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The VII International Poznan Workshop "Nuclear Ground and Isomeric State Properties",
organised by the Faculty of Physics Adam Mickiewicz University (AMU) and the Flerov
Laboratory of Nuclear Reactions, Joint Institute for Nuclear Research (JINR), was held in
Poznan, from May 29th to June 1st, 2006. The conferences belong to the cycle of
workshops on the "Application of Lasers in Atomic Nuclei Research" and take place every
second year in Poznan.

The host of the workshop is the Adam Mickiewicz University, whose traditions date
back to the sixteenth century, founded in 1919 and at present belonging to the largest
universities in Poland. The workshop sessions were held in a beautifully localised new
campus of the Faculty of Physics, in nice and comfortable conditions.

The scientific cooperation between the Faculty of Physics AMU and the JINR has been
developing for many years and is particularly intense with the Flerov Laboratory ofNuclear
Reactions. The first workshop on the "Laser Spectroscopy of Atomic Nuclei", took place at
the JINR in Dubna, from December 18th to 20th, 1990. After a break of a few years caused
by changes in the political and economical situation in Central and Eastern Europe, another
meeting was organised at the Faculty of Physics, Poznan, from May 29th to 31st, 1995.
Each workshop was devoted to somewhat different topic (see Proceedings of the 6th
Workshop, Hyperfine Interactions, vol. 162, 2005). The main aim of the meetings was to
gather the specialist in the field at one place, present the recent achievements, review the
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Institute of Nuclear Physics, ul. Radzikowskiego 152,31-342 Krakow, Poland
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Flerov Laboratory of Nuclear Reactions, Joint Institute for Nuclear Research,
141980 Dubna, Moscow region, Russia
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141980 Dubna, Moscow region, Russia
e-mail: laser2006@jinr.ru
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2 Z. Blaszczak, et al.

methods of research, discuss and correlate the directions of future projects. The scientific
programme of the VII Workshop covered the following topics:

Nuclear properties studied by the use of laser and storing techniques: spm,
moments, hyperfine anomaly, radii, masses and nuclear half lives;
Test of fundamental interactions and symmetries by laser technique;
Development and applications of laser ion sources;
Development and applications of gas catchers, ion guides and gas-jets;
Cooling and trapping techniques for radioactive beams;
Powerful pulsed lasers in nuclear research;
Trace analysis by lasers.

The VII Workshop, gathered about 50 participants from many countries representing
important scientific centres: Belgium (KU Leuven), Canada, (TRIUMF), CERN, Finland
(IGISOL), France (Orsay), Germany (GSI and University of Mainz), Holland (KVI
Groningen), JINR, Poland (AMU and TU), United Kingdom (Universities of Manchester
and Glasgow) and USA (University of NY). The workshop was open to the academic staff
and students from Poznan universities.

The sessions begin with an overview on the past developments and finished with a look
in the future directions. The total number of the talks was 38, including 18 invited lectures.
The high quality of the presented results, the participation of different generations of
scientists, including many young physicists, demonstrated the importance and the validity
of the discussed topics. It is not only our impression that the aim of the Workshop was
fulfilled. The Workshop showed that the field under discussion is very attractive for the
near future, that interesting questions are still open and that a common background can be
found for future investigations

The Organizers acknowledged the decision of the steering committee of LASER­
EURONS JRA (Joint Research Activity) to combine the 2006-meeting with the Workshop
in Poznan. Many participants of the JR Activity took part in the laser-workshop and
reported on their scientific progress. In addition, some members of LASER JRA took part
in the discussion on the last day of the workshop. Thus, a fruitful interrelation with the
Workshop was realized and the issues were discussed in depth. The second part of the
discussion has been restricted to the outcomes of the Workshop, its future organisation and
the scientific problems that should be included in the programme. It was pointed out that
the efforts have to be focused on exotic species study, often but not necessary on-line
related as well as on new fields such as laser oriented (atom or ion) traps for precision mass
spectrometry, laser based ultratrace isotope determination etc. An idea was suggested to
organize together with the future workshops a half day course for students to introduce
them into the field.

Particular words of appreciation need to be directed to the EXAKT Group (friends of the
Experimental Atomic and Nuclear Physics) from the University of Mainz and GSI,
Darmstadt whose financial support permitted participation of 12 PhD and post doctoral
students. Special thanks are due to ProfP. Van Duppen (Leuven) and Dr K. Wendt (Mainz)
for the excellent organized discussions.

In the unanimous opinion of the participants the conference was an important European
scientific meeting. It was a significant forum for exchange of information and experience.
Its popularity among young scientists makes grounds for expectations that the conference
will continue for many years.

~ Springer
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Optical spectroscopy of radioactive atoms

H. HenryStroke

Published online: 27 March 2007
© Springer Science+ Business Media B.V. 2007

Abstract An epitome of optical methods used in atomic spectroscopy of radioactive
atoms is presented. The overview addresses a number of results in atomic structure
and hyperfine structure, and the implications in the study of electric and magnetic
properties of nuclei . An apercu is given of the concomitant development of the
experimental methods, from simple optical techniques to laser spectroscopy, and
from use of "off-line" experiments to ones using ISOLDE-type facilities.

Keywords Radioactive atom spectroscopy - Isotope shifts- Hfs .
Laser spectroscopy. Nuclear multipole moments

1 Introduction

A brief historical accounting, paralleling the presentation at the VII International
Workshop Laser 2006 in Poznan, Poland , is made of the spectroscopy of radioactive
atom s, from its beginning to the present day. It is forcibly sketchy, relying largely
on personal experience and acquaintance, certainly not exhaustive, and, in the
process, it omits a great number of important contributions of colleagues, for which
I apologize. Nonetheless, it hopefully presents a picture - highlights - which should
give an appreciation of the richne ss of the physics results obtained and the effort
of many, over nearly a century, in developing more and more sensitive and precise

H. H. Stroke (1:8:1)
Department of Physics, New York University, 4 Washington Place,
New York, NY 10003, USA
e-mail: henry.stroke@nyu.edu

H. H. Stroke
CERN, 1211 Geneva 23, Switzerland
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Fig.! Jacques Pinard
(courtesy of J.P.)

H.H. Stroke

experimental techniques to reach the results. I give a sampling of the literature,
from old to current, which should provide some indication of these efforts [1-12J.l
This presentation was aided substantially by a recent review that was made in
collaboration with Jacques Pinard, Fig. 1, of the Laboratoire Aime Cotton in
Orsay [13].

As an introduction, the extension of "classical" spectroscopy to radioactive atoms
is discussed. By classical we refer to the light sources or absorption cells, not to
the methods: these were in fact extended radically from early dispersive grating
and Fabry-Perot techniques to Fourier spectroscopy [14-16],2 which allows an
entire spectrum to be recorded with high resolution. The first radioactive atom
spectroscopy is in fact that of 209Bi, in 1926,which has been found to be an (){ emitter
only recently, with a half-life of 1.9x 1019 years [17]. In the early 1930s, less exotic
radioisotopes, of radium and radon, were measured, and can be found listed in
Charlotte Moore's Atomic Energy Levels III table.

I digress for an instant. In 2005 the world celebrated the annus mirabilis of
Einstein's monumental papers. The decade, starting in the vicinity of 1925, con­
stituted for physics in general, and for a number of subjects of concern here,
veritable anni mirabiles, both for theory and experiment. In 1924, Wolfgang Pauli
[18] suggested the existence of a nuclear spin and hyperfine structure in the atomic

1Refs. [7,8] include the recent application at the Jyvaskyla IGIS0L facility of the "cooler-buncher"
technique, which will represent a crucial advance for radioactive atom spectroscopy.

21 recall that Fourier spectroscopy is based on the Michelson interferometer where the fringe
visibility is measured as one of the mirrors is displaced. This actually gives the Fourier transform of
the spectrum. Michelson constructed an analogue device to obtain the inverse transform; this appears
to have discouraged further spectroscopic applications, until digital techniques were introduced (see
references in [15, 16]).

~ Springer



Optical spectroscopy of radioactive atoms 5

Fig. 2 Sam Goudsmit
(courtesy American Institute
of Physics, Emilio Segre Visual
Archives)

spectrum, then measured and interpreted for bismuth by Ernest Back and Sam
Goudsmit (Fig. 2) [19, 20]. This would have been the accepted chronology, but
for the correction brought to light recently by Takashi Inamura [21]. He brings to
light the early studies of isotope shifts and hyperfine structure by Hantaro Nagaoka
[22]. This, Inamura recounts, was recognized by Pauli but not in most of the atomic
physics books with which we were educated. I note, however, that the "bible,"
Condon and Shortley [23],does give a reference to some of Nagaoka and co-workers
isotope shift studies, as do Back and Goudsmit [19] to both this and earlier work.
If I can be forgiven for a purely provincial outlook at New York University, I
note the first theoretical paper on volume-dependent isotope shifts and the effect
of a distributed nuclear charge distribution on atomic hyperfine structure by Jenny
Rosenthal (Fig. 3) and Gregory Breit [24] (the so-called Breit-Rosenthal-Crawford­
Schawlow correction), the calculation in 1931by Herman Yagoda of the wavelengths
of the resonance lines of the then not yet discovered unstable element, francium
[25,26], a subject to which I return, and, parenthetically, to finish with NYU, the first
experiment on ,B-decay asymmetry, reported by Richard Cox, et al., though certainly
unexplained at that time [27]! Before touching on some of the milestones, I call
attention to the largely ignored paper by Victor Weisskopf [28] that later laid the
foundation for level-crossing spectroscopy [29, 30] with fruitful applications in the
study of hfs spectra of radioisotopes.

2 Measurable quantities

We divide the optical spectroscopies of radioisotopes into two broad areas of interest:

A. Atomic physics and interactions
B. Electron-nuclear interactions

~ Springer



6

Fig.3 Jenny Rosenthal
Bramley at her 1929 NYU
commencement: the first
woman to earn a PhD in
physics (courtesy NYU
Alumni Today)

2.1 Atomic physics

2.1.1 Actinides

H.H. Stroke

This series of radioisotopes, that corresponds to the lighter lanthanides, has been
studied over many years (Jean-Francois Wyart, Jean Blaise) at the Laboratoire Aime
Cotton, long under the direction of Pierre Jacquinot (Fig. 4).

A number of other laboratories, Livermore, Argonne, Lund, Amsterdam, ... ,
have been actively engaged in the measurement and analysis of these spectra. The
results are available on the site http://www.lac.u-psudJr/LAC/data/database.htm.
The classification of the atomic spectra relies on the Rydberg-Ritz principle, aided
in the configuration assignments by observation of hfs and isotope shifts.

2.1.2 Electron correlations

Isotope shifts, discussed below, are the primary interest for nuclear structure studies.
The extraction of this "volume effect" of the nuclear charge distribution is limited
by mass-dependent effects. These depend in turn on the correlation of the motion
of all the electrons [23] - and is thus a nuisance many-body problem, unfortunately
important in light and middle-A nuclei (A, mass number).

~ Springer



Optical spectroscopy of radioactive atoms 7

Fig.4 Pierre Jacquinot
(courtesy Laboratoire Aime
Cotton, Centre National de la
Recherche Scientifique)

2.1.3 Spectrum offrancium

Theoretical work by Yagoda [25, 26] on the spectrum of francium (called
eka-cesium until its discovery in 1939 by Marguerite Perey [31)) (Section 1) relied
on analyses of isoelectronic series. His predictions for the resonance lines proved
to be closer to the experimental values [32, 33] than a number of more recent,
sophisticated, calculated values. Although a finely tuned laser is not the best adapted
tool for searching for an atomic transition over large wavelength ranges, experiments
were successful for several resonance lines (Fig. 5).

2.2 Electron-nuclear hyperfine interaction

In his 1924 paper [18], Pauli encompasses a good part of the physics of hfs, including
the effect of the extended charge distribution on the electron-nuclear interaction,
i.e. the volume-dependent isotope effect. As mentioned in Section 1, in order to
account for observed structures, he also introduced the existence of a nuclear spin,
and notes that the electron-nuclear interaction is much smaller than the electron­
electron interaction. Goudsmit and Robert Bacher [34] applied the resulting interval
rule to fit measured spectra with this magnetic dipole interaction, but encountered
difficulties: the electric quadrupole moment of the nucleus was not yet known. The
inclusion of its interaction with the gradient of the atomic electric field at the position
of the nucleus was calculated in the prize essay of Hendrik B.G. Casimir [35]. A

~ Springer
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counts/s

H.B. Stroke
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Fig.5 Francium D2line, from Ref. [33] (courtesy ©American Physical Society, http://prola.aps.org!
abstractIPRA/v22/i6/p2732_1)

few years later, he also calculated [36] the next term in the electron-nuclear hfs
interaction, caused by a possible nuclear octupole moment, which we detected a
dozen years later [37].

2.2.1 Isotope shifts

In the preceding paragraph we discussed the multipole electron-nuclear interaction,
but omitted the monopole term, the point Coulomb interaction. From the so-called
"center-of-gravity" or "center-of-mass" theorem [38] we know that measurements of
the hyperfine interactions (multipolarity k--O) give no information about the center
of gravity of the atomic level, determined by k=O. The latter, on the other hand,
is dependent on the spherically averaged value of the nuclear charge distribution,
which, in turn, gives rise to the volume-dependent part of isotope shifts.

2.2.2 Bohr-Weisskopf effect

The magnetic counterpart of the isotope shift is the Bohr-Weisskopf (Fig. 6) effect,
also known as the "hfs anomaly" [39]. It reflects the influence on the magnetic
dipole hfs interaction of the spatially-distributed nuclear magnetization - both spin
and orbit. For ordinary atoms the effect is observed via the comparison of isotopic
ratios of hfs interaction constants with those of independently-measured nuclear g­
factors. For atoms, this is a relatively small effect, for muonic atoms a large effect.
But the enormously greater precision of atomic measurements makes the atomic
spectroscopy much more sensitive to these nuclear effects.

~ Springer



Opticalspectroscopy of radioactive atoms 9

Fig.6 VikiWeisskopf at the
"Bohr-Weisskopf" atomic
beam apparatus at ISOLDE
(photo by author)

As a historical aside, we reproduce (Fig. 7) an introductory page of the first edition
of the book of Hans Kopfermann [40].

What he neglects is in fact the Bohr-Weisskopf effect, which in many cases is
only a fraction of one percent! One can forgive Kopfermann: his book was the
first important compendium of this field, and he educated a whole generation of
post-war physicists in Germany, many of whom became leaders in atomic physics
in their own right. Kopfermann was also probably the first (or was among the first)
German physicist to be invited after World War II to visit MIT, where he gave a
very stimulating set of lectures on hfs. An English edition of his book was published
later [41].

3 Experimental methods

3.1 Atomic beam techniques

The experiments of Otto Stern and Walther Gerlach led first to non-resonance
atomic beam experiments, e.g. the "zero-moment" method for determining nuclear
spins and hfs [42]: it consists, for alkali atoms, in determining in the Zeeman effect

~ Springer



10 H.H. Stroke

B. Magnetisehe Wechselwirkungen

In ganz entsprechender Weise 11if3t sich die magnetische Wechselwirkung
zwischen Kern und Elektronenhiille durch ein Kernvektorpotential ~( und

die Stromdichte -; der Htillenelektronen darstellen:

(1,4)

Man kann das Kernvektorpotential auJlerhalb des Kerns nach Potenzen

von ~ entwickeln, wobei das Vektorpotential in erster Niiherung das eines
r

magnetischen Kerndipols IX =[JL~ r] wird. Hobere magnetische Pole, welche

sieher nur als kleine Storungen anzusehen sind, und fur deren Existenz
bisher keine experimentellen Anzeichen vorliegen, sollen unberiicksichtigt
bleiben, Dann wird:

v =_~J([.ubT]G}dT=-~J(- ,[T,G])dr.
magn C T3 C f-l[ r3 (1,5)

Die GroBe ~f[T;:]dT stellt das Magnetfeld ~(O) dar, welches die Elek­

tronen am Kernort erzeugen. Man erhalt

Vmagn = -(f-lr, ~(O)) = -f-lr H(O) cos (f-lp ~(O)). (1,6)

Der Betrag ~H(O), der von dem innerhalb des Kernvolumens fliellenden
Teil der Elektronenstromdichte stammt, und der in (1,5) nicht erfaBt ist,
durfte' im allgemeinen unmerklich klein sein. Selbst bei den s-Elektronen
der schweren Atome, welche dem Kern sehr nahekommen, kann die Ver­
nachlsssigung der magnetischen Wechselwlrkung innerhalb des Kern­
volumena nur einen Fehler von wenigen Prozenten in (1,6) ausmachen.

Fig.7 From the first edition of Kopfermann's book, Kernmomente [40]: he neglects the influence of
the penetration of the electron inside the nuclear volume, which would lead to an error of only a few
percent (courtesy of Akademische Verlagsgesellschaft, Berlin)

of the hfs the magnetic fields, B, for which the effective magnetic moment !-tell =
- aE/ aB=O: such atoms are detected after traversing undeflected an inhomogeneous
magnetic field. E is the energy of a particular hyperfine level. An example for the
2.1-y 134CS [43] is shown in Fig. 8.

This was followed by the atomic (or molecular) beam magnetic resonance
(ABMR) method of Rabi and co-workers [44], Fig. 9. Here, two inhomogeneous
magnets, A and B, with their field gradients in opposite directions, were separated
by a homogeneous magnetic field, C, that also contained an rf loop. In the absence
of rf transitions, the atoms are refocused on the detector by the B magnet. At the
resonant frequency, atoms make transitions from positive to negative !-tell or vice
versa,producing a small decrease in detected atom intensity.

It was soon recognized by Jerrold Zacharias that having the magnetic-field gradi­
ents of the A and B magnets in the same direction would increase the signal-to-noise

GQ Springer



Optical spectroscopy of radioactive atoms 11

Fig.8 The effective magnetic
moment of the energy levels
for the atom with electron
angular momentum J = ~ and
nuclear angular momentum
1 = 4. The solid circles
represent the magnetic fields
at which /Lett vanishes. From
[43] (courtesy ©American
Physical Society,
http://prola.aps.org/abstract/
PRlv87/i4/p676_l)

1.0

0.8

0.6

0.4

0.2

:1../: a

-0.2

-0.4

-0.6

-0.8

-1.0

F, m,

Fig. 9 Some of the key figures
in ABMR and resonance
physics. Back row: Norman
Ramsey, Charles Townes,
Vernon Hugues, Ed Purcell,
William Nierenberg.
Front row: Jerrold Zacharias,
1.1. Rabi, Julian Schwinger,
Gregory Breit (courtesy
American Institute of Physics,
Emilio Segre Visual Archives)

ratio considerably: one looks for a small signal on essentially zero background in
the absence of resonance. This was implemented by Zacharias in the measurement
[45] of 1.25x109-y 4oK, found in nature with an abundance of 0.0117%. This was the
beginning of radioactive ABMR work on alkali atoms at MIT [46],Fig. 10. (It ended
in 1954 with a major radioactivity spill by the author!) I note that some 5 x 109 Bq
of 134CS were typically loaded into the ABMR source (10 times less activity for a
mixture of 137· 135CS).

A number of other laboratories around the world started work on radioactive
ABMR. This was reviewed by William Nierenberg [1]. I only point out work on
the first nuclear isomer, 2.9-h 134mcs, by Victor Cohen and Donald Gilbert at
Brookhaven National Laboratory [47], and the development of a focussing ABMR,

%l Springer
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Fig. 10 Atomic beam apparatus used at MIT for radioactive-atom experiments. Note the use of
a mass spectrometer in the detecting system [46] (courtesy ©American Physical Society http://
prola.aps.org/abstract/PR/v76/i8/p1068_1)

Fig. 11, at Princeton University, under Donald Hamilton [48], with which isotopes
in the range of minutes could be measured, "ott-line," the cyclotron used for the
production being just some 50 m away, Fig. 12.

Obtaining a resonance curve was not trivial because of instabilities in the electron­
bombardment atomic beam oven. The circular detector buttons were split into 8
sectors. Each sector was exposed for 20 s at a particular frequency, rotated to the
next sector for a background exposure, the frequency changed to the following value,
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Fig.ll Princeton focussing ABMR schematic. The A and B magnets have a six-pole geometry. The
atoms are collected on detector buttons, which are removed from the apparatus for measuring the
collected radioactivity

ATOMIC BEAM MACHINE

Fig. 12 Photograph of Princeton ABMR. The port through which the detector buttons are inserted
into the apparatus is seen above the middle of the end plate
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Fig. 13 Francis Bitter
in his MIT laboratory
with his technical assistant
(with permission, © courtesy
MIT Museum, [51])

Fig.14 Jean Brossel (courtesy
Laboratoire Kastler-Brossel,
Ecole Normale Superieure)
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Fig. 15 Double resonance
with polarization detection

J=1
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etc. for a total accumulation time of 5 min on each sector. This was signal averaging
at its most primitive!

3.2 Optical methods

3.2.1 Optical double resonance

After a false start [49] by Francis Bitter, Fig. 13, he and Jean Brossel [50], Fig. 14,
developed the "Double-Resonance" method for studying the structure of excited
atomic states with great sensitivity [51].

The double resonance consists of an optical resonance followed by an rf reso­
nance, the detection of the latter relying on a change of polarization of the re-emitted
light. This is illustrated in Fig. 15: in this example, atoms in a magnetic field in J=O
are excited to a J=l, m=O state with use of n-polarized light. Following rf transitions,
()± light is emitted.

Much of the work in Bitter's laboratory at MIT for over one and a half decades
was devoted to the hfs spectroscopy of stable and radioactive mercury isotopes,
ranging from mass number, A =192 to 204. I will touch on the several experimental
techniques. An elaboration of the schematic of the polarization double resonance
method is shown in Fig. 16 from the work on 23.8-h 197mHg of Henry Hirsch [52,53].

These experiments were done long before the advent, in 1966, of tunable dye
lasers [54, 55]. If you look at Fig. 16 carefully, you will note that the tunable
light source to produce the first (optical) resonance, either for double resonance
or level-crossing experiments, is a 198Hg isotopic lamp placed in a magnetic field.
Such "Zeeman" tuning was already used in 1929 by Marcel Schein [56], and was
rediscovered by Bitter to become known as the"Bitter magnetic scanning" technique.
The energy levels of 197mHg in a magnetic field and the transitions used in the double
resonance and level-crossing experiments are indicated in Fig. 17.
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Fig. 16 Double-resonance apparatus schematic (from [52, 53], courtesy of the Optical Society of
America)

Fig. 17 Zeeman hfs levels of
197nlHg (from [52, 53], courtesy
of the Optical Society of
America)

13/2

1~/2

III I!

A.B.O· 00\.181.£ R£SONAHOES

o AI.£VEl.·OROSSING

3.2.2 Double resonance by frequency change

For special spectra, e.g. in mercury, Robert Kohler [57,58] introduced a new double­
resonance method that depends on a change in frequency in a transition rather than
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Fig. 19 Experimental setup in the Kohler-type double resonance experiment for 197mHg hfs mea­
surement (from [59], courtesy of the Societe Francaise de Physique)

a change in the polarization of the light. The hfs separations have to be much larger
than the Doppler widths of the transitions. The scheme was applied by Claude Brot
[59], then at MIT, to a precision measuremennt of the hfs separations of 197mHg,
shown in Fig. 18.

The scheme was possible here because of the near coincidence of the F=13/2
component of 197mHg and the 0.15 percent stable isotope 196Hg. The latter had to
be enriched both for the light source and the absorption cell, Fig. 19.

3.2.3 Level-crossing spectroscopy

The scheme for level-crossing spectroscopy is not far removed from Fig. 17, ex­
cept that changes in the observed intensity of re-emitted light, rather than of the
polarization of the light, are observed. We have already cited the theoretical basis,
[28,29]. Simply, if transition amplitudes from two excited levels to a common lower
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Fig. 20 Willis Lamb, Alfred Kastler, and Hans Kopfermann, with George Series in the background
on the right (Photograph by Speck, Heidelberg, courtesy American Institute of Physics, Emilio Segre
Visual Archives and International Conference on Optical Pumping, 24--26 April, 1962)
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Fig. 21 Optical pumping mF= -3/2 -1/2 +1/2transitions for mercury
isotopes with nuclear spin I=!, • • •F=3/2
e.g. 197Hg, 199Hg 3p
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Fig.22 Left: Wood's horn; right, resonance cell in which optical pumping was successfully observed
(see, HHS in [51], p. 289, courtesy MIT Press)

levels are a and b, away from the level crossing the intensity is a2 + b2, while at
the level-crossing magnetic field it is (a + b )2, leading to an observable interference
term. The value of the crossing fields, from which hfs interactions can be obtained,
are determined without being limited by Doppler broadening. The method has been
applied to several radioactive isotopes, e.g. 197mHg and 203Hg.

3.2.4 Optical pumping

The optical pumping method also dates to this period. It originated with Alfred
Kastler, (Fig. 20), in 1950[60] . We describe below its importance to the measurement
of nuclear magnetic moments, in particular radioisotopes.

The basic scheme is shown in Fig. 21.
The mercury is excited from the ground 1So, F = ~ state with circularly polarized

light to the excited 3Pl, F = ~ state. The selection rule Sm = +1allows only the m =

- ~ state to be excited. The spontaneous re-radiation allows transitions with Sm =

± 1, thereby populating the m = +~ sublevel, where the atoms are blocked. Since the
ground-state angular momentum is due entirely to the nuclear spin, a corresponding
nuclear orientation is produced. Attempts at observing it met with initial failure [61].
The cause was eventually found in the resonance cells that were used. As when work
on gas lasers first began, the above optical work also relied heavily on the book of
Allan Mitchell and Mark Zemansky (the former at New York University) [62], in
particular the resonance cells. The type of cell that was used at first was the "Wood's
horn" (named after RW. Wood), shown in Fig. 22.

In the horn, a large surface of mercury liquid is seen by the oriented atoms and
condensation rapidly equalizes the two magnetic substates, m. In the cell shown on
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Fig.23 Optical pumping setup for measurement of 195. 197Hg (courtesy W.T. Walter [66])

the right, the atoms do not see the mercury reservoir and relaxation is negligible.
An optical pumping experiment with stable mercury isotopes by Bernard Cagnac
thus became successful [63-65] and the first measurement of radioisotopes, 195Hg
and 197Hg were made [66,67]. Figure 23 shows William Walter's experimental setup.

At the onset of this section, the importance of the optical pumping experi­
ments to the measurement of nuclear moments with great sensitivity was stated.
In Section 2.2.2 the requirement of nuclear magnetic moments, or g-factors, was
brought out. For stable isotopes, these can be obtained by nmr in bulk samples,
obviously not possible for minute quantities of radioisotopes. Optical pumping, as
described in particular for mercury, permits the measurement: while a resonance cell
is being pumped it absorbs light. When orientation is complete the vapor becomes
transparent. The repopulation of the m-Ievels can be re-established by the nmr
transition, and detected by the change in transparency. I should mention that another
possibility to obtain the magnetic moment, especially in alkali atoms, is to measure
the term in the hfs Hamiltonian that depends directly on the interaction of the
magnetic moment with the applied magnetic field. This was used in obtaining the
moments in a series of cesium radioisotopes [68].

Optical pumping orientation was successful early on in alkali atoms. Asymmetry
in beta decay of oriented 21Na was measured by Otten, Fig. 24, and co-workers
[69], a forerunner of a an entire program of measurements on radioactive nuclei at
ISOLDE.
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Fig. 24 Ernst Otten: the
pioneer in radioactive-atom
spectroscopy at ISOLDE
(photo by author)

3.2.5 Radioactive source preparations

21

I concentrate on the experiences at MIT and some of our later work: these should
serve to give a picture of "off-line" source preparations, and increase our apprecia­
tion of doing spectroscopy at ISOL facilities! In most experiments transmutation re­
actions were used in the production, so as to avoid large stable-isotope backgrounds.
For a number of experiments the production was at a cyclotron with use of a (p, xn)
nuclear reaction. For the mercury isotopes, this was straightforward with the use of
a gold target. After irradiation, a cell or electrodeless discharge lamp was produced
with a system as shown in Fig. 25.

In a few cases a nuclear reactor was used to produce the radioisotope, but this
demanded subsequent mass separation. For other elements, radiochemistry was
required, and for thallium the development of a liquid mercury target acceptable
to cyclotron establishments! Typical lamps and cells are shown in Fig. 26. In use, the
lamps frequently necessitated to be heated with the use of a propane torch to drive
the few atoms back from the quartz surface into the electric discharge.

3.2.6 Grating optical spectroscopy

Most of the optical spectroscopy of the radioactive isotopes was done with the
use of a lO-m focal length (slightly shorter at NYU) Czerny-Turner two-mirror
monochromator, Fig. 27.

A 25-cm wide ruled diffraction grating, 300 lines/mm, blazed at 60°, was the heart
of the instrument. A photograph is shown in Fig. 28.
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Fig.26 Optical-pumping cell
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Photographic or photoelectric detection was used, as well as an image intensifier.
Since the preparation time for the fabrication of a spectral lamp took about two
weeks, and the lamps had a limited lifetime (not just radioactively, but frequently
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Fig.27 Grating spectrometer,
schematic. The grating spacing
is denoted by d

s

Spectrograph

L - Quartz lens, f = 25 cm, d=3.8 em

S - Slit, 30 - 40 urn

M - Collimating mirror, 10 m focal
length, 25 em diameter

G - Diffraction grating, 25 cm wide,
d = 3.33 urn, 8"om = 61"

M' - Camera mirror, 10 m focal length,
25 cm diameter

P - Plate holder, uses 25 cm
spectroscopic plates

L' - Quartz lens

J-A - Jarrel-Ash monochromator
for monitoring lamp

Lamp operation

Fig. 28 l-slit, 2-diffraction
grating, 3-photographic plate
holder

they may have lasted only from a few minutes to hours because of the atom "clean­
up" in the discharge), additional camera mirrors and detectors were frequently set up
to record simultaneously the spectra of several wavelengths of interest. Absorption
spectroscopy was advantageous in atom conservation. A spectrum is shown in Fig. 29.

As a transition to laser spectroscopy, one can bring out the instrumental broaden­
ing of grating spectroscopy by comparing its spectrum of 32.9-y 207Bi to one obtained
with use of laser scanning, Fig. 30.
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Fig. 29 Photographic
absorption spectrum of 205Pb
and of natural lead

3.3 On-line experiments

207 (~ l

205 (~ l

H.H. Stroke

206 208 207 ( ~ l

205 (~ l

I will restrict this overview to experiments at ISOLDE (CERN) as they are repre­
sentative of developments elsewhere in the world. Work in laser-type spectroscopy
is active in many laboratories: TRIUMF (Canada), GANIL and ORSAY (France),
GSI, Mainz (Germany), Manchester (UK), ORNL, ANL, Stony Brook (USA),
JINR (Dubna), Gatchina, Troitzk (Russia), Jyvaskyla (Finland), Louvain-la-Neuve,
Leuven (Belgium). New facilities are on the way at Lanzhou (China), INS (Japan).
Others, that made early contributions to radioactive-atom spectroscopy, are no
longer active in this field (Berkeley, Brookhaven, Harwell, Karlsruhe, Sussex). A ma­
jor facility, EURISOL, is presently under study. There are comprehensive reviews,
e.g. Otten, Kluge, Billowes and others [2,4-8]. "On-line" refers to experiments done
on isotopes directly as they are produced at the accelerator - though the isotopes
may sometimes be first collected, e.g. in resonance cells.

3.3.1 RADOP

Nuclear orientation by optical pumping and detection of asymmetry in beta decay
were already discussed in Section 3.2.4. This work was intensified at ISOLDE
by Jochen Bonn, Gerhard Huber, Jurgen Kluge, and Ernst Otten in a series of
experiments named RADOP (radioactive detection of optical pumping) [70], which
allowed the detection of sudden deformations in neutron-deficient isotopes of
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Fig.30 A positionof hfs
components of 207Bi and 209Bi.
B Dispersive spectrum.
C Laser
excitation-fluorescence
spectrum. D Frequency
markers (ZuyunFang,PhD
Thesis,NYU, 1988)
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mercury [71]. In these early experiments, a Zeeman-tuned spectral lamp was still
used for the optical pumping, Fig. 31.

3.3.2 Atomic beams

An extensive series of ABMR, non-laser experiments on cesium isotopes was done
by Curt Ekstrom to obtain hfs systematics [72]. Use of the tuned laser as the
spectrometric instrument appeared in atomic beam experiments by the Orsay group
[73] on a long series of sodium isotopes. They could take pride in the measurement
by this method of the first optical spectrum of the element francium [74]. Their
experimental setup [75] is shown in Fig. 32.

The last of the atomic beam experiments, Fig. 33, is again of the magnetic
resonance type, but in which the laser is used for state selection. It was designed for
the measurement of the Bohr-Weisskopf effect in a long series of cesium isotopes
[76], in an analogous way to those in [68]. Fig. 34 is a photo of H.T. Duong, a prime
designer of this experiment.

As with other on-line atomic beam experiments, the ions from ISOLDE have to be
neutralized and thermalized. While this was done successfully in prior experiments
by stopping, neutralizing the ISOLDE ion beam on an yttrium surface, and re­
evaporating to produce the thermal atomic beam, in this case the surface effect
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Fig.31 RADOP setup for measurement of 2.4-m 187Hg(from Optical Pumping ofNeutron Deficient
187Hg[70], ©1971, with permission of Elsevier)

was not reliable. After considerable efforts the neutralizer, shown in Fig. 35, finally
allowed the precision measurement of the hfs of 1.64-m 126CS. This Bohr-Weisskopf
study awaits the future.

3.3.3 Collinear, RIS

Collinear laser spectroscopy and resonance ionization (mass) spectroscopy (RI(M)S
[77]) laid the groundwork for many experiments, a number of which are reported at
the VII International Workshop Laser 2006. Collinear laser spectroscopy originated
in Mainz, where the initial experiments were performed [78]. A schematic of the
experiment as set up at ISOLDE [79] is shown in Fig. 36.

In the acceleration process, the velocity spread of the atom source is reduced to
give Doppler-free spectroscopy. With a fixed-frequency laser, the hyperfine spectrum
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Fig. 32 a) Schematic of apparatus for the D2 francium-line measurement. b) Signals, exhibiting
optical pumping effects in transitions (adapted from [75]; courtesy ©American Physical Society,
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Fig.33 ABMR apparatus with laser state selection (from Precision hfs of 126Cs(T1/2 = 1.63m) by
ABMR [76];©2005,with permission of Elsevier)

can be tuned across that frequency, and, in the figure shown, the fluorescence
detected. An offshoot is the COLLAPS collaboration experiment in which the
collinear setup ends with a crystal in which the selected atomic beam is embedded.
Beta-decay asymmetry is then used to detect the resonance frequencies. Magda
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Fig.34 H.T. Duong (courtesy
Jacque Pinard)

Fig. 35 Orthotropic source:
ions which are not neutralized
can be returned to the yttrium
surface for more chances of
neutralization (following
design of T. Dinneen, A.
Ghiorso, H. Gould, Rev. Sci.
Instrum. 67(1996)752; from
Ref.[76], © with permission of
Elsevier, as in Fig. 33)

Thermal
shield
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Fig.36 Collinear laser spectroscopy schematic (adapted from Ref. [79], courtesy of Elsevier)
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Fig. 37 Rainer Neugart, a pillar of ISOLDE laser spectroscopy! Standing on the left, Ken Leding­
ham, and in the background, Paul Campbell (courtesy H.-I. Kluge)

Kowalska and Kieran Flanagan are presenting results of experiments with these tech­
niques in this Workshop. I add one more collinear laser spectroscopy experiment: the
measurement of the francium Dl line [80]. This was another example of a difficult
laser experiment: searching for the wavelength of an optical transition over a wide
wavelength region with a fine-tooth comb. In this respect, the old-fashioned dif­
fraction grating spectroscopy has the advantage of displaying lines in large spectral
regions! At this point it is good to give particular mention of Rainer Neugart,
Fig. 37, who has been intimately associated with the success of a good many of these
experiments.

RI(M)S, which was initiated independently at ISOLDE, Orsay, and Gatchina,
developed later at CERN into the COMPUS (COllaboration for spectroscopy Mea­
surement using a Pulsed Laser Ion Source) experiments for the study of refractory
elements not produced directly as an ISOL beam. The atoms studied are radioactive
daughters of beam ions implanted in graphite, desorbed by a high-power laser pulse,
followed by resonance ionization spectroscopy, and time-of-flight detection, Fig. 38.
These were substantially efforts by Mainz, McGill, Orsay, Gatchina, Troitzk, and
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Fig.38 COMPUS experiment (from Ref. [86]). The transitions shown are for platinum

ISOLDE [81-86]. Rosa Sift, Fig. 39, presents current work on tellurium isotopes at
this Workshop.

4 Selected results

Atomic spectroscopy contributed many early data on nuclear spins, nuclear size,
magnetic dipole and electric quadrupole moments which were important in the
development of nuclear models and interactions. Although we are treating here
mainly radioactive atoms we want at least to mention spectroscopic experiments that
had fundamental implications: the quadrupole moment of the deuteron in revealing
the tensor force in nuclei, the Lamb shift and the value of the gyromagnetic ratio
of the electron in showing effects of quantum electrodynamics. But many of the
spectroscopic experiments that we discuss led more to systematic properties from
which one hopes to extract detailed nuclear data.
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Fig. 39 From the most senior in the field of radioactive spectroscopy, Gerhard Huber, to the
youngest, PhD candidate Rosa Sifi (courtesy H.-J. Kluge)

4.1 Isotope shifts and nuclear charge distributions

It is work with radioactive isotopes that has permitted systematic studies over large
ranges of isotopes. A spectacular result was the shape staggering in the nuclear radii
of mercury isotopes [87],shown in Fig. 40.

Another systematic study is of isotope shifts crossing magic numbers. A typical
example, for cesium [88],3 is shown in Fig. 41.

As we point out in Section 4.2, an effect of the magic-neutron isotope, 137Cs, also
appears in the Bohr-Weisskopf effect.

4.1.1 Odd-even staggering

It has been observed since the early days of isotope shift studies that the addition of a
single neutron to an even-number neutron isotope generally produces less than one

3See, also, Otten [4].
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half of the shift caused by the addition of a neutron pair. We have described this by
a "staggering parameter",

N refers to an even-neutron number nucleus. The parameter y is more sensitive
to details in the variations of the isotope shifts than what we can see in a plot,
such as Fig. 41. In fact, with Jurgen Kluge and Dieter Proetel [89], we found
possible to account for the trend of the odd-even staggering parameters, y, for the
mercury nuclear isomers. Fig. 42 is a photo of Kluge. He has been a prime mover in
many important developments of modern radioactive-atom spectroscopy, and now
in experiments on precision mass measurements with traps.

We have approached isotope shifts from the point of view of relative shifts, which
allows us to compare isotonic shifts, as shown in Fig. 43, from [90]

This picture has been extended recently to radium and radon, with continuing
isotonic similarities. The possibility of obtaining insight into the nuclear-neutron
interaction from these measurements is being studied with Kieran Flanagan.
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Fig. 41 Cesium isotope shifts:
note break in L'. < ,2 > at
the magic number N=82
(from [88])
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Fig. 42 Jiirgen Kluge (photo
by author)

There are other systems which I have to pass over, such as isomer shifts in fission
isomers and shifts in lithium halo nuclei. The physics that one can expect to obtain
from isotope shifts is not exhausted!
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Fig.43 Isotone shifts in the region of the doubly-magic nucleus, 208Pb (from [90])

Fig.44 "Hfs anomalies", or
Bohr-Weisskopf effect in
cesium radioisopes (from [68],
courtesy ©American Physical
Society, http://prola.aps.orgl
abstact/PR/v105/i2/p590_1 )

Isotopes Isotope 1 -~12

1 2 I p(PN) percent
135Cs 133CS 7/2 2.7290(3) +0.037±0.009
137Cs 133Cs 7/2 2.8382(3) +0.009±0.010
137Cs 135Cs -0.020±0.009
134Cs 133Cs 4 2.9900(9) +0.l69±0.030
133Cs 7/2 2.57893(3)

4.2 Extended nuclear magnetization

In Section 2.2.2 this effect, additional to the simple magnetic dipole electron-nuclear
interaction was introduced. Experimentally, it is revealed by the difference, ~,

between the ratio of the hfs interaction constants, a, for two isotopes and the ratio
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Fig.45 Hartmut Backe.
ValentinFedoseevcan be
recognized in the background
(courtesyH.-J. Kluge)

of the nuclear gyromagnetic ratios, g. We have a = apoint-nucleus(l + 8), ~12 = 81 - 82

and take (!!l.) = £L. Then
a2 point gz

For a set of cesium radioisotopes [68] it was found that while the magnetic moments
change monotonically for three nuclei with identical spins, ~ changes signs between
successive pairs, Fig. 44. This would not be the case were 8 simply proportional to the
nuclear magnetic moment.

While, qualitatively, a magic neutron number effect could be invoked because
of N=82 in 137Cs, the results required a picture that takes into account details of
the nucleon configurations. This motivated a more quantitative approach, which
involved nuclear configuration mixing theory [91].

5 Conclusion

Working back, magnetic moments, together with the Bohr-Weisskopf effect, can give
information on neutron wave functions in nuclei. As suggested, isotope shifts can also
provide such insights from systematic studies of relative shifts. Additionally, these

~ Springer



36 H.H. Stroke

Fig.46 The two Klaus's: Wendt, left, Jungmann, right (courtesy H.-J. Kluge)

can provide a handle on the neutron-nuclear interaction. Magnetic moments and the
Bohr-Weisskopf effect also find importance in extracting quantum-electrodynamic
effects from the hfs of atoms highly stripped of electrons. These are studied
extensively at GSI, Darmstadt, and are reported at this Workshop by Hartmut
Backe (Fig. 45).

Knowledge of neutron wave functions is also required in the interpretation
of isotopically-differential parity non-conservation experiments. Such fundamental
problems were discussed at the Workshop by Klaus Jungmann, Fig. 46.

Magnetic moments can, in particular nuclei, provide information on pion­
exchange contributions. And then we can venture far afield in applications, such
as the relation of the neutron-rich skin of heavy nuclei and neutron star structure,
isotope-shift data for space-time variation of the fine structure constant, and surely a
good number of exciting, still undiscovered new endeavors!
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Fig. 47 Krassimira Marinova, moving spirit of the Workshop, first row. Second row, left to right,
Boris Markov, Yury Gangsky; third row, Valentin Fedoseev, Hartmut Backe, Werner Lauth; fourth
row, Serguei Zemlyanoi, Nikolai Tarantin, Zheng-Tian Lu;fifth row, Dana Borremans, Klaus Blaum,
and two seats over to the right, Wilfried Norteshauser; Takashi Inamura is seen at upper right hand
corner (courtesy R. Jarzebinska)
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Abstract State of the art laser technology and modern spectroscopic methods allow
to address issues of fundamental symmetries and fundamental interactions in atoms
with high precision experiments. In particular the discrete symmetries Parity (P),
Charge Conjugation (C), Time Reversal (T) as well as their combinations CP and
CPT are in the center of interest at present. Actual projects are concerned with
Parity Violation in atoms, Time Reversal Violation in ,B-decays and searches for
permanent Electric Dipole Moments (EDMs), and tests of CPT conservation in
particle-antiparticle properties, in particular antiprotonic atoms.

Keywords Fundamental interactions- Fundamental symmetries.
Precision measurements- Magnetic anomalies- ,B-decays.
Electric dipole moments- Antiprotons. Radioactive beam facilities
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1 Introduction

The Standard Model (SM) in particle physics describes accurately all observations in
this field. It appears that even recent spectacular observations in neutrino exper­
iments can be included with moderate modifications. This far ranging theoretical
framework lacks, however, a deeper and more satisfactory explanation for many
of the facts which it describes so precisely. Among the open questions are the
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large number of some 30 free parameters in the SM, the hierarchy of fundamental
fermion masses, the number of three particle generations and the origin of Parity
(P) Violation and combined Charge Symmetry (C) and Parity violation, i.e. CP­
violation. If the SM is combined with Standard Cosmology, the dominance of
mater over antimatter in the universe presents a serious unsolved puzzle. In order
to provide answers to such intriguing questions speculative extensions have been
constructed, such as supersymmetry, left-right symmetry, technicolor and many
others. However, they have despite their elegancy no status in physics, yet, unless
they can be experimentally verified by an observation of a unique prediction of one
of these models.

We know two conceptually different approaches for confirming the SM and also
to find New Physics beyond it:

The direct observation of new particles or processes and
Precise measurements of quantities, which can be calculated to sufficient accu­
racy within the SM, and where New Physics appears in a significant difference
between theory and experiment.

Whereas the first approach typically is carried out in high energy physics, the second
route uses experiments at low energies. Precision measurements at low energies offer
indeed various possibilities to confirm the SM at a high level, to find new physics and
to determine accurate values of important fundamental constants [1--4]. Stringent
tests of the SM arise in particular through exploiting one of the recent achievements
in atomic physics: cooling and storing of ions, atoms and molecules. This includes,
e.g., precise measurements of magnetic anomalies [5-8], precision studies of nuclear
tJ-decays [2--4, 9] and searches for permanent electric dipole moments of particles,
nuclei, atoms and molecules [10] as well as spectroscopy of antiprotonic atoms [11].

In the recent years, several experiments have reported a few standard deviations
differences between theoretical predictions and the measurements. Among those
are experiments on the muon magnetic anomaly [5], the unitarity of the Cabbibo­
Kobayashi-Maskawa matrix [12], nuclear tJ-decay [13], atomic parity violation [14]
and many others. In some cases the differences disappeared completely after refine­
ment of theory. However, not all of them [15]. Further work is needed to clarify the
situation.

2 Fundamentalsymmetriesand interactions

Symmetries play an important and central role in physics. Whereas global symmetries
relate to conservation laws, local symmetries yield forces. Today four fundamental
interactions are known in physics: (a) Electromagnetic, (b) Weak Interactions, (c)
Strong Interactions, and (d) Gravitation. These forces are considered fundamental,
because all observed dynamic processes in nature can be traced back to one or
a combination of them. Together with fundamental symmetries they form the
framework on which all physical descriptions ultimately rest. The Standard Model
(SM) is a most remarkable theory. Electromagnetic, Weak and many aspects of
Strong Interactions can be described to astounding precision in one single coherent
picture. It is a major goal in modern physics to find a unified quantum field theory
which includes all the four known fundamental forces. To achieve this, a satisfactory
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Fig. 1 Running of the weak
mixing angle (see [16]). The
present test of SM theory is
not fully satisfactory. The
estimated accuracy of future
experiments is indicated in
the inserted ellipse

quantum description of gravity remains yet to be found. This is a lively field of actual
activity where string- and M-theories may offer a route to a better understanding of
this aspect.

3 Discrete symmetries

3.1 Parity

The observation of Atomic Parity Violation was crucial for the acceptance of the SM
as a unified electro-weak theory with a validity over several orders of magnitude in
momentum transfer. The most recent completed experiment used Cs atoms [14] and
it allows to extract a precise value of the weak mixing angle (sin'' 8w). The running
with energy [16] of this quantity is such that there is a minimum at the Z-pole and it is
higher at lower and at higher energies due to the Abelian respectively non-Abelian
character of QED and QCD. The experimental verification of that running is rather
moderate (see Fig. 1).

Therfore, new precision experiments are indicated. Whereas the deep inelastic
scattering experiment Qweak at the Jefferson Laboratory (USA) will cover the
intermediate energy range, new possibilities have emerged at atomic energies. In
Fr atoms the weak effects are some 18 times bigger than in Cs. This advantage
is planned to be exploited in experiments at Legnaro, Italy, and at Stony Brook,
USA. These projects are being prepared by a number of auxiliary experiments, which
measured important quantities such as transition frequencies and lifetimes [17-21].
Also trapping of Fr was achieved. The main hurdle to overcome will be the low
number of Fr atoms available at the Legnaro and Stony Brook accelerators. Moving
the experiments to the ISAC facility at TRIUMF, Canada, or the ISOLDE facility
of CERN, Switzerland, may offer the necessary numbers of atoms.

It has been suggested to employ single heavy alkali-like ions and to observe light
shifts in n 2SI / r(n-l) 2D3/ 2 transitions. The detection scheme works via a sequence
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Fig. 2 Energy levels of Ba+ and Ra+. The atomic parity effect arises from admixtures of n 2P 1/2

states to the 2S 1/2 ground state of the ion owing to ZO-bosonexchange in the atomic system

of atomic excitations and relies on the technique of electron shelving. At the
University of Washington promising preparatory experiments using Ba" have been
performed [22]. Ra" ions have not only some 20 times larger parity effects, their
relevant transitions also are easier accessible with all solid state laser systems. Such
an experiment is considered at the Kernfysisch Versneller Instituut in Groningen,
Netherlands. The availability of several isotopes with different nuclear spins would
allow to study nuclear spin dependence and nuclear anapole moments. Because
parity effects will be extracted through an interference of electromagnetic and weak
forces, better knowledge of atomic wave functions at the sub-percent level will be
mandatory - a posed challenge for atomic theorists. This challenge holds in particular
for all atomic parity experiments with heavy elements (Fig. 2).

An interesting new development in this field comes from a suggestion of a
hydrogen atomic parity experiment using a spin echo technique and Casimir forces
near solid state surfaces (Nachtmann and DeKiewiet, private communication, 2006)
[23]. The extremely high sensitivity of spin echo techniques may be sufficient to
overcome the disadvantage of the smallness of atomic parity effects in hydrogen
due to the low nuclear charge. The advantage of hydrogen lies in the fact that the
theoretical calculations of the weak effects are straightforward and can be performed
to high precision.

3.2 CP and T-violation

3.2.1 f3-decays

In standard theory the structure of weak interactions is V-A, which means there are
vector (V) and axial-vector (A) currents with opposite relative sign causing a left
handed structure of the interaction and parity violation [24]. Other possibilities like
scalar, pseudo-scalar and tensor type interactions which might be possible would
be clear signatures of new physics. So far they have been searched for without
positive result. However, the bounds on parameters are not very tight and leave
room for various speculative possibilities. The double differential decay probability
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d2W/ dQedQ v for a ,B-radioactive nucleus is related to the electron and neutrino
momenta p and q through

d
2W

~ 1 + a p. q+ b )1 _ (Za)2 me + < J > . [A ! + B q + D P x q]
dQedQ v E E E E

+ < (T> . [G ~ + Q J + R < J > x iJ
where me is the ~ta-particle mass, E its energy, (T its spin, and J is the spin of the
decaying nucleus. The coefficients D and R are studied in a number of experiments
at this time and they are T violating in nature. Here D is of particular interest
for further restricting model parameters. It describes the correlation between the
neutrino and ,B-particle momentum vectors for spin polarized nuclei. The coefficient
R is highly sensitive within a smaller set of speculative models, since here exist some
already well established constraints, e.g., from searches for permanent electric dipole
moments [24].

From the experimental point of view, an efficient direct measurement of the neu­
trino momentum is not possible. The recoiling nucleus can be detected instead and
the neutrino momentum can be reconstructed using the kinematics of the process.
Of course, the problem can also be reformulated using the kinematic variables of
the recoil nucleus and the ,B-particle only [25]. Since the recoil nuclei have typical
energies in the few 10 eV range, precise measurements can only be performed, if the
decaying isotopes are suspended using extreme shallow potential wells. Such exist,
for example, in atom traps formed by laser light, where many atomic species can be
stored at temperatures below 1 mK. An overview over actual activities can be found
in [9]. Such research is being performed at a number of laboratories worldwide.

