of the stable nuclei lying
along the stability valley or “southeast" of it. These processes are compre-
hensively reviewed in Ref.[1]. Both the s- and r-process pathways bypass
a class of 35 proton-rich nuclei, called p nuclei, which lie “northwest" of
the stability valley between "*Se and !°6Hg (see Fig.1 in Ref.[2]). The pro-
duction of the p nuclei via the s and r processes is blocked by some stable
(“seed") nuclei shielding them from the 8 decay of more neutron-rich iso-
bars. Consequently, p nuclei are typically 10-100 times less abundant than
the corresponding more neutron-rich isotopes. The most striking exception
hereby is %2Mo having an isotopic abundance of 14.8%.

*Supported by NATO (CRG961086), the German Academic Exchange Service (DAAD)
and the Greek State Scholarship Foundation (IKY) within the IKYDA program.
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The synthesis of the p nuclei requires a special mechanism known as
p process that is extensively reviewed in Ref.[3]. This process has been
described by various nucleosynthetic scenaria in which p nuclei are synthe-
sized mainly by sequences of (y,n), (v,p) and (v, @) reactions. In some of
these scenaria (p,y) as well as (,y) reactions are also involved. So far, all
the models of p-process nucleosynthesis are able to reproduce most of the
p-nuclei abundances within a factor of 3, but they fail completely in the case
of the light p nuclei. These discrepancies could be attributed to astrophysics
uncertainties, e.g. those associated with the modelling of the preceding s
process that provides the “seed" nuclei from which p nuclei are produced.
However, nuclear physics uncertainties may also be involved because of the
huge number of reaction cross sections needed to perform the extended re-
action network calculations. A typical network includes more than 20000
reactions involving almost 2000 nuclei from Ga up to Bi as shown in Fig. 1.
As the vast majority of these reactions refer to unstable nuclei, it is hardly
possible to measure all the relevant cross sections. To overcome this prob-
lem, the Hauser-Feshbach (HF) theory is extensively used to calculate the
relevant cross sections. The reliability of the HF calculations however can
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Figure 1. Chart of the nuclides involved in a typical p-process reaction network. The
open squares correspond to unstable nuclei whereas the black ones to the p nuclei. Grey
squares indicate stable nuclei produced by the s and/or the rprocess (from Ref.[4]).
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be strongly affected by the uncertainties of the parameters entering the HF
calculations. These refer mainly to the NLDs and the nucleon—nucleus and
a-particle nucleus OMPs.

In view of these problems, we have performed several in-beam cross
sections measurements of proton- as well as a-capture reactions in the Se-Sh
region at energies well below the Coulomb barrier that are relevant to the p
process. Such measurements can provide a sensitive reliability check of the
existing OMPs and NLD models. Moreover, they can be used to improve
the global features of these models and their ability to provide reliable
predictions for a wide range of energies and atomic masses. The cross-
section database obtained by our systematics can additionally be employed
for the development of microscopic OMPs and NLD models. Such models
can be of paramount importance for abundance calculations involving mass
regions inaccessible in the laboratory. This is because the majority of the
nuclei involved lie far from the valley of stability where no data exist and,
therefore, the use of phenomenological approaches for OMPs and NLDs
instead of microscopic ones may give rise to uncertainties.

2. Measurements and setups

The present work includes 22 (p,y) and 7 (@,y) reactions. The target nuclei
for the (p,y) reactions are shown in Fig. 2. The cross sections have been
determined from ~y-singles spectra taken in measurements of a) vy-angular
distributions, b) angle-integrated v fluxes and ¢) activations. The targets
used in the former two types of measurements were highly enriched. The
activation spectra of the Se isotopes were taken at the 5 MV Van de Graaff
Tandem accelerator facility at “Demokritos", Athens, using one HPGe de-
tector of 50% relative efficiency to measure « activities off-line in the 3-5
MeV region.

The y-angular distributions were measured at the 4 MV DYNAMITRON
accelerator at the University of Stuttgart by means of an array of 4 HPGe
detectors with a relative efficiency of 100%. They were all shielded with
BGO crystals for Compton suppresion. This setup is described in detail
in Ref.[2], where typical spectra and y-angular distributions are also given.
More details on this set of experiments as well as the data-analysis proce-
dure are given in Ref.[4].

Angle-integrated -y fluxes have been measured at the 4 MV Dynamitron-
Tandem-Laboratorium (DTL) of the University of Bochum using the setup
shown in Fig. 3. This consists of a 12”x12” 47 Nal summing monocrys-
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Figure 2. Stable target nuclei on which (p,v) reactions have been studied. Targets used
in «y-angular distribution measurements are indicated by black squares. Nuclei studied
in angle-integrated 4-flux measurements are shown as grey squares. The hatched boxes
refer to Se isotopes studied via activation.

tal of cylindrical shape with a borehole of 35 mm diameter along its axis.
The targets were cooled with air and were placed at the center of the crys-
tal, which covers a solid angle of ~98%. Cross sections of (p,y) reactions
on the “grey"-shaded target nuclei of Fig. 2, as well as of (a,7) reactions
on "2Ge, 91927y, 92Mo, 04Pd, and !6:118Gn, have been measured with
this setup. Typical spectra measured in these experiments can be found
in Ref.[5], where more details on experimental procedures and the data
analysis are also given. In addition to these experiments, angle-integrated
cross-section measurements of the 39Y(p,v)%°Zr reaction have been per-

Target  Cd blanket
Air cooling /
|
W

Beam 12 inch x 12 inch

Parafin

Nal beam stop
(Ta)

PMs

Figure 3. The 47 Nal summing monocrystal used to measure angle-integrated -y fluxes
in DTL, Bochum (see text).
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formed at “Demokritos", Athens, using a 12” x12” 10-fold segmented Nal
summing crystal. The latter work together with the experimental setup are
presented in detail in Ref.[6]. Spectra of the latter reaction at E,=3 MeV
obtained with the 3 different setups mentioned above are shown in Fig. 4, to
demonstrate their sensitivity in the detection of « rays from proton capture
reactions at energies far below the Coulomb barrier. As shown in Fig. 4,
the spectrum taken with a HPGe detector of ~100% relative efficiency con-
tains all the 4 transitions de-populating the excited states of the produced
nucleus. Of these v rays, those feeding the ground state have to be analyzed
at each angle measured (peaks marked in Fig. 4 with numbers indicating
their energy). In addition to these peaks, the v, transition, i.e. the primary
~ ray de-exciting the entry level and feeding the ground state also has to
be analyzed. Obviously, the data analysis can be time consuming. The
main advantage of using HPGe detectors in these kind of measurements is
that not only does the excellent energy resolution allows one to “follow" the
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Figure 4. Gamma-singles spectra measured at 3 MeV for the 89Y(p,vy)?%Zr reaction
using a) a HPGe detector of 100% relative efficiency shielded with a BGO crystal for
Compton Suppression (left panel), b) a 12 inch x 12 inch 47 Nal summing monocrystal
and ¢) a 12 inch x 12 inch 47 Nal segmented crystal.
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feeding pattern of the produced nucleus transparently, but above all, the
absolute efficiency —one of the main sources of uncertainties in the data
analysis— can be easily determined with an accuracy of 3-5%. On the other
hand, the main advantage of using a 47 Nal(T1) summing detector is that
the response leads predominantly to a single peak, called sum peak, at an
energy equal to the sum of the energies of the v cascades stemming from the
entry state of the produced nucleus. Such a sum peak is shown in Fig. 4 for
a photon energy of ~11.2 MeV. In addition, due to the 47 geometry covered
by the detector, no y-angular distributions have to be measured and, hence,
the data analysis is a straightforward task as described in Ref.[5]. However,
the main problem in using such a detector is the absolute efficiency, which
may depend strongly on the —often unknown— decay pattern of the pro-
duced nucleus, i.e. on the multiplicity of v cascades de-exciting the nucleus
to the ground state. Hence, the absolute efficiency of such a detector has
to be very well investigated in order to derive reliable results. In our case,
this was done by measuring resonant as well as non-resonant reactions with
very well known cross sections as described in Ref.[5].

3. Cross-section calculations

In the HF theory, the cross section for compound nucleus emission depends
on a) the transmission coefficients for particle and photon emission, b) the
nuclear level densities of the compound and residual nuclei in the different
decay channels, and c¢) the Q-values of the involved nuclei.

To derive global input parameters for HF calculations, we took into
account all existing cross section data of capture reactions on the targets
displayed in Fig. 2. The calculations were carried out using the statistical
model code MOST [7]. All available experimental data on nuclear masses,
deformation, spectra of low-lying states, and GDR energies and widths were
taken into account. The nuclear masses were taken from the compilation
of Audi and Wapstra Ref.[8] and the ground state properties (matter den-
sity, single-particle level scheme) from the microscopic Hartree-Fock-BCS
model of Ref.[9]. At the low incident energies studied in our experiments,
the most dominant decay channels are those of photon and neutron emis-
sion, the a-particle emission channel becoming important at energies above
a7 MeV. On the other hand, the effect of using different Lorentz-type or
microscopic strength functions for the photon transmission coefficient turns
out to be negligible. Therefore, in all the following calculations we adopt
the same o-particle-nucleus potential of Demetriou et al. Ref.[10] and E1
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strength functions given by the hybrid model of Goriely Ref.[11]. The M1
strength functions are parametrized according to Ref.[12] with the energies
and widths chosen according to the latest recommendations of Ref.[13].
While the HF cross sections do not seem to be sensitive to the aforemen-
tioned nuclear ingredients, they show a strong dependence on the NLDs
and nucleon OMPs. We, therefore, use different combinations of NLDs and
OMPs in order to investigate the range of uncertainties they give rise to.

In particular, we use the OMPs of Koning and Delaroche Ref.[14],
Jeukenne et al. Ref.[15] and Bauge et al. Ref.[16]. .The first potential
is purely phenomenological whereas the last two are based on microscopic
infinite nuclear matter calculations applied with the local density approx-
imation. We adopt two NLD formulae, namely the purely macroscopic
formula of Thielemann et al. Ref.[17] and the statistical microscopic one of
Demetriou and Goriely Ref.[19].

Five different combinations of these OMPs and NLDs have been con-
sidered in the HF calculations as follows: a) the microscopic NLDs of
Demetriou and Goriely Ref.[19] with the OMPs of Jeukenne et al. Ref.[15],
b) the same NLDs as in a) with the OMP of Bauge et al. Ref.[16], ¢) the
same NLDs as in a) with the OMP of Koning and Delaroche Ref.[14], d)
the macroscopic NLDs of Thielemann et al. Ref.[17] with the microscopic
OMP of Jeukenne et al. Ref.[15] and e) the same NLDs as in d) with the
phenomenological OMP of Koning and Delaroche Ref.[14].

4. Conclusions

From the comparison of all the existing (p,y) cross sections with the pre-
dictions of the aforementioned combinations of OMPs and NLDs, one can
conclude that the HF theory agrees with experiment within a factor 2-3.
The predictions are more sensitive to the OMPs than to the NLDs used.
Moreover, assuming always the microscopic NLDs of Demetriou and Goriely
Ref.[19], we observe that the OMP of Bauge et al. Ref.[16] oversestimates
the data systematically, whereas the OMP of Jeukenne et al. Ref.[15] ei-
ther reproduces the data satisfactorily or underestimates them by at most
a factor of ~ 1.3. Finally, the OMP of Koning and Delaroche Ref.[14],
shows no systematic behaviour, i.e. in some cases there is agreement, in
others disagreement of at most 20-40%. The most important conclusion of
astrophysical relevance, however, is that uncertainties of the above men-
tioned magnitude in the nuclear data input in nucleosynthesis calculations
are of minor importance compared to the huge uncertainties (often exceed-
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ing orders of magnitudes) associated with the “pure astrophysics" mod-
elling. These findings however have to be further confirmed in the case of
a-particle capture reactions. The data analysis of the {a,7v) cross sections
measurements is in progress.
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TRIUMF - CANADA’S NATIONAL LABORATORY FOR
PARTICLE AND NUCLEAR PHYSICS

L. BUCHMANN

TRIUMF
4004 Wesbrook Mall
Vancouver B.C.
Canada, V6T 2A4

Throughout the last decade TRIUMF has developed into the only national labo-
ratory in Canada dedicated to subatomic physics. Most of Canadian subatomic
physics is indeed now either done at TRIUMF or one way or another supported by
TRIUMF. The in-house physics at TRIUMF concentrates around the 500 MeV H™
cyclotron, though, in addition, there are three commercial cyclotrons for medical
radioisotope production and another medical research cyclotron around. Research
on the main cyclotron either uses the secondary #- and u-beams or radioactive
beams at the newly built ISAC facility. Details of the research done at TRIUMF
will be reported with emphasis on ISAC and its future program.

1. General Information

The TRIUMF laboratory, a collaboration of several major Canadian uni-
versities, is situated on the campus of the University of British Columbia
in Vancouver and centers around a large 520 MeV H™ cyclotron. TRIUMF
was started in the early seventies by the construction of the accelerator and
a few experimental facilities. This cyclotron was a revolutionary concept at
its time for it allowed the extraction of several proton beam simultaneously.
The energy of cyclotron was chosen to allow for the copious production of
pions, and thus also muons. The cyclotron is still the very heart of TRI-
UMF’s operation. Over the years many experimental facilities evolved:
throughout the eighties new proton scattering and pion/muon beamlines
were added. In this time the pSr technique evolved as a major resource
for the investigation of condensed matter, in particular internal magnetic
fields. At the same time radioisotope production for commercial purposes
began at TRIUMF and is operated now by a company called MDS-Nordion,
employing three medium energy cyclotrons. A reliable production of PET
isotopes was also developed and is being continued for research at the UBC
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hospital. In 1995 TRIUMF saw a major expansion from the outset of the
construction of the ISAC facility which was followed in 2000 by an addi-
tional facility allowing to accelerate these beams to higher energies. An
overview of the cyclotron and present facilities at TRIUMF is shown in
Fig. 1
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Figure 1. Overview of the TRIUMF complex. The shape of the cyclotron pole tips is
indicated schematically.

2. The Cyclotron and Primary Beamlines

The TRIUMF cyclotron accelerates proton beams of up to 350 pA into
several beamlines. The cyclotron is of about 20 m diameter. The diameter is
chosen large to suppress relativistic magnetic stripping of H™ ions by having
a relatively small magnetic field (7 kG). The poles of the cyclotron have
a characteristic hill/valley structure (Fig. 1) which allows both focusing
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and compénsation for relativistic effects at the outside of the cyciotron.
The cyclotron operates at 23 MHz. For servicing the upper magnet, the
resonators (lid) of the cyclotron can be raised, see Fig. 2. The cyclotron

Figure 2. View of the inside of the TRIUMF cyclotron with lid raised.

beams are extracted by thin stripper foils leading to charge exchange and
a switch of proton curvature in the magnetic field. Three extraction ports
are used, numbered ‘1’, '2’, and ‘4’. Beamline 1A takes the majority of
the current (140 pA, 520 MeV) and has two carbon or beryllium targets to
produce pions and muons. Several secondary beamlines diverge from the
two target points. Beamline 1B takes off from beamline 1A to the north
and is used for irradiating materials at low currents.

Extraction port 2 serves two beamlines: Port 2C takes proton beams
at the relatively low energies of 60-110 MeV. These are either used for
commercial isotope production or proton eye tumor therapy. Port 2A serves
a beamline running north to the ISAC facility. It is configured to take up
to 100 pA at 500 MeV and has been operated to 70 pA on ISAC targets.

Beamline 4 has served several proton scattering experiments. It splits
into two beamlines, 4A and 4B. Beamline 4A has housed a parity violating
experiment and TISOL, the predecessor of ISAC. Beamline 4B houses two
spectrometers that have been used in proton scattering experiments. These



344

experiments are inactive now and it is planned in the long term future to
use an extension of beamline 4 as a second beamline for ISAC isotope
production.

3. Non-ISAC Physics at TRIUMF

The range of physics done at TRIUMF is very wide and includes such
subjects as condensed matter physics and life sciences. Only three examples
are discussed below.

The TWIST experiment is placed at beamline M13 which starts at the
first muon producing target in beamline 1A. The TWIST experiment does
a precise measurement of the muon decay by doing precision spectroscopy
of the decay positron. The polarized surfaced muon beam is stopped in
the center of the detector. After decay the positron circles in the magnetic
field of the detector where its momentum is precisely measured in a drift
chamber that is inserted in the bore of the superconducting magnet. A
fit to the spectrum allows to derive the so-called Michel parameters which
can be predicted from the Standard Model. Values with improved preci-
sion compared to previous measurements of two of them have just been
published.

The proton therapy program aims to cure certain kinds of eye tumours
that are inoperable without loosing eyesight. As the energy deposited per
stopping length is the highest shortly before a charged particle comes to
rest (Bragg peak), the protons from the cyclotron are brought to rest in the
tumor while producing relative little damage in healthy tissue being still
at high velocity. The patient treated is fixed by a special chair behind the
end of beamline 2C.

One of the tools of condensed matter physics is now the uSr method.
Muons from the decay of pions can be selected, polarized and implanted
into materials. The positive variety will stop in the crystal lattice (while
the negative one will be absorbed by some nucleus). There the put will
decay. Because of the weak interaction nature of this decay, the decay will
be asymmetric around the polarization axis. If a magnetic field is present
in the solid, the magnetic moment will cause the polarization axis to rotate
around the magnetic field. Thus, in a typical u* decay experiment the
decay curve will be sinusoidally modulated. By applying a RF field equal
in frequency to the precision frequency of the muon around the magnetic
axis, an absorption signal can be observed, and hence the strength of the
magnetic field been measured. Several beamlines at TRIUMF are now
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dedicated to the 1Sr user community all situated at the two primary targets
of beamline 1A.

4. The External Program

As the only subatomic laboratory of larger size in Canada, TRIUMF has
taken up the task of being an infrastructure laboratory for groups who
have experiments at laboratories outside of Canada. In addition, some
contributions to laboratories, where such groups are working, have been
organized and often paid by TRIUMF.

The recent largest involvement of TRIUMF was with the LHC and the
ATLAS detector there. Hitherto, TRIUMF has built or supervised the
production of beam elements for the LHC accelerator chain and the main
rings. These are now largely delivered and have been found satisfactory. In
addition, parts of the liquid argon calorimeter for the ATLAS detector have
been assembled at TRIUMF requiring a large clean room facility. For the
future, an involvement in ATLAS computing is planned with computing
facilities (clusters) at TRIUMF.

TRIUMF has been involved in the production of part of the detector
for the g0 experiment at the Jefferson Laboratory. There has been the con-
struction of a manipulator system for source placement in SNO. TRIUMF
is also involved in the construction of a near detector of the J2K neutrino
oscillation experiment.

TRIUMF had a longtime involvement in the experiment E787 at the
AGS at the Brookhaven National Laboratory which measured the pion-
neutrino decay of the K*. This involvement has led to the independent
funding of a detector laboratory named LADD at TRIUMF by the Cana-
dian Foundation for Innovation.

5. The ISAC Facility

In 1995 it was decided to add a radioactive beams facility named ISAC to
TRIUMEF. The facility is of the ISOL type, t¢.e. the proton beam intercepts
a massive solid target, held on high temperature by heating and/or the
beam power. The radiocactive atoms diffuse out of the target matrix, effuse
from its surface and are guided into an ion source. After mass separation,
they are either transported into a low energy area for decay studies or are
accelerated by a RFQ-DTL chain to energies from 0.15 to 1.5 MeV/u for a
charge-to-mass ratio better or equal than 1/30. The accelerated beam has
been largely used for nuclear astrophysics studies. The facility is laid out
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to tolerate 100 uA of proton beam on a Uranium target. The ISAC facility
is shown in Fig. 3.

Figure 3. The ISAC facility at TRIUMF.

Because of the radiation produced by the proton beam, the two target
ion source areas are in a special vault which allows for remote handling of
these complex devices. In particular, the target-ion source is at the bottom
of a two meter long iron plug that provides the primary shielding against the
protons scattered from the target. Services are mazed through this plué‘
The plug can be remotely lifted and transported by a crane to hot cells
where the target-ion source can be exchanged or repaired by manipulators.

The targets are typically contained in a 20 cm long tentalum tube and
are often in the form of thin disks to keep diffusion lengths short. Several
targets have been run so far, among them Ta and SiC with proton currents
up to 70 pA. A surface ion source, a laser source (TRILIS), and an ECR
source are available.

The two beamlines from the east and west station join at the presep-
arator, where a coarse mass separation of the beam is performed. Better

‘resolution is achieved at the high resolution mass spectrometer adjacent to
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the target ion sources. After the desired mass has been separated, the beam
is guided upstairs either into the TRINAT laser, atom trap laboratory, or
to the ground level experimental hall where a multitude of experimental
facilities are installed.

In the low energy area the 87 spectrometer and the GPS stations have
been expanded by several facilities, including a (-detection array named
SCEPTAR, a Si(Li)-array for EQ0 measurements and BaF» detectors. In
these facilities detailed studies of electromagnetic decays following §-decay
are performed including precision half life measurements.

A facility, which works similar as pSr has been installed in the ISAC hall
named SNMR. In this case polarized ions are implanted into a probe and
time and magnetic field dependent asymmetries in the 3-decay are detected.
The method is complementary to uSR as the range of the radioactive ions
(that can be even slowed down by a counterpotential) is shorter and the
half lives are longer. The polarized ions, at the moment largely 8Li, are
produced in a collinear laser-atomic beam arrangement by optical pumping.
To obtain an atomic beam, the radioactive ion beam is neutralized in a
sodium vapour cell and after polarization re-ionized in a helium gas cell.

A new mass measuring device, named TITAN, has been funded by
NSERC and is now being installed in the ISAC hall. It is based on ionic
Penning traps like similar devices worldwide, however ions will be in ad-
dition brought to a high charge state by an EBIS charge breeder. The
unit consists of a RFQ trap to macrobunch the ion beam, the EBIS charge
breeder, a first cooling Penning trap and a second precision Penning trap
with subsequent ion detection outside. The commissioning of TITAN is
planned for 2006.

Radioactive beams that are accelerated can be brought to three sta-
tions: a straight through one for general purposes, and the TUDA and
the DRAGON facilities. TUDA is a scattering chamber with a geometry
adapted to inverse kinematic experiments. Detectors and targets are re-
arranged for each experiment, but typically large area silicon detectors of
the LEDA type (~26 cm diameter) are involved. TUDA has 512 separate
channels of electronics available using peak sensing ADCs for high resolu-
tion and associated TDCs. The electronic is housed in a specially shielded
and grounded shack.

DRAGON is a recoil separator to measure radiative capture reactions on
typically Hydrogen or Helium targets, for largely astrophysical purposes.
As the recoil particle and the beam approximately move with the same
momentum in the same direction, DRAGON contains electrostatic benders
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to separate the two beams. The target is a windowless gas target, where
the emanating v rays can be detected in a BGO array. After the target,
the beam and recoils pass a bending magnet to separate to one charge
state. Then, an electrostatic bender follows to separate recoil and beam
particles. As scattered beam particles can mimic recoil ones, a second stage
of the same configuration (magnet-electrostat) follows. Recoil particles are
detected at the end of DRAGON in a silicon detector or an ionization
chamber.

