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Preface

The Brentwood Summer Institute on Nuclear and Particle Physics
at Intermediate Energies was the second of its kind organised by
the TRIUMF group of Universities, the first taking place at Banff
in 1970. With the advent of initial beams at the new meson
facilities at LAMPF, SIN, NEVIS, CERN S.C. and TRIUMF it was an
eminently suitable time for an in-depth study of some of the
science which will be possible when these accelerators achieve
their design intensities in proton and meson beams.

The organizing committee, comprising:-

G.A. Beer Univ. of Victoria J.M. Cameron Univ. of Alberta
J.M. McMillan U.B.C. D.F. Measday U.B.C.
R.M. Pearce Univ. of Victoria J.E.D. Pearson U.B.C.

J.B. Warren U.B.C.
wishes to acknowledge the financial support provided by the North
Atlantic Treaty Organisation, the National Research Council of
Canada, and Atomic Energy of Canada Ltd., without which the
Institute could not have been held. Also we wish to acknowledge
the helpful advice of the Scientific Committee of NATO and of
Dr. T. Kester, Secretary of this Committee.

Many persons from the University of Victoria and the University
of British Columbia helped with the local arrangements and we are
grateful to them and particularly to the staff of Brentwood College
who made the stay of the participants such a pleasant one.

For the preparation of these Proceedings we are indebted to
many persons, particuarly to Mrs. Lilian Ratcliffe and
Mrs. Hilary Prior. The Proceedings contain texts of the advertised
series of lectures and of a number of seminars given by attendees.
No attempt was made to record the lively discussions which took
place in the question periods but participants were asked to submit
written versions of their questions and comments if they so desired
and these are included.
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While "trifles make perfection and perfection is no trifle", a
compromise is necessary between blemishes in the text and publica-
tion date. It is hoped that the reader will be satisfied with the
result.

J. B. Warren
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MUON PHYSICS

H. Primakoff
University of Pennsylvania

Philadelphia, Pennsylvania, U.S.A.

1. INTRODUCTION

The muon is only one of the now numerous known elementary
particles and yet it possesses an interest which is perhaps
greater than that characterizing most of the others. The basic
reasons for this special interest in the muon may be enumerated
as follows:

1) The muon (M) was the first elementary particle discovered
which was found to be "superfluous", in fact the first of a class
of "superfluons". By this is meant that the muon is unnecessary
for the understanding of all the usual phenomena of molecular,
atomic, and nuclear physics. In fact, all the usual molecular and
atomic phenomena can be adequately described by supposing that
electromagnetic radiation is made up of photons (Y) while matter
consists of electrons (e) and nuclei grouped under the influence
of electromagnetic-type interactions into atoms and molecules;
moreover the nuclei themselves are composed of protons (p) and
neutrons (n) and all the usual nuclear phenomena can be
reasonably well understood on the basis of such a proton-neutron
model if, in addition, one introduces the various mesons
(myn,n',p5wy¢ ....) required to transmit the strong-interaction-
type nuclear forces, and the neutrino (ve) required for the
interpretation of the weak-interaction-type nuclear B-decay
(n>p+e +79,, H3 > He3 + e~ + Ue «...) and m-meson (pion)
g-decay (nt > 7% + et + Ve) -

The existence of a world containing only the elementary
particles listed above, namely the photon (Y), leptons (e, ve) and
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the hadrons (p, n, mesons), with the couplings between them the

same as in our world, would consistute a relatively tidy universe
from the point of view of elementary-particle physics. In such a
relatively tidy universe, the charged pion would decay predominantly
via the channel: mt > et + Ve with a lifetime 2.6024 x 10~3sec./
1.24 x 104 = 2.10 x 10~%4sec. [1]. Unfortunately this relatively
tidy universe is, at least on the elementary particle level, very
different from ours; in fact, many elementary particles other than
Y5 €, Va3 P,yD,T, N, n', p, w, ¢, ... are present. These additional
elementary particles, the so-called "superfluons" : u, vy, the
strange hadrons (A, I, E, ..., K, K*, ...),... no doubt appear
"superfluous" from the point of view of ordinary nuclear and atomic
physics only because we lack a deeper understanding of their role,
but some such terminology is nevertheless expedient at present.

The muon is a particularly interesting "superfluon'" because, apart
from the neutretto (v,), it is the only "superfluous" lepton, [2]
and because its non-zero charge, intermediate-sized mass, and
relatively long lifetime render it especially accessible to
experimental investigation and to employment as a probe of nuclear,
atomic, and solid-state properties.

2) The second basic property of the muon which is of
fundamental interest is the unique relationship between the muon
and the electron: on the one hand, the electromagnetic and weak
interactions of u and e appear to be essentially identical, and
neither exhibits any strong interactions; on the other hand,
their masses differ very considerably, viz.: (mu-me)/me = 205.769.
Usually, mass differences between the elementary particles are
associated with differences in internal quantum numbers carrying
dynamical significance. This certainly seems to be true of mass
differences between particles other than u or e - for example the
mass difference between Tt and m° is attributed to a difference
in their electric charges (1 vs. 0) and therefore to their
different electromagnetic self interactions. One can indeed
speculate that the u-e mass difference: (mu-me)/me = 205.769 is also
somehow caused by the difference in the electromagnetic self
interactions of the M and the e (in spite of the equality of their
electric charges) but no satisfactory quantitative development of
this concept has ever been given. A curious and possibly
significant fact in this connection is: 3 (1/a) = 3/2 (137.036) =
205.554. 2

3) A more practical consideration regarding muons, or rather
muons as compared to electrons, involves the fact that, because of
the very different muon and electron masses, parallel processes
such as

u +p-~ v, tno,
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e +p~ Vo +n ,

B ] %P | <«<m
H e H

occur at different values of momentum transfer, i.e.

2 _ N2 2 . . 2
(pu pv) = (p, pp) mo 2(EuEv PP, ) = m,
u U u
2_. _ 2__ _‘+. -2 2_ 2
(bgmpy )" = (7P )" = -m +2(EE -pp ) *2E" -m
e e e
_ > 2 2
= 2pe + m

Assuming that the various primitive interactions of u and of e
with all other elementary particles are the same if the momentum
transfers are the same, we can, by a study of parallel processes,
determine vertex functions or form factors describing the
primitive interactions for at least two different values of
momentum transfer.

We proceed to discuss briefly the physical parameters of a
muon in slowly varying gravitational and electromagnetic fields.
The numerical values of these physical parameters are

=]
]

(206.76922 * 0.00041)me

U
1
Su =3 h
eu = (1.000000 * 0.000002)ee
U e m g
— v (2 ) ) - -3,
e n = (e )(m )(2 ) (4.8419497 + 0.0000095) x 10 ~;
e e U
2m c¢
e
gu

5 = 1.00116616 * 0.00000031
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As regards the experimental determination of these numerical
values we recall that the muon magnetic moment is given by a
measurement of the muon spin precession frequency in a known
magnetic field while the muon magnetic moment anomaly 8u~% is

deduced from a study of the change in angle between thezspin and
the momentum vectors of muons stored in a known magnetic field.
Thus, a very accurate experimental value is available for

ey Mg
E; )
the triplet < singlet transition frequency in the ground state of
muonium [ute™]

e
=(2) (16),2
vtrip. <> sing. (ee) (3 )a ¢ (Ryd.)
Te
1+ €1 + €2€E;

= (4463302.5 * 1.6) x 107sec ¥ ;

Further, an extremely precise value is available for

X

o l= (eez/hc)_l 137.03602 * 0.00021 ,
10
¢ = (2.99792462 * 0.00000018) x 10~ Ccm/sec. ,

(1.09737312 * 0.00000011) x 105cm_1 ’

Ryd.=
e Mo
-— = — = 1.001159657 +* 0.000000035 |,
2 eeh
2m c
e
) o -1 2 8 _ 281, _ 18.4#5.0, 3
€ = a1+ 2‘") [(4n2-1)a (3Tr fna (4na—-2n4 + 480) + ————;———)a 1s
= .OL__lé 111_‘_3. _2 2., 91_-1
€, = a1+ 21T) [(Tr Qn(mu))a (2 fno)o ]E(1 + 2ﬂ)

< 13 & 0))o-G tma)a’]
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Thus, a very accurate value is also available for

¢ (m/m) m
u u e . .

— <= f1+e +¢ . — \and this, together with

e.] @@ /m )3 b2 a

e e’ u u A
the previously mentioned very accurate valge for EE’ Eg ,mallows
. . . H/\TH
the determination of numerical values for EB and o
e 1 e

separately. We also recall that sy is given as = h from the
analysis of the fine structure of muonic atoms and, again, from

the analysis of the just discussed hyperfine structure of muonium;
this, on the basis of the conventional spin-statistics theorem,
identifies the muon as a fermion. The fermion identification is
supported by agreement of fermion-type pair-production cross
sections with experiment in the case of y + Z » u+ + U~ + Z and
Wtz u+ + u+ + 1~ + Z (precision * 10%). However, a
completely unequivocal test of muon statistics can only be
obtained by a detailed examination of states containing two or
more muons of the same sign of charge, as for example, in the
process ¥T + z > ut + ut + u= + Z. In such a process, tHe
momentum and spin correlation of the two ut would depend on the
muon statistics and, in particular, one could search for ptut
events which violate the exclusion principle, i.e. ptut events
withSu+u.|.=1, Ll-l+1l+ 024,...andS++—O L++ 1,3,5,...

In concluding our brief discussion of the physical parameters
of a muon we summarize the essential features of the behavior of
a muon in what are effectively very rapidly varying electromagnetic
fields, i.e. of the behavior of a muon in 1) high momentum-
transfer elastic, shallow 1ne1ast1c, and deep 1nelast1c scatterlng
from a proton or a neutron (u— + p,n > ¥+ p,n; ut + p,n > ut + p,n
+ mesons), 2) wide-angle photoproduction of muon pairs
(v + 72~ u+ + u- + Z), 3) high-energy large-angle bremsstrahlung of
muons (ME + Z > p¥ + v + Z), and 4) conversion of electron pairs
into muon pairs (et + e” » ut + 4 ). 1In all of these processes the
charge and current distributions within the muon appear identical
within experimental accuracy to those within the electron, i.e.
appear essentially point-like. More quantitatively, the root-mean-
square radius associated with the charge (or current) distribution
within the muon can be estimated on the basis of these experiments
as less than 5 x 10-15 cm.

We proceed to the discussion of the physical parameters of a
muon which are characteristic of its weak interactions. In
particular we shall treat the elementary-particle aspects of the
decay of a muon and of the capture of a muon by a proton
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+  + - - -, -
U >e +v +v ;4 >e + v +v
e u e u
and

T+ +>v +n.
H P u

2. GENERALITIES REGARDING THE WEAK INTERACTIONS

The Hamiltonian (density) of the leptonic weak interactions
is given, in lowest order, at least approximately by a bilinear
expression in the appropriate leptonic weak currents; we shall
suppose that each of these leptonic weak currents transform as
a linear combination of a polar-vector (V) current and an axial-
vector (A) current under space-time translations, rotations and
inversions, there being no need, within available experimental
precision, to invoke the presence of scalar (S), pseudo-scalar (P),
and tensor (T) leptonic weak currents (see, however, below).
Similarly, the Hamiltonian (density) of the semileptonic
strangeness-preserving (AS = 0) weak interactions is given, in
lowest order, at least approximately by a bilinear expression in
the appropriate leptonic and hadronic {V,A} weak currents. Thus,
in lowest order,

G - -
H (%) = - =~ {€ (x;v ,u )L (x;e ,v ) + herm. conj.}
lept: e 2 e o e
Gcos®
H (%) = - {2 (x3v_,u )+ (x3v e )]
semilept:AS=0 - 2 @ H @ e

(-),48=0
x h, (x) + herm. conj.} (@D)

where G is the weak-interaction coupling constant (see Eq. (18)
below) and 6y is the Cabibbo angle (see Eq. (26) et seq. below).
Further, the leptonic weak currents £y(x;a.b) are given explicitly
in terms of the corresponding lepton field operators by

£ (5a,0) = 1Qlv,y (L + v )u) = £ (xsb,a) (1-26 ) @
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(_) 9AS:O
while the A4S = 0 hadronic weak currents h (%)
o
(-),A8=0 -) =) (+) ,A5=0 4
hu(x) = Va(x) + Aa(x) = {hu(x) 1 (1-260L4)
+) (+)

t t
=({ch(x)} + {Aa(x)} )(1—260‘4) (3)

need nat be given explicitly in terms of presumed fundamental
hadron-field (e.g. quark-field) operators but rather can be
specified directly in terms of the isospin currents

I\t (x) = Ia(l) x) F iIa(Z) (x) and the pion-source current

Jﬂt (x) as follows

(+)
) &) ava(x)
Vu(x)=Ia(X) T = 0
o

(+) =) (3)
Hvéﬂ x,t)dx, Jvé') (;,t)d_}:] = [I (t) » I(t)] = 21(t)

(%) (%) € L1 (2)\ (%) (21
cv&(x)c'1 = -V, GVuZx)G—lE (Ce11TI )Va(x) <Ce”I )

€D
=V, (%) (4

where I(+) (v)
operator, and

ro(+) (;Z,t)d;, C = particle-antiparticle conjugation

) _ _
Aa(x) = aﬂmﬂ3(- 3 . 3 + mﬂz) 1(9— . 3—) L3 J )
9xX 09X 9x 9% Bxa T
9 \— 3
=an & 52 @
ox ox ox
)
oA (x) _
2 =am3(——-.a—+m2)1l+_—(x)=am d (%)
T T T Tw onE
90X 9x 9X
a
)
3Aa(0) +
_3 <vacl——[ >
a =m Q. = 0.94 £ 0.01 (see Eq. (26) et seq.
<vac| q’ﬂ+(0)| o+ below)
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(=
24_(0) a“mn3
<F(pt) | 11> = ———, <Fle+a) |[J_+(0)|1(p)>
0x q +m m
o ™
am,> 2., t
=, g (97 (U (p+q)KUI(q))
q +m1T2 nIF

2
2 2 2.1~ 2 2
[g (@°) - g (-m;)]1/g (- ).=|{[g 0) - g (-m )]/g (~-m;°)}(1+L)

nIF SR R OF CalE T ClE n 2

2 < 2< 2

<<1 for -m q

1® 3w, 1Pwm1_=0 , 1P2m, 17301 - 2@
= _ (®) = _ . (2) (%) . (2) _
cA ()€ 1. A , GA ()G Lo ce!™ ya o cel™ Tyt
[0} o
)
= -Aa(X) (5)

where ®,+ (x) = pion-field operator; [I(p)> and [F(p+q)> are,
respectively, hadron states of four-momentum p and p+q; uI(p),
ur(pt+q) are the corresponding hadron "spinors" describing the
"center-of-mass" motion of I and F; K is an appropriate kinematic-
type pseudoscalar isovector operator acting on uj(p) or uz(p+q);
g“IF(qz) is the vertex function associated with the 7 + f > F
vertex; and I(¥)s5(t) = on(x)(x,t)di.

We emphasize that the values of [I(+)(t),1(-)(t)]_ and of
[I(i)’s(t),l(i)(t)]_ are a consequence of the fact that 1) (v)
is a component of isospin and I(¥),5(x) (vJ_4+(X,t)) is an isoyector;
on the other hand, the assignment of a definite value to [T + ’5(t),
I(')’5(t)]_ is an additional and crucial assumption. Eqs. (4) and
(5) constitute the quantitative formulation of the conserved vector
current hypothesis for Va+)(§,t), which identifies the hadronic
AS=0 vector weak current with the isospin current (CVC), the _
partially conserved axial-vector current hypothesis for ASF) (x,t),
which is characterized essentially by the assumption of the
relatively slow and approximately linear variation of gnIF(qz) with
q2 in the range -mn2 s q2 £ m,n2 (PCAC), and the current-algebra-type
hypothesis for the equal-time commutator [I(+)s5(t),1(')s5(t)]_, which
fixes the scale of Aat)(i,t) (CAC). We note that Eq. (1) is
consistent with muon-electron universality in the weak interactions,
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this universality being upset only if Ku(x;vu,u_) on the right-
hand side is multiplied by a constant different from unity. We
also note that the leptonic and hadronic weak currents in Eqs. (1)-
(5) are singly charged, but emphasize that the theory can be easily
generalized to describe the possible presence of neutral (or doubly
charged) leptonic and hadronic weak currents. In fact, such a
generalization appears to be required in view of the recent
experimental discovery of neutral weak currents [3] but does not
affect (at least not to lowest order in G) the description of the
various charge-exchange leptonic and semileptonic weak processes
such as ut » et + ve + GU and 4\~ +p > v, + 1.