In a recent measurement at Berkeley, USA, the asymmetry parameter a in the
,B-decay of 21Na has been measured for optically trapped atoms [13]. The value
differs from the present SM value by about 3 standard deviations. In order to explore
whether this could be an indication of new physics reflected in new interactions in
,8-decay, the (,8 + y)/,8 decay branching ratio was re-measured at Texas A&M and
at KVI, because some 5 measurements existed which in part disagreed significantly.
The new values of 4.74(4)% [26] and 4.85(12)% (Achouri, private communication,
2006) agree well and do not affect the SM prediction in a significant way. The still
remaining difference may be explained by Na dimer formation in the trap (Scielzo,
private communication, 2006). The most stringent limit on scalar interactions for
,8-neutrino correlation measurements comes from an experiment on the pure Fermi
decay of 38mK at TRIUMF, where a was extracted to 0.5% accuracy and in good
agreement with standard theory [27].

3.2.2 Permanent electric dipole moments (EDMs)

An EDM of any fundamental particle violates both parity and time reversal (T)
symmetries. With the assumption of CPT invariance a permanent dipole moment
also violates CPo EDMs for all particles are caused by CP violation as it is known from
the K systems through higher order loops. These are at least 4 orders of magnitude
below the present experimentally established limits. Indeed, a large number of
speculative models foresees permanent electric dipole moments which could be as
large as the present experimental limits just allow. Historically the non-observation
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Table 1 Actual limits on permanent electric dipole moments [30-33]
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Fig.3 A variety of theoretical speculative models exists in which an EDM could be induced through
different mechanisms or a combination of them into fundamental particles and composed systems
for which an EDM would be experimentally accessible. Up to now very sensitive experiments were
only carried out for composed neutral systems. A novel technique may allow to sensitively access
EDMs also for charged fundamental particles and ions

of permanent electric dipole moments has ruled out more speculative models than
any other experimental approach in all of particle physics. EDMs have been searched
for in various systems with different sensitivities (Table 1). In composed systems such
as molecules or atoms fundamental particle dipole moments of constituents may be
significantly enhanced [28]. Particularly in polarizable systems there can exist large
internal fields.

There is no system which can be preferred over other to search for an EDM
on any sound theoretical basis or insights. Only if any of the (not yet proven)
scenarios of physics beyond the SM is chosen, one or the other experimental search
may be favoured (see Fig. 3) [10, 29]. In fact, many systems need to be examined,
because depending on the underlying process different systems have in general
quite significantly different susceptibility to acquire an EDM through a particular
mechanism. An EDM may be found an 'intrinsic property' of an elementary particle
as we know them, because the underlying mechanism is not accessible at present.
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Fig. 4 Laser system to demonstrate cooling of a Ba atomic beam

However, it can also arise from CP-odd forces between the constituents under
observation, e.g. between nucleons in nuclei or between nuclei and electrons. Such
EDMs could be much larger than such expected for elementary particles originating
within the popular, usually considered beyond standard theory models. No other
constraints are known. It is therefore important to see all EDM experiments in a
common context.

This highly active field of research has recently received a boost from a number
of novel developments. One of them concerns the Ra atom, which has rather close
lying 7s7p3P1 and 7s6d3Dz states. Because they are of opposite parity, a significant
enhancement has been predicted for an electron EDM [34, 35], much higher than
for any other atomic system. Further more, many Ra isotopes are in a region where
(dynamic) octupole deformation occurs for the nuclei, which also may enhance the
effect of a nucleon EDM substantially, i.e. by some two orders of magnitude. From a
technical point of view the Ra atomic levels of interest for en experiment are well
accessible spectroscopically and a variety of isotopes can be produced in nuclear
reactions. The advantage of an accelerator based Ra experiment is apparent, because
EDMs require isotopes with spin and all Ra isotopes with finite nuclear spin are
relatively short-lived. For a successful experiment polarized Ra atoms need to be
trapped in an atom trap where they can sufficiently long interact with an external
electric field. Two Ra EDM experiments are at present prepared at the Argonne
National Laboratory, USA, and at the Kernfysisch Versneller Instituut, Netherlands.
Whereas the Argonne group uses the weaker 7sz ISo-7s7p3P, intercombination line
for cooling and trapping. Trapping of some 10 Ra atoms has recently been reported.
The KVI approach employs the strong 7sz ISo-7s7p'P I transition. The disadvantage
of the second method lies in the strong branching into 'D and 3D states, where
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Fig.5 a Maxwell-Boltzmann
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the atomic electron can remain shelved for times too long for efficient cooling or
trapping. Repumping involving three infrared lasers is needed. The discomfort is
rewarded by much higher expected yields and long storage times. In order to develop
the method stable Ba atoms are used (see Figs. 4 and 5). In those a significant and
efficient modification of the Maxwell-Boltzmann velocity distribution, i.e. significant
cooling has been achieved in an experimental arrangement using three repumping
lasers in addition to a main cooling laser on the resonance line. In this way for the
first time a heavy two electron system was cooled, in which a number of states exist
and where the electron can be shelved with the consequence of an interruption of the
cooling process.

A very novel idea was introduced recently for measuring an EDM of charged
particles. The high motional electric field is exploited, which charged particles at
relativistic speeds experience in a magnetic storage ring. In such an experiment
the Schiff theorem can be circumvented (which had excluded charged particles
from experiments due to the Lorentz force acceleration) because of the non­
trivial geometry of the problem [28]. With an additional radial electric field in the
storage region the spin precession due to the magnetic moment anomaly can be
compensated, if the effective magnetic anomaly aett is small, i.e. aett < < 1. The
method was first considered for muons. For longitudinally polarized muons injected
into the ring an EDM would express itself as a spin rotation out of the orbital plane.
This can be observed as a time dependent (to first order linear in time) change of
the above/below the plane of orbit counting rate ratio. For the possible muon beams
at the future J-PARC facility in Japan a sensitivity of 10-24 e em is expected [36].
In such an experiment the possible muon flux is a major limitation. For models with
nonlinear mass scaling of EDMs such an experiment would already be more sensitive
to some certain new physics models than the present limit on the electron EDM . An
experiment carried out at a more intense muon source could provide a significantly
more sensitive probe to CP violation in the second generation of particles without
strangeness.

The deuteron is the simplest known nucleus. Here an EDM could arise not only
from a proton or a neutron EDM, but also from CP-odd nuclear forces. It was
shown very recently [37] that the deuteron can be in certain scenarios significantly
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more sensitive than the neutron. In Eq. 3.2.2 this situation is evident for the case of
quark chromo-EDMs: dv = -4.67 d~ +5.22d~ , d; = -0.01 d~ +0.49d~ . It should
be noted that because of its rather small magnetic anomaly the deuteron is a
particularly interesting candidate for a ring EDM experiment and a proposal with
a sensitivity of beyond 10-27 e em exists. In this case scattering off a target will be
used to observe a spin precession [38]. One can expect to extend the method to
systems with arbitrary magnetic anomaly, if a relevant parameter on which the signal
depends is modulated with the spin anomaly frequency and phase sensitive detection.
Modulation of velocity is one option [39].

The method of searching EDMs in magnetic storage rings is particularly suited
also for highly charged heavy ions. In this case polarization and the detection of spin
rotation can be envisaged using laser light [38].

The highly active field of EDM searches includes at present a variety of experi­
ments on the neutron and the electron EDM. Whereas in the neutron case basically
the experiments follow the concepts of earlier measurements, novel approaches
characterize the search for an electron EDM. Searches in Hg are continued and a
new search in liquid Xe. Further, there are projects on molecules such as PbO, or
molecular ions such as ThF+ or condensed matter such as garnets, where in all cases
one relies on the huge predicted enhancements due to local fields [28].

3.3 CPT tests with antihydrogen

H was produced first at CERN in 1995 [40] . The atoms were fast as the production
mechanism required e+e: pair creation when [is were passing near heavy nuclei.
A small fraction of the e+ form a bound state with the [i. The experiment was an
important step forward showing that a few H could be produced. Unfortunately,
the speed of the atoms does not allow any meaningful spectroscopy. Later a similar
experiment was carried out at FERMILAB [41].

The successful production of slow H was first reported by the ATHENA collab­
oration in 2002 [42] and shortly later also by the ATRAP collaboration [43]. Both
experiments use combined Penning traps in which first e+ and [i are stored separately
and cooled. The atoms form when both species are brought into contact by proper
electric potential switching in the combined traps. The detection in ATHENA relies
on diffusion of the neutral atoms out of the interaction volume and the registration
of JrS which appear when the atoms annihilate on contact with matter walls of the
container. In ATRAP the hydrogen atoms are re-ionized in an electric field and the
[is are observed using a capture Penning trap.

Most of the atoms are in excited states (n > 15) which can be seen from the fact
that their physical size is above 0.1 urn [44-46]. For spectroscopy the atoms need to
be in states with low n, preferentially the ground state. The production of such states
is a major goal of the community for the immediate future. The kinetic energy of the
produced H atoms has been measured to be of order 200 meV corresponding to a
velocity of 6 x 104 mls (Fig. 6). This is a factor of 400 above the value where neutral
atom traps can hold them. Therefore cooling such atoms or identifying a production
mechanism for colder H are a central topic.

For laser cooling of H a continuous laser at the H Lyman-a frequency for H
cooling has recently been developed [47]. One hopes to achieve the photo-recoil limit
of 1.3 mK.
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uses charge exchange with PS atoms [44-46]

Recently a promising new method was demonstrated to obtain antihydrogen. It
uses resonant charge exchange with excited positronium to obtain H atoms with
essentially the same velocities as the fJs in the trap which can be made rather low
by cooling [44-46, 48] (see Fig. 6).

A main motivation to perform precision spectroscopy on H is to test CPT invari­
ance. There are two electromagnetic transitions which offer a high quality factor and
therefore promise high experimental precision when Hand H are compared: the
1S-2S two-photon transition at frequency ~Vl s-2s and the ground state hyperfine
splitting ~VHFS, which both have within the SM in addition to the leading order
contributions from QED, nuclear structure, weak and strong interactions,

3
~Vls-2s = 4. x Roo + EQED + Enucl + Eweak + Ewong + ECPT

A 2 R +* +* * +* *tiJ)HFS = canst x a x 00 EQ E D Enllcl + Eweak EstronR + ECPT'

(1)

(2)

In the Eqs. 1 and 2 it is assumed that only CPT violating contributions exist from
interactions beyond the SM. If one assumes that EC PT and ECPT are of the same order
of magnitude, the relative contribution is then larger by order «'? for ~vH FS. Further
one can speculate that a new interaction may be of short range (contact interaction),
which also favors measurements of ~VHFS' Such an experiment has been recently
proposed. It utilizes a cold H atom beam and has sextupole state selection magnets
in a Rabi type atomic beam experiment [49]. For both experiments the atoms should
be as cold as possible and one should use as many as possible atoms.

3.3.1 Gravitational force on H

One of the completely open questions in physics concerns the sign of gravitational
interaction for antimatter. It can only be answered by experiment. A proposal [50]
exists (see Fig. 7) in which the deflection of a horizontal cold beam is measured in
the earth's gravitational field. The experiment plans on a number of modern state of
the art atomic physics techniques like sympathetic cooling of H+ ions by, e.g., Be"
ions in an ion trap to achieve the necessary low temperatures of some 20 ilK . After
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pulsed laser photo-dissociation of the ion into H and a e+ the neutral atoms can then
leave the trap. The atom's ballistic path can be measured.

3.3.2 Antiprotonic helium

Antiprotonic helium atoms and ions have received most attention in the past decade
of all exotic atomic systems investigated with laser spectroscopy. The potential
of antiprotonic helium for precision measurements in the field of fundamental
interaction research was realized shortly after it had been discovered that ps stopped
in liquid or gaseous helium exhibit long lifetimes and do not rapidly annihilate with
nucleons in the helium nucleus [51]. This can be explained, if one assumes that the
ps are captured in metastable states of high principal quantum number n and high
angular momentum I, with I ~ n (see Fig. 8 [52].The capture happens at typically at
n ~ J M* / me ~ 38, where M* is the reduced mass of the (pHe) bound system.

With laser radiation the ps in these atoms can be transferred into states where
Auger de-excitation can take place. In the resulting H-like system Stark mixing
with s-states results in nuclear p absorption and annihilation which is signaled by
emitted pions. This way a number of transitions could be induced and measured
with continuously increasing accuracy over the past decade. A precision of 6 x 10-8

has been reached for the transition frequencies [53], which has been stimulating for
improving three-body QED calculations (see Fig. 9). It should be noted that with
the high principal quantum numbers for the p the system shows also molecular type
character [54,55].

Among the spectroscopic successes the laser-microwave double resonance mea­
surements of hyperfine splittings of p transitions could be measured [59]. There is
agreement with QED theory [57, 58] at the 6 x 10- 5 level and the measurement
can be interpreted as a measurement of the antiprotonic bound state g-factor to this
accuracy. In principle, hyperfine structure measurements in antiprotonic helium offer
the possibility to measure the magnetic moment of the p.

3.3.3 CPT tests with antiprotonic helium ions

The very good agreement of the QED calculations with the measurements of several
transitions can be exploited to extract a limit on the equality of the ratio of the
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Fig.9 Accurate QED calculations have been performed for antiprotonic p4He+ and p3 He+. The
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in exper iments. These difference s may be regarded as a an indication of the size of systematic
uncert aintie s in the theoretical appro aches chosen [60,61]

squared charge and mass for proton and p. Combined with the results of cyclotron
frequ ency measurements [56] in Penning traps one can conclud e that masses and
charge s of proton and p are equal within 6 x 10- 8 in full agreement with expectations
based on the CPT theorem [60, 61]. The collaboration estimates that a test down to
the 10 ppb level should be possible.
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At present experiments on fundamental interactions and symmetries using laser
technology and exploiting nuclear properties are either performed in table top labo­
ratory experiments with stable particles in several university laboratories worldwide
or at a small number of accelerator laboratories where radioactive beams are made
available. In the latter case the availability of sufficient beam time to debug precision
experiments and to study systematic effects with the indicated care is a constant
problem. Therefore new facilities are most welcome. The latest commissioned facility
is the TRIJLP facility at KVI, Netherlands, where fundamental interaction research
is foreseen with a significant share of beamtime [62-64].1

Future possibilities for precision experiments in a large variety of radioactive
atoms may include the ISAC facility at TRIUMF, Canada, provided a new target
will be installed, the Spiral II facility of GANIL in Caen, France, the radioactive
beams at the new RIKEN cyclotrons in the Tokyo area, Japan, and the FAIR facility
of GSI in Darmstadt, Germany, where in particular one can look forward to the most
intense source of slow antiprotons (FLAIR at FAIR), and. For the expected progress
in precision measurements, which use lasers and radioactive nuclei to investigate
fundamental symmetries and forces, it will be of crucial importance that the new
facilities can be operated to give a significant share of beam time to this research.

5 Conclusions

Laser techniques and modem spectroscopy offer a variety of possibilities to inves­
tigate fundamental interactions and symmetries and to determine most accurate
values of fundamental constants. The present high level of important results can
be expected to be even improved in ongoing and planned experiments at existing
and next generation facilities, providing information complementary to high energy
physics.
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Abstract The Doppler-free laser-spectroscopic frequency measurement of Doppler-shifted
optical lines in forward and backward direction of a fast ion beam permits a sensitive test of
the relativistic Doppler-formula and, hence, the relativistic time dilation factor
YSR = (1- V/C2) - 1/2. An experiment on metastable 7Lt , stored at a velocity of v=
O.064c in the Heidelberg heavy-ion storage ring TSR, has confirmed time dilation with
unprecedented accuracy. Latest tests at two different ion-velocities (v=O.03c and v=O.064c)
will enhance these measurements. An improved version of this experiment will be carried
out at the experimental storage ring (ESR) at the Gesellschaft fur Schwerionenforschung
(OSI) in Darmstadt. The ESR permits 7Li+ to be stored at v=O.33c which promises an
improvement of the sensitivity to deviations from YSR by an order of magnitude. A first test
at the ESR has shown the feasibility for this kind of experiment.
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1 Lorentz invariance and time dilation

C. Novotny, et al.

Lorentz invariance is a basic principle underlying all currently accepted theories describing
the fundamental interactions of nature - the Quantum Field Theories of the strong and
electroweak forces as well as General Relativity. This is a strong motivation to test the
theory of Special Relativity (SR) experimentally with ever higher precision, as any
deviation from its predictions would have profound consequences for our understanding of
nature. In particular, many unifying theories, such as string theory, allow for violations of
Lorentz invariance at some level [1]. While kinematic test theories describe possible
violations of the observer Lorentz transformation (e.g., the rest frequency of an atomic
transition is assumed to be the same in all inertial frames, while the transformation between
the frames is tested), dynamical test theories like the Standard-Model Extension [1] deal
with possible breakdowns of the particle Lorentz transformation. Time dilation experiments
are sensitive to several parameters of kinematic as well as dynamic test theories [2, 3].

In order to quantify deviations from the relativity principle, Robertson developed a
kinematical test theory [4] that was later modified by Mansouri and Sexl [5]. They consider
generalized Lorentz transformations between a hypothetical preferred frame L(T, X) and a
frame S(t, x) moving relative to L at a velocity Valong the X axis, and the speed of light is
assumed to be isotropic in L only. Using Einstein synchronization, these transformations
read

T = r (; +!x);X = r (; + ~); y= ~ ;Z = ;, (1)
abc6 bad d

I

with T = (1 - V2/ C6) -'2 and Co being the speed of light in L. Note that due to the
abolition of the relativity principle these transformations are in general not valid between
two arbitrary, constantly moving reference frames but only with respect to L. This model
contains three velocity-dependent test functions a(V2), b(V2), and d(V2), which modify
time dilation as well as Lorentz contraction in longitudinal and transverse direction. They
reduce to a(V2) = b(V2) = d(V2) = 1 in the case SR holds. In the low-velocity limit, these
~nctions can be expanded in powers 01 V2/c2, i.e., a(V2) = [1 + ooV2/c6 + O(c04)J,

b(V2
) = [1 +;3*V2/20+0(c04)J and d(V 2 ) = [1 +8V2/c6+0(c04)J. In this regime

one is therefore left with three test parameters a, ;3* and J.
In this framework, the speed of light c(O, V) in the moving frame S,

c(O, V) _ 1 (jJ* 5:) V
2

. 2 (0) ( fJ*) V
2

--- - + - u - sm + 00- -
~ ~ ~

(2)

is in general not constant, but is dependent on the angle °between the direction of c(O, V)
and the motion of the moving frame S as well as on the velocity V between ~ and S.
Michelson-Morley type experiments are sensitive to an anisotropy of the speed of light thus
determining the parameter combination IfJ*- 151 and so called Kennedy-Thomdike tests the
velocity-dependence of c described by la - fJ* I. Ives-Stilwell type experiments indepen­
dently measure the parameter (X that describes time dilation.

No deviation from SR has been found to date in any experiment. The most sensitive
interferometric experiments have yielded limits of IfJ*- 151 < (0.5 ± 3 ± 0.7) x 10- 10 [6]
and < (-0.9 ± 2.0) x 10- 9 [7], respectively, for an anisotropy and of la - fJ* 1 <
(1.6 ± 3.0) x 10- 7 [8] for a velocity-dependence of c. The best limit on deviations from
time dilation prior to the storage ring experiment was laJ < 1.4 x 10- 6 [9].
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Fig. 1 Principle of Ives-Stilwell
experiments with spectroscopy
of fast ions

p= vIc
~
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v, =y (1 - vIc) Vo

2 Ives and Stilwell experiments

Time dilation can be measured using the optical Doppler Effect, for example via parallel
and anti-parallel excitation of a clock moving at a velocity v=(3c, see Fig. 1.

In SR the Doppler-shifted frequencies are given by the relativistic Doppler-formula
vp,a = YSR (I ± fJ)vo, where the Lorentz factor YSR appears as a direct consequence of time
dilation. Multiplication of these equations yields the (3-independent relation Va Vp = V~ if SR
holds. The Mansouri-Sexl test theory parameterizes possible deviations of time dilation
from SR with the test parameter a by Y = (I - fJ2r 1/2+a = YSR (1 +a fJ2 +...) [5]. A non­
vanishing test parameter 0: would indicate a violation of SR and modify the outcome of the
Ives-Stilwell experiment as

(3)

The first experiment of this kind was performed by Ives and Stilwell (IS), who measured
the Doppler-shifted frequencies vp and Va of the Hi> line (va) of a hydrogen beam in parallel
and anti-parallel direction. The result of the original IS experiment set an upper bound on
a of lal < 1 x 10- 2 [10].

Later, significant improvements have been achieved using laser techniques instead of
conventional spectrometers; two-photon spectroscopy on a (3=0.0036 neon atomic beam
has set an absolute bound of lal < 2.3 x 10- 6 [11] and, considering the cosmic background
frame as the preferred one «(3lab;:o;350 km/s), even lal < 1.4 x 10- 6 [9] from limits on
sidereal variations.

3 A modern Ives-Stilwell experiment at the TSR

Today, heavy ion storage rings equipped with electron coolers like the TSR in Heidelberg
or the ESR in Darmstadt provide low-divergence ion beams at high velocities. The
combination of these fast ion beam techniques with high resolution laser spectroscopy
allows for a significant improvement of the time dilation measurement. The latest
experiment, at the TSR, uses metastable 7Li+ ions in a storage ring at a velocity of (3=
0.064 and (3=0.03, respectively. The triplet spectrum of the helium-like 7Lt has a strong
optical transition 2s 3Sj -> 2p 3P2 at 548.5 nm with a well-resolved and precisely known
hyperfine structure multiplet. A first version of this experiment that employed collinear
optical-optical double-resonance spectroscopy on a A-type three-level system formed by the
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Fig. 2 Level-scheme of ortho­
helium-like triplet system of 7Lt J F
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23S1(F = 3/2), 23S1(F = 5/2), and 23P2(F= 5/2) states, compare Fig. 2, has set the
thitherto best absolute bound of lal < 8 x 10~7 [12]. The limiting factor was the large
observed linewidth of the A-resonance of almost 60 MHz, compared to a natural width of
3.8 MHz. This broadening was caused by velocity changes between subsequent excitations
of the two transitions of the A-system. Changing the experimental scheme to collinear
saturation spectroscopy on the 23SI(F = 5/2) -4 23P2(F = 7/2) two-level transition
avoids this problem.

The preparation process for the production of metastable 7Lt ions starts with negative
charged Li ions, which are accelerated and stripped in a Tandem Van de Graaff accelerator.
A fraction of about 10% emerges in the metastable 3Sl state from the stripping process and
typically an amount of 108 ions can be injected into the TSR. There the ions are subjected
to electron cooling to narrow the velocity distribution. While the natural lifetime of the
metastable ions is 50 s, collisions with the residual gas reduce the beam lifetime to about
13 s. At equilibrium (after a cooling time of about 5~ lOs) a longitudinal momentum spread
of 6.p/p = 3.5 x 10- 5 leads to a Doppler-width of the transition of about 2.5 GHz
(FWHM). A more detailed description of the storage ring can be found in [13] and [14].

For each experiment (viz for each ion-velocity) a frequency-stabilized laser system for
the parallel and the anti-parallel excitation of the metastable 7Lt ions has been established.
All lasers that are used to perform one of the spectroscopy experiments in the storage ring
are listed in Table 1. The laser setup is exemplarily described for the case of the faster ion­
velocity (;J=0.064) below.

To control the frequency of the laser for the parallel excitation, this has been locked
directly to a molecular iodine reference line. The dye laser for the anti-parallel excitation
has been controlled via a frequency-offset-locking technique relative to a second dye laser
that is, again, directly locked to an iodine reference, see Fig. 3. This method allows tuning
the first dye laser in the MHz range, while its frequency is, due to the beating with the
second dye laser, kept under control on the kHz level. Therefore an accuracy in the
frequency determination of Llv/v = 2 X 10- 10 has been achieved. The used iodine
references were calibrated at the Max Planck Institute for Quantum Optics in Garching in
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Table 1 Lasers used in the latest experimental series for testing time dilation at the TSR

61

f3 [%c] Excitation direction Denotation Laser Wavelength [nm] Iodine-Frequency [kHz]

6.4 parallel Vpl=Vp Ar-Ion 514 582 490 603 430±3

3 parallel Vp2 Nd:YAG 532 563 209 278 600± 7
3 anti-parallel Va2 Dye 565 53022243429l±73
6.4 anti-parallel Val=Va Dye 585 512671 028 075±73

Iodine frequencies are taken from [14].
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Fig. 3 Setup of the experiment at the ion storage ring TSR. The dye lasers have been used in both
experiments (viz for both ion-velocities). Depending on the ion-velocity, the Ar ion laser or the Nd:YAG
laser is used

cooperation with the Group ofT.W. Hansch with a frequency comb [15]. Both laser beams
going into the TSR are passed through acousto-optic frequency shifters in order to switch
the light on and off using fast radiofrequency switches. The beams are then merged with a
dichroic mirror and guided to the TSR by a single-mode polarization-maintaining fiber. At
the TSR, the laser beams are linearly polarized in the same direction and their intensities are
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corresponding iodine signal of
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the frequency scale corresponds
to the position of the iodine
reference line

kept equal in order to balance the laser forces on the ions. The bichromatic beam coming
out of the fiber is directed via an achromatic telescope through the experimental section of
the TSR and retro-reflected by a flat mirror. The laser beams are accurately superimposed
with the ion beam with computer-controlled motorized translation/rotation stages. The
fluorescence signal is recorded by three photomultipliers that are placed in the ion-Iaser­
beam interaction zone along the beam pipe. By simultaneously maximizing the
fluorescence yield, both laser beams can be aligned with respect to the ion beam to better
than 70 urad,

A typical spectrum of the lithium spectroscopy in the storage ring is shown in Fig. 4.
The laser for the parallel excitation has been frequency-fixed while the dye laser is tuned by
200 MHz across the resonance.

Applying this technique at an ion-velocity of ;3=0.064 the Doppler-shifted frequen­
cies vp and Va could be measured to an accuracy of t::..v/v = 1 X 10- 9. Considering (3) the
latest upper limit of lal < 2.2 x 10-7 [16] has been achieved. A tribute to the quality of
the storage ring spectroscopy is the fact that the limitation at this stage comes from the
insufficient knowledge of the rest frame frequency t::..vo=400 kHz [17], which enters (3) in
quadrature.

To overcome the limitation due to the uncertainty of the rest frequency, a second
measurement at a lower velocity of ;3=0.03 was carried out. Multiplication of the
expressions for Doppler-shifted frequencies according (3) for both ion-velocities leads to

(4)Vp2 Va2 _ 1 + 2a· (J3 ~ 2 (fl2 _ fl2)
- 2 ~ 1 + a fJ2 fJl

Vpl Val 1+ 2a . (JI

From the measurements at two different ion velocities it is possible to determine the rest
frequency and a independently. Additionally the measurement at high velocity of ;3=0.064
were repeated with an improved stabilization/frequency scanning scheme for the lasers.

The comparison of the different excitation frequencies at the different velocities cancels
out the influence of the rest frame frequency, compare (4), and will lead to an increase of
the upper limit for a (the data is currently analyzed and the final value will be presented
elsewhere soon).

4 Feasibility-test at the ESR

The next generation of Ives-Stilwell type experiments will be carried out at GSI in the
experimental storage ring ESR. Here storage velocities up to ;3=0.4 are possible and due to
the fact that a scales with the square of the ion-velocity, an increase of the upper limit of a
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Fig. 5 Setupof tbe test experiment at the ion storage ring ESR

by more than one order of magnitude is possible. This high velocity leads, of course, to a
larger Doppler-shift of the rest frequency and requires new references on the corresponding
frequency ranges. With the development of the frequency comb, such a reference with the
needed accuracy has become available.

A first test beam-time at the ESR has been performed in October 2005 to show the
feasibility of a test of SR at OSl. Before this beam-time only one experiment at OSI dealt
with lithium-ions and it had been located just behind the Unilac accelerator (Tinschert,
personal communication.), hence, no experience with lithium ions in the subsequent heavy
ion synchrotron (SIS) and in the ESR had so far been made. Furthermore at OSI no ion
source is available that works with negatively charged ions. Thus, a new production method
for metastable 7Li+ ions, different from the one used at the TSR, has to be established. In
principle there are two processes to gain metastable ions from an ion source that produces
positively charged ions: electron capture of 7Li2+ ions or excitation of 7Li+ from the ground
state. Indeed a common process for the metastable production is electron capture at energies
in the range of 50 keY [18]. Unfortunately no foil nor gas stripper is available at those ion
energies at aSI. Hence, the production has to be performed through excitation processes
directly in the source. For energy reasons the electron cyclotron resonance (ECR) ion
source was chosen. There the raw material (lithium fluoride) was evaporated and ionized
using radio frequency radiation. In this process an equilibrium of all possible ion-charges
(Lt, 7Li2+, 7Li3+ and even the metastable 7Lt*) will appear. The ion-cloud has been
extracted from the source, pre-accelerated to 15 keVand separated by a mass to charge
analyzer to the desired ratio of seven to one. Those ions were accelerated to an energy of
58.8 MeV/u by the Unilac and the SIS. About lOR ions, corresponding to a current signal of
20-30 J1A, were injected into the ESR. There the ions were subjected to electron cooling to
narrow the velocity distribution.

The laser system applied for this first test consisted only of one laser for the excitation
from the anti-parallel direction. In contrast to the TSR experiment described above, this test
gains no Doppler-free signal but shows the velocity distribution of the metastable ions in
the storage ring and gives information about the lifetime and the ion beam behaviour. Due
to the high velocity of ,6=0.33 the Doppler-shifted wavelength is }'o= 780.2 nm. This laser
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Fig. 6 Left panel: measurement of the lifetime of the metastable 7Lt ions in the ESR. Right panel: velocity
distribution of the ions in terms of frequency in the ESR

light was provided by a cw Ti:Sa laser that was situated in a laboratory -250 m away from
the ESR guided to the storage ring through a single mode fiber. The frequency of this laser
was maintained by a A.-meter and tuned in the range of I to 10 GHz across the excitation
wavelength, to cover the whole velocity distribution of the ions. For the fluorescence
detection two photomultipliers where placed at a distance of about 30 em apart from each
other in the experimental section of the ESR, see Fig. 5. To control the overlap of the ion­
and the laser-beam, two scrapers were used. These are placed in the middle of the analysis
section about 6.5 m apart. At the ESR, the laser beam is guided using fully motorized linear
and rotation stages to provide excellent remote control of the laser beam, resulting in an
uncertainty of the ion-laser-beam alignment of ±77 urad.

In contrast to the TSR, where electron cooling takes 5-10 s and the metastable 7Lt ions
have a lifetime of 13 s [13], it turned out that the lifetime at the ESR is close to the natural
one of 50 s, see Fig. 6, left panel. The time for the electron cooling in the ESR is in the
range of about 30 s. Nevertheless, after reaching equilibrium, the width of the velocity
distribution is 6//= 1.09 GHz±0.08 GHz in the laboratory system (see Fig. 6, right panel),
compared to 2.5 GHz at the TSR [16]. Together with the measured centre frequency of
Va = 383 621.0 GHz ± 0.4 GHz for the anti-parallel excitation, a velocity ratio of
t¥J/ fJ = 3.4 X 10- 6 is found. This value provides a verification of the velocity of the
electrons from the cooler, with an order-of-magnitude better accuracy compared to the
electronic measurement setup routinely used at the ESR (Steck, personal communication).

Furthermore it turned out that the amount of stored ions in the metastable state is at most
0.1% of the whole beam (so in the range of <105 ions). Comparing this with the efficiency
at TSR (-10% of 108 ions) it is obvious that the production process has to be significantly
improved to increase the fluorescence signal.

5 Recent development

The first test at the ESR has given a positive feedback for the feasibility of the time dilation
experiments. Nevertheless some further steps have to be done to perform a new test of
special relativity. First of all the production process for the metastable ions has to be
optimized (e.g., using a different source material) to a fraction of 1-10% of the whole ion­
beam (at a typical ion number of 108 stored in the ESR). Tests at an ECR source addressing
this point are in progress at the University of Giessen by the group of A. Muller.
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Fig. 7 Scheme of the time dilation experiment at the ESR

Furthermore the laser system for the parallel excitanon of the 7Li+ ions has been
established. The high ion-velocity induces a Doppler-shift in the parallel excitation scheme
to Ap=386 nm. To reach this wavelength, a laser system has been developed, that consists
of a frequency-doubled cw Ti:Sa laser (the fundamental wave is Af=771.5 nm) that is
pumped by a Nd:YAG laser. The efficiency of the frequency doubler is about 10%. To
guide the 386 nm light a photonic crystal fiber, with an efficiency of about 10% and a
length of 20 m, is used. To switch the laser light on and off, an acousto-optic modulator is
placed right before the fiber, see Fig. 7. With an output power of about I W from the Ti:Sa
laser, the frequency-doubled light power in the ESR will be in the mW range.

For the anti-parallel excitation, a laser system consisting of a second cw Ti:Sa laser (also
pumped with another Nd:YAG laser) at a wavelength of Aa=780.2 nm is build up. The laser
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light is guided to the ESR incoupling window via a 50 m fiber. Again, an acousto-optic
modulator is applied for the on/off switching of the light in the ring.

The frequency determination of both laser systems is realised with a frequency comb
synthesizer. This frequency standard has a comb structure of some hundred thousand modes
in the VIS-NIR range with a spacing of 100 MHz. The idea for the time dilation experiment
is to simultaneously stabilize both lasers (Aj=771.5 nm and Au=780.2 nm) to different
modes of the comb. This provides, together with a Rb-c1ock reference, the laser frequencies
to an accuracy of 200 kHz. Due to the narrow mode spacing of 100 MHz a coarse, online
frequency control is necessary to maintain the mode number. This has been realised with an
atomic and a molecular frequency standard. Au is referenced to the atomic Rubidium line
(384 227 995.7 MHz) and Al to the molecular iodine line (388 605 093.6 MHz),
respectively, using saturation spectroscopy. (The spectroscopy at the molecular iodine was
performed at a temperature of 550°C.) With this method the frequency can be maintained in
the MHz regime.

For the control of the laser-laser-ion-beam overlap in the ESR, another observation
window at a distance of 6 m from the other windows has been installed. Furthermore this
window gives another possibility for the fluorescence detection at a different position in the
ESR and therefore a chance to gain information about systematic effects in the ring.

6 Conclusions

An upper limit for possible deviations of the time dilation factor from Special Relativity
lal < 2.2 x 10- 7 has been found at the TSR in Heidelberg. After finishing the data analysis
of the latest experiments at two different velocities at TSR, this upper limit is expected to be
further improved.

Furthermore the feasibility of performing time dilation tests at the ESR has been shown
in October 2005. The development of the laser excitation systems for the time dilation
experiment at an ion-velocity of (3=0.33 and their online frequency determination is
completed. Experiments to increase the production rate of metastable 7Li+ ions from an
ECR ion source are in progress.
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Abstract High intensity lasers interacting with solid and gas targets can produce energetic
beams of electrons, protons, heavy ions, photons and neutrons. There is the potential for
producing "table top" sources of radiation for many different applications.

Key words high energetic laser positron emiting isotopes (II C, ISF) . positron emission
tomography' mono-energetic proton beams proton oncology

1 Preamble

During the last few years, laser induced particle acceleration and applications have become
a very exciting new field of research. The reason for this is principally because of the
potential that laser accelerators could be very much smaller than conventional accelerators
and maybe even cheaper to build. The University of Strathclyde has been at the forefront of
what we called Laser Induced Nuclear Physics, a name which was coined in 1999. During
the years since then we have been very much instrumental in carrying out a number of
"proof of concept" experiments at the Rutherford Appleton Laboratory and a number of
laboratories in Europe principally at the University of lena. These experiments included
laser induced fission [1], laser induced PET isotope production [2-4], laser induced
transmutation studies [5, 6], laser induced heavy ion reactions [7, 8], laser induced proton
production from short pulse lasers [9, 10], laser induced spallation studies [11], laser
induced neutron production [12-14] and the use of laser induced isotope production as a
high temperature plasma diagnostic [15]. Many of the details of how laser induced nuclear
physics operates are described in a recent Science Article [16].
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Fig. 1 Accuracy of PET in detecting lung cancer compared with X-ray CT scanning

Finally there are radiation hazards associated with high intensity lasers principally from
the production of high energy gamma rays. These are however very much smaller than the
hazards associated with conventional accelerators and reactors. The shielding of high
intensity lasers has recently been described in detail in a paper by Clarke et al. [17].

Although many of the above nuclear physics applications could have been covered in
this presentation only those associated with medical applications will be described in detail;
namely PET isotope production and the production of mono-energetic protons which is a
prerequisite for one of the potentially most exciting applications of laser induced ion beams
that of proton oncology.

2 PET isotope production

One of the exciting applications of the high energy laser induced proton beams is the
production of radioactive isotopes for Positron Emission Tomography (PET). PET is a form
of medical imaging requiring the production of short lived positron emitting isotopes II C,
13N, 150 and ISF, by proton irradiation of natural/enriched targets using cyclotrons. PET
development has been hampered due to the size and shielding requirements of the nuclear
installations but recent results have shown when an intense laser beam interacts with solid
targets, tens of MeV protons capable of producing PET isotopes are generated [2--4].

2.1 Positron emission tomography

Positron Emission Tomography (PET) is a powerful medical diagnostic/imaging technique
requiring the production of short-lived (2 min-2 h) positron emitting isotopes. The PET
process involves the patient receiving an injection of a pharmaceutical labelled with a short­
lived rt emitting source which collects in 'active' areas of the body such as tumours. The
principal tracers used in the PET technique are "c, 13N, 150 and ISF. Many chemical
compounds can be labelled with positron emitting isotopes and their bio-distribution can be
determined by PET imaging as a function of time. However the most commonly used
radiopharmaceutical is 2-fluoro-2-deoxyglucose 2-[18F]FDG. Over the last few years the
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Fig. 2 Pictorial representation of the Target Normal Sheath Acceleration (TNSA) scheme [22]

value of PET FDG in the management of cancer patients has been widely demonstrated.
Figure 1 highlights the success rate of PET in diagnosing lung cancer compared with
conventional X-ray computed tomography (CT) scanning.

PET isotopes are normally generated using energetic proton beams produced by
cyclotrons or Van de Graafs via (p,n) or (p,«) reactions.. Proton induced reactions are
favoured since the resultant isotope differs in atomic number from the reactant, thus
simplifying the separation process and makes it possible to produce carrier free sources
allowing the patient to be injected with the minimum amount of foreign material.

One of the main factors limiting the wider use of FDG PET imaging is the requirement
for expensive infrastructure at the heart of which lies the cyclotron and the associated
extensive radiation shielding. A more simplified approach to isotope production would be
to develop a miniaturised, on site resource with eventual capability similar to that of a
cyclotron. As was stated previously, recent results show when an intense laser beam (1)
1019 W/cm2

) interacts with solid targets, beams of MeV protons capable of producing PET
isotopes are generated. It should be pointed out at this stage that the laser approach to PET
isotope production is not intended to be a competitor of cyclotron sources but in the fullness
of time as the lasers develop and become smaller this could be a complimentary approach.

2.2 Proton production with a high intensity laser

Recent advances in laser technology with the introduction of Chirped Pulse Amplification
[18] (CPA) have led to the development of multi-terawatt pulsed laser systems in many
laboratories worldwide. After amplification, these laser pulses are recompressed to deliver
1018

-
20 W/cm2 on target. Proposed techniques, including optical parametric chirped pulse

amplification (OPCPA) [19, 20] promise to extend the boundaries of laser science into the
future and also reduce the large lasers used presently to compact table-top varieties.

High intensity laser radiation may now be applied in many traditional areas of nuclear
science. As the laser intensity and associated electric field is increased then the electron
quiver energy, the energy a free electron has in the laser field, increases dramatically. Thus,
when laser radiation is focused onto solid and gaseous targets at intensities >1018 W/cm2

,

electrons quiver with energies greater than their rest mass (0.511 MeV) creating relativistic
plasmas [21]. At these intensities, the Lorentz force -e(v xB) due to the laser interacting
with charged particles produces a ponderomotive force allowing electrons to be accelerated
into the target in the direction of laser propagation. The resulting electron energy
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distribution can be described by a quasi-Maxwellian distribution yielding temperatures, kT,
of a few MeV [15].

The protons emanate from water and from hydrocarbons as contaminant layers on the
surfaces of the solid targets. These contamination layers are due to the poor vacuum
(_10-5 Torr) achievable in the target chambers. The main mechanism thought to be
responsible for proton acceleration is the production of electrostatic fields due to the
separation of the electrons from the plasma ions. Proton beams are observed both in front of
(blow-off direction) and behind (straight through direction) the primary target. In front of
the target, ion beams are observed from the expansion of the plasma generated on the target
surface, produced either by a pre-pulse or the rising edge of the main pulse itself, also
known as "blow-off' plasma, directed normal to the target surface.

Several acceleration mechanisms have been proposed to describe where the protons in
the straight through direction originate, either the front surface, back surface or both. One
such mechanism is the Target Normal Sheath Acceleration (TNSA) [22]. In this scheme,
shown in Fig. 2, the ion acceleration mechanism results from the cloud of hot electrons
(generated in the blow-off plasma from the laser pre-pulse interacting with the front surface
of the target) travelling through the target and field ionizing the contaminant proton layer on
the back surface of the target. The protons are then pulled off the back surface by the cloud
of electrons and accelerated normal to the target to tens of MeV's in tens of urn, The initial
laser pre-pulse may be of the order of 10-6 (1_10 12

-
14 W/cm 2

) of the main laser pulse,
sufficient to ionize the front surface of the target. Thus, at the back of the target where no
pre-plasma is formed, the accelerating field is greater, resulting in higher energy ions.
Recent studies have reported on direct experimental evidence of back-surface ion
acceleration from laser irradiated foils by using sputtering techniques to remove
contaminants from both the front and back surfaces [23]. It has also been proposed that
the protons are accelerated via an electrostatic sheath formed on the front surface of the
target and dragged through the target to produce a proton beam at the rear of the target [24].
Comparative reports on the ion acceleration schemes can be found in references [25, 26].

Proton energies with an exponential distribution up to 58 MeV have been observed [27]
for a laser pulse intensity of 3'1020 W/cm 2 and production of greater than 1013 protons per
pulse has been reported [28]. With the VULCAN laser at the RAL delivering close to
petawatt powers, it is now possible to demonstrate the potential for high power lasers to
produce intense radioactive sources.

The new petawatt arm of the VULCAN Nd:Glass laser at RAL is employed in this
experimental study. The 60 em beam is focused to -5.5 urn diameter spot using a 1.8 m
focal length off-axis parabolic mirror, in a vacuum chamber evacuated to _10-4 mbar.
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The energy on target is between 220 and 300 J while the average pulse duration is
750 fs. The peak intensity is of the order of 2'10 20 W/cm2

.

2.3 Proton energy measurements

To measure the energy spectra of the accelerated protons, nuclear activation techniques are
employed. Copper stacks (5 cmx S em) are positioned along the target normal direction and
exposed to the protons accelerated from both the front and back surfaces of the primary
target foil. Figure 3 shows an image of the experimental set up inside the chamber.

The activity in the copper foils from the 63Cu(p,n)63Zn reaction with a half-life of
38 min is measured in a 3"x3" NaI coincidence system. The efficiency of the system is
measured using a calibrated 22Na source, thus the absolute activity can be determined. The
measured activity in the foils from the 63Cu(p,nt3Zn, convoluted with the reaction cross­
section and proton stopping powers is used to produce the energy distributions shown in
Fig. 4. From the proton spectrum shown here it can be seen that the shape is typically
exponential with a wide energy spread. It will be shown in the next section dealing with
mono-energetic protons for oncology that this spectrum shape must be modified.

2.4 18F and IIC generation

The isotope 18F is generated from a (p,n) reaction on 180 enriched (96.5%) target. The
enriched 180 targets were irradiated in the form of 1.5 ml of [180 ]H20 placed in a 20 mm
diameter stainless steel target holder. For the production of IIC, the copper stacks described
above were replaced by boron samples (5 em diameter and 3 mm thick). After irradiation,
the boron targets were removed from the vacuum chamber and the IIC activity produced by
the (p,n) reaction on liB was measured in the coincidence system up to two hours after the
laser shot, a safety precaution because of the high activity. The counting rate was
determined at time zero and converted to Bq using a calibrated 22Na source.
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2.5 Target selection

In order to determine the thickness ofprimary target which generated the highest activity sources,
the "c activity generated in the secondary lIB targets is measured as a function of sample

material and thickness. The ratio of the back to front activities is shown in Fig. 5. This was
carried out using the production of the PET isotope II C rather than the more novel 18F because

of the cost of carrying out systematic work using the very expensive separated 180 isotope as a
target is prohibitive. It is clear from Fig. 5 that very thin targets provide the highest activity
sources when the total activity produced per laser shot is the sum ofthe back and front activities.

Furthermore to first order it does not matter what the target is made of. Aluminium, mylar
and gold targets could be used. From further experiments recently carried out at RAL
although it is important that for isotope production the intensity must be greater than about
1020 W/cm2 by far the most important thing is laser pulse energy which in our case was a few
hundred joules. If high repetition rate table top lasers were used with just joules in pulse
energy then the activities shown in Fig. 5 would have to be integrated over many pulses.

2.6 18F and lie production

It was reported earlier that 18F is the most widely used tracer in clinical PET today due to its

longer half-life allowing for the synthesis of a number of samples within a half-life decay of

the isotope and because fluorine chemistry is readily introduced in many organic and bio­
inorganic compounds. It was necessary to determine how much 18F could be produced per laser
shot. The isotope is generated from a (p,n) reaction on 180 enriched (96.5%) target. At the
highest laser pulse energies (300 1), 105 Bq total activity of 18F was produced (shown later).

The half-life for the 18F source is shown in Fig. 6. The measured half-life of 11O±3 min
was determined over more than three half-lives and demonstrates the purity of the 18F

source and agrees closely with the generally accepted value (109 min). Also shown is the
measured half-life of IIe of 20 min and agrees well with the accepted value.
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Figure 7 summarises our measurements to date in this programme of research into laser­
driven IIC and 18F PET isotope production on VULCAN. The circles eIC) correspond to a
number of different laser irradiances and pulse energies up to 300 J with pulse duration of
~750 fs. The single triangular point is the activity from the 18F measurements at the highest
laser pulse energy. The hatched areas at the top of the graph provide an indication for the
level of required lSF activity (l GBq), from which an lSF_FDG patient dose would be
generated, and the required IIC activity (0.5 GBq), e.g., in the form of [IIC]CO.

2.7 Future development and conclusions

2.7.1 How to increase the PET isotope activity to]09 Bq?

Although, the results presented here were obtained from a large single shot laser, it is
important to highlight the progress made using compact high repetition rate lasers. Fritzler
et al. [2] have calculated that 13 MBq of IIC can be generated using the LOA "table-top"
laser (1 J, 40 fs) 6'10 19 W/cm2 after 30 min at 10 Hz and that this can be extended to GBq
using similar lasers with kHz repetition rates. Alternatively at JanUSP (Livermore) using a
single pulse (8.5 J, 100 fs, 800 nm) at 2'1020 W/cm2, 4.4 kBq of "C was generated from a
single laser shot (Patel, personal communication). Using a compact laser with similar
specifications at 100 Hz after 30 min this would amount to close to GBq. A compact "table­
top" laser system has recently been designed by Collier and Ross (personal commnication)
for this purpose. In addition, the small scale POLARIS [29] all diode pumped petawatt laser
currently being built at the Friedrich-Schiller University of Jena has the potential to deliver
1021 W/cm2 (r= 150 fs, E= 150 J, Il~ 1 urn) with a repetition rate of 0.1 Hz.

3 Mono-energetic proton production

In a recent paper [30] Ledingham stated that treating cancer with beams of high energy
protons is just one of the exciting possibilities presented by the advent of laser based
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Fig. 7 The total activity (front
and back) generated by a single
laser shot for both IIC and ISF as
a function of laser irradiance with
pulse energies from 15 to 300 1.
The circles refer to II C produc­
tion and the single triangular
point for ISF was measured at the
highest energies
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particle accelerators. How soon these devices will reach a performance needed for such
applications and how soon these improvements will be made are still very contentious
issues. However one of the prerequisites for proton oncology is to control the proton beam.
At present the proton beams exhibit a quasi exponential energy spectrum which is not
suited for the purpose. We need a much more mono-energetic beam for therapy.

The recent publication of three high-profile reports [31-33] on the use of laser-based
accelerators to produce high-energy quasi-mono-energetic electron beams of unprecedented
quality heralds a new age of high-energy physics. The race is now on to take the logical
next step in the development of these devices to generate beams of similar quality from
other species such as protons and heavy ions. Such multifunctional desktop accelerators
have a wealth of potential applications, from radiographic imaging for peering within the
structure of dense objects (for security and non-destructive testing purposes) to proton
therapy for treating deep-seated cancerous tissue. There is still a long way to go to increase
the energy and improve the quality of the proton and ion beams produced by these devices
before such visions become reality. The use of particle accelerators for cancer therapy relies
on the fact that when high-energy protons pass through matter - which in this case would
be soft-tissue - they create very little damage until they reach the end of their trajectory,
where they cause a great deal of damage; and that the stopping distance and distribution of
protons of a given energy in a relatively homogenous material is well defined and narrow. It
is hoped that by directing an intense, mono-energetic beam of protons, whose energies are
tuned so that they stop at the precise location of a deep-seated tumour within a patient, the
tumour can be destroyed whilst minimizing any harm to the surrounding healthy tissue.
This requires the ability to generate quasi mono-energetic, or at least well-shaped, beams of
protons with energies exceeding 200 MeV. The two central questions being asked by
groups around the world regarding the development of laser based accelerators for such
applications are: how are the energies of the generated protons affected by the character­
istics of the lasers used to drive them and in particular the lasers of the future; and can the
broad proton-energy distributions generated by the present systems be narrowed sufficiently
to the so-called dream beams necessary for targeted cancer treatment?

I now present the first approach to generating mono-energetic proton beams and that is
by using micro-structured targets. This was published by Schwoerer et al. in a recent Nature
article [34].
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Fig. 8 A terawatt (TW)-laser
pulse is focused onto the front
side of the target foil, where it
generates a blow-off plasma and
subsequently accelerates elec­
trons. The electrons penetrate the
foil, ionize hydrogen and other
atoms at the back surface and set
up a Debye sheath. The inhomo­
geneous distribution of the hot
electron cloud causes a trans­
versely inhomogeneous acceler­
ating field (Target Normal Sheath
Acceleration-TNSA [22]). Ap­
plying a small hydrogen-rich dot
on the back surface enhances the
proton yield in the central part of
the accelerating field, where it is
nearly homogenous. These pro­
tons constitute the quasi-mono­
energetic bunch

Titanium foil with
proton-rich dot

Target-normal.
quasi-static
electric field

As mentioned previously the interaction of an intense light field with matter yields the
generation of hot plasma and the subsequent acceleration of electrons up to relativistic
energies. Protons and ions are accelerated by a well controlled mechanism known as 'Target
Normal Sheath Acceleration' (TNSA) following the initial electron acceleration, as I
described earlier and is shown in Fig. 8. Fast electrons are accelerated by an intense laser
pulse (intensity I> 1019 W/cm 2

) from the surface of a thin metal foil in the forward
direction. They penetrate the foil and ionize atoms along their paths. Within about a
picosecond those electrons, leaving the target at the rear surface build up a quasi-static
electric field. The field acts normally to the target surface, has cylindrical symmetry and
decreases in the transverse direction. Owing to the ultra short duration of the electron bunch
and its high charge, this field may reach values of several TV (l012 Vim) close to the axis
and thus the potential can attain several tens of MeV.