6. ISAC2 and the Future

In the year 2000 it was approved to boost the energy of the ISAC beam
to 6.5 MeV/u. For this purpose a new building housing the accelerator
and an experimental hall have been built, see Fig. 1. Initially the beam
from the ISAC DTL will be used at 1.5 MeV/u and brought into a newly
superconducting accelerator chain. The first helium cooled cavities of this
accelerator were tested this July and indeed accelerated beam. The first
stage of the accelerator going to 4.5 MeV/u will be ready by December of
2005. To allow the acceleration of masses higher than 30, a charge state
booster, i.e. an ECR source with ion beam injection, will be installed close
to the high resolution mass separator in early 2006. The energy of the su-
perconducting linac will then be boosted in 2008 to 6.5 MeV /u. Eventually
a bypass accelerator for the ISAC1 chain to allow more efficient acceleration
of heavy masses (A>60) will be installed.

Facilities available for ISACII will be a Germanium array in construc-
tion, named TIGRESS, and a spectrometer/separator now in the planning
stage, named EMMA. TIGRESS will eventually have 12 large Germanium
detectors, each of them separated into 8 segments with digital readout and
~-ray tracking. The first prototype detector has been proven now in beam
to work properly. EMMA will be mounted behind a target station that
can be configured with a selection of front-end detectors, among them TI-
GRESS or silicon detectors. EMMA consists of an electric dipole followed
by a magnet and another electric dipole in a symmetric configuration like
the FMA at Argonne.

More information about TRIUMF and its experiments can be found
at www.triumf.ca. 1 wish to thank Alan Shotter for proofreading this
manuscript.
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on behalf of the AGATA Collaboration

The AGATA project aims at the construction of an array of highly segmented,
High-Purity Germanium detectors based on the novel concepts of pulse shape
analysis and y-ray tracking. The present status of the project is reviewed.

1. Introduction

In the past few years, many exciting results in the field of gamma spec-
troscopy have been obtained by using arrays of Compton-suppressed High-
Purity Germanium (HPGe) detectors, which are extensively described in
the review paper by Beausang and Simpson’. Given the technology on
which such devices are based, it is apparent that the present generation
arrays will not meet the requirements posed by the presently planned and
under construction radioactive beam facilities.

In fact, as discussed thoroughly in the above mentioned work, these de-
vices are characterized by a quantity, called the resolving power, which is
proportional to the peak-to-total (P/T') ratio in the spectra and is inversely
proportional to the effective energy resolution of the detectors. Following
in-flight emission of the photons, the effective energy resolution is given in
practice by the Doppler broadening caused by the finite solid angle covered
by the individual counters, resulting in much worse values than the intrin-
sic detector resolution. In the case of radioactive beam facilities based on
primary beam fragmentation and in-flight separation, where broad recoil
velocity range and dispersion are expected, each individual counter should
cover a very small solid angle to keep the effective energy resolution to
acceptable values. As a consequence, in order to have a sufficiently high
detection efficiency, which is obviously a major issue for any device oper-
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ating in a radioactive beam facility where the expected beam intensities
will be orders of magnitude lower than those at the present stable beam
accelerators, an array should be composed of a very large number (even
thousands) of such elements which would be impractical and economically
unfeasible.

Concerning the P/T ratio of the spectra, which is, as discussed in
the aforementioned work, the other important parameter for the resolving
power of an array, it should be observed that at present the most widely used
technique to increase such value is the use of anti-Compton (or Compton
suppression) shields, that is, veto detectors shielded from the direct radia-
tion and surrounding the individual Germanium counters. This technique
is quite reliable, but has the drawback of limiting the maximum solid angle
coverage (and therefore the detection efficiency) of an array because of the
fraction of solid angle unavoidably covered by the anti-Compton shields.

In order to overcome the limitations discussed above, an alternative so-
lution has been proposed and investigated in the past few years which im-
plies investing on the signal processing software rather than on the detector
hardware. This technique requires the use of highly electrically segmented
Germanium crystals combined with digital electronics in order to identify
the positions of the single energy depositions within the crystals through
a detailed analysis of the signal shape (pulse shape analysis). The ener-
gies of the individual photons will be subsequently extracted by powerful
algorithms of tracking the scattering sequences of each vy ray.

Presently two major projects aim at the construction of an array of
High-Purity Germanium detectors based on the novel concepts of pulse
shape analysis and ~-ray tracking: GRETA in the USA and AGATA in
Europe.

In the following, the general ideas on which pulse shape analysis and
~-ray tracking are based will be described and the present status of the
AGATA project will be discussed.

2. Pulse-Shape Analysis

As mentioned in Sec.??, the experimental conditions at many of the
planned radioactive beam facilities will be extremely harsh compared to
the existing stable beam facilities because of the high recoil velocities and
of the large recoil velocity dispersion. In order to perform a good quality
Doppler correction, it will be of the outmost importance to determine the
position of the first interaction of each photon at a much better level than
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the usual assumption of the center of gravity of the whole crystal. The tech-
niques to extract such information from the signal shapes are generically
known as pulse shape analysis.

The state-of-the art pulse shape analysis techniques presently under
development for AGATA involve the comparison of the digitized pulses from
highly segmented Germanium crystals with a basis of reference signals, each
of them corresponding to a well localized single interaction point. Ideally
such basis should be constructed experimentally, but in practice this is not
feasible and the basis is constructed via detailed electric field and charge
transportation calculations’. The precision with which the interaction point
can be extracted from the experimental pulses depends critically on the
reference basis, therefore a large effort is being put into the calculation of
as realistic as possible reference signals, which should then be compared
with a few selected experimental points.

Several techniques are presently under development and test within the
collaboration to perform the comparison of the experimental signals with
the reference basis. Powerful computer codes exploiting ideas from the ar-
tificial intelligence fields, for instance genetic algorithms’, have been shown
to be quite reliable, although their present speed is not sufficiently high to
be used for an on-line implementation at the counting rates foreseen for
AGATA. The position resolution which can be achieved with these tech-
niques is of the order of 5mm FWHM for a low-energy photon, as shown
by two in-beam tests performed respectively with the MARS segmented
prototype ° and with the GRETA prototype’, which is certainly adequate
for the requirements of the project. More schematic approaches such as
grid searches have been shown to produce, in simple cases, results com-
parable to the most sophisticated algorithms’. The use of sophisticated
mathematical tools, such as wavelet transformations, has been attempted
recently within the collaboration and the preliminary results are promising
(see for instance the contribution of P. Desesquelles in”).

3. ~-ray Tracking

In High-Energy Physics, the techniques to track the path of charged parti-
cles are well developed and commonly used. Photons, on the other hand,
are quite different, since they do not release energy continuously along their
motion, rather they deposit their energy in discrete steps, where each inter-
action point may be well separated from the other ones. Once the individual
interaction points are known, it is in principle possible to reconstruct the
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Figure 1. Comparison between the simulated spectra obtained with AGATA performing
the Doppler correction respectively at the level of the whole detector, of a segment and
of the first interaction point as extracted from the combination of pulse shape analysis
and ~v-ray tracking. The velocity of the emitting nuclei was 8 = 50%.

scattering sequence of a photon, since for each Compton scattering there
is a relation between the scattering angle and the energies of the incoming
and of the scattered photon.

The case of a single interacting photon is actually not realistic, and
in most cases the algorithm should disentangle the interaction points be-
longing to each photon before attempting the reconstruction of the scatter-
ing sequence. Since the number of permutations which should be explored
would be too high to allow for a complete analysis, typically smaller clusters
of points are extracted from the full set of points using proximity criteria
based on the angular distance and on the effective distance in Germanium
crystals’.

The state-of-the-art tracking algorithms developed for AGATA rely on
two different (and complementary) approaches. In the case of the for-
ward tracking, the scattering sequence is followed from the origin of the v
rays up to the last interaction point’. In the case of the backward track-
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Figure 2. Pictorial view of the AGATA array.

ing, a candidate for the last interaction point is chosen exploiting the fact
that a photoelectric absorption deposits typically an energy of the order
of 100keV, and the scattering sequence is followed backwards up to the
origin of the radiation’. In both cases, clusters not satisfying the Compton
scattering relation can be discarded, thus improving the P/T ratio of the
spectra without the need for Compton suppression shields.

If a large solid angle is covered with segmented Germanium detectors,
the combination of pulse shape analysis and ~-ray tracking allows for a
very high photopeak efficiency together with a good P/T ratio, as will be
shown later. In addition, the precise determination of the initial direction
of each photon will allow for & good Doppler correction also at relativistic
recoil energies, maintaining the quality of the spectra in conditions which
would be prohibitive for the present arrays. This is exemplified by Fig. 77,
where the same simulated data set is analyzed performing the Doppler
correction at the detector, segment or interaction point level for a recoil
velocity 8 = 50%. Only in the latter case the high-energy peaks stand out.

4. Present Status of AGATA
4.1, Geomelry

The final detector geometry for AGATA has been chosen and optimized on
the basis of detailed Monte Carlo simulations for the full array’. The full
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AGATA array will be constructed out of 180 crystals, having three irregular
hexaconical shapes, grouped into 60 all-equal triple clusters within the same
cryostat to minimize the amount of dead material in between. A pictorial
view of the final geometry for AGATA is presented in Fig. ??, where each
color corresponds to a different detector shape.

According to the simulations, such a configuration will cover 82% of the
total solid angle. The efficiency of a tracking array will obviously depend
both on the geometrical efficiency and on the tracking algorithm. Using
the forward tracking code developed in Padova, one obtains photopeak
efficiency values of approximately 43% for a single 1 MeV photons and 28%
for a cascade of 30 photons of the same energy. In both cases, the P/T ratio
is of the order of 60%. The photopeak efficiency values are impressively
much higher than the present generation arrays, which combined with the
excellent quality of the spectra already shown in Fig. ??, makes AGATA
the ideal instrument to perform high resolution v spectroscopy in the next
future. It should not be forgotten, however, that in most cases additional
beam tracking devices will be needed in order to maximize the quality of
the spectra, as confirmed by the simulations’.

4.2. Prototypes

As mentioned earlier, AGATA will be built out of detectors having three
different irregular hexaconical shapes, which will be electrically segmented
into 36 parts and hermetically encapsulated under high vacuum. The very
first prototype detectors purchased by AGATA have such characteristics,
the major difference being that they have a regular hexaconical shape.

At the time of writing, the first three prototypes have been delivered
and successfully tested at IKP Koln using the test cryostat shown in Fig. 77.
Their performance with conventional electronics is very good, the resolu-
tion values for each segment being well within the specifications and the
cross-talk between the segments being negligible. The three prototypes are
presently being assembled into a triple cluster, which is going to be tested
at JIKP Koéln in an in-beam experiment at the end of Summer 2005.

4.3. Electronics and data acquisition

The approach followed to perform pulse processing in AGATA is quite dif-
ferent than that with conventional detectors. Here, most of the pulse pro-
cessing will be performed by computer algorithms rather than by dedicated
analog electronics, except for the preamplifiers which are being developed
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Figure 3. Picture of the first detector prototype for AGATA in its test cryostat.

specifically for the project and will be based on an hybrid design, having a
differential output and a fast reset feature to allow for fast recovery in case
of signal saturation’.

The preamplified signals will be digitized and transferred via optical
fibres to powerful computer networks which, after performing pulse shape
analysis and v-ray tracking, will transfer the data to mass storage devices.
A global time stamp will be distributed to the digitizers to allow for syn-
chronization of the data coming from the different channels. In principle
the system can work triggerless, although the possibility to form and dis-
tribute a trigger has been considered for the cases in which the data flux is
too high.

The development of the electronics for AGATA is currently frozen until
the completion and test of the prototype of the whole data processing chain,
which is planned for the first half of 2006.

5. Future Perspectives of AGATA

The present Memorandum of Understanding of the AGATA collaboration
covers the period until the end of 2007. The goal of this phase of the project
is to prove the feasibility of the operation of a tracking array of Germanium
detectors, where pulse shape analysis and v-ray tracking will be performed
on-line. This will be achieved by assembling a small array of AGATA triple
clusters, which is normally referred to as the “Demonstrator Array”, each
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of them associated to the final electronics for AGATA.

According to the present plans, the Demonstrator Array should be com-
posed of 15 crystals (5 triple clusters) with the final shapes for AGATA,
which are being delivered starting from autumn 2005. The photopeak effi-
ciency of such a small tracking device will range from 2% to 8% depending
on the target to detector distance, meaning that, after the initial set-up
phase, the Demonstrator Array could complement or replace existing de-
vices such as CLARA’ or RISING, taking advantage of the improved qual-
ity of the spectra due to the superior identification of the initial direction
of the photons.

Assuming that the Demonstrator Array is successful, a new Memoran-
dum of Understanding will have to be discussed within the collaboration.
The full array will be assembled gradually, depending on the rate of funding
and of detector production. A possible time schedule, yet unofficial, is to
have 15 triple clusters, covering a solid angle of 1w, ready by 2010. Such an
array would have a photopeak efficiency larger than 10% and could be used
effectively for experiments at the radioactive beam facilities which should
be operational at the time such as HISPEC at GSI Darmstadt, SPIRAL-2
at GANIL or SPES at LNL Legnaro. The full AGATA array might be
available around 2018.
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Through the advent of post-accelerated beams with REX-ISOLDE at CERN, prob-
ing nuclear properties using transfer reactions and Coulomb excitation of exotic
nuclear species is now possible. REX ISOLDE currently provides beams of energy
3 MeV /nucleon into the gamma-ray MINIBALL array, and other instrumentation,
at the secondary target position. Examples of research topics currently addressed
using REX are presented. Scheduled energy up-grades will increase the physics
potential even further. The goal for the next five years will be to accelerate ions
up to 5 MeV/nucleon and higher energies. Increase of primary beam intensity will
also be achieved in a phased approach, with a significant enhancement provided
by the proposed Superconducting Proton Linac as the primary accelerator.

1. Introduction

ISOLDE is a collaboration that contains members from about 80 institu-
tions worldwide. The experimental programme consists of 35-40 active
experiments that make use of 5-10 independent spectrometers and other
complex instruments in a typical year. The low-energy radioactive beams
of exotic nuclei available at ISOLDE, unrivalled for many nuclear species
in intensity, purity and beam quality, are crucial vehicles to understand
the details of the nuclear many-body system at the extremes as well as
increasing our knowledge about nuclear astrophysics and fundamental in-
teractions and being an important tool for research in condensed matter
and life sciences.

The experiments carried out at ISOLDE are diverse and state-of-the-
art. In addition to a large range of detectors of different types for decay and

*permanent address: Oliver Lodge Laboratory, University of Liverpool, UK
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in-beam experiments, there are instruments for laser spectroscopy and nu-
clear orientation of exotic nuclei, permitting studies of nuclear ground state
properties far from stability. The triple-trap ISOLTRAP spectrometer can
routinely achieve accuracies of 10~8 in mass measurements of unstable nu-
clei, and is complemented by the MISTRAL spectrometer that is able to
measure masses of the most short-lived species such as 'Li. In the last
two years the Radioactive beam EXperiment REX-ISOLDE has been oper-
ational and is used to test new concepts of post acceleration of radioactive
ions as well as use the accelerated beams for experiments in nuclear physics,
astrophysics and solid state physics.
For a comprehensive review of activities at ISOLDE see Ref. 1

2. REX-ISOLDE

REX? makes use of the large variety of radionuclides that have been ex-
tracted from the on-line mass separator ISOLDE. In order to use these
beams significant developments in beam cooling and charge breeding were
required, as whereas the output of the ISOLDE primary mass separator
is a quasi-DC beam (the intensity varies between the 1.2 s primary proton
pulses according to the release characteristics and the nuclide half-life) hav-
ing charge state 17, the low duty-factor post accelerator requires multiply-
charged (A/q < 4.5) pulsed beams. A schematic layout of the REX facility
is shown in Fig. 1.

The first stage of the preparation of the ISOLDE beam is to continu-
ously inject the beam from the mass separator into REXTRAP? where it
is cooled, accumulated and extracted as bunches. The accumulation and
cooling is achieved by collisions with a buffer gas. In the collisions the
loss of energy of the ion enables it to be trapped within a potential bar-
rier. The barrier is reduced every 20 ms so that the accumulated ions are
ejected as a 20 us pulse. The transverse emittance of the beam is also re-
duced by the cooling procedure. This is important because the next stage,
REXEBIS*(REX Electron Beam Ion Source), has a small acceptance (3
mm mrad). REXEBIS employs a 500 mA 5 keV electron beam that is fo-
cussed to a high current density (250 A /cm?) by a 2 T axial magnetic field.
The ion beam is confined longitudinally by applied electric potentials and
undergoes stepwise ionization via electron collisions until its mean charge
state has the desired value. For A < 50 the breeding time in REXTRAP
to reach A/q = 3-4 is around 20 ms. For 133Cs ions the breeding time was
80 ms.
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The yield of the radioactive isotopes from ISOLDE can be several orders
of magnitude lower than the amount of residual gas ions from C, N, O and
Ar coming out of the EBIS. Therefore, a mass separator is employed with
a q/A-resolution of about 1/150 which is sufficient to select the highly
charged rare radioactive ions from rest-gas contaminants.

In the first stage of the REX-ISOLDE linac the ions are accelerated from
5 keV/u to 300 keV/u by a 4-rod RFQ. In order to match the beam from
the RFQ into the acceptance of the next stage IH (Interdigital-H-type)-
structure (0.8-1.2 MeV/u), a section consisting of two magnetic quadrupole
triplet lenses and a rebuncher is required. The high-energy section (0.8-
3.0 MeV/u) of the linac consists of three 7-gap resonators and a 9-gap IH
structure. Each resonator has a single resonance structure, which consists
of a copper half shell and three arms attached to both sides of the shell.
The 7-gap linac structures are operated at 101.28 MHz, while the 9-gap IH
structure operates at a frequency of 202.56 MHz.

Through the advent of post-accelerated beams with REX-ISOLDE,
probing nuclear properties using transfer reactions and Coulomb excitation
of exotic nuclear species is now possible. REX ISOLDE currently provides
accelerated beams to two secondary target positions, including the HPGe
gamma spectrometer® which in its present phase of operation has a a full-
energy peak efficiency of &~ 10% for a photon energy of 1 MeV. REX is
operational and has already accelerated several species of radioactive ions,
e.g. 10,000 ions/s of 2°Na; it has the capability to accelerate mass 130 ions
and heavier with efficiency of a few percent of the ion source yield. In
2003 REX-ISOLDE was integrated into the standard operation of CERN
facilities.

3. Example of the ISOLDE Physics Programme: the Island
of Inversion near 32Mg

One of the first experimental evidences for changes in the structure of ex-
otic nuclei from the conventional magic structure came from the observation
of extra binding energy in 3132Na8 at CERN thirty years ago. This was
interpreted” by Hartree-Fock calculations as arising from the dominance
of intruder components in the ground state over normal components. The
filling of the intruder orbits causes an inversion of the standard shell or-
dering and hence the breakdown of the N = 20 shell closure. The question
remains, however, as to the exact nature of the mechanism that is mostly re-
sponsible for the behaviour of very neutron-rich nuclei, which have extreme
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conditions of large N-Z-asymmetry and weak binding.

At ISOLDE recently two experiments have been carried out to elucidate
the nature of the island of inversion for nuclei with Z ~ 12 and N = 20:
one measuring the ground state properties of 3'Mg and one measuring the
collective properties of 3°Mg.

3.1. Spin and Magnetic Moment of 3' Mg

In this experiment, using the online collinear laser spectroscopy setup at
ISOLDE and described in Ref. 8 unambiguous values of the spin and
magnetic moment of 3!Mg were obtained by combining the results of a
hyperfine-structure measurement and a S-NMR measurement, both per-
formed with an optically polarized ion beam. These measurements® yielded
a precise value for the ground state magnetic moment and a value for the
ground state spin of I = 1/2. The authors were able to construct a revised
level scheme that revealed the coexistence of 1p-1h and 2p-2h intruder
states below 500 keV. In fact calculations using the most recent shell model
interactions were unable to reproduce the experimentally observed level or-
dering, although the conclusion was made that the ground state is a nearly
pure 2p-2h intruder state, confirming that 3 Mg is in the island of inversion.

3.2. Coulomb Excitation of 3° Mg

The B(E2; 04 — 21) values for neutron-rich Mg isotopes also demonstrate
no indication of a shell closure at N = 20 for Z = 12. There is, however,
a rather large uncertainty on the measured values and for 3*:3>Mg differ-
ent groups employing the same experimental method (intermediate-energy
Coulomb excitation) have obtained different results. This might indicate
that systematic uncertainties are present in these measurements, such as
the presence of Coulomb-nuclear interference, or the effect of feeding from
the many higher-lying states that are excited in the single-step process.
One of the first experiments® employed 2.25 MeV/u 3°Mg beams that
are Coulomb excited by 1 mg/cm? Ni foils; the y-radiation was observed us-
ing MINIBALL consisting of 8 3-module, 6-fold segmented HPGe detectors.
The beam intensity was ~ 2.10% ions per second for a total irradiation time
of 76 hours. In this experiment -y-ray spectra were recorded in coincidence
with an annular, segmented silicon detector (CD detector) that detected
forward scattered beam particles. The 2% — 0% transition in ¥Mg was
clearly identified®. Figure 2 shows a comparison of the value of the B(EZ2;
0y — 21) from this measurement with other experimental values for OMg
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and other Mg isotopes, and compared with theory. The REX-MINIBALL
measurement is consistent with some of the measurements carried out using
intermediate energy Coulomb excitation, and supports the conjecture that
30Mg lies outside the island of inversion.

4. Future Upgrades of ISOLDE and REX

Scheduled energy and intensity up-grades will increase the physics poten-
tial of ISOLDE even further. The goal for the next five years will be to
accelerate ions to 5 MeV /nucleon and beyond, with an increase of primary
beam intensity to 5 uA or higher. This enhancement of the ISOLDE facil-
ity is called "High Intensity and Energy ISOLDE” or HIE-ISOLDE. The
energy upgrade can be considered in two phases: (1) to increase the en-
ergy to 5.4 MeV/nucleon that enables certain classes of nuclear reactions
to be used on a wide range of nuclei and (2) further increases in energy
that will enable all reactions to be employed for all nuclei. The ISOLDE
hall has already been extended in order to house the additional linac cavity
resonators and other instrumentation such as new recoil spectrometers for
detection of fusion products. Another new facility, REX*, will provide low
energy radioactive ions from a charge breeder ion source either mounted on
a high voltage platform or used in conjunction with a variable-energy RFQ.
This will provide beams with continuously variable energy from < 100 keV
to > 10 MeV for astrophysics and condensed matter studies.

In parallel with the energy upgrade, the proton beam intensity on the
primary target will be increased. In the next few years, the available beam
intensity from the PS booster, through the provision of H™ injected beam
from a new primary injector linac (LINAC 4) and a faster cycling time in the
PS Booster, will be increased three-fold, resulting in a significant increase
in beam intensity available to ISOLDE. The development of primary target
and ion-sources that can withstand these and higher beam intensities will
be made in parallel with the intensity upgrade.