Egs. (1)-(5) imply the validity of the law of conservation of
total muon-family leptonic number

(Lu)tot = ? (Lu)j = const.
Lo 1 for u , vy
H -1 for u+, ;u (6)

(provided m,, = 0) and the validity of the law of conservation of
total electrgn—family leptonic number

L)

z = .
o) tot . (Le)j const

J

1 for e, vg

-1 for e+, Ge (7

(provided my = 0). These laws of conservation are analogous to

the experimentally far better established laws of conservation of
total baryonic number and total electric charge and forbid reactions
such as

% *
e +y,e +vy+y,
+ + -

um o> e + e+ + e

[z,A] » [Z+2,A] + & + e

W+ [2,A] > e + [2-2,A]
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K™ ~» ﬂt + ui + e;, T+ + ut + ut, T+ + et + ei, T+ + ut + ei

v +n-~> e— +p

vV . +p > u+ +n

v +p > e+ +n

vV +n->yu +p

\>+p—>e++n

v +p > u+ + n (8)

It is however possible that, e.g., {(L ) + (L), .} is exactly

u’ tot e’ tot
conserved while (L ) and (Le)t . are separately conserved only

to some approx1mat10n - 1n thlS case K- + 7% + u + u s

™+ e + ei s agd1r*+ u¥ + e* would still be forbidden while
K¥ > 75 + pf + e* could proceed albeit at a much reduced rate
(relative to Kt > 1%+ pt + v ) Observationally, no evidence
exists in favor of any of the reactions listed in Eq. (8) and
rather low limits have been set experimentally for their branching
ratios

+ 4+
Rate [u ~e + v] -3
(e.g., T y _ <2x10 7). We also note (again
Rate [u +~e + Vo + vu]

provided m = 0, oo = 0) that Egs. (1)-(5) imply

i e
|Ve(3;A)> = |ve(3; --% >
IVU(E;X)> = |vu(3; —-% >
5.@s0> =[5 (s D>
|;u(g;l)> = IGH(Z; %)> 9)

so that a one-to-one correspondence exists between the helicity (A)
and the leptonic number of a neutrino or gn antineutrino state. In
view of the fact that states such as Iv (p,_)> , etc., are not
admitted in the massless-neutrino case by these equations, one
can, without a 1oss of generality and with a gain in economy, take
(X) b, =), w (x) = ¥, (x) (Majorana field operators) so that
Ve Ve et u
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¢; (x) = wv (%), ¢; (x) = wv (x) and the only physical
e e H H

distinction between a neutrino and an antineutrino (of either the

electron or the muon family) resides in their opposite helicity.

3. MUON DECAY

We now discuss muon decay: u+ > e+ + vg + v, and
= > e” + ﬁe + v, on the basis of Eqs. (1), (2). We begin by
setting down the expressions for the probability per unit time
for the emission of an electron (e”) with energy between
Eo = (|pe|2 + mez)l/2 and E, + dE, and in a direction making an
gngle between 6, and 6, + df, with the muon (p~) polarization
Py 0 2 [Py]2D)

2
P(E.8.) dE.2TT sin€, d6, = 2mK W Ve e fH (i,O)di'c‘ '
- lept pe-e
\)P,De,esplns
x AR |+ 15 B |- dm%, |pelEe dE. 2msing. da.
(Bl A | nl) * By (2my
= [R(Ee)+|}3;|cosee Pg(Ee):I 21sin@. d&. dE,
(10)
with [4]

RE) = (%%Jgi) l:3(1+6" %:) ((Ee)max -Ee) + ZP(%EG-(Ee)max -713 %:2- ]

(11)

e

RE) = (%@E) (lgg_l)Pﬂ [((Ee)max.-Ee) +2pl"(%Ee-(Ee)max-%r24?)]

(12)
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In Eqs. (10)-(12) m, and m, have been taken = 0;
2

u e
m
1 e -
< < = = o =
m, £E £ (E) 7 T, (1 + —Tmu >, 75}1 Ijﬁu rp\u for 1~ from

T >y + v with |$ | < 1 only because of depolarization effects
that occur between the instant of emission of the y and the
instant of its decay; finally the parameters p, p', 0", p"' are
given by

I
~lw

P =%, o' =0, p" =-1, p (13)

The motivation of introducing the parameters p, o', o'y p"' into
Egs. (11), (12), rather than writing their numerical values
directly as given in Eq. (13), lies in the fact that a large class

of modifications of the Hlept:p++e of Egs. (1), (2) results in

expressions Pj(E ) and P,(E ) which differ from those in Egs.
(11), (12) only in the numerical values of these parameters (see
below).

The expressions for P1(Ee) and P2(Ee) in Eqs. (11) and (12)
are subject to an electromagnétic radiative correction arising
essentially from the emission and reabsorption of a virtual photon
by the u and by the e and from the exchange of a virtual photon
between the u  and the e ; this results in the following replace-
ments in Eqs. (11) and (12)

o= ,rEe )
Pi(Ee) — Pi(Ee) |:1 * o7 M Ea )] = Pr(Ee)

E -
P2 (Ee) —= PelEe) [1*5—11 e )] = Pa(Eo) (14)

where f1((%;)max) and fz((%:xmx) are rather complicated functions of
theiE arﬁ;ment [4] which however assume simple forms when

e

(E)

e’ max

is close to 1, viz. [5]

W5 ) 2[RI VP [-E ] B[R] 5+1) as

Egs. (10), (11), (13)-(15) yield the predicted electron
energy spectrum, and Eqs. (10), (12), (13)-(15) yield the predicted

energy dependence of the electron directional asymmetry. As is
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most easily seen on the bisis of CPT invariance, all of the above
relations hold for u->e + Vo + vu provided that
A AN A A .
9 =p_ ¢« P _="p_ = _ 1s replaced b
cosv . P u- Py P, P y
A A o A .
-cosb 4 = -p_+ * Pu+ =Pt * pu+ . Thus, since p" = -1 and
mne

p

be emitted in a backward direction relative to the incoming u or

U . Further the muon decaYEr te is given by
T

e’max
J [ (P;(Ee) ¥ |T§u|coseeP;(Ee)>
0

m
e

= é', both the e and the e+ with E_ close to (E ) tend to
4 e e’max

+ o+ - -

I'(u e +ve(ve)+vu(vu))
x dE_ 27 sin6 d#

e e e

(Gmﬁ)zmu Me o + +
= —“3""1921_[ l+f<;n—]:> 1+ﬂ' Arad(u >e +\)e+\)u)

f-m—"'g-s—m—e2 SR R R (16)
mu mu ’ rad H € e vu 4 i

which, on comparison with the most recent value of the muon
lifetime [6,7]

+ o+ -
> + +
(w >e +v, vu)|

-1
+ o+ —

T(u ~e +v +
exp g (u € ve \)].l) Iexps

(2.20026 * 0.00081) x 107° sec

(17)
yields
G = (1.43481 *+ 0.00026) x 10~“° erg cm3
3
= 1.026 x 10-5(m CZ)(—T‘—
P m c
p/
— 1.026 x —2—10_5
h=l,c=1 ~* m (18)

We now proceed to consider the consequences with regard to
muon decay of some a priori conceivable modifications of the
Hlep£¥a++e of Eqs. (1) and (2). Experimental verification of any
of these consequences would clearly be of great importance in the
further development of our understanding of the weak interactions.
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Thus, suppose that H éxa++ retains the

{leptonic weak currentﬁ x {leptonic weak current} form of Eq. (1)
but with

L ¢ Y 3(1+Y5) + n(l-Y5)$
o (K335 ) = wa(X)Yuva JFFFTFZ by (x) (19)

where n is a parameter [8]. With the H éx of Egqs. (1) and
(19), Egs. (10)-(13) are modified only to the extent that now

-3 _ZT'I2 v "o 1'712 me _ 3
P 4(1 (1+n2)2>’ p _Oa p- == 1+n2’ Y _4

(20)
It is to be empha51zeg that p' vanlshes for any value of n, i.e.
for any value of the y ratio 1-1Y Ghich enters 1n the £ (x;a,b)
of Eq. (19). 1In fact, a nonvanid ing value of p' is obtained
only if one includes within H1e éxa terms of the form
{non— {V-A} leptonic weak current} x inon-{V,A} leptonic weak
current} such as

.

{Hlep€§&++e}s’P = -7 { ( (x) (1+y )Y w (Xi)

X (?Z_(x)yq(l+ys)wv (x» + herm. conj.}
e
(21)

where k is another parameter [9]; with this { lepé Z**e}s P

Egqs. (10)-(13) are again modified only to the extent that

_3 ' ;E(K+K*2 no_ 1-1x[2 ny -
p = Za p- == s P == s P =

1+||<|2 l+]|<]2

~lw

(22)

so that any experimental upper limit on p' and/or on |p"—(-1)| will
serve to delimit the value of k and hence the value of any contri-
bution to H xﬁ from non-{V,A} leptonic weak currents. We
also note t%ag e magnltudes of the longitudinal, perpendicular,
and transverse polarizations of the et are given by

AN
(for |(Ee)ma - E )/(E )maxl 1, ’6; . Pu = 0, and any Iﬁul)

1

1

:ops p's p", p"' as in Eq. (13)

$ ]2
< ) Hi+[n[Z) ¢ 05 0" 0", o"' as in Eq. (20)
-1~ l
. : p,p's p", p"'" as in Eq. (22)

l+|K|2
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5 0 :p, p's 0", "' as in Eq. (13)
< e¥ | > 0 :p,p"s 0", p"" as in Eq. (20)
S
K+K* . 1 " mny .
u,. E;WITFQ tp, p', p", "' as in Eq. (22)

S s Brx? 0 :p, 0", p" 0" as in Eq. (13)
e’ e¥ By - 0 :psp's 0", p"" as in Eq. (20)
S —

+ s -
€ IT’UII(%T-K—T?% s o', 0", "' as in Eq. (22)

A A
R S —p =
We emphasize that the observation of a nonvanishing / e+ Pe7 uj\
S _
+
for the e from u decay would be of the greatest 1mportance since

Se" pe+xPu+

such a nonvanishing — s would imply a violation of T
e+

invariance and of CP invariance (e.g. by the {Hlep£¥a++e}s P of

Eq. (21)).

We nog record the available experimental values of p, p', o",

oMt e

+ i ,:>_ there are no measurements as yet of
; > and< > We have [10]

0.752 + 0.003, ']

Pl exp exp = ~(0-12 % 0.21)

P 0.755 = 0.009

eX
D
1 +0.00)
TS5 7 (1.00 7 13) (24)

in agreement with the corresponding theoretical values in Eqs. (13)
and (23). Comparison of these experimental values with the theo-
retical values in Egs. (20), (22), and (23) yields the following

upper limits on the parameters n and k (at momentum transfers
< mu)

mny
o"| -(0.972 £ 0.013), o"'|_

[n| < 0.03, |k] < 0.15 (25)
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the limit on IK] implying the poss_i}bil%\ty of a value of lp'[ as
F

S —.
+
1ar§e as 0.%\5 and of values of <-—-e——L> and of
N\ S -
uF

/S ¥ e¥

e+t pe$
5 . as large as 0.3. As a result, we suggest that
e
serious consideration be given to the practicalities of a search
for e¥ transverse (and perpendicular) polarization and that
further efforts be made to obtain precise data on the low energy
end of the e spectrum [11].

4. MUON CAPTURE

_ We proceed to discuss the process of muon capture by a proton:
uw +p ++vu +.n. As a preliminary ye treat the process of pion
decay: m -+ u~ + v_(v ) - all the p~ so far carefully studied in
muon decay and in fuoh capture have originated in pion decay. We
have on the basis of Egqs. (1)-(5) the following expression for the
pion decay rate:

2

>

T ™ +N) =T(T*—=p"+ V) = 21 " fﬁm%?ggi

(=3 ..
X((%TE:)) (1*%{1 Arad(w —u *\J‘_,))

)

2

= 277(9%595)2 l(uf)“ % Tl1+%) u;.)</acl AL0)
x((;)n_j( (1Ef E)i y i) (1+ 5 D=4+ W)

WIE,,

= élﬁ(G cos&.m,, mrr>2 My a5 (1 B r_nné )2<1 * 22<ﬁ B o=y \)“)>

(26)
2.2 242
m mu m,"-l‘m}1
where E, = —— , E = —/,
M mTT u 2m1T

- o 26m 26 + 4
cos ec (0.990 + 0.002)/[1 + e Arad( AL > “OMg + e + ve)] s, G

as in Eq. (18), a = aﬂ(q2 = [pvac--p,"]2 = -mTZT) is the {piom<»vacuum}
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+
axial form factor introduced in Eq. (5), Arad(ﬁﬁ+ u o+ vu) and
Arad(zemAZ > 26Mg + e+ ve) are the electromagnetic radiative

correction factors for the indicated weak processes, agd the

numerical value of cos 6C[1 + %; A ad(zsmAJ?, > 26Mg + o + ve)]’i

is obtained from I'(26MAg» 26Mg + &' + ve), the G of Eq. (18), and
CVC. Comparison of F(ﬂ+ -> u+ + v )IEq (26) with

r(rt >t + v )| = {(2.6024 + 0.0024) x 10~8 sec}~! yields, as
) lexp
quoted in Eq. (5)
9 26m 26 + L
1+ > Arad( AL > “°Mg + e + ve)
la_| = (0.930 + 0.001)
" 1+32- A (ﬂ+ st 4 V)
21 "rad H U

0.94 * 0,01

if we estimate somewhat model-dependently [12] the ratio of the
electromagnetic radiative correction factors. We also emphasize
the importance of the process rt - u+ + \)u + Y. Here, while it is

+ .+
T'(m > u + v, +v)
e = (1.24  0.25) x 1074,
T(rt > u™ + vu) exp

no study has ever been made of the photon-muon coincidence spectrum

with an extrapolatory determination of the photon and muon energy
gnd—pointi (corresponding to the pion rest-frame configuration

p\),1 -0, pY > —pu). A study of this type would be of considerable
interest since the sum of the photon and muon endpoint energies

known [10,1la] that [

(m1r - m\,u)2 - mﬁ + (mTT - m\)u)2 + mﬁ
2(mTT - m“u) 2(m1T - mvu)

(27)

(E)__+ (E)

Y max U max

|
=]

E
A~
—

I
5|2
=
N——

depends linearly on the small quantity m\,u/m,,T (we recall that

(mvu/mﬂ)|exp < 5x 1073), Such a linear dependence is character-

istic of a 3-particle final state and is to be contrasted with the
quadratic dependence of the muon energy on m, /m_ in the 2-particle

2 2 2
+ + my + my m Vi
i + = [ —1) (A .
final state of m - vy (where E, o 1 2T \D ).
m T M T

Having done with these preliminaries, we commence on the
treatment of the capture of a muon by a proton. From Eqs. (1)-(5),
the capture rate is given by
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2
_ - o] 4nEs d
e pemy=2n [ Koo [ E )8 o (e )

(145 A wp=vye)

Vo0

o/ GcosE 2 [amu(t+ M]3
-2n(—l§ =

B

(W, 7 LB

X (——?—Uéi—— PE’E (1 $ X (u™+p —»\LH’I))
(om) (1+EV“/En) 4n 21 —rad

(ORI

*r’q_, -143
=2n(G<;§sec)2[o<mu(1n /mp)] f

(4l 1,10~ S @+ M) o . 1) - e B ()

2

. 2 ~
. _"rbﬁ?—'l( *nm”) 9.1 F;(qQ)J ) _P7(2n4(r11 5‘_:“% /En)) %@* Fe Aada o=y

(28)
where o, = (21)’1(yayB = YgYy)s Byy = (@ +m) -E = (@ + mp)
(g +m/2m 4., a2 = (o - )% = (B, - by )P = -md + 2w E
= mﬁ(l -m /mn + ...), with G as in Eq. (18) and cos 6, as in
Eq. (26) et seq. Here, [am,(l + my(m )"113/m is the muon-proton
coincidence probability density appropriate to the muon's ls orbit
about the proton in the [u p] atom (with neglect of the small
and oppositely directed effects of the vacuum-polarization and
finite-size corrections to the proton's Coulomb potential), and
Fy(a®), Fm(q?), Fs(a?®), Fa(q®), Fr(q®) and Fp(q?) are the polar,
weak-magnetism, scalar, axial, weak-electricity or pseudotensor,
and pseudoscalar proton<»neutron form factors - the values of
these form factors as functions of q? summarize in a Lorentz-
invariant way the dependence of <n]Vé'YO) + A® (0)|p> on the
(squared) momentum transfer q2. @