Protons and positively charged ions present on the back surface of the foil may be
accelerated by this field until they compensate the electron charge. In most cases, the origin
of these parasitic protons has been identified to be a hydrocarbon contamination layer on
the target surface. As the duration of the acceleration is ultras short and the protons (as well
as the ions) are at rest before acceleration, comprising a very small phase space volume, the
transverse emittance of the proton beam reaches values as low as a few 1O~3 mm-mrad for
10 MeV protons. This can be explained by the inhomogeneous distribution of electrons in
the sheath causing an accelerating field that is inhomogeneous in the transverse direction.
For a plane and unstructured target, the transverse dimension ofthe electric field and hence
the source size of accelerated protons is much larger than the laser's focal spot (Fig. 8).
Therefore, different parasitic protons experience a range of potentials, resulting in a broad
distribution of energies.

Following this understanding of the mechanism oflaser acceleration of protons, Bulanov
et al. [35, 36], Esirkepov et al. [37] pointed out that the resulting proton energy spectrum
has a strong correlation to the spatial distribution of the protons on the target surface. In
order to generate high quality proton beams with mono-energetic features, they proposed a
bi-layered, micro-structured target, consisting of a thin high Z metal foil and a small proton­
rich dot on the back surface. The transverse dimension of such dots is smaller than that of
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aFig. 9 a A TW-laser pulse is
focused by a 45° off-axis para­
bolic mirror (£'2.5) to an intensity
of3·10 ' 9 W/cm. A dot on the
back surface of the target foil is
positioned opposite to the focus
using an alignment laser. A tita­
nium foil of 5 urn thickness
carries dots of PMMA with a
thickness of 0.5 urn and a trans­
verse size of 20 Jlx 20 u, The
photograph of the micro-struc­
tured back surface in b shows the
dots as light squares. The protons
and ions accelerated from the
target are dispersed with respect
to energy and charge-to-mass
ratio in a Thomson parabola, and
then detected by either a micro­
channel plate (MCP) with phos­
phor screen and CCD camera or
on nuclear track detector plastics
(CR39)

the acceleration sheath, and hence the protons will only be subject to the central - that is,
homogeneous - part of the acceleration field. In this configuration, the protons all
experience the same electric field and are accelerated in the same potential (Fig. 9). The
resulting proton beam has a spectrum with a strong mono-energetic peak. The experimental
arrangement follows the proposal to use micro-structured targets (Fig. 9). The results are
well reproduced by two-dimensional particle in-cell (PIC) simulations. The simulations also
show the scalability of the technique.

The high intensity laser pulses (intensity 1019 W/cm 2
) are generated by the JET!

IOTWTi:sapphire laser at the University of lena. It delivers pulses of 80 fs duration, pulse
energy of 600 ml on target and a maximum repetition rate of 10Hz. The target is a 5 urn
thin titanium foil, coated with a 0.5 mID layer of polymethyl methacrylate (PMMA) on the
back surface. In some regions of the sample the PMMA layer was micro-structured, leaving
PMMA dots of (20x20) !-Lm2 on the surface with PMMA-free space around (Fig. 9b). The
laser pulse hits the foil on the front surface exactly opposite to one of the dots. Protons and
ions, accelerated from the back surface in the normal direction, were analysed by a
Thompson spectrometer and detected either by an online system based on microchannel
plates (MCPP or by CR) 39 nuclear track detectors.

Figure 10 presents the result of irradiating the micro-structured target foil at the position of
a dot in contrast to unstructured material. The data are given as number ofprotons per energy
interval of 0.05 MeV,which corresponds to our MCP resolution, and per 24 msr, which is the
solid angle of emission, that results from the simulations described below. The curve
indicated by the opened triangles shows the proton spectrum after irradiating a dot. It exhibits
a distinct narrow band feature, peaked around Em ax = 1.2 MeV on top of a broad, exponential
shaped background. The displayed feature contains about 108 protons per 24 msr, and has a
full-width at half-maximum of25% of its absolute value. For comparison, the black squares
data represent an average over six proton spectra recorded ifthe laser hits a blank position on
the same target, where protons can only originate from an unstructured hydrogen
contamination layer (parasitic protons). No narrow band feature appears, and the exponential
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Fig. 10 The triangles graph
shows a spectrum obtained from
irradiatingthe foil at the position
of a dot using the MCP detection.
The spectrumfrom a dot exhibits
a peak at energy of 1.2 MeV as
opposed to exponential spectra
(black squares, average from six
shots) in the case of using an
unstructured part of the target
foil. The peaked structurecon­
tains about 108 protons per
24 msr

'i:'
(J) 7

E 1.0x10
~
C\J

:>
(l)
.s:

~ O.5x10
7

......-(/)
c
oaQ: 0.0

0.0

I
t; Dot I
• Unstructured I

•
•
•••••• A

•••••••• •7:i ••••~,,~••__ ..
ll.AAAM:"A .~

1.0 1.5 2.0
Proton energy [MeV]

2.5

shape of the spectrum can be approximated by a temperature of about 0.5 MeV. The
occurrence of the peaked spectrum after irradiating a dot was also observed using CR39
detection. The two curves exhibit the same shape with a peak at 1.2 MeV, which accounts
both for the reproducibility of generating peaked spectra as well as the reliability ofthe MCP
detection. The proton yield at spectrum maximum is determined not only by the number of
abundant protons in the dot but also by the laser characteristics, which affect the transverse
scale of the electrostatic potential, the acceleration time and the spatial distribution ofprotons.

Owing to the limited size of the multichannel plate, the spectral range of the MCP data is
smaller than that one of the CR39 data sets. However, following direct successful
comparison of these measurements, the electronic system provides a reliable online
observation which allows for systematic investigation of the reproducibility with respect to
proton yield, peak position and spectral width as well as for fast and controlled changes of
experimental conditions. This experimental accuracy can only be accomplished with table­
top lasers with high repetition rate. A maximum in the proton spectrum is reproduced
consistently if a micro structure on the rear of the target is irradiated. The position of the
peak Em ax , as well, as its width, varies from shot to shot by about 20%.

From systematic experiments performed earlier on non micro-structured targets, it is
known that an optimum target thickness with respect to maximum proton energy and yield
follows from a given temporal structure of the laser pulse. Considering our laser and target
conditions, the exponential contribution to the proton distribution from the non micro­
structured targets is in agreement with previously published results from similar targets. The
narrow band spectra of the laser accelerated protons observed in our experiments are due to
the small proton-rich area within the centre of the larger quasi-static electric field, set up by
the laser accelerated electrons beyond the thin target (Fig. 8). If the scale of the
inhomogeneity of the electric field is larger than the proton-rich spot, these protons all
experience the same potential. The maximum proton energy is determined by the total
charge of electrons constituting the acceleration sheath and occurs on the axis, which in turn
depends on the laser intensity and the target thickness. This analysis is supported by two­
dimensional PIC multi-parametric simulations based on the code REMP. Figure l l a plots
the resulting proton spectrum (solid line) under the conditions laser intensity
1019 W/cm2 and a 5 urn thin titanium target with 20 urn PMMA structure on the back side,
which match the experimental parameters. The numerically achieved proton spectrum is
dominated by a narrow band structure around 1.2 MeV. Simulation and experiment are in
good agreement with respect to both the existence of the narrow structure as well as its
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Fig.11 a This figure shows the experimental points taken with the MCP (black dots) and the 2D PIC code
simulations in continuous line. It can be seen that the agreement is good. b the simulation indicates that at
laser intensities of 102 1 Wcm-2 the proton spectrum peaks at about 173 MeV which is becoming suitable for
proton therapy

position and width. It was estimated that in the case of a 10 urn focal spot and 0.1 urn thick
proton layer, a proton energy spread of I% can be expected. Furthermore, for micro­
structured targets the maximum proton energy (Emax in MeV) scales as the square root of
the laser power (P, in PW) with Emax=230xpI/2. The parameters for the simulation have
been changed to smaller dot sizes and higher energies in order to extrapolate the technique
to future experiments and investigate the scalability of our results (see Fig. 11 b). A high
repetition rate table-top laser system with petawatt power (POLARIS) will be available
within a few years at Jena. This laser will deliver pulses of 150 J within 150 fs, which leads
to an intensity of about 102 1 W/cm2 in focus. Also within 2 years the new GEMINI laser at
the Rutherford Appleton Laboratory will yield suitable beams for oncology. Simulations
performed with these parameters result in a peak proton energy at 173 MeV and relative
width dE/E< 1% for a dot diameter of 2.5 urn and a reduced layer thickness of 0.1 urn.
Under these conditions, the proton yield is no longer limited by the laser energy, but all
protons contained in the dot (8'108

) are quickly accelerated to an energy of -173 MeV.
Proton beams with such a characteristic might be suitable for treatment of deep sited
tumours. More realistic within a few years is the potential for laser induced proton therapy
for eye tumours, which only requires 60-70 MeV protons.

We have indicated that this experiment was carried out as "proof of principle." An
extensive programme is now underway to reduce the width and increase the energy of our
proton peaks by improving the target fabrication procedure. We intend to reduce the
dimensions of the dots and change the target material. Our initial targets were dots on
titanium, which was chosen on the basis of our preliminary experiments. Gold is expected to
be a much better substrate, as it can deliver more electrons. One ofthe most important aspects
of the experimental arrangement is the use of the Nd:YAG laser to ablate the surface of the
target before irradiation with the high intensity laser and thus eliminate parasitic protons.
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Abstract High-precision mass measurements as performed at the Penning trap mass
spectrometer ISOLTRAP at ISOLDE/CERN are an important contribution to the
investigation of nuclear structure. Precise nuclear masses with less than 0.1ppm
relative mass uncertainty allow stringent tests of mass models and formulae that
are used to predict mass values of nuclides far from the valley of stability. Further­
more, an investigation of nuclear structure effects like shell or sub-shell closures,
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deformations, and halos is possible. In addition to a sophisticated experimental
setup for precise mass measurements, a radioactive ion-beam facility that delivers
a large variety of short-lived nuclides with sufficient yield is required. An overview
of the results from the mass spectrometer ISOLTRAP is given and its limits and
possibilities are described.

Key words ISOLTRAP· mass spectrometry' nuclear structure- Penning trap­
short -lived nuclides

PACS 7.75.+h Mass spectrometers. 21.1O.Dr Binding energies and masses­
32.1O.Bi Atomic masses- mass spectra' abundances- isotopes

1 Introduction

Nuclear masses play an important role in a large number of physical systems [1].
Especially for nuclear structure studies and tests of mass models and formulae,
nuclear binding energies of radionuclides far from the valley of stability are required
[2].

Mass measurements along isotopic and isotonic chains allow one to study the fine
structure of the mass surface and clarify discontinuities in order to extract nuclear
structure information such as shell and subshell closures and the onset of deformation
from binding energies (see e.g. [3-7]). Along this line it was important to demonstrate
that nuclear ground and isomeric states can be resolved [5, 8-12] in order to, e.g.,
confirm the coexistence of nuclear shapes at nearly degenerate energies (~ 100keV),
which had been previously deduced from laser and nuclear spectroscopy [13-15].

Different mass models are available which either make estimates on unknown
masses with a global approach, or try to predict locally the mass values [2]. The
predictive power of these models and formulae has to be tested in regions where
masses are accurately known. In most cases a mass uncertainty of 10-100 keV is
sufficient. Various experiments located at radioactive ion beam facilities aim at the
investigation and precise determination of the masses of short-lived nuclides. The
applied techniques range from traditional mass spectrometers to storage rings and
Penning trap mass spectrometers [16].

However, the mass uncertainty of a large number of nuclides is above 10 keV
and the relative mass uncertainty rapidly rises the farther out the nuclides lie from
the valley of stability (see Fig. 1). This is strongly correlated to the half-life and
the production rates of the respective nuclides, which makes their investigation an
experimental challenge.

In this work, an outline of the ISOLTRAP Penning trap mass spectrometer and its
contribution to the field of high-precision mass measurements for nuclear structure
studies are presented. The possibilities, challenges, and limitations of ISOLTRAP
will be discussed as well.

2 Experimental setup and procedure

The ISOLTRAP mass spectrometer is the prototype setup for Penning trap mass
measurements of short-lived nuclides. Various additional facilities are meanwhile
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in operation or under construction. For a comprehensive overview see [1, 16]. A
schematic layout of the experimental setup is shown in Fig.2. The radioactive ions
are delivered from one of the two target stations at ISOLDE [18]. The short-lived
nuclides are produced by bombarding a fixed target with l.4-GeV protons. Due to
spallation, fragmentation, and fission a large number of various radionuclides are
formed. The target container is heated and the radioactive particles diffuse into an
ion source. Three types of ion sources are available, a surface ion source, a resonant
laser ion source, and a (hot or cold) plasma ion source. After passing the separator
magnets the usually singly-charged ions are sent as a 60-keV continuous beam to
ISOLTRAP.

By use of a linear radiofrequency quadrupole structure [19] mounted inside a
60-keV high voltage cage, the continuous beam is stopped, accumulated, and
bunched as well as buffer-gas cooled for the further injection into the first Penning
trap. This cylindrically shaped trap also employs a helium buffer gas. A sophisticated
cooling technique is applied to mass-selectively center only the radionuclide ions
of interest by use of a quadrupolar rf excitation [20]. Thus unwanted isobaric
contaminant ions can be removed with a resolving power of R = 104 - 105 depending
on the respective mass and excitation duration [21].

The cooled, isobarically pure ion bunch is finally transferred to the hyperbolically­
shaped precision Penning trap. There, the cyclotron frequency

1 qB
vc = - -

2rr m
(1)
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Fig.2 Schematic layout of ISOLTRAP. The main components are a radiofrequency quadrupole ion
beam cooler and buncher, a preparation Penning trap for isobaric cleaning of the radioactive ion
ensemble, and a 5.9-T Penning trap mass spectrometer. Micro-channel-plate (MCP) detectors are
used to monitor the ion transfer as well as to record the time-of-flight resonance (MCP3) for the
determination of the cyclotron frequency. The inset shows a cyclotron resonance curve for the short­
lived radionuclide 63Ga+ (T1/ 2 = 31.4 s) with 900 ms duration of the quadrupolar rf excitation in the
precision Penning trap

and thus the radial energy of the stored ions with mass m and charge q moving
in a magnetic field B is probed after some preparatory steps [22] with a time­
of-flight cyclotron resonance detection technique [23, 24]. In order to deduce the
mass of the investigated radionuclide ions, the magnetic field strength B needs to
be determined at the same level of precision. This is performed via a cyclotron­
frequency measurement of a well-known stable nuclide ion either delivered from the
ISOLTRAP alkali ion source or the ISOLDE target. By calculating the frequency
ratio, the mass ratio is obtained.

3 Recent results at ISOLTRAP

3.1 Nuclear structure studies

The contribution of mass measurements to nuclear structure studies is based on the
possibility to determine the nuclear binding energy

B(N, Z) = (Nm; + Zm.; - m(N, Z»c2
, (2)
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which represents the sum of all the nucleonic interactions that give rise to corre­
lations in many-body systems. Since the binding energy depends on the detailed
composition of protons and neutrons, the mass of each of the more than 3000 nuclides
as observed to date [17] is highly specific and a key property of a nuclear system. By
taking a closer look at this ensemble of mass data covering the whole nuclear chart,
one can examine the hills and valleys that form this mass surface and study the effects
of certain nuclear configurations. To unveil such effects, mass measurements with a
precision of 8mlm < 10- 6 are required.

Mass differences lead to separation energies, i.e., the energy needed to separate
some nucleons from the nucleus, providing information on the shell structure and
phase transitions. The most striking way in which the shell structure manifests itself
in mass systematics is through differences of masses, i.e., the two-neutron separation
energy

S2n(N, Z) = B(N, Z) - B(N - 2, Z)

in the case of the neutron shells, and the two-proton separation energy

S2p(N, Z) = B(N, Z) - B(N, Z - 2)

(3)

(4)

in the case of proton shells. Here, specific classes of interactions can be isolated [2].
The single-nucleon separation energy is a less clear-cut indication because of the
pairing effect.

In general, S2n decreases as neutrons are added and a deviation from this behavior
points to manifestations of microscopic nuclear structure effects, as it has been
observed with ISOLTRAP in e.g. the Hg and Pt region [5]. Similar investigations
have been performed recently in the neutron-rich Ni-Cu-Ga mass region [25,26].

3.2 Resolution and weighing of isomeric states

An important issue in direct mass measurements with respect to nuclear structure
studies is to resolve isomeric and ground states. Nearly one third of the nuclides
in the nuclear chart have long-lived isomeric states with, in many cases, unknown
excitation energies. In the context of nuclear physics, isomers are excited states of
atomic nuclides at excitation energies typically from 100 keV up to a few MeV. Their
half-lives range from nanoseconds to beyond the age of the Universe, e.g. 1015 years
in the case of 18omTa, the only naturally occurring isomer on Earth [27].

Direct high-precision mass measurements of isomeric states with ion traps have
already been performed several times. The first isolation of an isomeric state in a
Penning trap was demonstrated by Bollen et al. in 1992 [8]. In that work, the 84mRb
isomer could be eliminated due to its shorter half-life as compared to the ground
state by simply storing the ensemble of nuclide ions for a sufficiently long period
in the trap. In the case of 78Rb, for which this approach was not possible, the large
resolving power of the Penning trap enabled a direct resolution of the two states
78Rb and 78mRb,separated by an energy E = 111.2 keV. In a series of measurements,
several isomeric excitation energies were determined for some odd-mass mercury
isotopes 185mHg, 187mHg, 191mHg, 193mHg, and 197mHg [5]. In these cases an extremely
high resolving power of up to 3.7 . 106 was applied, corresponding to excitation times
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of up to 8s. Recently, the energy difference of 187Pb and 187mpb was determined
with Penning trap mass spectrometry to be E = 33(13) keY [12]. This is the lowest
isomeric excitation energy ever determined by weighing nuclei. The most intricate
example is the one of 70CU, for which a simultaneous combination of laser ionization,
decay spectroscopy, and mass spectrometry succeeded in assigning the three low­
lying states, the ground state and the two excited isomers 70mcu and 70ncu, with
excitation energies Em = 100.7(2.6) keY and En = 242.0(2.7) keY, respectively, to
the correct spin values [11].

3.3 Test of nuclear mass models and mass formulae

The nucleus is a self-organized, many-body quantum system that interacts through
the strong, weak and electromagnetic forces. Due to the lack of an exact description
of the strong interaction and the complexity of the many-body nucleonic system, the
binding energy can not be described by ab-initio theories. Instead, one has to rely
on mass predictions by models (with the aim of a quantitative prediction of the total
binding energy of a nucleus) and formulae (with the aim of a numerical calculation
of masses on a physical basis) [2]. For decisive tests of the predictive power of the
different models, large-scale mass measurements of exotic short-lived nuclei have
been performed in recent years, especially at the experimental storage ring ESR
at GSI-Darmstadt [9, 28, 29] but also at ISOLTRAP [3-5, 25, 30] and recently at
JYFLTRAP [31]. High-precision mass data will contribute to further improvement
and refinement of mass models and formulae and to more a detailed understanding
of the nuclear forces.

Aside from global mass formulae, there are also a number of local mass formulae,
which address the problem to obtain the required mass of a so far unmeasured
nucleus that lies fairly close to a considerable number of nuclei with known masses.
Stringent tests of one of the most powerful local mass formulae, the isobaric multiplet
mass equation (IMME) [32], have been performed at ISOLTRAP in recent years.
In light nuclei, isobaric analog states (lAS) have nearly identical wave functions.
The charge dependent energy difference of these states can be calculated using first­
order perturbation theory assuming only two-body Coulomb forces. This leads to
the simple equation, noted first by Wigner [33] and Weinberg and Treiman [34], that
gives the mass m of a member of an isospin multiplet as a function of its isospin
projection Tz = (N - Z)/2:

(5)

This quadratic relation of the IMME is of fundamental importance in isospin
symmetry in nuclear physics [35]. Looking at the isospin quartets [32] it was found
that the IMME worked very well for 21 out of 22 cases. Due to its success and lack
of newer experimental data, the IMME is widely used to predict masses as well as
level energies, for example for the mapping of the proton drip line over a wide mass
range, which is important for determining the rp-process path.

In 2001 the ISOLTRAP mass value for 33Ar resulted in a breakdown of the
quadratic IMME for the A = 33, T = 3/2 quartet [36]. These surprising results
triggered new reaction spectroscopy experiments. The outcome was that one level
energy in 33Cl was found to be inaccurate [37], which shows the importance of refined
measurements. Note that a direct mass measurement can only determine the mass
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of ground state multiplet members. But these nuclei are often also the most exotic
members of an isospin multiplet with a rather large mass uncertainty [35].

To test the IMME with a precision never obtained before, ISOLTRAP performed
mass measurements on the very short-lived nuclides 32Ar (T1/ 2 = 98 ms) and 33Ar
(T1/ 2 = 173ms) and used the mass excess values of the other states of the T = 2
quintet for A = 32 and the T = 3/2 quartet for A = 33 [38]. For the test of the
IMME, an additional cubic term C3 T~ is assumed in Eq. (5) that should fit with
C3 = 0 if the quadratic form of the IMME is correct. The experiment yielded a
coefficient C3 = -0.11 (30) in the case of T = 2, A = 32 and C3 = -0.l3(45) in the
case of T = 3/2, A = 33. Thus, in both cases the C3 coefficient is consistent with zero
within the uncertainty. These two multiplets now represent the most stringent test of
the IMME.

4 Present status and technical developments at ISOLTRAP

In the past, ISOLTRAP has measured the mass of about 300 nuclides. The relative
mass uncertainties resulting from so far published frequency ratio values measured
at ISOLTRAP are shown in Fig. 3. While in the beginning the systematic deviations
of the spectrometer were not known and therefore a conservative limit of the relative
mass uncertainty of 1 x 10- 7 was given, the systematic investigation of the setup with
the mass measurement of carbon clusters was a major improvement [39]. Carbon
clusters consisting of a multiple of 12C atoms are the ideal reference masses since the
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atomic mass unit is defined with respect to the mass of 12C [40]. A systematic study
showed a limitation in the accuracy of ISOLTRAP of Sm t m = 8 x 10-9 [41], which
is added as a systematic uncert ainty to the statistical uncertainty from the frequency
determination. Nowada ys results regularly reach down to relative mass uncertainties
in the order of I x 10- 8 (see Fig. 3).

Recent technical improvements at the ISOLTRAP mass spectrometer include a
sensitivity improvement by a new ion detector. The existing micro channel plate
(MCP) detector was replaced by a channeltron detector with a conversion dynode,
where secondary electrons are monitored with an efficiency close to 100%. With this
setup an increase of the total efficiency by a factor of about 3 was obtained and
nuclides with a lower production yield could be addressed [42].

The systematic uncertainty of the mass measurement s can be impro ved with a
stabilization of the magnetic field. As has been observed recently, the cyclotron
frequency of the stored ions depends strongly on the temp erature in the warm bore
of the superconducting magnet [43]. A new stabilization system has been installed
which aims at a stabilization of this temperature with variations of less than ±20 mK.

Finally, a new technique to obtain radionuclides that are not delivered from
ISOLDE has been demonstrated: the production of radionuclides by in-trap decay
[44]. To this end, short-lived nuclides are first stored in the preparation Penning
trap and after a respectiv e storage period , enough daughter nuclides from the decay
will be collected in the trap. After the usual mass-select ive cooling and centering
procedure, they are transferred to the precision trap for mass determination. This
technique has been successfully applied to produce and to measure the mass of
61.62.63Fe isotopes, which are not available as an ISOLDE beam. The result s are
currently under investigation .

5 Conclusion and outlook

The ISOLTRAP mass spectrometer at ISOLDE is a source for precise mass values
of short-lived radionuclides, where the relative mass uncert ainty has already been
pushed down to Smf m = 8 x 10- 9 [41]. With the possibility to reach nuclides with
half-lives well below 100 ms [45] and production yields down to 100 ions per second
[38], a large number of radionuclides have been and can be investigated at ISOLDE.

Besides the target development at ISOLDE, which aims at higher yields, access to
further elements, and less contamination, the experimental setup of ISOLTRAP is
constantly subject of technical development. A new ion detect or for a better overall
effi ciency, a stabilization of the magnetic field, and new ion sources that deliver a
variety of so far not applicable reference masses are recent improvements of the
setup. Further developments are directed to a higher precision in the frequency
det ermin ation by use of new rf-excitations schemes [46] and by highly-charged ions
147].
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Abstract Unique spectroscopic possibilities open up if a laser beam interacts with
relativistic lithium-like ions stored in the heavy ion ring accelerator 818300 at the
future Facility for Antiproton and Ion Research FAIR in Darmstadt, Germany. At
a relativistic factor y =36 the 2P1/2 level can be excited from the 281/ 2 ground state
for any element with frequency doubled dye-lasers in collinear geometry. Precise
transition energy measurements can be performed if the fluorescence photons,
boosted in forward direction into the X-ray region, are energetically analyzed with
a single crystal monochromator. The hyperfine structure can be investigated at
the 2P1/ 2 - 281/ 2 transition for all elements and at the 2P3/ 2 - 281/ 2 transition for
elements with Z :s 50. Isotope shifts and nuclear moments can be measured with
unprecedented precision, in principle even for only a few stored radioactive species
with known nuclear spin. A superior relative line width in the order of 5 . 10- 7 may
be feasible after laser cooling, and even polarized external beams may be prepared
by optical pumping.
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1 Introduction

H. Backe

The central part of the planned FAIR project in Darmstadt is a heavy ion syn­
chrotron called SIS300 with a magnetic rigidity Bp =300 Tm and a circumference of
1,100 m [8].1 The magnetic field will be produced by superconducting magnets with
a maximum induction of 6 Tesla which can be ramped with a rate of 1 TIs. With this
synchrotron bare uranium can be accelerated up to a maximum energy of 34 OeV/u,
corresponding to a relativistic factor y = 1/ .11 - f32 = 37.5 and a reduced velocity
f3 = v/c = 0.9996444, with c the speed of light. A fascinating possibility of this
accelerator is the excitation of few electron systems by the interaction with the light
of conventional lasers in a collinear geometry. If the laser beam counter-propagates
lithium-like uranium with y = 36, the laser light at the blue edge of the visible
spectral range with an energy of Iua L = 3.898 eV is Doppler-shifted and appears in the
rest frame of the Li-like system with an energy of tUJJo ~ 2yliwL = 280.6 eV. As will
be outlined in more detail in Section 2 this is just the 2P1/2 - 2SI/2 transition energy
in lithium-like uranium. A variety of spectroscopic possibilities exist if this transition
can be induced. As will be pointed out in Section 3 the combination with a precise
single crystal X-ray spectrometer, which detects the fluorescence photons boosted
in forward direction up to an energy of liwx = 2ytUJJo =20.2 keY allows both, very
accurate measurements of the transition energy liwo and of the relativistic factor y.
If radioactive Li-like ions could be injected into the SIS300, a hyperfine spectroscopy
would be possible for radioactive species with nuclear spin I > 0, see Section 4.
A few remarks on laser cooling will be made in Section 5. In Section 6 the possibility
of a nuclear polarization by optical pumping with circularly polarized laser light will
briefly be touched on. The paper closes in Section 7 with a conclusion.

The essential ideas of this paper were for the first time presented by the author in
the year 2000 at OSI in Darmstadt [1], see also [7].

2 The 2PI/2,3/2 - 2SI/2 transitions in lithium-like uranium

The three electron, lithium-like level scheme of uranium is shown in Fig. 1. The third
electron outside the closed Is2 shell is a 2s electron, consequently the ground state
is a 2SI / 2 term. The lowest excited states belong to the Is22p configuration and form
2P 1/ 2 and 2P3/ 2 terms. The large fine-structure splitting of about 4.3 keY originates
from relativistic effects.

A first precision measurement of the 2P1/ 2 - 2SI/ 2 transition energy of (280.59 ±
0.09) eV was reported by Schweppe et al. [16].The aim of this experiment was to test
QED in few electron uranium. In a number of publications by Lindgren et al. [19],
and by Persson et al. [11] calculated (280.52 ± 0.28) eV which was in good agreement
with the experiment. In the meantime better experiments by Brandau et al. [5], who
measured (280.516 ± 0.099) eV, and by Beiersdorfer et al. [2] were performed. In
the latter reference a value of (280.645 ± 0.015) eV is reported which was obtained
with SuperEBIT. The accuracy of previous experiments was improved by nearly one
order of magnitude. The best calculation ofYerokhin et al. [18] without second order

IThe parameters used in this paper do not match exactly with the param eters of this report.
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QED effects is (280.48 ± 0.11) eV, and with inclusion of an estimated value of these
effects (280.64 ± 0.21) eV (Yerokhin, private communication), i.e. the precision of
the measurement exceeds currently the precision of the calculation by a factor of 14.
Despite this situation a scheme is presented in the next section with which in future
the experimental precision probably can be further improved by another factor of 4.
Alternatively, it may be useful to measure fJ and y of the Li-like ions with accuracies
in the order of 10- 8 and 10- 5 , respectively, see Subsection 3.6.

3 Precision transition energy measurement in Li-like uranium at 818300

3.1 Proposed experimental setup

The proposed experimental setup is schematically shown in Fig. 2. A laser beam
with a photon energy of 5.465 eV, corresponding to a vacuum wavelength A = 226.87
nm, counter-propagates in a straight section of SIS300 a Li-like uranium beam with
a relativistic factor y = 25.68. The photon energy in the rest frame of the Li-like
U89+-ion is

~
+ fJnwo = -- nwL = 280.6 eV

I-fJ
(1)

which is with fJ = .Jl - 1jy 2 = 0.99924152 just the 2P1/2 - 2SI/2 transition energy.
De-excitation photons emitted in forward direction with respect to the Li-like
uranium beam are boosted in the laboratory system to an energy

~
+ fJnwx = -- nwo = 14.41 keY.

1-,B
(2)
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Fig. 2 Proposed schematic
experimental setup. The laser
beam with photons of energy
lu»L is reflected by a thin
mirror into a straight section of
SIS300 and interacts in a
collinear geometry with
lithium-like uranium ions
moving in opposite direction.
De-excitation photons from
the 2PI/2 - 2S'/2 transition
with an energy 1iwo = 280.6 eV
appear predominantly in
forward direction with respect
to the HI beam at an X-ray
energy tu»x = 14.41keV.
The photon energy is
measured by a single crystal
monochromator

k 280.6 eV

tuo; = 5.465 eY

Laser beam

tua; =14.41 keY
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Li- like uranium
r=25.68

tuo; = 280.6 eY

Schottky
diagnosis
system

(3)

(4)

(5)

Occurrence of X-rays indicates resonance absorption of laser photons in the Li-like
system. However, for an accurate measurement of the transition energy luo« also the
reduced velocity f3 or the relativistic factor y must be known with high precision.
This can be achieved by an energy measurement of the X-ray photons with the aid
of a single crystal monochromator. In this manner, two very precise experimental
methods are combined. The laser photon energy can be determined easily with a
relative accuracy of 5 . 10- 7 and the X-ray energy with 2.8 . 10- 5 , see Subsection 3.6.
Combining equations (1) and (2), the transition energy nwo, the reduced velocity f3,
and the the relativistic factor y of the Li-like uranium ion can be determined:

fUvo = JfUvx . nWL ,

fUvX/nwL - I
f3----­

- nwx/nwL + I '

y = ~ fUvx/nwL + I ~ ~.jfUvx.
2 JfUvx/fUvL 2 fUvL

The relative accuracies of a measurement of f3 and yare flf3 / f3 = 2.1 . 10- 8 and
fly tr = 1.4 . 10-5, respectively, see also Subsection 3.6.2

2It should be mentioned that the precision of the X-ray energy measurement and also the current
value of the 2PI/2 - 2S'/2 transition energy 1lLvo is not high enough for an improved test of the time
dilatation in special relativity. Such a test is based on equation (3) which can be rewritten with a small
additional term as 1lLvL . 1lLvx /1lLv1J = 1+ 2&(f32 + ...). The upper limit of the parameter & is currently
& < 2.2 . 10- 7 , see [12]. An improvement of this value would require a measurement of Iu»L, luox,
and 1lLvo with at least an accuracy of 10- 7.
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3.2 Angular distribution and photon energy in the laboratory system

97

In reality the photons are emitted in the rest frame of the Li-like ion with an
angular distribution which will be assumed to be isotropic, i.e. dna/dQa = no/(4n).
The angular distribution in the laboratory frame is given by

dn dno dfJ.odto
dfJ. - dfJ.o dfJ. --;Ii ,

dfJ.o I
dfJ. - y2(l - fJ . cos 8)2 '

dto I

dt y

(6)

(7)

(8)

with dfJ.o/dfJ. the relativistically transformed solid angle ratio which follows from the
relation

cos8 - fJ
cos 8 0 = .

1- fJ cos 8
(9)

Here 8 0 and 8 are the observation angles with respect to the velocity vector v
of an individual Li-like ion in the rest frame of the Li-like ion and the laboratory
frame, respectively. Further on, dto/dt = I/y is the relativistic time dilatation.' The
transition energy in the rest frame of the Li-like system is

nwo = y(I + fJ cos W)nwL (10)

with W the angle which an individual ion with the velocity vector v makes with the

laser beam axis. In the small angle approximation, with 1 the observation angle with

respect to the nominal velocity vector Vo of the Li-like ion beam and 1 the angular
deviation of an individual ion from vo, the photon energy is

nwo 2y
nwx = -+ -+ = -+ -+ nwo, (11)

y(l - fJ . cos 1e - 1fJ I) I + (I e - 1fJ Iy)2

with nwo the photon energy in the Li-like system. From equations (10) and (11) the
relation

I + fJ cos 1fJ To ~ 4y 2 To

nwx = -+ -+ /LWL = -+ -+ IlWL. (12)
1- fJ· cos Ie - 1fJ 1 I + (I e - 1fJ ly)2

follows which directly relates the laser photon energy nwL to the X-ray energy nwx.

Angular distribution dN/ dfJ., integrated intensity 10
01

(dN/ dfJ.)dfJ. and X-ray en­
ergy luox are shown in Fig. 3a and b as function of the observation angle 8. It is
worthwhile to notice that in a cone with a polar angle 8 = 50 mrad, corresponding
to 2.86° only, already more than 60% of the intensity is concentrated.

3For a nice survey of relevant formulas of Lorentz transformation in storage rings see [9], and [14]
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Fig. 3 a Angular distribution (dNjdQ)norm and integrated intensity [norm = f<:-) (dNjdQ)dQj(4rr),

and b X-ray energy nmx, both as function of the observation angle 8 in the laboratory system for
IjJ = O. The angular distribution (dN jdQ)norm is normalized to its value at (-) = 0, [norm approaches 1
for (0 --+ it

3.3 The laser system and fluorescence rate estimate

Laser light with a wavelength of A = 226.9 nm can be produced by an Excimer
laser running on XeF (351/353 nm) which pumps a dye laser, for example. The
output of the latter must be frequency doubled by a BBO crystal. Assuming a
mean output power of the Excimer laser P = 250 W at a repetition rate frep =
10 kHz and a pulse width of Mpulse = 10 ns, the instantaneous pulse power output
of the frequency doubled laser may amount to 50 kW. A bandwidth of the dye
laser radiation ~VD ::::: 1 GHz can be reached by means of an intracavity etalon
which may further be reduced in the frequency doubling unit to ~VL ::::: 0.7 GHz
or ~VL/VL ::::: 5.3 .10-7

. With these numbers the spectral photon flux within a single
laser pulse amounts to ~Npulse/(~VL/Vd ::::: 1.1 . 1029/s.

A lifetime of 61.8 ± 1.2(stat) ± 1.3(syst) ps of the 2p 2PI/2 has been measured [16]
which corresponds to a transition rate Aki = 1.62· IO IO/s or a relative level width
r / (UJJo = 0.38 . 10-7 . This width is small in comparison to the relative band width of
the photon flux in the rest frame of the Li-like ion ~tiwo/tiwo = ~VL/VL = 5.3.10-7•

Under these circumstances the induced transition rate is given by the equation

(13)

with gk and gi the statistical weights of the levels. At a cross-section A = 10 mm?
of the laser beam in the interaction region, the photon flux in the rest frame of
the Li-like ion is d2~ulse/(dA. dtiwo/tiwo) = y. d2Npuise/(dA. dVL/vEJ = y. 1.1.
1028/(mm2s). The number of induced transitions in a laser pulse of duration ~tpulse

= 10 ns is Pik~t~uIse = Pik~tpuiselY = 20.4 with Pik of equation (13) and ~t~ul.\e =

Pik~tpuise/Y = 20.4, with M~uIse the pulse length in the rest frame of the Li-like
system. This number is much larger as the spontaneous transition rate Aki~tpuise/Y =

6.3, meaning that the effect of saturation must be taken into account. In the following
all estimations of the spontaneous transition rates are performed in the saturation
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limit, since the experimental conditions are close to saturation. The number of
emitted photons per laser pulse and per lithium-like uranium ion is then

1( Ilt pulse )
NO,sat =:2 A ki -

y
- + 1 = 3.7. (14)

The additional summand 1 in the brackets originates from the fact that at saturation
the Li-like ion is left with 50% probability in the excited state after the laser pulse
has been passed.

3.4 The single crystal monochromator

The monochromator is shown in Fig. 4. A bent silicon single crystal with its surface
cut parallel to the (220) crystal planes acts as a cylindrical mirror for the X-rays. It is
energy dispersive in the horizontal direction. The deviation e of the photon energy
from the nominal Bragg energy, defined by the equation so; = !iuJB(l + e), with

21TJh2 + k2 +F he
nWB = ----------

00 2 sin 8B '

is approximately given by the expression [6]

X' exe= 0 _

2 sirr' 8 B tan (~) B

(15)

(16)

Here ex = 8 - 8 B is the horizontal deviation from the nominal Bragg angle 8 B. The
integers h, k, I are the Miller indices, 00 = 5.4309 A the lattice constant, and xfJ the
real part of the mean dielectric susceptibility Xo = xfJ+iX;. The Bragg angle for lu»B =
14.413keY amounts for the (220) reflection to 8B = 12.944°.

The finite energy width of the Bragg reflection can be calculated from the
reflecting power ratio IRPl 2

with the amplitude ratio given by [6, Eq. (3.2)]

u+iX"
y p(u) = -p0 (18)

XII

u = 2sin2 8B[(1 - ~ )~ + e] + X~. (19)
R . sin 8 B tan 8 B

The quantity XII = X~ + ix'iJ is the Fourier component of the dielectric susceptibility
of the analyzer crystal for the reciprocal lattice vector H, R the bending radius of the
crystal, and P the polarization factor. The latter is P = cos2eB for 1T polarization,
with the polarization vector in the reflection plane, and P = 1 for a polarization,
with the polarization vector perpendicular to the reflection plane. Corresponding
reflecting power ratios are shown in Fig. 4. Parameters for XO and XII were taken
from [17].

The energy width of the Bragg reflection is in a good approximation given by the
solution of (19) for ex = 0 with u- xfJ = ±lPllxlIl, i.e. the relative energy width is

Cf! Springer
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Fig. 4 Scheme of the monochromator (left), and reflecting power ratios for n and a polarized
X-rays at ex = 0 (right). Dielectric susceptibilities xf> = -0.4677610-5

, x(; = -0.3477710-7
, x~ =

-0.2819110-5, x~ = -0.3336410-7 were used in the calculation. A pn-CCD detector serves as a
position sensitive and energy dispersive detector

M = /1nwxlnwx = IPllxhll sirr' 8B. With the energy deviation E = _(ey)2 of the
emitted X-rays as function of the emission angle 1 = exex + eyey, which follows
from (12) for 1jJ = 0, one obtains from (19) a quadratic equation

e2+e2±(I- a ) ex _ IPllxhl =0 (20)
x YR. sin8B y 2 tan 8 B 2y 2 sirr' 8B

the solution of which describes the accepted angular region. For a bending radius
R chosen such that 1 - al(R sin 8 B) = 0 is fulfilled, the accepted angles ex and ey

are located within a circle of radius JIPI IXH II (2y 2 sirr' 8 B) and the accepted solid
angle is just /1QP = nlPllXHI/(2y2 sin28B). The corresponding solid angle in the
rest frame of the Li-like system is /1Qt = 4y2/1QP. The sum of both polarization
states, normalized to 4n, is

(1 + Icos28BI)lxHI

4 sirr' 8B
(21)

With IXHI = 0.282 . 10-5 [17] the result is /1Qo/4n = 2.67 . 10-5 . The expected count
rate at the pn-CCD detector is at saturation with rio = Akd2

. 1 A ki (1 + Icos28BI)Ixhi
n=--

2 y 4sin28
B

(22)

It should be mentioned that the focal length of the cylindrical monochromator crystal
amounts to f = (RI2) sin8 B which reduces with 1 - al(R sin 8 B) = 0 to f = a12.
It follows from the image equation lla + lib = IIf that at a = b the focus at the
pn-CCD detector is just a vertical line.
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3.5 Count rate estimate

The detected X-ray rate at the pn-CCD detector is given by the equation

. tllJL/VL tlQo
N» = frep· N Li · NO.sal--ex.

tlYb /Y 41T

101

(23)

The first factor is the fraction (tlYL/y)/(tlYbIY) of Li-like ions in a bunch which
can be pumped. With tlYL/Y = tlvL/VL which follows from (10) for tlfuvo = 0, it is
given by the overlap of the relative laser bandwidth tlvL/VL = 5.3 . 10-7 with the
relative energy spread tlYb/Y = 10-4 of the Li-like ions in a bunch. A reduction
due to the angular spread (J~ I of the Li-like beam can be neglected as long as
(J~l «2../tlvL/VL = 1.46 mrad holds. This latter relation can also be derived from
the Doppler-shift formula (10) for which a first order expansion in fuvL and a second
order expansion in III results in tllll = 2JtlnwL/fuvL = 2../tlvl)VL for tlnwo = O.In
addition are frep = 104/s the laser repetition rate, which must be synchronized with a
circulating bunch, N Li = 105 the number of Li-Iike ions in a bunch, NO.sal = 3.7, and
tlQO/ 41T = 2.67.10-5.The overall efficiency ex = 0.2 takes into account the photon
detection efficiency of the pn CCD as well as photon absorption in the window of the
SIS300 vacuum chamber and the mirror for the laser light. The result for the count
rate according to (23) is IVx = 104/swhich looks quite reasonable.

3.6 Precision of energy measurement

The relative accuracy of a measurement of the 2P1/ 2 - 2SI/2 transition energy is,
according to (3), given by

(24)

The precision of the X-ray energy measurement has two contributions. One is
a sort of statistical error which is assumed to be 30% of the half width of the
Bragg reflex, i.e., 8fuvx/fuvx ~ 0.3IXHI/sin28 B = 1.7 .10-5, with IXHI/sin28 B =
5.6.10-5. The other one is a systematical error which originates from the energy
calibration. Let us assume that the calibration is performed with the 14.41302(32)
keY line of a 57CO (tl/2 = 271 d) source which for this purpose must be placed
temporarily in the interaction region of laser and Li-like ion beam. The relative
precision UUJ)14.4/nwI4.4 = 2.2· 10-5 is of the same order of magnitude as the X-ray
energy measurement. Since the error of the laser frequency measurement can be
neglected, the total expected relative error of the 2P1/ 2 - 2SI/2 transition energy is
tlfuvo/fuvo = 1.4.10-5 or tlnwo = 0.0039 eV. The latter would be a factor of about 4
better as the above quoted value of [2].

According to (5) the relativistic factor Y can be measured simultaneously with the
same relative precision tlY / Y = 1.4 . 10-5. It should be mentioned that the relative
accuracy of f3 is tlf3/f3 = 2.1.10-8 because of tlf3/f3 = (tlY/Y)/(f3y)2 which follows
from Y = 1/J1=7f2.
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4 Hyperfine spectroscopy

H. Backe

If the nuclear spin I is not zero, ground and excited states of Li-like ions exhibit
a hyperfine splitting. The 2S'/2 and the 2Pl/2 states are split only by the magnetic
hyperfine interaction while for the 2P3/2 also the quadrupole interaction contributes.
The hyperfine splitting of the 2S1/2 ground-state is typically in the order of 0.5 eV
[see, e.g., [13], or [4]]. It will be shown in the following that a hyperfine structure
of the 2p'/2 ~ 2S'/2 or even the 2P3/2 - 2S1/2 transition can be investigated by laser
spectroscopy as well.

The experimental setup is depicted in Fig. 5. It might be advantageous to use two
laser beams, one pumping, e.g., the Fg = I-I 12 ---+ Fe = I + 112 transition, and the
other the Fg = I + 1/2 ---+ Fe = I + 1/2 one. Otherwise the signal may cease rapidly
because of depopulation pumping. The relative line width I'1nwo/nwo = I'1Yh tr of
a transition is entirely determined by the energy distribution of the Li-like ions in
a bunch which is in the order of I'1Yhly = 10-4• Therefore, a line width I'1nwo:=
0.03 eV is expected which may be small enough to resolve the hyperfine pattern.

Since in such an experiment only small relative energy changes of the hyperfine
components must be measured, a high resolution X-ray detector is not required.
A large area detector placed in forward direction can be used. This has the
advantage that the accepted solid angle can be increased by a large factor, see
Fig. 3. For an accepted polar angle of e = 4 mrad only, the relative accepted solid
angle in the rest frame of the Li-like system is I'1Qo/(4n) = 0.0104, i.e., in the
order of 1%. Consequently, the count rate is expected to be rather high. Indeed,
with (I'1vL/vd/(I'1Yhly) = 5.3·10-3, frep = 104/s, N Li = 1, N O•lat = 3.7, I'1Qo/(4n) =
0.0104, and ex = 0.5 the count rate is according to (23) Nx = 1.0/s. Notice, that in
principle only one stored ion is required for the envisaged hyperfine spectroscopy!
However, it is not at all clear that the X-ray detector may be located in forward direc­
tion because of expected excess background count rates. But even if a deflection of
the X-ray beam out of the forward direction is necessary, e.g., by a pyrolytic graphite
crystal which accepts a much larger bandwidth as a single crystal monochromator,
the count rate may be sufficiently large with a few tens of Li-like ions in a bunch.
Alternatively, the frequency of the pulse laser may be increased. Thereby the event
rate increases linearly until the circulation frequency of the ions in the ring of about
275 kHz has been reached. It might also be sufficient to pump only with one laser
beam and allow for depopulation pumping if the count rate is high enough.

This kind of hyperfine spectroscopy at Li-like ions has a number of advantages.
First of all, hyperfine fields can be calculated with a very high accuracy, at least with
a much better accuracy as for neutral atoms which is typically 10% for the isotope
shift and 3% for hyperfine fields. This fact is of great importance since relative
measurements can be avoided allowing a direct access to the Bohr-Weisskopf effect.
Secondly, isotope shifts and magnetic hyperfine splittings can be measured for any
element via the 2P1/ 2 - 2S'/2 transition. At the highest relativistic factor Y = 36
even a quadrupole interaction can be studied via the 2P3/2 - 2S'/2 transition for all
elements with Z ::::: 50. (For the 2s 2SI/2 - 2p 2P1/ 2,3/2 transition energies see [3], or
[10].) Finally, it should be mentioned once more that the sensitivity is very high and
only a very few or even only one radioactive ion may already be sufficient for the
spectroscopy. However, such experiments would require a re-injection of radioactive
species, produced by fragmentation reactions, into SIS300 as Li-like ions.
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Fig. 5 Scheme of the experimental setup for a measurement of the hyperfine structure (left),
and pumping scheme (right). Shown are the Zeeman levels of the ground and excited state with
F = I ± 1/2 the total angular momentum quantum numbers, and I the nuclear spin. While induced
laser transitions can populate at resonance only one excited hyperfine level, radiative (downward)
transitions can populate both ground state hyperfine levels. For clarity, not all possible transitions
are drawn in

5 Laser cooling

The line width of the hyperfine components can be improved by several orders of
magnitude by laser cooling as will be demonstrated in the following." Momentum
can be transferred to the Li-like ion by absorption of a laser photon as well as by re­
emission of the X-ray. While the former momentum transfer is only nwL/C, the latter
is according to (12) in the order y2lu»L/ C since the angular distribution of the X-rays
is strongly peaked into forward direction, see Subsection 3.2. The mean longitudinal
momentum transfer in the laboratory system due to absorption and emission of a
photon of energy nwo in the rest frame of the Li-like system is in the laboratory
frame given by

- nWL f (nwo/c)cos8 f(cos8o) d
8PII = -+ .. Qo =

C y(l - (3 cos 8) 4rr

nWL /1 (nwo/c)cos8 d(cos8)
= -c- + ~l y(l - (3 cos 8) . 2y 2(l - {3 cos 8)2 =

nwL nwo nwo
=-+{3y-=y-.

C C C

4The subject of laser cooling for relativistic beams has been discussed in [9]and for SIS300 recently
in [14],and [15].
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(27)

Here (nmolc) cos 8/(y(1 - f3 cos 8) is the longitudinal momentum transfer to the
Li-like ion in the laboratory system by emission of a photon of momentum nmolc

in the rest frame of the ion. This relation follows from (11) for 1 = 0 and () = 8
after division by c, which transforms the photon energy into the photon momentum,
and the projection ·of the momentum on the velocity axis of the Li-like ion. The
function f(cos 8 0) = 1 represents the angular distribution of the photon in the rest
frame of the Li-like ion which is assumed to be isotropic. In (25) the solid angle
is transformed by means of (7) into the laboratory system in which the integration
is carried out. The integral of (25) can be solved analytically. The final result on
the right hand side of (26) has been obtained with (10) for \II = 0 after appropriate
reshapings.' The instantaneous cooling force is in the laboratory system at saturation
F11 = dPllldt = 8PII . (1/2) . Akdy = (1/2) . A ki . nmolc.

The energy transfer to the Li-like ion of rest mass Mo is'' 8E11 = 8(y Moc2
) =

f3 . 8(f3y Moc)c = f3 . 8PII = f3ynmo/c, and the mean relative change of the relativistic
factor at resonance absorption and re-emission of a single photon is given by

8y nmo hWL hWL- = f3- = (1 + f3)f3y- ~ 2y-.
Y Moc2 Moc2 Moc2

The numerical result for Li-like uranium at Y = 25.68 is 8yIy = 1.27.10-9
. A total

energy shift L'l Yb IY = 10-4 requires a small de-tuning of the laser frequency in such a
manner that first only the ions with largest energies are optically pumped. These are
shifted to lower energies by a gradual increase of the laser frequency. In this manner
successively more and more ions of the bunch are included in the pumping process.
For a complete cooling cycle at least a number (L'lYbly)/(8yly) of transitions is
required.