5. The SPL Project

CERN is currently considering the scientific case for a high power proton
driver, the Superconducting Proton Linac!'®. This accelerator will provide
> 2 GeV, 11 mA CW proton beams for enhanced injection to the PS
and thence to the LHC, and to provide intense proton beams for neutrino
production and to a next generation radioactive ion beam (RIB) facility.
There are a number of scenarios for neutrino production. In the Neutrino
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Factory the proton beam strikes a fixed target producing pions which are
captured in a solenoidal channel where they decay into muons. The muons
are subsequently cooled and accelerated before injection into a bow-tie or
triangle shaped decay ring. A new concept for neutrino beams having
strong synergies in accelerator and target technology with a RIB facility is
the beta-beam!! in which ®He and ®*Ne radioactive ions are accelerated to a.
Lorentz gamma of ~ 100 before injection into a decay ring, thus producing
a flavour-pure beam of anti-neutrinos and neutrinos respectively.

For the next generation RIB facility, the leading European nuclear
physics facilities have prepared a preliminary design based on the Isotope
Separation On Line approach, called EURISOL'?. EURISOL is currently
the subject of a EU VIth framework design study with 20 participating
institutions from 14 countries and 21 other contributing laboratories. The
high duty cycle of the CERN SPL (at least 150 us available of the 2.8 ms
pulse width, repeated at a frequency of 50 Hz) provides a good match to
the specification of the primary driver of EURISOL. This will give a lower
peak intensity of the proton beam than the present PS-Booster ISOLDE
facility (thereby increasing the target lifetime), while the average current
for direct RIB production can be increased to 100 uA or more compared
to the present value of ~ 2uA. The higher proton energy will give an or-
der of magnitude increase (over that from the existing ISOLDE facility) in
the formation cross-sections for the light neutron rich target fragmentation
products, while operating the SPL at lower energies than its nominal energy
would permit the RIB production cross-section of the spallation products
to be optimised. The high power available (4 MW) also allows the use
of a spallation neutron target for production of intense beams of fission
fragments in a secondary target.

The driver beam will be transported to both the existing ISOLDE fa-
cility and a new target area that is located underground. Post-accelerated
RIB beams of energies up to and beyond 10 MeV/nucleon will be trans-
ported to at least three experimental areas, with possibilities to be explored
of injection into the PS Booster to accelerate heavy radioactive ions to 100
MeV /nucleon or to inject into storage rings with electrons, muons, or an-
tiprotons.

6. Outlook

ISOLDE at CERN is currently undergoing a renaissance in terms of its
application to studies in nuclear, astro-, and condensed matter physics,
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thanks to the advent of the post-accelerator REX. The planned upgrades
in terms of beam energy and intensity, first HIE-ISOLDE later this decade
and then SPL-ISOLDE, will ensure that ISOLDE remains a leading centre
world-wide for research using accelerated radioactive ions.
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VARIOUS TYPES OF MEASUREMENTS FOR
ATMOSPHERIC MUONS PERFORMED WITH THE WILLI
DETECTOR

A. BERCUCI, B. MITRICA, M. PETCU, I. M. BRANCUS, G. TOMA, AND
M. DUMA and J. WENTZ AND H. REBEL and O. SIMA

The electromagnetic calorimeter WILLI (Weakly Ionizing Lepton Lead Interac-
tion), mounted in a rotatory frame measures the charge ratio and the flux of
atmospheric muons in the energy range 0.4 - 1 GeV for prechosen azimuthal and
zenithal direction. The measuring principle of the muon charge ratio is based on
the different decay mechanism of positive and negative muons in matter, while
for the flux the calorimetric method is used. The experimental setup permits the
observation of the influence of the geomagnetic field on the muon charge ratio ob-
servable and fluctuations of the flux of low energetic muons, thus enabling sensitive
tests of various simulations codes (e.g. CORSIKA). Recently the procedures of ac-
quisition and analysis were automatized and the detector is ready for continuous
data taking.

1. Introduction

Atmospheric muons are the penetrating component of the secondary cosmic
radiation arising from the interaction of high - energy particles from the
cosmos with the atomic nuclei of the Earth’s atmosphere. This radiation
is a feature of our environment and has a considerable impact on natural
and man-made systems of our globe. More specifically, muons are mainly
produced by the free decay of kaons and pions generated in hadronic in-
teractions of primary Cosmic Rays (CR) or hadronic fragments with atmo-
spheric nuclei. Having 2.2 us life time they transport valuable information
about the CR spectrum and Extensive Air Shower (EAS) development to
see level.

The detector WILLI used for the measurements of atmospleric muons is
located near sea level at 44°26'N and 26°04’E. It is a prototype electromag-
netic calorimeter registering the energy deposit of traversing muons and the
decay time of stopped muons. The whole setup is mounted in a rotatory
frame enabling directional measurements in a wide range of azimuthal and
zenithal directions.

The studies reported here are directed towards two aspects. First the
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muon charge ratio, R, = N(ut)/N(1™), is used to investigated simulations
of EAS by CORSIKA!. Secondly a method for measuring the muon flux is
proposed for studying short time variation correlated with the solar activity.

WILLL 1998

Triggor moduies

Figure 1. The WILLI detector. Schematic view (left) and artistic view (right)

2. WILLI Detector

The detector (see Fig. 1) is an electromagnetic calorimeter made of 20
scintillator plates. Each plate, a 1 m? NE-114 plastic scintillator mounted
in a Aluminum box, is read out by two PMTs mounted on opposite cor-
ners. The body of the detector consists of 15 plates grouped compactly.
The plates are arranged in such a way that the PMT axes of each one is
perpendicular to the same axes of the neighboring one. Another plate is
situated on top, at a distance of 87 em from the body, for triggering reasons
and 4 plates are situated on sides to provide anti-counter signals.

The information delivered by the detector for each trigger is the ana-
log ancde/dynode signal of each PMT and the time interval between the
prompt and the delayed signal produced by decay products of stopped
muons. The time window is opened for 51 us and read with a resolution of
20 ns. The detector is calibrated against simulations and the total {rauon
plus decay products) energy deposited per plate can be estimated for each
event.
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3. Muon Charge Ratio

The primary CR consist almost entirely of positively charged particles. The
muon charge ratio R, = N,+/N,- is modified by the interactions in the
atmosphere but it conserves the positive charge excess. At low energies
(E, <5 GeV) the muon charge ratio depends on the geomagnetic latitude
and azimuthal direction.

In this studies, a less frequent method, the so called delayed coincidence
method, is used for determination of R, ?. It is based on the different decay
time of 4+ and u~ when they are brought to rest in matter.
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Figure 2. The dependance of the muon charge ratio on the azimuth angle compared
with CORSIKA simulations (left). The dependence of muon charge ratio on momentum
for vertical measurements of WILLI and CAPRICE (right).

To check our method and systematics, a comparison with CAPRICE
data has been realized for vertical muons (see Fig. 2 right panel). In spite
of different rigidities of the three measurements, the data are in the same
range.

The dependence on the geomagnetic field of the muon charge ratio seen
in the azimuthal dependence can be exploited to tune simulations codes
of EAS like CORSIKA for consistency of geomagnetic field details. It has
been shown that these features are very important when using CORSIKA
for application like neutrino flux estimations® or civil applications*. In the
left panel of Fig. 2 the measurements done with WILLI are compared with
CORSIKA simulations for four approximate directions: North (0°), East
(105°), South (181°) and West (245°). A systematic shift of ~ 0.2 in R,
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was observed and its explanation is currently under investigation.

4. Muon Flux

The vertical energy spectrum of muons at see level for low energies (E, <
5 GeV') depends on the geomagnetic latitude and solar activity. We will
investigate the last feature by registering short time variations of the flux
of stopped muons (= 0.5 GeV). The method for muon flux estimation
depends on the following ingredients:

Figure 3. Evaluation of individual muon direction by registering the asymmetries of
PMT’s amplitude signals.

The energy of individual muons stopped in the calorimeter is deter-
mined by the sum of energy deposits in the scintillator plates corrected
with CORSIKA simulations. The direction can be determined using the
particular PMT’s setup. In Fig. 3 the body of the detector is shown and
the PMTs are marked by cylinders. It can be seen that half of the plates
are oriented, as regard to the PMT axes, on one direction and half on the
perpendicular. For each subset a plane can be determined by fitting the
most probable impact points on each plate with a straight line. The muon
direction is obtained at the intersection of the two planes. After a first
evaluation an uncertainty of 10% can be reached for energy and 5% for
direction. Data have been collected and will be analysed. '

5. Conclusions

The detector WILLI is a small and easy to operate setup, enabling various
kinds of studies with atmospheric muons. The muon charge ratio data can
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be used for tuning EAS simulations codes like CORSIKA. Our analysis
reveals that there are systematic differences between our measurements
and estimations from simulations. Further investigations must be done for
clarification. Muon flux can be estimated on same data sets as for charge
ratio and its time variation can be correlated with the solar activity.
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FEW VALENCE PARTICLE (HOLE) EXCITATIONS AROUND
DOUBLY-MAGIC NUCLEUS *’SN

E. DRAGULESCU AND D. TRANCOTA

Institute of Physics and Nuclear Engineering, P.O. Box MG-6, Bucharest-Magurele,
Romania

Development of neutron-rich radioactive beams at the Holifield Radioactive Ion Beam
Facility has stimulated experimental and theoretical studies in heavy Sn and Te isotopes.
We report here the properties of the even N=80 and N=84 Sn and Te isotopes calculated
in the framework of CVM2, assuming two neutron holes(particles) coupled to the
quadroupole vibrator. The obtained energy levels, wave functions and electromagnetic
transitions are compared with experimental data and previous calculations,

1. Introduction

It is well known that the doubly-magic *Sn nucleus shows the strongest shell
closure and the nuclei with few valence nucleons around it have simple
structure, as in the ***Pb region. The few-valence-particle (hole) nuclei around
doubly closed shell offer useful information on single-particle energies,
nucleon-nucleon interaction and effective charges in this region of nuclei, being
of great interest to study them both theoretically [1-5,10-15] and
experimentally [5-9]. The "*2Sn region provides an excellent case for the
application of spherical shell model in truncated spaces [1-5]. As one goes on
increasing the number of valence particles (holes) at two, many collective
features can appear. Some even-even nuclei around Pb or Sn show a “vibration
like’” structure — the violation of the simple harmonic vibrator selection and
transition probability rules, the existence of quadrupole moments in excited
states and the presence of new levels in the region of two phonon states, which
do not show vibrational characteristics. The properties of nuclei from different
regions of mass, but having these features, were explained in the framework of
the cluster-vibration model for two particles (holes) coupled to a vibrator
(CVM2) [ 10-16].

The region of neutron-rich Sn and Te nuclei with the number of protons
and neutrons above and below Z=50 and N=82 closed shells was recently
studied by means of Coulomb excitation of accelerated ion beams at HRIBF
Oak Ridge using methods of nuclear y-ray spectroscopy [5-9]. The results are
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unexpected for *Te (N=84), where the B(E2)| value for the first 2" state is
low in comparison with the values for the N=80 *°Sn and Te nuclei.

2. Cluster-Vibration Model for two particles (holes) (CYM2) applied
to Sn and Te nuclei around "*’Sn

A detailed description of the model is given in [10-14]. The N=84 isotones
(**Sn and "*°Te) are described as two neutron particles and the N=80 isotones
(*°Sn and '*2Te) as two neutron holes coupled to '**Sn vibrator. The present
calculations were performed with the sets of parameters shown in Table 1. The
parameters are chosen so as to obtain the best overall agreement with the
observed properties (see Table 2, Figs. 1 and 2). Vibrational states up to three
phonons are taken, and the neutron configurations for N<82 and N>82 used are
those from G. A, Leander e a/ [15].

Table 1. Parameters used in present CVM2 calculations for **'**Sn and **"*Te nuclei

nucleus By ha A G S v
[MeV] [MeV] [MeV}] MeV] Ie] [e}

1990 1.221 1.280 0.20 0.20 0.5 0.66
132Te 0.974 1.000 0.20 0.20 0.5 1.96
B4sn 0.725 1.000 0.27 0.16 0.5 0.68
BéTe 0.607 0.800 0.35 0.15 0.5 1.23

Table 2. Electromagnetic properties calculated within CVM2 and their
comparison with experimental data for ** *5Te nuclei.

IJZTe 136Te
2.2 2.2
transition B(E2)| [¢b] B(E2)| [eb7]
CVM2 EXP CVM2 | SM 5] EXP
- ne 0.0344+0.00341
27— 0 0.0344 0.038+0.006 0.02057 | 0.05 |0.0206+0.0003
47— 2" 0.0525 0.01687
6, — 4" 0.0033 0.01181
132Te
state Qu(eb) p(nm)
CVM2 EXP 4] (3] CVM2 EXP’
27 -0.008 0.960 0.982 0.756 0.70
4" -0.06 3.08 0.850
6" -0.041 497 -1.24

Ref. 5, *Ref. 6 Ref. 9
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Figure 1. Comparison of the experimental and theoretical energy spectra for **Sn and '*2Te N=80
isotones.
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Figure 2. Comparison of the experimental and theoretical energy spectra for '**Sn and **Te N=84

isotones.
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3. Conclusions

The comparison of CVM2 results for energy spectra and for the electromagnetic
properties show very good agreement with the existing experimental data for the
N=80, 84 Sn and Te isotones. The agreement with experiment is comparable
with that obtained in recent shell model calculations [2,4] and QRPA
calculations [3] as far as spectra are concerned, and is better for the
electromagnetic properties. The values of the neutron pairing strength are
systematically lower as one crosses the N=82 gap. An increased collectivity for
’Te (N=80) is due to the fact that two protons are added to '*°Sn and the
distribution over different orbit is changed. The ey is decreased for '**Te
(N=84) due to the changes produced in the phonon cloud (protons and neutrons)
and its interaction with the cluster (two neutrons). We hope that new
experimental data on electromagnetic properties, as magnetic and quadrupole

moments, would validate our understanding of the structure of nuclei around
132
Sn.
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POSSIBLE E(5/4) SYMMETRY IN 35BA

M. S. FETEA'2, R. B. CAKIRLI?>3, R. F. CASTEN® AND D. D. WARNER?*

! Department of Physics, University of Richmond, Richmond, VA 28173, USA
2WNSL, Yale University, New Haven, CT 06520, USA
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The nucleus 35 Bg was investigated as a possible candidate for E(5/4), a non-
trivial example of critical point symmetry in odd mass nuclei, for the case of a
~-soft liquid drop with quadrupole deformation coupled to a particle with j = 3/2.
Comparison of the E(5/4), Interacting Boson-Fermion Approximation, Particle-
Vibrator Coupling Model and Shell Model calculations with the data are presented.

Dynamic symmetries are related to exactly solvable problems through
analytic solutions. In the framework of the interacting boson approxima-
tion (IBA)?, the symmetries behind harmonic vibrators, y-unstable nuclei,
and deformed symmetric rotors have been codified in terms of the U(5),
O(6), and SU(3) limits’. While symmetries represent stable limits of struc-
ture, most nuclei are placed in regions of structural changes. A new class
of symmetries”’ describes systems undergoing phase transitions between
dynamical symmetries mentioned above.

For even-even nuclei, two analytic solutions for the Bohr Hamiltonian
- X(5)" and E(5)" — expressed in terms of the zeros of the special Bessel
functions, offer predictions for energies and electromagnetic transition prob-
abilities. The E(5) symmetry, at the phase transition between the v-soft
U(5) and the O(6) limits, is less explored and only two examples, 134Ba’
and !92Pd” have been proposed. A non-trivial example of a special solu-
tion called E(5/4) has been recently worked out’ for the case of a liquid
drop with quadrupole deformation coupled to a particle with 7 = 3/2. It
is the purpose of this work to provide the first test of the E(5/4) critical
point symmetry for an odd-A nucleus, 3°Ba. To provide a perspective for
the E(5/4) description, we also performed shell model (SM), interacting
boson-fermion approximation (IBFA) and particle-vibrator coupling model
calculations (PVCM).
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Since !34Ba is an E(5) example, '3°Ba is a possible E(5/4) candidate.
Because the d3/ neutron is in a “hole” state, the proper core for the *°Ba
should be 13%Ba, which is not a E(5) core. Also, although !33Ba would have
a 134Ba, therefore an E(5) core, its ground state is 1/2%, indicating that
this nucleus is not suitable for an E(5/4) search. The energy and B(E2)
values of the existing data’ and the E(5/4) predictions’ are shown in the
upper left and lower right panels of fig. 7?, respectively. For E(5/4), only
the B(E2) values of transitions that had a known corresponding value in
the data have been plotted. Although related to E(5), except for an overall
energy scale factor and an effective charge for the E2 rates, the E(5/4)
predictions are parameter free’. In fig. 7?, we fitted the 5/2} level in
E(5/4) to the corresponding level in 13°Ba to get energy levels closer to the
experimental ones than when the 2} energy of E(5) is fitted to the 2] energy
of 134Ba data’. A few key B(E2) values and absolute transition rates need
to be known before one can make a definite comparison of the E(5/4) with
the existing data. An experiment that will allow us to determine absolute
transition rates or upper limits for the spin allowed 1/23 — 1/27, 1/ 22+ —
3/23, 3/2§ — 1/2f, and 3/23 — 3/2F transitions, and to re-measure
the questionable data on 3/2§ — 5/2F and 3/2 — 5/27 transitions was
proposed and has been performed at Yale.

Using the IBFA Hamiltonian H = Hyq + Hp + Vgp, where Hyq repre-
sents the pure boson part, and Hp is the single nucleon degree of freedom
part, and using a simple choice of boson-fermion interaction Vgr', we per-
formed IBFA calculations for a d3/; neutron hole with a single particle
energy (SPE) of 0.0 keV, and a 5,3 neutron hole with a SPE of 211 keV.
Calculations with coupling to either a '3*Ba or 36Ba core were carried
out. The results are similar except for overall scale and we show the for-
mer here. In the notation of IBFA? code ODDA’, other parameters used
in the calculation are: pair=0.148 MeV, oct=0.002 MeV, ell=0.02 MeV,
eps=0.92 MeV, gg=-0.016 MeV, chq=0.0 MeV, nphmaz=5 , chi=0.0 MeV,
bfm=-0.32 MeV, bfg=0.1 MeV, and bfe=0.0 MeV.

The IBFA wavefunctions indicate that about 99% of the 3/2; state is
built on the 0% of the core coupled to the d /2 neutron hole and 0.8% of
the state is built on the 0t of the core coupled to the s; /2 neutron hole.
Thus, this state, and the others dominated by a d3/, amplitude, should be
amenable to the E(5/4) description. In contrast, 18% of the 1/2; state is
built on the 0% core state coupled to the ds/; neutron hole and 82% of the
state is built on the 01 core state coupled to the s; s2 neutron hole. The
1/21 of E(5/4) therefore corresponds to the 1/25 in the IBFA calculation,
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Figure 1. Upper left: The low spin levels in 135 Ba. The upper limits in B(E2) values
have been calculated assuming E2 transitions; Upper right: SM calculations; Lower left:
IBFA calculations; and Lower right: The low spin levels of E(5/4) symmetry. The 5/ 21"
energy of E(5/4) has been fitted to the 5/21* energy of 135 Ba data. All panels have the
same energy scale (keV) except for the lower right panel, in which a 0.5 scaling factor
was used. The numbers next to the transition arrows are B(E2) values normalized to
the 7/2?’ — 3/2?’ transition in the !3%Bq data, and the arrow widths are proportional
to the B(E2) value. Upward going arrows have been used in the IBFA results where the
order of the predicted levels is inverted relative to experiment.

and the IBFA-calculated 1/2; corresponds to a single particle state, in
agreement with the spectroscopic factor data’ for 1/ 2?, that is outside the
scope of E(5/4). The IBFA calculations are in better agreement with the
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data than E(5/4), but significant discrepancies remain. The 7/27, 5/27,
and 1/2F are monotonic, which is not the case in the data. Other significant
discrepancies cover other level order inversions, and the overpopulation of
the B(E2;1/2{ — 3/27) value.

Energy levels very similar with those in the IBFA are obtained in the
PVCM? calculations. A d3/» and a 51/, neutron hole with SPE of 0.0 keV
and 211 keV respectively, have been coupled to a 3*Ba core. Pairing pa-
rameters 0.940 and 0.608, an E(27)=607 keV core-energy, anharmonicities
1.49, 0.18, and 0.38 in the 2-phonon state, and seven different particle-core
coupling strengths k, have been used. The calculated energies of the six
lowest-spin excited states in the IBFA and in PVCM is given in Table 7?.
The two models are similar and the conclusions from the comparison of
IBFA calculations with the data apply for the PVCM model too.

Table 1. Energies (in keV) of the lowest-spin
excited states in 135 Ba, from IBFA and PVCM
(k =1 and k = 2) calculations.

IBFA PVCM PVCM

k=1 k=2
1/2, 227 218 237
5/2, 404.3 611 621
3/2, 483 629 690
3/2, 646 830 863
7/2, 404.2 610 620
1/2, 440 616 641

We also performed SM calculations in a model space that gives rough
absolute BE?2 values and spacing in 1°°—1328n and reasonable SPE in 19!Sn,
with the NL3 interaction Hamiltonian’, using the code Oxbash™’. The
calculations were performed for a 19°Sn core, and we allowed 0 to 6 protons
in 1g7/2, 0 to 2 protons in 2ds/y, and filled 1g7/, and 2ds/, with neutrons,
and allowed 0 to 4 neutrons in 2d3;3, 0 to 2 in 3s;/ and 0 to 12 in 1Ay /.
The results are shown in upper right panel of fig. ??7. The agreement is
overall rather good, and certainly the best of the models in Figure ?? for the
relative energies and B(FE2) values. As in the IBFA calculations, the 1/2,
corresponds to a 3s;/o single particle state. The observed non-monotonic
arrangement of the 1/27, 5/2f, and 7/27} is correctly reproduced in the
SM calculations. 7

In conclusion, comparison with data shows that more B(E2) values and
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absolute transition rates are needed before a definitive comparison of !3°Ba
with the E(5/4) is possible. Although E(5/4) reproduces some energy and
B(E2) values, the IBFA, PVCM, and SM calculations give better agreement
with the existing data. This is perhaps not surprising since E(5/4) is an
extremely simplified, parameter-free prediction. Also, given that nuclear
properties change discretely with nucleon number, there is a very small
chance that any given nucleus will land precisely at the critical point, just
like is it is unlikely that any given nucleus will precisely satisfy any of the
familiar dynamical symmetries of the IBFA.
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Fusion reactions are calculated to synthesize 220114 elements. Potential energy
surfaces are obtained as the result of dynamic minimization with independent de-
formations of the target and projectile, small semiaxis of the projectile and distance
between centers as degrees of freedom. Binary macroscopic-microscopic method
is used to obtain the deformation energy and the Werner-Wheeler approximation
yield the mass tensor. The highest penetrability values are obtained for cold fusion
channels with 104Kr, 198Sr and 112Zr leading to 290114,

1. Introduction

This work is devoted to the search of the optimal sub-barrier fusion chan-
nels towards 29°114. Though it is known that cross section decreases with
decreasing Ecpr, the present calculations take advantage of obtaining the
compound nucleus in the lowest excitation energy, close to its ground state.
In this way it might be possible for the superheavy nucleus to be more
stable against imediate decay. Choosing a neutron-rich isotope, as a pro-
jectile, has as a result a subtantial change of the cross section!. A valuable
hint about mass-charge combinations in fusion reaction arises from diffu-
sion calculations? and obtaining the intermediate equilibrium N/Z values.
The macroscopic-microscopic method is employed, within the subsequent
steps: calculation of the deformation energy using independent interme-
diary spheroidal deformations of the target and projectile (xr = br/ar,
xp = bp/ap), where (br, ar) and (bp, ap) are spheroid semiaxes, the small
semiaxis of the projectile bp and the distance between center R during the
overlapping stage as degrees of freedom. The mass tensor is calculated by
means of the Werner-Wheeler irrotational flow method. The action integral
is then computed for all isobaric reactions with the lowest static barriers.
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2. Total deformation energy

A binary macroscopic-microscopic method is used to calculate the defor-
mation energy. Single particle energy levels are obtained by the deformed
two-center shell model. Details of calculation are given in Ref. 5. In the
Schrédinger equation:

HY - E¥ =0 (1)
the total Hamiltonian:

He= " At V(p,2) + Vi + Vs ()
2m0

is deformation dependent. The deformed two-center oscillator potential for
target and projectile regions vr and vp reads:

v [ Vr(p,2) = %mongpz + tmow? (2 + 2r)* , for vr 5
(p,2) = _1 20 2 1 2 _ 2 (3)
Vp(p,2) = 3Mow,, p° + smows,(z — zp)* , for vp

where zr and zp are the centers of the target and projectile, and equality:

VT(P,Z) = VP(P,Z) (4)

defines the border between vy and vp regions. The Strutinsky method®
computes separately the proton and neutron shell corrections. These nuclei
survive only due to negative shell corrections, their macroscopic barrier
being neglijable’. The macroscopic part is computed with the Yukawa-
plus-exponential model.