To evaluate the form factors we proceed as follows. We
assume (I) that |n> and |p> are isopure [|n> = —exp(irI(2))|p>,
|p> = exp(iwI(Z))|n>] and (II) that the hadronic isovector
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electromagnetic current = I G)(x) ;hen assump%lgn (I), together
with the CVC~-implied condition GV %2§ = Va (x) [Eq. (&)]

or, equivalently, the CVC condition __.TS;-__ =0 [Eq. (4)],

yields (for all q2) a

Rg(@d) = 0 (29)

w%e%e assumpt ons (I) and (II), together with the CVC-specification
(x) = (X) [Eq. (&)1, give

R =FE (-7 (qD=(1+;%) [(G&(q?)-eéfc D) 4m2(efnm(q%-egm<q2>)}
RiQA= R, - (@) = (1 &+ [(Gmm( 3 Ghr(@?) - (326D 62403))]
RO = (cEO -GL(0)=1

FAO= (GBer(0-Gir0) - (GELO) -GLO) = iy -1

dG:c(q2) n 1
= - Grn©@)=-7"—=
d@®) |, T AR T A M (30)
with uy = 2.793 and yy= -1.913 the magnetic moments of the proton

and the neutron, and m = %(m_ + m_). Here the explicit dependence
on q? of the electron charge (ec) and the magnetic moment (mm)
form factors of the proton and the neutron is obtained, respec-
tively, from the analysis of experimental data on the elastic
scattering of electrons in hydrogen and on the quasielastic and
elastic scattering of electrons in deuterium. This explicit
dependence yields, for q2 appropriate touy +p-~> vy +n, i.e.,

= m2 -
for g2 mu(l mu/mn +...) =0. 88m

FV(o.ssmi) F (0@ - q? x 2.31(GeV)™2 + ..,

>q2=0.88mﬁ
Fy(0) x 0.977 (31)
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2 = - a2 -2
FM(0.88mu) FM(O)(l g x 2.96(Gev)~% + "')q2=0.88mﬁ
= FM(O) x 0,971 (32)
Further, the above assumption (I), together with the PCAC-implied
condition GA§+)(X)G = —A(+)(x) [Eq. (5)], yields (for all q2)
L (@@ =0 (33)
(+)(X)
while the PCAC-condition __7;_-___ md o ( ) [Eq. (5)] gives
(again for all q2) X I T Ot
2 M 2
2 (q )( ) (a%)
Fy (@) + 37 Fy(a?) B i A “rom
™ 1+ qz/m‘,T 1+ q2/m12T

FA(O) = a fﬂpn(o)

2 2 * 2
ol 8o ¢ & )| -+ D]

it

T fﬁpn(_mﬁ) (34)
or, rearranging Eq. (34)
F,(q?) m? (f. () /f (0))\
2y = |2 |, _ _"mn Tpn
Fp (a9 wem] |V e\ T TR @mo )
(35)

The second of Egs. (34) constitutes the Goldberger-Treiman
relation while the third of Eqs. (34) in the approximate form

2y n _ —m2 2102 . .
FP(q ) ¥ a“f“pn( m“)/(l + q /mﬂ) was first given by Wolfenstein.

From the recent relatively precise determinations of
Th+p+e +7V )| , the G of Eq. (18), and CVC [Fy(0) = 1]
one obtains

{(COSGC) (1+3(F, (0% (1+% 4

d(n +>p + e + v ))}

1+ Arad (n->p+e_+-\7e)

(0.990 + 0.002)2(1 + 3(FA(0)2) " "
< 26
1+ o7 Arad( T 2 $6Mg+e +\)e)

5.52 + 0.12 (36)
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o - -
l1+—A (ma>p+e +v)
whence, with 2n_rad = estimated as

9 26m 26 +
1+ T Arad( AL > “°Mg + e + ve)

[12] 1.004 * 0.001, one gets

[F,(0)| = F,(0) = 1.24 £ 0.01, Epn(® = Fp(0)/a = 1.32 £ 0.02

(37)
This experimental value of IF (0)] is close to that deduced
theoretically from CAC, PCAC and the experimental values, (for the
various available pion energies) of {o(m + p - all)-o(n + p - all)}
(Adler-Weissberger sum rule). The sign of F,(0) and so of
a, = FA(O)/fﬂpn(O) [prn(?) = If“pn(oﬂ] is fixed by the good
agreement between the I'(p + p =+ N + n=Su_p = O)Ith of Eq. (48)
and the I'(y + p + vy + n:Su_p = 0)|exp of Eq. (51) [see below].
Further, from an analysis of experimental data on the "quasi-

elastic scattering" of (muon-family) neutrinos in deuterium -
vu +d->u +p+ [p] - one has [13]

spectator
2
NG ) 1
F, (0) [1 + q2/((0.95 + 0.12)GeV)?]?
= 1-q% x 2,22(GeV)~2 + ... (38)

while, from the dispersion-theoretic analysis of experimental data
on pion-proton elastic scattering, one can extract

1
. I-lmfr) = /2 V4m [0.0790 * 0.0010]% = 1.41 + 0.01 (39a)

so that, using Egs. (5), (37) and (39a) .
2
2 = —m2 _ —m2
fﬂpn(q ) fﬂpn( mﬂ) + (prn(o) fﬂpn( m“)> (1 + %%)
2
= 1.41 - 0.09(1 +%z>

T
2 = =
fﬂpn(0.88mu) 1.28 fﬂpn(o) x 0.97 (39b)

Thus from Eqs. (38), (35) and (39b)

2 =
FA(0.88mu) = FA(O) x 0.978 (40)
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2y = -
FP(O.88mu) FA(O) x 0.666

m (m_ + mh)
T Fp(0.88m2) = -F,(0) x 6.78 (41)

m
m

Finally, suppose one adjoins to our hadronic AS=0 axial-vector,

weak current, which satisfies GAq%x)G 1= -A;%x) [Eg. )1,

another hadronic AS=0 ax1al—vector weak curr t AGF (x), wh1ch like
Aj?x) is an isovector but which satisfies (x)G'1 = Aa+ (x)
[AEJ(X) and A&J'(x) are called, respectively, "first—class and

"second-class" currents] Then, one can prove that insofar as |n>
and |p> are isopure AG' (x) does not contribute to FA(qz) and FP(q ),
but, in general, does produce a nonvanishing FE(qz), which moreover
is real (for q2 > -ms_c) if AJJ (x) is normal under time reversal

[i.e. TA§+)'(X)T'1 = {Af*"(x, t)}+]' on the other hand, if Arj (x)

is abnormal under time reversal [i.e. TA ( yT-1 = {Ap”'(x, t)} 1,
FE(qZ) is imaginary. Thus, since FV(O 88m2), F (0 88m2) F (0. 88m2),
FA(O 88m2), and F (0. 88m2) are specified in Eqs. (30)- (32), 29),
37, (40), and (41), comparlson of T(W +p>v +n) as calculated
from Eq. (28) with T'(y + p ~» vy + n)Iex should"set a limit on
F_(0.88m?) and so indicate the extent to which the "second-class"
current Agj'(x) can possibly be present (see below).

We now proceed with the calculation of
- - + + 2 B B 2
M(w +p>v +n) = (u\,quya(lﬂs)uu-)(xn Yq[quv(q ) = Sm ) Fy(a?)
2
Fp(a%)

%agdgYs
2mP
i(m +mn) )

+ 2 q v Fp(a)|y, (42)

R AENCO R

m

™
for q = 0.88m2 where we have allowed, for the existence of a non-
vanishing F (q ). Then, noting that p = -pv = -Ev’ﬁb s
-Py - -(am )P , and Ehat apart from terms in IM(u + p-+vp+ n)l2
o% order o2 one can take pu 0, we obtain
My +p>v +n) = v L W +p>v +nv_V
H U vy n “eff U W
(" +psv +n) z = M\ & > A
Hopr (0 + P> v "o\, ) Gty

- > A
X (Gy + G0 * Oy + Gpop * p\)u) (43)
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where 4 gL and % 3“ are (two-by-two matrix) spin operators which
work, respectively, on the lepton (two-component) spinors vy , v
and on the nucleon (two-component) spinors vy, Vp- The effective
lepton-nucleon coupling constants Gy Gy and Gp are given by

Gy=F(0.88md)(1+ £5h ) -F, 0. 88 Vet Fi) 21,02 £0.002

,=-70.88m7) - [F0.88m2)+ F0.88mp) (22 o ](EE*’;T)

-E(o.samﬁ)[mgf} - 2n;g*mn)] (oesm)[(m“—aa)(

=)
= - (1.46 *002)- [ (0.88mP)] x (4% 10)

G = [(ﬂ(_%ﬂ)a(o.ssnﬁw FL(0.88m2) + (0. 88mp)(F5me

- F(0.88rmd) - F0.88rmg)( Em)](%n?)

+Fe(0.88mp) (5 2mp(En Srey) * R 88m) [( (k5]

= -(0.63:0.01 +[R(0.88mP)] x 0.056 44)

where we have used Eqs. (30)-(32), (37), (40), (41) and (28) for
specification of the numerical values. The expression for

M +p TV, + n) or H ff(“ + p > v + n) in Eqs. (43), (44)
exhibits clearly the (eformous) "hyperfine effect" in the capture

rate of a 1s-orbit muon by a proton. Thus, with {Vu Vp}S =1
and {v _v }S =0 the spin-triplet and spin-singlet hype%f?ne

substates of tge ls-orbit ground state of the [p"p] atom, we have,
substituting Eqs. (42)-(44) into Eq. (38)



24 H. PRIMAKOFF

_ s )= 1o A ip-=Ven) 0.990:0002"
TQ+p—=v,+n:S, )= {[1+ = Ar:d(zomAl__%,,em)e)]( ) '

o\ 3 3 2 o
(g B )
x {[G%GGE-GA(GP*G‘S% IGPIZ]

¥ <8|_ 8N>Su'p [2GVQ'ZG§'1§GV(GP'C'¢) * %GA(GP*G’;)]}

1 B SAJ-D=1

-3, §;°0
(45)

whence, assuming henceforth that F_(0.88 m?) and so G

G are real,
and using the numerical values of (EJV, GA’ Gp in Eq. (]lilt),

T(U+p—=\en:S;=0) _ (Gy-3G¢ G’
TT+p=VrniSip=1)  Gy*GP-24G,*Gy) G+ Gh

. (1+0.012F(0.88M2))°
=(56.0%2.8) A=513R.(0.88n%)*0.0077 [.0.88m3)F)

4,3%21, R(0.88m7) = -2
=< 560%28, R0.88m% = O
76,5 t 3.8, F(0.88mf)= 2 (46)

Finally, again estimating somewhat model dependently [12] the ratio
of the electromagnetic radiative correction factors as

1+ %o Deadlhd *p—V, +n)
m + = Oo 98 20‘01 4
[1+072nArad(25 Al~Mg+€ +\.) ] (47




MUON PHYSICS 25

and substituting Eqs. (47), (44), and (18) into Eq. (45), we
obtain

M(+p—=v*n : S;5=0) [(29.2 *0.3) sec™ J (GV - 3GA+GP)2

[(e64220) sec” } (1+0.012f(0.88m2))

(631*20)sec’, F(0.88m2) = -2
= { (664t20)sec”’, F(0.88mf) = O
(697:20)sec”, F(0.88m3) = 2 (48)

P(U+p—=V+n : S;,=1)

[29.220.3)56¢" (G106, 7 -2(6,+G) 1 6.6 )

[(n.9:0.7)sec ] (1- 0.1370:88m?)0.0077 [FE(O.BSmE)]Z)

(15.3*0.9)sec?, FRO.88mM?) = -2
(1.9 t0.7)sec?, F.(0.88m2) = O
(9.1 *0.6)sec’, F(0.88mF) = 2 (49)

T‘(;J'+p——\)p+n : stat.) %P(p"rp—-\),nn :SU-D=1)+‘11T'().J_* p—=y+n:S;,=0)

[( 29,2t o.3)sec-1](<3%+ 3G2 -2G,Go+ G2

(169¢5)sec” , F(0.88mg) = -2
=9 (175%5)sec’, FR(0.88m2 = O
(181:5)sec”, F(0.88m)) = 2 (50)

Experimentally, one has [14]

- o . ,
PG *p v +nis =0y, = (651  57)sec”] (51)



26 H. PRIMAKOFF

so that values of Fg(0.88 m3) > 2 and < -4 are excluded;
alternatively, taking Fy (0. 58 m2) 0 but considering
[f“pn(O 88mu)/fﬂpn(0)] 1n,Eq (35)for Fp (0. 88m2) as a free para-

meter, values of [fnpn(o .88m?2 /fnpn(o)] > 1.1 and < 0.7 are
excluded. This corresponds to the exclusion of values of

+m,)\ Fp(0.88m?
3_<fu(mzﬁ n)) P(FA(O?U)g that are > 5 and < 11 [Egqs. (44), (35),

(40), (37), and (30)-(32)]. Equivalently, one can say that the

CVC, PCAC (and hence no "second-class" current) theoretical

prediction of T(W + p > v_ + n: Su_ = 0), i.e., Eq. (48) for

(0. 88m2)
, pn Y. S%m,)
F;(0.88m2) = 0 (which uses 10 ) = 0.97,

) £1pn (0)
Fp (0. 88
3 ( (mp+ﬂ*9> p (0. 88m, )g = 6.78 [Egs. (39b) and 41)]), is in

ml?] Fp (0)
good agreement, within the overall uncertainty, with the
P(p_ +tp>rvytn §-p = O)Iexp of Eq. (51). The value of
T'(w +p> vyt nt S5 = )Iex given in Eq. (51) is found when

muons stop in isotopically (and chemically) pure medium-density
gaseous hydrogen where

r({[e p] + spin-triplet[y p]}+{e + p + spin-singlet[u p]})
'(w »e + Vo + vu)

>>

Future experiments in which muons stop in isotopically (and
chemically) pure low-density gaseous hydrogen where

T'({[e p] + spin-triplet[y p]} ~ {e + p + spin-singlet[u p]}) <«
T(p e + v t vu)

will permit determination of the I'(y + p ~ vy + n:stat.) of
Eq. (50).

To continue, we calculate the capture rate of a muon by a
proton in a [pu p] molecule-ion; such [pu p] molecule-ions are
eventually formed when muons stop in isotopically (and chemically)
pure high-density gaseous hydrogen or isotopically (and chemically)
pure liquid hydrogen where

r({[e p] + spin-singlet[u p]}+{e + [pu pl}
T(y »e +v, + vu)

> 1

A priori, at the moment of muon capture, the [pu p] molecule-ion
can have SpU’p = 1/2 and Spp = 0: para-[pu p] (L = 0,2,...) or

Spup = 12 or 3/2 and s pp ~ ¢ ortho-[pu7p] (Lpp = 1,3,...) so that
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<8L-8N>50u‘p,SDD = 2<1§8N. (:Ié-’ d *1? 892) >Sp’jp :5pp

- {sm (Sop*1) -2 -SualSent1) }

= <8L % >5p'p”

N
'Ql
oV}

9/

T

U

[Jl[oN)
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=3 Spoet
- - 1 (o - 3 - —~
<d|_'d~>sp,;p=1§,spp:1 =-2=7Z <dL' Oy >s,;p=1 ta <<5L’ dN>S,;p=o
S J05.6
@Bt om0 =0 = (3G e (G- Ao (52)
. > > . .
Thus, usmg Eq. (45) with <0L.0N>S _ in that equation replaced
. U p e . s
by \GL N>sp and with a muon-proton coincidence probability

appropriate to pu p] we have

2Vreno, TP~ #N 2 Sp=1) (53)

PT+p—= 1+ SR » Seo™)

T‘(N+p—’\)p+n35pu'p=12 QSDD=1) = 2Yortho {1 ( p_’\) tn: 5“9—1) %T‘(u*p-—\) n S’Jp O)}

(54)

_ Tniron o) o1y Se =
T‘(;I+p-’\)p*n=spp‘p=1§asoo=0) =ZYDaFa'{%T‘(uf-p—»\)P#n:Sub:‘l)*ZF(]J"p \)}J n Sup O)}

(55)
where
2 [ (rerogeral s -, 120, I Tl 575, I Lot -
e 1o, - Byl o
up'u p
_ o *0.01 , ortho .
B { .15t 0.01 4 para (56)

is obtained on the basis of a rather elaborate va_r;iational—type

calculation of wpu"p:ortho,para(lrll - rp1|, lru - rp2|).
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Now, as already mentioned, S -_ = 0 just before the attachment
of the [u™p] to the other p and, since the spin-flipping magnetic
forces within the [pu~p] are relatively weak, S -p= 1/2 to a good
approximation not only at the moment of [pu~p] formation but also
at the subsequent moment of muon capture by one of the [pu~p]
protons. Further, the process

{[e"p] + spin-singlet[y p]} - e + ortho - [pu p]}

proceeds via an "electric-dipole" collisional transition, while the
process

{[e p] + spin-singlet[u p] > e + para - [pu p]}

proceeds via a far less probable (factor ~ 10%) "electric-
monopole" collisional transition; in addition [15]

I'(ortho - [pu p] =+ para - [pu pl)
'y + e +\)e+\)u)

<< 1

Thus, to a_high degree of approximation, the rate of muon capture
in the [py p] molecule is appropriate to the S 172, s
configuration, and is given, using Egqs. (56), (§4§ (48), ang (49)
by

- 1
+ + n: == =
T'(u P~ vu n Spu—p 7 Spp 1)
(483 + 20)sec”! FE(O.SSmﬁ) = -2
= (506 + 20)sec”! FE(0.88m§) =
(530 * 20)sec™! FE(O.88mﬁ) =2 (57a)

These theoretical values are to be compared with the experimental
values [16]

1
='fss =1),

T'(p +p~> vu + n: S PP

pHp= exp
(515 + 85)sec-!