The rate at which Y varies at saturation follows for a pulse laser system with pulse
width L'ltplll,e and repetition rate frep from (27) and (14) as

y I - dytv I - nmo 1 ( L'ltpliise ) f,- - -- - f3 A ki-- + 1 . rep'
y sat dt sat A . mllc2 2 y

(28)

(29)

Here A is the atomic number of the Li-like ion and m; the atomic mass unit. With the
numbers of our example the cooling rate is ylylsal = 0.46 .1O-4/s for 238U. A lower
limit for the corresponding cooling time is for L'l Yb I y = 10-4

L'lYb tv
Tc = --- = 2.2 s .

y Iylsat

It might be of interest to know how the cooling rate varies as function of the charge
number Z. For 120Sn (Z =50), as an example, one obtains with nmo = 107.95 eVand
Aki = 4.606· 109/s, both taken from [10], y = 25.68, and frep = 10 kHz a y Iylsllt =
0.135 . 10-4/s. However, cooling of Li-like Sn via the 2P3/2 - 2S1/2 transition at nmo =
374.70 eV, Aki = 2.057 . 1011 Is, and an increased y = 36 results in a nearly two orders
of magnitude faster rate ytr Ilat = 9.74 . 1O-4/s.

5This result can also directly be obtained by a Lorentz transformation of the transferred momentum
/lwo/c in the rest frame of the Li-like ion into the laboratory system.

6Also this relation follows directly from the Lorentz transformation formulas.
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(30)

While in longitudinal direction the ions are cooled, they are heated in transverse
direction. The variance of the transverse momentum transfer is given by

-2 11
(nwol e)2sin

2
8 I d(cos8) 2 (ftwO)2

8P.l = _I y 2(1 - f3 cos 8)2 . 2" y 2(1 - f3 cos 8)2 = 3 -e-

(31)

Again, the integral has been solved analytically with the result given at the right hand
side of (30).7 The angular spread is

J8pi fi ftwo
f3yMoe = V3" . f3yMoe2

(32)I
(5HI =

with f3yMoe the momentum of the Li-like system. The total angular spread after a
number of (I').Yb Iy)/(8y IY) uncorrelated emissions of photons is

/}.Yb lr fi ftwo
8y Iy V3" . f3yMoe2 .

With the numbers of our example the result is (5~ I = 0.0113 urad which probably
is negligibly small in comparison to the angular spread of the HI beam with an
emittance of about 1 J[ mm mrad.

Since the energy spread after laser cooling is in the order /}.vLlvL = 5.3.10-7,

a superior line width in the hyperfine structure pattern can be expected with laser
cooling.

6 Nuclearpolarization by opticalpumping

A few remarks will be added on the possibility to prepare a polarized Li-like ion
beam which exhibits also a nuclear polarization if the nuclear spin is not zero. As
schematically shown in Fig. 6, pumping with left-circularly polarized laser light results
after many transitions finally in a population of only the IF = 1+ 1/2, M F = - (l +
1/2)) Zeeman level, because this level cannot be pumped anymore. In this state the
electronic spin as well as the nuclear spin are polarized as sketched schematically in
the vector coupling model inset in Fig. 6.

Unfortunately, a polarization may probably not be maintained within the SIS300
ring since in the strong magnetic field of the bending magnets and beam optical ele-

---+
ments a polarized ion with total angular momentum F precesses and may random-
ize. However, it might be conceivable that an external Li-like beam may be pumped
in a long straight section, for instance by 100 ns long circularly polarized laser beams
which would induce, according to (14), No.sat = 32 transitions in an unpolarized
Li-like ion. This is a rather large number and the attained polarization may already
be high. For Li-like ions with Z :s 50, it could be pumped via the much faster 2P3/2 ­
2S I / 2 transition and even much larger numbers may be attained at even shorter
laser pulse durations. For quantitative numbers, however, detailed calculations are
required which were beyond the scope of this work.

7The integration may as well be performed in the rest frame of the Li-like system with the same
result 8Pl = t: (hwO/c)2 . sin2 0)0·0/2) . d(cos 0)0) = (2/3)(hwo/d .
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MF Zeeman levels
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Fig.6 Scheme of the experimental setup for polarization of the Li-like ion beam (left), and pumping
scheme with circularly polarized laser light (right). Shown are the Zeeman levels for the hyperfine
levels of the ground and excited state with F = I ± 1/2, with I the nuclear spin. After a very long
pumping time only the F = -(l + 1/2) Zeeman level will be populated

7 Conclusions

Precision transition energies nwo as well as relativistic factors y can be measured for
Li-like ions at the future heavy ion accelerator SIS300 if the inherently very precise
laser spectroscopy method is combined with a precision X-ray energy measurement
of fluorescence photons by means of a single crystal monochromator. Isotope shifts
and magnetic moments can be measured at the 2P1/ 2 - 2S1/2 transition for all ele­
ments, and quadrupole moments for Z:s50 at the 2P3/ 2 - 2SI/2 transition, in principle
even at a single stored radioactive species far off stability if their nuclear spin is
known. Heavy ion beams in SIS300 may be laser cooled, and polarized external heavy
ion beams may be prepared by optical pumping with polarized laser beams.
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Abstract At the ISOLDE on-line isotope separation facility, the resonance ionisa­
tion laser ion source (RILlS) can be used to ionise reaction products as they effuse
from the target. The RILlS process of laser step-wise resonance ionisation of atoms
in a hot metal cavity provides a highly element selective stage in the preparation
of the radioactive ion beam. As a result, the ISOLDE mass separators can provide
beams of a chosen isotope with greatly reduced isobaric contamination. With the
addition of a new three-step ionisation scheme for gold, the RILlS is now capable of
ionising 26 of the elements. The optimal scheme was determined during an extensive
study of the atomic energy levels and auto-ionising states of gold, carried out by
means of in-source resonance ionisation spectroscopy. Details of the ionisation
scheme and a summary of the spectroscopy study are presented.

Key words radioactive ion beams- resonance ionisation laser ion source- Au

1 Introduction

ISOLDE is an isotope separator on-line (ISOL) type radioactive ion beam facility.
Radionuclide production occurs when a pulsed proton beam of 1 or 1.4 Ge V is
incident upon a thick target. A multitude of reaction channels (e.g. spallation, frag­
mentation and fission) contribute to the production of a wide spectrum of isotopes.
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Recoiling reaction products are stopped within a short distance inside the heated
target material and so their transit to the ion source is by means of diffusion and
effusion processes. Unambiguous isotope separation relies on the availability of the
reaction products in a single charge state and with a low velocity spread. At ISOLDE,
1+ ions are most commonly produced and are subject to a 60 keV accelerating
voltage. There are two target stations, each connected to its own magnetic dipole
mass separator: the General Purpose Separator (GPS) or the High Resolution
Separator (HRS). The respective resolving powers of M/ /),.M ~ 2, 500and M/ /),.M ~

10,000 are sufficient for the selection of a single atomic mass for transmission. For
the chosen atomic mass, often many isobars are produced and isotope selection is
not possible by mass separation alone. The somewhat conventional techniques of
temperature optimization and beam gating are at hand to give preferential release
of the desired element however, such measures are not universally applicable and
are often limited in success. The Resonance Ionisation Laser Ion Source (RILlS)
combines an unsurpassed level of Z-selectivity with a rapid and efficient ionisation
process [1, 2]. For RILlS, ionisation is achieved through a step-wise resonance
photon absorption process, providing a high degree of selectivity by exploiting the
unique electronic structure of different atomic species. In principle, the RILlS can
be used for the ionisation of almost all metallic elements that are released from the
ISOLDE target. An important aspect of ongoing development is the extension of
its range with the study of resonance ionisation schemes. Recently a request for
the development of gold ion beams was addressed to the ISOLDE and Neutron
Time of Flight Experiments Committee (INTC) by the letter of intent 'Study of the
rrhii/2 isomeric states in 201.203.205 Au. Following an endorsement of this intent by
the committee, the task of finding an efficient RILlS ionisation scheme for gold was
put forward.

Resonance ionisation spectroscopy has been applied for gold by several groups.
The data obtained as well as the ionisation schemes used are compiled by Saloman
[3]. In particular, an efficient ionisation scheme with a three-colour, three-step
excitation to an autoionising state has been used for on-line laser spectroscopy
of laser-desorbed gold isotopes [4, 5]. Auto-ionising (AIS) states of Au were also
studied by resonance ionisation spectroscopy in [6, 7]. Since the RILlS laser system
and the conditions in the ionisation region are different from those used in [4, 6, 7],
investigating the performance of these known schemes at the RILlS setup was
necessary. In addition, the search for transitions to the auto-ionising states was
carried out in these works for only a few excited states in a limited spectral range,
which is not readily available at RILlS. Therefore, a new, more extensive study of
gold resonance ionisation at the RILlS setup was required for defining the optimal
ionisation scheme. In this article we present results of the resonance ionisation
spectroscopy study of gold atomic transitions performed at the RILlS setup. Based
on the experimental results, the optimal ionisation scheme is defined. A summary is
presented along with details of this new ionisation scheme.

2 The resonance ionisation laser ion source

References [2, 8, 9] give a thorough description of the ISOLDE RILlS. A master
oscillator power amplifier system of copper vapor lasers (CYL) operating at the
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pulse repetition rate of 11 kHz provides two output laser beams, each with an
average power of typically 30--40 W. The RILlS set-up includes three dye lasers and
therefore ionisation schemes employing up to three resonant transitions can be used.
The wavelength range of the dye lasers is 530-850 nm. Frequency doubling and
tripling of dye laser beams are carried out using non-linear BBO (beta-barium
borate) crystals to generate 2nd or 3rd harmonics of the fundamental beam, exten­
ding the wavelength range to include 214--415 nm. This enables high lying first excited
states to be attained and is essential for elements with a high ionisation potential.
With this current work included, the RILlS has been used for resonance ionisation
of 26 of the elements. Schemes using one, two or three resonant transitions have
been used. Most commonly, the ionisation step is a transition to the continuum using
an available CVL beam. Alternatively, the final step can be a resonant transition to
an auto-ionising state. A transition to an auto-ionising state can have a high cross
section, which is favorable for improving the ionisation efficiency. Ionisation takes
place in a hot cavity connected to the target. Reaction products enter this cavity
as an atomic vapor at a temperature of around 2,300 K. The role of the cavity is to
contain the atoms for a certain time within a volume where they can be irradiated
by the laser light and to confine the ions during their drift towards the extraction
region. The ionisation cavities are refractory metal (W or Nb) tubes with an inner
diameter of 3 mm and a length of typically 30 mm. They are resistively heated to
a temperature of about 2,300 K with a DC current of 200-350 A. After leaving the
source, ions are accelerated to 60 kV, separated in a magnetic field and guided by
electrostatic ion-optical elements to the experimental setup.

For this work, a standard ISOLDE target was used with a tungsten surface ioniser
cavity. The target/ion source unit was equipped with two ovens. A large gold sample
was placed in one of these, for use during the initial spectroscopy study and ionisation
scheme search. The second oven was loaded with a precise 3,000 nAh gold sample,
for use during the final efficiency measurement. The mass separator was tuned to
the mass of 197Au and the transmitted ion current was monitored on a Faraday cup
detector.

3 Resonance ionisation spectroscopy of gold

Data on atomic lines and energy levels for gold are taken from the Kurucz atomic line
database (http://cfa-www.harvard.edu/amdata/ampdata/kurucz23/sekur.html). The
ionisation potential for gold (9.23 eV) is high with respect to the photon energy­
range attainable with RILlS (~1.7-5 eV). As a result, ionisation schemes using
three excitation steps were investigated. For the first step, the transitions from the
ground state 6S2S

I/ 2 level to the 6p2P I/ 2 and 6p2P 3/2 levels at 37,358.991 cm" and
41,174.613 cm" respectively are the only known transitions that can be reached with
the RILlS laser system. Both transitions are strong and of similar strength (A = 1.65·
108 S-I and 1.96· 108 s"). At 242.9 nm, the wavelength required to populate the
41,174.61 cm' level is at the short wavelength end of the RILlS tuning range and
can be generated only by tripling the fundamental frequency of the dye laser. The
efficiency of 3rd harmonic generation is low (~5% for a 5 W fundamental beam)
and so, if this transition is used, a large proportion of the CVL pump beam power
must be used to obtain the dye laser power required at the fundamental frequency.
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Fig.l The scope of the Au RIS study and the optimal ionisation scheme (RHS)

The transition to the lower lying, 2P I/ 2 level is preferable since the transition energy,
37,358.991 cm'. corresponds to that of a 267.673 nm photon, accessible by 2nd
harmonic generation of light at 535.198 nm. This falls within the emission range of
the Pyrromethene 546 dye, which is pumped with the green component of the CVL
beam. Measurements were carried out using only this transition for the first step in
the excitation scheme .

From this first excited state, 11 potential second excited states from 54,485 cm"
to 72,164 cm" are documented (http://cfa-www.harvard.edu/amdata/ampdata/
kurucz23/sekur.html). All but the lowest lying of these excited states exist at a energy
of less than 19,581 cm- I below the continuum, meaning that ionisation from these
levels is possible via non-resonant absorption of a 511 nm photon, provided by
the green CVL beam. Accessing any of these 10 transitions requires 2nd harmonic
generation of the fundamental dye laser beam, and hence, a significant proportion
of CVL pump power. It is preferable to use all of the CVL pump power at 511 nm
for the generation of the frequency for the 1st transition and for the final ionisation
stage, leaving only the yellow (578 nm) component for the second step. Therefore,
we have limited our study to the group of six second step transitions (Fig. 1), which
are accessible with a frequency doubled dye laser pumped with light at 578 nm. The
pumping requirements of the dye lasers and amplifiers for the first and second step
transitions were met using the total output of the higher power of the two CVL
amplifiers after separation of the yellow and green components of the beam. Typical
values of the average power for this CVL beam were 22 Wand 20 W at 511 nm and
578 nrn, respectively. The second CVL beam with a total power (in both components)
of 27 W was available for the last excitation step.
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Table 1 Gold 3 step ionisation schemes

A2 (air) E2 State II A3 (air) E3 Laser Power, mW R
nm ern"! nm cm- I

2 3

365.07 64,742.9 8S2SI/2 511,578 Continuum 75 10,000 1
332.01 67,469.68 7d2D3/2 511,578 Continuum 75 10,000 9.6
319.18 68,680.63 9S2SI/2 511,578 Continuum 60 10,000 2.1
306.54 69,971.42 8d2D3/2 511,578 Continuum 75 11,000 7.7
300.59 70,617.73 lOS2SI/2 511,578 Continuum 65 11,000 1.5
300.26 70,653.25 1=3/2 511,578 Continuum 65 11,000 1.2
406.51 61,951.89 6d 2D3/2 591.90 78,842.0 75 625 55
319.18 68,680.63 9S2SI/2 668.65 83,631.9 90 1130 4.4
319.18 68,680.63 9S2SI/2 644.93 84,181.9 90 1130 3.1
332.01 67,469.68 7d2D3/2 592.85 84,332.8 90 500 10
332.01 67,469.68 7d2D3/2 584.84 84,563.8 90 750 6.4
332.01 67,469.68 7d2D3/2 578.38 84,754.5 90 550 73
306.54 69,971.42 8d2D3/2 676.27 84,754.3 80 750 150
332.01 67,469.68 7d2D3/2 576.64 84,806.6 90 950 120
306.54 69,971.42 8d2D3/2 673.9 84,806.3 80 750 220
332.01 67,469.68 7d2D3/2 574.20 84,880.5 90 750 34
306.54 69,971.42 8d2D3/2 670.55 84,880.4 80 1000 180
306.54 69,971.42 8d2D3/2 666.24 84,976.9 80 1130 13
332.01 67,469.68 7d2D3/2 570.77 84,985.0 90 750 2.6
306.54 69,971.42 8d2D3/2 665.81 84,986.6 80 1130 38
332.01 67,469.68 7d2D3/2 569.80 85,014.7 90 975 3.5
332.01 67,469.68 7d2D3/2 567.24 85,094.1 90 600 4.5
306.54 69,971.42 8d2D3/2 661.08 85,093.9 80 1250 21
332.01 67,469.68 7d2D3/2 567.12 85,097.8 90 600 5.4
306.54 69,971.42 8d2D3/2 660.90 85,098.0 80 1250 20
332.01 67,469.68 7d2D3/2 564.14 85,190.8 90 450 3.3
306.54 69,971.42 8d2D3/2 632.80 85,769.9 80 500 4.3
319.18 68,680.63 9S2SI/2 567.39 86,300.3 80 750 4.5
319.18 68,680.63 9s2SI/2 565.61 86,355.6 85 625 3.8
319.18 68,680.63 9S2SI/2 565.36 86,363.5 85 625 3.6
306.54 69,971.42 8d2D3/2 575.60 87,339.7 85 750 76
306.54 69,971.42 8d2D3/2 572.38 87,437.6 85 750 59
306.54 69,971.42 8d2D3/2 570.70 87,488.4 85 750 59
306.54 69,971.42 8d2D3/2 567.98 87,572.8 85 700 44
306.54 69,971.42 8d2D3/2 567.14 87,598.7 85 550 7.4
306.54 69,971.42 8d2D3/2 564.07 87,694.9 85 550 15
306.54 69,971.42 8d2D3/2 561.71 87,769.1 85 375 4.3

Eo = 6S2SI/2, 0 cm"; EI = 6p 2PI/2, 37,358.99 cm~1

The laser power was measured on the laser table, transmission to the ion source is approximately
20% for the first step, 50% for the second step and 50% for the CVL beam (3rd step)

As the first stage of this study, schemes using 3-step ionisation with a non-resonant
transition to the continuum (induced by both the green and the yellow components of
the CVL beam) were studied. During this study, a ion current of gold was observed
in the presence of only the beam for the first step in the excitation scheme. Since
the ionisation threshold of gold (74,409.0(2) cm"! [10)) is slightly less than the sum
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Fig. 2 The two strongest AIS resonances observed

of the energies of two photons at 267.673 nm, this ion current is attributed to the
occurrence of two-step ionisation via a transition to the continuum from the first
excited state by non-resonant absorption of second photon from the first step beam.
The presence of this laser-ionised ion signal facilitated a reliable optimization of the
beam focusing and positioning. In addition, the measurements of the ion current
produced by the first step transition beam provided a useful reference point for use
in the evaluation of the relative efficiencies of ionisation schemes. The ratio of ion
current produced with three laser beams versus ion current produced by the first step
beam R =11+2+:1/ 1+3 is taken as an efficiency parameter of the ionisation scheme.
In order to keep thermal conditions of laser beam transport optics constant these
measurements were carried out whilst blocking only the beam of second step laser,
leaving the most powerful laser beam propagating toward the ion source. This beam
did not participate in the ionisation process because its photon energy was less than
required for transition from the first excited state to the ionisation continuum.

For the second phase of the study a search for auto-ionising states was conducted.
The CVL power used for the ionisation stage was diverted to pump a 3rd dye laser
and dye amplifier. Ethanol solutions of the laser dyes Rhodamine 6G and Phenoxa­
zone 9 were used in this laser, respectively the wavelength was scanned in the ranges
of 560-597 nm and 632-681 nm. When an observable increase of the ion current was
detected, scanning was stopped and the wavelength was optimized to the maximal
value of the ion current. Its peak value, the corresponding transition frequency, and
the values of laser power for each of the three beams were recorded. Measurements
of the laser frequency were made with a HighFinesse / Angstrom WS/7 wavemeter.
The accuracy of the transition frequency measurements was defined by the width of
resonance and laser line width (~0.6 cnr '). For narrow AIS it was possible to define
the peak position with the accuracy of about 0.1 cm'. Energy regions above the
ionisation threshold for the transitions from the second excited states corresponding
to the four strongest second step transitions were studied.

A summary of these measurements is given in Table 1. Within the energy intervals
that were studied, five auto-ionising states had been previously observed [4, 7], but
not as resonant transitions from the excited states measured during this study. Three
of the known AIS were confirmed and 27 new AIS were observed. Figures 2a and
2b show the profiles of the resonances for the two strongest AIS, at 84,806.3 ern"!
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Fig.3 Saturation curves for the resonant transitions of the most efficient Au schemes

and 84,880.4 cm", respectively. Of particular interest was the measurement of a
previously applied ionisation scheme for gold [4]. This scheme, shown in italics in
Table 1, was one of the more efficient schemes previously measured however the
optimum scheme, shown on the right hand side of Fig. 1, gives a factor of 4-5 increase
in the efficiency parameter R. The saturation measurements for the 1st and 2nd step
in this scheme are presented in Fig. 3, they confirm that the saturation points for the
transitions are exceeded with the laser power available.

For the measurement of the absolute value of ionisation efficiency, some experi­
mental difficulties were encountered, limiting the reliability of the assessment of
the mass marker evaporation. During the initial search for a resonance ionisation
signal, a large quantity of the gold sample was evaporated from the first oven. After
detection of the ion signal, the subsequent tests were carried out without the need to
heat the mass marker itself, evaporation of the gold that had condensed in the target
container provided a sufficient and steady supply of gold vapor for the duration of
the spectroscopic work. An attempt was made to extinguish this supply by gradually
increasing the target heating from 570-700 A. A small decrease in the ion current
was observed after some hours. The evaporation of the 3,000 nAh mass marker was
then carried out with the target heating kept at 700 A. For improved laser ionisation
stability and experimental ease, only the first step laser was used for ionisation during
the efficiency measurement. The ionisation efficiency of the scheme presented in
Fig. 1 was estimated to be over 3% by comparing the product of the ion current
integration and the parameter R of the most efficient ionisation scheme with the
original sample size.

4 Conclusion

With the development of this new ionisation scheme for gold, the RILlS can
now provide a means of efficient and selective ionisation of 26 of the elements.
In accordance with the requirements of the ISOLDE experimental program, new
schemes will continue to be developed for RILlS using procedures similar to those
described in this work. Currently, such studies have to fit into the framework of
general ISOLDE off-line development and thus, the dedicated mass separator use
required is limited to just a few weeks per year. A recent letter of intent addressed to
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the INTC, 'Deve lopment of the RILlS research laborator y at ISOLDE' gives details
of a new and dedicated RILlS spectroscopy facility. Following its completion, the
laboratory will enable the investigation of new ionisation schemes as a task that is
indep endent of ISOLDE scheduling. Many of the RILlS ionisation schemes rely on
an inefficient final step of non-resonant ionisation using a large proportion of the
total CVL power. It is hoped that the time consuming search for aut o-ionising stat es
for many of these element s could be carried out in this laboratory and significant
improvements in RILlS efficiency could be made.
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Abstract The availability of both a tandem deuteron beam and a linac electron beam, the
latter converted into Bremsstrahlung, at the new ALTO facility at lPN-Orsay offers a unique
opportunity to compare the performance of a laser ion guide under different regimes. The
ALTO accelerator has delivered its first electron beam at the end of 2005 and a design for a
gas-cell prototype is being studied.

Key words ALTO· lPN-Orsay· Bremsstrahlung

1 The ALTO accelerator

The purpose of the ALTO project at lPN-Orsay is to gather the necessary know-how for the
construction of the lSOL-based SPIRAL-2 facility at GANlL. At the same time, it opens a
window to study neutron-rich nuclei produced in a thick actinide target by photofission,
after conversion of a primary electron beam into Bremsstrahlung [1].

The ALTO accelerator is a 50 MeV electron machine that was recovered from CERN,
where it served as the LEP injector linac till the dismantlement of LEP in 2001. The
accelerator was moved to lPN-Orsay and reassembled in the main experimental area that
also houses the tandem driver and the PARRNE separator. It was put into operation in
December 2005 and the first photofission production runs on a uranium carbide target took
place in June 2006. For radioprotection issues, the intensity of the accelerated beam was
limited to 100 nA instead of its 10 flA nominal current.

The fission fragments were mass separated on-line, deposited on a movable tape and
their radiation recorded by a standard germanium detector in close geometry. The dead
time-corrected yield of 132Sn from the plasma ion source used so far reached 1.8·106/flC
[2]. At ISOLDE, this isotope is currently produced with laser ionisation at a rate 0[3'108
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JlC [3]. The ALTO machine is expected to deliver 10 JlA, while ISOLDE runs on an
average of 1 to 2 JlA.

2 The laser ion source

The purity of the extracted beam at an ISOL facility greatly benefits from the use of an
element-selective laser ion source. Such a source is currently under development at IPN­
Orsay, based on the experience accumulated by teams at ISOLDE [4], Leuven [5],
Jyvaskyla [6] and TRIUMF [7]. Ionisation schemes for Sn and Cu were tested off-line with
a dye-laser set-up pumped at 30 Hz. Efficiencies of 10-6 were obtained for both elements,
without auto-ionising state [8, 9].

A new laser set-up will be installed early 2007. It will consist of three FL-3002 Lambda
Physik dye lasers pumped by a 532 nm Nd:YAG laser at 20 kHz. Together with the use of
ionisation schemes that include auto-ionising states, the higher repetition frequency would
lift the efficiency of the source to the percentage range.

3 The laser ion guide

Access to neutron-rich isotopes of chemically refractory elements is often difficult because
of their slow release from conventional thick targets. A solution is provided by the ion­
guide technique, where thin targets are suspended in a buffer-gas cell. At ALTO, we have
undertaken preliminary design studies for the implementation of an ion guide. Simulations
were carried out that investigate the influence of various parameters such as the thickness of
the converter slab, the radius of the impinging electron beam, the target thickness and
spacing, and the gas pressure.

It was found that the highest production yield is achieved for a converter of 3.5 mm
thickness in close contact to the target foils. The converter was chosen to be tungsten. As it does
not stop the electron beam, the buffer gas is still subject to a considerable charge load. The
generation oflow-energy secondary electrons and X-rays adds to the creation ofa local plasma.

Further calculations show the advantage of a single target along the axis of a well­
focused electron beam rather than a wide beam that irradiates a multi-layered set-up with
additional off-axis foils. For a given fixed volume the number of fissions evidently
increases with the number of perpendicular targets, while the volume in which the particles
slow down is inversely reduced. Stopping efficiencies in 500 mbar of argon of 30 and 40%
were estimated for distances between 15 mg/cnr' targets of 10 and 20 mm, respectively. If
we take the depth of the gas cell as 40 mm, led by practical considerations, then the two
configurations can hold three or one foils, so we opt for the former. While a longitudinal
shift by 5 mm allows incorporating a fourth perpendicular target, still more of them would
stretch resources. The total number of fissions for the proposed geometry amounts to
6.7-107/ll-C, out of which an estimated 2.4.107IJlC would be stopped in the buffer gas.

Coupling of the laser ion guide to the existing PARRNE separator will require a study of
the necessary adaptations to the front end, for instance the enlargement of the extraction
chamber to accommodate differential pumping and the transit ofpumping ducts through the
concrete shielding walls to high-capacity Roots blowers. In particular, the current design of
the laser ion guide does not foresee for any entrance of the laser light other than the
extraction axis.
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Abstract A new method of optical pumping has been applied to increase the power
of the Ti:Sapphire laser system of the FURIOS laser ion source, Jyvaskyla. This
upgrade has led to a factor of two improvement in the output power, and has been
directly employed in the first off-line laser ionisation tests on the long-lived refractory
isotope 99Tc. In the future further studies will be done to determine the efficiency of
this ionisation scheme and to employ it for on-line experiments.

Keywords Laser ion source- Technetium- IGISOL

1 Introduction

The IGISOL (Ion-Guide Isotope Separator On-Line) technique has been in use
for the past 20 years. During this time there has been a number of technical
advances to improve the performance of the technique [1]. Due to the production
mechanism the ion guide method is not dependent on target chemistry and therefore
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is the ISOL system of choice for the production of refractory short-lived nuclei [2].
Despite the attractive features of a universal production of exotic nuclei and the fast
(submillisecond) release, two drawbacks remain. The IGISOL is rather unselective,
a problem in particular for proton-induced fission reactions, and in some cases
inefficient. To overcome these deficiencies a laser ion source has been installed at
the University of Jyvaskyla consisting of both solid-state Ti:Sapphire lasers and dye
lasers [3].

One of the elements of interest for study at the IGISOL facility is technetium.
From a physics point of view, there is a three-fold motivation: nuclear astrophysics,
weak interaction physics and nuclear structure physics. For example, according to the
conserved vector current hypothesis (eve), the matrix elements of the superallowed
Fermi transitions between the 0+ isobaric analog states (lAS) should all be equal,
independent of nuclear structure apart from small radiative and isospin-symmetry
breaking terms. These latter terms become increasingly important with increasing Z
of the nucleus, and uncertainties between different theoretical calculations dominate
the uncertainty of the isospin correction [4]. A measurement of the Q-value and
half-life of the N = Z superallowed beta emitter, 86Tc, would provide important
experimental input to this field.

In addition, nuclei close to the N = Z line playa special role in nuclear astro­
physics since the rapid-proton (rp) capture process passes right through them. On
the neutron-rich side of the valley of stability, extending the ability to produce even
more exotic Tc isotopes will benefit for the studies of nuclear structure in this region,
and also provide input for calculations dealing with the astrophysical r-process.

The ability to perform spectroscopy on exotic Tc isotopes relies on the need
to produce intense and pure beams of these nuclei. By combining the IGISOL
technique with the efficiency and selectivity of a laser ion source this requirement
will be achieved.

2 Experimental setup

In order to selectively ionise Tc, an efficient resonance ionisation scheme must first
be developed. Due to the refractory nature, particular attention to the production
of an atomic vapour must be addressed. High temperatures and a stable operating
condition are required, developments which go hand in hand with the continuous
improvement of the laser system in use. In this section the experimental setup used
for the preparatory experiments for the laser ionisation of Tc is described. After a
short introduction to the ion guide and IGISOL technique, the modification to the
laser system will be explained.

2.1 The ion guide technique

The ion guide used for the laser ionisation of Tc is described in detail in [5J. It is
equipped with a mount for an electrothermally heated filament. The filament was
prepared at the nuclear chemistry department of the University of Mainz using an
elcctrodeposition technique as described in [6]. The filament substrate is made from
rhenium and is cut into a 20 x 4 mrn? foil, with a thickness of25 urn, A sample of 1014

atoms of 99Tc with a half-life, T I/ 2 = 2.111 . 105 years [7], is deposited onto the foil
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Fig. 1 a The double-sided Ti:Sapphire laser. HR = high reflector, CM = curved mirror, Ti:Sa =
Ti:Sapphire crystal, DC =output coupler. b Conversion efficiencies for the double-sided Ti:Sapphire
laser

and can be evaporated with temperatures of up to 1,500°C under vacuum. The laser
radiation enters the ion guide on-axis via an entrance window in the rear. A helium
gas flow at a pressure of 60 mbar extracts the resonant ions through the exit nozzle of
the ion guide. The ions are subsequently guided through a radio-frequency sextupole
device before being accelerated to 30 kV and mass separated. The final detection is
done with a set of microchannel plates (MCP) downstream from the IGISOL focal
plane.

2.2 Laser system and new developments

The FURIOS laser system was designed to operate as a twin laser system. One setup
consists of two commercial dye lasers pumped by a Copper Vapour Laser (CVL)
operating at 12 kHz. In this work an all solid-state system was used consisting of
three Ti:Sapphire lasers pumped by a commercial 12 kHz Nd:YAG laser.

Of crucial importance in developing a laser ion source is the ability to efficiently
ionise the element of interest. The bottle neck of the ionisation process is often the
final step, either non-resonant or resonant, due to the low absorption cross sections.
In order to provide the laser power required for achieving an efficient ionisation
of Tc, a modified version of the Ti:Sapphire lasers in use has been developed. This
involves pumping of the Ti:Sapphire crystal on both sides in order to achieve a
higher population inversion in the active medium. Figure 1a shows a schematic of
the double-pumping principle. The crystal is positioned between the two curved
mirrors (CM) within the z-shaped cavity. The Nd:YAG pump laser is focussed onto
the crystal through the rear of these mirrors. Figure 1b illustrates the conversion
efficiencyfor the double-sided pumping cavity compared to that of a standard single­
sided laser. The energy of the pump laser was varied by adjusting the repetition rate
from 7 to 10 kHz in steps of 0.5 kHz. The circles and squares correspond to the output
energy obtained by pumping the crystal from the front and rear side respectively. The
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tria ngles correspond to the output pu lse energy obtained when pumping both sides
at the same time. A linear fit of the form

Eollt = (Ein - Eo) ' m (1)

was app lied to the data, where m is denoted as the slope efficiency and Eo the lasing
thres hold. The extracted coeffi cient s are shown in the figure.

Th e result of the fitting shows an increa se in the slope efficiency for the double­
sided pumping with a maximum value for the output energy of 0.7 mJ/pulse. This
value can not be obtained with single-sided pumping due to the damage threshold of
the Ti:Sapphire crysta l. The slope-efficiency for the front-side is higher than for the
back -side since the overlap of the pump-beam with the laser-mode is optimized for
this side.

A comparison between the double-sided pumped cavity with the sum of the two
single-sided cavities (indicated by stars in Fig. 1b) suggests that the double-sided
Ti:Sapphire laser is more efficient [8]. This can be explained by the fact that the same
threshold has to be surpassed for both the single-sided and the double-sided cavities.
Consequent ly the inversion gain due to back-s ide pumping directly contributes to the
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laser process. During a high power test up to 5 W output power was obtained with a
total input power of 28 W at a typical repetition rate of 10 kHz .

2.3 Laser setup for Tc

A schematic of the laser system used for the resonant ionisation of Tc is shown in
Fig. 2a, while Fig. 2b shows the ionis ation scheme developed by the University of
Mainz .

The excitation of the first and second steps at 429.8 and 395.2 nm , respectively, was
achieved using two BBO crystals (2v) to generate the second harmonic frequency.
Both laser beams were overlapped spatiall y using a pol ariz ing beamsplitter cube
(PBS) combined with a half-wave plate (HWP). The final ionisation step of 841.7 nm
was realised using the fund amental wavelength of the double-sided Ti :Sapphire laser.
The infrared light is then combined with the second harmonic light using a dichroic
mirror (OM) . Temporal synchro nisati on of all lasers was achieved using Pockels cells
serving as q-switches in the laser cavities. The laser powers measured at the entrance
window of the ion guide were as follows: 70 mW for the first step; 130 mW for the
second step; 1.4 W for the ioni sation step. The power available for the first two steps
exceeds that needed to saturate the transitions (Wies, personal communication). As
no spectroscopic investigations have been carried out for the third step it is unknown
as to whether this step is saturated.

3 First laser ions of 99Tc

Following the alignment of the lasers into the ion guide the filament was continuously
heated to provide an atomic vapour of Tc . At a current of 18 A corre sponding to
a filament temperature of ~ 1,400 "C, a first Tc laser ion signal was obs erved . A
maximum count rat e of 180,000 counts/s was obtained after optimizing the laser
wavelength s, spatial overl ap and IGISOL ion beam tuning. Figure 3 shows a mass
scan in the range of 84 to 100 amu. A key parameter for a laser ion source is the

~ Springer



126 T. Kessler, et al.

selectivity, determined by measuring the ratio of laser ions to non-resonant ions.
In this work a selectivity of ~ 56 was observed. Non-resonant surface ions were
observed in the mass scan due to the high temperature needed to evaporate the Tc
sample from the Re substrate. As expected, the alkali metal isotopes 23Na, 39K,

41 K,
85Rband 87Rbwere all observed. The non-resonant signals observed at positions of
92-101 amu most likely arise from molecular contaminants formed from impurities
in the buffer gas.

4 Conclusion and outlook

An ion guide has been built for efficient and selective laser ionisation of exotic
refractory radioisotopes at the IGISOL facility, Jyvaskyla, using the FURIOS laser
system. To provide a more efficient laser ionisation, the solid-state Ti:Sapphire lasers
have been upgraded to enable a double-sided pumping technique. This has resulted
in a significant increase in the total output power and therefore a more readily
achievable ability to saturate resonant transitions. The first off-line laser ion signal of
the long-lived 99Tc isotope has been observed at IGISOL using a three step excitation
scheme.

In the near future laser ionisation of 99Tc will be attempted within the sextupole
ion guide, incorporating the so-called LIST principle [9]. Furthermore an efficiency
measurement for the laser ionisation process will be carried out, with a view towards
a first on-line test towards the end of the year.

Acknowledgements The work has been supported by the EU within the 6th framework pro­
gramme Integrating Infrastructure Initiative - Transnational Access, Content Number: 506065
(EURONS). We also acknowledge support from the Academy of Finland under the Finish Centre
of Excellence from 2000-2005 (Project no 44875), Nuclear and Condensed Matter Physics Program
at JYFL). BT acknowledges the Marie Curie Foundation (Ee).

References

1. Penttila, H., et al.: Eur. Phys. J. 25, 745 (2005)
2. Aysto, J.: Nucl. Phys. A693, 477 (2001)
3. Moore, J.D., et al.: J. Phys. G: Nucl. Part. Phys. 31, 1499 (2005)
4. Towner, I.S., Hardy, r.c. Phys. Rev. en, 035501(2005)
5. Kessler, T., Moore, J.D.: A study of the laser ionization of Yttrium at the IGISOL facility.

(in press)
6. Trautmann, N., Folger, H.: NIM B A282, 102 (1989)
7. National Nuclear Data Center, Brookhaven National Laboratory: Nuclear Wallet Cards 7th

edition. http://www.nndc.bnl.gov/wallet/wccurrent.html. Cited 24 May 2006 (2006)
8. Kessler, T.: Diploma Thesis. University of Mainz, Germany (2004)
9. Blaum, K., et al.: NIM B 204, 331 (2003)

~ Springer



Hyperfin e Interact (2006) 171:127-134
DOl 10.1007/s10751-006-9493-0

TRIUMF resonant ionization laser ion source
Ga, AI and Be radioactive ion beam development

E. J. Prime- J. Lassen- T. Achtzehn . D. Albers-
P. Bricault- T. Cocolios- M. Dombsky- F. Labrecque­
J. P. Lavoie- M. R. Pearson- T. Stubbe- N. Lecesne­
Ch. Geppert. K. D. A. Wendt

Pub lished online: 15 February 2007
© Springer Science + Business Media B,V. 2007

Abstract The range of isotopes available at the TRIUMF Isotope Separator Accel­
era tor (ISAC) facility has been greatly enhanced by addin g a Resonance Ionization
Laser Ion Source (RILlS). A large wavelength range is accessible with the funda­
mental, second and third harmonic generation of titanium-sapph ire laser light. In
addition a dedicated laser is availab le for non-resonant laser ionizatio n. The first on­
line beam 62Ga was delivered in Dec. 2004. In general RILlS improves the intensity,
pur ity and emitta nce of ion beams. 62Ga and 26Al and Be beams have been delivered
so far on-line.
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1 Introduction

EJ. Prime, et al.

For the study of isotopes far from stability intense and pure beams are needed
for experiments. At the TRIUMF Isotope Separator Accelerator (ISAC) facility,
a range of radioactive ion beams have been produced with the ISOL technique and
the use of a surface ion source since 1998 [1]. By adding a Resonance Ionization
Laser Ion Source (RILlS) to the setup it is possible to efficiently ionize elements with
ionization potentials above 6 eV. In resonant laser ionization the valence electron
is excited by resonant photon absorption via several intermediate steps into the
continuum. The last excitation is either via resonant excitation into a high lying
Rydberg state, via an auto-ionizing state, or non-resonant.

The TRIUMF Resonant Ionization Laser Ion Source TRI LlS uses all solid state
lasers, with currently up to three titanium-sapphire (Ti:Sa) lasers of the proven Mainz
University design [2]. In addition to the fundamental, second and third harmonic
laser light has been generated [3]. For optimum ionization efficiency all steps in a
scheme should be resonant. However, many of the successful dye laser schemes have
employed copper vapour lasers for non-resonant ionization in the last excitation step
[4]. The addition of a frequency doubled Nd:YV04 (Vanadate) based laser unit with
a 35 ns pulse length allows access to many of these dye laser schemes. This system at
hand produces 6 W at 532 nm and 10 kHz repetition rate. In addition to extending
the range of possible ionizable elements, a RILlS results in significantly increased
ionization efficiency for many elements already accessible with the surface source.
For 26Al beams at ISAC the surface ion source efficiency is 0.6%, whilst with TRILlS
13% total ionization efficiency was achieved. Laser ionization also has the advantage
that the ionization volume tends to be tightly defined when compared with other
ion sources which can result in a reduced angular distribution of the extracted ion
beam [5]. Finally a RILlS moves the complexity of the ion beam production away
from the high radiation area of the isotope production. Outlined are the TRILlS
setup and the progress made therewith in radioactive ion beam development since
the commissioning of the on-line laser ion source at ISAC in Dec. 2004.

2 ISAC setup

TRIUMF's H- driver cyclotron produces a continuous beam of 500 MeV protons
with a beam current up to 100 I1A delivered to ISAC [6]. These protons bombard
an isotope production target in one of two target stations. The targets are of varied
composition depending on the desired ion beam [7] and are either resistively heated
(standard targets), or radiatively cooled (high power targets) according to the proton
current in order to keep the temperature of the target at around 2,000°C. Radioactive
species produced from nuclear reactions diffuse out of the target and are transferred
by effusion to the surface ion source. This is a 3 mm diameter and 40 mm long Ta
ionizer tube, which is closely coupled to the target for fast extraction. The laser ion
source makes use of this hot cavity. Whilst the high temperature reduces sticking
times and aids the fast transfer of atoms through the tube, which is particularly
beneficial for short lived isotopes, it also provides spatial confinement of the atomic
radioisotopes in the laser interaction region sufficiently long enough for the lasers
to induce ionization. Atoms are typically in this region for 0.1 ms. Therefore a
laser pulse repetition rate of at least 10 kHz is required for efficient ionization. A
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Fig. 1 Diagram of the target ion source system, extraction, mass separator and laser system at
TRIUMF

fixed geometry multi-electrode extraction system extracts the ion beam with energies
up to 60 keV out of the ionizer tube. In order to extract the isotope of interest
from any contaminant background the ion beam enters a magnetic mass separator.
Electrostatic ion optics is used for beam transport to the yield station, as well as to the
low energy experimental areas or the accelerators. A diagram of the target, ionizer
tube and extraction setup is shown in Fig. 1.

3 Laser system

TRI LIS uses an all solid-state laser system in order to achieve reliable operation. It is
a pulsed system in order to achieve the power density required to achieve ionization.
The pump laser is a frequency doubled, diode pumped, Nd:YAG laser. With up
to 50 W power (multimode) all three Ti:Sa lasers can be pumped simultaneously
from the same pump laser. Operating at 10 kHz repetition rate, 10-15 W of pump
power typically result in 2-3 W output from the single sided pumped Ti:Sa laser and
about 4 W from the double sided pumped Ti:Sa (DS-Ti:Sa) laser [8,9]. Wavelength
scanning is achieved with an intra-cavity three plate birefringent filter (BRF) and
a motor controlled etalon. Typically the Ti:Sa line width is 6 GHz. The laser
wavelengths achieved so far range from 695-990 nm. Second and third harmonic
frequency generation is possible with two dedicated units. This adds the wavelength
ranges 350-490 and 235-325 nm. Doubling and tripling efficiencies increase with light
power and beam quality. The tripling units produce 10mW from 1 W of fundamental
light, increasing to 40 mW when applying 1.7 W of fundamental light. The laser
wavelengths are monitored with a 10- 6 precision wave meter which is calibrated to a
wavelength standard, polarization stabilized HeNe laser.

4 TRI LIS setup & beam development

The on-line laser lab is located in a quasi clean-room. The laser beams are trans­
ported over a distance of 20 m to the target ion source. Three separate laser beam
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transport paths are installed and the beams are combined before the concrete
shielding with dichroic mirrors. For laser beam transport telescopes are used to
expand the beams on the laser table. Focusing of the laser beams into the ionizer
tube is accomplished with lenses located about 10 m from the ionizer tube. Such long
focal lengths result in an extended Rayleigh length so the position of the focus is
non-critical. Primary alignment is carried out prior to an on-line run with a power
meter mounted in place of an ISAC target. The Ti:Sa fundamental and the non­
resonant ionization laser are single mode with an M2=:1.3. This results in as much as
90% of the laser power being transported from the laser table to the ionizer tube.
The elliptical beam profiles obtained from the frequency doubled and tripled Ti:Sa
lasers, even after re-shaping allow for about 60% transport efficiency. It is important
to achieve spatial and temporal overlap of the various laser beams. The reflections of
the beams off the pre-separator laser port are used as reference spots for maintaining
alignment. They are monitored with CCD cameras remotely, as the mass separator
area during on-line beam delivery is located in an inaccessible radiation zone. For
Ti:Sa laser pulse synchronization two methods have been employed so far: (1)
passive, which involves varying the individual laser gain by adjusting the pump
power. This, however, can lead to significant reduction in laser output power, and (2)
active, by q-switching with Pockel cells. An applied voltage on a Pockel cell within
the laser resonator will rotate the polarization of light and thus act as a variable
attenuator.

4.1 Gallium two-step resonant ionization

The ISAC physics program priorities as decided on by the TRIUMF Experimental
Evaluation Committee determine the radioactive ion beam development. The first
task for TRILlS was the enhancement of 62Ga beam produced by the surface ion
source. 62Gais a super allowed ,B-emitterfor which a precision lifetime and branching
ratio measurement was needed [10]. The selectivity of resonant laser ionization was
important as the conventional high resolution mass separator could not resolve 62Ga
and the main contaminant 62CU. Whilst Ga (IP=:5.9993 eV) surface ionizes better
than Cu (IP=:7.7264 eV), the latter is more abundantly produced in the target and
the Ga is masked in the tail of the Cu mass peak. The added selectivity of TRILlS
combined with a reduction of surface ionization by the removal of a high work
function liner in the ionizer tube resulted in an improved Ga beam purity. With a
Ta ionizer tube heated to 2,000°C a 100x Cu background suppression was achieved.
The Ga laser excitation scheme involves a two-step resonant excitation from the
ground state to a Rydberg-state, followed by electric field ionization as shown in
Fig. 2. 62Ga has a fine structure splitting of the ground state and at 2,000°C atoms are
thermally distributed between these states. The transition to the first excited state
requires frequency tripled light, this was provided with a frequency tripler prototype
using LBO and BBO crystals. The specific Ti:Sa fundamental wavelength required
for the second step in the scheme was determined by off-line resonance ionization
spectroscopy carried out at the University of Mainz [11]. An atomic energy level
search was carried out because for efficient ionization it is necessary to excite to a
high lying Rydberg state which is easily populated as well as field ionized. For the
chosen n = 40 state the critical electric field for ionization is 30 VImm. At the exit of
the ionizer tube just before the ground electrode, where the ionization takes place,
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Fig,2 Ti:Sa laser excitation scheme used for on-line Ga and Al reson ant laser ionization

the high voltage from the extraction electrode penetrates and provides the electric
field. Additionally in this region the ions are extracted at the full extraction potential
so have maximum beam energy. This scheme was tested off-line at ISAC in Nov.
2004 [5] and the first on-line laser ions were achieved at ISAC in Dec. 2004 [11]. A
ZrC target was bombarded with 35 IlA of proton beam and a short stack of target
foils were used for better effusion as 62Ga has a half life of rl /2=116ms. A subsequent
measurement resulted in a 62Ga yield at the experim ent (8n detectors) of 5,000 ions/s
for a duration of 1 week. This corresponded to a factor of 28 enhancement over
surface ionization and a suppression of Cu background resulting in a ratio of 62Ga to
62CUof 6.5. The ionization efficiency is measured by knowing the target chemistry for
a given target temperature and calculating the expected production yield in target.
Comparing this result with the actual yields measured after the mass separator gave
a total ionization efficiency of 26% for 62Ga. Ion yield as a function of laser power
proves that the first (UV) laser excitation step saturates the transition with the 8 mW
available, whereas the second excitation step in the scheme was not saturated with
the 1.65 W available. Ion yield is maximized by optimizing the combination of laser
intensity and ionization volume.

4.2 Aluminum (1, I') resonance ionization

The (p,y) cross sections for 26gAI (rI /2= 7.1*105 y) as a primordial isotope are
import ant to nuclear astrophysics [12]. In such a cross section measurement 1 particle
nA of 26Al beam would result in approximately 10 reaction events per day. Such
an intense 26Al beam was requested. A one step resonant, one step non-resonant
(1,1') laser excitation scheme as shown in Fig. 2 was used where the ionization step is
provided by a dedicated frequ ency doubled Nd:YV04 (Vanadate) laser. Al also has
a fine structure splitting of the ground state and the thermal distribution at 2,OOO°C
puts 65% of the electronic popul ation in the 2P3/2 state. This scheme was tested off­
line and in the first on-line run 70 IlA of protons were put on to a newly developed
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high power target with SiC as target material [13]. Al beams are difficult to produce,
due to the target chemistry where Al release from Si and C material is inhibited
[Dombsky, private communication]. A second run resulted in an increase in laser
ionized yield by the successful addition of the second first step transition from the
ground state (35% population). A new frequency-tripling unit provided the UV light.
The beam purity was improved further by using the mass separator to separate off
a portion of the abundant 26Na isobar. With the increased Al yield it was possible
to employ several techniques to further suppress the surface ionized Na background.
Firstly, the mass separator was slightly tuned off the 26Al peak, this obviously resulted
in a loss in Al (by a factor of 2), but it also resulted in a greater loss in isobaric Na.
The superior beam emittance of the laser ions can be employed to further improve
the level of isobar suppression. Despite resulting in lower over all transmission, the
slits after the mass separator were narrowed in order to reduce the number of Na
surface ions which have a wider ion beam profile. All these measures resulted in
the acceleration of 4 particle nA of 26AI, and a yield of 5*1010 ions/s (as measured
at the ISAC yield station) for a duration of 3 weeks. The total ionization efficiency
for 26Al was 13%. A 20-fold enhancement over surface ionization was achieved with
simultaneous suppression of isobaric Na background resulting in a ratio of 26Al to
26Na of 1*104 . Ion yield as a function of laser power shows that both of the first step
UV transitions are well saturated with around 10 mW for each excitation. The non­
resonant ionization step proved to be the bottleneck.