Edef = Emacro + Eshenl ’ (5)
where:
Eracro = (EC - E(C(’))) + (EY - Egg)) (6)

3. Mass tensor and penetrability

There are four independent variables describing the configuration of two
intersected spheroids: the ratios of the spheroid semiaxes for target xr and
projectile xp, the small semiaxis of the projectile bp (the target semiaxis
br results from volume conservation) and the distance between centers R.
In order to perform the further action integrals, it is useful to contract the
tensor along one of the coordinates. One complies to the variation law of
X7 and xp such that at the touching point (start of the process) they take
initial (separated nuclei) values x79 and xpo. At the end x7 must be equal
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to the compound nucleus value xo, while xp ends at an independent xp;.
This work proposes a simple linear transition:

R—-R; 100
Xt = X0 + (X0 = XTO)E‘_‘_“R%E
R = Ry 100

xp = xpo + (xps — XPo)m T (7)
if R < 0.01(R; — Ry)kr for xT and R < 0.01(R; — Ry)kp for xp. kr and
kp are independent number of steps in R direction wiht k7, kp < 100, and
determines the number of steps (or the distance range in R) along which
the semiaxis ratios change. Figure 1 shows different paths of the target (br,
upper plot) and projectile (bp) small semiaxes. These considerations lead to
the dependence of bp, xT and xp on the same parameters. Final contracted
total mass inertia becomes B = B(R). The fusion path is obtained as the
result of minimization over all the possible values (hence all ranges of k-,
Kp, ip) in any direction at a fixed R. The penetrability P for a given fusion
path is calculated as usual:

P = exp(—K,yp) (8)

where K, is the overlapping action integral.

4. Results and discussion

The deformation energy is computed for every possible (A7, Ap) fusion
channel leading to the same compound nucleus. Calculations are performed
for 290114, Mass asymmetries start from n4=0 with the symmetric reac-
tion #*Ba+146Ce up to 174 ~0.84 corresponding to >*Mg+2%6No. A very
pronounced valley is visible at 14 ~0.31, around %4Kr+186Pt with a bar-
rier height at 7.22 MeV. The barrier entrance point is situated deep in the
overlapping region compared to more asymmetric reactions. The resulting
penetrabilities are presented in Table I, for 2°°114. There are small differ-
ences between barriers, all being around 7-8 MeV, the average height of the
energy valley. On the contrary, penetrabilities display large differences. The
most favorable values are obtained for (}%4Kr+!86Pt), with logioP=-7.25,
(1088r+182W) with log;p=-8.036 and (}!2Zr+!"®W) with logioP=-8.664.
As a final remark, one states that the extreme sub-barrier fusion as an al-
ternative to high energy synthesis reaction has certainly the disadvantage of
having a low probability, hence a low cross section. However, the final com-
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Figure 1. Different paths of variation for the small semiaxis of the target (br) and
projectile (bp) as a function of R.

pound nucleus could be synthesized in a more stable state (no excitation),
thus it probably lives longer.

5. Conclusions

When nuclei approach each other with a kinetic energy equal to the Q-
value of the reaction, chances are to obtain a compound nucleus very close
to its ground state. Since no excitation triggers a decay process, the final
system could be more stable. The reactions obtained after browsing the
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deepest energy valley of (Eges, na, R) produced narrow barriers and a
larger penetrability values. !04Kr+186Pt, 108Gr4182Qg and 112Zr+!78W
could be used to obtain 2°°114 in a close to ground state energy, by using
a kinetic energy equal to the Q-value.

Table 1. The dynamic barriers
E, and logarithms of penetrabil-
ities log10 P for the energy valley
in the synthesis of 290114.

104K 4 186py 7,22 -7.250
1049, 18605 7.52  -12.233
lo47,4186W 775 -14.353
104Mo+4186Hf 8.08 -16.106
1067, 184 766 -12.976
106Mo+184Hf 7.93 -12.956
108Gy 4 18205 7.37  -8.036
10874182y 7.62 -11.245
108Mo4-182Hf 7.91 -12.892
110Mo+180Hf 7.85 -11.688
110Ry+180Yh  9.01 -23.688
11274178y 7.33  -8.664
N2Mo4+178Hf  7.77 -10.823
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PRECISE HALF-LIFE MEASUREMENT OF “Ar,
A SUPERALLOWED " EMITTER'
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We have measured the half-life of the superallowed 0* — 0" beta emitter **Ar to 0.08%
precision by observing decay positrons from both *Ar and its daughter **Cl. This is part
of our program of precise measurements aimed at testing the Standard Model via the
unitarity of the Cabibbo-Kobayashi-Maskawa matrix. A new fitting technique was
developed, which allowed us to extract the parent half-life to this precision. Our result is
ti2(**Ar) = 843.8(7) ms.

1. Introduction

The half life of **Ar has been determined to unprecedented precision, thus
significantly improving the f-value for its superallowed 0° — 0 transition.
This measurement was performed in the framework of our program to test the
Standard Model via the unitarity of the Cabibbo-Kobayashi-Maskawa (CKM)
matrix. The measured fi-values for the superallowed beta transitions are used to
extract a precise value for the up-down quark-mixing element, V4, of the CKM
matrix [1]. For these experiments to be meaningful they must achieve a
precision of better than 0.1% and the previously accepted value t;,(**Ar) =
844.5(34) ms [2] does not meet this demanding requirement.

2. The experiment

We produced the **Ar beam using the reaction p(’>Cl, 2n)**Ar. A 304 MeV
Cl1 beam from the K500 superconducting cyclotron of TAMU impinged on an
LN,-cooled hydrogen gas target held at 1.5 atm. The fully stripped **Ar recoils
were separated in the Momentum Achromat Recoil Separator (MARS) and then
extracted into air, where they passed through a 0.3-mm-thick BC-404
scintillator followed by a stack of aluminum degraders. The degrader thickness
was tuned so that >99% of the **Ar recoils finally stopped in the 76-um-thick

" This work was supported by the U.S. Department of Energy under Grant DE-FG02-93ER40773
and the Robert A. Welch Foundation under Grants A-1397 and A-1082.

387



388

aluminized Mylar tape of our fast tape-transport system. The combined effects
of g/m separation in MARS and range selectivity in the degraders resulted in our
collecting 99.7% pure samples of **Ar. Each sample was collected for a short
time (either 0.3s, 0.7s or 1.0s), then the beam was turned off and the implanted
activity was moved in 175ms to the center of a shielded 4n proportional gas
counter located 90 cm away, where the decay positrons were detected and
multiscaled for 12s. The collect-move-detect cycle was then automatically
repeated until the desired statistics had been accumulated.

The experiment is simple in principle but the desired precision makes it
very demanding in practice since every precaution must be taken to eliminate
any possible systematic biases. Thus the complete measurement was split into a
sequence of separate segments, each containing several million counts from
hundreds of cycles, and each accumulated with different settings of important
experimental parameters: gas-counter bias, imposed (non-extendable) system
dead-time, and detection threshold. Each segment was analyzed independently
and compared with the other segments for evidence of systematic differences.
No evidence was found for any dependence of the measured half-life on
experimental parameters.

3. Data reduction

To extract an accurate half-life for >*Ar we had to face several special
challenges:

e Ar is a noble gas and might diffuse out of the tape during the

detection time, thus simulating a shorter half-life

e The daughter nucleus, 34Cl, is radioactive and has a comparable half-

life. Our gas counter records positrons from both **Ar and **Cl decays.

e The half-lives of the two species are related by a factor close to 2: viz.,

1:C*Cl) = 1.8 1,,(*Ar).

To evaluate possible diffusion, we measured the half life of *°Ar under
similar experimental conditions. The collect/move/detect time intervals were
1/0.133s/35s, and the only impurity present in the collected **Ar sample was
33Cl at a level of 0.5%. The half-life we obtained for **Ar was 1.773(3) s, in
good agreement with the accepted value of 1.775(4) s [3]. Since our result rules
out significant diffusion effects for **Ar, which has a half-life more than twice
that of **Ar, we can conclude that diffusion must not be a factor for our **Ar
measurement either.

In contrast, the presence of both parent and daughter activities in our
time-decay spectra certainly is a factor that must be dealt with. In a separate
series of measurements, we produced **Cl directly via the p(*’Clpn)**Cl
reaction and determined its half-life to be 1.5268(5) s [4]. This was consistent
with, but more precise than, previous measurements [1]. We could then use this
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result in analyzing the combined **Cl and **Ar decay data observed in the
present experiment.

7] —
E 10°p HAr 2= 084370 s
c fe #
) :[ — k7.0 t//2= 1.5268(5) s
10° |
10'E
T

0 2 4 6 8 10 12
Time [s]

Figure 1. Time-decay spectrum of **Ar as obtained from our gas counter, The partial contributions
from the two activities, **Ar and *Cl, are indicated as dotted and dashed lines, respectively

A typical measured decay spectrum is presented in Fig.1. Note that the
decay of **CI appears to dominate the spectrum, the equal contribution of **Ar
being almost impossible to detect by eye. This is a consequence of the relative
magnitudes of the two half-lives. After the collect interval, the combined **Ar
and *Cl activity is given by

24, -4 ~ At Naﬂa At
A, =Na/1a7/ji_/1:e & "{Nb—m]ﬂbe & (1)

where ¢ is the time after the end of the collect period, N,, are the numbers of
**Ar and **Cl nuclei in the source at ¢ = 0, and A, are the corresponding decay
constants. Note that when A, = 2}, the first term (the one characterized by the
*Ar decay constant) vanishes. Although not related by exactly a factor of 2, the

actual half-lives of **Ar and **Cl lead to the coefficient of the & ™ term being

more than six times smaller than that of the e ™ term — and to its being
negative. This could be a serious limitation in the extraction of a precise half-
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life for **Ar: a simple two-decay-component fit, even with the more than half
billion combined **Ar and **Cl events we recorded, cannot do better than 0.4%
precision, yielding the value 847.0(37) ms for the half-life of **Ar [5]. This is
insufficient for the result to contribute meaningfully to the determination of V.
Our first attempt to overcome this problem was to modify our
experimental technique. We increased the ratio of **Ar to **Cl decay positrons
recorded in our counter by making use of the different end-point energies of
their associated B* spectra (5.04 MeV for **Ar and 4.47 MeV for **Cl). We
introduced a thin Cu foil between the decaying source and the gas counter, thus
attenuating the positrons from both sources, but preferentially from the
unwanted **Cl. We adjusted the foil thickness between 1.25 mm and 1.90 mm
and determined the **Ar to **Cl ratio and the overall counting rate. For 1.5 mm,
the optimum choice, it was found that the ratio of the coefficients in Eqn (1) is
improved from 1/6 to about 3, but at the cost of our losing about 95% of the
unattenuated counting rate. With a total of 9.5 million combined **Ar and *C]
decay events recorded under this condition, we obtained an **Ar half life of
844.4(47) ms. Even though the decay-spectra obtained were qualitatively better
at revealing the **Ar half-life, this advantage was more than offset by the loss in
statistics.
Our second attempt was more successful. We reanalyzed the original

data using a different approach. A close look at Eqn (1) reveals that the near

cancellation of the coefficient of the € ™ term can actually be turned to our

advantage: we can extract the amount by which the ratio of the two half-lives
deviates from 2 by analyzing the deviation between the experimental data and a

one-component decay characterized by the exponential e . We replaced the
free fit for the coefficients of the two exponentials in Eqn (1) by one that
explicitly connects both coefficients to the experimental implantation time and
the half-lives of both nuclides. That is, we require the ratio Ny/N, to take the
value determined by the known collection time for **Ar and the calculated
accumulation of *Cl as a decay product during the collection time. The
associated fitting procedure is more computer-intensive but is effective in
increasing the precision of the extracted half-life. To test this new approach, we
generated a parallel set of artificial spectra by Monte Carlo techniques: these
spectra mimicked our experimental data in statistics, background, dead-time and
beam-profile, but with an imposed half-life of 845ms for the parent activity. The
results we obtained in fitting this pseudo-data demonstrated our method to be
reliable with the uncertainties determined in the fitting procedure.

The method was then applied to the experimental data and was further
tested for stability versus various detection settings (dead time, detector bias and
discriminator threshold). As seen in Fig. 2, the distribution of the fit results
shows no systematic bias in the extracted haif life from runs with different
combinations of detector biases and discriminator thresholds. A similar test
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performed for the possible influence of the dead-time was also devoid of any
evidence of systematic dependence. The full fit performed over more than 5% 108
combined **Ar and **Cl decay events yields t;,(**Ar) = 843.8(7) ms.

0.850

0848 |—

0.846

.

34Ar half life [ms]

0.842

0.840

o 838 L L L | | L { | L L I I L 1 1 ]
0 10 20 30 40

run number

Figure 2. Half-life values for **Ar obtained in 40 successive runs (less than half our total data) are
ploticd so as to reveal possible effects from different parameter settings in the detection set-up.
Squares, triangles and circles represent the 2400-V, 2550-V and 2700-V detector voltages,
respectively. Open or solid symbols represent 150-mV and 200-mV discrimination thresholds,
respectively. The normalized chi-square of the distribution is x*/ndf=1.41

The reported error contains the statistical error, the uncertainty in the half
life of the daughter nucleus **Cl, the scatter in results extracted from the various
independent runs, the uncertainty in the impurity levels and the uncertainty due
to the beam profile. Among all these, the contribution of the **Cl impurity is the
most important, its amplitude being twice that of the statistical error, even
though the amount of this impurity was a mere 0.25% of the primary activity.
This emphasizes the importance of the purity of the radioactive beam in the
extraction of a precise half life for such parent-daughter combined decays, as it
defines the ultimate precision that can be achieved.
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4. Concluding remarks

The half life of **Ar has been extracted using a constrained-fit procedure. The
method makes use of the expected parent-daughter relationship between the
contributions of the two activities participating in the decay. Using our new
fitting procedure, we obtained the result t;,(**Ar) = 843.8(7) ms, in good
agreement with the previously accepted value of 844.5(34) ms [2], but with a
precision of better than 0.1%, the goal we were seeking.
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A master equation for the deformed quantum harmonic oscillator interacting with
a dissipative environment, in particular with a thermal bath, is obtained in the
microscopic model, using perturbation theory. The coefficients of the master equa-
tion depend on the deformation function. The steady state solution of the equation
for the density matrix in the number representation is derived and the equilibrium
energy of the deformed harmonic oscillator is calculated.

1. Deformed Quantum Oscillators

The generalized deformed quantum oscillators! are defined as the algebra
generated by the operators {1, A, AT, N} and the structure function F(N),
which satisfy the relations: [4, N] = 4, [Af,N]= —Atand AAT = F(N +
1), A'A = F(N), where F(N) is a positive function with F(0) = 0 and N
is the Hermitian number operator. For F(N) = N one obtains the relations
for the usual harmonic oscillator. For

¢V —gV

Py = =t =), (1)
where ¢ is the deformation parameter, A and A! are called g-deformed
boson annihilation and creation operators®? and they satisfy the relations
AAY = [N +1], A'A = [N]) and [4,AT] = [N+ 1] - [N]. If ¢ > 0,
then [N] = sinh(/V lng)/ sinh(In g). In the limit ¢ — 1, g-operators tend to
the ordinary operators and we get the usual boson commutation relation
[4, At] = 1. We define the f-deformed oscillator operators* A = af(N) =
f(N+1)a, Al = f(N)a' = at f(N+1), where a and a' are the usual boson
operators satisfying [a,a'] = 1, N = a'a and [a, N] = a, [al,N] = —al.
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The f-operators satisfy the commutation relation [A4,A'] = (N +
1)f>(N + 1) — Nf%(N). The function f is such that when the deforma-
tion disappears, then f — 1 and the usual algebra is recovered. The
notion of f-oscillators generalizes the notion of g-oscillators. Indeed, if
f(N) = +/[N]/N, then the operators A, A' satisfy the g-deformed commu-
tation relations. The Hamiltonian of the f-deformed harmonic oscillator is
(w is the ordinary frequency) H = hw(AAT + AYA)/2 = hw[(N + 1) f3(N +
1) + Nf?(N)]/2. It is diagonal on the eigenstates |n > and in the Fock
space its eigenvalues are £, = hw[(n + 1)f2(n + 1) + nf?(n)}/2. In the
limit f — 1 (¢ — 1 for g-oscillators), we recover the ordinary expression
E, = hw(n+1/2).

In Ref. 5, we obtained the following solutions to the Heisen-
berg equations of motion for the operators a and af*8: a(t) =
exp|—iwQ(N)tla, al(t) = al expliwQ(N)t], where Q(N) = [(N +2)f2(N +
2) — Nf%(N)]/2. For a g-deformed harmonic oscillator, Q(N) = ([N +
2] — [N])/2 and for a small deformation parameter 7 (7 = Ingq), Q(N) =
1+ 72(N +1)%/2.

2. Quantum Markovian Master Equation

In order to study the dynamics of an open system S, we use a microscopic
description of the composite system S+B. As the subsystem S of interest we
take the f-deformed harmonic oscillator with the Hamiltonian H, and B is
the environment (bath) with the Hamiltonian Hg. The coupled system with
the total Hamiltonian Hr = H+Hp+V (V is the interaction Hamiltonian)
is described by a density operator x(t), which evolves in time according to
the von Neumann-Liouville equation. When the Hamiltonian evolution of
the total system is projected onto the space of the harmonic oscillator, the
reduced density operator of the subsystem is given by p(t) = Trx(t). For
an interaction potential V linear in the coordinate s; = ¢ and momentum
s = p of the subsystem, the master equation for the density operator of
the open system in the Born-Markov approximation has the form®7:

WO 2, p00)

b X[ OO a0 (-0 + C®)lss ()00, s}, @)

4,j=1,2
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where the coefficients C;;(t) are the correlation functions of the environment
operators. Next we use the relations (m is the oscillator mass)

a0) =\ o (a0 + a), B0 =i/ T2l - at) (@)

and insert the equations for a(t) and a'(¢). In the Markov approximation we
may replace the upper limit of integration ¢ by co. We define the complex
decay rates, which govern the rate of relaxation of the system density op-
erator as follows (we denote E4 = expliwQ(N)t'], E_ = exp[—iwQ{N)t']):

o0 o0
| deu®B. = [ dch@)B. = Dy, (4)
0 0
/ dt'Caa(t) By = / dt'Coy()Ey = Dgg(9), (5)
0 4]
| atcn)Es = [ aCi s = -Du(@ + S, )
4} 0

with Dpp(2) > 0, Dgg(2) > 0 and Dpp(2) Deg(Q) — D2,(Q) > R2A2(Q)/4.

In fact, Dpp(2), Dgq(£2), Dpe(Q) and A(SY) play the role of deformed
diffusion and, respectively, dissipation coefficients. We assume in the fol-
lowing A(2) = A = const. With these assumptions we obtain the following
master equation for the damped deformed harmonic oscillator:

% 21,0l + g (D), )

+ =Dy, D)5, a] + [({Daq(2), P} — i Dag(52), )7
H(mwliDpa(0) + 37,0 ~ {Dpal® — S A5Dp.d

_[(;n%[w,,q(n) - g)\,p] + {Dpg() + %@A, a)ppl+He}  (7)

In the limit f — 1 (@ — 1), the deformation disappears and Eq. (7) be-
comes the Markovian master equation for the damped harmonic oscillator,
obtained in the Lindblad theory for open quantum systems3. Expressing
the coordinate and momentum back in terms of the creation and annihila-
tion operators and introducing the notations

Dy() = o lmuwDy(@) + 22
D_(©) = o fmuwDgy() - 222 ®)
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Eq. (7) becomes:

dp
dt

(6! (D(Q) + £ Dpo(), o] - Jla! {0} + He).  (9)

In the particular case of a thermal equilibrium of the bath at tempera-
ture T (k is Boltzmann constant), we take the diffusion coefficients of the
form

= ~2[H, 0] + {[[D+(@)a, gl a]

D, (Q) & Fw QY
mwDge(§2) = '% = 5/\00“1 KT’ Dpg(£2) = 0. (10)

In the limit Q@ — 1, the deformed diffusion coefficients (10) take the
known form obtained for the damped harmonic oscillator in the particular
case when the asymptotic state is a Gibbs state?.

3. Equation for the Density Matrix

We consider the master equation (9) for the density matrix by means
of the number representation. Specifically, we take the matrix elements
of each term between different number states denoted by |n > and use
Nin>=nln >, atin >=+vn+1n+1> and ajn >= y/n|n — 1 > . When
D_(n)) = 0, Dpg(§2(n)) = 0, the diagonal elements are coupled only
amongst themselves and not coupled to the off-diagonal elements. In this
case the diagonal elements (populations) satisfy the master equations:

d};(tn) - _[2(n + 1)D+(Q(n)) + 2nD+(Q(n - 1)) - )‘]P(n)

+(n+1)2D4(Q(n)) + NP(n + 1) + n2D4 (Qn — 1)) — AJP(n — 1){11)

where P(n) =< n|p(t)|n > . The steady state solution of Eq. (11) is

2D+(Q(k ~1)) - A
B F

Pys(n) = P(0) II (12)
In the particular case of a thermal state, when the diffusion coefficients
have the form (10), the stationary solution of Eq. (11) takes the form

Pi(n) = 77 exp{~ gel(n+ 1%+ 1) 42}, (13)

where
hw £2(1)

;= P(0)exp SET

(14)
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and Z; is the partition function:

= 2 2(n)]}. 15
z; - Zexp el + D+ 1) + 2]} (15)
The distribution (13) can also be written
En
h
Pi(n) = 27" exp(— 120) (16)

Expressions (13) and (16) represent the Boltzmann distribution for the
deformed harmonic oscillator. In the limit f — 1 the probability P*(n)
becomes the Boltzmann distribution for the ordinary harmonic oscillator.