(464 + 42)sec™! (57b)

1+

+

where in the experiment one detects only "late-arriving" neutrons,
i.e. essentially only those neutrons whose parent muons and protons
have had time to form [pu p]. Comparison of Eq. (57a) with Eq.
(57b) again exhibits good agreement, within the overall existing
uncertainty, between the CVC, PCAC theoretical prediction and
experiment. However, since this overall existing uncertainty is
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some 10%, one would very much welcome increased precision in the
experimental [py p| capture rate quoted in Eq. (57b) and partic-
ularly in the experimental [p™p] capture rate quoted in Eq. (51).
Increased precision in the experimental value of I'(n + p + e~ + Vg)
would also be helpful since such increased precision would decrease
the uncertainty in Fj(0) [Eq. (37)], this last uncertainty being
the chief contributor to the total uncertainty in

'(ww+p > Vu +n: S~ 0|th [Eq. (48)] and to the total
uncertainty in T'(y~ + p »> v, + n: Spu P =Xk, S 1)|th [Eq. (57a)].

We proceed to report on the process of radiative muon capture
by a proton: W + p > vy +n+y [17]. The process
ww+p>rvy+n+y is of particular interest since it permits
determination of T(y~ + p > vy + n: S . (49)] in
contradistinction to the prev1ously treaged process WAy, + n,
which as we have seen, yields at best (by a suitable combination of
muon-capture rate measurements in gaseous hydrogen at various low
and medium densities) the ratio

T(u + : . - :Sy=p =
[ (v +p > v, +nt stat.) _ 1.3F(u +p > v, +niS—p 1) +1
0) &

l?(u‘+ P> vy + n:Su..p = IT(w+p > vy + n:Su-p 0)

The numerical disparity between I'(y”™ + p ~ vy +n: Sy up = 1) and
T(ww+p~=>vy+n: Syp= = 0) [Eq. (46) or Eqs. (49) and (48)] then
implies that the ratio of [T(u~™ + p ~ vy + n:stat.)/

T(Ww+p~>v, +n:s wp = 0)] must be measured with high precision.
to obtain a moderate prec131on in the ratio

[T~ +p>v, + n: Su =1)/T(uw +p~ vy + n: SU_P =0)]. On
the other hand, if the muons stop in medium-density gaseous
hydrogen, the process w” + p > vy + n+ vy will, as discussed
above, originate from spin-singlet [u”p], and, since v, and n are
uncharged and S, = 1, will proceed predominantly via tﬁe muon
internal bremsstrahlung (IB) mechanism

spin—singlet[u_p]ls_orbit > spin—triplet[u-p]NS_orbit + v
> Yy +n+v,
N =1,2,3,... (58)
This mechanism yields
[T (u+pv oty:5,-5=0)
lF(“_+P+vu+n:Su'p = 0)

[(m -E,)?2 dE][I‘(u +p>vytn:Sy - p—l)-l
(T (u™+p>v 438~ =0)]

o | TGT +P*vu+n Su p—l)

=4 x 10-6 (59)

~ 2
~om

o'—ﬂ.'—:l
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where
(m,~E.)2 E2 dE
P(E,)dE, = {12 —Er—— —%
Y Y my, my EY

is the normalized photon energy spectrum and where the exact
calculation [17], which includes the proton and neutron IB and the
structure-dependent non-IB contributions, replaces 4 x 10-6 by

8 x 1076, of course, the anticipated smallness of

[T~ +p~» vy ot yiSy—, = 0)/T(u™ >~ e” + 7, + vu)]?tflo'8

[Egs. (59), (48), and (17)] will render difficult any precise
measurement of [F(y™+p+> Vv +n+yi§- = 0)/

T(W™ +p > v, +n:S-, = 0)] and so, any subsequent extraction of
[T~ +p >y, + n:Sy-p = 1)/ (W +p~> vy + Sy = 0)]. However,
the prospect of even a moderately accurate determination of the
FE(0.88mﬁ)—sensitive quantity [T(u” + p = vy + iy, = 1)/

T(uw™ +p v, + n:Sy-p = 0)] [Eq. (46)] should encourage a serious
attempt to observe radiative muon capture in medium-density gaseous
hydrogen. In fact, such an attempt seems at the moment to be more
attractive than ever because of the very recent experimental
evidence in favor of the existence of "second-class''-current
effects in nuclear B-decay [18].

FOOTNOTES AND REFERENCES
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E . o Ee .
5. When <(Ee)max> is so close to 1 that o7 f1,2 (Ee)max> is no

longer << 1 we must exponentiate 1 + &_ f1 y Ee which,
p .
using Eq. (15), then becomes equal to " \(Ee)max
a (3 [m 2 1) a m;
2 pl_ m, 1 & B
ﬂ(z’“‘[@] 3+3 g, \2r 2" me - D
¢ 1 = (Ee)max

E, .010
= 0.9% |1 ~\7~5—
(Ee)max
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bution of the rate of pt > et + v + v, *+ v with any possible
Py

If n # n* the Hlept§§l+e of Egs. (1) and (19) violates T
invariance and CP invariance (but still conserves CPT
invariance). Also, n need not be treated as a constant
parameter but may be considered as a function of (- = ﬁi)
so that one has

( 5 .3
w0 (.
Nt -Gz * 59|12 Vg v,y (= vy, ()
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decay asymmetry of B-rays emitted from oriented nuclei (Blz,
N12 and N19, respectively) which appears to require intro-
duction of a "second-class"-current contribution.
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NUCLEAR MUON-CAPTURE

We do not attempt in these two lectures to develop a
coherent formalism of nuclear muon-capture, nor do we drive for
completeness in the description of what the study of these processes
may teach us about the basic interaction or the nuclear structure.
The formalism may be consulted in ref. 1 (impulse approximation)
or ref. 2 (elementary particle approach). Information on the
basic interaction was reviewed in ref. 3 and 4, the nuclear
structure aspects being covered in refs. 3, 4 and 5. Some of
the topics will be also taken up in the lectures of
Professor Primakoff.

We shall attempt to follow up in these lectures some of the
new research lines which may open up in nuclear muon-capture at
the new research facilities.

More specifically, we shall address ourselves to the following
subjects:

1) Muon-capture as a tool of nuclear spectroscopy: an example.

2) How similar are isobar analogue states: a test of the
"elementary particle" approach.

3) How to disentangle the vector- and axial-strength in muon
capture?

4) Are nuclei built up from nucleons only?: the nuclear
renormalization of the coupling constants.
4.1. The vector-current and CVC.
4.2. The axial-current (gA, gP).

33
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5) What about second-class currents?
6) Electron-muon universality: helicity of the muon-neutrino.
7) T-violation and muon capture.

Though some of these questions are coupled by experiment,
they unfortunately cannot be covered completely in two lectures:
we hope however to open discussions to be pursued informally after
the talks.

1) Muon-Capture as a Tool of Nuclear Spectroscopy: An Example

The experiment we consider was performed and published by the
Louvain group many years ago [6]. We recall, in this written
version of our talk, the main features of it only. Partial
muon—-capture rates were measured in 118 on transitions leading
to 11Be bound states by an activation method and high-resolution
Ge(Li) spectroscopy. The de-excitation gamma-ray was found to
be Doppler broadened and its appearance decreased more slowly in time
than that of the muon-decay electrons. This could be accounted
for by a Fy > F_ conversion process [7] from the upper to the lower
hyperfine levels of the 11B - p system and a preferential capture
from the lower hyperfine level to the gamma-unstable l1B final
state. These observations allowed us to infer spin and parity
assignments to the 11ge states reached in the muon-capture process
and to verify a theoretical conjecture [8] on the inversion of
shell-model states in this region. This example illustrates the
services, though unconventional, muon-capture may render to nuclear
spectroscopy specifically when the (Z-1, N+1)-neighbour of a
stable (Z,N)-nucleus can not be reached by nuclear reactions on
stable targets. In this connection, it is amusing to recall a later
study of the 1lBe states [9] performed using the 10Be(d,p)llBe
reaction on the very unconventional target of 108 extracted from
neutron-irradiated carbon.

The discussion of the experiment gave us the opportunity to
elaborate, in the lectures, on the observation of Doppler-
broadened gamma line-shapes [10] and hyperfine-conversion [7],
observational techniques we shall have to rely upon in the discussion
of further topics.

2) How Similar are Isobar Analogue States? : Test of the
Elementary Particle Approach

It is standard procedure [2] to compute the axial form factor
FA(q2 = m&) of an "allowed" AJ = 1 muon-capture process between the
|i> ground state of a (Z,N)-nucleus and the |f>-state of its
(Z=1,N+1)-neighbour using the ft-value of the |f> - |i> beta-decay
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[+FA(0)] and the q2 dependence of the backward electron scattering
|i> - |f'> [+FA(q2)/FA(O)], where |f'> is the isobar analogue state
of |f> in the (Z,N)-nucleus. A somewhat similar approach fits

the parameters of a model function of |i> and |f'> considering
electromagnetic data on and between these states and computes, on
this basis, the |f> > |i> beta-decay rate and the |i> -+ |£> muon-
capture axial form factor [11]. [This method requires, of course,
the assumption of some potential e.g. harmonic oscillator and

a truncation of the basis in which the wave-functions are expanded:
a limitation which may render the conclusions dubious, in
principle at least.]

Both approaches imply that: a) the exchange corrections to
the axial form factors of the three processes (electron scattering,
beta-decay, muon-capture) are identical and b) the wave-
functions of the isobaric analogue states |f> and !f'> are really
similar. Assumption b) was questioned, in particular, by the
authors of ref. [12] who noted that because of differences in
binding, the radial behaviour of |f> and If'> should be different,
in principle. This difference may have a serious (though as yet
uncomputed) influence on the correctness of muon-capture
computations like the ones outlined above, especially if the
binding differences are important.

Such may be the case for the 6Li > 6He(g.s.) transition,
6He(g.s.) being bound by 964 keV but its analog, 6Li(3.56 MeV),
by only 136 keV [12]. Our doubts on the validity of the above-
mentioned procedure [11] are perhaps strengthened by the discrepancy
between experiment [13] and a computation performed on the same
basis [14] on the 6Li(y,nt)6He(g.s.) reaction which involves in
good approximation the same form factor FA(qz) as muon-capture.
It was observed that to relax some of the restrictive conditions
in the computations of ref.[13](harmonic oscillator radial wave-
function) seems to remove part of the discrepancy [15].

The question may be solved by a precision measurement of the
partial muon-capture rate, known to a moderate accuracy only [16],
which is not subject to some of the difficulties
inherent to photoproduction. Fortunately, due to the super-
allowed nature of the transition (ft = 802 s), the rate is rather
insensitive to the somewhat dubious induced pseudoscalar coupling
and so constitutes a good measurement of FA(q2 = mﬁ) [17].

A final warning: the rate computations assume statistical
population of the F = 1/2 and F = 3/2 hyperfine levels at the
moment of the capture. This seems to hold with sufficient
accuracy in this case [18,19].
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3) How (and why) to Distentangle the Vector and Axial Strength
in Muon-Capture.

The vector form factor Fv(qz) is highly hindered in the
"allowed" muon-capture of light nuclei because of isospin selection
rules. This will not be the case any more in Hiﬂg ==, A =1
transitions like the muon-capture in 160 to the 1 N(17; 396 keV)
level, in which the vector matrix element My [/r] is of the same
order as the axial one M, [/oxr].

The ratio My/M, is rather model dependent: ~.9 to n1.2
in the Migdal theory [20] (for spherical 160, respectively
2p-2h and 4p-4h admixtures included), ~.45 with more conventional
configuration-mixed wave-functions [21]. The accuracy claimed for
the Migdal prediction is only about 20%; the difference between
the MV/MA ratios predicted by the two approaches is, however, so
huge, that even a crude measurement of it would allow us to test
the virtues of the Migdal approach to this field.

How can we measure this ratio? It is easy to realize the 16N(l-,
396 keV) - 16N(0’, 120 keV) gamma-ray will not be emitted
isotropically referred to the neutrino-momentum as quantization-
axis and that the anisotropy will be a measure of r = My/Mp [22].
With the wave-functions of ref.[23] the correlation-coefficient
Ay in the correlation function,W(6,,) = 1 + A2P2(cosev ), turns out
to be about 0.25 with 3A,/dr = 1 [24] ! With modern high-
resolution detectors, the Doppler broadened line would have about
three times the "natural" width, which should allow a measurement
of Ay with the method discussed in ref. [10] well within the
accuracy required to distinguish the Migdal prediction from the
conventional shell-model approach.

A final warning: the life-time of the 16N(l-, 396 keV)
level is v 40 ps so care should be taken to avoid slowing of the
recoiling nucleus before the gamma emission.

4) Are Nuclei Built Up from Nucleons Only? : The Nuclear
Renormalization of Coupling-Constants

Are nuclei built up from nucleons only? In other words, can
we compute the muon-capture observables in nuclei from the weak
coupling constants of the free nucleon and some wave-functions
of the nucleus in terms of single nucleon coordinates? Can we
forget about the mesonic degrees of freedom?

What we measure is a product of coupling constants and
matrix elements, so the answer to our question would require a
reliable knowledge of these nuclear matrix elements, i.e. of



NUCLEAR MUON-CAPTURE 37

the nuclear wave-functions. (The mesonic degrees of freedom are,
of course, hidden behind the potential which gives rise to the
nuclear wave-functions). Though the task to compute nuclear
matrix elements with reliability is by no means achieved, much
attention was given recently to the question whether the coupling
constants keep their free-nucleon value in nuclei, i.e. to the
nuclear renormalization of coupling constant due to mesonic
effects [25,26,27]. Beyond the nuclear renormalization problem
one should remember also the well-known efforts to explain the
renormalization of the nucleon weak coupling constants gp and gp
compared to the "bare" value gy and O they would have in absence
of strong interactions, i.e. the mesonic effects [28,29].

4.1. The vector-current and CVC. Let us recall the CVC-
hypothesis which requires [30] that the vector and "weak-
magnetism" form factors Fvéqz) and FM(BZ) in the weak hadronic
current(<f|VA|i> = <f|FV(q )Yy + Fylq )Gu)\qu |i>) be
identical (up to the bare coupling-constant ratio G/e and Clebsch-
Gordon coefficients) to the isobar-analog iso-vector electro-
magnetic form factors. This means that mesonic contributions to
the two currents should be identical.

A model independent test of this hypothesis on F (q2) would
be achieved by the muon-capture experiment discussed in section 3
comparing the matrix element My obtained to the corresponding one
obtained in electron scattering [31]. A closer control on
FM(qZ) could be obtained from a more precise knowledge of the
partial capture rate 12¢0t) » 12B(g.s. ; 1H [32].

4.2. The axial current. Let us neglect first in the axial-
vector weak hadronic current(<f| Ay | i>E<f|Fé(q2)YAy5 - iFP(qz)qAY5 -
FT(qz)UquuY5|i>)the induced tensor term Fq(q ). This term is of the
"second class" [33]: it transforms under G = Gei™T2 oppositely to
FA(qz) and so  should be absent as the strong interaction is
invariant under G-transformation.