4.3 Beryllium (2, 1') resonance ionization

Be is of major interest to theorists and experimenters alike as it allows the extension
of precision measurements and theory beyond Li. Although production of Be is
high with 35 J.LA of protons on a Ta target, the IP of 9.32 eV precludes significant
levels of surface ionization. Two different (2,1') excitation schemes were tested,
the second one in preparation for Rydberg state spectroscopy. These schemes are
shown in Fig. 3. The 234 nm laser light for the first excitation step was derived
from frequency tripling a Ti:Sa laser operating at 702 nm, the laser wavelength of
698 nm was provided by the TRIUMF DS-Ti:Sa laser. For non-resonant ionization
again the frequency doubled Nd:YV04 (Vanadate) laser was used. This resulted
in an excitation to only 487 cm- I above ionization threshold. Unfortunately this
698 nm transition is weak (A iF10

S S-I). In the second scheme a transition at 457 nm
(frequency doubled Ti:Sa laser) with an AiF10

7 S-I was used. The non-resonant
step excites to 8033 cm- I above ionization threshold, which should result in a lower
ionization efficiency. However, the orders of magnitude of the various transitions
strengths appear to cancel out as these two schemes both resulted in an ionization
efficiency of 3%, which is almost identical to the ionization efficiency quoted for this
scheme using dye lasers [4]. The UV step is saturated with the 16 mW produced. In
order to synchronize the pulses, the pump power to the DS-Ti:Sa, was adjusted. In
this case the use of the passive method for timing control resulted in power loss for
the DS-Ti:Sa. The two Ti:Sa's in use were at two very different wavelengths represent
two very different points on the Ti:Sa gain curve. In order to bring them to a similar
gain the pump power to the DS-Ti:Sa was greatly reduced. Combined with power
loss due to achieving the correct wavelength by tuning the etalon resulted in 1.3 W
at 698 nm and only 160 mW at 457 nm, consequently the second step in either of the
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Fig. 3 Ti:Sa laser excitation scheme used for on-line Be resonant laser ionization. The measured
ionization efficiencies were identical

schemes was not saturated. Again it was not possible to saturate the non-resonant
steps. The laser wavelengths were tuned to compensate for isotope shifts and all the
Be isotopes from mass 9 to mass 12 were laser ionized. In order to try and improve
on the achieved ionization efficiency an all resonant excitation scheme will be tested.
The second scheme will be used and a final resonant Ti:Sa fundamental step will
be scanned to find a suitable Rydberg or auto-ionizing state. The Be isotopes are
easily separated with the mass separator and its resolution is sufficient to separate
out the Li isotopes which are the only major contaminant due to efficient surface
ionization. Mass selectivity is rarely an issue with the lightest elements as the binding
energy represents a large fraction of the total energy. Therefore no other means of
suppression of surface ionization is required.

5 Conclusions and outlook

The resonance ionization laser ion source setup for the west target station at ISAC
has been completed and is continually being improved. The subsequent radioactive
ion beam development program has lead to the successful on-line production of 62Ga,
26AI, 9- 12Be laser ions. In the second half of the year 2006 laser q-switching will be
implemented.

Acknowledgements The contributions from the collaboration with the research group of Dr.
K.D.A. Wendt from the University of Mainz are key to the rapid success of Ti:Sa laser based
resonance ionization.
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Abstract A programme of research has commenced at the IGISOL facility, Jyvaskyla,
combining the technique of resonance ionization spectroscopy with the development of the
highly selective laser ion source trap (LIST). The first element of interest is bismuth, which
contains three isomers of multi-quasiparticle states in near-spherical nuclei, namely 207Bi
(21/2+, 182 I-1s), 204Bi (10-,13 ms) and 204Bi (17+, 1.07 ms). A measurement of the optical
isomer shift provides a direct comparison of the mean-square charge radii between the
isomer and the nuclear ground state. Due to the short isomer lifetimes the spectroscopy will
be done either within the ion guide or in a sextupole ion beam guide (SPIG), located after
the ion guide and used in the development of the LIST. A mixed dye-Ti:Sapphire laser
ionization scheme has been successfully tested for bismuth and first off-line results have
been obtained.

Key words resonance ionization spectroscopy ' bismuth -laser ion source

I Introduction

In recent years a general feature of multi-quasiparticle (qp) isomers has been revealed
through measurements of the nuclear charge radii at the laser-IGISOL facility: all isomeric
states are found to have a smaller nuclear mean-square charge radius than their respective
ground state, even though they are not less quadrupole-deformed [1]. This property was
first observed by Boos et al. [2] for the celebrated l6+178Hf"2 isomer. This effect is most
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Fig. 1 At the JYFL IGISOL facility, resonance ionization spectroscopy is achieved either within the ion
guide, or within the volume of the SPIG. Laser beams either enter from the left or through a window on the
mass separator, not shown, on the right

likely either due to a decrease in the dynamic quadrupole contribution to <r"> or due to a
reduction in the diffuseness of the nuclear surface. The relative importance of the changes in
rigidity and pairing are difficult to assess from the current data that only cover quadrupole­
deformed states. However both effects have been suggested in explanations of the odd-even
staggering of nuclear charge radii, where the orbital blocking by the odd quasiparticle could
reduce pairing correlations and increase the rigidity of the nuclear shape.

In order to separate the two effects it is planned to measure the mean-square charge radius
variation of multi-qp isomers in spherical nuclei, where any change of shape in the isomer
can only increase the rms radius. This will be done by measuring the optical isomer shifts
which are directly proportional to these variations. Bismuth is an element well-known to the
collaboration (see [3] and references therein). The proximity to the doubly-magic 208Pb
isotope means the bismuth core will be spherical, and there are a few excellent cases in the
system that will be attempted at the IGISOL facility, Jyvaskyla. The 207Bi (21/2+) 3-qp
isomer has a lifetime of only 182 I-lS, however it has been extracted from the IGISOL
previously with a usable efficiency of 0.5% [4]. Two other, slightly less challenging,
isomers are of interest: 204Bi (10-, 17+) isomers with lifetimes of 13 and 1.07 ms,
respectively. The former is a 2-qp state and the latter a 4-qp state. With the ability to
perform laser spectroscopy effectively at the source of the production of exotic nuclei, these
measurements will open up a new field of research of short-lived isotopes and isomers at
the IGISOL facility.

2 Experimental development

The recent installation and on-going development of the laser ion source in Jyvaskyla [5] in
order to improve the efficiency and selectivity of the IGISOL technique has led to the
possibility of measuring very short-lived isotopes and isomers. One technique being
developed to achieve high selectivity is that of the Laser Ion Source Trap (LIST) method
[6], illustrated in Fig. 1. Lasers enter through a window on the mass separator and
selectively re-ionize the neutralized nuclear reaction products after they exit the ion guide
within the gas flow. The laser-produced ions are captured within the volume of a RF
Sextupole Ion Beam Guide (SPIG) and are guided towards the mass separator. By repelling
any non-neutral fraction at the entrance to the SPIG, any produced ion transported to the
extraction and acceleration stage of the mass separator is guaranteed to be a resonantly
produced ion.
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The facility has the flexibility to do Resonance Ionization Spectroscopy (RIS) at the
production source (within the ion guide) or in the SPIG volume. The application of RIS is
not to maximize isotope production but to achieve the sensitivity needed to perform
spectroscopic measurements. In addition to the broadband pulsed lasers used for the laser
ion source [5], a pulsed dye amplifier (Spectra Physics) seeded by a single mode CW laser
is available to produce the narrowest-possible linewidth for the pulsed laser light. It is
pumped by a 50 Hz Nd:YAG laser (Spectron Laser Systems Ltd SL801) operating at
frequency doubled 532 nm with a pulsewidth of 6 ns. This pump laser also has the option
of running in parallel frequency tripled light at 355 nm and has been used successfully at
the IGISOL facility in an earlier work [7].

The relevant atomic energy level scheme of bismuth showing the transitions
investigated in this work is shown in Fig. 2. The atomic excitation energy of the levels
is labeled in units of cm-I, and the levels are identified in the Russel-Saunders-Coupling
notation. The log-gf (transition strength) is listed next to the wavelength of the first step
transition. Bismuth has a first ionization potential of 7.29 eV Perhaps the easiest
ionization scheme to investigate is a two step WI +WI scheme, using a single laser to
produce both steps at 306.8 nm. The advantage is that spatial and temporal overlap of
both steps is ensured, however problems arise when the high laser power needed to ensure
saturation of the ionization step is also used for the excitation step. Power broadening and
smearing of the lineshapes can be extremely detrimental to a high-resolution study of
hyperfine structures (shown in Fig. 2 for bismuth isotopes with a non-zero nuclear spin)
and isotope shifts. Two different schemes were therefore tested, both using a single mode
frequency doubled CW laser for the first excitation step which removed any concerns
regarding temporal overlap. The first scheme used a non-resonant ionization step to the
continuum with 355 nm from the frequency tripled 50 Hz Nd:YAG laser, and the second
to a known auto-ionizing level [8] using a 10kHz frequency doubled Ti:Sapphire laser
operating at -382 nm.

2.1 Resonance ionization spectroscopy in an atomic beam unit

An atomic beam unit, described fully in [9], was used to test the resonant ionization scheme
of bismuth involving the auto-ionization state and the saturation power needed for the final
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Fig. 3 A laser wavelength scan over the lower frequency triplet of hyperfine states in 209Si (left) and the
upper frequency triplet (right). The peaks are labeled using the notation shown in Fig. 2

step. In this work ~400 mW of 382 nm laser light was available from the Ti:Sapphire. By
measuring the ion count rate as a function of laser power it can be deduced that 400 mW
measured over a beam diameter of ~2 rom provides 70% saturation of the final step. The
first resonant transition step was realized using I mW of CW light from an intracavity
doubled Spectra Physics 380D tunable dye laser. The frequency of the fundamental beam
was locked to an external reference standard and was monitored by an iodine absorption
cell. 209Bi was loaded in powdered form in a joule-heated oven. A low pressure (0.01 mbar)
bismuth vapour was produced with an oven temperature of about 670°C.

The hyperfine spectrum of 209Bi is composed of six components, well-separated into
two groups of three due to the large splitting of the J= 1/2 upper atomic level (24.6 GHz).
Using the notation in Fig. 2 for the hyperfine transitions, Fig. 3 shows two separate
wavelength scans of the resonant step over the lower three components and upper
components respectively. The splittings of the individual components are shown in GHz,
with 22.4 GHz separating peak "c" from peak "d". The laser excitation probability of a
transition between hyperfine substates in a two level system can be written in terms of the
electronic transition probability, the lower state weighting (2F+ I) and angular momentum
coupling coefficients. The relative intensities, called Racah intensities, are shown in
Table I for 209Bi. It is clear from Fig. 3 that the intensities are not matching the Racah
intensities and work is presently being done to understand this mismatch, including the
effect of the second step power which has been seen to alter the population within the
hyperfine levels.
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Table 1 Relative hyperfine intensities for 209Bi

139

Peak

Relative hyperfine intensity

a

7.0

b

6.6

c

4.4

d

2.4

e

6.6

f

13.0

2.2 Resonance ionization spectroscopy in an ion guide

The IGISOL technique is described fully in [10] and will not be discussed here. The ion
guide used for the resonance ionization of bismuth is shown with the SPIG in Fig. 1. Atoms
of 209Bi were produced from a resistively heated Ta filament (~7 rng/cm/ thickness), with
bismuth sputtered onto the surface. The laser light entered the ion guide longitudinally
through a sapphire window, ionizing neutral atoms along the axis of the cell. The diameter
of the laser beam was brought to a gradual focus of approximately 2 mm near to the exit
hole (l mm in diameter). In this test up to 100 mbar of He gas was used to evacuate the ions
from the cell, where they were subsequently transported through the SPIG and injected into
the mass separator via stages of differential pumping. The ions were accelerated to 30 kV,
mass separated, and detected on a set of microchannel plates downstream from the
separator focal plane.

In order to increase the power of the first resonant step the fundamental light from the
380D CW dye laser was sent into an external frequency doubling cavity, Coherent MBD­
200. This was to offset losses experienced during the laser transport to the IGISOL. A
factor of three could be gained over the intracavity doubling. Two laser scans were made
over the upper three hyperfine peaks within one hour of each other, at a constant filament
current of 7 A. The first scan used the frequency tripled light from the 50 Hz Nd:YAG as a
non-resonant ionization step. On success, the frequency doubled Ti:Sapphire was then
spatially overlapped with the CW beam from the MBD-200 cavity and was used to reach
the auto-ionizing level. Results from both these scans can be seen in Fig. 4.

During the scan on the left of Fig. 4 it is possible that the MBD-200 cavity temporarily
dropped out of lock with the dye laser at around channels 20 and 45. This could be the reason
for the sharp edges of the spectraseen. It is difficult to make a direct comparison between the
two spectra as the repetition rates and hence the pulse energies of the ionizing lasers were
significantly different. However, the increase in count rate by about a factorof 60 on the largest
peak is almost certainly due to the higher probability of ionizing when using an auto-ionizing
level compared to a non-resonant transition. In addition, spectra were taken at differing ion
guidepressures to provideinformation aboutpressurebroadening effects. The data are presently
being analysed, howevera few conclusions can be immediately drawn. The resolution achieved
in Fig. 4 is clearlyadequate to resolveexpected hyperfine structure. The advantage ofRIS in the
IGISOLgas volume is that the pressure broadening helps when narrow-band laser light is used,
and there is almostno Dopplershiftof the lineprofile(only 10 mls driftvelocityinsidethe cell).
From the off-line data, however, no conclusions can be made about the neutral/ionic fraction, or
the absolute ionization efficiency. Only on-lineconditions will be able to providethe important
information on both selectivity and efficiency of the RIS process.

3 Conclusion and outlook

Resonance ionization spectroscopy on 209Bi using a CW laser for the first excitation has
been shown to be successful in an ion guide at the IGISOL facility, Jyvaskyla, The effect of
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scanned over the upper hyperfine peaks. The left figure shows results obtained using the non-resonant
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the auto-ionizing state has been clearly confirmed to be an advantage for spectroscopy in
this system. The next step will be to perform the high resolution RIS within the volume of
the SPIG, the lasers transported through the mass separator dipole magnet in the same
manner as that of the LIST technique. The important advantage over RIS in the gas cell
volume is that the resultant ion signal is clean, without any non-laser ion related
background. However, it is expected that the hyperfine profiles will exhibit both Doppler
broadening and Doppler shift, and there will be no pressure broadening to help with the
narrow band first step. This option has been previously achieved on the bismuth system
earlier this year, and the effect of the repelling voltage to ensure all detected ions are indeed
created in the SPIG volume was successful. However, the low repetition rate laser system
was used in this test, both for pumping the pulsed dye amplifier in order to achieve the first
resonant transition and also for producing the non-resonant 355 nm. This had the
disadvantage of hugely power broadening the two sets of hyperfine structures. The
possibility of using the CW dye laser and external cavity to produce the first step transition
was tried in a LIST mode in the present work, however was unsuccessful - believed to be
due to the extremely low laser intensity finally reaching the SPIG.

In the near future the use of a high repetition rate (12 kHz) copper vapour laser (Oxford
Lasers LMlOOX(KE)) to pump the PDA will be tested, which has the advantage of having a
significantly lower energy per pulse than the Nd:YAG laser (the repetition rates are 12 kHz
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and 50 Hz, respectively). This will bring the added advantage of a higher power in the first
transition, not provided by the CW laser, and the reduction in power broadening compared
with the low repetition rate pumping. In order to study the isomer shifts of 207Bi (21/2+) and
204Bi (l0-, 17+) the resonance ionization spectroscopy will be performed on-line. By using
a 209Bi target and the reactions (p,p2n) and (p,p5n), not only will the isomers be populated
but additional 209Bi will be produced from sputtering of the target material which can be
used as a calibration.

A future option not fully optimized at present at the IGISOL facility, is the Collinear
Resonance Ionization Spectroscopy (CRIS) method [11]. Longer-lived Bi isotopes/isomers
can be extracted from the ion guide in the standard manner, cooled and bunched in the
radio-frequency quadrupole and released to the collinear laser spectroscopy line. By
neutralizing in a charge-exchange cell, the bunched-atom beam can be re-ionized with
narrow band pulsed lasers. High efficiency can be achieved by matching the release time of
the ion bunch from the cooler with the low-repetition rate of the laser system (50 Hz),
thereby removing any duty cycle losses. The laser resonance is located by the measurement
of the ion yield (easy), rather than by photon detection (low solid angle, poor quantum
efficiency).
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Abstract The use of optical pumping in an RF linear Paul trap is shown to permit
efficient collinear laser spectroscopy in systems where atomic ground state resonance
lines are ill-suited to the fast beam technique. The case of yttrium, where laser spec­
troscopy has been used to study 86-90.92-102y and isomeric states of 87-90,93,96,97,98y,

is highlighted.

Key words laser spectroscopy' radiofrequency ion traps

1 Introduction

The change in the nuclear mean-square charge radius, 8(r2) A .A' , between isotopes
with mass A and A', is a fundamental quantity which may be extracted from optical
isotope shift measurements with little model dependency [1,2]. In conjunction with
measurements of optical hyperfine structures, which provide information on the
nuclear multipole structure, it is possible to construct a detailed picture of the nuclear
ground (or isomeric) state. The fundamental feature such measurements are sensitive
to is the distribution of charge within the nucleus. This distribution of charge is found
to display a variety of bulk (macroscopic) and valence (microscopic) phenomena
[1,2].

Laser spectroscopy has made a huge impact in this field since it is the only method
available for measuring charge radii of radioactive nuclei and, of all methods for
stable nuclei, it is the most sensitive to small isotopic variations. Elements with
favourable atomic and chemical properties have been studied over long isotope
sequences which stretch almost to the edges of the chart of nuclides.
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In the most common laser technique, 'collinear fast beams,' an atomic or ionic
beam is overlapped with a collinear beam of counter-propagating laser light and,
for fluorescence observation, a length of the overlap region is imaged onto a photo­
multiplier. At JYFL, Jyvaskyla, the laser-IGISOL collaboration has developed and
commissioned a gas-filled RF quadrupole 'ion cooler'[3] which is positioned between
the IGISOL ion source [4] and the collinear laser station. The cooler consists of a HV
platform mounted linear Paul trap similar to smaller devices previously developed
at McGill University and at ISOLDE, CERN (where they were primarily used as
first stage 'coolers' and 'bunchers' upstream of high precision Penning traps). At the
IGISOL the larger scale, general purpose, device services a variety of experimental
stations. Unlike conventional isotope separators the gas-cell based IGISOL, while
fast and universal, normally produces ion beams with large energy spreads and of
large spatial and phase spatial size. Such beam properties are particularly damaging
to the efficiency of collinear laser spectroscopy and the development of the JYFL
cooler-buncher has been crucial to the success of the laser spectroscopy programme
at the facility. The reduction in the energy spread of the cooled ion beams allows
spectroscopy to be perform close to the naturallinewidth limit in resolution.

The bunching of radioactive beams in the trap also permits a highly efficient and
low background variant of collinear laser spectroscopy to be performed [3]. In this
variant the signal from the photomultiplier is gated and only opened as an ion bunch
traverses the interaction region. The bunching of the ion beam allows fluorescent
photons to be counted at a greatly reduced background (which is otherwise domi­
nated by a continuous non-resonant scattering of photons from the laser beam).

For ionic spectroscopy the cooling and bunching of the reaction products limits
the optical spectroscopy to transitions from the electronic ground state (with all other
atomic metastable state populations relaxed during the beam preparation). The laser
excitation frequency, electronic spin, hyperfine structure and transition strength are
thus limited and often one or more of these parameters is not optimal, or for some
elements, fatally restricted. At JYFL we are therefore developing methods for the
preparation of cooled and bunched ionic beams in states other than the ground state.
The collaboration has now succeeded in efficiently manipulating state populations in
ionic ensembles using optical pumping within an RF cooler buncher.

A pertinent example of the capabilities, and the limits, of non state-selected
ionic spectroscopy at the IGISOL is the system of yttrium. This odd-Z isotope
chain (Z = 39) is rich in nuclear isomers. The wealth of isomeric states provide a
range of nuclear systems with non-zero spin, thus providing information on magnetic
moments, and many with spins I ~ I which allows the determination of static
quadrupole deformation parameters, (fh). In comparison to the neighbouring even­
N chains of Sr and Zr, where many of the accessible and interesting isotones have
spin 0 or spin 1/2, explorations in the yttrium chain permits a far more detailed
investigation of the low-lying nuclear structure.

The nuclear structure around Z = 39 displays some of the most rapidly changing
and varied phenomena observed anywhere in the nuclear chart. Both optical [5-7]
and non-optical [8, 9] measurements on isotopes with Z = 36 - 40 have revealed
a sudden onset of deformation at N ~ 60. While the existence of the onset of
deformation has been established, the nature of this transition remains disputed.
The behaviour of the 2+ state lifetimes in Sr and Zr originally suggested an abrupt
transition in the nuclear shape [9]. Other nuclear parameters, such as the magnetic
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moments and existence of 0+ first excited levels, also support the idea of a sudden
transition from spherical to rigidly deformed shapes. However y-spectroscopic
studies of excited nuclear states have questioned the existence of strongly deformed
excited states and have suggested that the onset of deformation is more gradual [10].
Such a deformation trend prior to the N = 60 shape change is supported by charge
radii data from the optical measurements [5-7] in the region.

At JYFL laser spectroscopy has been used to study 86-90.92-I02y ground states
and isomeric states of 87-90.93.96.97,98y' The yttrium isotopes and isomers with mass
numbers from 86 to 90 were produced using 33 MeV 89Y(p,pxn)86-89y and 14 MeV
89Y(d,pxn)89.90y reactions. The neutron-rich yttrium isotopes and isomers were
obtained from 30 MeV proton induced fission of natural uranium. In both cases
the recoiling reaction products were thermalised in fast flowing helium gas, elec­
trostatically extracted and mass analysed (the IGISOL technique [4]). Typical ion
fluxes of 7,000 S-I for mass A = 90 and 3,000 S-I for the A = 98 fission fragments
were obtained. A stabilised continuous wave, frequency-doubled dye laser provided
up to 0.5 mW of 363 nm UV light, which was focused and overlapped collinearly
with the ion beam [3]. High resolution spectra of the 5s2

I So (ground state) -+

4d5p IPI (27,516.691 cm") ionic transition were taken for each yttrium isotope by
observing the flux of fluorescent photons as the acceleration voltage was ramped.
This tuning voltage, applied to the laser-ion interaction region, acts to Doppler-shift
the apparent frequency of the laser light producing a laser frequency scan across
the ionic hyperfine resonances. In both sets of experiments the absolute background
from scattered non-resonant photons was reduced by accumulating and bunching
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the ions during cycles of 50-200 ms and only counting photons during a 25 Il-S gate
defining the laser-ion bunch interaction time [3]. Sample spectra are shown in Fig. 1.

In order to extract nuclear data from the observed spectra at least one of four
nuclear parameters must already be known - either the nuclear spin, magnetic
moment, quadrupole moment or 8(r 2}A ,A ' relative to a known system. This situation
arises as the I So ground state term limits the possible upper ionic terms to J' = I
states (reachable by electric dipole transitions) and only three hyperfine components,
and thus two splittings, can be observed. Nuclear spins for many of the measured
ground states and isomers are already known, or strongly suggested, but for three
structurally important systems, the deformed 98y isomer, IOOy and I02y, an indepen­
dent evaluation is required [11].

A general method of sample preparation, capable of alleviating the above restric­
tion in yttrium and providing a range of experimental opportunities, is offered by
optically pumping trapped ensembles in the cooler-buncher.

Figure 2 shows two resonance fluorescence spectra observed in a collinear fast
beam study of the stable, A = 89, yttrium ion (using a continuous 1 pA flux of ions).
For both spectra the optical transition was excited from the same metastable state
and the effect of optical pumping in the cooler buncher can be observed. During
the acquisition of the spectrum labelled 'TiSa on' '" 200 mW of 363.3 nm light from
a pulsed titanium-sapphire (TiSa) laser illuminated the thermalisation axis of the
cooler. Population transfer is observed at a level that remains constant while the
ion beam is bunched. The fluorescent intensity is likewise constant, unlike that from
unpumped ensembles which decreases to zero as the relaxing metastable population
is held in the cooler.

In the case of yttrium the optical pumping permits efficient collinear spectroscopy
on a J = 2 to J' = I ionic transition. A determination of all four measurable nuclear
parameters can be achieved from spectroscopy of such a line. Future work at the
JYFL IGISOL facility will now use this technique to independently measure the
nuclear spins of the studied yttrium isotopes and isomers.

More generally the ability to manipulate state populations using broad band­
width pulsed lasers is intended to greatly extend the prospects for collinear laser
spectroscopy at JYFL and at other facilities. The pulsed lasers used for the state
manipulation can readily access a far greater range of wavelengths, via harmonic
generation, than that possible with the high-resolution single mode lasers used in the
collinear spectroscopy. It is thus possible to use pulsed lasers to manipulate the ionic
state and populate levels from which transitions suitable for single mode CW lasers
can be studied. The choice of transition can then be optimised and for many elements
previously impossible investigations can then be made.
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Abstract We describe a laser spectroscopy station that has been proposed to
exploit the high yields of radioactive beams at the future FAIR facility at GSI,
Darmstadt. Exotic nuclei produced in the Super-Fragment-Recoil-Separator
(S-FRS) are stopped in a gas cell, extracted, reaccelerated and transported to the
LaSpec setup. Here, collinear spectroscopy on ions and atoms, ,B-NMR experiments
or laser-desorbed resonance ionization can be applied to these rare isotopes.

Key words laser spectroscopy- nuclear charge radius- isotope shift­
hyperfine structure

1 Introduction

New generations of radioactive beam facilities have always opened new opportu­
nities and new challenges for laser spectroscopy experiments. A multitude of tech­
niques have been developed over the last few decades since the invention of the laser.
While the first experiments were performed off-line having collected radioactive
products at the facility, true on-line experiments soon followed. Specialized methods
have been developed specifically for these on-line applications, such as collinear
fast beam spectroscopy, ,B-NMR, and resonance ionization in gas cells and these
techniques have been applied to a large number of long isotopic chains. An overview
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over such experiments can be found, e.g., in [1-3]. More recently, laser cooling
techniques and trapping of neutral atoms in magneto optical traps have found their
way into on-line experiments, e.g., to test the standard model of particle physics with
short-lived isotopes [4,5] or to determine nuclear charge radii [6]. But conventional
techniques still provide very interesting and important results if they are linked to
beam facilities that produce sufficient yields far from the valley of stability, or in
regions that were previously not accessible. Such a case is given at in-flight facilities
where gas-cells are used to stop high-energy radioactive ion beams. They provide
a rapid extraction of the radioactive ions, combining the intrinsic advantages of
in-flight fragmentation, short delay times and universality, with those of the ISOL
concept, namely the high-quality, low-energy beams. Such set-ups are currently
used or in preparation at MSU [7, 8], Riken [9], and at Argonne [10, 11]. Laser
spectroscopy at these facilities is complimentary to similar experiments at ISOL
facilities where many elements, like refractory or very short-lived isotopes, cannot
be extracted with sufficient yields. The Super Fragment Recoil Separator (S-FRS) at
the future Facility for Antiproton and Ion Research (FAIR) [12]at GSI will provide
a rich spectrum of isotopes that will not be available at any other facility. A laser
spectroscopy station at the low-energy beamline behind this separator is planned and
will be realized by the LaSpec collaboration. From the view of optical spectroscopic
research the proposed facility will afford unique access to regions of particular
nuclear interest that would otherwise remain inaccessible. The accuracy of laser­
spectroscopic-determined nuclear properties is very high. Requirements concerning
production rates are moderate; collinear spectroscopy has been performed with
production rates as few as 100 ions per second [13] and resonance ionization mass
spectroscopy (combined with fJ-delayed neutron detection) has been achieved with
rates of only a few atoms per second [14]. At FAIR it will be, for example, possible
for our collaboration to greatly extend our knowledge of nuclear sizes, deformation
and electromagnetic moments far into the neutron-rich side of the upper part of the
nuclear chart. Here we will give a short overview of the proposed laser spectroscopy
station.

2 Isotope production and the low-energy beamline at FAIR

The FAIR facility will greatly extend the current GSI facility. The heavy ion
synchrotron SIS-18 will be upgraded for higher intensities. The SIS-I8 beam will be
used directly for in-flight fragmentation in a first phase and later as a driver beam for
a larger synchrotron (SIS-100/300) that will produce intense ion beams with energies
up to 1.5 GeV/u and up to 1012 ions/spill. With these beams, the S-FRS will be the
most powerful in-flight separator for exotic nuclei up to relativistic energies. It will
be possible to produce and separate rare isotopes of all elements up to uranium and
the separated beams will serve three branches of different experimental areas: the
ring branch, where they can be stored and cooled in a number of storage rings for
different applications, the high-energy branch that is used for reaction studies, and
the low-energy branch (LEB) that is primarily dedicated to precision experiments
with energy-bunched beams stopped in a gas cell. Figure 1 shows the preliminary
layout of the low-energy beam area. The incoming beam from the S-FRS will be
used by the HISPEC (High-resolution in-flight spectroscopy) and DESPEC (Decay
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Fig. 1 Proposed layout of the
low-energy-beam area at
FAIR's super fragment
separator (courtesy of
M. Winkler, GSI)

S-FRS
Beam

HISPEC
Energy Buncher

LaSpec Station

MATS
Area

Gas Cell I
DESPEC
storage

spectroscopy) set-ups which are dedicated for y-ray, charged particle and neutron
spectroscopy on slow (3-150 MeV/u) and implanted ions, respectively. The DESPEC
set-up is located behind the energy buncher, a dispersive separator stage that has
been designed to drastically reduce the energy spread and thus the range straggling
of the hot fragments. DESPEC can be replaced by an ion catcher device, with both
devices installed on an air cushion system to facilitate an exchange between the two
experimental stations.

Two possible ion catcher devices have so far been discussed and are now tested for
installation. The first one is a gas-filled stopping cell, based on the standard IGISOL
technology but upgraded to handle the high fragment energies of up to 100 MeV/u.
A full scale gas catcher chamber with 1.2m length and 25 em diameter, designed for
projectile energies of up to about 500 MeV/u [11], is presently being tested at GSI.
The second possibility is an ion catcher device operated with superfluid helium. It has
been recently demonstrated that 100 keY recoiling 219Rn ions, originating from the
decay of 223Ra, were stopped and thermalized within 1 urn of this superfluid [15].
The stopped ions formed spontaneously "snowballs" which could be guided with
electric fields to the liquid-gas surface, leading to an optimized surface extraction
efficiency of 23%. A third type of ion catcher device has been proposed in the
literature recently: Injection of the beam into an inverse cyclotron [16,17]. Whether
such a solution might be favorable for the GSI set-up will be carefully investigated
and discussed.

3 Beampreparation andtransport

The beam transport from the gas cell to the spectroscopy station is approaching
its final design. We propose to extract the ions from the gas cell into a transport
beamline which is at a negative potential of approximately 10 kYo This provides
a beam energy sufficient for efficient beam transfer without the complications of a
large gas cell on a high potential. A similar system has already been realized at MSU.
The transport beamline will include a sector magnet for mass separation, to isolate
those isotopes desired for investigation and also to remove reaction products of the
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Fig.2 Schematic layout of the
proposed LaSpec spectroscopy
station. The separator system,
e.g. a magnetic sector field,
between gas cell and RFQ
cooler and buncher is not
shown (CEC = Charge
exchange cell)
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ions with gas contaminant molecules (such as water, etc.). The beam will then be
injected into a radiofrequency quadrupole (RFQ) buncher and cooler unit in which
the ions can be stored and cooled by collisions with a neutral buffer gas. After a few
ms cooling time the ions are bunched at the point of lowest potential, close to the
exit, from which they can be extracted as a short pulse of a few microseconds length.
Such cooler and bunchers are already operated routinely, e.g., at the ISOLTRAP
facility [18]and at Jyvaskyla [19].The ion bunch is again accelerated into a beamline
at lowered potential. A switch box will be used to distribute the beam to the LaSpec
station or the MATS (Mass measurements with an advanced trapping system) set­
up. As the MATS station needs to stop the ions again in a Penning trap, this is
the preferred transport system. Typical collinear spectroscopy requires an ion beam
at 40-60 keY. Hence, we will use a fast drift tube, which will be quickly raised in
potential to up to +60 kV while the ions are passing through. After leaving the drift
tube the bunches are accelerated and the subsequent transport line can be kept at
ground potential.

4 The LaSpec station

The LaSpec collaboration intends to construct a number of complementary experi­
mental devices which will provide a complete system with respect to the physics and
isotopes that can be studied. A rough sketch of the proposed station is shown in
Fig. 2. It includes the following techniques and capabilities, which are all discussed in
detail in other contributions to this workshop.

Collinear laser spectroscopy: Collinear laser spectroscopy has been the workhorse
for high-precision laser spectroscopy on short-lived isotopes for many years [1-3, 20].
Early work was mainly done on atomic systems, as their absorption lines were often
in the visible region and therefore more readily accessible. Fast atomic beams are
produced by charge exchange of ion beams in a cell containing a low pressure alkali­
metal vapour. In some cases even metastable states are resonantly populated in the
exchange process which provided more easily accesible transitions than those from
the atomic ground state. Although the absorption lines of ions are typically in the
deep blue and ultraviolet regions of the spectrum, suitable laser light can now be
produced by frequency doubling or frequency mixing of cw lasers. Thus, a highly
robust and universal spectroscopy is provided. The LaSpec set-up will provide one
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short beamline dedicated to the spectroscopy of ions and a second, longer one,
that is optimized for the spectroscopy of neutral systems. It is longer in order to
make efficient optical pumping possible. A common optical detection region will be
constructed that can be moved easily between the two beamlines. In combination
with the RFQ cooler and buncher for background suppression, optical detection
can be applied to ion species provided with yields as low as 100 ions/s as it has
been demonstrated recently at Jyvaskyla [13]. Another very interesting feature with
respect to the RFQ cooler and buncher, is the population of excited, metastable ionic
states using pulsed lasers inside the buncher. This will further extend the possibilities
of collinear ion spectroscopy to cases where transitions from the ground state are
not accessible with cw lasers [21]. In the atomic beamline, other sophisticated
detection techniques are combined with collinear spectroscopy and provide single­
particle detection and therefore better efficiency, such as collisional or resonance
ionization.

Optical pumping and ,B-NMR: A particularly successful combination that has
often been employed is the production of polarized beams of atoms and ions by
optical pumping with subsequent ,B-asymmetry detection and ,B-NMR.This is a well­
established method for the determination of nuclear magnetic dipole and electric
quadrupole moments. The technique has been especially favoured for light elements
[22] but has also been applied to a range of cases where high precision has been
required to explore the nuclear structure (such as measuring small admixtures of
intruder components in a wavefunction). The method combines optical pumping with
nuclear magnetic resonance and ,B-decay asymmetry spectroscopy. Recently such
spectroscopy has been used to determine the quadrupole moment of I JLi to high
accuracy using yields of only a few thousand ions/s [23] and the magnetic dipole and
electric quadrupole moments of 8,9Li [24]. The strength of this technique was again
recently demonstrated with the determination of the ground-state spin and magnetic
moment of 3JMg [25]. The method can be used for all ,B-decaying (non-zero spin)
isotopes with half-lives between approximately 5 ms and 20 s. Generally, ,B-NMR is
able to deliver quadrupole moments with higher accuracy than those obtained from
standard laser spectroscopy. However, laser spectroscopy and hyperfine structure
investigations are necessarily the first step prior to attempting optical pumping.

Resonance Ionization Laser Ion Source (RILlS): Resonance ionization of atoms
combined with the detection of the produced ions is a very efficient method in the
study of rare isotopes [26]. During the last decade, it has been used for a broad
range of applications, e.g., laser ion sources to produce ion species which were not
accessible by other methods [27], in-source laser spectroscopy [28], and ultra-trace
detection of cosmogenic and radio-toxic isotopes [29]. Its most prominent features
are the efficient ionization process with resonant intermediate and auto ionizing
states, the elemental, isotopical, and sometimes even isomeric selectivity [30] and
the large detection efficiency for the produced, charged particles. The use of laser
ion sources at nuclear structural facilities has been demonstrated, advanced and
developed to a point where it is the favored production mechanism by the ISOLDE
group, CERN (and presently used for over 60% of all experiments). In the case of
gas-jet ion sources, a careful systematic development both off-line and on-line has
been achieved by the LISOL group of the University of Leuven [31].
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At the FAIR facility's Low Energy Branch, a resonance ionization laser ion
source will add to the selectivity inherent in the production method of the
S-FRS and ion catcher device. In the stopping cell, whether it be a gas-filled or a
superfluid helium catcher, the formation of singly- or doubly-charged positive ions
is expected, as the first ionization potential of the stopping gas - usually helium ­
lies significantly above the first and often second ionization potential of all other
elements. Nevertheless under on-line conditions with plasma present, and any small
contaminations of Hz, Nz, Oz and HzO in the sub-ppm range, the charge state may
be further reduced leading to neutralization by three-body recombination processes.
These loss mechanisms to a neutral state can be a significant drawback to the
IGISOL technique, however the process can be converted to an advantageous one
if subsequently an efficient and selective laser ionization of the neutralized species
is achieved. The RILIS will be used to enhance the production of isotopic (or even
isomeric) enriched or pure ion beams. A natural development to a laser ion source
is the installation of a laser ion source trap (LIST) [32],which may be coupled to the
ion catcher. One possible design of a LIST is based on a typical segmented and gas­
filled RFQ ion trap. Any neutral species that exit the ion catcher may be selectively
ionized with counter propagating high-repetition rate pulsed lasers. The large size of
the gas cell, is a challenge to the application of such methods and whether there is a
reasonable way in doing so will be carefully investigated.

Laser-Desorption Resonance Ionization (LDRIS): Radioactive ions or atoms
can be deposited on an appropriate catcher, laser desorbed, and studied during a
secondary (and resonant) laser ionization [33]. When used in conjunction with Time­
Of-Flight (TOF) mass-separation [34] and decay-tagged photo-ion detection an
extremely sensitive spectroscopy can be achieved. For cases with very low production
yields, the technique is superior to fluorescence detection. Such spectroscopy has
previously, and notably, been used to study isotopes where the radioactive species
was deposited in chemical or cluster form. It was also used for cases where the species
of interest was not directly available but precursor nuclei could be deposited [35].
At FAIR the technique will be applied to the study of heavy neutron-rich elements
(Pb, Bi, Pt, Au ... ) and will provide an opportunity to extend the investigation of
these elements beyond the neutron-deficient cases previously studied at ISOLDE
[36-39]. The laser desorption station will be located at the end of the collinear
ion beamline. Here, a commercial but adapted MALDI-TOF (Matrix-assisted laser
desorption and ionization - time of flight) apparatus willbe used. Two fast kickers will
be used to translate the incoming ion beam after deceleration in horizontal or vertical
direction in such a way that the extracted beam after implantation, desorption and
laser ionization, can be separated and sent into the TOF system.

Spectroscopy in an Electron Beam Ion Trap (EBIT): An additional option for laser
spectroscopy is a spectroscopy of highly-charged radioactive ions inside an electron
beam ion trap. Such a device is an integral part of the MATS experimental set-up,
located very close to the LaSpec spectroscopy station. Precision measurements of
the hyperfine splitting of the atomic ground state can be performed to investigate,
e.g., details of the nuclear magnetization distribution [40]. This might be particularly
interesting in cases of rather short-lived isotopes that cannot be measured at the
HITRAP setup, where it takes a few 10 s to prepare the cold highly charged ions
[41,42].
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5 Summary

155

The future facility FAIR at GSI, Darmstadt, will provide beams of radioactive iso­
topes that cannot be produced elsewhere. The LaSpec collaboration (http://www.
gsi.de/LaSpec), presently formed by 13 institutes from 7 countries, will exploit the
possibilities for on-Ii re laser spectroscopy of these species. Nuclear charge radii,
spins, and electromagnetic moments of nuclear ground and long-lived isomeric states
will be investigated using collinear laser spectroscopy, resonance ionization, ,B-NMR,
and laser desorption.
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Abstract The present work reviews the properties of the neutron-rich isotopes near the
closed shells N=20 and N=28 . The changes in nuclear structure appearing as one goes
away from the f3-stability line are discussed. The location of the neutron drip line and
questions about the stability of nuclides with Z::::8 are considered in connection with the
weakening or even vanishing of the shell effects at the magic numbers 20 and 28, and the
discovery of the new neutron magic numbers at N= 16 and N=32. These properties are
extremely interesting from the point of view of laser experiments as well as for all other
experimental methods giving access to this region.

Key words closed shells· nuclei far from the stability line -nuclear deformation separation
energy deformed shapes yrast states microscopic energy

1 Introduction

Experimental investigations of nuclei in the region of closed neutron shells N=20 and 28
show that their properties (binding energy and deformation) strongly vary as they move
away from the stability line [I] . In addition, new effects manifest themselves, because of
the change (decrease or increase) in the stability of these nuclei near the boundaries of
nucleon stability. The observed effects demand revising the theoretical concepts about the
properties of such nuclei. Among the numerous advances made, one may cite the
appearance of the so called island of inversion. A striking example of this phenomenon has
been observed at the shell closure N=20 for the neutron-rich 31Na [2, 3] and 32Mg [4, 5]
which, in spite of our conventional ideas, are strongly deformed . As early as 1975,Thibault
et al. [2] found the coexistence of two types of deformation in the magic nucleus 31Na.
Within the framework of the shell model, the deformation of the ground state in this
nucleus was explained by the strong correlation between the 2p-2n excitation energies for
the sd and pf shells. This fact manifests itself by increasing the binding energy of Na
isotopes near the N=20 shell. Subsequent investigations showed that similar effects are also
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observed for neutron-rich 0, F, Ne, Na, and Mg isotopes. For the majority of light nuclei,
the so-called coexistence of two shapes (spherical and deformed) manifests itself in the
ground state near the shells N=20 and N=28. This resulted in revising the existing shell
models and in prediction of the alteration of the well-known magic numbers near the
neutron drip line: N= 14 and N= 16 instead N=20 for nuclei with Z=7 ,8 and Z=7-10 [6, 7],
respectively. The problem is important for the future development of our concepts about
nuclear-matter properties for large isospin (exotic nuclei). Therefore we try to systematize
the currently available information on the properties of neutron-rich nuclei near the
boundaries of nucleon stability, close to the shell numbers N=20 and N=28.

2 Binding energy and shell effects

Historically, three main approaches describing the shell effects have been used. In the
macroscopic description, within the framework of the liquid droplet model, the binding­
energy of a bound system consisting of A nucleons is given by the well-known
semiempirically Bethe-Weizsacker formula. In this approach, the nuclear binding energy
is determined by the incompressibility of nuclear matter and partition of nuclear forces. The
formula points out to the strong dependence of the binding energy, respectively, of nuclear
stability, on the skin effects and Coulomb repulsion. It predicts that the even-even
groupings of protons and neutrons being favoured in stability. The formula provides a good
fit to heavier nuclei, and a poor fit to very light nuclei, e.g. 4He. This is because the formula
does not consider the internal shell structure of the nucleus. For light nuclei, it is usually
better to use a model that takes this structure into account

In the microscopic description based on the model of independent particles, in contrast
to the liquid-drop model, each nucleon is located in a certain mean field VCr ) formed by
other nucleons. In this case, the nuclear potential VCr) is approximated by the harmonic­
oscillator potential in the form:

1 " >V{rj=2:mw-r-+D/-+C/ .s , (1)

where / is the orbital angular momentum operator and s is the spin operator. The second
term in this expression relates the angular momentum to the harmonic oscillator: the
constant D is a negative parameter, determining the change in the Dn2

/ ( / + I) energy level.
The two first factors in (1) describe the binding energy, but reproduce no shell effect. Only
the addition of a third factor, which takes into account the "spin-orbit" interaction, made it
possible to take into account the irregularity in the potential related to shell manifestation in
the microscopic approach. Nuclei with a shell closure number of neutrons or protons are
just the magic nuclei with spherical shape and increased stability [8]. In this model, the
spin-parity of nuclei defines their stability, and the nuclear energy levels are filled according
to the rules for filling of shells and sub-shells.

To combine these two approaches - "macroscopic" and "microscopic", Bohr and
Mottclson [9] developed a new so-called "collective-shell" model in which the nuclear
energy of an excited state is written as:

(2)
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Fig. 1 Neutron separation
energy (011 the left) and the 18
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functions of the neutron number 16
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where j is the nuclear spin equal to 0, 2, 4, ... for even- even nuclei, and J is the nuclear
moment of inertia. This expression describes the individual and collective motion of
nucleons in a nucleus that weakly interact with each other.

Magic or doubly magic nuclei are more stable than the neighbouring ions. The effect of
shells in nuclei far from the stability line is studied by the regular measurements of the
changes in the separation energy of the last neutrons (S; and S2n) or the energy of the first
excited state (2+), as a function of the number of neutrons. The separation energy S2" of the
last two neutrons defines the binding energy and is written as:

S2,,(A ,Z) = [M1(A - 2,Z ) - M1(A,Z ) + 2M1n ] · c2
, (3)

where flM(A,Z) is the mass excess for nucleus 1X,and flMn is the neutron-mass excess
equal to 8.071 MeV The dependence of the binding energy on the number of neutrons is a
relatively smooth curve, which changes its trend near the closed shells, because the neutron
binding energy of magic nuclei is maximal.

3 Magic nuclei and deformations

In Fig. I , the one-neutron separation energy and the 2+-state energy are shown as
functions of the number of neutrons in the respective nuclei. These dependencies illustrate
the influence of the N=20 and N=28 shell closures for the isotopes of Ar, Ca and Ti [I] .
Let us pointed out that in the case of Ar the sequential addition of neutrons going from the
sd- to the h l2-shell gives a nearly smooth change of one-neutron separation energy SIn>

which may indicate disappearance of any shell effect. The magicity of the neutron shell
closure N=20 is questionable as well in other cases. The measured value of the reduced
transition probabilities B(E2,0+~2+) for the lowest 2+ states in the neutron rich 32Mg
suggests a picture oflarge deformation and vanishing of the N=20 shell gap [5]. Analogous
data for the neutron rich "magic" 44S [l O, II] indicates that the 2+ states have a collective
nature.
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In addition, the discovery of the isomeric state with transition energy E=319 keV and
lifetime T1!2=488±48 ns for the nucleus 43S [11] showed that two shapes (spherical and
deformed) can coexist in this nucleus. Such coexistence was first predicted by Lyutostansky
[13] for 31Na and later confinned in the calculations in ref. [14, 15]. In Fig. 2 the
experimental trend of the binding energy S2n of the last two neutrons is shown as a function
of the number of neutrons. It can be seen that the binding energy of Ca, K and Ar isotopes
is affected just by the closed shell N=28. However, for Mg, S, P, Si and CI isotopes, an
increase in the binding energy is observed in the region between the neutron numbers N=22
and N=26. The disappearance of the N=28 shell and the appearance of the new shell at N=
26 is especially evident for the C1 isotopes (see Fig. 3).

The two-neutron binding energy S2n measured experimentally in [11] is much lower for
the isotopes 41 Si, 43p and 44S than the extrapolated values from the mass tables [16]. This
fact also indicates a weakening of the closed shells. Compared to the case ofCa, Na and Ar
an increase in the neutron binding energy of the CI, Sand P isotopes near the numbers N=
20 and N=26 is observed. This can be explained by deformation, which forms a nuclear
configuration with a stronger binding [8]. Thus, for the neutron-rich nuclei near the neutron
numbers N=22 and N=26, new regions of deformation appear providing the stability of
these nuclei.

4 New shell closures

In [19], the effective cross sections for the interaction of the nuclei 22N, 230 and 24F were
measured. From the comparison of these cross sections with those for the interaction of
other nuclei, a conclusion was made about the existence of a new shell at N= 16. The
existence of new closed shells was assumed on the basis of experiments that measured
nuclear masses. In this case, by comparing the experimental mass excess with calculations,
using the macroscopic liquid-drop model (FRLDM - Finite Range Liquid Drop Model)
[20], it was possible to obtain the shell correction changes depending on the number of
neutrons in the nucleus. These dependencies between the shell closures N=20 and N=28
are shown in Fig. 3 [21] for the Ca, CI, S, P and Si isotopes. Two minima of the shell
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corrections, as well as of the variation in the microscopic energy for Ca isotopes (see, e.g.
[1D, are observed just at N=20 and N=28. Between these two magic numbers, the variation
in the microscopic energy is associated with the filling of the 1712 shell. However, a break of
both the shell corrections and microscopic energy dependencies is observed at N=26 for the
Sand P isotopes. This fact led to the conclusion that a new shell closure at N=26 appears.

In [22] an attempted theoretical interpretation of the occurrence of new shells for
neutron-rich nuclei was made. For this purpose, the Monte Carlo Shell Model (MCSM) [23,
24] was used. This model has a number of advantages. First, it describes nuclear structure
by means of large-scale shell model calculations including mixing among normal, intruder
and higher intruder configurations. Thus, it is possible to calculate spherical yrast states,
deformed rotational bands, as well as undeformed states using the same Hamiltonian.
Another advantage consists in the possibility of using a large number of valence particles.
This is especially essential for the description of a large number of nuclei aligned along the
isospin axis, when the number of nucleons increases. This description is most efficient
when passing from the spherical configuration to a deformed state [22]. In such an
approach, the change in the shape and the possible coexistence of various shapes in the
same nucleus is considered as due to the effect of valence nucleons. For explaining the
coexistence of the two shapes in nuclei, effective single-particle energies (ESPEs), which
correspond to single-particle orbits, are introduced. It is shown that the energy difference
between the Od3/2 and 1s 112 orbitals for oxygen isotopes with neutron number N= 16 has a
peak and amounts to 6 MeV. This is a rather high value, which is comparable to the
distance between the sd and pi shells in the Ca nucleus. By increasing Z, beginning with
oxygen, this value decreases and reaches a minimum for Mg and AI. Such behaviour of
single-particle levels occurs because of the change of the position of the neutron Od3/2 shell
when the number of protons varies. The effect can be demonstrated by the example of the
two nuclei 30Si and 240 with the same N= 16. The nucleus 30Si has six valence protons in
the sd space above the shell-core with Z=8 and is a stable nucleus, while the nucleus 240
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has no valence protons. For the nucleus 30Si, the Od3/2 and IS3/2 levels are located close
enough to each other, while the Od3/2 level in 240 is located high and close to the group of
pi shells. Owing to this fact, the difference between the Od3/2 and IS312 levels amounts to
about 6 MeV. This value for the nucleon stable 34Si is lower, because of the large energy
difference (4 MeV) between the Od3/2 and pi shells and can be explained by the strong
interaction between the proton and neutron orbitals (valence protons are added only to the
OdS/2 orbital for Z from 8 to 14). Due to the strong interaction between the protons on the
Ods12 orbital and neutrons on the Od3/2 orbital, a large number of protons added to the Ods12

orbital results in a more bound state for neutrons on the Od3/2 orbital. Therefore, the Od3/2

level is located lower in 34Si than in 240 . This just explains why the N= 16 shell is magic.
As suggested in [6, 7, 22], similar tendencies also take place for other nuclei, which

results in new magic numbers N=6, 16 and 34 for neutron-rich nuclei instead of N=8, 20
and 40 for nuclei in the valley of stability. For example, for light p-shell neutron-rich nuclei,
N=6 appears instead of the magic number N=8. As a consequence of this, the nucleus SHe
is very well bound, while the isotopes 9.

l oHe are unbound. The same situation takes place
for the bound magic nucleus 240 and the unbound nuclei 2S-

280 . Neutron-rich nuclei with
Z>8 are as well of interest from the viewpoint of the manifestation of new shells. As
established experimentally, the neutron drip line is reached for fluorine, neon and sodium
isotopes at a much higher neutron-to-proton ratio than for oxygen isotopes (the last bound
isotope is 240 ). The surprising fact is that the addition of one proton to the nucleus 240
makes it possible to hold six additional neutrons in the fluorine nucleus elF has 22
neutrons in comparison with the 240 nucleus with only 16 neutrons). It is also
experimentally established that the doubly magic nucleus 280 (N=20) is unbound. All
these facts once again indicate a change in the magic numbers 8, 20 and 40 for the nuclei
far from the valley of stability.