For an g-oscillator weakly coupled to a reservoir kept at the temperature
T, the g-deformed partition function can be obtained as a particular case
of the partition function Zy (15):

Fw sinh(r(n + 1)) + sinh(7n)
= - . 17
Za Z exp{ 2kT sinh 7 } (17
We can calculate the equilibrium energy by using the formula
1 8Z _ Fw
and obtain
hw hw
E(o0) = -—2—(coth %T + 72¢), (19)
where
e? P41 ePidef 41
= - . 2
=@l P (20)

We note that in the approximation of a small deformation parameter
7, the energy of the deformed damped oscillator depends on the oscillator
ground state energy Fiw/2 and on the temperature T. Evidently, when there
is no deformation (7 — 0), one recovers the energy of the ordinary harmonic
oscillator in a thermal bath®®. In the limit T — 0, one has ¢ — 0, £(c0) =
Fw/2 and the deformation does not play any role.
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SINGLE-PARTICLE EFFECTS IN THE THRESHOLD FISSION
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The dynamic effect due to the radial coupling is quantified in the fission cross-section. A
large number of doublc barricrs appears in the fission degree of frecdom duc to the single
particle cffccts.

1. Introduction

It is well known that the fission barrier in the actinide region exhibits a double
humped shape. This double barrier, postulated in the frame of the microscopic-
macroscopic model, provided a unified explanation of a great number of
experimental results. At excitation energies below or close to the fission barrier
top, the properties associated with the double hump shape are more pronounced
that in other energy domains. A large number of intermediate resonances appear
in the sub-threshold and threshold regions. In the conventional picture, the
double barrier is parameterized from experimental data by providing a good
model for the nuclear level density. The cross section is proportional with the
number of states calculated in the transient point or saddle point configuration.
The single particle effects, the dynamics and the dissipation are neglected,
despite the fact that it is believed for a long time that these quantities affect
drastically all observations. This kind of calculations are good only to obtain
evaluations with an accuracy of 30-40%. However, if we expect simulations
within better accuracies, the single particle effects, the variations of the effective
mass and the dissipation must be taken into account. In the actual model it is
clear that a lot of effects responsible for the intermediate structure are not
adequately treated and therefore impossible to discern correctly the intermediate
resonance. In the following, some improvements are realized to evidence the
role of single-particle states. A new formalism [1] is proposed, the main features
being described in the following.

2. Single-particle excitations

The neutron single-particle diagram for the fission of *°U with the heavy
fragment '**Xe is plotted in Fig. 1. The level scheme is obtained for a minimal
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action path. The integral action was minimized using an algorithm similar to that
of ref. [2] in a tridimensional configuration space spanned by the most important
collective coordinates encountered in fission: elongation, necking and mass-
asymmetry. This trajectory begins from a ground state and penetrates the first
barrier reaching the region of the second well. In the second well, the necking
parameter C starts to change suddenly, the second barrier is penetrated and the
configuration of two separated spheres is obtained. The first well is located
somewhere at the elongation R=6.5 fm. As displayed in the insert of Fig. 1, the
sequence of the first experimental levels is reproduced: 7/2° ground state
continued by 1/2" and 3/2" levels. Therefore it can be expected that some levels
around the Fermi energy are of enough confidence. The following levels in the
vicinity of the Fermi energy are selected: 3 levels of projection £2=1/2 (thick
dashed line), three levels of €2=3/2 (thick dot-dashed line), one level £2=5/2, two
levels £2=7/2 and one level £2=9/2 (thick lines).

Between ground state and scission some dynamical effects are produced.
The most important one is due to the radial coupling. Single-particle levels with
same good quantum numbers cannot intersect but exhibit avoided crossings. A
system of equations can qualitatively describe this phenomenon as in Ref. [3].
In Fig. 2, the levels with £2=1/2 are plotted within their interaction energies.
Four avoided crossing regions are selected. A neutron, initially located on & can
follow any path opened by the avoided crossing regions, that is §ABDg;,
£ABDg, £ ABCDg and so on. A probability of realization can be obtained for
each path, and for each path an excitation and a barrier can be associated.
Within only the four avoided crossings, 18 energy paths can be obtained and a
same number of different barriers. The occupation probability of each barrier
was found between 0.1 and 0.25. For £2=3/2 another 15 barriers are obtained.

Figurc 2. a) Interaction energies in the avoided crossing regions and (b) adiabatic single-particle
states with £2=1/2 and their intersections.
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3. Phenomenological barriers

In cross section evaluations, conventionally the barrier is parameterized as
function of a dimensionless parameter within three smoothed joined parabolas.

The height and the stiffness of the parabolas are obtained from experimental
data within a good formula for the nuclear level densities and some corrections
added in the saddle-point. This simple barrier is suitable for simulations. In the
following, the single-particle excitations obtained theoretically are added to
such a phenomenological barrier by interpolating between the values obtained at
the extremes of the barrier, the ground-state and the exit point. Our
phenomenological potential is characterized also by a squared imaginary part
located between the turning points of the second well. The main effect of the
imaginary part of the potential is to enlarge the widths of the intermediate
structure peaks. Usually the magnitude of the imaginary part is obtained by
fitting the experimental data. In our calculations, the magnitude of the imaginary
part is calculated. It is considered that the transmission through the complex
double well Pp divided by the total transmission that reached the second well
P, +Pp is equal to the transmission of the second barrier divided by the sum of
all possible channels from the second well. Comparing this ratio with a similar
formula based on Bohr-Wheeler transmissions, the magnitude of the imaginary
potential can obtained within an equation.

4. Compound nucleus and fission cross section

In our formalism, we consider that the saddle-point density is an implicit
quantity, being determined by the fundamental density through a
correspondence allowed by the height of each barrier constructed on
fundamental levels with good quantum numbers and a probability of realization
of the state associated to these numbers. The same fundamental density can be
used for sub-barrier and supra-barrier transmissions. This feature allows us to
unfold the initial state versus these quantum numbers, so that the states and the
associated transition levels will be assigned by a probability in terms of
Clebsch-Gordon coefficients. In order to obtain a mean energy width which
takes into account the fact that the spin J of the nucleus is given by the coupling
of the collective angular momentum of the core L and the spin of the intrinsic
states J;, the initial states J are unfolded through Clebsch-Gordon coefficients.

For one initial state, several channels become possible depending on L (the
orbital momentum of the core), J; (the spin of the non-rotational nucleus) or (2
(the projection on the nuclear symmetry axis). In the case of the neutron
emission, the transmission is written by taking into account an additional
channel due to the orbital momentum / carried by the neutron.
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5. Results

In the upper panel of Fig. 3, the neutron-induced fission of 2**U is displayed in
the frame of this model. A steeped rise of the fission cross-section at sub-barrier
energies 1is superimposed on an intermediate resonance structure, as
experimentally seen. Moreover, at very low energies, a structure of thin
resonances is obtained. The procedure used in this work suggests that the
intermediate structure, including the broad resonances, are in fact the result of a
superposition of a large number of small resonances due to a huge number of
different barriers associated to single-particle effects. Also, it can be suspected
that the large number of resonances found in the thermal region can be
associated to a large number of fundamental intrinsic states. Some arguments in
favor of this hypothesis can be given. In Fig. 3, the weighted transmissions
corresponding to all levels with =0 and 1 as function of the excitation energy
are displayed in the lower panel. In the vicinity of E,=0 a great number of peaks
reside in a small energy interval. These peaks have spin "2 and their
transmissions correspond to barriers that differ by energy paths of the unpaired
neutron.
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Figure 3. Upper panel: cross section as function of the excitation energy and the corresponding
neutron energy. Lower panel: weighted transmissions through the barriers determined in this work
for all values of 2 and L=0,1. Some patterns determined by combining the beta-excitations with
other king of vibrational excitations (approximated here with a constant value 0.35 MeV as
described in text) are marked with arrows.
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The double barriers involved in the calculation of these transmissions are
characterized by practically the same heights but exhibit differences outside the
saddle-points configurations.

6. Conclusions

It is possible that the rich resonant structure of the fission cross-section is due to
a rearrangement of orbitals during the process from ground-state up to scission,
and the formation of a large number of different barriers. The resonances carry
information about the internal structure of the nucleus and the dynamics.
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An introduction to the work performed in pre-emission of neutrons from ''Li halo nuclei
will be presented. The standing present problems in the investigation of the structure of
Borromean halo nuclei by means of the C,, correlation function are outlined. An
investigation of the target screening effect on the pre-emission of halo neutrons will be
briefly described. It is shown that due to the diminishing of the screening effect the yield
of neutron pair pre-emission is expected to be much larger in the case of '*C than in the
case of Si target. It is shown that a new experiment on '2C target will allow to solve the
standing problems of C,, and also to test experimentally a recent new theory of C,, [10 ].

1. Introduction

It was predicted in Ref. [1] that, due to the very large radius of ''Li, and due to
the very low binding energy of the halo neutrons, one may expect that in a
fusion process on a light target, the halo neutrons may not be absorbed together
with the Li core, but may be emitted in the early stage of the reaction. Indeed,
the experimental investigation of Si(''Li, fusion) has shown that, a fair amount
of fusion events [2] are preceded by the pre-emission of one or two halo
neutrons. In Ref. [2] was also found that in the position distribution of the halo
neutrons, a very narrow forward neutron peak is present. Considering that this
peak may be due to neutron pairs, it was decided to investigate the neutron pre-
emission in condition of much higher statistics by means of an array detector
[3]. Indeed within the narrow forward peak (9 msr) a large number of n-n
coincidences was found [4,5]. Trying to build the n-n correlation function, a
serious problem appeared connected with the low values of the correlation
strength [6,7,8]. A possible explanation could be the residual correlation of the
halo neutrons [9]. In Ref. [9] has been proposed an iterative calculation to
compensate for the residual correlation. But in Refs. [6,7,8] was shown that the
iterative calculation is considerably increasing the error so that is no more
possible to draw any conclusion concerning the theoretical predictions. In Ref.

" This work is supported by CERES 3_111 Contract.
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[6] an experiment was proposed for getting the intrinsic correlation function by
using ''Li and ''Be beams. The halo nucleus ''Be would be ideal for the
denominator of the correlation function construction, because it has only one
halo neutron and therefore no residual correlation can be possible. In Ref. [6]
was also proposed to do the new measurements, by using a C target instead a Si
target, because due to the target screening which is lower in the case of C target,
the yield of halo neutron pre-emission is expected to be higher. A preliminary
estimation quoted in Ref. [6], indicated that for C target, the yield of halo
neutron pre-emission is about 2 times higher than for a Si target. It will be
shown in the next section, that a more accurate calculation is indicating that the
yield of halo neutron pre-emission is expected to be ~3.5 times larger in the case
of C-target than in the case of Si-target.

Very recently, a new theory for C,, correlation function has been proposed
[10]. In this theory, the ‘'Li halo nucleus is modeled as a three body system
consisting of 2 neutrons and a core. It is shown in [10], that an interference
minimum is present in C,,, due to the coherence of the 2 halo neutrons. This
theory will be briefly considered in sect. 3. Also an analysis of the possibilities
to test this new theory, is given. In sect. 4, the conclusions will be presented.

2. Target screening effect investigation

Due to the target screening effect, there is a marked difference between the halo
neutron pre-emission probabilities in the fusion of ''Li + Si and ''Li + C target.
This difference is illustrated in Figs. 1 and 2. In Figs. 1 and 2, the projections of
the target nuclei Si and C, on the figure plane are considered. The ''Li halo
nuclei are considered as coming from bellow, and producing collisions with the
targets in the plane of the figure. One can see in Fig. 1 corresponding to Si
target that the halo neutron could escape only in the case if situated between the
contour of the Si target (solid line) and the outer dashed line denoting the
contour of the ''Li halo. This area will be denoted in the following as Sy
meaning “free area” that is, an area not obstructed by the target. Comparing Fig.
1 with Fig. 2, it is visible that Sy ("°C) is much larger that S(Si). Actually the
ratio Sy("*C)/S(Si) is almost 3.

A first application of the Sharp Cutoff Model for neutron pre-emission from
a halo nucleus was done in Ref. [11]. According to the Sharp Cutoff Model,
only the halo neutron being on a “free area” that is an area not obstructed by the
Si target, as in the case of Fig. la, could escape. The escape probability can be
defined as:
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Figure 1: Schematic representation of ''Li Figure 2. Schematic representation of ''Li
halo nucleus collision with Si target, for halo nucleus collision with '’C target, for
angular momentum =0 (central collision). angular momentum =0 (central collision).
Here, the plane projections of the involved Here, the plane projections of the involved
nuclet are shown. By the solid line, the nuclei are shown. By the solid line, the
contour of Si nucleus is represented. By contour of '*C nucleus is represented. By
dashed lines, the core of '"Li and the dashed lines, the core of ''Li and the contour
contour corresponding to the ™ = 4.8 fm corresponding to the r™ = 4.8 fm of the halo
of the halo [14] are shown. [14] are shown.
S
fy="L2
.0 S 1)

tot

In Eq. (1), / represents the angular momentum, S,, represents the total area of
the halo. One can calculate £ for the whole range between /=0 and /=/,, by
using the sharp cutoff formula for fusion reaction [12]:
I,
Q@I+Ddd
.. 2 40 @

Y @i+1)
=0

In our calculations we obtained /.14 for Si target and /,=9 for 2c target. In
this calculation [17] we used the simplified formula of Ref. [13]. The
probability { is related to the probabilities P/, P[¥ and P which are
correspondingly the probability for pre-emission of 1 halo neutron, two halo
neutrons and absorption of two halo neutrons:

Pl=24 (1-¢'} 3)
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p= ¢ @)
PPy )

The results of the performed calculations are provided in Table 1.

Tablel. In this table are provided the values of {’ probabilities (column 4), calculated by the sharp-
cutoff formula (2), for 2 targets '2C and Si. (column 1), and for 3 values for the halo radius Ryaro.
The 4.8 fm value of RuaLois the experimental value taken from Ref. [14]. In column 3, the value of
Lexpis obtained from the number of single detected neutrons and from the number of detected
neutron pairs ( see Ref. [17]). One can see that (', is in fair agreement with £ calculated by taking
the experimental value of Ryap0=4.8 fm. In columns 5, 6, 7 the probabilities P/, P/ pi%
calculated according Egs. (3), (4), (5) are given.

| Target RiaLo (fm) [ ¢ pitl pi2 Pa? 5 Pi]
c 4.8 0.701 0.418 0.492 0.089 ~1
4.2 0.610 0.475 0.372 0.151 ~1

3.6 0.469 0.498 0.220 0.281 ~1

Si 48 0.36+0.06| 0.379 0.471 0.144 0.384 ~1
4.2 0.286 0.408 0.081 0.509 ~1

3.6 0.205 0.327 0/042 0.630 ~1

As can be seen in Table 1, the increase of P/Z in passing from Si to C target, is
mainly due to the decrease of P.?/(absorption of 2 neutrons). From Table 1
results that the ratio P/?(C)/P/¥(Si) is about 3.5. Considering also that the
number of C nuclei in the C target is about 2 times larger than in the case of Si
target for the same thickness, it follows that one can expect in an experiment
performed with C target to acquire a statistics of n-n coincidences of about 7
times larger than one can expect in the case of Si target. With such a statistics of
neutron pairs, not available in the past, one is hoping that the standing problem
of residual correlations could assuredly be solved [8,9]. In the following section
it is emphasized that the very recently published new theory of C,., could be
tested also.
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3. Testing the possibility of the recent new 3-body theory of Cy,

In Fig. 3 there is presented the C,., corresponding to the insert of Fig. 2
from Ref. [10].

T T ! '
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.
15 " -
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Figure 3: Here is shown the main C,, correlation function
corresponding to the insert of Fig. 2 of Ref. [10]. One can see
that this function becomes sub-unitary at q values larger than
20. In Ref[18] it was obtained that the errors in the q range
20-40 MeV/c approach the value * 0.2, when the statistics of
neutron pairs becomes ~1700. From this follows that the new
theory can be tested by using the most characteristic trait, that
is its sub-unitarity.

As it is shown in Fig. 3 the most characteristic trait of the new C,, correlation
function is its sub-unitary values at ¢>20 MeV/c. This trait can be tested [18]
within a statistics of ~1700 nn coincidences.

4. Conclusions

It is amazing how much can be expected from one pre-emission experiment
on a C target !
»  The test of the large screening effect of Si target.
»  To get answer to the question, could be the target screening, a cause for
inflation of C,,, [17,18]?
+  To make a test of residual correlation by using an ''Be beam.
*  To test a new theory of C,, In fact this theory is the first one worked
out in the last 20 years specifically for the Borromean halo nuclei. An
important remark is the following: The authors of the new theory have
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determined the rms separation between the halo neutrons inside ''Li

within their same model [15] and have found 8.5 fm. This is very close
to COSMA, model rms separation value, 8.3 fm. Consequently the
finding of a correlation function of the type shown in the insert of
previous Figure will be a confirmation of the ''Li halo structure
predicted by COSMA, model, [16].
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A ~-rigid solution of the Bohr Hamiltonian for 4 = 30° is derived, its 8-part being
related to the second order Casimir operator of the Euclidean algebra E(4). The
solution is called Z(4), since it corresponds to the Z(5) model with the v variable
“frozen”. Parameter-free (up to overall scale factors) predictions for spectra and
B(E2) transition rates are in close agreement to the E(5) critical point symmetry,
as well as to experimental data in the Xe region around A = 130.

1. Introduction

The E(5) critical point symmetry! has been obtained as an exact solution of
the Bohr Hamiltonian? for vy-independent potentials, while the X(5) model
is obtained as an approximate solution for vy ~ 0°3. Another approximate
solution, with v & 30°, called Z(5), has also been obtained?. In all these
cases, five degrees of freedom (the collective variables 8, v, and the three
Euler angles) are taken into account.

In the present work we derive an exact solution of the Bohr Hamiltonian
for v = 30°, by “freezing” - (as in Ref. 5) to this value and taking into ac-
count only four degrees of freedom (8 and the Euler angles). In accordance
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to previous terminology, this solution will be called Z{4).

2. The Z(4) model

In the model of Davydov and Chaban® it is assumed that the nucleus is
rigid with respect to -y-vibrations. Then the Hamiltonian depends on four
variables (83, 6;) and has the form®

__ 10,
H=- 2B ﬁ36ﬂ 52Zsm 27rk) +U(B), (1)

where 8 and v are the usual collective coordinates?, while Q (k =1, 2, 3)
are the components of angular momentum and B is the mass parameter.

Introducing® reduced energies ¢ = (2B/h?)E and reduced potentials
u = (2B/A?)U, and considering a wave function of the form ¥(8,6;) =
o(B)¥(8;), where 0; (i =1, 2, 3) are the Euler angles, separation of vari-
ables leads to two equations

A o =0 25— %]y
538ﬁﬂ aﬂ — gz +He—u(B) [#(8) =0, z;smz( Zgy | VO =
(2)

In the case of v = #/6, the last equation has been solved by Meyer-ter-
Vehn®, with A = A o = L(L + 1) — 3a?/4, where o are the eigenvalues of
the projection of angular momentum on the body-fixed 4#'-axis. « has to
be an even integer®. Instead of « it is customary to introduce the wobbling
quantum number 8 n,, = L — o, which labels a series of bands with L =
Ny Ty + 2,10 + 4, ... (with n,, > 0) next to the ground state band (with
Ny = 0)°.

The “radial” Eq. (2) is exactly soluble in the case of an infinite square
well potential (u(B) = 0 for 8 < Bw, u(B) = oo for 8 > Bw). Using the
transformation ¢(8) = B~} f(B), the first equation in Eq. (2) becomes a
Bessel equation

2 2
gﬁ+%5%+(e_-;—2)]f(ﬁ):o, v=vAtL (3)

Then the boundary condition f(Bw) = 0 determines the spectrum, eg,; , =
8.5y L = (ks,w)? ks = Ts,u/Bw, where ., is the sth zero of the Bessel
function J, (ks 3). The ground state band corresponds to s = 1, n,, = 0.
This model will be called the Z(4) model.
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Figure 1. Level scheme of Z(4). Bands are labelled by (s,ny), their levels being nor-
malized to 2; 9. Intraband and interband B(E2) transition rates are normalized to the
B(E2;21,0 — 01,0) rate. The (2,0) band is shown both at the left and at the right end
of the figure for drawing purposes.

3. Relation of the ground state band of Z(4) to E(4)

The ground state band of the Z(4) model is related to the second order
Casimir operator of E(4), the Euclidean group in four dimensions. In order
to see this, one can consider in general the Euclidean algebra in n dimen-
sions, E(n), which is the semidirect sum of the algebra T,, of translations
in n dimensions, generated by the momenta, and the SO(n) algebra of ro-
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tations in n dimensions, generated by the angular momenta, symbolically
written as E(n) = T, ®; SO(n)”. One can see that the square of the total
momentum, P2, is a second order Casimir operator of the algebra, while
the eigenfunctions of this operator satisfy the equation

1 -
( — laarrn 1661' (Ltzi__m) F(r) = K2F(r), ()
in the left hand side of which the eigenvalues of the Casimir operator of
SO(n), w(w + n — 2) appear. Putting F(r) = r2=")/2f(r), and v = w +
{n —2)/2, Eq. (4) is brought into the form
2
<§r2 1§+k2"—)f(7“)—0 (5)
the eigenfunctions of which are the Bessel functions f(r) = J,(kr). The
similarity between Egs. (5) and (3) is clear.

The ground state band of Z(4) is characterized by n,, = 0, which means
that o = L. Then in Z(4) one obtains v = L/2 + 1, while in the case of
E(4) one has ¥ = w + 1. The two results coincide for L = 2w, i.e. for even
values of L. One can easily see that this coincidence occurs only in four
dimensions.

4. Numerical results and comparisons to E(5) and
experiment

The level scheme of Z(4) is given in Fig. 1. The similarity between the
spectra and B(E2) values of Z(4) and E(5) can be seen by using the extensive
numerical results for E(5) given in Ref. 8. The spectra of the ground state
band and the $; band, as well as their intraband B(E2)s are very similar.
One can easily check that the similarity extends to interband transitions
between these bands as well, for which the selection rules in the two models
are the same.

The main difference between Z(4) and E(5) appears, as expected, in the
~1 band. The predictions of the two models for the odd levels practically
coincide, while the predictions for the even levels differ, exhibiting different
staggering.