Let us turn first to the mesonic effects on FA(qz). A
renormalization of the coupling constant gA(qz) of about 0.8 is
expected in nuclear matter for 0 < ¢2 < mﬁ [@A/gA’free : 0.75 -
0.8] [25,26,27], but it is not clear what survives of this
renormalization in real nuclei [27,34]. 1In beta-decay of light
nuclei there is a slight indication of some downward
renormalization of g4(0) [35]. In muon-capture, gA(q2 = m%)MA
could be measured by partial rate determinations with rather
good accuracy if the FP(qz) contribution is small, such as in
the strong M1 transitions of the 1p shell [36] and heavier nuclei
[5]. The test requires, of course, a reliable knowledge of the
matrix element My. The suggestion to extract it from the form factor
of the analog gamma transition [37] works only if the exchange
effects on these form factors can be neglected.
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We shall comment in next section on the value of Cp(q )
muFP(qz)/FA(O) 10.0 + 1.6 found in muon capture by the nucleon
[38] and compare it to CP(q ) ¢h. = 7.4 [29]. The renormalization
of Cp in nuclei was considered by ‘many authors, one of the most
recent ones obtains in nuclear matter r = 6P/CP ,free * 0.44 [27]
around q2 ~ m4,

The methods to measure % in nuclear muon—capture were
discussed in ref. 3 and we shall expand this point in the oral
version of the lectures. Let us recall however the list of
observables we discussed: a) ratio of partial muon-capture rates
(1 0), b) radiative muon capture (40Ca), ¢) ratio of partlal
muon—-capture rates from hyperfine levels of a J # 0 nucleus ( 1p)
and d) neutrino-gamma directional correlation ( 8Sl) We should
add to this list two more recent approaches: e) the measurement
of the average 12B(g.s.) polarization in the capture of polarized
muons by 12¢ {39] and f) the comparison of the partial muon-
capture rate *°0 - 6N(O') and its inverse beta-decay rate
measured recently [40].

The results for Cp and r are:

a) Cp =10.8 * 1.0 [41], r = 1.1 * 0.2;

b) 13 < Cp < 18 [42], 1.1 < r < 2.1T;

¢) Cp < 12 [43], r < 1.4;

d Cp=52%8[4s], .3<r<.90r-7<Cp , -8 <r<.1

according to the author of ref. [45] who re-analyzed the
data of ref. [44];
e) = 1012, [39]* .5 < r < 1.8;
) 13 < Cp < 20 [40], 1.1 < r < 2.4 values changing to
8 < CP <12, .7 <r < 1.4 if one con31ders Coulomb correc-
tions in the induced terms of the 1 N(O ) > 16¢ beta-decay
[46].
Considering these values and leaving aside the dubious result
of approach d) it is fair to say that there is no compelling
evidence as yet for r # 1, i.e. for a renormalization of Cp in
nuclei. In particular, there is no indication, in the light
nuclei studied, of the strong quenching predicted for nuclear
matter. More accurate data are needed, in heavy nuclei if
possible.

TNote that this measurement of CP(qz) for q2 # m2 may not be

directly compared to the other ones in view of the possible fast
variation of CP(q ) with q2 [27].

Cp=12 %5+ Cp =10 tz ¢ private communication from
Professor Grenacs.
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5) What About Second-Class Currents?

The first indication for the presence of a second-class form
factor FT(qz) in weak interactions was inferred from mirror beta-
decay rate asymmetries. Tt was recognized, however, that these
indications were dubious because nuclear-structure induced
asymmetries were hard to assess. For a discussion on these points,

see ref. [47] and the references cited therein. It was recognized
also that beta~decay correlation coefficients and contributions

to muon capture were free of these uncertain asymmetries [48].

(I do not enter here in the discussion of ref. [48] of how off-
shell effects affect the expression of the axial current and how
the observables we mentioned, related to the time part of the
current, are free of some difficulties which handicap the space
part of the current). Unfortunately, the eventual second-class
coupling,CT(qz) = ZMPFT(qZ)/FA(O),is always linked to C (q2) and
we can measure in muon capture their sum CP(qz) + CT(ng only.

In hydrogen (CP(qz) + CT(qz))exp = 10.0 + 1.6 [38] and

2 . 2 o 2 -
(CP(q ))th ~ 7.4 [29], indicating (CT(q m ))nucleon 2.6 + 1.6
+ ?. The question mark reflecting the inaccuracy of (CP(qz))th
(cf. the last reference [29]). So, there may be a slight indication
of second-class currents in nucleon muon-capture”.

In nuclei the situation is more confused. Preliminary
results on beta-decay correlation experiments indicate

CT(q2 = 0) = -10 [49] (A=19),

CT(q2 = 0) = -3.5 + 1.3 [50] (a=12),
CT(q2 = 0) = 3.8 + 0.9 [51] (A=12), and
-3 < Cp(q? = 0) < 0 [52] (a=20).

Cr differences from one nucleus to the other can only be accommo-
dated if we assume contributions from the w-meson [47]. This
contribution may induce variations depending on the values taken
by a two-nucleon matrix element which is hard to compute [47].

These possible variations (if confirmed in beta-decay) will
render, of course, precise measurement of CP(q2 = m2) extremely
difficult.

Let us now briefly come to the last two topics pertaining to
somewhat more '"fundamental' aspects of the basic muon-capture
interaction.

*Refer, however, on this point to the last lecture of
Professor Primakoff.
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6) Electron-Muon Universality; Helicity of the Muon-Neutrino

The neutrino being left-handed in beta-decay the hypothesis
of muon-electron universality requires the same left-handedness
for the muon-neutrino emitted in (m - u)-decay, u-decay and muon-
capture.

Some early measurements on m-decay (to be described in the
lectures) [53] are in favour of the muon-neutrino left-handedness
with 207 - 30% accuracy. In muon decay, neutrino left-handedness
is assured by p = 0.75 (favoured anti-parallel emission of the
electron and the two neutrinos) and the complete longitudinal
polarization of the decay positron, as it can be seen easily by
an angular-momentum/momentum scheme of the reaction.

In muon-capture, only the measurement of the neutron long-
itudinal polarization in u~ + p » v + n is free of nuclear structure
uncertainty. In nuclear muon-capture one has to measure (a) the
momentum of the neutrino ("easily" inferred from the recoil
direction) and (b) its spin direction. This latter quantity is
linked to the spin of the captured muon via the multipoles of the
transition operators (L # 0 for the induced terms) whose amplitudes
have to be known.

If one insists in choosing only between the helicity + 1 (two-
component neutrino), then the measurement of the average polariza-
tion of the 2B recoil we mentioned [39] allows one to choose the
helicity - 1, in agreement with the hypothesis of universality.

7) T-Violation and Muon-Capture

It was noted by Professor Primakoff some time ago [54] that
our most accurate check of time-reversal invariance in weak inter-
actions was performed within a supermultiplet (AI = 0) and that one
could concoct a T-violating weak interaction which would show up
only in AT # O transitions. No corresponding tests were performed
up to now; let us see what can be learned on this point from muon-
capture.

One advantage of muon-capture compared to beta-decay is the
absence of electromagnetic final-state interactions which may
simulate small T-odd correlations. These correlations were con—
sidered by the author of ref. [55]; we choose for illustration the
(vaau)°Jf ~correlation between the neutrino momentum, the muon
spin and the spin of the final nuclear state.
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Attention was called recently to the possible use of double
correlation experiments [56]: T-conservation implies a relation-
ship between the average polarization (P,y) and the longitudinal
polarization (Pp) of nuclei produced in the capture of polarized
muons. In the case of the 12C » 12B(g.s.) transition P,y is
already measured [39] and a measurement of P;, is under way by the
same physicists. Similar tests can be performed comparing the
recoil asymmetry and the alignment of the nucleus produced [57].

It may be noticed, that the 12C - 12B(g.s.) transition pro-
ceeds predominately by the axial form factor, so the test measures
the relative phase of gy and gp. If one is interested in the
relative phase of g, and gy, it may be possible to combine recoil
asymmetry and alignment measurements on the 160 - l6N(1) transi-
tion considered in Section 4.1.

We are indebted to Professor L. Grenacs and Dr. N. Mukhopadhyay
for many useful discussions.
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RECENT MUON PHYSICS AT SREL

John R. Kane
College of William and Mary

Williamsburg, Virginia, U.S.A.

As most here know, the SREL facility in Virginia is a 600
MeV synchrocyclotron which has steadily produced both an
extracted proton beam and various meson beams since 1967. The
muon channel facility shown in Figure 1 presently delivers beams
of high duty cycle to the Meson Cave with the following intensities:
backward p~ - 3 x 105 sec~1l and backward u+ - 1 x 10° sec~l.
During the coming month of July the channel will be rotated in
order to bring it closer to the machine. Monte Carlo simulations
indicate that the muon levels will thereby increase by about
50% because of the improved acceptance.
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In this talk I shall limit myself to a description of current

and future activity in the muon program at SREL.

In so doing I

will not touch upon a number of scattering experiments which
utilize the extracted proton beam and internally and externally

produced pions.

In Table 1 I have sorted the muon experiments of the past

year into what I feel is a natural set of categories.
see all areas of muon physics are well represented.

As you can
I shall make

comments on all of these experiments in sequence, emphasizing
those with which I am most familiar.

Classification

Quantum
Electrodynamics

V-A Weak
Interactions

Nuclear
Charge
Structure

+
U

Solid State
Studies

Weak
Neutral
Currents

Lepton
Conservation
Law

TABLE 1

MUON PHYSICS AT SREL
Experiments

1.Formation of (oM )e

2.QED Effects in u
atoms

3.Muonium hfs Interval

Radiative Muon
Capture (RMC)
in Ca

Nuclear Charge
Parameters in
6 Hg Isotopes

+ .

1 Precession

in Ferromagnets,
Superconductors,
Spin Glass Materials

Survey of 2y Process
in 25, =~ 1S atom
I

Transitions
Muonium in Vacuum

Production Studies
for M= M

Institutions

Yale-Heidelberg

Carleton-Chicago

Nat. Research Council
of Canada
Chicago-U.of Calif.

William & Mary

Cal. Tech.
William & Mary
Wyoming

SIN

William & Mary
Bell Labs.

Carleton
William & Mary
NRC Canada

Maryland
William & Mary
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1. QUANTUM ELECTRODYNAMICS (QED)

Within the past year three SREL experiments have
had as their objective the study of QED effects in muonic
systems. Most recently Hughes et. al. [1] have used the Larmor
precession method to demonstrate for the first time the formation
of a polarized one-electron muonic helium atom (ap~)e”. They
achieved this by first demonstrating free precession for the
(au')+ ion in pure helium gas at 7 and 14 atmospheres, and then by
observing the muonium-like hyperfine precession frequency of the
(au~)e” atom which resulted from the addition of 1.2% Xe to the
helium. With pure helium the free signal was observed to be
Au(au‘) = (1.24 * 0.22)7% (65% beam polarization), while upon the
addition of the charge-exchanging impurity the signal was
A(ou~e™) = (0.53 * 0.09)%. This loss of signal amplitude is
consistent with the retention of polarization in the F = 1
hyperfine state.

This development should make it possible to perform precision
measurements of the hyperfine structure interval (hfs) Av and the
Zeeman effect for this heavy muonium-like system. It is felt that,
despite the structure of the ap~ core, muonium resonance methods
offer the promise of precise determinations for the p~ mass and
magnetic moment. This will permit a test of CPT invariance for ut
properties where the data is derived from a common method of
measurement. The approximate theoretical value for Av(ap~e”) is
4494.1 MHz. This differs from Av(u+e‘) = 4463.32 MHz mainly due to
a different reduced mass factor and the structure of the (ap™)
nucleus.

In a second QED-type experiment the Ottawa — Chicago group
made a careful series of muonic X-ray energy measurements in the
range from 100 keV to 450 keV. This range was selected to minimize
various muon-nucleus and muon-electron effects such as nuclear
finite size, nuclear polarization, and electron screening. As a
result they were sensitive mainly to the vacuum polarization
corrections to the Dirac energy value.

It is well known that an earlier experiment by this group at
Chicago [2], and a similar measurement by another group at CERN [3]
resulted in values which deviated with existing theory by as much
as six standard deviations for y - Ba and u - Pb transitioms.

Since then modifications in the theory together with a recent shift
in the reference line of 198Au at 412 keV have adjusted predictions
until the original Chicago measurements now fall within one standard
deviation of prediction below 350 keV and to within one and one half
standard deviations in the 440 keV region of Ba and Pb. 1In this
year's run at SREL, this group has obtained one standard deviation
agreement with the latest prediction for essentially the same set
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of target samples. This experiment is scheduled to run again in the
Fall.

A high field measurement of the muonium hfs interval was
attempted by Telegdi et. al. during the past year, but it appears
that experimental difficulties may have limited the value of that
measurement. A second effort is expected by this group in the
near future.

The same group had successfully completed a "zero" field Av
measurement two years before at SREL. In that work [4] they
applied the high precision method of double pulsed microwave
resonance at low pressure, and obtained a value of Av(0) =
4463.3013 (40) MHz which when combined with earlier Chicago data
gave a value of Av(0) = 4463.3012 (23) (0.5 ppm). This should be
compared to the recent measurement by Hughes et. al. [5] of
Av(0) = 4463.3011 (16) (0.36 ppm) MHz.

2. V-A WEAK INTERACTIONS

In the area of V-A interactions a William and Mary group is
in the process of measuring the rate for the radiative muon
capture process in 40ca, As is well known the basic muon capture
process (MC) is ww + p > n + Vy,» while the radiative muon capture
process (RMC) is y~ + p > n + v, + y. The RMC process is of
substantial interest because of its sensitivity to the induced
pseudoscalar coupling constant gp. Of course the basic RMC process
is quite difficult because the following ratio of rates must be
multiplied:

4

(AM'C/A 2 x 10 '. TFor this reason

~ "3 ARMC ~
ror'p 10 = and (/A5 .
the medium-Z nucleus of #OCa for which ( MC/A o) a0+ 85 and
(ARMC/AMC)é 2 x 10-4 has served as the target in most RMC
experiments.

An early measurement by Conversi et. al. [6] gave for the
ratio of coupling strengths gP/gA a value of + 13.3 * 2.7. More
recently Rosenstein and Hammerman [7] obtained 8&P/gp = 5.9 * 5
after correcting for the fact that 45% of their high energy neutral
events were neutrons. Here it should be pointed out that a very
recent treatment of the last experiments' data by Ohta [8] is
able to produce agreement with the Goldberger-Treiman prediction
of gP/gA ~ 7 by accounting for the influence of the N* resonance
upon RMC.

In the present experiment at SREL an attempt is being made
to avoid ambiguity in the y telescope between high energy neutrons
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RADIATIVE MUON CAPTURE IN CALCIUM
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and gamma rays by requiring that the gamma ray convert before
entering the Nal crystal. Figure 2 shows the counter arrangement.
The telescope consists of two veto counters, an 11% Pb converter,
followed by two scintillators, a plastic Cerenkov counter and the
10" dia. Nal crystal. The ability of this system to detect
Panofsky gamma rays is shown in Figure 3. As yet results are not
available on this work.

It is hoped that a measurement of the asymmetry of photons
from the RMC process can be combined with that of the photon
spectrum in the next running period. To date the only previous
measurement of the asymmetry coefficient o [9] is 2.5 standard
deviations away from that calculated by Rood and Tolhock [10].

3. NUCLEAR CHARGE STRUCTURE

A measurement has recently been made at SREL of the nuclear
charge parameters (mean square radius and deformation) for six
separated Hg isotopes. The object was to chart the evolution of
these garameters versus neutron number in the region of doubly
magic 08Pb. Data were collected simultaneously for all six
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isotopes, covering the low energy region with a 3 cc intrinsic Ge
detector and the high energy region with an 85 cc Ge(Li) detector.

4, u+ SOLID STATE STUDIES

An active program of systematically probing solid state
properties with positive muons is well established at the muon
channel facility. The technique involves implanting polarized u
in solid targets which are subject to a uniform external field.
The signal amplitude, frequency, and relaxation of precessing u+
moments is recorded in terms of the observed ut decay asymmetry
pattern. A steady investigation of the internal fields of
ferromagnetic materials is being made for Co, Ni, and Fe [11], and
is to be extended to the rare earths. In these studies signals are
recorded as a function of temperature above and below the Curie
point. Measurements will also be made for intermetallic compounds
such as Fe3Si, while a search for interesting muonium systems will
continue. Finally the collaboration of Bell Laboratories and
William and Mary has also succeeded in detecting the feature of
vortex structure in the magnetic field distribution of Type II
superconductors [12]. As we have learned from Dr. Schenck this
area of UMR has remarkable versatility for probing solid state
properties, and so we anticipate a number of additional
important developments from this work.

5. WEAK NEUTRAL CURRENTS

It has been proposed in a number of papers [13,14,15] that
a neutral weak current may express itself in a parity-violating
manner for the 2Sy - 2P, level system of low Z muonic atoms. In
particular it has been Shown by Bernaben, Ericson, and Jarlskog
[14] that for Li and Be this parity-violating effect will be as large
as 10% in terms of an angular correlation between the spin of the
polarized p~ in the 2S state and the direction of a low yield M1
photon from 2S -+ 1S. In order to sketch their argument we shall
make use of the level diagram below. In the region of Li and Be
the 2S5y - ZP% level separation AE is at a minimum value as the
finite nuclear size effect for the 2S state is nearly balanced by
the opposite shift due to vacuum polarization. The existence of a
parity-violating term in the hamiltonian for neutral currents will
generate an admixture 7 = <2P%|HPVIZS%> of one nearly degenerate

AE

state with another of opposite parity. Thus, subject to this
interaction the 2Si, state becomes |28%>+c|2P%> and the 2Py state

2
becomes |2P%>-§|28%>.