Anomalous values of mass and half-life were obtained for the first time in 31Na [2]. The
nucleus 31Na lying far from the stability valley proved to be more tightly bound than it was
expected. Further, the same situation was also found for the magnesium isotopes 31-33Mg
[18, 25-27]. To explain the properties of nuclei in this region, it was assumed that the
habitual order of filling the levels by neutrons was violated. It is shown that neutrons do not
occupy lower sd orbitals, forming a free hole state but pass to higher piorbitals forming a
filled state. As a result, the nucleus becomes deformed. This is the so-called "intruder"
state. The nuclear region where similar effects manifest themselves was named the island of
inversion. Such an approach made it possible to describe the experimentally obtained
characteristics of the nucleus 31Na. As has been noted, the nucleus 31 Na has anomalous
values of mass, spin, and magnetic moment in the ground state [2]. Within the conventional
shell model with a USD interaction, the spin 5/2+ is obtained for the 31 Na ground state, if
the OpOh configuration is assumed. However, the MCSM predicts the correct spin 3/2+
measured experimentally for the ground state. This result is attained by using an essentially
larger simulation space in the MCSM model in comparison with the SM USD. It was
shown that the experimental values for the ground and first excited (1 = 5/2+, E =
310 keV) states can be reproduced, if the 2p2h configurations are taken into account [28].

An important problem is whether the neutron-rich fluorine isotopes belong to this island
of inversion. The main difficulty in describing the properties of fluorine isotopes is that a
small number of protons affect the process of filling the neutron shells, which results in
anomalous neutron population from the sd to pi shell.

An attempt to describe the properties of the large group of F, Ne, Mg, and Si isotopes
was made within the MCSM model by Utsuno et al. [23]. The results are displayed on
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Fig. 4. Figure 4a shows a comparison between the experimental and calculated binding
energies S 2n as functions of Z for isotopes with N=20. As can be seen, the OpOh
configuration poorly describes the trend of the experimental dependence. By taking only
the 2p2h and even 4p4h configurations into account , it is possible to achieve a good
agreement with the experiment. Our attention is drawn to the fact that the contribution of
the two last configurations decreases with increasing Z. This indicates a decreasing
deformation in 34Si, whereas the deformation in the nucleus 29F is maximum (the magic
neutron number N=20).

Meanwhile, it turns out to be difficult to describe the properties of the isotopes 29F and
26,280 only within the MCSM model, because it is impossible to explain the instability of
26.280 and the bound state 29F. An addition of one proton to the oxygen nucleus makes it
possible for the neutrons to fill the Od312 orbital. It results in the fact that neutron-rich
fluorine isotopes, N> 16, become bound, but with a low binding energy. The 27F nucleus
has one valence hole, whereas the 29F nucleus does not have a hole state. The nucleus
obtains certain strengthening in the binding energy, if a certain vacant valence configuration
exists. The authors of [23] assume that the nucleus 29F should be unbound in the OpOh
configuration. Thus, for the neutron shell N=20, it is improbable to obtain the unbound
state 26.280 and the bound state 29F. The latter nucleus starts to become bound only due to
the mixing of the 2p2h and even 4p4h states and, therefore, is rather deformed. The same
can be said about other isotopes, 3~e and 32Mg, with N=20, which should also be strongly
deformed according to the predictions [23]. As follows from the aforesaid, the calculations
of nuclear binding energies can give somewhat increased values due to deformation effects.
The mixing of shell configurations entails the mixing of shapes, i.e. it is possible to observe
different shapes (deformed and spherical) for the same nucleus (the coexistence of two
shapes).
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Fig. 5 The potential-energy
surface for the nuclei nNe,
32Mg, and 34Si [28] -75

-80

-125
>Q)

:E..
>.rf- 130
c::
Q)

~.-....
e
B -170
£

-175

100o
-180 l.--l. ....1..- ----l...._

-100

Deformation size, fm2

Number of neutrons on fp
3.0

" /,

,'" .
, , .......

" /

" /...
" /

,,' / ........ - ....~,'/ ...... - - - - ...

- Island-of-inversion region
~ Ne
-+- Mg
...... Si

o

1.5

1.0

2.0

0.5

2.5

Fig. 6 Average number of
neutrons on the pi shell as a
function of the number of
neutrons

16 18 20 22 24
N

~ Springer



Nuclei near the closed shells N=20 and N=28

5 Deformation and stability of neutron-rich isotopes of light nuclei
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Figure 5 shows the calculated potential-energy curves for the isotopes 28Ne, 32Mg, and 34Si

in dependence on the deformation [28]. The presence of local minima of the deformations,
which differ from spherical, indicates the so-called coexistence of shapes and, possibly, the
existence of shape isomers. Thus, it is possible to re-formulate the definition of the island of
inversion in these nuclei as the region where the 2p2h configuration makes a greater
contribution in the nuclear ground state compared to the OpOh one. The mixing of OpOh and
2p2h configurations is illustrated in Fig. 6 [28], where the average number of neutrons on
the pi shell is shown as a function of the number of neutrons in the nucleus.

It can be seen that nucleus 32Mg can be considered as a pure 2p2h configuration. The
largest contribution from the 2p2h configuration is observed for N=20, and this effect is
retained up to N=24. For N=l6, the contribution from the intruder configurations is
negligible because, in this case, everything is limited by the 1s 112 orbital, which is very far
from the pione.

6 Concluding remarks

As has been shown above, new properties such as the coexistence of shapes, the violation
of the shell filling rules, the strong deformation near the shell numbers, and the change in
magic numbers manifest themselves in nuclei in the region of N=20 and N=28. All these
facts make this nuclear region extremely interesting for experimental investigations and
tests of theoretical models.

The study of light exotic nuclei is at the forefront of nuclear research during the last
years. Especially, the very precise laser spectroscopic methods were and still are an
important source of information on large number nuclear properties of these nuclei, e.g.
deformation, shape coexistence and shell effects. Let us mention for example the absence of
any shell effect at N=20 observed in the charge radii behavior of Ar, K and Ca isotopic
chains [29]; the optical data on 31Naand 32Mgindicating "island of inversion" around shell
closure N=28 [3, 30, 31]. Thus, the nuclear properties described in this review are
extremely interesting from the point of view of laser experiments as well as for all other
experimental method giving access to this region. There was and still is a significant impact
of the experimental results on the theory and vice versa which lead to new ideas.

In conclusion, let us note that the new information in nuclear region of light exotic
would provide a more unambiguous extrapolation of the theoretical and experimental data
into the heavier-nuclei region.

References

1. Penionzhkevich, Yu., Lukyanov, S.: Phys. Particles and Nuclei 37, 5 (2006)
2. Thibault, C., et al.: Phys. Rev. C 12,644 (1975)
3. Huber, G., et al.: Phys. Rev. C 18,2342 (1978)
4. Guillemaud-Mueller, D., et al.: Nucl. Phys. A 246, 37 (1984)
5. Motobayashi, T., et al.: Phys. Lett. B 346, 9 (1995)
6. Otsuka, T., et al.: Phys. Rev. Lett. 87, 082502 (2001)
7. Samanta, c., et al.: Phys. Rev. C 65, 037301 (2002)
8. Scheit, H., et al.: Phys. Rev. Lett. 77, 3967 (1996)
9. Bohr, A., Mottelson, B.: Nuc1. Struct., Vol. 1. Benjamin, New York; Mir, Moscow (1971)

%! Springer



166

10. Glasmacher, 1., et al.: Phys. Lett. B 395, 163 (1997)
II. Sarazin, E, et a!.: Preprint GANIL T1999-2003 (1999)
12. Sarazin, E, et al.: Phys. Rev. Lett. 84, 5062 (2000)
13. Lyutostansky, Yu.S., et al.: Bull. Acad. Sci. S.S.S.R., Ser. Fiz. 53, 29 (1989)
14. Werner, TR., et al.: Phys. Lett. B 335, 259 (1994)
15. Werner, TR., et al.: Nuc!. Phys. A 597,327 (1996)
16. Audi, G., et al.: Nucl. Phys. A 624, I (1997)
17. Retamosa, J., et a!.: Phys. Rev. C 55, 1266 (1997)
18. Caurier, E., et al.: Phys. Rev. C 58, 2033 (1998)
19. Ozawa, A., et al.: Phys. Rev. Lett. 84, 5493 (2000)
20. Moller, P., et aI.: At. Data Nuc!. Data Tables 59, 185 (1995)
21. Otsuka, 1., et al.: Eur. Phys. 1. A 13, 69 (2002)
22. Koonin, S.E., et al.: Phys. Rep. 278, 1 (1997)
23. Utsuno, Y, et a!.: Phys. Rev. C 64, 01l301(R) (2001)
24. Utsuno, Y, et al.: Prog. Theor. Phys., Supp!. 138, 24 (2004)
25. Yoneda, K., et al.: Phys. Lett. B 499, 233 (2001)
26. Utsuno, Y, et al.: Phys. Rev. C 60, 054315 (1999)
27. Rodriguez-Guzman, R., et al.: Phys. Lett. B 474, 15 (2000)
28. Utsuno, Y, et a!.: Nuc!. Phys. A 704, 50 (2002)
29. Blaum, K., et a!.: Hyperfine Interact. 162, 101 (2005)
30. Kowalska, M., et al.: Hyperfine Interact. 162, 109 (2005)
31. Kowalska, M., et a!.: Eur. Phys. J. A 25, 193 (2005)

~ Springer

YE. Penionzhkevich



Hyperfine Interact (2006) 171:167-172
001 1O.1007/s10751-007-9512-9

Mg isotopes and the disappearance of magic N =20
Laser and P-NMR studies

Magdalena Kowalska*

Published online: 2 March 2007
© Springer Science + Business Media B.V. 2007

Abstract Collinear laser spectroscopy and tJ-NMR spectroscopy with optical pump­
ing were applied at ISOLDE/CERN to measure for the first time the magnetic
moments of neutron-rich 27 Mg, 29Mg, 31Mg and 33Mg, along with the spins of the
two latter. The magnetic moment of 27 Mg was derived from its hyperfine structure
detected in UV fluorescent light, whereas the nuclear magnetic resonance observed
in tJ-decay asymmetry from a polarised ensemble of nuclei gave the magnetic
moment of 29Mg. For 31Mg and 33Mg, the hyper fine structure and nuclear magnetic
resonance gave the spin and the magnetic moment. The preliminary results for 27 Mg
and 29Mg are consistent with a large neutron shell gap at N = 20, whereas data on
31Mg show that for this nucleus N = 20 is not a magic number, which is also the case
for 33Mg, based on preliminary analysis . Thus, the two latter isotopes belong to the
"island of inversion."

Keywords Properties of nuclei- Electromagnetic moments- Polarised beams­
Fine and hyperfine structure

1 Introduction

Laser spectroscopy and similar techniques have played an important role in investi­
gating the ground-state properties of many exotic nuclei . In our recent experiment
we have used the collinear laser spectroscopy and the tJ-NMR method with optical
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pumping to probe an interesting region of the nuclear chart around Z = 10 - 12
and N = 20 which is characterised by large ground state nuclear deformations
inconsistent with a closed N = 20 shell [1, 2]. Such behaviour can be explained only
by a collapse of the usual filling of the nucleon single-particle levels, thus the region
is also known as the "island of inversion." The existence of the "island" carries
interesting questions related to its borders, physics mechanism, and connection to
other phenomena present far from fJ stability, such as changing magic numbers [3]. In
spite of intensive experimental and theoretical effort the answers to these questions
are still not clear.

The nuclei of our interest were neutron-rich Mg isotopes. 27Mg and stable isotopes
were studied with classical collinear laser spectroscopy, which uses fluorescence
detection. The isotope shifts allowed us to derive changes in their charge radii,
whereas the hyperfine structure of 27Mg gave the sign and value of its magnetic
moment. The shorter lived odd-neutron 29Mg, 31Mg and 33Mg are well suited for
fJ-NMR investigations with nuclear polarisation achieved by optical pumping. So
far, we performed measurements of their hyperfine structure and nuclear magnetic
resonance, all observed in the fJ-decay asymmetry. Such combined studies gave
independently the sign and value of the magnetic moment, as well as the spin, which
was unknown for 31Mgand 33Mg.

2 Experimental method

The experiments were performed at ISOLDE/CERN where Mg beams were pro­
duced by bombarding a thick DC2target with 1.4-GeV protons (about 1013 protons/s
on average). The Mg atoms were selectively laser ionised with the resonance ionisa­
tion laser ion source [4] and the ions were accelerated to 60 keY. Next, the mass
separated Mg" beams were guided to our laser and fJ-NMR spectroscopy setup,
where they were investigated with cw laser beams. A very suitable transition for
resonance excitation with fluorescence detection or optical pumping is the 280 nm
line of singly charged ions from the atomic ground state 2S1/2 to one of the two lowest
excited states 2pI /2 (D I line) and 2P3/2 (D2 line), with about 4 ns lifetime.

Beam energy in the range of 10-100 kV and energy spread around 1-2 eV are
the main reasons why laser spectroscopy with a collinear propagation of the ion and
laser beams is the most suitable laser-based method in ISOL-type facilities, such as
ISOLDE. Its primary advantage is the narrow Doppler width, prerequisite of high
resolution and sensitivity, whereas another advantage is the possibility to scan across
atomic resonances by changing the acceleration voltage and not the laser frequency.
Our experimental setup using this configuration is presented schematically in Fig. 1.
To allow the collinear geometry the nuclei of interest are guided into the apparatus
via an electrostatic deflector and are overlapped with the laser light which enters
straight through a quartz window. After passing beam-shaping elements they reach
the section where they are post-accelerated using a tunable voltage of maximum
±10 kV. This part is followed by the excitation region insulated from both sides by
thick plastic flanges, where Mg" velocity is tuned into resonance with laser light. The
last part of the apparatus hosts the implantation crystal surrounded by the NMR coil
with thin scintillation fJ-detectors and the poles of the NMR magnet placed outside
the vacuum chamber.
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For fluorescence detection, we used two UV photomultipliers on which the pho­
tons were collected by quartz lenses and a cylindrical mirror. With this configuration,
we obtained the overall efficiency in the range of 1 detected photon per 104 ions,
compared to the typical background of 3,000 photons per second per 1 mW laser
intensity. The low detection efficiency and high background (mainly due to scattered
photons) limits the use of this method to isotopes produced more abundantly than
about 106 ions/s, corresponding to longer-lived (or stable) Mg isotopes such as 27Mg
or 28Mg (see Table 1).

In the case of ,B-asymmetry detection, the laser light creates nuclear spin polar­
isation achieved in the optical pumping process [8, 9] in which circularly polarised
light polarises the total atomic angular momenta F by inducing transitions between
the m» magnetic sub-levels of the ground and excited state hyperfine multiplets. The
theoretical polarisation is lowered due to hyperfine pumping, in which the excited
state decays to the other ground state F-level which cannot be excited with the
same laser frequency. The optical pumping takes place in the whole isolated section
and the quantization axis for o " or a- resonance absorption is established by a
small longitudinal magnetic field. When the ions reach the fringe field of the NMR
magnet, the rotation and subsequent adiabatic decoupling of the nuclear and electron
spins takes place. The ions are then implanted into a suitable crystal placed in the
centre of the magnet and ,B-decay electrons are detected in two pairs of thin plastic
scintillators, placed at 0 and 1800 in front of the magnet poles. When the ions are in
resonances with the laser light, the spins are polarised and the intensity of the emitted
,B particles is asymmetric with respect to the spin direction. For hyperfine structure
measurements, the ,B-decay asymmetry is observed as a function of the acceleration
voltage applied to the optical pumping region. On the other hand, for NMR studies
the voltage is set at the hyperfine component giving highest ,B-decay asymmetry and
a tunable radio-frequency field (generated by an rf current flowing through a coil
placed around the host crystal) is applied perpendicular to the static magnetic field.
This detection method is suitable for short-lived Mg isotopes with lifetimes from
several milliseconds to several seconds. Due to a very small background and high
efficiency for ,B detection, measurements with down to several hundred ions/s are
possible, as shown for 29Mg, 31Mg and 33Mg(see Table 1).

The continuous-wave laser system used for both exciting and optically pumping
the ions/atoms of interest consists of an Ar" laser (Coherent Innova 400) pumping
at 6 W in the multiline visible mode (mainly 488 and 514 nm) a ring dye laser
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Table 1 ISOLDE production rates (in ions/s), ground-state spin/parity and electromagnetic
moments of neutron-rich Mg isotopes (Z = 12) [5-7]

Yields tl/2 l" /lJ (flN) Q (mbarn)

24Mg stable 0+ 0 0
25Mg stable 5/2+ -0.85546(1 ) 201(3), 199.4(20)
26Mg stable 0+ 0 0
27Mg 2 x 108 9.5 min 1/2+ measured 0
28Mg 3 x 107 20.9 h 0+ 0 0
29Mg 6.5 x 106 1.3 S 3/2+ measured measured
30Mg 1 x 106 335 ms 0+ 0 0
31Mg 1.5 x 105 230ms 112+ -0.88355(15) 0
32Mg 7 x 104 120ms 0+ 0 0
33Mg 9 x 103 90ms measured measured measured

In bold: studied by our group.

(Coherent 699-21). The ring output is around 700 mW at 560 nm (with Pyrromethene
556 dye as active medium) and it is additionally frequency-doubled in an external
cavity (Spectra-Physics Wavetrain) with angle phase matching and BBO as the
non-linear crystal. With 5-10% efficiency, on average 20-50 mW of UV light at
280 nm are available. For optical detection as little as 1 mW is needed, whereas for
optical pumping the saturation takes place for about 50 mW power [9] and usual
measurements are carried out with 10-20 mW.

3 Results

The hyperfine energy of a level with electron angular momentum 1 and nuclear spin
I is, to the first order, given by

E = ~AK B 3j4K(K + 1) - 1(/ + 1)1(l + 1)
F 2 + 2/(2/ - 1)1(21 - 1) ,

where F is the total angular momentum, K = F(F + 1) - I(l + I) - 1(l + 1), and
A with Bare hyperfine structure parameters proportional respectively to /II and Q.
These nuclear moments are easily derived from A and B parameters if reference
data exists for at least one isotope. In such a case, e.g. for /II:

AI
/II = /Ix AxIx '

where one neglects corrections due to finite charge and magnetisation distribution of
the nucleus, which for Mg are in the order of 10-3 [10].

The electromagnetic moments of nuclei can be also derived from NMR measure­
ments. For example, in a cubic host crystal with no quadrupole interaction energy,
the Zeeman energy of a nucleus with spin I in a strong magnetic field Bo is given by

where mi is the magnetic quantum number, gl is the nuclear g-factor, and VL is the
Larmor frequency. A radio-frequency field corresponding to vL induces transitions
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Fig. 2 The hyperfine structure of the D2 transition (left) and the NMR resonance (right) of 29Mg,
observed in the ,B-decay asymmetry

between Zeeman levels which can be observed as the NMR resonances. By recording
the NMR signal on the nucleus of interest and on a reference nucleus with known f.J., I,

one can determine the unknown g-factor and magnetic moment by using the relation

(3)

If the reference is an isotope of a different chemical element, (3) has to include
additionally the diamagnetic corrections to account for different shielding of the
external magnetic field by the atomic electrons.

In the case when the spin of a given nucleus is not known it can be determined
by combining information from the hyperfine structure and NMR. For the splitting
between the J = 1/2 ground-state sub-levels F = 1+1/2 and F' = 1- 1/2 one
obtains 11£ = A(l + 1/2), where the A-factor can be expressed in gl and the ratio
Ajg, known for the reference isotope

(4)

By measuring optically the hyperfine structure of 27Mg and 25Mg, and using the
known magnetic moment of the latter (see Eg. 2), we were able to determine for
the first time the magnetic moment of 27Mg [11], with an uncertainty below 0.5%.
In a similar way, but using the ,B-asymmetry detection, we recorded the hyperfine
structure of shorter-lived 29Mg and derived its magnetic moment, whose precision we
increased to 0.15% by ,B-NMRmeasurements (see Fig. 2) [11]. Since the ground-state
spins were not known for 31 Mg and 33Mg, the analysis in these two cases combined
the hyperfine structure and NMR studies. The results comprise unexpected spins
and magnetic moments with uncertainty as low as 0.02% for 31Mg [7] and 0.2% for
33Mg [12].

Comparisons with shell model calculations show that in the ground state of 31 Mg
the neutron shell is open at N = 20 [7],which places this nuclide inside the "island of
inversion". The analysis for 27.29.33Mg is still not finalised, therefore no values can be
presented at this point. However, preliminary results already show that in the ground
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state of 27Mg and 29Mg N = 20remains a good shell closure [11], which is not the case
for 33Mg [12]. Thus, the latter isotope belongs to the intriguing "island".

Future plans in this region of the nuclear chart include isotope shift measurements
up to 33Mg, which will yield changes in charge radii for different Mg isotopes, and will
thus show deformation areas. These studies will combine the fluorescence detection
with the ,B-decayasymmetry detection.

The above studies are presented in the Ph.D. theses of M.K. and D. Yordanov.
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Abstract Laser spectroscopy based on resonant ionization of laser-desorbed atoms has
been used to study the neutron-rich tellurium isotopes with the COMPUS facility at
ISOLDE-CERN. Isotope shifts and hyperfine structures of several neutron-rich Te isotopes:
120-136Te and 123 m-l33 "Te have been measured. From the hyperfine structure we have
extracted magnetic and quadrupole moments. Changes in the mean square charge radii have
been deduced and their comparison with the known data for the other elements near Z=50
is presented. The experimental 8<?-> values are compared with those obtained from
relativistic mean field calculations.
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1 Introduction

Laser spectroscopy gives access to the hyperfine structure and the isotope shift . From these
we can obtain the properties of nuclei in their ground and isomeric states , namely the
nuclear moments and the change in the mean square charge radius .

Tellurium belongs to the region of 132Sn. The variation of the mean square charge radius
(0<1'2» of several elements in this region shows a change of slope at N=82 (see Fig . 1). We
also see that, the more Z differs from Z=50, the more important is the kink at N=82.
Moreover, the measurements of the quadrupole and magnetic moments of the odd Te
isotopes and isomers inform us about the structure of the states .

In this contribution we present a laser spectroscopy experiment recently performed on
neutron-rich Te isotopes. We record ed for the first time the hyperfine spectra of 130. 132. 134.
136Te and also of 123 m.g , 125 m.g , 127 m.g, 129 m.g, 131 m.g, 133 m,g. 135 g Te. The changes in the

mean square charge radii; 0<r2>, of the even-even isotopes has been deduced with
preliminary values of the odd isotopes too. These results are compared with the other
charge radii changes known in the Z-50 and N- 82 regions and with those from relativistic
mean field calculations. The nuclear moments were deduced also for 125 111, 127 m, 129 m,

131 Ill , 133 mg. 135 g Te and were compared to the existing values .

2 The set up

The COMPUS set up (COllaboration for spectroscopy Measurement using a Pulsed Laser
Ion Source) at ISOLDE-CERN (Fig. 2) is based on resonant ionization laser spectroscopy.
The Te beam delivered by ISOLDE is produced by a uranium carbide target associated to a
hot plasma ion source. The beam is accelerated to 60 keY, enters the incident line of
COMPUS, crosses the magnet and is electrostatically decelerated to I keY. It is finally
collected on the first atomic layers of a graphite substrate. The collected atoms are then
laser desorbed and ionized. The ions produced are accelerated, deflected by the magnet and
detected by micro channel plates with time-of-flight identification. The COMPUS setup is
described in details in ref. [1].
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Fig. 2 The COMPUS set up
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An injector, a small separator which delivers stable beams, is linked to the incident line
of COMPUS (see Fig. 2), It is used to determine the best experimental conditions of
desorption and ionization and to measure the overall efficiency,

With this injector we have recorded the hyperfine spectra ofall the stable Te isotopes. The
hyperfine structure of the 2 odd stable isotopes was obtained for the first time. The overall
efficiency was determined to be around 5.10- 7 and the resolution was about 250 MHz.

3 Procedure

To ionize Te we have used a 3 step scheme (Fig . 3a): 214 nm for the first excitation,
591 nm for the second excitation and 1064 nm to ionize. For this purpose we used 4 lasers
at COMPUS: 2 Nd:YAG, one for desorption and the other is used to pump the 2 dye lasers .

In this experiment we need to separate the different hyperfine transitions, so the first
excitation laser must be tunable at high resolution. For this reason the Aime Cotton
laboratory at Orsay has developed a laser system that gathers these 2 characteristics. It is
based on an injection process [2]. This comprises of a tunable continue wave monomode
dye laser lock injected by a 10Hz 532 nm pulsed beam . It delivers a 50 MHz line width
pulsed beam at 642 nm, that is frequency tripled to obtain 214 nm .

The second excitation step is given by a commercial lambda-physik FL3002 dye laser
pumped by 532 nm from the Nd :YAG. To obtain the 591 nm we used only the oscillator of
this laser and the dye used was Rhodamine 6 G dissolved in methanol. The amplifier wasn't
used in this case because the intensity of the laser was sufficient to saturate the transition.
The IR for ionization was directly obtained from 1,064 nm Nd :YAG beam (Fig. 3a).

To measure the hyperfine structure we perform a frequency scan of the first excitation
frequency. When the laser frequency corresponds to a resonant transition , the atoms are
excited , ionized and detected. We finally get a frequency spectrum where every peak
corresponds to an ion number proportional to the intensity of the hyperfine transition
(Fig. 3b, c).

From the hyperfine spectra obtained, we have determined the center of gravity for each
mass. The isotope shift is the difference in frequency of these centers of gravity between two
isotopes. From the isotope shift measured we can deduce the mean square charge radius. As
an example we present in Fig. 4 the spectra obtained for 130. 132 , 134 , 130Te and 127 "Te, The

displacement of the center of gravity of the resonant peak is here clearly observed.

~ Springer



176

591.53nm

214.35nm

a

1=112

b

F=3/2

F=112
F=5/2

F=312

R. Sifi, et al.

'----'-- --"-----'--+ V

c

Fig. 3 a The laser configuration used to ionize Te. b & c The frequency scan of the first excitation step and
a typical frequency spectrum obtained after the scan

4 The isotope shift and charge radii

The isotope shift includes the contribution of the mass effect and the volume effect [3], and
is given by this equation:

. AA' J AA " A' - A
/+;.V =Fo < r: > +M·-­

A'A '

where F is an atomic factor depending on the transition and M depends on the correlation
between the electrons. We can thus determine the mean square charge radius change if F
and M are known. F and M can be calculated, or deduced from experimental data using a
King-plot. A King-plot consists of plotting the isotope shift versus the change in the mean
square charge radius for all the possible pairs of isotopes [4]. They are related by a linear
variation where the slope gives the F factor and the intercept the mass effect M.

To perform the King-plot, we used the charge radius values known for the stable
isotopes from muonic atoms experiment [5] and our measured isotope shifts. The slope
gives F=4.5l ±O.88 GHz/fm2 and the intercept gives M=-675 ±239 MHz.

With these 2 parameters we have extracted the charge radius variation of the neutron rich
isotopes 125, 127, 129, 131, 132, 133 m, 134, 135 and 136 g. We present in Fig. 5a the
charge radius changes of all the Te isotopes (our results and ref [5]). As can be seen, the
evolution of 15<?-> is very regular from A=120-134 and a kink appears at N=82.

We have compared our results with relativistic mean field calculations using the
Lagrangian parameterization NL3 of Lalazissis et al. [6] (Fig. 5b). The agreement is good
for the mass 134 and 136, but beyond A=134, this calculation under estimates the kink of
the charge radius at N=82. Other theoretical calculations are in progress including dynamic
models and their comparison with our results will be made later.

5 Nuclear moments

In this experiment we measured the hyperfine spectra for all the odd isotopes and
isomers, from which we extracted the hyperfine constants A and B. A and B are related
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to the magnetic moment and the quadrupole moment, respectively by the following
equations [7):

-A IJ
M/ - H(O)

B
and qQs = ipJJ(O)

Here H(O) and ipJJ(O) are, respectively, the magnetic field and the potential created by
the electrons in the nucleus. So we can deduce the nuclear moments from the measurements
of hyperfine spectra and the extraction of the hyperfine constants A and B, knowing H(O)
and ipJAO).

H(O) was measured from the experimental data that we obtained with stable Te isotopes
for which the magnetic moment was known with a good accuracy. For this we used the
hyperfine spectrum that has been recorded with COMPUS for the stable isotope I25 Te. The
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magnetic moment of this isotope is ,uC 25Te)=- O.8885051(4) nm [8]. The field calculated is
H(O) = 1.12±O.02. While H(O) depend only on the electronic cloud, it is constant along the
isotopic chain. We used this value of H(O) to calculate the magnetic moments for all the Te
isotopes from the hyperfine structure measured. Hyperfine anomaly was neglected with
respect to the experimental uncertainties. The errors on the magnetic moments take into
account the errors from the peak fitting and from the calibration.

No accurate value for the quadrupole moment was available to calculate <PJJCO) the same
way as for H(O). So we calculate it by semi-empiric methods using the fine structure of the
ground state [7]. We found <P.JJ(O)=5.83.1022 V/m2

. Then, Q,=O.7IB [b] with B in [GHz]
for all the other isotopes. The model uncertainties are not taken into account. The errors
reported on Table I are due to the errors on the hyperfine constant B only.

In Table I are summarized the experimental values of nuclear moments that we obtained
compared to the values in the literature. We see that we are in good agreement with the
nuclear moments already obtained. We compared our magnetic moments to the Schmidt
values calculated with ag,=O and gs=-3.826. The Schmidt magnetic moment is higher than
what we obtained.
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Table 1 Comparison of experimental nuclear moments

Mass I" /l-rcf I/l-N ,uSchmidt /l-exp//l-N Qsref, b Qsexp , b (3

[/l-N)

135g 71T -1.913 -0.69(5) 0.29(9) 0.04(1)

133g 3/2+ 1.148 0.85(2) 0.23(9) 0.04(2)

133m lilT (-)1.129 -1.913 -1.15(09) 0.28(14) 0.03(2)

131m lilT -1.04(4) [9] -1.913 -1.20(14) 0.25(14) 0.03(16)

129 m lilT -1091(7) -1.913 -1.10(3) 0.40(3) 0.045(3)

127 m Il/T -1.041(6) [9] -1.913 -1.05(12) 0.17(12) 0.02(1)

125 m lilT -0.985(6) [9] -1.913 -0.98(16) -0.06(2) [10] 0.02(17) -0.007(2)

Concerning the quadupole moments no comparison with the literature is available
because they were not measured before except for 125 mTe. For this element the difference
between the experimental value that we measured and the value from reference [10] is big
and can be included in the error bars. The deformation parameter f3 deduced from these
quadrupole moments is weak which confirm the spherical shape of Te nuclei as predicted.

These results are preliminary until now; they need to be confirmed in the near future
with a detailed interpretation.

6 Conclusion

The laser spectroscopy experiment performed on n-rich Te isotopes with the COMPUS
setup enabled us to measure the hyperfine structure and the isotope shift of a large Te
isotopes and isomers. The charge radii has been determined and a kink is observed at N=82
as for Xe, Cs, Ba, Nd and Sm. The analysis of the odd isotopes and isomers allowed the
determination of the nuclear moments which are in good agreement with the existing
values.
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(1)

Abstract We have determined the nuclear charge radius of "Li by high-precision
laser spectroscopy. The experiment was performed at the TRIUMF-ISAC facility
where the 7Li-11Li isotope shift (IS) was measured in the 2s ---+ 3s electronic transi­
tion using Doppler-free two-photon spectroscopy with a relative accuracy better than
10- 5. The accuracy for the IS of the other lithium isotopes was also improved. IS's
are mainly caused by differences in nuclear mass, but changes in proton distribution
also give small contributions. Comparing experimentally measured IS with advanced
atomic calculation of purely mass-based shifts, including QED and relativistic effects,
allows derivation of the nuclear charge radii. The radii are found to decrease
monotonically from 6Li to YLi, and then increase with II Li about 11% larger than
9Li. These results are a benchmark for the open question as to whether nuclear core
excitation by halo neutrons is necessary to explain the large nuclear matter radius of
II Li; thus, the results are compared with a number of nuclear structure models.

Key words laser spectroscopy- nuclear charge radius- isotope shift·
halo nucleus . lithium

1 Introduction

Some of the lightest neutron-rich nuclei have been found to have much larger root
mean squared (rms) radius than their neighboring isotopes [1]. Very well known is
the neutron-drip-line nucleus II Li. Its large nuclear matter radius has been explained
in terms of the small two-neutron separation energy (375 keV [2]), which allows
the neutron wavefunction to extend far outside the nuclear core as a result of
quantum mechanical tunneling. Thus, II Li is pictured as a 9Li-like core plus the
two weakly-bound neutrons forming a "halo" around it. The size of this halo can
be as large as the matter radii found in heaviest naturally occurring elements. In
order to understand this fascinating structure, extensive experimental and theoretical
studies have been performed on this halo nucleus. However, the distribution of the
three protons inside the core is not yet completely understood. Experimentally, this
can be probed by observing a change in the nuclear charge radius between 9Li and
II Li. Combining isotope shifts determined by high-resolution laser spectroscopy with
high-accuracy atomic theory calculations has lead to a new measurement principle
for the determination of nuclear charge radii for short-lived isotopes of very light
nuclei [6]. This method has already successfully been applied in two- (6He [3])
and three-electron (8Li, YLi [4]) systems, where recent advances in atomic theory
calculations have provided sufficiently accurate values for the mass effect. In this
contribution, we discuss how this technique was used for the determination of the
II Li nuclear charge radius [5], and the results are compared with a variety of nuclear
structure models.

2 Isotope shiftandnuclear charge radius

The extraction of nuclear charge radii from optical isotope shifts (IS) is based on the
fact that the frequency of an atomic transition is shifted between two isotopes A and
A' according to the change in their mean-square nuclear charge radii ((r c2) ) as,

A.A' 2rr 2 2(2 2)8vFs = -3"Ze ~11J1(0)1 (rc)A - (rc )A' ,
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Table 1 Values for the experimental isotope shift (8vA,7),calculated mass shift (8v~S7)*, changes in

the mean-square nuclear charge radii (8 (rm [5] and root-mean-square nuclear charge radii (re) for
the lithium isotopes

Quantity 6Li 8Li 9Li IILi

8vA,7,MHz -11,453.983(20) 8,635.782(44) 15,333.226(39) 25,101.226(124)

8v~;, MHz -11,453.010(56) 8,635.113(42) 15,332.025(75) 25,101.812(123)

8 (r~)A.7, fm" 0.622(38) -0.427(39) -0.796(54) 0.374(54)
Ye, fm 2.517(30) 2.299(32) 2.217(35) 2.467(37)

Uncertainties for t'c are dominated by the uncertainty of the reference radius YcCLi) = 2.39(3) fm.

*After completing this report, more accurate mass shift calculations were published by M. Puchalski
et al. [7], which differ from those given in [6], and slightly shift the nuclear charge radii. The largest
difference is for II Li, where it is reduced by 0.045 fm.

where lllllJ(0)12 is the change of the expectation value of the electron density at
the nucleus of charge Z e. 8l!:~/, is known as the field shift (FS). For the low-Z
elements, like lithium, the purely mass-based portion of the IS, the mass shift (MS),
can be calculated with sufficient accuracy such that the residual difference between
experimental IS and calculated MS can be attributed to the FS, and thus be related
to the changes in nuclear charge radii (1). These calculations solve the three-electron
non-relativistic Schrodinger equation with high accuracy and include relativistic and
quantum electrodynamic effects by perturbation theory. Results of such calculations
[6] are given for all lithium isotopes in Table 1.

3 Experimental

To determine the nuclear charge radius of II Li, the experimental setup was installed
at the TRIUMF-ISAC facility in Vancouver, Canada where one of the world's
highest yield (~ 30,000/s) of low-energy (::::0 40 keV) II Li ions is produced by
bombarding a tantalum target with a 40 p,A, 500 MeV continuous proton beam from
a cyclotron. In our experiment (see Fig. 1) the 11Li ions are stopped inside a thin
carbon foil (thickness ::::0 300 nm), and then thermally released as neutral atoms by
heating the foil with a CO2 laser. The atoms cross the focus of two overlapping laser
beams: a titanium-sapphire (Ti:Sa) laser at 735 nm induces Doppler-free two-photon
transitions from the 2s ground levels to the 3sexcited levels. The atoms then decay to
the 2p levels, where they are resonantly excited to 3d levels by a dye laser at 610 nm,
and then photoionized by absorption of another photon from either of the lasers.
The resulting ions are mass separated with a quadrupole mass filter and detected
with a continuous-dynode electron multiplier (CDEM). To maximize excitation and
ionization efficiency, both laser powers of several 100 mW are increased by a factor
of 100 in a resonant optical cavity (30 em length) built around the excitation region.
To couple both lasers into the same cavity, the cavity is locked to the Ti:Sa laser
while the dye laser is locked to the cavity. The Ti:Sa laser is stabilized by frequency­
offset locking to a reference diode laser, which is locked to an 12 hyperfine line
by Doppler-free saturated absorption. The overall detection efficiency is greater
than 10-4 .
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Fig. 1 Experimental setup and excitation scheme for the resonance ionization of lithium

4 Results

A typical spectrum recorded for 11 Li is shown in Fig. 2. The nuclear spin of 11Li
(I = 3/2) splits the 2s and 35 atomic energy levels into F = 1 and F = 2 hyperfine
components. Selection rules for 5 -+ 5 two-photon transitions allow only /).F = 0 and
thus only two transitions are observed. The isotope shift is calculated as the center
of gravity (cg) of the two hyperfine components, relative to the cg of a reference
isotope , 7Li. In total, twenty-four spectra like that in Fig. 2 were obtained for II Li.
Spectra were also obtained for the other lithium isotopes and resulting isotope shifts
are given in Table 1.

Root -mean-square nuclear charge radii extracted from these measurements in
combination with mass shift calculations are also given in Table 1, where the nuclear
charge radius of 7Li (re = 2.39(3) fm) measured by electron scattering [8] has been
used as the reference. These radii are represented by the black points in Fig. 3.
Experimental uncertainties in nuclear charge radii for 6.8,9U are dominated by
the uncertainty in the 7Li reference radius , while the spectroscopic measurements
contribute an uncertainty of ~O.022 fm for 11Li. The values obtained for 6- 9Li are in
excellent agreement with our previous measurements at GSI [4] but have improved
precision. In Fig. 3 one can clearly see that the nuclear charge radius decreases
cont inuously from 6Li to 9Li. This decrease can be understood in terms of clustering
of the different nuclei. For example, 6Li is known to be strongly clustered into an
a-particle and a deuteron. Adding more neutrons, this cluster structure tends to
"melt" and a more compact object is formed . Beyond the decrease of nuclear charge
radii from 6Li to 9U, a significant increase is observed for 11 Li, indicating a large
change in the behavior of the 9Li-like core.
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Fig. 2 Typical resonance­
ionization spectrum in the
2s -4 3s transition recorded
for II Li. The x-axis represents
the beat frequency
between the reference
diode laser and the
titanium-sapphire laser
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Nuclear charge radii predicted by different nuclear models are also shown in
Fig. 3. These theories construct the equations of motion that describe light nuclei
using realistic two- and three- nucleon potentials. These potentials are based on
meson-exchange interactions, with parameters that are usually determined by fitting
to experimental nucleon-nucleon scattering data. Once these potentials are defined
they can be used to numerically calculate wave functions, ground state energies, and
density and momentum distributions numerically. Such calculations require rapidly
expanding computer resources for every nucleon added and are currently limited to
systems of mass number x 12.

The nuclear charge radii predicted by models that treat protons and neutrons as
point-like particles were converted from point-proton mean-square radii (rp2) into
mean-square nuclear charge radii tr;2) by folding in the proton mean-square charge
radius [17], (R p2) = 0.801(32) fm", and the neutron mean-square charge radius [18] ,
iR; 2) = -0.117(4) frn", according to [19]

2 2 2 N 2 3ti2
(re )=(rp )+(Rp)+ z(Rn)+ 4M

p
2C2 • (2)

The last term, 3ti2 /4Mp2C2 ~ 0.033 fm? , where Mp is the proton mass is the
Darwin-Foldy correction which accounts for "Zitterbewegung" of the protons.

As shown in Fig. 3 most of the models give good predictions of nuclear charge
radius from 6Li to 9Li; however, the predictions for II Li spread over a large range.

The No-Core Shell Model [10] (0) and the Large-Basis Shell Model [9] (0) are
essentially the same models. In both cases calculations have been performed using
realistic nucleon-nucleon potentials. While early calculations for 7-11 Li treated the
three-body interactions as an effective phenomenological potential [9], the model has
been revised for 6.7Li to include microscopic three-body potentials [10]. As shown in
Fig. 3, neither the absolute charge radii nor the trend along the isotope chain agree
with the experimental results; in particular, the 9Li and II Li charge radii are predicted
to be nearly the same.

Greens-Function Monte Carlo Calculations [11, 12] (.6.) are in good agreement
with the experimental results for 6Li to 9Li, but the halo nucleus II Li has not yet been
treated successfully by this technique. Due to the weak two-neutron binding energy
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of 375 eV [2], the calculated trial function in this approach usually does not converge
into a bound state during the subsequent propagation procedure in the variational
Monte Carlo calculations.

Fermionic Molecular Dynamic Model [15] (EB) values almost agree with the
experimental results for 6- 9Li, but, so far , the nuclear charge radius for I I Li could
not be obtained since the model does not deliver the right binding energy for this
nucleus.

The values for 6.7Li derived from the Dynamic Correlation Model [16] (0) agree
with the measurements but the values for 9.11Li are clearly overestimated. However,
it does reproduce the increase from 9Li to I I Li.

The best overall agre ement is observed for the Stochastic Variational Multi­
Cluster Model [13, 14] (\7), and the predicted \I Li charge radius is close to the
experimental value. It is interesting to note that a simple three-body model of 11Li,
which does not include 9Li core excitation, gives a value of rc = 2.40(6) fm [20],
(Zhukov, 2005, private communication) in good agreement with our result.

5 Summary and outlook

Laser spectroscopy measurements of isotope shifts combined with accurate theoret­
ical mass shift calculations have allowed the determination of the nuclear charge
radius of the lightest short-lived isotopes.

Figure 4 schematically shows measured nuclear charge radii in the lower part of
the chart of nuclides. Helium and Lithium are now the only elem ents with Z < 10
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for which nuclear charge radi i have been determined for radioactive isotop es. With
II Li and 6He, two systems of two-neutron halos have been investigated. Further
experiments are planned to measure the nuclear charge radius of other short-lived
light isotopes. The BeTINa collaboration [21] will investigate the nuclear charge
radius of the one-neutron halo J JBe by laser spectroscopy of Be ions in a Paul trap,
while the group from Argonn e National Laboratory will extend their measurements
to the four-neutron halo nucleus RHe.
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Abstract We propose determination of isotope shifts for radioactive beryllium isotopes
using laser cooled ions in a linear radio frequency (RF) trap. Based on these measurements,
combined with precise mass shift calculations, it will be possible to extract model­
independent nuclear charge radii of 7,9,

l oBe and the one-neutron halo "Be with precision
better than 3%. Radioactive beryllium isotopes produced at ISOLDE and ionized with a
laser ion source will be cooled and bunched in the radio frequency quadrupole buncher of
ISOLTRAP. Ion temperatures will be reduced to the mK range by sympathetic cooling with
co-trapped laser cooled ions in a specially designed two-stage linear RF trap. Resonances
will be detected via fluorescence and frequencies measured with a femtosecond frequency
comb.
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1 Introduction

M. Zakova, et al.

More than 20 years ago Tanihata [I] discovered that some isotopes of light elements close
to the neutron drip line have nuclear matter radii much larger than their neighbors. These
nuclear matter radii were extracted from breakup cross-section measurements. It was soon
proposed that the observed large radii are caused by weakly bound nucleons that form a so­
called halo around a compact nuclear core. This discovery inspired a large variety of
experiments in which properties of these halo nuclei were studied [2].

One of the early arising questions was to which extent the structure of the nuclear core is
modified by the orbiting halo nucleon(s). Laser spectroscopy provides a model-independent
way to access nuclear ground state properties, like spins , electromagnetic moments and
nuclear charge radii . IILi was the first halo nucleus that was studied in this way. In a series
of measurements the COLLAPS collaboration at ISOLDE determined the nuclear magnetic
dipole moment and the electric quadrupole moment using the ,B-NMR technique [3-5].
Concerning the halo structure of 11 Li, the most remarkable result is the small difference in
the moments in 9Li and 11Li. The magnetic moments are close to the Schmidt value and are

less than 10% different, while the nuclear quadrupole moments agreed within their
uncertainties. More recently, the magnetic dipole moment of IIBe has been measured [6] by
the same technique and the measurements of 9,IILi were improved [7, 8].

The halo-core interaction can also be probed by measuring the change in the nuclear
charge radius and therefore a determination of this quantity is of great interest for halo
isotopes. However, it was only recently that such measurements became possible for the
radioactive isotopes of the lightest nuclei [3-6]. Based on new and very specialized
techniques, two groups have succeeded in measuring, for the first time, optical isotope
shifts of very light radioactive nuclei (2< 10) with a precision that is sufficient to extract
nuclear charge radii . At the Argonne National Laboratory the charge radius of 6He was
obtained from laser spectroscopy on helium atoms confined in a magneto-optical trap [9],
while an international collaboration, lead by GSI Darmstadt and the University of
Tiibingen, developed a method for high-resolution resonance ionization spectroscopy and
measured the charge radii of 8.9 Li at GSI [10, 11] and of IILi [12] at the ISAC mass
separator at TRIUMF. Both 6He and IILi are two-neutron halo nuclei and a charge radius
measurement of the one-neutron halo I IBe will provide important complementary
information. In this contribution we describe the proposed Beryllium Trap for Investigation
of Nuclear charge radii (BeTINa).

2 Experimental method

2.1 Optical isotope shift

The isotope shift (IS) in an electronic transition, i.e. the difference in transition frequencies
between two isotopes, has two origins: The difference in nuclear mass affects exact electron
energies due to the nuclear motion around the center of mass (mass shift , MS), while the
spatial extent of the nuclear charge leads to a difference in the binding energy (volume or
field shift , FS) for electrons which have non-zero probability of being inside the nucleus.
While the MS between two isotopes with mass numbers A and A' is proportional to
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and thus becomes smaller for heavier elements, the nuclear volume effect increases with Z.
For example, in helium, lithium and beryllium transitions, the field shift contributes
approximately only I MHz, while the mass shift is on the order of several 10 GHz.
Separation of the two effects can only be achieved if the mass shift in the electronic
transition can be reliably calculated with an accuracy of 10-5 or better. To reach this
accuracy, relativistic and quantum electro-dynamical corrections have to be taken into
account. Such calculations were demonstrated for the three-electron system lithium a few
years ago [13-15] and since have been considerably improved [16].

The Be+ ion is also a three-electron system and can be calculated with the techniques
already developed for the case of lithium. The nuclear volume shifts can be determined
according to

,;" _,;" Exp s: Theorie
u VFS - UV1S - u VMS .

Using the well-known nuclear charge radius dependence of the field shift

2Jr 2/2)
OVFS = 3~1l{f(O)1 .o\rc ,

where ~I'I'(O) 12 is the change of the electron probability at the nucleus in the transition
(deducible from atomic theory). From these, one obtains an expression for change in the
root-mean-square nuclear charge radius of the isotope A'

o Exp 0 Theorie
(r ./ = (r)A+ VIS - VM S

c C 2;~1'¥ (O) 1 2 '

provided that the nuclear charge radius of a reference isotope A is known. The charge radius
of stable 9Be, which has been determined with sufficient precision by both electron
scattering [17,18] and spectroscopy on muonic atoms [19], will be used as the reference.

2.2 Laser excitation scheme

Almost all transitions from the Be+ ground state are in the vacuum-ultraviolet range; the only
one that is relatively accessible with available commercial laser systems is the 2s~2p

transition at 313 nrn. Stable 9Be+ ions stored and cooled in RF traps are one of the
workhorses of quantum computing experiments, and thus provides a well-established starting
point for the currently proposed experiments. All odd beryllium isotopes exhibit hyperfine
structure due to non-vanishing nuclear spins and are, thus, not two-level systems. To avoid
optical pumping into the dark states, and to allow many absorption-emission cycles, an RF
frequency electric field will be applied to couple the 2s1/2 ground state hyperfine levels to mix
their populations. The fine structure splitting allows two possible transitions, 2sl/2---+2pl/2 and
2S I /2~2p3/2 , but hyperfine structure splitting can be resolved only in the 2s112---+2p l/2
transition. The 8.1(4) ns lifetime of the 2p level [20] corresponds to a naturallinewidth (r= 11
271'7) of 20 MHz (FWHM). Thus, line centers must be determined to an accuracy of better
than 1% (200 kHz) to extract meaningful values for nuclear charge radii.

2.3 Production and transfer of radioactive berillium ions

All radioactive beryllium isotopes can be produced at the ISOLDE facility at CERN. The
laser ion source has demonstrated yields > 106 ions/s for the halo isotope I I Be, and these
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have been delivered to other laser spectroscopy experiments [6]. Even higher yields have
been produced for the lighter radioactive isotopes 7,IOBe. The ISOLTRAP collaboration
operates a gas-filled radio frequency quadrupole (RFQ) cooler and buncher as illustrated in
Fig. la [21). lons produced by ISOLDE can be accumulated and converted into Jow-energy,
low-emittance ion pulses. Ions captured inside the RFQ lose transverse and longitudinal
energy due to collisions with buffer gas. They then accumulate in the potential minimum in
front of the trap exit, and are released as a pre-cooled ion bunch with a well defined time
structure. A pulsed drift tube is finally used to reduce the bunch energy to approximately
3 keY, a value optimal for transport through the stray fields of the ISOLTRAP magnet to the
BeTINa experiment.
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2.4 Experimental procedure

2.4.1 Linear RF-trap

A sketch of the BeTINa experimental set-up is shown in Fig. Ib. An ion bunch from the
ISOLTRAP RFQ system will be delivered through a second pulsed drift tube, where the
beam energy is further reduced from 3 keY down to a few 10 eV to facilitate ion capture in
the subsequent trap. Two Einzel lenses and a quadrupole ion deflector are used to inject
these low-energy ions into a specially designed two-stage linear RF trap, shown in Fig. Ic.
A combination of two linear RF traps with different free field radii is driven by the same RF
frequency. The first trap (cooler trap) with the larger radius will be used to catch the
radioactive Be+ ions and to cool them sympathetically with simultaneously stored and
laser-cooled Ca+ or Mg+ ions. Sympathetic cooling is similar to buffer gas cooling, but it
reaches lower temperatures by dissipating Be+ ion energy into an ensemble of laser cooled
Ca+ ions. The light pressure of the laser beam will be used to partially separate the Be+ ions
from the cooling species, and a voltage sequence applied to the multiply segmented DC
electrode structure will transfer the Be+ ions into the narrower spectroscopy trap for
additional laser cooling and fluorescence spectroscopy.