Predictions of the Z(4) model are compared to existing experimental
data® for 128Xe, 130Xe, and !3?Xe in Fig. 2. The reasonable agreement
observed is in no contradiction with the characterization of these nuclei
as O(6) nuclei, since the predictions of y-unstable models [like O(6)] and
~-rigid models [like Z(4)] for most observables are similar if v.ms of the
former equals Yrigiq of the latterl?
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Figure 2. Comparison of the Z(4) predictions for (normalized) energy levels and (nor-
malized) B(E2) transition rates (a) to experimental data® for 128Xe (b), 130Xe (c), and
132X e (d). Bands in (a) are labelled by (s, n.,).

5. Discussion

It should be emphasized that neither the similarity of spectra and B(E2)
values of Z(4) to these of E(5), nor the coincidence of the ground state band
of Z(4) to the spectrum of the Casimir operator of the Euclidean algebra
E(4) clarify the algebraic structure of the Z(4) model, the symmetry algebra,
of which has to be constructed explicitly, starting from the fact® that the
Bohr Hamiltonian for v = 30° possesses “accidentally” a symmetry axis.
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ISOSPIN DISTILLATION FROM A MICROCANONICAL
PERSPECTIVE

AD. R. RADUTA
NIPNE Bucharest, POB MG6, Romania

Fragment average isospin distributions are investigated within a microcanonical
multifragmentation model in different regions of the phase diagram. The results
indicate that in the liquid phase < N/Z > versus Z is monotonically increasing,
in the region of phase coexistence it has a rise and fall shape, and in the gas phase
it is constant. Characterization of the "free” and "bound” phases vs. fragment
charge reconfirms the neutron enrichment of the "free” phase with respect to the
"bound” one, irrespective of the localization of the multifragmentation event in
the phase diagram.

1. Introduction

In recent years isospin dependent phenomena received much consideration
because of their ability to reveal information on the asymmetry term of the
nuclear equation of state (EOS). Relying on the fact that in heavy systems
in which the neutron density exceeds the proton density the asymmetry
term is repulsive for neutrons and attractive for protons, theoretical models
of heavy ion reactions predicted different neutron composition of the liquid
and vapor phases 1'?. More important for studies on EOS, the difference in
chemical composition of the gas and liquid phases during a liquid-gas phase
transition reflects the magnitude of the asymmetry term and its density
dependence.

Trying to identify this process in experimental multifragmentation data,
isoscaling techniques based on grandcanonical assumptions have been ap-
plied. The results proved the expected increase of neutron concentration in
the gas phase with respect to the liquid phase3.

The aim of the present work is to investigate fragment average isospin
distributions within a microcanonical multifragmentation model which in-
cludes in a realistic way the most important ingredients of the nuclear
multifragmentation phenomenon, whose phase diagram was studied previ-
ously.
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2. Microcanonical Multifragmentation Model predictions

While methods to identify phase transitions in small non-extensive sys-
tems accumulate, more importance is given to the fact that in principle
the most correct statistical approach to be used for exploding nuclei is the
microcanonical one. In the present paper the MMM version? of the micro-
canonical multifragmentation model®? is used.

In this model fragments are placed in a spherical container defining the
freeze-out volume. All configurations allowed by mass, charge, total energy,
total momentum and total angular momentum conservation laws and not
forbidden by geometrical constraints are spanned by a Metropolis Monte
Carlo trajectory in the configuration space. The key quantity of the model
is the weight of each configuration which has a non-analytically tractable
form and enters the expression of any physical observable. The break-up
fragments relevant for thermodynamics may be excited highly enough to
de-excite by sequential particle emission. The present study focuses on the
thermodynamically relevant break-up stage of the reaction.

The phase diagram associated with MMM was studied in Ref. 7. For
small systems, like (50, 23), irrespectively whether the Coulomb interaction
is present or not, the system evolves from the liquid phase present at low
excitation energies to the gas phase corresponding to vaporized matter by
crossing the coexistence zone. For large systems, like (200, 82), which
experience stronger Coulomb fields, the situation becomes more interesting.
When one turns the Coulomb interaction off, the system exhibits the same
behavior as a small system. When the Coulomb field is activated the critical
temperature and pressure decrease such that, for freeze-out volumes up to
several tens Vj, the system may evolve from the liquid phase to gas or
supercritical fluid without crossing the phase coexistence zone.

In the following we shall present the MMM predictions on fragment
average isospin distributions in different points of the nuclear phase diagram
and stress the fact that < N/Z > versus Z manifests different behavior in
the liquid, phase coexistence and gas regions.

2.1. (200,82) without Coulomb interaction

The phase diagram of the nuclear system (200, 82) without Coulomb and
hard-core interactions is represented in Fig. 1 in the temperature-excitation
energy and pressure-temperature planes. The solid lines represent iso-3P
trajectories for different values of #P. The borders of the phase coexistence
region were evaluated using Maxwell construction on the iso-gP caloric
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Figure 1. Phase diagram of (200, 82) nuclear system without Coulomb in temperature-
excitation energy and pressure-temperature representations. The §P values of the iso-3P
curves are labeled in units of fm ~

curves and are plotted with dashed lines. The borders of the spinodal
region are defined as the locus of the inflexion points of T(E)|gp curves
and are plotted with dotted lines. The critical point is characterized by the
following set of values: Tg=9.1 MeV, Pc = 1.25-107! MeV/fm?, Ec=6.75
MeV /nucleon and (V/Vp)c=1.33.

The shapes of < N/Z > versus Z distributions have been investigated
along all iso-fP paths represented in Fig. 1. To illustrate the conclusions,
we scan the phase space along the trajectory characterized by P = 3-10—3
fm~3. The states accessed in this way are similar to the ones obtained
in nuclear multifragmentation reactions. Thus, as the excitation energy
increases from 2 to 12 MeV /nucleon, the temperature ranges around 6 MeV
and the average freeze-out volume increases linearly from 2V; to 16V4.

Figure 2 represents the fragment average isospin (< N/Z >) distribu-
tion as a function of fragment charge for the above considered excitation
energies. Letting apart the average isospin of light charged particles (Z < 5)
strongly affected by structure effects, one may observe that in the coexis-
tence region < N/Z > vs. Z manifests a clear rise and fall behavior and in
the gas phase it is constant. Moreover, in the coexistence region the average
isospin of a fragment belonging to the liquid is monotonically decreasing
with its charge.

The occurrence of the liquid phase at low values of excitation energy
and/or freeze-out volume prevents fragment production in the intermediate
size domain (15 < Z < 30). Moreover, the small values of the total fragment
multiplicity make the isospin of clusters whose size is close to the source
size sensitive to mass/charge conservation. For these reasons, it was not
possible to access conclusive < N/Z > vs. Z distributions in the liquid
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Figure 2. Fragment average isospin distributions as a function of fragment charge for
the (200, 82) nuclear system without Coulomb interaction at different excitation energies.
The thick line corresponds to the prediction of the liquid-drop binding energy formula,
I(A) = 1+ (acA%3 — ag A) [ (2a; - (av A — as AY/3)).

phase.

The effect of excitation energy on < N/Z > vs. Z distributions within
a given region of the phase diagram is quite trivial. Thus, by increasing
the excitation energy the number of emitted neutrons increases such that
for conserving the mass and charge of the total system the isospin of the
rest of matter is decreasing leading to the observed shift of < N/Z > vs. Z
distributions toward lower values. The decrease of the turning point where
the rising distribution starts to decrease may be understood having in mind
the diminish of the liquid part with the excitation energy increase.

2.2. (50,23) and (200, 82) with Coulomb interaction

To verify whether the obtained results stand valid while modifying the sys-
tem size and switching the Coulomb interaction on, in the following we shall
investigate the (50, 23} and (200, 82) systems with Coulomb interaction.

The corresponding phase diagrams are represented in Fig. 3 in the
temperature-excitation energy and pressure-temperature planes. The crit-
ical points are characterized by the following set of values: To=4.9 MeV,
Po =7.8-1073 MeV/fm3, Ec=4.6 MeV /nucleon and (V/V,)c=12 for (50,
23) and, To=3.7 MeV, Pc = 1.7-1073 MeV/fm®, Ec=7.75 MeV /nucleon
and (V/Vy)c=130 for (200, 82), respectively.

The striking difference between the coordinates of these critical points
and the one corresponding to the (200,82) without Coulomb case is the
consequence of including the Coulomb interaction. Thus, the Coulomb
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Figure 3. Phase diagrams of (50, 23) (up) and (200, 82) (low) nuclear systems with
Coulomb interaction in temperature-excitation energy (a) and pressure-temperature (c)
representations. The BP values of the iso-8P curves are labeled in units of fm ~3.

field forces the system to occupy a large volume such as to diminish the
repulsive effect. If true, a critical volume of several tens V would imply that
real nuclear multifragmentation reactions for which the freeze-out volume
was estimated to be 3-9 V, take place at super-critical values.

The left panel of Fig. 4 presents < N/Z > versus Z distributions cor-
responding to the liquid, liquid-gas and gas phases of the (50, 23) system
along the constant P = 1-1073 fm~3 path. For the coexistence region
(E=5 MeV /nucleon) and for the gas phase (E=8 MeV/nucleon) the shapes
look like the ones obtained for the (200, 82) nucleus: in the phase coexis-
tence < N/Z > versus Z has a rise and fall shape and for the gas phase
it is almost constant. A striking result is the one corresponding to 2.5
MeV /nucleon which seems to be compatible with the phase coexistence re-
gion. The explanation of this apparent paradox lies in the fact that for such
a small system and low excitation energies the total fragment multiplicity is
around 3, meaning that each emitted light particle will modify drastically
the isospin of the residual nucleus. Thus, the observed rise and fall is a
consequence of mass/charge conservation.

The right panel of Fig. 4 shows several < N/Z > versus Z distributions
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Figure 4. Fragment average isospin distributions as a function of fragment charge for
the (50, 23) (left) and (200, 82) (right) nuclear system with Coulomb interaction.

corresponding to the liquid phase of the (200, 82) system that show a clear
monotonic increase. The apparent exception corresponding to SP=1x10"*
fm~3 and E=3 MeV/nucleon is again a manifestation mass/charge conser-
vation due to fission as decay mechanism.

3. Do we have isospin fractionation in statistical
multifragmentation models?

Since isospin fractionation was decided by both dynamical models and ex-
perimental multifragmentation data analyzing exclusively the isotopic con-
tent of light charged emitted clusters, it would be interesting to check to
what extend our predictions agree with the reported results. To make this
comparison straightforward we adopt one of the methods applied by dy-
namical models and classify the fragments as part of liquid and gas phases
according to their mass. Thus, in the spirit of Ref. 2 we assume that the
collection of fragments with Z < 4 form the ”free” phase and the rest of
fragments form the "bound” phase. We prefer to call the obtained subsys-
tems by "free” instead of ”gas” and "bound” instead of ”liquid” because the
above mentioned classification may be done irrespective of the localization
of the multifragmentation event in the phase diagram.

Fig. 5 depicts the relative neutron enrichment of the ”free” phase with
respect to the "bound” phase in different points of the phase space. For all
considered cases < N/Z >free | < N/Z >pound is larger than one, meaning
that isospin distillation takes place no matter what is the localization of
the multifragmentation event in the phase diagram.
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Figure 5. Relative neutron enrichment of the ”free” phase with respect to the bound”
phase for the (200,82) nuclear system with and without Coulomb interaction when the
associated phase spaces are explored along different 5P constant paths.

4. Conclusions

Fragment isospin distributions have been investigated in the framework of
a microcanonical multifragmentation model. The obtained distributions
manifest different shapes in the liquid, liquid-gas and gas regions of the
phase diagram. Deviations from this behavior are caused by mass/charge
conservation and manifest at low fragment multiplicities. Phase classifi-
cation according to the cluster size proves that neutron enrichment of the
“free” phase with respect to the “bound” one depends on the source state.
Finally, neutron enrichment of the ”free” phase is not a signal of phase
coexistence since it is observed everywhere in the phase space.
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The a-decay properties of nuclei are considered and some spectroscopic information
on the continuum states populated in the unbound intermediate systems in the
decay channel are obtained. The advantages and limitations of current approaches
are addressed, with particular regard to quantitative experimental comparisons for
superheavy nuclei.

1. Introduction

Our main objective is to make use of measurements and observations on
decay reactions in order to derive conclusions concerning nuclear properties.
Depending on the experimental approach in production of a radioactive
nucleus, our goal is the determination of its existence, its main decay modes
and half-life. It is our aim to extend previous developments!?3 for the case
of single channel decay to the case of multi-channel decay. The total decay
width for the multi-channel decay state k into a set of {n} channels becomes:

r* = 27,0k, (1)

where
2
Fk

n

| e

[ Ik (ryuk (r)dr

Tmin
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In Eq. (2) I%(r) is the particle (cluster) formation amplitude (FA) and u¥ (r)
and ul () are the solutions of the systems of differential equations:

B2 (A U1+
{:'2—"—1‘ (W - -"('-TT—z) - Vnn(’r) + Qn} u%(r)%— Z Vnm(r)u‘,)n(r) =0 (3)

m#n

K [ d? Il+1) v
[% (3—2 i ) ~ Van(r) + Qn} wr(r) +£Vnm<r)um(r) =17 ()
(4)
where: m is the reduced mass, Qn, = E — Ep — E, is the emission energy

the FA is I¥ (r) , and V,,,(r) are the matrix elements of the interaction.
The FA is:

Iy = (T | Al n>=r{¥; | A{[@p(m)p(m)Yim()],} >  (5)

The matrix V,m(r) are generated by changing the radius of the daughter
nucleus Rp to a dynamical operator :

Ry — Ro+ O = Ry + B2RpY20 + BaRpYao, (6)

2 and B4 being the quadrupole and hexadecapole deformation parameters.

2. Results

The results of a~decay measurements>®® and present estimates are shown

in Fig. 1. In the most cases our results are in reasonable good accord to
the GSI data for SHE with Z=110-112. Our half-time estimates for the
SHEs 115 and 116 are shown in Fig.1 and Table 1. Qur results are in a
good agreement to data®® and differ significantly from the empirical ones’.
Figure 3 shows the predicted Q,-values” for some homologous of groups I,
11 and VI-VIII versus the total number N; = N, + N, of valence nucleons.
We can see that Qo value decrease with V; increasing. Clearly that the (Fo-
value increases in the main channels of the regions (1,2) when approaching
the the magic proton shell, while for the SHE region (3), this decreases.
This may suggest the existence of the shell at Z>114 contrary to the basic
model?, but in accord with the mean-field predictions*®?. In Fig.4 we can
observe that the Casten factor represents the number of the a-particle over
the magic core, and the half-lives for some homologous are almost identical.
It was stressed also in'? that other spectroscopic observables for SHE lie
along smooth curves when plotted against this factor.
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Figure 1. Summary of the a-decay data and present estimations.

Table 1. Experimental and calculated o decay properties of some SHEs

produced at the FLNR-Dubna.

Nuclide No. Decay Half-life Eq (MeV) Half-life
events Exp. Exp. Theor.
93116 3 a 53702 ms  10.53£0.06 7173 ms
289114 8 o 2. 7*’0 7 s 9.82+0.06 229737
285112 8 o 34+ 9.16£0.06  77.3757 s
281110 8 SF 9. 6+2 s
288114 11 o 0637048 s 9.95+008 1.01%97 s
84119 11 SF 98¥%) ms
291116 2 a 6335 ms  1074+007  22%3' ms
287114 3 a 11708 s  10.04+0.07 0.58%03
283112 3 a 6.1772, s 9.54£0.07 563332
279110 3 SF 0201970 s
290116 3 o 1572° ms  10.85£0.08  12F!ms
286114 2 a/SF 0.20%037s  10.03£0.31 0.647535 s
282112 1 SF 10788 ms




426

15- 415 JINR - Dubna DATA,
Yu.Ts. Oganessianet al,
1o PhysFRev.Ce9,
021601 (2004)
4 o5
%1 J
}_g o -
# i
E _05_
J Present estim.
.04 — -Q (Exp.)
- - Q40,060 MeV
1 —¥— -Q-0.060 Me¥
-1.5+ o - - Q E“'Pil‘. C-alc[1]
T T T T T T T T Y
0305 0.310 0.315 0.320 0.:;&: o.ém 0.335
a7 (He‘fm}
Figure 2. The a-decay data and our present estimates.
14 1 +dn 2 +2n 3 +2n
*‘ + ,‘]]g ill.| i
1 =ne 3 “E_P:*—-N: - \*‘*\
124 oeg wmogrmT T TN L ... T
o R e o A " 118 <
114 + ] = .\hu.”_ adyqg ¥y

Figure 3. Qa-values versus the total number of valence nucleons Np 4+ Np,.

3. Conclusions

In most cases, our a-half-time estimates are in excellent agreement to exist-
ing data. Such an agreement supports the basic correctness of our unified
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picture for heavy-ion and « resonances giving us guarantees for reliable
predictions for SHE.
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DARK ENERGY - DARK MATTER - AND BLACK HOLES:
THE MUSIC OF THE UNIVERSE*
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Here we review the recent evidence for dark energy, dark matter and black holes
as components of an expanding universe, for the vantage point of a non-expert; we
speculate on a specific DM particle.

1. Introduction

In recent years the evidence for the ubiquity of black holes has become over-
whelming, as most galaxies above a certain size appear to have a massive
black hole at their center. Observations suggest that such black holes have
formed very early in the Universe’s evolution.

Similarly, we now have convincing evidence, that galaxies are largely
dominated by dark matter, a non-baryonic constituent (Bertone et al.
2005).

And, finally, in very recent years further evidence has accumulated, that
a dark energy is trying to rip the universe apart.

Here we review very briefly what we know about these strange con-
stituents of the universe, and speculate on one of them.

2. What holds the Universe together?

Everyday experience shows that gravity holds us down safely, in our chair,
in our cars, in our trains and airplanes. The gravitational force of the Earth
keeps us down.

*public lecture in celebration of the World Year of Physics 2005 on Mon. June 20th,
2005.
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2.1. Throwing a Ball

From a child throwing a ball to an artificial satellite flying around the
Earth we can describe the orbit with the gravitational pull, the persistent
momentum, and the friction in air as well as the upper atmosphere. What
is falling down for a ball is curving around the Earth for a satellite or
spaceship.

2.2. An orbit

Close to the Earth a satellite flies around in about 90 minutes, and from
the equality centrifugal force = gravitational attraction we can calculate
the mass of the Earth. We obtain 5.9723(9) 10%* kg (see PDG 2004); in
this we use the radius of the Earth 6,378.140 km, already determined in
ancient times (although it has to be admitted with a huge error budget not
understood at the time). Any child can do an analogous experiment with
a pendulum, using a lead-weight and a suspension via a sharp edge on two
wires.

2.3. Sun

The Earth flies around the Sun, at a distance of 1.495, 978, 706, 60(20) 108
km, and with a measured velocity of about 30 km/s. Hence we can deter-
mine the mass of the Sun to 1.988,44(30) 10%° kg. This is about 300,000
times the mass of the Earth. We can also determine the radius of the Sun
to 6.961 105 km. So light travels from the Sun to us in 8 minutes, longer
than the Sun takes to set.

However, with the Sun we can do a test: The Sun sounds like a bell,
from its MUSIC we determine the structure of the Sun. This is completely
analogous to the quality check of a metal bell, which sounds only really nice
and harmonious if its structure contains no flaws, and is all homogeneous.
Soundwaves run through a bell, and cause waves to propagate though the
surrounding air. Similarly soundwaves run through the Sun, also right
through the center. So we can determine the structure of the Sun - and
can so test our models for the Sun.

Today we have understood and solved the Solar neutrino problem — we
understand the Sun — everything fits; one caveat has to be mentioned: we
still do not understand the origin of magnetic fields in the universe, and the
corresponding challenges of the magnetic plasma near the Sun may provide
the avenue to our insight. The neutrino problem then gave deep insight
into the properties of neutrinos, their finite mass.
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3. Galaxies and Clusters of Galaxies
3.1. The Milky Way

The Sun flies around the center of our Milky Way, about once every 250
million years, and at a distance about 20,000 light years.

This motion we can determine within two weeks by measuring fore-
ground stars against background stars using intercontinental radio interfer-
ometry. The stars in front rush by the stars in the background, just like
trees in the foreground fly by the houses in the background looking out
from a railroad car; this is of course especially noticeable if the train goes
at 300 km/h.

And so we determine the mass of the Milky Way, and find a mass of
about 2 - 10! solar masses. This is the mass approximately inside the
Solar circle. Please note that such a determination is strictly accurate
only for a spherically symmetric distribution of mass; for a rotationally
symmetric distribution of mass, for instance, like a flattened disk system,
the gravitational force has to be obtained by a suitable integral from zero to
infinity. This mass therefore corresponds only approximately to the mass
inside 8 kpec.

In fact, from the observation, that the next neighboring galaxy, An-
dromeda or M31, approaches us already, pulled from the overall expansion
of the Universe, we can determine an even higher mass, by about a factor
of ten; this mass then corresponds to a radial scale at least about a factor
of ten larger than that obtained at the Solar circle.

However, we can also count stars, to try to determine how many stars
are there, and if their mass is able to account for the mass that we get from
the gravitational pull, exerted on the same stars. In one approximation
this was done first by J. Oort, who already noted that there seemed to be
a problem: Depending how we count, we miss anything between a factor of
2 and 10 of the mass in stars in the Galaxy.

3.2. Galaxies and black holes

We can repeat this exercise using hot gas in early type galaxies, rotation
curves of cold gas in late type galaxies, and we always find, that we miss
stars.

We can also check for black holes in galaxies, and we always find a
central black hole, in galaxies above a certain size or mass. In our Galaxy
the mass of the central black hole is about 4 - 10® solar masses. In other
galaxies the mass of the central black hole can reach 3 - 10° solar masses.
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The mass of this black hole appears to be strictly proportional to the mass
of the spheroidal stellar component of the galaxy, with a factor of 1/500.
There are several explanations for this proportionality, usually matching

star formation in the galaxy with central accretion (see, e.g., the work by
Y. Wang).

3.3. Clusters of Galaries: Mass

Galaxy is just the Greek translation of “Milky Way”, derived from the
Greek word for “Milk”; we can consider then the motion of galaxies in
clusters of galaxies, and again use both the motions as well as the hot gas
to find out how much gravitational pull is necessary to keep the cluster
from flying apart.

A typical cluster may have a thousand galaxies moving around several
Mega-light-years. From such determinations as well as applying hydrostatic
equilibrium models to the X-ray emission of the hot gas we obtain a mass
of about 10'% solar masses.

3.4. Gravitational Lenses = Glasses

Photons deviate in the gravitational field of the Sun from a straight line
path. Light is also bent in its path in and around clusters of galaxies. The
bending also gives directly the total mass. We find the same difficulty, only
even more pronounced.

3.5. Clusters of Galaxies Problem

We can also count galaxies in clusters, and all the mass in their stars. And
again we can use the X-ray emission from the hot gas to get its mass.
The hot gas even dominates over the stars in mass, integrated all over the
cluster. And the problem is once again: We are missing out on about 90 %
of the total mass.

What holds clusters of galaxies together?