The metastable 2S state is depleted by a two photon El1
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emission, and occasionally by a small amplitude M1+ZEl single photon.
It happens that the admixed E1 amplitude, ¢El, is comparable to
small amplitude M1 leading to a single photon with circular
polarization, or directional correlation with the muon spin.
Complications result if nearby electrons are able to promote strong
depletion of the 2S state via the Auger process, or if Stark mixing
to the 2P state further reduces the 2S population. Our first step
in this experiment is to find a low Z material which is basically
free of such complications. We have begun to look for evidence of
the two photon process as a measure of the 2S state population and
hope to determine its rate I'y,. This is done by operating large Ge
detectors on both sides of the target in fast coincidence with one
another. Since the 2 photon emission is slow for low Z materials,
evidence of the process will consist of a fast Gel — Ge2 coincidence
which is delayed relative to the muon signal and has nearly the
expected T, rate. I can show data taken recently in BeHs which
indicates coincidences, although this plot corresponds to all times
relative to the muon stop. Figure 4 is a scatter plot of
coincident E7 and Ep detector energies in which it is possible to
pinpoint coincidence between a K, event in one and an L, event

in the other or a K, in one and an LB in the other. We, of course,
must eventually concentrate upon Ej + E5 = Ky - AE events which are
delayed relative to the muon stop. While the present plot is not
restricted to delayed events, it is interesting to note here
however, that this Ej + E5 ~ K, line is populated by coincident
events in which the Ge escape energy for a K, into one detector is
captured by the other detector. We should have some estimate
regarding the feasibility of the eventual angular correlation study
in the low Z region in the near future. The angular correlation
work itself would necessitate a y~ beam of high intensity.
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6. LEPTON CONSERVATION LAW

In the remaining time I can only make a few brief remarks
about our efforts to prepare for a search for the process:
muonium M(ute™) I antimuonium M(u~et). Pontecorvo [16] first
considered this transition while Feinberg and Weinberg [17] stressed
its significance as a test of the nature of the lepton conservation
law. Basically this process is forbidden by the familiar additive
form of lepton number conservation, but allowed by the multiplicative
form which preserves muon number parity.

In order to prevent strong quenching of the process by
perturbing external fields which would break the energy degeneracy
of a M - M system, the M atom should spend its time in a free space
environment. We have taken Feinberg and Weinberg's suggestion in
preparing a target of 200 thin metal plates which are separated by
vacuum drift space. Our "plates'" are 1000 A thick Au foils, spaced
at 1 mm intervals along the beam line. This configuration is shown
in Figure 5. I should stress that our work at SREL is primarily an
effort to develop a way to generate M atoms which quickly find their
way to a vacuum region. Unambiguous evidence of this mechanism has
been looked for in terms of a characteristic muonium signal. The
present state of our data, shown in Figure 6, is suggestive of
muonium precessing at the frequency of ~ 1.4 MHz/G. Because this
effect must be well established before attempting the M - M process
we shall soon make further studies of muonium production which
include a 10" dia. Nal as part of the decay positron telescope.
This will permit us to study asymmetry amplitude as a function of
M1che1 energy. Additionally we hope to improve our sensitivity to
ut which stop in the region of the target foils. Given the success
of this investigation, the final search for M -+ M will require higher
pt intensity.
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INVARIANCE PRINCIPLES

The important role of invariance principles in physical theory
was recognized only relatively recently, after the development of
analytical dynamics. In classical mechanics, the equations of
motion are completely solved if one knows all the constants of
motion, therefore the problem of solving the equations of motion is
the same as the problem of finding all the "angle" variables ¢z, viz
those coordinates which the Hamiltonian is independent of, since
the canonically conjugate "action" variables J} are constant in
time. Since the Jj are also the generators of infinitesimal
canonical transformations which induce changes of the ¢; alone,
recognition of all the invariance transformations of the
Hamiltonian, and identification of the corresponding generators,
is equivalent to a complete solution of the equations of motion.

In quantum theory, the situation is a little more complex in that
there is a limitation of principle in the extent to which one can
specify the state of a dynamical system, and therefore a fortiori,
in the manner in which one can trace its evolution in time. The
corresponding statement is that, if one can find a maximal set of
commuting operators, each of which commutes with the Hamiltonian,
then the states which are simultaneous eigenstates of all those
operators have a particularly simple time dependence. They form
a complete set of "stationary" states and it is convenient, in
describing the time-development of an arbitrary state, to express
that state (more precisely the state vector corresponding to that
state) in terms of this complete set. In contrast to the classical
situation, however, the relation of symmetry transformations to
conservation laws is very direct and eigenstates of the operator
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corresponding to the generator of a symmetry transformation suffer
only a phase change under the corresponding coordinate transformation,
which means that all observable properties of the state remain
unchanged [1].

This brings us to a point which was apparently first clearly
brought out by H. Poincaré and P. Curie, which is that it is
necessary to have some departure from symmetry in order to recognize
the existence of that symmetry. If, for example, a physical system
were in every respect invariant with respect to a certain symmetry
transformation S, it would be impossible in principle to discover
the existence of that symmetry, because there would be no way of
knowing whether such a transformation had indeed been made. Perhaps
this is why, as artists have known for long, a slightly asymmetric
arrangement is far more attractive to the eye than a too regular
geometrical symmetry. Wigner has emphasized that our recognition
of space-time symmetries, for example, rests on the fact that our
knowledge of physical systems can be separated into factors which
depend on initial boundary conditions and factors which depend
on physical laws [2]. This relies on the hypothesis that the
physical systems that we study may, with sufficient accuracy, be
regarded as uninfluenced by their surroundings. The different
environments in which we place two such "identical" systems allows
us to distinguish between them while, at the same time, they are
both regarded as being sufficiently isolated that their physical
behavior is not affected by the difference of their situations.

In seeking invariance principles, we are concerned with discovering
the symmetries of the physical laws governing those systems; the
initial conditions - at least at the microscopic level -~ appear to
be far too complicated for us to find any order in them. If
detailed comparison of two such systems should reveal that a certain
postulated symmetry is not exactly obeyed, a possible way of
reconciling the result with the hypothetical symmetry is to attribute
the observed asymmetry to the influence of the environment. A
well-known illustration of this is provided by the phenomenon of
ferromagnetism [3], where the hypothesis of rotational invariance
for the interaction between the elementary magnets is not
contradicted by the occurence of a preferred magnetization axis:

the choice of that direction is dictated by initial conditions, e.g.
the presence of an arbitrarily small background magnetic field.

This is the analogy which is used in the currently fashionable
theories of "spontaneous" symmetry-breaking. It should be noted,
however, that the analogy is not perfect. In the case of the
ferromagnet, the direction of magnetization is attributed to
conditions external to the magnet. If we take a large assembly

of ferromagnetic atoms and cool it below the Curie temperature, in
a region where we have excluded external magnetic fields to the
best of our ability, we find that the atoms adopt the ferromagnetic
phase in domains, with the axis of magnetization being different in
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different domains. If there are a sufficiently large number of
domains, rotational symmetry will be restored because there will be
no preferred direction of magnetization for an average domain. The
present theories of spontaneous symmetry breaking correspond to the
presence of a single ferromagnetic domain of infinite extent; the
analogs of domain boundaries have not yet received a satisfactory
interpretation. At the present state, therefore, theories of
spontaneous symmetry breaking cannot be distinguished physically
from theories in which the symmetry is broken by the physical laws
themselves. This is a somewhat unsatisfactory situation compared
to the idealization of being able to isolate physical systems,
which we had assumed earlier. The previous approach was consistent
with the philosophy of successive approximations. At a certain
level of precision, one could regard a system as being completely
isolated; higher accuracy would reveal finer details whose
interpretation would require inclusion of some effects of the
surroundings, even greater precision would require consideration of
even more remote influences and so on, ad infinitum. As presently
formulated, the philosophy of the theory of spontaneous symmetry
breaking, on the other hand, seems to require knowledge of the
whole in order that we may describe any part. Since the theory

is equivalent to one in which there is no influence of the
environment, and the symmetry is broken by the physical laws
themselves, it is still possible to proceed by successive
approximations according to the hierarchy of the various approximate
symmetries which are present, but in that case, one may well ask
what has been gained by the hypothesis of "spontaneous" symmetry
breaking?

Finally, it should be remarked that the greatest utility of
an approach based on invariance principles is when the basic laws
are unknown or, if they are known, their mathematical structure is
too complex to admit of ready solution. If the laws and their
solutions are known, there is no need for an explicit declaration
of the invariance properties which will necessarily be built into
those solutions. This is well-illustrated by the example of the
conservation laws of classical mechanics which were discovered long
before their relation to various invariance properties of
Lagrange's equations [4].

INTERNAL SYMMETRIES
In this section, we shall review our present knowledge of the
internal structure of hadrons, in particular of protons and neutrons,

which is derived largely from symmetry considerations.

The approximate equivalence of neutrons and protons with
respect to nuclear forces finds its mathematical expression in the
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hypothesis of charge-independence or isospin-invariance. Neutrons
and protons are viewed as two distinct states of a fundamental
entity called the nucleon, distinguished by a two-valued internal
coordinate which, by analogy with electron spin, is taken to be the
z-component of a "spin" in a fictitious space called isospin space.
Then, charge-independence of nuclear forces is assured by the
postulate that all directions in isospin space are equivalent as far
as nucleon-nucleon interactions are concerned. Another way of
stating this hypothesis is to say that, except for electromagnetic
interactions which distinguish the charged proton from the
electrically neutral neutron, it makes no difference, from the point
of view of nuclear interactions, if we redefine the two independent
nucleon states as nucleons with isospin "up'" and "down" along any
other direction in isospin space. From the mathematical
representation of electron spin, we know that such a redefinition
corresponds to a unitary transformation on the original "isospin-
up" and "isospin-down" states. Thus, the hypothesis of charge-
independence is the hypothesis that neutrons and protons are
unitarily equivalent with respect to nuclear forces. If we
factorize out those unitary transformations which represent a common
phase-transformation of neutron and proton states, the remaining
symmetry is called SU(2) for obvious reasons. As can be seen from
the analogy with electron spin, invariance under isospin
transformations implies the conservation of isospin, defined as the
generator of rotations in that space. All observed deviations from
this unitary symmetry, such as the neutron-proton mass-difference,
can be attributed to the effect of electromagnetic interactions
which do not respect that symmetry.

After Yukawa proposed the meson theory of nuclear forces, it
was realized that charge-independent nuclear forces would result
only if there were neutral mesons in addition to charged mesons.
One will obtain nuclear forces invariant under isospin rotation if
the meson-nucleon interaction is itself invariant under isospin
rotation. This can be assured by taking the meson-nucleon
interaction to have the form of the (iso)scalar product of the
nucleon isospin density with an isovector meson field whose quanta
would form an isotriplet of mesons with positive, negative, and
zero charge”. The m%,m° which were subsequently discovered
comprise such an isotriplet and their coupling to nucleons conforms
to the predicted relations. The m2-m0 mass-difference is of the
same order as the neutron-proton mass—-difference and may also be
regarded as an electromagnetic effect. Electromagnetic interactions

*The form of the coupling between the isodoublet nucleons and iso-
triplet mesons can also be deduced from the condition that the mass-
degeneracy of nucleons and of mesons persist after including self-
energies. See Ref. 5.
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single out a preferred direction in isospin space, electric charge
being related to the z-component of isospin by

Q=15+ B/2 (1)

where B is the baryon number or baryon charge, carried by nucleons
but not by mesons. After the discovery of strange particles, it
was realized that the concept of isospin should be extended to them
also and that a consistent description of strange particle behavior
could be obtained by generalizing Eq. (1) to read

Q= I, + (B+5)/2 2)

where the "strangeness" S (zero for m-mesons and nucleons) is
conserved in all strong and electromagnetic interactions.* This
scheme, proposed by Gell-Mann and by Nishijima, has been verified
with respect to all its implications. It was found that, in
addition to the neutron and proton states, there are six other
nearby baryon states with the same spin and parlty, stable except
for weak decays with a typical 11fet1me of 10~10 sec - comprising
an i5051ng1et AO (with mass 1115 MeV/c ), and an isotriplet
(z=,29,51) [with mean mass 1190 MeV/c2] with S= -1, and an S= -2
isodoublet (E7,5°) with mean mass 1320 MeV/cz, see Fig. 1. The
mass-differences between the members of an isomultiplet are of the
same order as the neutron-proton mass difference and consistent with
being of electromagnetlc origin. Slmilarly, the pseudoscalar meson
triplet (m~,m°%,n +) with mean mass 140 MeV/cZ2 has two isodoublets of
strange partners: (X°,X") with mean mass about 500 MeV/c2, and
their corresponding antiparticles (K‘,Ko) . The occurrence of
these other particle states associated with the new "strangeness"
degree of freedom strongly suggested the existence of a symmetry
higher than isospin-invariance arising from the unitary equivalence
of two objects, or SU(2). The most fruitful suggestion, made by
Sakata, was to regard all the observed particles as compounds of
three fundamental components, which he chose to be the neutron,
proton and the AO particle, and their antlpartlcles. Fermi and
Yang had already shown that the observed m*, and 7° mesons could

be regarded as bound nucleon-antinucleon states. By adding the Ao
to the list of basic constituents, the Fermi-Yang picture could be

Wlth integer values of B and S, one must impose the restriction

(-1)B+° = (-1)2I to avoid the occurrence of half-electronic charges.
*%
Because strangeness is not exactly conserved, the distinction of

K° and R° is not absolute, leading to the beautiful phenomena
associated with K°-K° mixing.
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extended to include strange mesons as well, and Fig. 2 shows

the composition of the observed pseudoscalar mesons according

to the Sakata model. As in the Fermi-Yang model, the question
arises why there should not be a I = 0 pseudoscalar bound state of
nucleon and antinucleon, represented by the isospin wavefunction
(pp + nfi) /Y2 in addition to the neutral component ° of the I = 1
bound states, which has the isospin wavefunction (pp - nﬁ)//f .
Such a state, named the n meson, was indeed found, but it has a
mass of about 550 MeV/c2 and decays to yy and 371 states with a
lifetime of the order of 10~18 sec. Including the n, one has an
octuplet of pseudoscalar mesons all of which are accounted for by
the Sakata model. The 381 bound states of the same fundamental
constituents comprise a similar octuplet of vector mesons, whose
quantum numbers correspond exactly to the p, w, and K* states
subsequently discovered. A ninth vector meson ¢ found later, as
well as a corresponding pseudoscalar meson n', can be regarded as
381 and 180 (AT) bound states. Ikeda, Ogawa, and Ohnuki made the
further hypothesis that the unitary equivalence of neutron and
proton postulated by isospin-invariance should be extended to
include the third fundamental constituent of the Sakata model, the
A°, thus enlarging the symmetry group to SU(3). This SU(3)
symmetry can only be approximate since the A® mass differs
significantly from the nucleon mass. Also, in the limit of exact
SU(3) symmetry, all eight members of the pseudoscalar meson octet
should be degenerate and, likewise, the vector meson octet

should all have a common mass. The relatively large mass-
difference between K and T mesons confirms the approximate nature
of SU(3) symmetry. Unlike the case of the n-p or mi-m° mass-
differences, which could be attributed to electromagnetic effects,
we do not know the source of this symmetry-breaking, which remains
one of the major problems of particle physics.

Despite the success of the Sakata model in explaining and
predicting the observed mesons, it was not able to account for the
observed baryons in any simple or natural way. This was achieved
by Gell-Mann and Ne'eman [6] who retained the hypothesis of SU(3)
symmetry but assigned the observed baryons (Fig. 1) directly to
an octuplet representation of SU(3), which may or may not be
built up from more basic triplets. According to this view, none
of the baryons (including n, p, AC) is a member of such a basic
triplet. The situation is not unlike that which occurred in the
quantum theory of angular momentum where only states with integral
angular momentum were first considered before the discovery of
electron spin. Although the latter came from analysis of experi-
mental data, it is conceivable that the occurrence of half-integral
angular momenta could have been predicted from the mathematical
theory of angular momentum and its intimate relation with SU(2)
symmetry. At the same time, conservation of angular momentum,
viz. the existence of the underlying symmetry does not require the
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existence of half-integral angular momenta. Similarly, it is quite
possible to have SU(3) symmetry without having its spinorial
representations realized in Nature.