2.4.2 Laser set-up

The scheme of the laser system for spectroscopy and laser cooling is shown in Fig. 2. It
uses two cw tunable single-mode ring dye lasers operated at 626 nm, which will be
frequency doubled to reach the 2s l/r-+2pl /2 transition wavelength at 313 nm. As shown in
the figure, the first dye laser, for laser cooling, will be stabilized via frequency offset
locking to a femtosecond frequency comb generated with a mode-locked Er-doped fiber
laser. The second dye laser, for spectroscopy, will be locked via beat-frequency comparison
with the comb-stabilized dye laser. A similar stabilization technique was used in an
experimental test of special relativity at GSI Darmstadt [17], where a cw tunable single-
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mode titanium:sapphire ring laser was stabilized to the frequency comb. A laser linewidth
of lOO kHz was reached with this combination. Acousto-optic modulators (not shown) will
be used for fast switching between the spectroscopy and cooling lasers. Spectroscopy will
be done with the cooling laser off, and exposure time will be short enough to prevent
significant ion heating. Once the spectroscopy laser is turned off, the cooling laser is turned
on again to remove any excess energy gained by the ions. Resonance frequencies from the
spectroscopy will be determined via fluorescence detection with a photomultiplier and/or a
CCD camera. With this set-up we should be able to observe a transition Iinewidth close to
the natural Iinewidth. To determine the center of a 20 MHz wide line to an accuracy of
approximately 1% of the linewidth should be reachable considering the rather high yields
and relatively long half-lives of the beryllium isotopes up to the one neutron halo !I Be.
However, systematic studies of the exact lineshape and carefully avoiding or correcting all
frequency shift effects will be necessary to reach the required precision.

3 Conclusions and outlook

Measurements of isotope shifts by precision laser spectroscopy of trapped and cooled ions
will provide valuable information for the determination of the nuclear charge radii of the Be
isotopes . We plan to investigate the isotopes 7.9.

l oBe and the one-neutron halo system 11Be.
Assembling of the experimental set-up and off-line test experiments are taking place at the
Nuclear Chemistry Department at the University of Mainz, Germany. We plan to move the
whole equipment and to install it for on-line measurements at the ISOLDE facility at
CERN, Switzerland in 2008.
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Abstract A new ion beam of 229Th is available at the Jyvasklya IGISOL facility,
produced from the a decay of 233u. A small branching ratio (~ 2%) is believed to
populate the inferred low-lying (5.5 eV) isomeric state in 229Th. A laser ionization
scheme is currently being developed to improve the yield of 229Th from the source.
The ion source uses a novel electric field configuration for fast and efficient extraction
of a-recoils and is able to provide beams of short lived (r :::: 30 ms) radioactive nuclei.
Identification of the isomeric state by collinear laser spectroscopy will reduce the
lower lifetime limit of the state and provide the first direct evidence for its existence.

Key words 229Th.laser ionization- collinear laser spectroscopy

1 Introduction

The existence of a low-lying (5.5 eV) [1] isomeric state in 229Th has been known for
some time since it was inferred from gamma ray spectroscopy studies [2] and nucleon
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transfer reactions [3] among other techniques. No direct evidence for the isomer's
existence has been obtained, however several attempts have been made to observe
the photonic emission arising from the partial y-ray branch to the ground state level
[4-7J. Such experiments have been able to set limits on the partial half-life of the
isomeric state due to the systematics of the experiment [8]. The isomeric state is also
believed to decay via direct alpha emission to excited states in 225Ra. As no evidence
for this direct decay has been observed thus far [9] , this subject remains an active
research area in experimental nuclear physics.

These proceedings describe the method used to produce a beam of 229Th from an
a-recoil source of 233 U and efforts to selectively ionize the neutral fraction of thorium
recoils using high repetition rate pulsed lasers. Because of the low vapour pressure
and chemical reactivity of thorium, such beams are not available from traditional
ISOL facilities. The Jyvasklya IGISOL is currently the only laboratory able to deliver
229Th beams to experimental stations. The first experiment with the new beam will
attempt to directly measure the spin, isomer shift and nuclear moments of the ground
state and low-lying isomer by means of the hyperfine interaction.

2 Production of a 229Th ion beam

A new ion guide has recently been developed and successfully tested for the
production of a low energy (:s 40 keV) beam of 229Th [10]. The nuclei were produced
as the daughter products of the alpha decay of a thin 233 U source. The daughter
recoil energy in the decay (82 keY) was sufficient to eject the 229Th (referred to here
as "a-recoils") from the surface of the source of 233U mounted on the inside walls
of a large volume gas cell. A small branching ratio (~ 2%) from the decay of 233 U
reportedly populates the low-lying isomeric state in 229Th [11], which is of interest
in this work. An electric field inside the gas cell is created by a source of electrons
near the guide exit hole. The spatial distribution of electrons inside the guide creates
a focussing electric field which quickly (::::. 30 ms) evacuates thermalised a-recoils
through a 1.2mm exit hole . These ions are subsequently injected into a conventional
mass separator. The overall extraction efficiency of the ion guide is measured to be
0.06% of the source strength. Since this extraction efficiency is low, it is believed that
a large proportion of the recoils are in a neutral charge state and are lost either to
diffusion to the walls or through molecular formation with impurities. In order to
access the neutral fraction of atomic 229Th recoils, a resonant laser ionization scheme
is under development using the new FURIOS laser ion source [12J .

2.1 Laser ionization scheme development

2.1.1 Atomic beam preparation

As thorium is a refractory metal, it cannot be produced as an atomic vapour through
Joule heating in a conventional oven . A new device has been constructed in Jyvaskyla
in order to universally produce atomic vapours of all elements that may be required
as FURlOS beams in the future (Fig. 1). The main purpose of the device is for testing
new ionization schemes as well as systematic studies of the effect of different pump
lasers , repetition rates and laser gain media on the laser ion yield. An atomic plume
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Fig.l Schematic view of the atomic beamunitusedfor laserionization scheme development

of thorium is produced by laser ablation of a rotating target by a 20 Hz Nd:YAGlaser
with a typical pulse energy of 25 mJ. The atomic vapour is subsequently collimated by
two apertures where it is overlapped in a crossed beam geometry with the FURlOS
lasers. Upon resonant ionization following excitation, a laser ion is deflected onto
an electron multiplier by means of a plate/grid static electric field system. The
amplified signal is then measured as a function of laser parameters (wavelength,
power, temporal overlap) allowing for scanning of atomic resonances, investigations
of transition saturation and searches for new atomic levels to be performed.

2.1.2 An ionization scheme for thorium

An ionization scheme for thorium has been tested using the apparatus described
in Section 2.1.1. The wavelengths used in this work coincide with the lasing range
of solid-state Ti:Sapphire lasers and the fluorescent ranges of the dyes DCM and
LDS 722. Table 1 lists the ionization scheme and laser information concerning the
FURIOS system.

The overlap and layout of the lasers used for the development of this scheme is
available in [13]. The time delay between the dye and Ti:Sa lasers is set through
external triggering of the Copper Vapour Laser (CVL) thyratron. The first step
transition is provided through frequency doubling of the output beam of a double
sided pumped Ti:Sa laser. The second and third step transitions are provided by a
fundamental Ti:Sa and dye laser, respectively. The second and third step laser beams
are spatially overlapped using a polarising cube beamsplitter, taking advantage of the
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Table 1 Ionization scheme information for thorium

B. Tordoff, et al.

Lower level
(cm~l)

o
24,381.323
37,688.202

J" Upper level
(em-I)

24,381.323
37,688.202
53,576.349

Avac Laser Laser
(nm) power source

(mW)

410.150 300 Ti:Sapphire
751.491 1,200 Ti:Sapphire
629.420 500 DCMdye

Pump lasers operate at 12 kHz.

Table 2 Collinear laser spectroscopy transition efficiencies

Lower J" Upper level J" Avac Efficiency Efficiency Optical
level (em:") (nm) (no optical (optical pumping
(crn") pumping) pumping) tran-

sition
(nm)

0
,-

30,972.162 5+ 322.871 1/5,5002: 2:
1,521.896 5+ 35,156.911 5+ 297.309 1/64,000 1/13,000 374.2252: 2:

Although optical pumping increases the yield of fluorescent photons arising from a metastable level
transition, the yield from the ground state transition is greater.

orthogonal polarisations of the two laser systems. These beams are then coupled to
the blue laser beam via a dichroic mirror situated after the polarising beamsplitter.
The scheme shown in Table 1 has been successfully tested and will be extended in
the future to include Rydberg levels close to the ionization potential of thorium and
autoionising states past the ionization potential, using the dye LDS 722.

3 Collinear laser spectroscopy of 229Th

Identification of the low-lying isomeric state in 229Th will be carried out by identifica­
tion of its hyperfine structure. Information concerning the experimental techniques
used in the collinear beams geometry of laser spectroscopy in conjunction with
beam bunching and cooling can be found elsewhere [14]. The isotope shifts and
hyperfine structure of 227-230,232Th have been measured previously by means of two
step excitation with trapped ions [15]. Changes in the mean-square charge radius
between isotopes were deduced from this data and were consistent with the Droplet
Model of Myers and Schmidt [16] with the inclusion of deformation.

In this work the hyperfine structure of the isomeric state in 229Th is of primary
importance. Testing of different ionic resonances was performed by off-line com­
parison of transition efficiencies using a discharge source of 232Th. The results are
summarised in Table 2.

For ionic spectroscopy, cooling and bunching the reaction products in a rf-cooler
device limits the optical spectroscopy to transitions from the electronic ground
state or very low-lying metastable states. The laser excitation frequency, electronic
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spin, hyperfine structure and transition strength are thus fixed by the technique.
The JYFL-UK collaboration have succeeded in electronically manipulating state
populations in ionic ensembles by optical pumping in the rf-cooler allowing these
parameters to vary [17].However, in this case the ground state transition tested is far
more efficient than that of the optically pumped metastable level transition and will
be used for the future 229mTh studies.

4 Conclusion and outlook

A new 229Th ion beam is available at the IGISOL facility, University of Jyvaskyla.
This beam will be used in a collinear laser spectroscopy measurement to attempt
to identify hyperfine components of the predicted low-lying isomer. Identification
of the isomer by this method will be able to reduce the lower lifetime limit of the
state and will begin a series of investigations into the physical properties of this
unique system. Efficiencies of ionic resonances by laser spectroscopy have been
measured using a discharge source of 232Th. A ground state transition has been
identified as a candidate for the measurement and has been shown to be more
efficient than using the new technique of optical pumping in a rf-cooler to increase
the population of a metastable level. Future experiments will investigate the possible
implementation of optical pumping inside the rf-cooler to influence the population
of the isomeric level by the process of Nuclear Excitation by non-radiative Electronic
Transition (NEET) [18].
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Abstract This review summarizes the experimental data on charge radii differences among
ground state and high spin isomeric states determined by high-resolution laser
spectroscopic methods. A comparison is presented between radii changes obtained from
the isomeric shifts in the atomic spectra and from the quadrupole moments of both ground
and isomeric states under the assumption that the radii changes are determined by the
difference of the quadrupole deformations. Special attention is paid to isomers arising from
the break-up of nucleon pairs and isomers of odd-odd nuclei. The characteristic features of
the radii changes for isomeric states of different origin are discussed.

Key words quasiparticle isomers two-particle isomers in odd-odd nuclei isomeric charge
radii changes- quadrupole deformation quadrupole moments

1 Introduction

At present, the laser spectroscopy methods with their high-sensitivity and high-resolution
are successfully applied for study of a number of nuclear parameters. All laser spectroscopy
techniques, based on hyperfine structure splitting or isotope shifts measurements, yield
model-independent information on spins 1, magnetic dipole moments It , electric quadrupole
moments Qs and changes in the mean square (ms) charge radii of nuclei 6.<?-> for long
chains of stable and radioactive isotopes in ground and isomeric states. These parameters
characterise nuclear shape and size as well as the configurations of the valence nucleons.

Long isotopic chains, extending far off stability, are accessible at radioactive beam
facilities, on-line isotope separators or in-flight facilities. They enable measurements of the
above-mentioned parameters over long sequences of isotopes and large range of mass
numbers providing a stringent test of the theory. Information on and systematics of the
available data for many nuclides from He to em can be found in the review papers [1--4].
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The general trend of N- and Z-dependencies of the parameters mentioned is in a good
qualitative agreement with the predictions of the droplet model [5]. However, it fails to
explain some of the characteristic features observed in the nuclear radii systematics. In
particular, deviations of the smooth general increase of the charge radii with the neutron
number have been prescribed to the influence of the quadrupole deformation. Characteristic
kinks of D..<r2> curves are observed at the shell closures or in the regions of nuclear shape
transition. In both cases a sharp change of the deformation parameter fh occurs. The change
of the ms nuclear radius compared to the radius of the homogeneous charged sphere is

(1)

(2)

where </>0 is the ms radius of the spherical nucleus with the same volume and L1(/3D ­
the change of the ms quadrupole deformation parameter. The parameter /32 can be
determined by a useful approximation relating it with the intrinsic quadrupole moment:

3 2
Qo = ~ZeR /32(l + 0.156/32 + ...)

V 51C

where R= 1.2A 1/3 is the simple liquid-droplet value of the charge radius. Diverse methods
are used for determining the intrinsic quadrupole moment Qo. One of them is based on
measurements of the reduced transition probabilities

(3)

Here <I;K;--->~Kr is the Klebsch-Gordon coefficient of the spins and their projection
along the symmetry axis of the initial (/;K;) and final (IIKj ) nuclear states.

The hyperfine splitting ofthe optical levels measured by laser spectroscopic method gives
information on the spectroscopic quadrupole moments Qs. If the nucleus is well deformed
then the conception of an intrinsic quadrupole moment Qo is valid. In this case Qs is the
projection of Qo along the quantization axis and the two moments are simply related by

3K2 -/(1 + 1)
Qs = (I + 1)(21 + 3) Qo· (4)

In fact, the quadrupole deformation parameter contributes to (2) always according to its
/ 2 1/2

ms values and /32 = ,/32) , where

(5)

Therefore the radii changes measure not only the static deformation as Q, does, but as well
the dynamic deformation arising from the zero-point fluctuations of the nuclear surface.
This plays a fundamental role in the discussion of the experimental results. In Eq. (1),
corrections to D..<r2> accounting for the dynamic deformation lead to better understanding
the experimentally observed isotopic charge radii trend.

The charge radius depends not only on the neutron number but as well as on other
nuclear characteristics, for example the excitation energy and the angular momentum.
However, the available information on such dependencies is rather poor. This is due to the
fact that the excited states of a nucleus usually have very small lifetimes and thus they are
inaccessible for the laser methods used at the present. Charge radii changes and nuclear
moments can be measured only for isomeric states with sufficiently long life-times. The
most short-lived isomeric state for which these parameters have been measured is 85mRb
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with half-life 10- 6 s [6]. In this case the method of resonance fluorescence in a gas cell was
applied . Development of new laser spectroscopic methods is necessary for study of isomers
with shorter life-time .

Detailed study of the dependence of the nuclear parameters <r">, 1, u, Q on the
excitation energy and angular momenta is expected to provide information on the physical
nature of these states and to stimulate their quantitative description. Laser spectroscopic
experiments in this area are in the beginning. The experiments with the shape-isomers of
185Hg [7, 8], 24° Am and 242Am [9] giving an evidence of their large quadrupole deformation
illustrate the promise held by the development of laser spectroscopic methods.

This work is devoted to a systematics of the known data of the charge radii and electrical
quadrupole moments of the isomeric states. The isomeric charge radii changes obtained
with two different approaches are discussed and compared: (I) directly measured from the
optical isomeric shifts and (2) calculated using the known values of the quadrupole
deformations. Thus more definite conclusions can be drawn about the influence of the
excitation energy and angular momentum on the charge radii. Two types of isomeric states
are chosen: two particles in odd-odd nuclei and quasi-particle spin aligned isomers.

2 Quasi-particle isomer

The occurrence of these isomers is explained by the break-up of neutron or proton pairs and
successive spin alignment. The spins of these isomers depend on the number of the break­
up pairs and can be sufficiently large. For example, I 78Hf has four-quasiparticle isomeric
state with energy 2.447 MeV and spin I" = 16+, which arises from the break-up of one
neutron and one proton pairs [10].

Table I presents the isomeric charge radii changes: the experimental, .6.</>exp, deduced
from the isomeric shifts and, ,1 < ? > /3 , calculated according to (l) using the quadrupole
deformation parameters. The adopted sign convention is .6.<r">=</>is - <r2>gr' The spins,
parity and excitation energies of the isomeric states are displayed, too. The data refer to four
even-even nuclei and three odd-even nuclei . In the case of 178Hf two isomeric states are
available: two-quasiparticle 8- and four-quasiparticle 16+ states. For 87y a comparison is
made for the single-particle 912+ and three- quasiparticle 27fT states.

The Ih values of ground and isomeric states for odd-Z or odd-N nuclei are obtained from
the spectroscopic quadrupole moments Qs and can be found elsewhere (see e.g. the review
paper [11]). The most Qs have been deduced using laser spectroscopy methods as a rule in
experiments giving simultaneously information on the isomer shifts. For this reason the
,1 < ,.2 > /3 values describe radii changes due to the static deformation only. On the
contrary, the /32 values of the ground states of even-even nuclei (f" = 0) include as well
the dynamic deformation since they are extracted from the intrinsic quadrupole moments.
The later have been deduced using the experimental measured probability of the transition
from the first excited state with 1" = 2+ to the ground state with I" = 0 [12]:

Qo = 7. IO }B(E2,2 ---> 0) (6)

The following conclusion can be drawn analyzing the data in Table I:

I . The radii changes between isomeric and ground states are from the same order of
magnitude as those between nuclei with Nand N+2 neutrons (see for example [2, 3]).

2. The isomeric shifts for all investigated nuclei are negative, .6.<r2>exp <0, i.e. the charge
radii of the isomeric states are smaller than of the ground states.

~ Springer



206 Y. Gangrsky

Table 1 Energies, spins, intrinsic quadrupole moments of the quasiparticle isomers and their mean square
charge radii changes compared to the ground state

Nucleus E, keY r Qo, b L1 < ,2 >p, fin2 .6.<1 >cxp' fin2 Ref.

l308 a 0 0+ +3.42(3)

2476 8- +3.95(43) +0.06(3) -0.047(3) [13]
J76Yb 0 0+ +7.30(13)

1051 8- +7.55(11) +0.06(3) - 0.047(3) [13]
J78Hf 0 0+ +6.96(4)

1148 8- +7.11(6) +0.03(2) -0.0394(1)

2447 16+ +7.20(8) +0.04(2) -0.0946(22) [14]
202Pb 0 0+ +1.28(2)

2170 9- +1.40(30) +0.02(2) - <J.0 1(2) [15]
97y 667 9/2+ - 1.40( 15)

3523 27IT -1.50(17) +0.01(2) -0.101(1) [13]
135CS 0 7/2+ +0.050(2)

1627 191T +0.45(5) +0.06(1) -0.008(2) [16]
177Lu 0 7/2+ +7.26(6)

969 231T +7.33(6) +0.02(2) - 0.035(1) [17]

References refer to the data of .6.<1 >expo

3. In opposite, the intrinsic quadrupole moments of the isomers are larger than of the ground
state. This results in positive signs of the calculated radii change, .1 < ,.1 >p> O.

4. The charge radius decrease of the four-quasiparticle isomer in 178Hf is nearly twice
larger than of the two-quasiparticle isomer.

Let us note that the calculated .1 < ? > p-values for even-even nuclei are under­
estimated because for the ground state the sum of static and dynamic deformation is taken
into account. If the latter is excluded, the inconsistencies between L1 < ,.2 >pand ~<,.J>exp

will be larger. The differences between both data sets (on L1 < ? > exp and on L1 < , .1 >p)
indicate that other factors exist affecting the nuclear charge radius. Such factors are for
example the higher order deformations and/or the surface diffuseness, which decreases at
the transition from ground to isomeric state. However, the most reliable explanation seems
to be the one used for the odd-even staggering of the charge radii. An odd neutron blocks
the zero-point fluctuations of the nuclear surface thus decreasing the dynamic deformation.
As a result the increase of the charge radius by adding of a single neutron is smaller than
one half of the increase obtained when neutron pair is added. In an analogous way the
enhanced number of the unpaired neutrons or protons in quasiparticle isomers influences
the amplitude of the zero-point vibrations .

3 Two-particle isomers in the odd-odd nuclei

For comparison with the above discussed case analogous analysis is made also for the case
of two-particle isomers in the odd-odd nuclei. The parameters used, the charge radii
changes and quadrupole deformations, are obtained from the experimental data on isomeric
shifts and hyperfine splitting of the atomic (ionic) levels.

The total angular momentum of these isomers is generated by the spins of two unpaired
particles - a neutron and a proton. Their parallel and anti-parallel orientations form an
isomeric pair with essentially different total angular momenta.
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Table 2 Charge radii changesof two-particle isomers in odd-oddnuclei

Nucleus r E, keY Q" b (32 .1 < r2 >p, fm" t.<?>exp, fin2 Ref

158Ho 5+ 0 +4.10(40) 0.32(2)

T 67.2 +1.62(17) 0.26(2) -0.35(20) -0.158(7) [18]
16OHo 5" 0 +3.95(23) 0.31(2)

T 60.0 +1.78(17) 0.28(2) -0.18(20) ~0.083(7) [18]
172Lu 4- 0 +3.80(4) 0.318(3)

1- 41.9 +0.76(3) 0.32(1) +0.06(10) +0.009(1) [17]
174Lu 1- 0 +0.773(7) 0.323(3)

6- 171 +4.80(5) 0.321(3) -0.06(8) -0.001(1) [17]
I 76Lu T 0 +4.92(5) 0.315(5)

1 127 -1.47(1 ) 0.310(8) -0.04(10) +0.011(1) [17]
178Lu 1- 0 +0.708(10) 0.295(4)

9- -30 +5.39(5) 0.315(3) +0.065(15) +0.076(1) [17]
I 84Au 5 0 +4.65(26) 0.264(14)

2 +1.90(16) 0.221(17) -0.25(10) -0.036(3) [19]

Table 2 displays the charge radii differences between isomeric and ground states ­
experimentally measured [2] and extracted using the above described procedure from the
spectroscopic electric quadrupole moments [11]. The procedure of calculations is the same
as for the case of the quasi-particle isomers. For all nuclei Ll < r2 >f3 values accounts only
for the static quadrupole deformation. Only the well-deformed nuclei Ho, Lu, Au are
discussed because for these nuclei the quantities f32 and Ll < r2 >f3 can be calculated with a
good approximation using the (1), (2) and (4). In the most cases presented in Table 2, the
spin of the isomeric state is smaller than the one of the ground state. The following
peculiarities are obvious:

I. Both the measured, ll<l>exp, and the calculated, Ll < r2 >f3, absolute values are
essentially lower than: (I) the corresponding values for the quasiparticle isomers and
(2) the radii change when a neutron is added to the nucleus [2, 3].

2. As a rule, a smaller quadrupole deformation corresponds to states with lower spin.
3. A correlation between ll<l>cxp and Ll < r2 >f3 is observed: the charge radii increase

at the transition to a state with higher spin (ground or isomeric) is accomplished with a
raise of the quadrupole deformation. However, it is not possible to find a quantitative
relation between both data sets due to the large uncertainties of the Ll < r 2 >f3 values.

4. As a rule, the calculated absolute values of Ll < r2 >f3 are larger than the experimental
ll<l>exp. This indicates a presence of other effects influencing the charge radii.

4 Conclusion

Prominent examples are chosen to demonstrate the general peculiarities of the charge radii
in the quasiparticle (Section 2) and two-particle isomers (Section 3). The difference
between the natures of these isomers reflects in different behaviour of the nuclear radii.

In accordance with the predictions of the droplet model [20] the general nuclear radii
trend can be approximated with a linear dependence on neutron number with a slope
0.2 fm2/N. In contrast to this, the radii dependence on the angular momentum is more
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complex. The data collected in this work indicate remarkable behavior: any alteration of the
odd neutron configuration is connected with very small charge radii changes accounting for
the nuclear size and of the quadrupole deformation parameter determining the nuclear
shape. These are essentially smaller than the changes arising when a neutron is added to the
nucleus. The same picture is observed when the configuration of an odd proton undergoes a
change. This indicates the negligible influence of the angular momentum of an unpaired
nucleon on the nuclear charge radius.

However, when the number of the unpaired nucleons increases, the changes of the
charge radii and nuclear deformations are larger and in opposite directions: <r"> ­

decreases, while Ih increases. This might be explained with an increase of the nuclear
rigidity relative to the zero point vibration of the nuclear surface.

Let us mention, that the changes of the quadrupole deformation for the collective nuclear
states are essential larger than for the ground state. A good example are the rotational bands
of 192Hg in the range 1" = 20+ - 30+ with f32 values up to 0.6 resulting to a large increase
of the charge radius [21].

The present work gives an overview on the changes of charge radii and deformation
between the ground and isomeric states of nuclei and their dependencies on nuclear
structure. The describing effects put new demanding but as well stimulating problem to
both the theory and the experiment. From this point of view the importance of the laser
spectroscopic studies of nuclear parameters, especially in until now scarce investigated
excited states of nuclei, is obvious.
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Abstract Collinearlaser spectroscopyexperimentson the Sell transition3d4s 3DT -+3d4p 3F 3
at A:::363.1 urn were performed on the 42-4

6SC isotopic chain using an ion guide isotope
separator with a cooler-buncher. Isotope and isomer shifts and hyperfine structures of five
ground states and two isomers were measured. Preliminary results on the nuclear moments
and charge radii changes deduced from these measurements are reported.

Key words collinear laser spectroscopy ' cooled and bunched ion beam- isotope shifts and
hyperfine structure of 42-4

6SC . nuclear moments and charge radii in / 712 neutron shell

1 Introduction

The hyperfine structures and isotope shifts of five scandium isotopes (Z=2 1) in the mass
region 42 ~ A ~ 46, with isomeric states in 44 .

45SC, have been measured using the
collinear-beams laser spectroscopy technique. These isotopes lie in the Ca-region around Z,
N=20 and N= 28 shell closures. Several peculiarities of the nuclear radii trends in the Ca­
region have been pointed out [I , 2]: (I ) the sequential addition of neutrons going from the
sd - to the hz-shell gives a smooth change of the successive mean square charge radii,
<,J.>, indicating the disappearance of any shell effect (at N=20) . The effect is observed for
Ar, K and Ca; (2) although all curves show a parabolic-like dependence of <r2> on the
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neutron number, the well pronounced symmetric parabolic shape in the calcium case is not
reproduced by the neighbouring clements; (3) the shape asymmetry of <?> curves for
elements above and below calcium is in the opposite direction: for 2 <20 there is steady
increase of the charge radii towards N=28 ; for 2 >20 the radii increase towards N=20 ; (4)
the observed odd-even staggering decreases away from Ca - the largest decrease being at
the odd-Z nucleus K. From the point of view of the nuclear radii systematics at neutron
numbers N>28 [3] such large structural differences are very unusual for the successive
isotopic chains. Thus, diverse questions arise concerning the influence of the closed proton
shell of calcium and of the pairing effect in the proton number. In this context it is very
important to extend the measurements in the calcium region to the not yet investigated
isotopes and/or elements. This will give a more detailed picture of the behaviour of nuclear
radii in the Ca-region and will greatly contribute to the interpretation of the nuclear structure.

Isotope shifts for the light elements are dominated by the mass shift while the much
smaller field shifts provide information about the changes in mean square charge radii. In
addition, the production yield of isotopes away from stability is low. For these reasons the
experimental situation is very challenging. It requires high sensitivity and selectivity and
very high spectroscopic accuracy. The experimental technique, used for the study of the
scandium isotopes, has proven to meet these requirements.

2 Experimental details

Isotope shift and hyperfine structure investigations were carried out by collinear laser
spectroscopy on cooled and bunched ion beams. Experiments were performed using the
online ion guide isotope separator (lGISOL) facility at the Cyclotron Laboratory, University
of Jyvaskyla. Measurements were performed on the 42-4

6SC isotopes and the 44m,4
5mSc

isomers. Radioactive isotopes were produced in a fusion ion guide by irradiating a 45SC

target in reactions of the type (d,p), (p,pxn), (P,p') using IS MeV deuterons and 25­
48 MeV protons at 5-10 1lA.

The IGISOL facility offers significant advantages over conventional on-line mass
separators (for example see [4-8]): (1) the ion guide method can provide isotope beams of
any element, regardless of chemistry and with fast extraction times in the range of -I ms;
(2) the RFQ cooler-buncher installed in the mass-separated line reduces the ion beam
energy spread to about 10- 5 of the total 40 keV energy. At this level the corresponding
Doppler broadening of the laser resonances is less than the natural line-width of most
allowed optical transitions; (3) the low ion beam emittance after the cooler, estimated to be
J7l' mm-rnrad, results in a better spatial overlap between the ion beam and the counter­
propagating laser beam. The overlap is independent of the ion-guide and isotope separator
conditions, making the experiment insensitive to their drifts; (4) finally, the bunching
capability of the cooler has led to the introduction of a new way of performing laser
spectroscopy using ion beams. By accepting the fluorescence signal only while an ion
bunch passes through the light collection region a reduction of the background in the laser
fluorescence signal of four orders of magnitude has been achieved. Measurements have
been made using this method down to ion beam fluxes of 150 ions S-I .

Laser light was provided by a frequency-doubled Spectra-Physics 380D dye laser locked
to a chosen molecular iodine absorption line. The isotope shifts and hyperfine structures of
the scandium isotopes were measured in the transition 3d4s 3D2 (67.7 cm- I)-+3d4p 3F3
(27602.5 cm" ) of the Sc II spectrum at ),, :::::363 .1 nm. Examples of the recorded spectra are
shown in Fig. I for all investigated scandium isotopes. As can be seen, most hyperfine
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Fig. 1 Laser fluorescence spectra
showing the hyperfine structures
and isotope shifts of all the
investigated scandium isotopes
relative to the centroid frequency
of the ground state of 45Sc. Only
a part of the 43SC spectrum and
that part of 45SC containing the
isomer peaks are presented. The
vertical lines denote the position
of the centroid frequency of the
ground states (full lines) and
isomeric states (dashed lines).
The dashed curves represent fits
of the experimental spectra using
Voigt profiles

45gS,45msc

211

-2000 -1 000 0 1000 2000

Frequency with respect to 45
g

SSc (MHz)

structure components are well resolved. The resonances were fitted by a Voigt profile which
was found to describe adequately the 45SC line shape when measured off-line with high
statistical accuracy.

3 Experimental results

For the studied isotopes of the odd-Z element scandium the magnetic dipole and electric
quadrupole hyperfine coefficients A and B of both lower, 3d4s 3Dz, and upper, 3d4p 3F3,

states are obtained from the hyperfine structures using a l minimization fitting procedure.
The number of observed or resolved lines in some cases was not sufficient for extracting the
lower and upper level A and B coefficients independently. In these cases the ratios AlAu and
BlBu, which are independent of the nuclear properties, were fixed at AlAu=+2.469(1) and
B]/Bu=+0.554(22) using our off-line high accuracy data for the stable isotope 45SC: A]=
+507.67(10) MHz, B)=-34.7(12) MHz, Au=+205.61(3) MHz, Bu =- 62.6(11) MHz. This is
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Table 1 Spins, magnetic dipole, u, and electric quadrupole, Qs, moments of the investigated scandium
isotopes

I" IIIIlN (exp) IIIIlN (exp) Qs (exp), b Qs (exp), b
This work [10] This work [10]

42SC 0+

43SC 71T +4.503(4) +4.62(4) -0.208(22) -0.26(6)
44SC 2+ +2.505(3) +2.56(3) +0.184(19) +0.10(5)
44mSc 6+ +3.810(6) +3.88(1) -0.203(22) -0.19(2)
45SC 7/2 Reference +4.756487(2) Reference -0.220(2)
45mSc 3/2+ +0.368(5) +0.318(22)
46SC 4+ +3.040(9) +3.03(2) +0.123(17) +0.119(6)

For comparison the already known values of Il and Qsas summarised by Stone [10] are shown, too.

Table 2 Life-times TI/2 of the
investigated scandium isotopes
and isotopic shifts as measuredin
the optical transition
3d4s 3Dr ->3d4p 3F3 of Scil.
Errors in parenthesisare
statistical

A

42

43

44

44m

45

45 m

46

681.3 ms
3.891 h

58.6 h
3.927 h

Stable
318 ms

83.79 d

-979(7)

-631.2(47)

-287.1(30)

-268.3(38)

o
-72.3(7)

338.1(33)

a reasonable procedure because for light elements the hyperfine anomaly is expected to be
of the order of or less than 10-4 [9], which is below the error limits of the experimental data
on nuclear moments.

Calibration of the scandium moments was achieved using the obtained A and B
hyperfine coefficients of all investigated isotopes and the known nuclear moments of the
stable 45SC [10]. The results for the magnetic dipole and electric quadrupole moments of
43,44,44m,46Sc isotopes (see Table I) are in a good agreement with those summarised by
Stone [10]. However, the overall accuracy of the magnetic moment is increased. The
nuclear moments of the 45mSc are deduced for the first time.

With known hyperfine coefficients the determination of the isotope and isomer shifts is
straightforward. They are evaluated relative to the centroid frequency of the stable 45SC and
are listed in Table 2. The adopted sign convention is 8y 45.A = vA - y45.

In order to extract the charge radii changes from the measured isotope shifts the
electronic factor F and the specific mass-shift constant M; must be determined (see e.g.
[11n. The electronic factor F for the investigated optical transition can be calculated
following the established semi-empirical approach [12] as was done in our recent paper on
titanium [13]. The specific mass shift constant, Ms, which accounts for the correlations of
the electronic motion, is much more difficult to calculate reliably (Bauche, private
communication). Furthermore, since scandium has only a single stable isotope there are no
other experimental charge radii data which would allow a determination of the specific
mass shift in a consistent way. Because the charge radii changes are very sensitive to small
variations in M; the preliminary analysis performed to date can only provide estimates of
the expected upper and lower limits of the radii changes, which are shown in Fig. 2. A
complete analysis will be published in our forthcoming paper [14].
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Fig. 2 Predicted limits of possi- 0.20
ble variation of the mean squared I Ti
charge radii in the scandium

0.10 I
isotopic chains. Comparison be- Itween charge radii trends of
scandium isotopes and their N 0.00 I
nearest neighbours titanium and E I-calcium. To avoid the crossing of

~
-0.10 Ithe curves, the 8<?>-values for

Ti and Ca are shiftedrespectively ':r: I
with +0.05 fm2 and - 0.33 fm2 A -0.20 IN
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Fig. 3 Changes in mean square
charge radii of the isomericstate
relative to the ground state as
obtained from the isomeric shift
(circles ) and from the deforma­
tion parameter f32
(triangles )
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Even with the mass shift uncertainty it is evident that no drastic contradiction with the
overall radii trend in the 17/2 shell is found. While the odd- even staggering is reduced
compared with calcium and titanium, it is consistent with that observed in potassium, the
only other odd-Z element studied in this region.

There is no mass shift contribution to the isomeric shift between a nuclear ground state
and an isomeric state in the same nuclide. Thus, the calculation of the isomeric radii change
relative to the ground state is straightforward and does not suffer from the uncertainties due
to the mass shift. The isomeric shifts in the case of 44Sc and 45SC can also be derived from
the quadrupole deformation parameter, {32. using the usual scheme of calculation:
spectroscopic quadrupole moment Qs -+ intrinsic quadrupole moment Qo -+ quadrupole
deformation {32 -+ charge radii change 8</> (see for example [I I, 15]). It was assumed
that Q. and Qoare related by the projection formula in the strong coupling limit. The results
are displayed in Fig. 3. It is evident from the figure that 44mSc isomer mean square charge
radius is smaller than its ground state while the 45mSc isomer is larger than its nuclear
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Table 3 Energies and intrinsic
quadrupole moments of the iso- Nucleus
meric states derived from the
experimental B(E2) values for the 43SC
FC = 3/2+ bands and averaged 45SC
over the different rotational tran- 47SC
sitions - according to [17] 45Ti

47y

49y

151.9

12.4

766.83

329.5

259.49

748.2

Y. Gangrsky, et al.

0.82(5)

0.88(6)

1.01(23)

1.17(11)
1.34(25)

1.07(12)

ground state. In both cases the sign of the isomer shift is in accordance with the changes in
intrinsic deformation, but the magnitude of the shift, particularly for 45SC, is substantially
smaller than predicted from the quadrupole moments.

4 Discussion

The hyperfine structure and the isotope shift measurements on ground states and some
isomeric states in the isotopic sequence 42-46SC are the first optical investigation of
scandium. The study of these nuclei has become possible due to the ultra-sensitive laser
spectroscopy technique on cooled and bunched ion beams developed at the lGISOL facility,
University of Jyvaskyla.

Among the investigated nuclei the 45SC isotope deserves closer attention because along
with several other odd-A nuclei in the lower 1/712 shell it has a positive parity isomeric state
with I" = 3/2+. Such excited states have been explained [16] in the framework of the
Nilsson model: the Nilsson 3/2+ orbital of the sd shell and the lowest orbital of the Ih/2
shell approach each other for increasing deformation, thereby producing a low-lying core
excited state. According to the systematics of [16] all these 3/2+ isomeric states are well­
deformed. Their intrinsic quadrupole moments derived from the experimentally measured B
(E2)-values are presented in Table 3.

The value of Qo obtained from the laser spectroscopic data in this work is nearly two
times larger: Qo= 1.59(11) b. The unusually large quadrupole moment of the isomeric state
of 45Sc is the most striking feature of the present data. As can be seen in Fig. 3, it leads to a
larger charge radius of the isomeric state than follows from the isotope shift. This surprising
fact remains so far unexplained.

The investigated isotopes cover the largest part of the Ih/2 shell around the mid-shell
and toward N=20 shell closure. Although qualitative, the new information on Sc charge
radii changes constitutes a valuable contribution to the systematics of nuclear charge radii
in the calcium region. This is shown in a comparison of the present data on scandium
isotopes with the known development of radii for Ca [17] and Ti [13] (see Fig. 2) and can
be seen as well in comparison with the more extensive systematics of [2] which includes Ar
and K isotopes.

Acknowledgements This work has been supported by a Joint Project grant from the Royal Society, the UK
Engineering and Physical Sciences Research Council, the Russian Foundation for Basic Research grant 04­
02-16955 and the Academy of Finland under the Finnish Centre of Excellence Programme 2000-2005
(project No 44875).

~ Springer



Nuclear charge radii and electromagnetic moments

References

215

1. Klein, A., Brown , B.A., Georg, U., Keirn, M., Lievens, P., Neugart, R., Neuroth, M., Silverance, R.E.,
Vermeeren, L., ISOLDE collaborat ion: Nucl. Phys., A 607, I (1996)

2. Blaum, K., Geithner, w., Lassen, J., Lievens, P., Marinova, K., Neugart, R.: Hyp . Int. 162, 101 (2005)
3. Nadjakov, E.G., Marinova, K.P., Gangrsky, Y P.: At. Data Nucl. Data Tables 56, 133 (1994)
4. Aysto, 1.:Nucl. Phys., A 693, 477 (200 1)
5. Nieminen, A., Campbell, P., Billowes, J., Griffith, JAR., Huik ari, J., Jokinen, A., Moore, I.D. , Moore,

R., Tungate, G., Aystii, J.: Phys, Rev. Lett . 88, 09480 1 (2002)
6. Campbell, P., Thayer, H.L., Billowes, J., Dendooven, P., Flanagan, K.T., Forest, D.H., Griffith, J.A.R.,

lIu ikari, J., Jokinen, A., Moore, R., Nieminen, A., Tungate, G., Zemlyanoi, S., Aystii, J.: Phys. Rev. Lett.
89, 082501 (2002)

7. Forest, D.H., Billowes, 1., Campbell, P., Dendoov en, P., Flanagan, K.T., Gri ffith, 1.AR., Huikari, J.,
Jokinen, A., Moore, R., Nieminen, A., Thayer, H.L., Tungate, G., Zemlyanoi, S., Aysto, J.: J. Phys., G,
Nucl. Part. Phys. 28, L63 (2002 )

8. Billowes, J.: Hyp. Int. 162, 63 (2005)
9. Biittgenbach, S.: Hyperfine Interact. 20, I (1984)

10. Stone, N.J .: Atomic Data Nucl. Data Tables 90 , 75 (2005)
11. Otten, E.W.: Treatise on Heavy Ion Science 8, p. 517 . Plenum, New York (1989)
12. Kopfermann, H., Schneider, E.: Nuclear Moments. Academic, New York (1958)
13. Gangrsky, Yu.P., Marinova, K.P., Zemlyanoi, S.G., Billowes, J., Campbell, P., Flanagan, K.T., Forest, D.

II ., Griffith, JAR., Huikari, J., Moore, R., Nieminen, A, Thayer, H., Tungate, G., Aystii J.: J. Phys., G,
Nucl. Part. Phys . 30, 1089 (2004 )

14. Gangrsky, Yu.P., Marinova, K.P., Zemlyanoi, S., Avgoulea, M., Billowes, J., Campbell, P., Cheal , B.,
Tordoff, 8. , Bissell, M., Forest, D.H., Gardner, M., Tungate , G., , Huikari, J., Pentt ila, H., Aysto J.:
Nuclear charge radii and electromagnetic moments of radioactive scandium isotopes and isomers
(in press)

15. Thayer, H.I., Billowes, J., Campbell, P., Dendo oven, P., Flanagan, K.T., Forest, D.H., Griffith , JAR.,
lIuikari, 1., Jokinen, A , Moor, R., Nieminen, A., Tung ate, G., Zemlyanoi, S., Ays tii, 1.: J. Phys., G,
Nucl. Part. Phys. 29, 2247 (2003)

16. Styszen, J., Chevallier, 1., Haas, 8. , Schulz, N., Taras, P., Tou1emonde, M.: Nucl. Phys., A 262, 317
(1976)

17. Palmer, c.wr., Baird , P.E.G., Blund ell, S.A., Brand enberger, J.R ., Foot, C.J., Stacey, D.N., Woodgate,
o.w. 1. Phys. B: At. Mol. Phys. 17, 2197 (1984)

~ Springer



Hyperfine Interact (2006) 171:217-223
DOII0.1007/s10751-006-9485-0

Laser spectroscopy of stable Os isotopes

M. Avgoulea ·M. Mahgoub .J. Billowes- P. Campbell.
A. Ezwam . D. H. Forest- M. Gardner- J. Huikari .
A. Jokiaen- A. Nieminen- G. Tungate. J. Aysto

Published online: 16 February 2007
© Springer Science + Business Media B.V. 2007

Abstract Doppler-free isotope shift measurements of the stable even 184- 1920 S

and 187,1890 S odd isotopes have been performed for the first time on the 5d66s2

5D4~5d66s6p7F4 (305.9 nm) transition in the neutral atom by atomic beam laser
spectroscopy and on the ionic 5d66s5D9/2~5d66p6D7/2 (228.2 nm) transition by fast
collinear ion-laser spectroscopy. The measurements were carried out in Manchester
and at the IGISOL facility in Jyvaskyla in Finland, respectively. The results presented
are the most precise measurements to -date of the absolute isotope shifts.

Key words Osmium- atomic beam spectroscopy ' collinear laser spectroscopy

1 Introduction

Osmium lies in the transitional region between the rare-earth isotopic chains of well
deformed nuclei and the Pb (2=82) chain of near-spherical isotopes shown in Fig. 1.

M. Avg oulea (!8l) . M. Mahgoub . J. Billowes . P. Campbell· A . Ezwam
Department of Physics and Astronomy , Manchester University, Man chester , UK
e-ma il: tma@mags.ph.man.ac.uk

D. H. Forest · M. Gardner· G. Tungate
School of Physics and Astronomy, Univ ersity of Birmingham, Birmingham, UK

J. Hu ikari · A. Jokinen· A. Nieminen · J. Aysto
Dep artment of Physics, University of Jyvaskyla, Jyvaskyla , Finland

Present Address:
M. Mahgoub
Physik Department, E12, Techni cal University of Munich,
Jame s-Frank St., 85748 Garching , Germany

Present A ddress:
A. Nieminen
STMicroelectronics, Hels inki , Finland

~ Springer



218 M. Avgouiea, et al.

N"

~ 0.0
CIl
:J
'0
~
Q)
Cl
iii
s:
~ -0.5
iii
:J
co
CIl
c
C1l
Q)

E
.s -1 .0
Q)
Cl

fa
s:
o

-1.5

- 2.0

• NATURALLY ABUNDANT

o RADIOACTIVE

• ISOMER

Ir

Os

126

NEUTRON CLOSED

SHELL

Pb

100 105 110 115 120
Neutronnumber

125 130

Fig. 1 Changes in the mean square charge radii in the range Z =72-83 . The isotopic chains have been
shifted from one another for clarity

This region is characterized by very pron ounced ground state nuclear shape changes,
despite being close to the magic proton numb er Z=82. In part icular, the neutron mid­
shell region around N=104 has displayed dramatic changes in the nuclear charge radii
of the neut ron deficient Hg isotopes. The Hg chain was the first one to be extensively
studied by optical meth ods ([1 ] and refe rences therein) and it has manifested the
largest inverted odd-even staggering (OE S) in the nuclear char t as well as shape
coexistence, clearl y demonstrated in 18SHg, where different deformations exist in
states of the same nucleus. The strong deformation effects of the light even and odd
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Hg isotopes have inspired many theoretical studies too which attempt to explain the
shape staggering effect [2]. A similar shape transition has been observed in the Au
chain, although the onset of the deformation takes place two neutrons earlier and
the subsequent OES is not large [3]. More complex features are displayed in the Pt
chain where a strong inverted OES below N=110 is present. The odd Pt isotopes are
prolate while the even ones (A<186) are rather triaxial [4]. Less dramatic nuclear
shape changes are apparent in the Ir chain [3]. Despite the wide interest in this
region limited research with optical methods has been carried out in the nearby
Os, Re, Wand Ta chains as the refractory nature of these elements makes their
on-line study at conventional ISOL (isotope separator on-line) facilities difficult
due to their low volatility and consequent low production efficiencies. The IGISOL
facility in Jyvaskyla, where one of the experiments described here was carried out,
is of particular benefit as it is the only suitable ion source for on-line production of
refractory elements such as Os.

The high resolution Doppler-free investigation of the stable Os isotopes with two
laser spectroscopy techniques presented in these proceedings is in preparation for
the study of the ground state nuclear properties of the neutron-deficient Os isotopes.

2 Experimental methods

2.1 Crossed beams spectroscopy

The first Doppler-free measurements of the isotope shifts of the stable
184.186-190. 1920 S isotopes have been made using the crossed-beams technique in
Manchester [5]. Atomic beams of Os were produced by laser ablation of pills of
compressed natural Os powder whose diameter and thickness were 5 and 3 mm,
respectively. Ablation was achieved with high energy pulses from a pulsed Quantel
Brilliant Nd: YAG laser. Energies of up to 100mJ/pulse with a pulse duration of
6ns of the 1,064nm light impinged on a rotating sample in order to spread the
surface damage. A plume of atomic Os was released by the Nd:YAG laser. The
released atoms travelled 20em vertically, passing through two pairs of collimation
slits which defined an angular divergence of 3.5°. Atoms were laser-excited on the
5d66s2 5Dr +5d66s6p7 F4 305.9nm UV line. Resonance fluorescent photons were
collected in a direction normal to the plane of the atomic and laser beams by a
quartet of silica lenses and focused on a photomultiplier tube. The UV laser light of
0.5mW power was produced by intracavity frequency doubling in a Spectra Physics
380A dye laser with an anti-reflection-coated LiIO, crystal of 2 mm thickness. The
fluorescence signal was detected in a 400 JlS wide gate, delayed by 20-40 us after the
Nd: YAG pulse. The linearity of each laser scan was monitored by a Burleigh CFT­
500confocal etalon with a free spectral range of 149.98(9)MHz [6].An extended scan
was carried out in the region of the least abundant (0.02%) 1840S isotope in order to
improve the statistics (Fig. 2).

2.2 Collinear beams spectroscopy

Stable Os ion beams were produced off-line using a discharge source ion guide at the
IGISOL (ion guide isotope separator on-line) facility in Jyvaskyla [7]. An osmium
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Fig.2 Atomic resonances of the even 184-1920s isotopes and hyperfine structures of 187 0 s (circles)
and 1890s (squares) measured on the 305.86nm line [5]

Table 1 Upper and lower state measured hyperfine structure parameters for the 305.9nm (atomic)
and the 228.2 nm (ionic) tran sitions

Hfs parameter Atomic splitting (MHz) [5]
305.9nm

Ionic splitting (MHz)
228.2nm

+730± 1
+350± 6
+168± 1
+1,l OO± 6

-172±3
+587±1 7
+1,235±3
+1,139± 19

sample of ""0.2g was placed at the cathode of the source where a voltage of 500V
was applied thereby producing Os" in the glow discharge . The ions were thermalized
in a He gas flow, extracted and electrostatically focused to form an ion beam which
was accelerated to around 37 keV before being mass analysed by a 55° dipole magnet.
A small energy spread and a reduced ion beam emitt ance was achieved by cooling
in a gas-filled radio frequency ion cooler-buncher [8]. Fundamental laser light was
obtained from a Spectra Physics 3800 dye laser using stilbene 3 dye pumped by
a 5 W Ar" laser (all UV lines). Intracavity second harmonic generation (SHG )
was attempted during preparations of this experiment but it proved unsuccessful
with the available optics due to laser instabilities within the cavity and difficulty in
extracting the UV beam. In order to avoid all undesirable effects of SHG upon laser
stability an optically separated ring resonator was employed. Reson antly enhanced
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Table2 Natural abundance, nuclear spin, atomic and ionic isotope shifts, OV = vA - v l92 of all stable
Os isotopes

A Abundance(%) OV atom (MHz) OV ion (MHz)

184
186
187
188
189
190
192

0.02
1.58
1.6

13.3
16.1
26.4
41.0

0+
0+

112­
0+

3/2­
0+
0+

+ 9,532±14
+6,907±7
+6,097±7
+4,227±2
+3,486±2
+1,985±5
o

+6,953.5±4.6
+6,139.7±3.2
+4,261.9±3.4
+3,494.3±1.0
+1,993.6±3.4
o

500~------~-------~----------,

400 192 190
188

300
186

A
200

100
en
C
5 O~--------+-----------'------------jo

800

400

600

200

o 8000
Frequency with respect to 1920S (MHz)

Fig. 3 Ionic resonances of the even 186-1 920 s isotopes and hyperfine structures of the [87. 1890 s
isotopes measured in the 228.2 nm line. The arrow indicates the position of the fifth peak (see text)

frequency doubling [9] was performed using a Coherent MBD-200 external cavity
into which fundamental laser light was coupled. Stabilisation of the fundamental
frequency was achieved by active locking of the 380D cavity to the 21,886.3048 cm'
Te2 absorption line. The estimated UV laser beam power produced by the MBD­
200 was 0.1 mW for a power of 40mW of fundamental light. An Os beam current of
125pA gave a signal of ~2,700 photons/s with ~750photons/s background. Isotope
shift measurements were made on the 5d66s5D9/2~5d66p6D7/2 ionic transition by
observing the fluorescence signal imaged on the photomultiplier tube during laser
frequency scans. At both the beginning and the end of the experiment, spectra were
collected of the most abundant 1920S reference isotope so that any shifts in centroid
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Fig. 4 King plot of the 305.9nm atomic Os modified isotope shifts against the 228.2nm ionic Os
modified isotope shifts

position could be detected and corrected. A drift of 0.7 V of the total accelerating
voltage was observed which was accounted for in the analysis. In this experiment,
data were collected for all stable Os isotop es except for 1840 S due to its low natural
abundance.