4. Matter as You and Me

Matter like you and me we call baryonic matter. The Earth, Sun, Stars,
hot and cold gases, all the way to the beginning of the Universe are made
up of baryonic matter.
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4.1. Matter Partner Protons

At the beginning of the Universe — after about 3 minutes — there was a
certain fraction of matter in protons and neutrons. Through meeting in
binary encounters pairs of nucleons can be formed, and so on to Helium.
From today’s fraction of Helium in mass we can determine the initial density
of nucleons. Therefore we can conclude that about 5 - 10 times as much
baryonic matter has to be there, than we can directly observe. Could this
be warm gases with about 100,000 K temperature 7

5. Music of the Big Bang

The Universe was very hot at the beginning. Soundwaves just like the
waves which carry my words to you ran through the universe. The hot
radiation from those early days is still visible. The waves are also visible,
a disturbance of 1 part in 100,000. We observe, February 11, 2003 on the
internet, the first three tones of the Universe, measured by the satellite
WMAP, with incredible precision (astro-ph/0302209, Spergel et al. 2003).

This is analogous again of the nice sound from a well built bell, or a
violin; a Stradivari sounds wonderful, because of the construction as well
as the materials, the special wood, out of which is has been made.

5.1. Standard Candles

Stars explode — why, is still contested. For the massive stars this may be
due to the magneto-rotational mechanism, proposed long ago (1970) by G.
Bisnovatyi-Kogan (many papers 2004/2005), based on an earlier suggestion
by N. Kardashev (1964).

Stars like the Sun develop into a white dwarf. White dwarfs in a binary
stellar system obtain more mass via tidal forces. When they get too much
mass, they collapse, and blow up. This Supernova explosion seems to be
always the same — and so we have a standard candle to determine distances
in the universe.

For the lamps along a road, that one can observe from some mountain
late in the evening, we can determine for every lamp its distance from is
apparent brightness, assuming no fog nor haze. And so we find that the
universe expands with acceleration, driven by some DARK ENERGY with
repelling force. Initially this expansion was slow, for some time it is now
accelerating. But why is the factor between DARK MATTER and DARK
ENERGY just 3, and just today?
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6. Matter?

Normal matter — that you can see directly — you, and me, stars, dust and
gases, is an insignificant fraction. Normal matter — that one sees only with
great difficulty — probably warm gases, so total normal matter is a fraction
of about 0.04. The relative and dimensionless density here is relative to the
critical density of the universe, a density which would correspond just to a
parabolic orbit without dark energy.

Invisible matter, that we can determine only through its gravitational
force, so DARK MATTER, of some totally different nature, is about 0.23
in fraction.

Invisible energy, called DARK ENERGY, is about 0.73 in fraction.

The sum of these contributions is unity to the best of our understanding
(the error budget is about 2 percent).

So the sum of the angles in any large triangle through the universe is
180 degrees — so in the language of mathematics — the universe is flat just
like the geometry of a table in a library. Of course one should stay away
from black holes for this experiment.

6.1. Dark Matter Speculation

As shown in recent work by F. Munyaneza and A. Kusenko with the au-
thor (to be published), recently several papers have appeared that seem to
converge to a possible solution of the dark matter problem:

¢ In Kusenko (2004) it has been shown, that a sterile neutrino in the
mass range 2-20 keV can explain the kicks pulsars experience at
birth, giving them linear velocities along their rotation axis up to
1000 km/s.

¢ In Munyaneza & Biermann (2005) it has been shown that a Fermion
dark matter particle far out of thermodynamic equilibrium in its
distribution can explain the early growth of black holes, provided
the mass range is 12-450 keV.

e In Abazajian et al. (2001), and in Mapelli & Ferrara (2005) it
has been shown that the X-ray observations give a constraint for a
sterile neutrino mass, with one range allowed to be < 14 keV.

All these lines of reasonings can be summarized as the statement that a
sterile neutrino with a small mixing angle in a mass range near 10 keV is a
possible dark matter candidate. It appears to fit all observations. Further
checks and specific predictions will be presented in a forthcoming paper by
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F. Munyanza, A. Kusenko and the present author.

7. Riddle

Let us phrase the riddle in a series of questions:

7.1.

7.2.

e What is this repelling force?

Why is the geometry flat? How is this possible, since the fractions
of all components all vary with cosmic time? And yet in the sum
always give unity exactly?

Half the present age of the universe ago dark matter was ten times
as important as dark energy, in double today’s age of the Universe
dark energy will be twice as important as dark matter — will we get
the "BIG RIP”? Everything in the Universe will be torn apart, at
last even the atoms...?

Are black holes perhaps important in all this?

e New particles? Do I have to look for new particles in the cosmos

instead of at (Geneva) CERN or (Chicago) FERMILAB or (San
Jose) SLAC?
What is the interaction between dark matter and black holes?

What We Do not Know

Age solar system 4.5 billion years (US billion)

Age Milky way about 13 billion years

Age Universe 13.7 billion years

About 10~* fraction black holes

About 0.004 visible baryonic matter — Matter like us

About 0.036 invisible baryonic matter: warm gases?

About 0.23 non-baryonic matter: What is this?

About 0.73 dark energy: What is this?

Future uncertain: What does it mean and what does it bring?

The Young Minds

We are looking for an answer
What does this all mean?

Please help!

Where are our next students?
Women and men?

Who wants to help looking?
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CONCLUDING REMARKS

About the experimental appeal of CSSP05

HEINIGERD REBEL
Institut flir Kernphysik, Forschungszentrum Karlsruhe, D 76021 Karlsruhe, Germany

The scientific program of the Carpathian Summer School of Physics 2005 is commented
with respect of impacts on the current research of Nuclear Spectroscopy and
Astrophysical topics. )

1. Introduction

After these nice and beautiful days, a period of very inspiring scientific and
personal interactions, updating our views in various subjects of frontier topics in
physics, it is a privilege and pleasure for me to conclude the Carpathian Summer
School of Physics with some mostly general remarks, from the viewpoint of a,
basically, experimental researcher. The remarks are compiled along the talks
from my personal point of view and do neither demand to be complete nor do
they reflect a balanced evaluation of the new, less new and the brand new
messages. Actually I have to apologise at the outset for my fragmentary view,
being unable to mention all important issues.

In the very beginning, first I would like to indicate the location of my
personal look-out tower. With the bird’s view over the Research Centre in
Karlsruhe (Fig.1) you may recognize extended arrays of detector stations
detecting nuclear particles, distributed over a larger area. It is the detector field
of a large scale experiment, comprising the experimentally linked cosmic ray
installations of KASCADE (right comer) and KASCADE-Grande (red and
green points). The experiments are based on the common efforts of an
international collaboration. KASCADE-Grande is an upgrade of KASCADE for
a higher energy range for the observations of particles coming from the Cosmos.

In the centre of the original KASCADE array there is a central detector
setup, a complicated device, with a heart being a large iron sampling
calorimeter for detecting and measuring the interaction of high energy hadrons
in the energy range of about 1 to 10 TeV. The experiments observe so-called
Extensive Air Showers (EAS), i.e. their soft electron - photon, the penetrating
muon and the hadronic components.
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E-Grande Experiment

Figure 1. The detector array KASCADE -Grande installed in Forschungszentrum Karlsruhe {1].

The aim of the investigations is 1o infer the nature, mass and energy of the
primary particles, impinging on our Earth's atmosphere from the Universe, and
to explore their interactions with the air target. The energy spectrum of the
primary cosmic rays exceeds many orders of magnitude the energies of man-
made accelerators. Our experiment concentrates 10 the energy range between
107 and 10" eV, that is, the region from around the equivalent laboratory
energy of the TeV Fermi Lab Collider and the future Large Hadron Collider,
therefore, largely in " terra incognita” in what concerns the hadronic
interactions. In this energy region the spectrum indicates conspicuous
peculiarities, and detailed experimental information on energy and mass
composition of cosmic rays in this region are of extreme astrophysical interest
to clarify the hitherto largely unknown origin, propagation and acceleration
mechanisms of cosmic rays.

Thus, my actual "business card" (or homepage) is coloured with
astrophysical interests, with a sight to topics, which have been explored in two
interesting laboratories, in the Atomic Nucleus and in the entire Universe by
observing various kinds of interactions of various different probes, with
perspectives of general and fundamental scientific character.
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2. Some general remarks

The close connection between the laws of microphysics, i.e. nuclear and particle
physics with the macrophysics, i.e. astrophysics and cosmology is one of the
most important insights and discoveries of the last century, being promoted by
Albert Einstein and company.

When considering our school program, in fact one laboratory from which
we did dominantly report has been indeed the Atomic Nucleus, a collaboration
of A nucleons, confined clusters of quarks and gluons, whose interactions carry
the Universe. The nucleus as a distinct physical entity has been studied for most
of the last century. A casual reviewer of our extended studies may come to the
conclusion that the subject is in a mature status and provides now a complete
picture of nuclear matter, and that further research is for filling up details and is
of less priority. This is also often expressed by colleagues from other
specialities, corroborated - we must admit - by occasional immobilities of
established sub-branches of our field. Consequently, such a view is also
nowadays very often uncritically adopted at public administration offices, surely
biased by public opinions in our societies and an irrational understanding of the
role of nuclear energy for mankind.

However, the field - this School gives witness - is currently going through
an exciting renaissance with the potential of a radical change of our perception
of nuclear matter, due to new experimental techniques and new insights and
with a rather conclusive demonstration of the relevance and links of nuclear
physics with other physical sciences: Astrophysics, Particle Physics and
Cosmology. In what concerns Nuclear Physics itself, the renaissance is
prompted by the development of new techniques for probing various degrees of
Jreedom, of production of intensive radioactive beams to investigate nuclear
matter at extreme charge-to-mass ratios and new instrumentation to probe
nuclei spinning at their limits.

Even seen from a distant point of view, this renaissance appears to be so
remarkable, that nuclear physicists would have no need to justify their jobs only
by spin-offs useful for the society, following each public wind to get support.
Applications are certainly important and Applied Physics is even challenging
and of fascinating interest - what we probably sometimes tend to ignore
expressing - but the science of understanding our world, its conserved and
broken symmetries, is for itself a service for mankind, for human culture and a
basis of common understanding. It should not need artificial spin-offs
constructed for the eyes in ministry offices, faking our studies related to the
needs of construction firms. This understanding, however, is a matter of culture
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of a society, reflected by the political priorities. In Germany we celebrate this

year also the Schiller year: Friedrich Schiller died 200 years ago. He says in one
of his poems about Science, freely translated: “For one, Science is the adored
goddess of truth about us and our world, for the other, just the cow supplying
the material for butter production”.

3. Ordering the program

The guidelines of this short tour through the landscape of this school are:
e New Developments of Nuclear Spectroscopy and Exotic Nuclei -
SuperHeavy Nuclei
e Nuclear Astrophysics: Studies of the Birth of Chemical Elements -Direct
and Indirect Laboratory Methods
¢  Hadronic Matter in various Phases and High Energy Astrophysics
o Large Facilities - currently running and in future
e  Messages about the Neutrino
Of course, the issues, even of this selection, are not well separated topics,
neither experimentally nor theoretically. It just the charm of this workshop-
school to display the lively interplay.
I am going to use in this summary images of full or parts of slides presented
at this conference, provided by the authors themselves.

3.1. Nuclear Spectroscopy

The first lecture of this workshop by Reiner Kruecken (Figs. 2 and 3) did
formulate the longstanding current questions, detailed with some studies at the
MINIBALL. MINIBALL is a modern gamma ray spectrometer, especially
designed for inverse kinematics experiments with radioactive beams. That
device is obviously walking through the European laboratories like a travelling
circus and economically used for frontier spectroscopic studies.
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Long Standing Questions of Nuclear Structure Physics

+ What are the limits for existence of nutlei?
- Where are the proton and neutron dnp lines sﬁunted? .
- Where does Mendeleyev's table end? 4

*  How does the nuclear force depend an wrym)g
profun»‘m ne.utmn r'ahos?

. .Stabilify? R
How 1o exp]um cggiﬁcﬁve phmmzna from individual
mohonr .

i -Televant degrees of freedom and
{ mgtmgs of the many-body system?:» usior

ore ccmpkex nucler built from their basic

! Conutituents?

- What is the effective nucleon-nucleon interaction?
- How does it connect to QCD?

+ What are the nuclei relevant for astraphysical
processes and what are their properties?

g e e

Figure 2. Longstanding questions of Nuclear Structure Physics.

We have learned with interest that the production and studies of exotic
nuclei put again the question of determination of charge, matter and neutron
radii of nuclei: The quest is for adequate experimental methods of
determination, but also for a clear insight, what is really determined
experimentally. Which type of radius is determined by the particular
experiment, what is an extrapolation by an adopted form? For this studies we
may learn from lessons of the corresponding story of stable nuclei in the past
[2.

Wilton Catford showed an instructive example of an inverse kinematics
experiment: **Ne(d,p)”’Ne and the question of new magic numbers has been
briefly discussed.

The interesting lecture of Juha Aysté (Figs. 4-6) presented the newest
developments at the Jyvdskyla University, Finland, mainly discussing the
achievements of nuclear mass measurements with Penning traps. The current
development of this field, which 1 do call, together with high precision
measurement of nuclear radii by laser spectroscopy in long isotopic chains [2,3],
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"nuclear ground state spectroscopy", is approaching new exciting physics,
already now and certainly in the future.
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Figure 4 indicates the precision needed for attacking different problems of
varying fundamental character. It has been said that the efficiency has been
enhanced so much that nuclei with a half life of about 100 ms could be
efficiently investigated.

A Penning trap is a confining device made of a homogeneous magnetic
field superimposed by an electrostatic quadrupole field. The magnetic field B is
used for radial confinement. The electric field prevents the ions from escaping
along the magnetic field lines and hence leads to axial confinement. The motion
in a Penning trap is a combination of three harmonic eigen-motions: an axial
oscillation (w,) and two circular motions commonly referred to as magnetron
(w.) and reduced cyclotron motion (w.). The sum of the two circular eigen-
Jrequencies equals the cyclotron frequency w.= w, + w. with w, = g/m - B. This
Jfrequency is used to determine the mass m of the ion stored in the Penning trap
(Fig. 5).
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+ Fundamental interactions and symmetries
(<1KkeV or dm/m <1-10°%)

— Q-values of nuclear B decay
¢ CVC theory and unitarity of CKM matrix
+ Search for scalar and tensor currents

* Charge symmetry in nuclei (1 keV)

— Isospin multiplets and Coulomb energy differences

* Nuclear structure (10-100 keV)
— Global correlations (100 keV)
— Local correlations (10 keV)
* shell structure, shapes and pairing
— Drip-line phenomena and halos (10 keV)

* Nuclear astrophysics (<10 keV or dm/m < 1-1077)

Figure 4. Requested accuracies of measurements of the nuclear mass.

By mass measurements many structure effects, already seen in the
measurements of nuclear radii: the deformation effect, the odd-even staggering
etc. are revealed by the two neutron separation energies, e.g., in an isotopic
sequence.

It was also discussed that precision mass measurement carry information
about more fundamental symmetries, about the violation of the conserved vector
current and unitarity of the Cabbibo—Kobayashi-Maskawa (CKM) matrix
relating weak interaction states and mass eigenstates, which are not exactly the
same.

With the Conserved Vector Current theorem superallowed beta decay
comes into the play, which has been an issue several times in these days, e.g.
here, experimentally by V. lacob et al. and theoretically by Alexandra
Petrovici.
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Principle of a Penning trap
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Figure 5. Particle motion in a Penning trap.

Already in the early days, in 1945, Hans Bethe explained the importance of
EC for understanding the supernova. Actually till today we are unable to
calculate the process with sufficient accuracy and that is for example due to
missing knowledge about Gamov Teller strengths.

Conserved vector current (CVC) hypothesis:
Vector part of weak interaction not influenced by strong interaction

Transition strength, ft value, depends only on the vector coupling
constant and the matrix element, and is constant for given T:

K __
G, 2<M,>2

K — product of fundamental constants
G, — vector coupling constant

<M, > — nuclear matrix element

f = f(Z,Q) statistical rate function

t = f(t,,,.BR) partial haif life

Plus various corrections (radiative & isospin symmetry breaking)

Measuring the ft value of a superallowed 0* — 0* 8 decay allows
for a determination of the vector coupling constant G,,.

Figure 6. Superallowed B decay and the Standard model.
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Dieter Frekers (Fig. 7) stressed the importance of studies by (d, ’He )
reactions for astrophysics and also for the double beta decay.

Another example of the interplay of astrophysical questions and solid
nuclear physics (communicated by M. Marqués) was the structure of the
neutron stars (also highlighted theoretically during this meeting ) and the
neutron -neutron interaction in the presence of other neutrons. Can we learn
something by eventually producing multi neutron clusters in reactions like Li
+7Li —'°C + 4n ? With this study a lively discussion of 50 years ago [4] about
the existence of the tetraneutron had a revival with new facets.

There have been different presentations about research on superheavy
nuclei and the limits of the periodic system: The status of the investigations, the
goals, production modes and future were accompanied by theoretical aspects
(W.Scheid, D Poenaru). Sigurd Hoffmann presented an example of the GSI -
activities with velocity separator SHIP, This topic has been further on discussed
by Mihail Itkis and Morita-san, about the shape evolution in fusion - fission
reactions, the Dubna and Riken activities. Mihail Itkis showed a slide of general
interest about the expected limits (Fig. 8).

| The (d,zHeI reaction |

3)-* reaction mochanism foirces o o Sz1, TeO—p 5=0,T=1
spin~flip and an-isospin=flip ! d(3S 1) = 2He(1
ASz1, ATz1  perfect 6T filfer (%51) e(130) = p+p
2)- coincident detection of two
protons from 2Hs decay
weiee- background=-fres spectra
but nesd large accptne spectrometer

Ph

aseveplance correctad
cross section
3)- contributions from higher p-p partial
waves? Dont’worryll
Alrernatives:
(n,p} resolution?? Fermi transition
{t3He) triton beam?? Fermi transition

{(HLHY) resolution?? reaction mechanism?? G5 10 15 20 25
___Internal energ,
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Figure 7. Aspects of studies of the (d,"He) reaction.
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Theory and Experiment
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Figure 8. Limitations of Superheavy nuclei production.

3.2. Nuclear Astrophysics

The discussion of this aspect of contemporary nuclear physics has been
opened in our school with the quotation of the famous statement of Arthur
Eddington (Fig. 9, adopted from J. Gorres) which can be considered to be the
trigger for Nuclear Astrophysics in the twenties of the last century. The nuclear
physics aspect of classical nova explosions has been combined in the excellent
talk of Jordi José, while Carmen Angulo concentrated to the relevance of these
explosive astrophysical sites for experimental studies with radioactive nuclei.
The experimental methods of studying cross sections for scenarios relevant for
nucleosynthesis may be divided in direct and indirect procedures. We got an
impression about the state of the art: about direct methods by Fiilop, Gorres,
Buchmann, Angulo, and about indirect methods by Motobyashi, Tribble,
Spilateri, Liu and Harissopoulos. A scholar lecture has been presented by
Joachim Gorres defining clearly the essential quantities of the problem, in
context of specific alpha capture studies The lecture did also introduce in the
basic experimental requirements of modern direct measurements.
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THE OBSERVATORY,

A MONTHLY REVIEW OF ASTRONOMY,

o~ ﬂﬂﬂ

”The @&mlﬂﬁ" U ocronxe, 19m.

The Internal Constitution of the Slars*,

* Presidential Address of Professor Eddington to Section A of the British
Association at Cardiff, 1920 August 24.

But is it possible to admit that such & transmutation is
oceurring ¥ It is difficult to assert, but perhaps more difficult to
deny, that this is going on.  Sir BErnest Rutherford has recently
been breaking down the stoms of oxygen and nitrogen, driving
out an isotope of helium from them ; and what is pussible in the
Cavendish laboratory may not be too difficult in the Sun. I
thiuk that the suspicion has been generally entertained that the
slars are the crucibles in which the lighter atoms which abound

Figure 9. The famous statement of Arthur Eddington.

Another example representing the actual experimental status of direct
measurements was presented by Zs. Fiilép with an overview about the LUNA
project. In his general comments he showed up with a little too much focused
view to direct methods, forgetting the merits of alternative indirect procedures.
This view has been corrected when Claudio Spitaleri discussed the Trojan
Horse Method (Fig. 10) He explained in detail the basis of this procedure. His
discussion reminded of various restrictions and uncertainties of direct
measurements (screening!) and he warned against too courageous extrapolations
of the astrophysical S factor to energies of astrophysical relevance (Fig. 11).
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Nidorse Method

| Coulomb effects and electron screening are
negligible

Figure 10. Principle of the Trojan Horse method.

Bob Tribble explained and illustrated the Asymptotic Normalisation
Coefficient (ANC) method. This indirect method is based on a skilful
factorisation of the cross sections, in a trivial part and the ANCs, with could be
inferred from the analysis of transfer cross sections.

Tohru Motobayashi presented the Coulomb dissociation method. I have
been once involved in the development of this technique (Fig. 12), invented in
the eighties exactly for hard-to-measure cross sections, using low intensity
beams and avoiding eventual screening problems. Basically one takes advantage
of the rich virtual photon field experienced by the passing nucleus in a Coulomb
field. Motobayashi reported about the experimental studies of the "Be(p,y)'B
reaction (relevant to the solar neutrino problem) and he presented a compilation
what has been done with beams of unstable nuclei (Fig. 13).
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Figurc 11. Discussing the uncertainties of extrapolations of direct results.

The "Be(p,y)*B reaction is one of two most important cross sections - the
other is the radiative a-capture on '*C; Lothar Buchmann was loudly thinking
about both. The exact value of the S-factor of the proton capture on "Be plays an
important role in the discussion of the observed deficit in the neutrino flux from
the Sun. The reaction '*C(a,y)'®0 at astrophysical energies carries a key role in
the development of biological life. In fact in this sense one should add the triple
a- process being equally important. Actually our workshop has to thank Lothar
Buchmann, in particular, for many clarifying and valuable comments in the
discussions.
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| virtual photon theory or DWBA
8B(y,p)’Be (abs.)
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thick target (intermediate energy)

Figure 12. Principle of the Coulomb dissociation method.

Stellar reactions studied by Coulomb dissociation
using radioactive isotope beams

GSI (2544MeV)
Solar neutrino  "Be(p,y)*B RIKEN, MSU (50 804MeVy"ect ANC
Notre Dome (34AMeV)
CNO cycle ¥N(p,y)*50 RIKEN (100AMeV) D
(Coul i 1, sub-threshold state)

12C(p,y) N RIKEN (784MeV)

hot CNO cycle {13N(p,v)140 RIKEN (884MeV), GANIL (70AMeV)D

8B(p,y)°C RIKEN (70AMeV) A
hot pp mode 1C(p,y)2N  GANIL,RIKEN (70AMeV) A
2N(p,y)'30  RIKEN (84AMeV)

! 2ZMg(p,y)?Al  RIKEN (50AMeV)
rp-process {2°Si(p,y)"’7P RIKEN (504AMeV)
r-process  dLjn,y)°Li  MSU (40AMeV)
Neutron nanmiced  14C(n,y)®C  GSI (605AMeV), RIKEN (70AMeV),
capture MSU (354MeV)
r-process “’C(n,v)“’C RIKEN (67 AMeV)

Figure 13. Compilation of astrophysically relevant results of the Coulomb dissociation method.
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3.3. Phases of Nuclear Matter and Particle Astrophysics

When passing to questions of hadronic matter in various phases, to nuclear
forces and nuclear structure, we could realize that we met this topic already with
the consideration of neutron stars. The present research in laboratories is
strongly coupled to the field of heavy ion research, exploring heated nuclear
matter, hot, compressed and excited nuclear matter on the road to highest
densities, to an eventual reproducible short instant of the Early Universe: the
quark-gluon plasma (QGP).