The occurrence of octets in SU(3) symmetry can be easily
understood. It is convenient to represent an arbitrary unitary
transformation U as exp (iH) where H is Hermitian. For the most
general unitary transformation on three objects, we need the most
general 3x3 Hermitian matrix. This can be written as a linear
combination of the 9 linearly independent 3x3 Hermitian matrices,
which may be chosen as the unit matrix and the 8 generalizations
Aj of Pauli's ¢ matrices. Then

U = exp{i[(TrH)II + ﬁ}

where H, which is traceless, is completely specified by the 8 real
coefficients ij:H = .Z €:As. Thus H is characterized by a real
8-dimensional vectorJE% tﬂejso—called adjoint spac d it b
pace and it can be
easily verified that under a unitary change of basis states, H
indeed transforms as a vector in the 8-dimensional space. In the
Gell-Mann Ne'eman assignment, the octet of baryons as well as
the meson octets are assumed to correspond to such vector
representations.

Although, as we have noted, the existence of SU(3) symmetry
does not require that basic triplets, corresponding to the
fundamental representation of SU(3), actually occur in Nature, it is
instructive to inquire what they might be. A scheme proposed by
Gell-Mann and by Zweig possesses the particular appeal of
simplicity while explaining many otherwise ununderstood features of
hadron structure [7]. They proposed that there is indeed a basic
triplet of building-blocks, corresponding to the fundamental
representation of SU(3), with the isospin and strangeness quantum
numbers of the original Sakata triplet n, p, A® although physically
distinct from those particles. To build both baryons and mesons
from these basic units, it is necessary to assign them half-integral
spin and simplicity dictates the choice of spin-%. The success of
the Sakata model in accounting for the observed mesons is carried
over in this model. To have the baryons as bound states of the
basic triplets, their spin-% requires an odd number of constituents.
The lowest possible choice is 3 and it is indeed possible to have an
octet representation of SU(3) from a compound of three triplet
objects. Since SU(3) invariance requires conservation of I3 and,S,
we expect each of the quantities on the R.H.S. of Eq. (2) to be
additively conserved, as is the quantity on the L.H.S. It is
therefore reasonable to require Eq. (2) to apply to the basic
triplet also. Calling the members of the basic triplet n, p, A (to
distinguish them from the physical n, p, A® states) we see that n
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and A have the same value of I3 + S/2 and therefore the same

electric charge, say q. Then, again according to Eq. (2), p has a
charge which is one unit higher, Q, = q + 1. If we now assume

that the mean charge of the triplet is zero, which is equivalent

to the hypothesis that the average energy of the triplet does not
change* if a trio of such particles is placed in an external electric
field, then q = —1/3 is the charge carried by n and X while p carries
charge 2/3. Basic triplets with such fractional electric charges
have been named "quarks" by Gell-Mann. Since three quarks make up

a baryon, each quark must carry baryon number 1/3. From the quarks
n,P,A and their corresponding antiquarks %,P,X we can make up all the
known hadrons. The observed breaking of SU(3) symmetry can be
qualitatively understood by taking the A quark to be somewhat more
massive than the other two. For example, the proton and the neutron
can be thought of as ppn and NP compounds respectively. In the
lowest state of relative motion, only the intrinsic spins of the
quarks contribute to the total angular momentum so the quark spins
must be coupled to add to %. If all the quark spins were parallel,
one would obtain a 3/2+ state, which explains the observed decuplet
of baryon states with JP = 3/2+ which has been seen. Fig. 3 shows
the possible quark configurations of such 3/2+ states. These
correspond exactly to the quartet of A states (whose doubly charged
component ATt was the first resonance observed in the mp system),

the I =1, 5=-1 Yl* resonances in the Am system, the I =%, S = -2
2" resonances, and the famous isosinglet triply strange Q~, whose
existence was in fact predicted on the basis of the other

resonances.

Now let us suppose that, starting from a quark configuration
in which all three quarks have spin "up", we reverse one of the
spins. If this is one of the quark configurations at the corners
of the triangle in Fig. 3, e.g. Ppp we simply obtain another
arrangement of the same quarks with m = % instead of m = 3/2. Since
all the quarks are identical, there is only one such state and since
a spin—3/2 particle must have states with m = %, -%, -3/2 in addition
tom = 3/5, this is just the m = % state of the 3/, At+ found
earlier. When we consider npp, however, we have two independent
m = % states depending on whether a i quark or a p quark has its
spin flipped. From these, we can form one linear combination which
is the m = % component of A+, but the other (orthogonal) combination
must correspond to a j = %+ state and therefore can be identified
with the proton. Similarly, we get j = Lt states for each of the
quark combinations shown in Fig. 3, excepting those at the corner
positions and the centre position, where we find two new states
because any one of the three quarks npX could have its spin reversed.

*

The fact that this condition is not satisfied for the basic (n,p)
doublet of SU(2) may be taken as an indication of a higher symmetry
for hadrons.
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Such an arrangement of %' states corresponds exactly to the octet

of baryons shown in Fig. 1. Thus the simplest bound states of

three quarks chosen from (1,P,A) account exactly for the observed
octuplet of Lt baryons and the decuplet of 3/2+ baryons. The

meson octets are now simply quark-antiquark bound states without
orbital motion: the singlet combination of spins represents the
pseudoscalar mesons while the triplet combination corresponds to the
vector mesons.

In addition to the meson and baryon states which we have
mentioned, many other resonances with higher angular angular
momentum, and both positive and negative parities, have been
discovered. These can also be explained within the quark model
by taking account of the possibility that the quarks may take up
orbital angular momentum. The lowest excitation, corresponding
to one unit of angular momentum, should lead to states of
opposite parity and for the baryons, it is found that in addition
to octuplets and decuplets, SU(3) singlet states also become
possible. 0dd parity baryon resonances have been found with
ji=5k, 3/2, 5/2 and can be assigned in all cases to SU(3)
multiplets with one of these dimensionalities. In many cases,
several of the SU(3) partners of nucleon resonances have been
identified. Higher even-parity states are explained in terms of
two units of orbital excitation, and so on. The important point
is that all the known baryon states can be thought of as
"molecules" of three quarks, and similarly the mesons as quark-
antiquark bound states. Furthermore, it is remarkable that not a
single "exotic'" state has been found, that cannot be thought of
in this way. Examples of these would be any meson with double
charge or strangeness, or a baryon state with S = +1.

The quark model has other remarkable successes. Since the
"stable'" baryons are assumed to be three-quark states without
orbital motion, their magnetic moments must arise from the
magnetic moments of the quarks. If it is assumed that the
magnetic moments of the various quarks are proportional to their
charges, i.e. that the mean energy of a triplet does not change
in an external magnetic field, then our earlier assumption that
the baryon spin is determined by the coupling of the quark spins
leads directly to predictions for magnetic moments of all the
baryons in terms of a basic quark magnetic moment, which we shall
take to be -1 for the n and A quarks. Then the pp quark is
required to have magnetic moment +2 and the calculated values of the
magnetic moments of the members of the baryon octet are shown in
Table I and compared with the experimental values expressed in
nuclear magnetons. It will be seen that a choice of the quark unit
a little smaller than one nuclear magneton leads to good agreement
with all the measurements. Furthermore, the model yields a value
for the M1l matrix-element in At - py, which is measured in pion
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TABLE I

Baryon Magnetic Moments

Particle Quark model Experimental value
(in quark units) (in nuclear magnetons)

P 3 +2.79

n -2 -1.93

A -1 -0.8 £ 0.08

P +3 +3.28 * 0.58

g -1 -2.2 + 0.8

b -1 -1.48 * 0.37

photoproduction in the At resonance region, which agrees with
measurements within 207%. Similar predictions for mesons, although
less easy to test experimentally, are consistent with the
observations.

Another area in which the quark model has been strikingly
successful is in the interpretation of the experiments on so-called
deep inelastic scattering from protons and neutrons [8]. In deep
inelastic scattering of electrons from protons, for example, high
energy electrons strike a proton target and measurements of the
scattered electron provide information about the internal motion of
the charges within the proton. In the parton picture, proposed
by Feynman, it is convenient to describe the collision in a
co-ordinate system in which the target particle is moving with a
very high momentum p corresponding to a velocity close to the
velocity of light. Since it is known that transverse momenta are
severely damped in hadron dynamics, it is not a bad approximation
to neglect the transverse components of the motion in this frame.
Then the state of motion of any constituent part, or "parton", is
characterized in this frame by the fraction x that it carries of
the target particle's total momentum p. Because of time
dilatation, the state of internal motion of the partons changes
very little during the collision, therefore it is permissible to
consider the collision with one parton as being essentially free
and independent of the influence of the others. The value of x for
the parton which deflected the electron can be deduced from the
energy and angle of the outgoing electron, and by studying the
distribution of scattered electrons, one can infer the distribution
F(x) of the partons which are effective in scattering electrons.
If, taking a more general viewpoint, we think of a proton as being
made up of the three kinds of quarks (and their antiquarks) then
six distribution functions are required in general to represent the
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distribution of momentum over the different kinds of constituents.
Deep inelastic electron scattering from protons then yields the
weighted distribution

RPE = xGh@HP® I SReHEM @] ©)

where p(x) is the probability that a P quark carries fractional
momentum in the range (x,x+dx), etc. The factors 4/9 and l/9

appear because the effectiveness of a quark in scattering an electron
is proportional to the square of its charge. By charge symmetry,

one obtains a corresponding distribution for neutrons

P00 = xG a0+ 1+ S (B @HE@]) O)

Consistency of the theoretical description adopted can be tested by
using different kinematic configurations corresponding to the

same value of x and seeing if the same distribution functions are
obtained. Actually, the situation is slightly more complicated
because there is more than one kind of interaction involved:
electrons can be scattered through exchange of longitudinal or
transverse photons. The angular variation of electron scattering
allows one to separate the two contributions and the results show
that the scattering is predominantly through the exchange of
transverse photons, corresponding to the preponderance of spin-%
partons and therefore consistent with the quark hypothesis. It

is then found, further, that the results do indeed scale, i.e.

the observed distributions at different energies and scattering
angles lead to the same values of F(x) in agreement with the parton
picture.

The actual values of the parton charges could be determined
from the experimental results if the numbers of n,p etc. quarks
could be found in some other way. This information is obtained
from the corresponding deep inelastic scattering experiments
with neutrino and antineutrino beams. If we disregard for the moment
strangeness—-changing weak processes which are expected to occur at
a relative rate of sin26, the basic reactions possible with
(u-type) neutrinos and antineutrinos are

- - + +
LR VN PRV g TR (PR R g TR PRV SR TN 4

If we assume that quarks (antiquarks) interact in the extreme
relativistic limit in the same way as leptons (antileptons), then
the scattered muon will have a different angular distribution when
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produced in a vn collision as compared to a vﬁ collision. A
consequence of this hypothesis, which is experimentally verified
together with the predicted angular variation, is that neutrino
cross-sections on nucleons should exceed antineutrino cross-
sections by a factor of 3. Thus, by measuring the deep inelastic
production of p~ in neutrino collisions, we can deduce the
distributions n(x) and p(x) of n and P quarks respectively. In the
same way, ut production by antineutrinos will yield the distributions
p(x) and A(x). In this way, one can determine separately the
distributions of all nonstrange quarks and antiquarks in the
target. Experimental data available so far refer to targets which
contain approximately equal numbers of neutrons and protomns, which
therefore yield these distributions for "deuteron" targets. From
these results, one deduces that antiquarks are relatively rare -
except at very small x, the data are consistent with zero for

their probability - and that q(x) = x[p(X)+n(x)] is a smoothly
decreasing function of x from about x = 0.1 to x = 1. Another
interesting result, from a relatively low energy CERN experiment,
is [9]

[ [p(x)+n(x)-p(x)-n(x)]dx = 3.2 * 0.6

The net quark content of a nucleon, measured in this way, is
consistent with the quark model expectation. Knowing the

function q(x), we are in a position to make a quite stringent test
of the quark model. From (3) and (4), we have

P =24 + 8

where we have lumped together in g(x) the sum of the positive-
semidefinite contributions to electron scattering by antiquarks and
strange quarks, which should be zero in the naive quark model and

is expected to be small. When the comparison is made, see Fig. 4,
the agreement between the electron and neutrino results is amazingly
good, simultaneously confirming the rarity of strange quarks and
antiquarks and the Gell-Mann Zweig assignment of fractional charges
to the nonstrange quarks.

One further result from these measurements is that one can
evaluate the fraction of the total momentum carried by quarks and
antiquarks:

1

Jo x{px)+p(x) + ....}dx

R

0.5
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This means that about half the momentum of a nucleon, and
presumably the same holds for other baryons, is carried by partons
which do not participate in weak and electromagnetic interactionms.
These inert constituents may be identified with the '"gluons" which
hold the quarks together.

So far we have said very little about the problems of the
quark model. The first and most obvious one is why they have not
yet been seen. With their distinct fractional charges, they should
be very easy to recognize and since they are the basic building
blocks of hadronic matter, they should be strongly coupled to the
known hadrons. One explanation of their relative rarity, that they
are too massive to be Broduced at available energies, sets a lower
limit of several GeV/c+ on their mass, assuming a reasonable cross-
section for their production above threshold. This raises more
questions than it answers because quarks must then be bound very
strongly in the known particles and the success of the quark model
becomes very mysterious. Others have sought to make the non-
observability of quarks a guiding principle, which should prove
an important clue to quark dynamics, but a fully convincing scheme
is yet to be presented.

The next question refers to the statistics obeyed by the quarks.
If the spin and SU(3) wavefunctions are totally symmetric, as they
are chosen to be in the quark model of baryons, then one would
normally expect the space wavefunction to be fully antisymmetric for
spin-% particles obeying Fermi statistics. The quark model is much
happier with a symmetric space wavefunction. To give just one
reason, it would be difficult to avoid nodes in the electromagnetic
form factors of the nucleon if the space wavefunction were totally
antisymmetric. The simplest solution to this problem is to
introduce a three-valued internal co-ordinate so that the overall
quark wavefunction can satisfy the Pauli principle despite being
totally symmetric in spin, space, and SU(3) variables, by having
a wavefunction which is fully antisymmetric in the new co-ordinate.
This internal variable has been named "colour" by Gell-Mann, and it
is natural to postulate that there is SU(3) symmetry with respect
to transformations in this internal space also. To avoid increasing
the multiplicity of hadron states, it is postulated that all known
hadron states are singlets of SU(3).,1oyr » Which is just another
way of saying that the colour wavefunction is required to be a
fully antisymmetric combination of the three coloured units. This
requirement can be related to the absence of bound states of four
or more quarks. Just as in chemistry, where a valence bond is
saturated when a pair of electrons with opposite spins is paired,
here saturation will be reached when there is one quark of each
possible colour. This explanation can be given a dynamical basis
by requiring the forces between quarks to arise from the exchange

of "gluons" which exchange the colours of the quarks. SU(B)colour
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symmetry would require the existence of an octet of such

"colour" gluons. Non-observability of quarks could be assured if
one could arrange that the gluons are unobservable, for example
by making them very massive.

A further increase in the number of quarks is suggested, in
unified theories of weak and electromagnetic interactions, by the
absence of strangeness—changing neutral currents. These are very
difficult to avoid in any theory based on the usual SU(3) triplets,
but can be neatly removed if one adds [10] a fourth quark p', with
charge + 2/3, which forms a doublet with the A quark analogous to
the (1,p) doublet. This fourth quark must transform as a singlet
under ordinary SU(3) transformations, and the quantum number
which distinguishes it from the ‘original quarks is called '"charm".
It is tempting to postulate an approximate overall SU(4) symmetry,
which is probably even more approximate than SU(3) since charmed
particles are yet to be seen. Including the colour degree of
freedom, one now has 4x3 different fundamental units, and Pati and
Salam have speculated [11] that a higher symmetry might correspond
to adding the four observed leptons (e',ve,u',v ) to this array.
According to this view (which can also avoid fractional electric
charges for the basic units), there is no fundamental distinction
between baryons and leptons, except that leptons are more basic,
and hadrons may, for example, decay into leptons. Fortunately, it
can be arranged that this occurs very slowly indeed.

We are now clearly on very speculative ground, but the recent
discovery of very sharp resonances in ete™ annihilation at 3.1 and
3.7 GeV definitely supports the view that hadrons possess
additional internal degrees of freedom.

NUCLEAR AND ATOMIC PARITY NONCONSERVATION

Except for the "neutral current' events reported in recent
high-energy neutrino reactions, the simplest description of the
known weak interactions is in terms of a charged current inter-—
acting with itself:

o= < gt (5)

< J
W S o
where the hadronic part of the current J, can be written in terms
of quark fields as

+ +
=7 a1 = 4T K
Ja = pya(1+ys)[ncose+k31n6] j, cosb+j  sind (6)

where the superscripts denote the transformation properties of the
two pieces of the current. An immediate consequence of the current-
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current interaction hypothesis is that (5) contains a part

+ - + -

AS=

T L L 7)
}/2_ [0 o o [0

which will add a small parity-nonconserving part to nuclear forces.