3 Results

The experimental spectrum obtained with the crossed-beams techn ique is illustrated
in Fig. 2 where the atomic resonances of the even 184-1 920 S isotopes and the hyperfine
structures of the 187. 1890 S isotopes are indicated. Result s for the hyperfine parameters
of 1890S and the isotope shifts are included in Tables 1 and 2, respectively.

For the collinear laser spectro scopy spectra (Fig. 3) a X2 minimisation routine
was used to fit Voigt profiles to the ionic resonance peak s. In the case of the odd
isotopes a global fit of each hyperfine structure was performed as shown in Fig. 3.
Isotope shifts and hyperfine parameters were determined from fits to the data. The
hyperfine structure of 1890S consists of nine hyperfine structure components out of
which only four were clearly visible in the experimental spectra . Extraction of the
unknown hyperfine parameters Au , Bu, AI, BI and of the centre of gravity of the
structure requires five peaks to be present in the spectrum otherwise the problem is
underdet ermined. Four candidate peaks for a fifth peak of the 1890S structure were
present in the data. For each candidate a x2 value was obtained for the global fit and
the one that gave the lowest X2 was accepted as the best solution to the problem. In
the case 187 0 S, whose nuclear spin is 112, the electric hyperfine parameters are zero .
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Its structure consists of three components of which only two were observed due to
the very low Racah intensity of the third one. The problem again is underdetermined.
However, the 187Os interval observed was consistent with the A hyperfine parameters
scaled for 1890S assuming zero hyperfine anomaly [10]. The centres of gravity of
the hyperfine structures of the 187,1 890S isotopes obtained from this analysis are
consistent with the King plot discussed later. Table 1 lists the hyperfine parameters
of 1890S which are essential for the calibration of the radioactive isotopes. It is
necessary to confirm the identity of the fifth peak before proceeding to investigate
the radioactive isotopes.

The isotope shifts extracted from both methods are given in Table 2. A consistency
check between the two data sets was made with the King plot method [11] (see Fig. 4)
which involves modifying each data point by a factor,

AA' A~ef - A ref AA'
f1 = A' _ A A 'A' = A' _ A f1ref

ref ref

where Aref, A~ef are the atomic masses of an arbitrarily chosen pair of reference
isotopes. Modified isotope shifts of the 305.9nm transition have been plotted against
those of the 228.2nm transition and a straight line is formed whose gradient is
equal to the ratio of their atomic factors F305 9 / Fm,2=1.05±0.02. The similarity of
the atomic factors is coincidental although both transitions involve 6s-6p electrons.
Relative isotope shifts, assuming a negligible mass shift have been plotted in Fig. 1
where it can be seen that the stable Os isotopes do not display abrupt changes in their
mean square charge radii and that the OES is normal.

4 Conclusion and future plans

Isotope shifts for the stable 184-1920
S and 187, 1890S isotopes were measured, relative

to 1920s using two Doppler-free techniques. The hyperfine parameters of 1890S,
essential for the calibration of the radioactive isotopes have been extracted. Studies
of the neutron deficient isotopes down to N=103 are planned using the 185Re(pxn)
reaction. With a laser power of 250 I-tW an efficiency of 1 photon in 12,500 ions
can be achieved on cooled Os ion beams which should be sufficient for on-line
measurements of the radioactive isotopes.
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Abstract Mean-square charge radii and magnetic moments have been measured for the
neutron deficient lead isotopes, 182-190Pb. The measurement was performed at the ISOLDE
online mass separator, using the in-source resonance ionization spectroscopy technique.
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The wavelength of the first excitation step for the resonance ionization laser ion source
(RILlS) was scanned over the resonance(s) whilst the a- and y-ray spectra from the decay
of the Pb isotopes were recorded as a function of the wavelength. The isotope shift and, in
the case of odd-A isotopes, the hyperfine splitting were deduced. The rms-charge radii of
the very neutron deficient Pb isotopes follow the smooth trend of the heavier isotopes. This
finding indicates a spherical shape for the lead ground states at the neutron mid-shell
(N= 104), where the excitation energy of the oblate 0+ state in the even isotopes reaches its
minimum.

Key words laser spectroscopy' nuclear structure resonance ionization laser ion source
isotope shift hyperfine structure nuclear charge radius nuclear magnetic moment

1 Introduction

In the region of neutron deficient lead isotopes, intruder states and shape coexistence
phenomena have been widely investigated around neutron mid-shell at N= 104. In '86Pb at
N= 104, it has been found that the three lowest lying states have 0+ as spin and parity values
[1]. They have been associated with different shapes in the nucleus: spherical and deformed
(oblate and prolate). In a shell model picture these states can be described as Op-Oh, 2p-2h
and 4p--4h states, respectively [2]. Significant mixing of the deformed states into the
spherical ground state would result in an increased nuclear charge radius. It is therefore of
great interest to extend the study of nuclear radii in the lead chain to the very neutron
deficient isotopes around neutron mid-shell.

2 Experimental method and set-up

The study of isotopes lying far from p-stability is dominated by the need for an increase in
experimental sensitivity. For example, at ISOLDE the Pb ion yield drops by six orders of
magnitude from 187Pb to 183Pb [3]. For this reason we used the in-source photoionization
spectroscopy technique, which is one of the most sensitive laser spectroscopy methods. The
use of the RILlS (Resonant Ionization Laser Ion Source) for atomic spectroscopy studies of
exotic nuclei was pioneered at the Leningrad/Petersburg Nuclear Physics Institute (Gatchina,
Russia), where it was applied to short lived 154-

156Yb isotopes [4, 5]. At ISOLDE studies of
short-lived Be, Cu, Pb isotopes by in-source RILlS laser spectroscopy have been also im­
plemented (see reviews [6, 7] and references therein). These experiments have shown the
high sensitivity of the method. Following the upgrade of the laser system a new series of
such experiments have been performed at the ISOLDE facility at CERN.

The Pb nuclei were produced in spallation reactions induced by a 1.4 GeV proton beam
impinging on a VCx target (50 g/cnr' of 238U and ::::010 g/crrr' of carbon) connected to the
ISOLDE mass separator. The spallation products diffuse out of the high temperature target
(T::::o2,050°C) and effuse as neutral atoms into the laser ion source cavity. The cavity is a
niobium tube of 30 rom length and 3 rom internal diameter and is heated to approximately
2,100°C. The laser beams were focused inside the cavity and the ionization of Pb isotopes
was performed with a three-step ionization scheme (Fig. I). The same scheme was used for
earlier Pb experiments [8]. Laser light for the resonant excitation of the first two atomic
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Hyperfine splitting
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Fig. 1 The three-step laser
ionisation scheme for Pb
isotopes, applied in this work.
Shown are electronic configura­
tions for the levels involved and
laser wavelengths for each step.
On the right a schematic illustra­
tion of the hyperfine structure
components in case of the 13/2+
and 31T isomeric states in odd
Pb isotopes is presented. More
details are given in the text

transitions (,1,1 =283.305 nm and ,1,2=600.186 nm) was provided by two tunable pulsed dye
lasers. The ultraviolet radiation (AI) was obtained by doubling of the fundamental dye laser
radiation frequency using a non-linear BBO crystal. For the pumping of the dye lasers and
the excitation of the final ionising transition (the third step) into the continuum, copper
vapour lasers, operating at a pulse repetition rate of 11 kHz, were used. An ionisation
efficiency of about 3% was measured in off-line tests with stable lead isotopes [9].

During the online experiment with radioactive nuclei the laser power of the first
excitation step was reduced to avoid additional broadening of the optical line, so we
estimate the on-line efficiency for Pb isotopes to be :::; 1%. The laser ion source is not only
a very effective in its normal use as an element-selective tool for producing intense ion
beams, but it can be used as a very powerful atomic-spectroscopy tool due to the resonance
character of the photoionization.

In contrast to other laser spectroscopic techniques, the scanning procedure is applied
directly within the ion source. For atomic spectroscopy measurements, a narrow bandwidth
laser (line width 1.2 GHz) was used for the first excitation step. By scanning its frequency
over the resonance, together with simultaneous counting of the mass-separated photo-ions,
the isotope shifts and hyperfine structure of the atomic spectral lines could be measured.
From these data the change in nuclear mean square charge radii and the static nuclear
moments (magnetic moments and spectroscopic quadrupole moments) have been
determined.

Due to the low production yield for the very neutron-deficient lead isotopes, the direct
ion counting was prohibited by a severe isobaric contamination of the ion beam. An isotope
and isomer selective registration of the photo-ions was required and could be achieved by
the synchronous measurement the a- and y-ray spectra characteristic for the decay of the Pb
isotopes and isomers in question. For this work, the radioactive Pb isotopes were either
detected with a a-spectroscopy setup composed of a wind mill system and a passivated
implanted planar silicon detector and a y- or a-y spectroscopy setup comprising a tape
transport system, a planar Ge(HP) X-ray detector, two 70% efficiency coaxial Ge(HP)
detectors and an silicon a-detector.
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During each laser scan an a- or y-ray spectrum was recorded. In the data analysis the
characteristic lines were integrated for every laser frequency setting. The optical photo­
ionization spectra (number of photo-ions versus laser frequency) were obtained. Typical
examples of the collected optical spectra are shown in Figs. 2 and 3. Isotopes 182-188Pb
were studied with the a- detection, 189Pb with the y-ray and a-detection and 190Pb with the
y-ray detection.

A multiparameter servo-control for the laser frequency scanning was implemented for
this experiment. The new control system incorporates controls for the narrowband laser
etalon and diffraction grating positions, a frequency read-out with feed back control and
also communication to the data acquisition system using the RS232 or TCP/IP protocols.
The long-term stability of the laser control system enabled laser scans in excess of two
hours to be performed. This is essential for the measurement of the radioactive isotopes at
low production yield.

Throughout the experimental period, measurements of radioactive Pb isotopes at the
scanning frequencies were, at regular time intervals, combined with measurements at a fixed
reference frequency in order to monitor the stability of the experimental system. For an
absolute wavelength scale calibration, spectra of stable Pb isotopes were recorded regularly.
For these isotopes, the photo-ion current was directly measured with a Faraday cup.

For heavy elements such as Pb, with large isotope shift and hyperfine structures, the
Doppler limited RILlS spectroscopy is particularly advantageous. Using an optical setup
with a high long term stability and isobaric-background free ion detection, an extremely
high sensitivity can be obtained and is essential in such a study.
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Fig. 3 Spectra for the high spin isomer (I" = 13/2+, Ea = 5.993 MeV) and the low spin isomer
(I" = 3/2-, Ea = 6.194 MeV) of 187Pb collected in a single scan

3 Results and discussion

The isotopic change of the charge radius 8(r2
) A.A' was evaluated through the standard

formula:

A'-A
OVA A' =F'AA A' +M--,. . A ·A'

(I)

where OVA.A' is the isotope shift between isotopes with mass numbers A and A', F is the
electronic factor, M is the mass shift constant, AA,A' is the nuclear parameter [10]:

(2)

(3)

The fol1owing values of constants were used [11]:
F=20.26 (0.18) GHz fm- 2

,

M=0.19(0.25) x N (here N is the normal mass shift constant),
C=0.93.
The magnetic dipole moments were evaluated from the scaling relations, based on the

known magnetic moment /Lo, magnetic coupling constant Ao and nuclear spin 10 of a stable
207 Pb isotope (/Lo=0.592583(9), 10= 1/2, Ao=8,807.2(3.0)) [11, 12]):

A·I·po
p=

Ao·Io

This expression disregards any hyperfine anomaly, which was found to be less than ::::10- 3

for 19O-
197Pb isotopes studied in [13].

In Fig. 4 our data are shown along with the data for the neighboring Hg (2=80) and Pt
(2=78) chains [14-17]. The observed slope of the charge radii as a function of the mass
fol1ows the smooth trend of the heavier isotopes down to and even below the neutron mid­
shel1, where the excitation energy of the oblate 0' state in the even isotopes reaches its
minimum. This finding indicates a spherical shape for the Pb ground states. The charge radii
fol1ow rather closely the droplet model prediction. This is in contrast with the Hg isotopes
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Fig. 4 Change of the mean
square charge radii for Pb, Hg
and Pt isotopes, compared to the
predictions of the spherical drop­
let model. The experimentalerror
bars are smaller than the symbol
size. Our data are shown as filled
symbols, the literature data are
shown as open symbols. The
distance between the different
chains is chosen arbitrarily for
ease of display. Each minor divi­
sion on the vertical scale corre­
sponds to 0.1 fm2
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where a large odd-even staggering and shape isomerism set in at N= 105. In the Pt series an
overall deviation from the linear trend for heavier isotopes indicates the influence of
deformation near the mid-shell. Such an effect is absent or at least considerably smaller in
the Pb isotope chain, confirming their spherical nature.

The magnetic moments of the high spin isomers (I" = 13/2+) also follow a smooth
trend from A=197 to A=183 with a slight down-sloping towards the Schmidt line.

4 Conclusions and outlook

Substantial improvements in the frequency stabilization for the RILlS laser system have
been achieved. With its improved precision and reliability, the in-source laser spectroscopy
technique at ISOLDE has been combined with synchronous nuclear decay spectroscopy.
The high sensitivity and isomer selectivity enabled measurement of very short-lived neutron
deficient Pb isotopes down to '83Pb (T I12=300 ms) and '82Pb (T 1I2=55 ms) which are
produced at very low yield.

The laser spectroscopy investigation of the Pb isotope chain has been extended beyond
the neutron mid-shell at N= 104. The behavior of charge radii indicates that in this region
the ground states of the Pb isotopes remain essentially spherical. Beyond mean-field
calculations are underway to compare directly with the experimental data reported in this
paper [18, 19].

The in-source laser resonance ionization spectroscopy technique has become a very
efficient tool for atomic spectroscopy of rare isotopes approaching the driplines.
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Abstract The present paper describes an investigation of non-linear resonances of
praseodymium ion clouds stored in a Paul trap as a function of the storage para­
meters. These have been observed in traps with different ring electrode diameters.
In these different traps the resonances occur for different values of the operating
parameters. Discrepancies with the approximation model for one ion have been
found . The intensity of the fluorescence signal and the Doppler half width have been
recorded as a function of one of the storage parameters: q. We use our results to
optimize the fluorescence signal of the stored ions, which is especially useful in the
case of the double-resonance method.

Key words Paul trap' non-linear resonances- laser spectroscopic investigations

1 Introduction

Ion storage in electromagnetic traps requires a special configuration of the dynamic
electrical field, consisting of DC and AC components. The motion of individual
ions in the radial plane and along the symmetry axis of the trap obeys the well­
known Mathieu equation [1, 2]. According to this equation, the storage conditions
are stable in all directions within certain ranges of the values of the DC and AC
voltages , depending on the mass of the ions, the trap dimensions and the frequency
of the AC voltage. This trapping area is usually visualized in a stability diagram.
The trapping area is crossed by non-linear resonances which we calculated for one
Pr+ ion in the non-limited field approximation. We are especially interested in
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precision spectroscopy of rare-earth ions. To obtain spectroscopic data for these
complex ions, with many hyperfine levels, we need however a large number of
ions to obtain a large enough signal. We also need a buffer gas to depopulate the
several metastable states, which could trap ions in a state no longer contributing
to a signal. Theoretical calculations for the many ion case have been made [3-6],
taking into account the space charge effect, but do not provide results which describe
an actual experimental situation accurately enough. Also the presence of the buffer
gas introduces further complications for which an accurate theoretical description
not exists to our knowledge. Therefore studying experimentally the real instabilities
is needed to optimize the spectroscopic signal. In this way we can obtain strong
and well resolved signals, which are particularly important in investigations using
the laser-microwave double resonance technique. We choose Pr+ as a case study
because it has only one stable isotope, relatively strong lines from the ground level
and a low lying metastable level with good separations of the hyperfine structure
(hfs) components. Knowledge of the non-linear resonance in a specific case could
also be helpful to modify the number of ions and, in case of other rare earth ions, the
isotope composition of the ion cloud [7].

2 Theoreticalbackground

The basic trapping theory has been described in a few monographs see e.g. [8] and
most recently in a paper by Madsen et al. [9]. In a three-dimensional Paul trap the
potential is described by:

cPo(t) = Uo - Vocos(Qt) (1)

(2)

where Uo and Vo are the DC and AC amplitudes respectively, and r.l is the AC
frequency.

In order to describe the stability diagram and the operating point, two dimension­
less parameters are defined, for both the radial (r) and axial (z) directions:

8eUo
a; = -2a, = --2--2

romr.l

4eVoq --2q ----z - r - 2 r>2
rom ••

(3)

In Fig. 1 a region of the stability diagram of the Paul trap, calculated for Pr+ with
the one ion model, without interaction with the buffer gas, using a program provided
by Drakoudis (Drakoudis, personal communication).

Within the stability diagram some curves are present, where the ions can reso­
nantly absorb the energy of the electric field, called non-linear resonances. They
result from the imperfections of the quadrupole field, i.e. higher-order contributions,
caused mainly by the finite dimensions of the electrodes and the deviations from
the hyperboloidal geometry, required for the experiment as explained in Section 3.
The positions of the non-linear resonances on the stability diagram have been
experimentally determined for up to 5,000 ions of one element, hydrogen, by Alheit
et al. [10].
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Fig. 2 Experimental setup for
spectroscopic investigations in
the Paul trap
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RF
generator

1
Paul trap

Laser 1

~
Electronic

system I detection
system

1
Photon

counting
system

t
1 1'I Computer 1

Fig.3 The two different traps

Non -linear resonances are treated in detail in the monograph by Major et al. [8].
They are characterized by the integer mode numbers n. , n ;: ; see the inser t in Fig. 1,
which shows the region we studi ed in more detail. The sum

(4)

determines the order 2N of a perturbing multipole.

3 Experiment

The detailed description of our experimental setup has been pre sent ed in our earlier
pap ers [11, 12] and is shown in Fig. 2. The experimental work was done using two
traps with different radius (ro = J cm and ro = 2 em, see Fig. 3), which were mounted
in two independent ultrahigh vacuum vessels. The axial dimensions have the same
proportion in comparison to the radius of the trap. The smaller trap was build using
stainless steel, while the larger one was made of OHFC copper. In the ring electrodes
holes of resp. 2.7 and 8 mm were drilled to allow the laser beam to enter the trapping
area. Furthermore two rectangular holes were made in each trap through which a
tant alum wire with a Pr+ sample could be introduced (each 3 mm by 5 mm) . In
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Fig. 4 Recorded LIF signal for praseodymium ions for the transition at 430.6 nm : 4P6s5I5
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the smaller trap one end cap electrode was formed by a mesh made from 0.5 mm
wire with rectangular openings of 1.5 mm by 2.8 mm for collecting the laser induced
fluorescence. In the larger one the openings were 2 mm by 2 mm. Deviations of the
trap from an ideal quadrupole shape originate from the finite axial dimensions and
these disturbances of the ideal shape of the electrodes and the mounting rings of the
end caps.

We detected non-linear resonances by observing the variation in the laser induced
fluorescence (LIF) of 141 Pr+ ions. Electronic detection is not well suited for a direct
investigation of the non-linear resonances due to the relative large time delay, but it
provides an independent estimate of the relative number of ions.

The fluorescence light has been recorded with a photomultiplier, an example of
the Pr+ signal is presented in Fig. 4. To study the non-linear resonances the laser
frequency was tuned to the maximum of the strongest and well-isolated hyperfine
component of the optical transition, and the parameter q was varied by changing the
AC voltage. This method has been used to detect non-linear resonances in earlier
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Fig.5 L1F vs qz at az = -0.01525 for the ro = 2 em trap (laser frequency tuned to the top of the first
hyperfine component of the spectra/line in Fig. 4)

work see e.g. [13].The AC amplitude has been varied in the range 250-1000 V, with
an approximate accuracy of IV, while the DC voltage was kept constant.

4 Results

Crossing a non-linear resonance is indicated by an abrupt decrea se of the fluores­
cence light intensity while varying the parameter q. An example of the recording
is presented in Fig. 5. Different non-linear resonances also yield different degrees
of fluorescence intensity increase after crossing the resonance q value. Compare
reson ance b with a and c in Fig. 5. We noticed that a sufficiently fast variation of the
parameter q through a non-linear resonance results in a small or almost negligible
loss of ions. This suggests that although at the point of the non-linear resonance
the kinetic energy of the ions considerably increases, which results in a decreased
fluorescence intensity due to the expansion of the ion cloud (and thus a decrease
of the number of ions in the observation volume), the process is in most cases slow
enough to be inverted, when stable storage conditions are restored.

The points in the stability diagram, where non-linear resonances have been
experimentally observed for traps of ring electrode radius ro = ) em or ro = 2 em,
are shown in Fig. 6. In the larger trap we could observe more lines of non-linear
reson ances then in the smaller one. The lines of non-linear resonances we can
construct from our measured points are clearly different from the ones calculated
in the one ion approximation. A tentative identification is given in these figures
too , which led us to conclude that higher order non-linearities are observed in the
larger trap.
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Fig. 7 Doppler broadening vs
the storage parameter qz- The
• denote the results obtained
with the larger trap; the points
(.), taken from [14], enable
a comparison with results
previously obtained in the
smaller trap (ro = 1 em)
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The accuracy of determination of the positions of the non-linear resonances is
however strongly limited by space charge effects, since the number of the ions in
the cloud can only be controlled roughly. It is rather difficult to state unequivocally,
but the experimental evidence suggests that the outermost points observed with a
fluorescence intensity decrease resembling a non-linear resonance in fact fall on
the border lines of the stability diagram (d in Fig. 5). After passing through these
points a complete ion loss is observed and the fluorescence signal cannot be restored
regardless of the variation rate of the parameter q.1f this conclusion could be verified,
the present investigation method could also be used to determine the borders of the
stability diagram and to study its position and shape dependency on the number of
stored ions, provided the latter could be controlled more precisely.

The gradual increase of the LIF signal intensity and half width with storage
parameters q, before reaching a non-linear resonance can clearly be seen in Fig. 5;
the same has been observed in the smaller trap. This intensity increase can be used
to maximize the LIF-signal, in the case where the hfs is large compared with the
Doppler broadening, which is the case in many rare earth spectra.

In Fig. 7 the dependence of the half widths of the observed LIF signal, dominated
by Doppler broadening, is presented (only the regions far away from non-linear
resonances have been considered, since the severe ion loss at the resonances con­
siderably influences the line half width). The large error bars are due to difficulties in
reproducing the experimental conditions in subsequent measurement runs (different
numbers of stored ions in the observation volume). The errors are statistical, each
point has been measured at least four times. In the case of close lying hfs components
this effect could limit the possibility for maximizing the LIF signal.

5 Concluding remarks

Spectroscopic investigations allow to study the stability diagram with respect to
inhomogeneities and instabilities of the storage process. The positions of the points,
where such inhomogeneities occur, have been determined with an accuracy better
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than 0.5% for q and 0.1% for a. In both traps the values of the parameters qz and
a, for which non-linear resonances occur differ significantly from those calculated
for one ion in the non-limited field approximation. In the larger trap a considerably
larger number of non-linear resonances has been observed, in particular such as
characterized by a less abrupt decrease of the fluorescence intensity. Also the
parameter values for which they appear are different.

When approaching a non-linear resonance the LIF, as well as the Doppler-width
increase.

Our results allow simultaneous optimization of the LIF signal with respect to
intensity, half width as well as reproducability. This is particularly important for
spectroscopic investigations of the metastable levels of Pr+ lying above 5,000 cm',
which have a low thermal population, using the laser-microwave double resonance
method.

A still more accurate determination of the position of the non-linear resonances
might allow a selective modification of the relative isotopic abundance in the ion
cloud of the element under study, or a controlled decrease of the number of the
stored ions [7].

In order to obtain a versatile optimization procedure, more systematic investiga­
tions of the stability diagram with respect to the storage efficiencyare still required.

Acknowledgements We wish to thank dr. F.G. Meijerfor reading and discussing the revision of the
manuscript. This work was performed as part of the project DS-63-029/06 of the Poznan University
of Technology.
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Abstract The structures and distributions of light nuclei are investigated within a
microscopic correlation model. Two particle correlations are responsible for the
scattering of model particles either to low momentum- or to high momentum-states.
The low momentum states form the model space while the high momentum states
are used to calculate the G-matrix. The three and higher order particle correlations
do not playa role in the latter calculation especially if the correlations induced by the
scattering operator are of sufficient short range. They modify however, via the long
tail of the nuclear potential, the Slater determinant of the (A) particles by generating
excited Slater's determinants.

Key words nuclear models- distribution- charge radii
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1 Introduction

Correlation effects in nuclei have first been introduced in nuclei by Villars [1], who
proposed the unitary-model operator (UMO) to construct effective operators. The
method was implemented by Shakin [2, 3] for the calculation of the G-matrix from
hard-core interactions.
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The UMO is based on the separation of the two body potential in a short and a
long components. Within this separation the effective n-body Hamiltonian contains
only the long component. The short-range component is considered up to the two
body correlation and produces no energy shift in the pair state.

Non perturbative approximations of the UMO have been recently applied to even
nuclei in [4,5] which is treated here in more detail. The basics formulae of the Boson
Dynamic Correlation Model (BDCM) presented in the above quoted paper have
been obtained by solving the n-body problem in terms of the long range component
of the two-body force. This component has the effect of generating a new correlated
model space (effective space) which departs from the originally adopted one (shell
model). The amplitudes of the model wave functions are calculated in terms of non­
linear equation of motions (EoM).

By linearizing the systems of commutator equations, which characterize the EoM,
we derive the eigenvalue equations for our model space. Within this correlated
formalism we generate a model that includes not only the ladder diagrams of [6]
but also the folded diagrams of Kuo [7].

The n-body matrix elements which define the eigenvalue equations are calculated
exactly via the Cluster Factorization Theory (CFT) [8].

In this paper the BDCM model is applied to calculate the influence of the
correlations on the charge distributions of the lithium isotopes and on the charge
distribution of 6He.

The value obtained for the charge radius of the correlated 6He is slightly bigger
than the radius calculated in other theories [9-13] and that derived within the
isotopic-shift IS theory [14]. A charge radius which agrees with the radii calculated
in the [9-13] and those calculated in the cluster models of [15-17] is on the other
hand obtained by considering only two protons in the s~. This non-correlated radius
agrees also with the radius derived at Argonne within the IS theory [14]. Correlations
have therefore the property to increase the charge radius of 6He as observed for the
isotopes of Lithium.

The calculations performed in [18] for the charge radii of the lithium isotopes,
although in good agreement with those measured at GSI-TRIUMF [19-21] and
analyzed with the help of [22], are always slightly larger than those measured. For
the stable isotope 6Li the calculated radius agrees with the value obtained with the
electron scattering experiments of [23]. However, the charge radii calculated in the
IS theory could also depend on the nuclear correlations. The calculations performed
in [24] for the field shift (FS) of 7Li show that the departure from a point nuclear
approximation is a rather large effect. Additionally the higher order cross term
contributions of [25] need to be considered.

A direct comparison between the calculated and the measured charge radii should
therefore be performed after an accurate analysis of these two correcting factors.

2 Theory of two correlated particles

In order to describe the structures and the distributions of nuclei we start from the
following Hamiltonian:
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were VJ2 is the singular nucleon-nucleon two body potential. Since the matrix
elements laf:l) are uncorrelated the matrix elements of VI2 are infinite. This problem
can be avoided by taking matrix elements of the Hamiltonian between correlated
states. In this paper the effect of correlation is introduced via the eiS method. In
dealing with very short range correlations only the 52part of the correlation operator
need to be considered.

Following [2, 3] we therefore calculate an "effective Hamiltonian" by using only
the 52correlation operator obt aining:

(2)

where V~2 is the long component of the two body interaction (note that the Vi2 is in
the following equations simply denoted as v). The Wall is the two particle correlated
wave function:

,J, is,,,,
"' all = e . "'all (3)

Indealing with complex nuclei howe ver the S, with i = 3 . . . n correlations should
also be considered.

The evaluation of these diagrams is, due to the exponentially increasing number
of terms, difficult in a perturbation theory.

We note however that one way to overcome this problem is to work with
t! (s, +s2+s,+,,+s,, ) operator on the Slater 's determinant by keeping the n-body Hamil­
tonian unvaried.

Aft er having performed the diagonali zation of the n-body Hamilton's operator
we can calculate the form of the effective Hamiltonian which, by now, includes
corre lation operators of complex order.

Using (1), we can compute the commutator of the Hamiltonian with the operator
(aJ,aj) J that creates a valence particl e pair. By performing this calculation we shall
retain the linear and the non -linear terms which are form ed by coupling the shell
model states with the particle-hole excitations of the core .

At this point in order to obtain a complete system of equations, we also have to
calculate the commutator of the Hamiltonian (1) with the non-linear terms. With this
calculation we introduce in the mod el space states which are formed by coupling the
valence states with the two particle-hole excitations of the core.

The successive model equations are then formed by calculating the commutator
with the operator obtained in the previous step.

The set of commutator equations above is suitable to be solved by means of
a perturbation expansion. The perturbative solution of the system of commutator
equ ations is however not easily obtainable due to the high number of diagrams one
needs to calculate.

A non-perturbative solution of the system of commutator equation can be
obt ained within the linearization method, which consists by applying the Wick 's
the orem to the « n+2) p-2h) terms and by neglecting the normal order terms.

This approximation is motivated by the consideration that the low lying spectra of
nuclei the « n+2) p-2h) terms are lying at much higher energy than that of the «n+1)
p-Ih) sta tes.
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The linearized system of the commutator equations is then solved exactly in terms
of the eFT which calculates the n-body matrix elements in an expedite and exact
way.

In the following we give the basic formula of the method for a (nuclear) system
with two valence particles. In second quantization, the two particle states are
defined by:

(4)

where, for the sake of simplicity, we have omitted the isospin quantum numbers and
where

(5)

has been introduced to ensure a compact index notation of the angular momenta of
the two particles. In this notation, the operator product a}, a}, just creates two coupled
particles of single particle j, and h coupled to the final J quantum number.

To derive the effect of the correlation on the two valence particles, we have, at
this stage, to evaluate the next commutator

[H, AiCa\J)]IO)

= [(LEaa~aa + ~ L(a.BIVCr)IY8)a~a1aoay), (a},a},)J] 10) (6)
a apyo

which, after some operator algebra becomes

[H, AiCa\J)]IO) = Lr2C2PI2p')AiC.B,J)]!0)
p,

+ L r2C2pI3plh)A~C.B2J;J;J)]10).

~2J~ J~

(7)

In (7) the AiC.B,J) operators are those of (4) and the A~C.B2J;J;J) are defined
below:

(8)

In (8) we have used the additional convention:

and we have associated:
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Having extended the commutator as in (7) , we have also to calculate the commutator
equation for the A ; Cu2JIhJ) operators as given below:

[H, A; Cu2JlhJ)]10) = L QC3p1hI3p'lh' )A ; CP2J;J;J)10)
IhJ;J;

+ L QC3p l hI4p2h)A j CP3J;J;J;J)10), (11)
fl.,];];};

where we have introduced the (4p-2h) wave functions defined below:

'" ",J ;J;J;,J;J At CR J'J'J'J)IO)
'¥4p2h ---+ '¥ /, h.I,i.i.J. = 3 p 3 I 2 3

and where we have consistently extended the definition given in (5, 10):

P3---+ t. j; j; j~ j; t,
with:

(12)

(13)

J; associated to the coupling of /1 J;
J; associated to the coupling of J;h
J; associated to the coupling of 1st, (14)

In the definition of A j CP3J;J;J;J) the coupling of J; to J; to J;2 has been discarded
from the notation. In (7, 11) the Q's are the matrix elements of the Hamilton's opera­
tor in the model wave functions. The next step would then be the computation of the
commutator ofthe Hamiltonian with the A! eB3J;J;J;J) operators. Here we linearize
these contributions by considering that in the study of the low energy spectrum and
in the calculation of ground-state correlated distributions the A! CP3J; J;J;J) terms
have a small contribution. The linearization is performed by applying to the (4p2h)
terms:

L (uP lv (r)ly 8}a~a1a~ayA! CP3J; J;J;J)
afJ y~

(15)

the Wick's theorem and to discard the normal order terms. Within this linearization
approximation we generate non-perturbative solutions of the EoM from the commu­
tator equations of (7,11), i.e.: the eigenvalue equations for the mixed mode system:

[H, A~(uIJ)] 10) = LQC2PI2p')A~CPIJ)10)
p,

+ L Q (2pI3p'lh')A ~ (P2J;J;J) 10) , (16)
f32 J~ J;

and

[H,A1Cu2J1hJ)] 10} = L QC3plh I2p' )Ai CP1J)IO)
13,

+ L QC3plhI3p'lh' )A i CP2J;J; )IO). (17)
fJ, J;J;
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Within the application of the GLA approximation we convert (7, 11) in an eigenvalue
equation for the configuration mixing wave functions (CMWFs) of the model. In
fact, the linearization provides the additional matrix elements necessary to write the
following identity:

(18)

and to introduce the off-diagonal matrix elements which couple the (2p) to the (3p1h)
subspaces. Now, by writing (16, 17) in the following matrix form:

(
[H,Ai(a,J)] 10) )

[H, A~(ad,hJ)] 10)

_ (E2P+ Q(2pI2p') Q(2pI3p'lh') ) ( A;CBIJ)IO) )
- Q(3plhI2p') E3p'h + Q(3plhI3p'lh') A~(fJ2JlhJ)10)' (19)

and by multiplying to the left with:

(20)

we generate the eigenvalue equation for the dressed particles:

" (E2P + (AI (a, J)lv(r)IA; CBI J)) (AI (al J)lv(r)IA~(fJ2J; J;J)) )
~ , (A2(a2JlhJ)lv(r)IA; CB,J)) E3plh + (A2(adlhJ)lv(r)IA!CB2J;J;J))

fJ,fJ,J,J,

.( XI ({J; J: )=E( XI(aIJ) )10) (21)
X2({J2JI J2J) X2(a2JI hJ) .

I (21) E - HF HF dE HF HF HF HF h H F kn 2p - E j , + Ej, an 3plh = Ej , + Ej, + Ej, - Ej4 are t e artre- oc
energies while the x's are the projections of the model states:

1<I>{p) = XI(aIJ)A 1(aIJ)IO) + X2(a2JlhJ)A2(a2J,hJ)10) (22)

to the basic vectors 2p, 3plh. To conclude, although the (4p-2h) CMWFs are not
active part of the model space, they are important for structure calculations. One
may therefore associate the GLA approximation to a parameter which describes
the degree of complexity of the model CMWFs. Within the first order linearization
we obtain the EoM for the shell model while within the second and third order
linearization approximations we derive the EoM of valence particles coexisting with
the complex particle-hole structure of the excited states.

In this paper we solve (21) self-consistently. The solutions for the first iteration
step are obtained by diagonalizing the eigenvalue (21). The first step of the iterative
method generates the dynamic amplitudes for the two dressed particles, i.e. two
particles coexisting with the 3p1h structures. With the calculated eigenvectors we
recompute then the matrix elements (j,hlv(r)lhhhj4) and (jlhhj4Iv(r)lj;j;hlt)
and we diagonalize again the eigenvalue equation. The iterations are repeated
until the stabilization of the energies has been reached. Before performing the
diagonalization of relative Hamilton's operator in the CMWFs base we have to
eliminate the spurious center of mass components. In the BDCM this is performed,
following the calculations of [26, 27], by calculating the percent weights of spurious
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states in the model wave functions . These can be obtained by evaluating the energy
of the center of mass according to the following equation:

E R = f dRw tdressedU;j/ )(R2)WdressedU;j/ )

+ 2~ f dr ;dr jWtdressed( j;hl)(ri' r j)Wdm ," dC/;/ / ). (23)
If

In (23) the calculation of the integrals can be performed by using the CFf expansion
for the (3pl h) states and by considering that for two particl e states we have:

where:

i> (2j+ 1).

(24)

(25)

By diagonalizing the above operator in the model space we obt ain the energy of the
center of mass. The overlap with the model space give the degr ee of "spur iosity" of
the different components. The model space which characterize the BOCM is formed
by add ing even particle to a closed-shell nucleus. The closed shell configuration can
be described by a single Slater determinant and one can use the Hartree-Fock's
theory to obtain the binding energy and the single-particle energies. Alt ern atively
one can rem ark that for a closed shell nucleus (Z , N) the single particle energies for
the stat es above the Fermi surface are relat ed to the binding energies differences:

E; = BE(Z , N) - BE*(Z + 1, N),

and

E;' = BE(Z , N ) - BE*(Z, N + 1).

The single particle energies for the stat es below the Fermi surface are given by:

E; = B E*(Z - 1, N ) - BECZ, N),

and

E; = BE*(Z , N - 1) - BE(Z, N).

(26)

(27)

(28)

(29)

The BE are ground states binding energies which are tak en as positi ve values, and
E will be negative for bound states. (B E* = BE - Ex) is the ground state binding
energy minus the excitation energy of the excited states associated with the single
particle states. Within this meth od, which recently has been reintroduced by B.A.
Brown [28], we derive the single part icle energies from the known spectra of neighbor
nucle i (see Table 1).

The generalization of the previously defined form alism needed to calculate the
charge radii of the A = 7 (one particle OCM), A = 8 (four particles BOCM) and
A = II (three particles OeM) is not given explicitly in this pap er , but will be
presented shor tly.
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Table1 Single-particle scheme and single particle energies (MeV) used to form the model CMWFs
for the A = 6 isotopes

Hole ISI/2
Energy -20.58
Hole/particle Ip3/2
Energy 1.43

Particle IpJ/2 Id 5/2 2SJ/2 Id 3/2 117/2 2p3/2 1[5/2 2PJ/2
Energy 1.73 17.21 22.23 23.69 25.23 27.18 28.33 29.67

Table2 Calculated charge
radii for 6He in fm compared
with the results obtained in
other theoretical models and
with the radius derived within
the IS theory

2.1 Results

Charge radius of 6He

1.944 [9, 10]
2.09 [12, 13]
2.25 This work
2.39 This work
2.06 This work

1.99 [15]
1.99 [16]
1.99 [17]
2.054 ± .014[14]

Model

No-core shell model
Quantum Monte Carlo technique
BOCM
BOCM without the folded diagrams
Two correlated Is ~ -protons

Cluster
Cluster
Cluster
Isotopic shift (Exp.)

In order to perform structure calculations, we have to define a single particle
base with the relative single-particle energies and to choose the nuclear two-body
interactions. The single-particle energies of these levels are taken from the known
experimental level spectra of the neighboring nuclei and given in Table 1. For
the experimentally unknown single particle energies of the fp shells we use the
corresponding energies for the mass A = 9 nuclei scaled accordingly the different
binding energies. In this paper we perform as in [12, 13] calculations by assuming all
levels as bound for the particle-particle interaction, we use the G-matrix obtained
from Yale potential [29]. These matrix elements are evaluated by applying the eS

correlation operator, truncated at the second order term of the expansion, to the
harmonic oscillator base with size parameter b = 1.76 fm. As also explained in [4,5]
the potential used by the BDCM is separated in low and high momentum compo­
nents. Therefore, the effective model matrix elements calculated within the present
separation method and those calculated by Kuo [30-33] are pretty similar. The
separation method generates matrix elements, which are almost independent from
the radial shape of the different potentials generally used in structure calculations.

The particle-hole matrix elements could be calculated from the particle-particle
matrix elements via a re-coupling transformation. We prefer to use the phenomeno­
logical potential of [34]. The same size parameter as for the particle-particle matrix
elements has been used. In Table 2 the calculated charge radii of 6Re are compared
with the radii calculated by the other theoretical models and with the radius obtained
by the IS theory. In the theoretical models quoted in this table the calculations of the
charge distributions and of the charge radii are performed in terms of non- correlated
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Table 3 Calculated charge radii for the Lithium isotopes in fm compared with the results obtained
in other theoretical models and with the radius derived within the IS theory (Exp.)

Lithium Exp .(GSI) [19] Exp .+Theo. [35] Thea. [9] Thea. [12] Thea. [36] DCM+BDCM

rrns rms rrns rrns rms

6Li 2.51 2.47 2.22 2.54 2.55
7Li 2.39 2.43 2.13 2.41 2.43 2.41
sLi 2.30 2.42 2.13 2.26 2.34 2.40
9Li 2.22 2.34 2.16 2.21 2.27 2.42
IILi 2.47 3.01 2.57 2.67

operators. The correlations are included only in the derivation of the 52 effective
Hamiltonian.

For the stable 6Li the calculated charge radius is equal to 2.55 fm, a value that
rep rod uces well the charge radi us of 2.55 fm obtained in [23] from the electron
scattering expe riments. The charg e rad ii given in Table 3 for other lithium isotopes
are however large r then those calculated in the other quoted theoretical models and
then those obtained within the IS theory. Here also the main difference between the
results obtained in the DCM and BDCM models and those of the other theoretical
calculations has to be found in the treatment of the correlation operator. In [9, 10]
the charge radii are calculated in the "no core shell model" which is based on
exact solutions of the two particles Schrodinger's equation by considering large
computational spaces . The calculations do not include however the 53 correlations.
[12, 13] presents charg e radii evaluated within an accurate Quantum Monte Carlo
Method. The Hamiltonian used includes two- and three-bodies forces in a two-body
correlated mechanics. The calculation method of [36-38] is based on a microscopic
cluster method in which few particles are interacting with the rest nucleus considered
in its ground state. In our model the excitations of the core are associated to the 53
correlation operator which increases the charge radius of the Lithium isotopes.

3 Conclusions and outlook

In this contribution we have investigated the effect of the microscopic correlation
operators on the charge distributions of 6He and of the Lithium isotopes. The
microscopic correlation has been separated in short- and long-range correlations
according the definition of Shakin [2,3]. The short-range correlation has been used
to define the effective Hamiltonian of the model while the long-range is used to
calculate the structures and the distributions of exotic nuclei . As given in the work of
Shakin , only the two-body short-range correlation need to be considered in order to
derive the effective Hamiltonian especially if the correlation is of very short range .
For the long range correlation operator the three body component is important and
should not be neglected. Within the three body correlation operator one introduces
in the theory a three bod y interaction which compensates for the use of the genuine
three body interaction of the no-core shell model.

By using generalized linearization approximations and cluster factorization coef­
ficients we can perform expedite and exact calculations.
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Within the calculated correlated distributions we obtain charge radii slightly
larger than those calculated for non-correlated distributions and derived by the IS
experiments.

The application of the DCM [24] to the two and three electron energies and
distributions of the Helium and Lithium atoms, respectively, could serve as future
motivation for a reevaluation of the IS theory. From one side, the calculation of
CM of the different isotopes, could help to obtain a non-perturbative formulation of
the isotopic change of the electron transition energies. From the other side the field
shift theory could include the correct isotopic variation. Since the derivation of the
charge radii from the two photon experiments is influenced by the precision of the
theoretical calculations, this new proposed method could contribute to evaluate with
better precision the charge radii of exotic nuclei.
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Abstract Various phenomena: hyperfine shift of 209Bi82+, nuclear decay of 229Th and
169Yb69+ are considered as cross-invariant channels of the internal conversion process from
the viewpoint of testing QED. The way of accelerating nuclear decay in laser field via
merging the nuclear and laser photons is discussed . Discovering this fundamental process
would give a convincing test of both QED along with our experimental abilities.

Key words quantum electrodynamics test -resonance conversion (internal and bound) .
nuclear decay' 209Bi82+. 229Th. 169Yb69+

1 Introduction

Probing space and matter with strong electromagnetic field is a topic of fundamental
interest. As long ago as in 1920s, Klein considered relativistic equation for an electron put
in strong electrical field. He predicted the process of spontaneous generation of the e+e
pairs in the field (Klein 's paradox) with critical electrical strength Fo = n~%J =
2 · I016Vjcm. At this strength, the non-linear QED effects reach their optimal value .
Experimental investigation of this process was undertaken at aSI Darmstadt half centenary
later. Another process of restoration of the spontaneously broken symmetry in strong field
was predicted by Salam and Strathdee . The latter process was searched for by David et al.
at the University of Bonn in muon capture by the nuclei. Interpretation of the results is not
clear in the both cases. The problem remains to be a challenging task for experimentalists.

At the same time, elementary estimate shows that the electrical strength at a nuclear
surface is £_eZIR2 _ 1019 V/cm, that is overcritical value. This gives rise to strong
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polarisation of vacuum around the nucleus, which considerably affects the processes
discussed below. This example gives an idea of complexity of the processes occurring in
strong field, and illustrates the dynamics of the "Moscow zero," another paradoxical result.
The example gives an idea how any charge ultimately disappears due to the polarisation of
vacuum, and coolly reminds that QED is only asymptotic theory valid in the limit of
comparatively weak field.

It is worthy to note that traditional tests of QED deal with static properties of atoms,
such as energy shifts. But these are sensitive to the square of variation of the wave function.
Advantage is the practically infinite time, which allows one to reach precision of many
digits. Dynamical tests based on measuring the amplitude of a process depend linearly on
the wave function and its variation. Therefore, they may be much more sensitive. This gives
advantage of using lasers, storage rings and other facilities.

On the other hand, strength of the field of most powerful lasers is within _I09 V/cm. At
first glance, this rules out any idea of affecting nuclear processes. There is one way. That is
offered by the resonance phenomena. We shall focus on the resonance interaction mediated
by the electron shell. This way is realised via bound (BIC), or resonance (RC) internal
conversion (IC) [1-3]. The resonance conversion was observed in muonic atoms [4] and
45-fold ions of 125Te [5]. Much experimental effort was spent without result because of
negation of the theory of RC in studies of the 3.5 eV state in 229mTh (see e.g. [6]). This
story is discussed in refs. [7, 8] and other papers cited therein.

2 Atoms in electromagnetic field

We recall that typical nuclear sizes are within R- 10 fm and typical scale for the transition
energies is of the order of -1 MeV. Therefore, meaningful effect of the electromagnetic
field on nuclei can be only expected for fantastic overcritical electrical strength of E­

IOI8 V/cm. Such a simple estimate helps to realise that all the photo-nuclear reactions are
due to resonance effect. Only resonance quanta can be absorbed by the nuclei, with the
energy which exactly equals separation energy of the nuclear levels.

In contrast, atomic size is by four orders of magnitude larger than the nuclear one. This
means that it is much easier to affect the nucleus by electromagnetic field through
mediation of the electron shell, which plays a role of resonator [1]. A gain of several orders
of magnitude can be benefited from making use of the resonance properties ofBIC. Further
experimental study in the field of producing nuclear isomers and triggering their energy,
constructing gamma laser must be directed in this way.

3 Tuning BIC

The idea is to arrange a two-photon resonance. Consider atom in an external field of a plane
electromagnetic wave. Some atomic electron can go to an excited state by absorption of one
or several photons from the field. The probability of multiphoton absorption increases
drastically if the total energy of the absorbed photons approaches the difference of the
electron levels. This effect is used by RIS - Resonance Ionisation Spectroscopy. Let us
consider the two-photon resonance, and replace one photon of the field by the nuclear
photon [1]. This is laser assisted nuclear BIC transition, as the electron makes a two-photon
transition to an excited state, one photon being from the nucleus, and the other from the

~ Springer



Testing QED with resonance conversion

20

15

10

-
5

o

257

o 2 4 6 8 10 12

Fig. 1 Resonance conversion factor R calculated for the 70.882 keY Ml transition in hydrogen-like ions of
169Yb against power of externally applied laser field

field. The both should arrive in the same time within the lifetime of the electron in the
intermediate state. Necessary condition is then

(I)

where OJm OJ{ and OJa stand for the nuclear, laser and electron frequencies, respectively.1 The
two signs in (1) correspond to either absorption, or induced emission of a photon of the
field. The both probabilities are of the same value.

A very promising experiment can be undertaken in hydrogen-like ions of 169Yb. The
energy of the Ml 70.882 keY transition differs by about 10 eV from the energy of the
atomic 1s- lOs transition. Therefore, it is expected that the nuclear lifetime will be
considerably shortened in the field of electromagnetic wave of such frequency [9, 10]. This
effect is demonstrated in Fig. 1. The R value is already 50 at moderate electrical strength of
30 kV/cm. At higher intensities, as one can see in the Figure, the effect can achieve as much
as four orders of magnitude. Such an experiment can be fulfilled on the GSI facilities.

4 Hyperfine splitting in 209Bi82+

The hyperfine shift (HFS) is given by the diagonal matrix element of the electron-nucleus
interaction. The corresponding Feynman diagram is presented in Fig. 2. Generally, this
diagram describes the internal conversion amplitude. If the QED amplitude is an analytical

I We use relativistic units Ii = c = 1, hence nuclear and electron frequencies coincide with the corresponding
transition energies
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Fig. 2 Feynman graph for the
HFS
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Table 1 Hyperfine splitting (hfs) calculated for the hydrogen-like ions of 209 Bi in various nuclear models:
surface (SC) and volume (VC) nuclear currents, uniform and Fermi (F) charge distribution, without
penetration (NP), with polarisation of vacuum ruled out (no p.v.) in comparison with experiment and other
calculations

Nuclear model se Se,F sc, no p.v. NP ve vc, F Experim. Ref. [12]

hfs 5.105 5.107 5.081 5.192 5.138 5.141 5.0841(8) 5.091

function of its kinematics variables, then this amplitude describes many processes along
with the IC: electron scattering on nuclei, non-photonic positron annihilation on bound
electrons with nuclear excitation, pair and resonance IC, and others [2, 3]. Specifically,
diagram of Fig. 2 is a particular case of RC for the Ml interaction with the energy of the
virtual photon m=O. It was shown by Sliv [11] in the general case ofIC that the resulting
matrix element depends on the nuclear model for the transition current. In the given case
that means that HFS depends on the space distribution of the magnetisation inside the
nucleus. This is in contrast with the magnetic moment itself which can be measured with
high precision in a model independent way. And the Ml transitions are just most sensitive
to the nuclear model.

The results of calculation of the hyperfine splitting for the hydrogen-like ions of 209Bi in
various nuclear models are presented in Table 1. The calculations are conducted by making
use of the computer codes package RAINE [13]. Finite nuclear size, higher QED
corrections for polarisation of vacuum and electron self energy are included. We do not
consider corrections for the nuclear recoil energy. That is of the order of m/M, with m and
M being the electron and nuclear masses, respectively, and hence contributes to the sixth
decimal. As can be seen from Table 1, the latter value is hardly distinguishable in
experiment in view of the uncertainty brought about by the nuclear model [2], which is at
the level of 1%. This result was expected from the IC theory. Calculated values are in
reasonable agreement with experiment and other calculations. What we can really know
from comparison with experiment is a characteristic radius of distribution of the magnetic
current in the nuclear volume. The surface distribution looks most plausible in view that
magnetic moment is produced mainly by the last odd nucleon. In the case of s valence
nucleons, or in the excited state of giant dipole resonance, a volume distribution can be
expected, which will be immediately reflected in the enlarged HFS.

5 Conclusion

Acceleration of the nuclear processes with externally applied radiation is a challenging task
at the contemporary stage of investigation. This is a problem of great fundamental interest
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withmanypractical applications. Thisgivesa nontrivial test of QED, and simultaneously of
our experimental abilities.
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