Before commenting the only experimental research program of this
direction, presented here by Zbigniew Majka’s talk, let me first mention an
interesting approach with cold nuclear matter.

Anders Ingemarsson reported about experiments measuring reaction cross
sections of various projectiles with nuclei. This is a longstanding experimental
problem in classical nuclear projectile-target nuclei interaction studies, and the
results could help to constrain the interaction potentials. “Measurements of
nuclear reaction cross sections are easy, in principle, but difficult in practice”, 1
noted.

Zbigniew Majka reported about the BRAHMS experiment at RHIC
(Relativistic Heavy lon Collider) at Brookhaven National Laboratory. This
experiment is designed to measure charged hadrons over a wide range of
rapidity and transverse momentum for studies of the reaction mechanisms of
relativistic heavy ions and of the properties of highly excited nuclear matter
formed by these reactions. A particular focus was the discussion to which extent
the actual results give evidence for the formation of a state of deconfined
partonic matter, the QGP. He concluded from the present data the indication that
on the way to QGP a new precursor status of nuclear matter, the Colour Glass
Condensate (CGC), is formed. Figure 13 simply quotes the original conclusions
of Z. Majka.

Figure 14 displays the energy spectrum of primary cosmic rays. From there
questions arise, like about the origin of the kink near 3-10"° eV (“knee”) and
about the appearance of particles, very rare though, above the so called Greisen-
Zatsepin—Kuz'min cut-off (>5-10" eV) where the spectrum is predicted to end
due to the interaction of the particles with the ubiquitous cosmic 2.7 K
background radiation. The energy spectrum extends several orders of magnitude
the limits of man-made accelerators.

The mystery of the highest energies in Universe, which provides one of the
experimental and theoretical challenges of contemporary physics has been
brought in our discussion by myself.
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Iliana Brancus introduced us in the motivation and layout of the
KASCADE - Grande experiment (Fig. 1) which is focused to the determination
of the energy spectrum and the mass composition of cosmic rays in the energy

Hat

Hatter D

Fhysis e
BHision BRARMS G

Conclusions from the BRAHMS experiments at RHIC

* The matter that is created at RHIC differs from anything
that has been investigated before.

* Results are consistent with strongly interacting
deconfined matter.

* Indications {model dependent) for a collective gluonic
state (CGC) found.

However

» No direct evidence for chiral symmetry restoration
* No direct evidence for phase transition

2 bighiew Majka, M. Smoluchowski | nstitue of Physics, Jaglellonian University, Krakdw, Poland, ufmajkatiicyf-ke.edupl

Figure 13. Conclusions of the insights provided by the RHIC experiments.

and the mass composition of cosmic rays in the energy range above the knee,
i.e. of cca. 10'® - 10'® eV, by observing extensive air showers (EAS) induced in
the atmosphere. Simulation studies let expect that the correlation of the total
number of shower muons with the number of charged particles in regions not
too distant from the shower centre is indicative for the mass of the primary
particles from the COSMOS (Fig. 15).

There is a re-discovery of an EAS detection method by radio pulses emitted
in the atmosphere during the air shower development induced by high energy
primary cosmic rays [5]. For these tasks to test the technology and to
demonstrate the ability of EAS studies the LOPES (LOFAR Prototype Station)
[6] radio antenna array has been set up at the area of KASCADE-Grande and is
operated in conjunction with the KASCADE-Grande detectors (Fig. 16).
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Figure 14. The energy spectrum of cosmic rays.

Ad van den Berg discussed in more detail the phenomenon of radio
emission from EAS and he outlined the perspectives, in connection with the
LOFAR project, of a giant radio telescope. LOFAR started as an innovative
effort to force a breakthrough in sensitivity for astronomical observations at
radio signals. The basic technology of radio telescopes had not changed since
the 1960's: large mechanical dish antennas collect signals before a receiver
detects and analyses them. Half the cost of these telescopes lies in the steel and
moving structure. A telescope 100 times larger than existing instruments would
therefore be unaffordable. New technology was required to make the next step
in sensitivity needed to unravel the secrets of the early Universe and the
physical processes in the centres of active galactic nuclei.
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Figure 15. Correlations of air shower observables signaling the mass of the primary cosmic particle.
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Figure 16, Radio antennas in the area of the KASCADE — Grande detectors: LOPES.
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4, Laboratory Reports and Large Facilities

Key features

v" Highest beam intensities and
energies

v Brilliant beams

v’ Cooled beams

¥ Fast cycling superconducting
magnets

v Parallel operation of up to four
different scientific programs

&
A. Brauning-Demian, GSI cssp0S, Mamaia SR

Figure 17. Outline of the FAIR project.

The GSI project FAIR: Facility for Antiproton and lon Research (Fig. 17) was
presented by Angela Briuning-Demian, supplemented by Gottfried
Miinzenberg’s talk about Nuclear Structure and Astrophysics Research
(NUSTAR) at GSI. There have been reports about the developments at RIKEN:
the new facility RIBF (Motobayashi) and at ISOLDE (Butler, Fig. 18)).The
modernisation of the facilities at FLNR Dubna (around the U 400 M
Cyclotron) was instructively presented by M.G. Itkis.

L. Buchmann reported about the RNB facilities at TRIUMF. From
experimental/technical point of view I was impressed by the ideas of the
AGATA project (Farnea) about how the resolution of y ray spectroscopy
should get improved ( Fig. 19).
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Figure 18. Overview about the physics program at ISOLDE.

Turning to a larger facility of quite different character I do mention
KASCADE-Grande for Cosmic Ray Research (Fig. 1) with the successful
detection of radio flashes induced by air showers with the LOPES set up (Fig.
16) presented by Iliana Brancus, and my account of the Pierre Auger
Laboratory [7] to establish the experimental evidence for trans - GZK cosmic
particles. With the far reaching perspectives of the radio signal measurements
from large air showers, discussed by Ad van den Berg, the LOFAR project has
been introduced.

In fact there has been a lot of interesting physics communicated in context
of the presentations of new experimental devices.
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Figure 19. Improving the resolution of y-ray spectra by tracking (AGATA project).

5. Messages about the neutrino

One of the most interesting examples of a situation of interwoven micro and
macro physics is provided by the neutrino. The neutrino plays by its nature
(Majorana or Dirac particle?) and its quested mass a key role in modern physics.
It is a candidate for nonbaryonic dark matter in the Universe, is important for
the energy transport in supernovae, anomalies in the solar neutrino flux and in
atmospheric neutrinos and suggests explanations in terms of flavour oscillations.
The talk of J. Suhonen introduced some views to the field, in particular to
double beta decay! The current sharpest direct experimental limits on the
electron neutrino mass are resulting from nuclear physics experiments. The
WMAP (Wilkinson Microwave Anisotropy Probe) observations invoke
theoretical assumptions about the cosmological model. Sabin Stoica presented a
scholarly lecture about various aspects and compiled the actual status of various
approaches each with of own merits. I would disagree with the conclusion that
the KATRIN experiment (tritium beta decay) [8] which attempts to lower the
upper experimental value of the neutrino mass to 0.2 eV/ ¢? in a direct way
would be obsolete in view of the results of double beta decay studies. The latter
which claim a sensitivity of 1.5:107 eV/ ¢ (GENIUS) involve specific
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theoretical assumptions and display their own uncertainties. D. Yakovlev
talked about neutrino emission from neutron stars and Gail McLaughlin talked
about the role of neutrinos in nucleosynthesis, taking us to the realm of four
neutrino flavours. (But all these were theoreticians!)

Certainly the neutrino plays today a role at least as important as in the time
when Wolfgang Pauli put forward the neutrino hypothesis. The apparent
difference, however is: at that time an eminent physicist missed a meeting in
favour of a Christmas ball in Zurich, how Pauli apologised, in his famous letter
to the "Dear radioactive ladies and gentlemen", suggesting the existence of the
neutrino. Nowadays leading physicists leave earlier or arrive late at our
meetings due to important committee commitments! Quo vadis intellectual
pleasure?

6. Finale
Finally let me remind of some global fundamentals in the background!

Our knowledge of fundamental particles and interactions is such that we
can account everything about everyday world, but we explain nothing at all. The
current theory of particle interactions, formulated within the standard model,
gives a set of explicit rules for computing the forces between the various quarks
and leptons, mediated by bosons. Given the masses of quarks and leptons and
nine other closely related quantities, that theory can account in principle for all
phenomena. On the other hand, we have no explanation, why there are three
families, or why they have the masses they have, why the symmetries are
broken, why we have no right-handed neutrino?

Flashing briefly the history of the Standard Model, Zbigniew Majka
induced me to some thoughts about a peculiar world. Let us imagine for a short
moment a world where electrons are as massive as muons, indeed replaced by
muons. In this strange world the distance scale would be 200 times smaller, the
energy scale would be 200 times greater, but atoms could not be stable due to
muon capture, this world would be finally made up of just neutrons and
neutrinos. Or imagine, e.g. that the proton would be heavier than the neutron, or
in our language the u quark would be heavier than the d quark. Hydrogen would
decay, the nucleosynthesis would have happened in quite another way.

Any anthropic principle would have been led ad absurdum. Actually we do
not know: Why is it not so ? We realize that our present theory is fundamentally
incomplete. May be it will remain always an illusion to get rid of arbitrary free
parameters. But on the other side the questions may only reflect our current
ignorance, and we have to look for the interdependence of seemingly free
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parameters. That is the physics beyond the Standard Model that we have to
keep in the background of all our speculations about the underlyings of our
world.
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1. Introduction

We will go through three steps in the reasoning, first some examples on how
to go from basic research into a business application, then how technology
in business arises from long term investment such as education and basic
research, and short term investment in hardware, and how these play out
in the global competition. We start with three examples.

e Mathematics: Number theory: Encryption techniques for send-
ing confidential information over the internet. Scrambling and de-
scrambling of optical fiber signals for very high throughput internet
(Terabit/second and more).

e Astronomy: Big Bang fluctuations: Scan of persons for disease
and sickness (e.g. SARS). Infrared observations: Shadows on per-
son in body radiation, airport security. Data analysis: Seismic data
analysis for finding oil.

¢ Physics: Plasma physics, cosmic rays: Solar storm predictions,
safety of electricity power grids, safety of communication satellites;
airplane radiation safety. Scanning of freight containers to control
content via cosmic ray secondary particle scattering,.

*Notes for the address at the Round Table with scientists, businessmen and politicians
organized at the Subcommittee for Science of the Romanian Parliament in Bucharest,
Wed. June 22-nd, 2005
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1.1. Investment
Long term: Education, young people, use of experience of older people.

e Short term: Business hardware amd specific expertise.
e Creativity in both long and short term: From diversity, open minds,
building bridges.

1.2. Competition

Romania in Europe, and Europe versus China, India, United States: World-
wide competition for the young minds.

e In my group we have former and present students and young re-
searchers from all continents of this inhabited world; for example
now professors in China, India, and Australia (from Romania)!

e In United States, at best universities best graduate students are
from Asia and Eastern Europe (in proportion of population).

e We have three years to turn Europe around!

o In Europe East-South is the only hope!

2. Appendix

Here I list a few practical points of experience. These examples are mostly
from Germany, some are based on experience with several other countries,
and apply only partly to Romania - they do apply to Romanian students
and young researchers abroad, however:

o Every first step in any administrative procedure to help should be
welcomed; it is a learning experience to become more competitive.
Example 1: Some procedure to recognize each others’ exams cannot
be done, because it would be the “first time ever”.

e The conditions to learn and educate should not be confused with
rules to protect workers in the workplace. Example 1: Young stu-
dents are required to prove to the German immigration authorities
that they have 575 Euro a month available, while on the other
hand the employer is limited to give them 360 Euro a month, with
10 percent tax on top; the 360 Euro have not been changed in 20
years, while the number of 575 keeps rising all the time in step
with reality. Example 2: A PhD student cannot be promised a
conditional six year contract, because any contract of 5 or more
years violates labor protection rules. Example 3: PhD students
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can often not be paid a tax free fellowship, but have to pay taxes,
so that the cost for the employer is double what the student gets
at the end; and yet, all this is part of her/his education.

e Researchers, who work in a country other than their country of na-
tional origin, who then marry a partner, perhaps also in research,
from yet a third country, are routinely subjected to enormous time
consuming bureaucratic difficulties by the immigration and tax au-
thorities in almost all countries. Even the existing international
laws and treaties, which are by no means beneficial to interna-
tional careers, are routinely ignored. Example 1: A wife from a
foreign country is told by a government agency that there will be
no widow’s benefits at all. Example 2: Tax treaties are supposed
to prevent double taxation, but if the two tax authorities are of op-
posite opinion, the tax payer has no recourse. Example 3: A baby
can be refused proper registration, if the parents are from different
countries - an intervention by diplomats may be required.

o Lifetime career choices are looked upon as personal options, and in-
ternational competition is incomprehensible to many bureaucrats,
especially in a family with several individuals in academia. Pension
and health insurance systems for families are usually impossible to
maintain due to questions of prior condition, turning an interna-
tional career into an impossible choice of risks.

We hope that Romania manages to avoid all such pitfalls.
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Sunday, June 12th, 20:30 - Welcome reception at hotel Savoy

Monday, June 13th, 2005

Session: Opening session
Chair: S. Stoica

9:00 R. Kruecken: Coulomb excitation and transfer experiments with MINIBALL

9:55 J. Suhonen: What has nuclear structure to do with neutrino and dark-matter physics?

10:50 Coffee break

11:15 |Ofﬂcial opening

12:30 Lunch

Session: Afternoon session
Chair: J. Aysto

15:00 | Zs. Fiilop: Feasibility of nuclear astrophysics experiments at the LUNA underground
accelerator facility

15:55 Coffee break

16:10 W. Catford: Neutron transfer studied with a radioactive *Ne beam

17:10 | T. Nakada: CP violation in B physics

Tuesday, June 14th, 2005

Session: Exotic nuclear structure I
Chair: R. Kruecken

8:30 V. Werner: Properties of low-lying states: Shape parameters and proton-neutron symmetry

9:30 N. Loludice: New methods for the exact solution of the nuclear eigenvalue problem
beyond mean field approaches
10:25 Coffee break

10:40 | A. Petrovici: Exotic Phenomena in Medium Mass Nuclei

11:40 | V. Voronov: Q-phonon approach for low-lying 1- two-phonon states in spherical nuclei

12:35 Lunch

Session: Exotic nuclear structure II
Chair: J. Jolie

15:00 | D. Bonatsos: Analytic Description of the Shape Phase Transition from Octupole
Deformation to Octupole Vibrations

15:55 Coffee break

16:10 | A. Ingemarson: Reaction cross sections for protons and light ions

17:10 | M. Fetea: Possible E(5/4) Symmetry in **Ba
17:30 | D. Petrellis: Z(4): y-rigid Solution of the Bohr Hamiltonian
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Wednesday, June 15th, 2005

Session: Exotic nuclei

Chair: D. Bonatsos

8:30 J. Aysto: Newest developments in nuclear mass measurements far from stability

9:30 D. Frekers: Facets of nuclear charge-exchange reactions. From nucleon-nucleon physics
to double-beta decay

10:25 Coffee break

10:40 | M. Marques: Research on neutron clusters

11:40 | J. Jolie: Rare Isotopes INvestigations at GSI (RISING) using relativistic ion beams

12:35 Lunch

Session: Exotic decays
Chair: D. Poenaru

15:00 | D. Delion: Systematics of proton emission

15:55 Coffee break

16:10

17:10 | V.E. Iacob: Precise half life measurement of *Ar, a superallowed B+ emitter
17:30 | Yu. Lashko: Effective attraction and other peculiar manifestations of the Pauli principle
in collisions between atomic nuclei

E. Dragulescu: Few-valence-particle (hole) excitations around doubly magic 132Sn

18:30 SOCCER I: Romania - Rest of the World (on the beach).

Thursday, June 16th, 2005

Session: SuperHeavy Elements I
Chair: G. Muenzenberg

8:30 W. Greiner: Clusters of matter and anti-matter; a mechanism for cold compression

9:30 S. Hofimann: Synthesis of SHE at SHIP

10:25 Coffee break

10:40 W. Scheid: Dynamics of mass asymmetry in dinuclear systems

11:40 | D. Poenaru: Fission valleys and heavy ion decay modes

12:35 Lunch

Session: Neutron stars and other
Chair: W. Catford

15:00 | N. Van Giai: Collective nuclear excitations in unstable nuclei and in the inner crust of
neutron stars

15:55 Coffee break

16:10 | N. Sandulescu: Nuclear Superfluidity in the Crust of Neutron Stars

17:10 Communications
Ad. Raduta: Tsospin distillation from a microcanonical perspective
A. Isar: Quantum deformation of open systems

20:00 Public lecture at Ovidius Univ (I): G. Stratan: Einstein’s miraculous year
L. Buchmann: The cosmic origin of elements
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Friday, June 17th, 2005

Session: Nuclear Astrophysics I & Large facilities I
Chair: R. E. Tribble

8:30 J. Jose: The nuclear physics of classical nova explosions
9:30 T. Motobayshi: Recent experimental studies of nuclear astrophysics
10:25 Coffee break

10:40 | A. Braeuning-Demian: GSI Facility for Antiproton and Ion Research (the FAIR
Project).
11:40 | T. Motobayshi: RIKEN new facilities

12:10 | M. Petrascu: Experimental and theoretical status of Borromean halo nuclei structure
investigation

12:35 Lunch

Session: Large facilities IT
Chair: C. Angulo

15:00 | P. Butler: The ISOLDE research programme and the path to EURISOL
15:55 Coffee break
16:10 | E. Farnea: The AGATA project

17:10 | M. Itkis: Facilities at FLNR Dubna
17:40 L. Buchmann: RNB facilities at TRIUMF

TBD: Summary of first week

Saturday, June 18th, all day: boat trip in Danube’s Delta, lunch on boat (please register).

Sunday, June 19th, from 17:00: tour of Black Sea resorts by coach and winc degustation at
“Crama Murfatlar” in Neptun. Traditional dinner possible (please register).
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Monday, June 20th, 2005

Session: SuperHeavy Elements II
Chair: S. Hofmann

8:30 M. Itkis: Peculiarities of the fusion-fission process of heavy and superheavy nuclei

9:30 K. Morita: Synthesis of heaviest elements using a gas-filled recoil separator at RIKEN

10:25 Coffee break

10:40 | G. Muenzenberg: NUSTAR at FAIR Nuclear Structure Research at GSI and the Future

11:40 | C. Samanta: Mass formulae from normal to hypernuclei

12:35 Lunch

Session: Nuclear structure
Chair: M. Itkis

15:00 V. Zelevinski: From Super-Radiance to Continuum Shell Model

15:55 Coffee break

16:10 V. Zelevinski: cont’d

17:10 | P. Descouvemont: Three-body models in nuclear physics

18:10 Public lecture (1) P. Biermann: Black holes, dark matter and dark energy

19:10- | A. Nikolaidis: Cosmic Rays and new physics
19:30

Tuesday, June 21st, 2005

Session: Nuclear astrophysics II

Chair: H. Rebel

8:30 J. Goerres: The role of alpha induced reactions in nuclear astrophysics

9:30 C. Angulo: Experimental methods to nuclear reactions involved in explosive stellar
binaries

10:25 Coffee break

10:40 | L. Buchmann: The most important nuclear reactions in astrophysics

11:40 | R.E. Tribble: Indirect techniques in measurements of stellar reaction rates

12:35 Lunch

Session: Nuclear astrophysics IIT
Chair: L. Trache

15:00 | C. Spitaleri: Recent applications of the Trojan Horse Method to Nuclear Astrophysics

15:55 Coffee break

16:10 | W.P. Liu: Indirect measurement of astrophysical (n,y) and (p,y) reactions

17:10 | S. Harissopulos: Global reaction models relevant to the p-process
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Wednesday, June 22nd, 2005

Session: High Energy Cosmic Rays
Chair: A. Bulgac

8:30 P. Biermann: Comprehensive picture of cosmic ray origin, critical tests

9:30 H. Rebel: Features of High-Energy Interaction Processes from Extensive Air Shower
Observations

10:25 Coffee break

10:40 | LM. Brancus: Study of Extensive Air Showers in KASCADE-Grande experiment

11:40 | Ad van den Berg: Prospects for the detection of high-energy cosmic rays using radio
techniques

12:35 Lunch

Session: Exotic Decays II & Communications
Chair: Yu. Lashko

15:00 r M. Horoi: Shell Model nuclear level densities

15::55 Coffee break

16:10 | M. Stanoiu:
16:30 | R. Gherghescu: Sub-barrier fusion reactions for SHE synthesis

17:00 | M. Mirea: Single particle effects in the threshold fission cross section

17:20 | L Silisteanu: Estimates of alpha emission rates with all order coupling for cluster decay
reactions

17:40 A. Bercuci: Various types of measurements for atmospheric muons performed with
WILLI detector

18:30 | SOCCER I (across the street, on the artificial grass field)

Thursday, June 23rd, 2005

Session: Neutron stars and more
Chair: G. McLaughlin

8:30 D.G. Yakovlev: Neutrino Emission from Neutron Stars

9:30 A. Bulgac: A few reasons why the crust of a neutron star is a fun and challenging
object to study

10:25 Coffee break

10:40 | Z Majka: BRAHMS Experiment Quest for Early Universe Phases of Hadronic Matter

11:40 | J.E. Horvath: Strange matter in core-collapse supernovae

12:35 Lunch

FREE afternoon

19:30 | Banquet at restaurant “Nunta Zamfirei” in Neptun ~-Romanian wedding
Keynote speaker: J.E. Horvath
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Friday, June 24th, 2005

Session: Neutrino physics
Chair: V. Zelevinski

9:00 G. McLaughlin: Neutrinos and Nucleosynthesis

10:00 | S. Stoica: Recent achievements in neutrino properties

11:00 Coffee break

Closing session
Chair: R.E. Tribble

11:30 | Summary experiment: H. Rebel

12:00 | Summary theory: A. Bulgac

12:35 Lunch

Departure from Mamaia to Bucharest




Proceedings of the Garpathian Summer School of Physics 2005
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T Nuclear/Particle
7 Astrophysics

This volume documents an important event in the World Year of Physics
2005 and a continuation of the traditional international summer schools
that have taken place in Romania regularly since 1964. On one hand,
the study of exotic nuclei seeks answers about the structure and
interaction of unigue finite quantum mechanical many-body systems.
On the other, it provides data that have an impact on the understanding
of the origin of the elements in the Universe.

The contributions, written by outstanding professors from prestigious
research centers over the world, provide the reader with both
comprehensive reviews and the most recent results in the field. Large
experimental facilities are discussed together with future research
projects. The book offers insights into how experiments in terrestrial
nuclear physics laboratories may be combined with observations in
outer space to enlarge our basic knowledge.
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