Inclusion of neutral current interactions will add further terms
to (7).

The Hamiltonian (5) describes a zero-range contact interaction,
thus influence of the parity-nonconserving interaction (7) in nuclear
phenomena will be rather sensitive to the nature of short-range
correlations between nucleons. The relatively long-range component
of the parity-violating nucleon-nucleon potential which arises from
one-pion exchange as a consequence of parity-nonconserving pion-
nucleon interactions induced by (7) arises only from the second
term [12], and is therefore expected to be suppressed.

Table II summarizes the main experimental results and the
corresponding theoretical estimates, taken from a recent review by
Tadic [13]. The experimental limit for the parity-forbidden decay
mode of the 2~ level of 160 is consistent with the theoretical
limit based on p-exchange. For the radiative transitions, except
for the case of 180Hf, where the relatively large parity-violating
effect which is seen is associated with a highly forbidden
transition, the reported experimental effects, which measure
essentially the admixture of the 'wrong" parity in nuclear
eigenstates, are of the order of magnitude which one might expect
from dimensional considerations: Gm 2 ~ 1072. The influence of the
repulsion between nucleons tending to keep them apart (often
represented by a hard core in the nucleon-nucleon potential) reduces
the effectiveness of the theoretically predicted short-range parity-
violating potential, consequently the detailed theoretical estimates
are considerably smaller, two or perhaps even three orders of
magnitude below the measurements and with the wrong sign! To
explain the discrepancy, it has even been suggested that the
electromagnetic interaction might itself violate parity. It is
probably too early to resort to such extreme hypotheses. Neutral
current effects could very well enhance the degree of parity
admixture and, in particular, there is no sin26 suppression of one-
pion exchange if the Glashow-Iliopoulos-Maiani [10] explanation of
the absence of |AS|=1 currents is correct. In any case, the
experiments should be repeated, especially the one on np capture
Y rays since this is the case least subject to uncertainties
arising from nuclear physics.

Shortly after the discovery of parity nonconservation in
B-decay, it was noted by Zeldovich that if a similar interaction
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existed between electrons and nuclei, small parity admixtures
would be introduced into atomic states. In the zero-range
approximation, the parity-violating potential between an electron
and a spinless nucleus has the form

H' = % [6.p 8(r) + §(¥) 5.p] - (8)
42 mg

Qy is the "weak charge" of the nucleus; in Weinberg's model, for
example [14],

Q, = (4sinzew “ 1) zZ+N .

The effect of the perturbation (8) is to admix into s_ states,
which have a non-vanishing amplitude at the origin, a small
component of py, states. The admixture of a particular py, state
into a sy, state will be

' —
<py, ' |82/ (B - E) (9
which can be estimated to be of order
4
G 4 GQ (Zom )
B -E) /2%y Y 2o = (Cm 2)Qw220c2 . (10)
2 2 e
m a m Z°a“m
e o e e

The characteristic parameter determining parity admixture is
(Gmez)ocZ'blO'l6 and one must go to heavy atoms to have any chance

of observing such parity-admixtures. The enhancement for higher

Z is probably somewhat greater than indicated in (10), which was
obtained using hydrogenic estimates both for the wavefunction at
the origin, which enters the evaluation of the numerator, and for
the energy-denominator in (9). 1In an actual atom of high Z, the
hydrogenic approximation is a good one for the wavefunction near
the origin, where the electron sees the full nuclear charge, but
because of electron screening, the energy-levels for an outer
valence electron correspond to a much lower value of Z. With

Qy Vv Z, one may therefore hope for a parity-admixture of order 10-8
in heavy atoms. By looking at suitable forbidden transitions, one
hopes to find observable indications of parity violation. Bouchiat
and Bouchiat [15] have estimated that the small El matrix-element
which would be added as a result of such parity-admixture to the
forbidden 7s - 6s M1 transition in the Cs atom would lead to a
circular polarization of the emitted photon of order 1074,
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Unfortunately, the sought-for line is so weak that it has yet to
be seen.

It has been remarked by Moskalev and by Bernabeu, Ericson and
Jarlskog [16] that the parity-admixtures may be considerably
enhanced in muonic atoms. The muon density at the origin is
(mu/me)3 times greater than for electrons but the energy level
differences are also (mu/me) times greater, so that one apparently
gains only a factor of (mu/me) . However, one can exploit the
fact that the relatively large vacuum polarization effect and the
energy-shift due to finite nuclear size work in opposite directions,
to find a nucleus where the 2S3-2Py splitting becomes as small as
possible. This is expected to occur for muonic 6Li, where
relatively large effects are predicted. If polarized muons are
captured in Bohr orbits around °Li the emitted photon in the
2P~>1S transition is expected to be distributed asymmetrically with
respect to the muon spin, with an asymmetry factor of several
percent. The subsequent decay of the muon serves as an analyzer
for its spin, thus one expects a parity-violating correlation of
the photon and decay electron directions of this order of
magnitude.

A related effect is the rotation of the plane of polarization
of light after passing through an assembly of atoms. If atomic
states are not eigenstates of parity, the forward scattering
amplitudes, and consequently also the refractive indices, for
right- and left-circularly polarized light will be unequal and such
an effect will arise. The angle of rotation per unit distance
traversed is given by

¢ = )\Nfs (11)

where A is the wavelength, N the number density of atoms, and fg
the circular-polarization dependent part of the forward scattering
amplitude for light. Using the estimate (10) for the parity-
admixture in atomic states, we obtain

2
e 222
6m_ “a"2°Q_ (12)

® ~ AN
mc
e

For heavy atoms, with Qy~Z and N~1019 cm"3, one obtains 87108 el
in the optical region. To maximise the effect, one should use light
of a frequency close to one of the desired forbidden transitionms.
Experiments to detect this effect with Bi gas are under way at
several laboratories.

A related effect is expected for polarized neutrons passing
through matter. The parity-violating interaction between neutrons
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and nuclei arising from the interaction (5) and possible similar
interactions between neutrons and electrons will cause forward
scattering amplitudes for neutrons to contain a small part
proportional to the component of the spin along the direction

of motion:

> >
£ GQW(G-p)

Analogous to Eq. (11), we have a similar formula for the rotatory
power for neutrons,

& ~ ANf ~ GQ N
s W

For N~1022 cm_3, and QW~102, we find 6~10~8 cm™!l, which may be
detectable before too long.

TIME-REVERSAL INVARIANCE?

According to the hypothesis of TCP-invariance, the observed
violation of CP-invariance must be associated with a corresponding
departure from T-invariance. Despite many searches which are
still continuing, there is as yet no experimental evidence in
support of this theoretical conclusion. At the same time, it has
been shown that the observed facts of X°-decay cannot be easily
reconciled with the hypothesis of time-reversal symmetry. As long
as all CP-noninvariance phenomena are restricted to the neutral
kaon system, whose peculiar properties allow a super weak
CP-noninvariant interaction to account for the observed effects,
the only place where one may reasonably expect to observe a
breakdown of T-invariance is in the neutral kaon system itself if
we accept the theoretical premise that CP-noninvariance is
accompanied by T-noninvariance. The effect that one may expect
to see was predicted [18] some years ago but, as far as I am aware,
no one has attempted to measure it. In view of the importance of
the issue involved, we review the relevant argument. Since weak
interactions do not conserve strangeness (hypercharge), a K° meson
can, and does occasionally, transform itself into a X° meson in the
course of time. Similarly, a state produced initially as KO may be
found later to have changed into X°. Time-reversal invariance, or
microscopic reversibility (sometimes also called reciprocity) would
require all details of the second process to be deducible from the
first; in particular, it should proceed at a rate exactly equal
to that of the X° - K° transformation, since time-reversal simply
reverses the process in this case.

From a purely phenomenological analysis of the K°-K° system,
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where KOS and K°L are treated as two unstable spin zero states®
which happen to have masses (energies) rather close to each other -
in a situation similar to the 25% and ZP% states of the hydrogen
atom for example - i.e. without making any symmetry assumption
whatsoever, one can show that the short lived and long lived neutral
kaon states are superpositions [19]

EX
v
"

T iB; 0 . T -iB |70
cos(z - §,)e |k°> + sin(7 - 87)e |x°> (13)

~
A\
I

T -iB,,0 . T iB| -0
= cosCZ - GL)e IK > - 31n(Z - (SL)e1 IK > (14)

which differ only slightly from the states of well-defined
CP-symmetry

K% = (K% + |[%)/V2 (15)
|k % = (|&% - |[°)/1V2 (16)

which they would be if CP-invariance were universally valid. The
parameters GS’ GL’ and B cannot exceed 10~2 in magnitude.

By inverting Eqs. (13), (14), we can express K° and X° in
terms of Kg and KE , which have a simple exponential time-dependence,
and thereby follow the time development of states produced initially
as K° or K°. From such equations we can calculate the probability
Pzg(t) of finding a state prepared initially as K° to be in a X©
state at time T, and similarly the probability PKﬁ(r) for the
inverse transformation. The time-dependence of the two transition
rates is found to be the same, so that their ratio is independent
of time, and we can define a time-independent time-asymmetry factor

o . Pz(t) = Pp(0) ) 2sin(8;+85)cos (65-6,) 17
T

PKE(T) + PRK(T) 1+ sinZGSsinZGL

*We also implicitly assume that there is no other close lying state
which is significantly admixed with these two as a consequence of
strong or weak interactions. This assumption is subject to
experimental test, and there is some evidence in favor of it.
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where the last expression is the result of the calculation we have
described. To lowest order in GS,GL, B it can also be expressed as

o6

T 2Re <K°L|K°S> (18)

Now the last expression can be reexpressed, using the Bell-
Steinberger unitary relation [20], in terms of KOL and KOS decay
amplitudes. Defining A = (mL- S)/(YL+YS) we have

Re<K’® |Ko

I = 2(1+4A2)_%Re[e-i¢w anYg/(YS+YL)] (19)

J
where ¢, = tan'l(ZA), YSj is the partial rate of KOS decay into the
channel j and n4 is the complex amplitude ratio

S>

AR®, > 3)

a9
Thus

_1 _u .
OLT = 4(1+4A2) “Re[e 1oy ?ané/(Ys*YL)]

The ﬂ+ﬂ— and 7°7° channels account for all but a tiny fraction of
all K% decays. We should therefore expect that most of the
contributions to the sum on the right-hand side of Eq. (19) would
come from these channels. The relevant experimental parameters
have been measured with relatively high precision, and if we
neglect Yr/Yg in comparison with unity (an approximation which is
justified by the accuracy of the data) and set C = S+ ~/vg®°, the
2T contributions to the second factor in the equation written
above are given by

[cn, _leos(s, =0) + |n_ |cos(o_ -0 )1/(C+D)
(20)

Inserting the reported values [21] of C, » and my-mg,
I,sYg (which determine ¢w) > the quantity (26) may ge estimated as
Tn+ | *2.3x 10~3. Contributions to the sum in (19) from other
known channels are expected to be much smaller. In the absence of
phase information, we can bound their contribution by using the
partial decay rates YSJ and YLJ and Schwartz's inequality. Where
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even the partial decay rates are unknown, we must use experimental
upper limits for those rates. A conservative limit based on
available data yields 4 x 10™% as the upper limit to the magnitude
of such contributions. Thus, the contribution of other channels

to the sum in (19) could not possibly cancel out the positive
contribution from 27 channels given by (20). Therefore, we should
definitely expect_to see a positive time-asymmetry of magnitude
between 5.5 x 107~ and 7 x 10‘3, i.e. K°'s should transform into
KO's at a rate approximately 1.2% faster than K°'s transform into
K®'s. Since, according to the vivid interpretation given by

Landau, CP-invariance requires the mirror-image of a physical process
to describe the corresponding process with particles and anti-
particles interchanged, such an effect would directly demonstrate
CP-noninvariance at the same time as it demonstrates T-noninvariance.

The only possible catch in the argument presented above is that
measurements of the X9; lifetime and the corresponding partial decay
rates into various channels are still sufficiently imprecise to
admit the possibility that "unknown" decay channels, viz. decay
channels not explicitly identified thus far, account for as much as
10% of all KOr decays. If that is the case, and the same channels
account for 1% of all X%; decays (this is approximately the present
accuracy on measurements of the XKOg lifetime), then it is logically
possible for those '"unknown" channels to contribute to the sum in
(19) an amount which cancels the contribution from known channels.
Thus, if one is sufficiently attached to T-invariance one can make
a last attempt to save it by invoking the possible contributions
from such "unknown'" channels. A very similar suggestion is that
by Faissner [22] and Kenny and Sachs [23] that T-invariance may be
rescued by giving up unitarity or what is equivalent, Hermiticity.
This escape route could be closed by improving the measurements
on KOL decays sufficiently to check that the total rate of KOL decay
agrees with the sum of the partial rates to an accuracy of about 1%,
or more directly by measuring the time asymmetryﬁZT, Eq. (17)
directly. A convenient way to make the measurement is to Eake
advantage of the now well verified AS = AQ rule. Then 7 £'v and
ﬂ+lf§ decays in a neutral kaon beam provide indicators of the X°
and K° content, respectively. The first could be used in decays of
a beam produced initially as K° to measure K° + K° conversion while
the second would similarly yield the rate of XK° - KO transitions.

It appears that techniques for measuring electronic decay modes of
neutral kaons have attained the precision to detect an.ﬁ& of the
predicted magnitude. I hope the experiment will soon be performed.

To show that there are really no other hidden assumptions in
the foregoing analysis, I shall illustrate the argument with a
hydrodynamical model. Since Einstein, the greatest and most
successful exponent of invariance principles, once expressed the
wish that he had been a plumber, such an analogy may not be out
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of place in these lectures. Consider two identical systems
containing water, each fitted with a drain pipe and a pump which
pumps water to the other tank. Assume that the rate of loss of
water from each tank is proportional to the pressure head in each
case and that the rate of pumping from each tank to the other is
also proportional to the level in the originating tank. This
provides a model of the neutral kaon system, see Fig. 5. The
drains represent decay channels while the pumps simulate the
processes K° 2 K°, e.g. through a 2m intermediate state. By
virtue of the AS = AQ rule, the observed leptonic charge asymmetry
in KO, decays shows that the X° and X° levels are unequal in the
state K (sin(m —6L)>cos(1 —6L)). We shall now show that if

the ratio is to4be maintaiﬁed as time elapses (so that the leptonic
charge asymmetry does not vary with time in a KOL beam), we must
have T or TCP violation. First suppose that the drain pipes for
the two tanks are identical. Then the higher pressure in X° would
lead to a higher rate of loss from the K° tank than from the X°
tank so that in the absence of the pumps, the levels would tend

to equalize. With the pumps operating, the higher level in K°
would cause more transfer to KO than is received in return, and
thus further tend to equalization of levels, if the two pumps were
also identical. Therefore, the K° - K° pump must work harder than

Fig. 5. Hydrodynamical model for neutral kaon decay.
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the X° > K° pump. Conversely, if the pumps were identical, the
drain of the X© tank must be narrower than for the other tank. The
first case corresponds to T violation because it requires the rate
of K° > KO conversion to exceed that for X© -+ K°, The second
represents TCP noninvariance because it requires K° and K° to

decay at different rates. Of course, it is also possible to have

a combination of T noninvariance and TCP noninvariance. But at
least one of the symmetries must be violated. In this discussion
we have assumed strict unitarity, i.e. that there is no
disappearance of "kaon fluid" other than what can be accounted for
by the known decay channels. Suppose, on the other hand, that
there was evaporation, and that the rate was greater from the K°
tank than from the K° tank. Then the constant unequal ratio of the
levels in the two tanks could be maintained, solely as a
consequence of the differential rate of evaporation, even if the
two pumps and drain pipes were identical. This corresponds to a
failure of unitarity, in a TCP violating manner, corresponding to
the suggestion of Faissner and Kenny and Sachs.
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1. INTRODUCTION

In these five lectures I will try to give a more or less self-
consistent picture of the majority of experiments done so far in
the field of muonic and hadronic atoms. The purpose of these lec-
tures is not to confront you with all available data, but rather to
explain the ideas and data of selected experiments. A survey of the
data existing so far can be found, for example, in review articles
and conference contributions'~%). In contrast with many of these
reviews here I have not tried to treat all atoms separately, but to
search for similar features and treat them together. Theoretical
considerations will only be taken into account if it is necessary
for the understanding of the topics. A detailed discussion of the
theory can be found elsewhere® 13 I have tried also to cover
some very recent ideas and experimental results (presented at the
Santa Fe Conference) and I apologize in advance if I have forgotten
important contributions. Because of lack of time I_was unable to
treat the topics of very light exotic atoms (u P, T P, K P, pp)
where interesting effects occur and of the observation of y-rays
after m and K absorption. References to these topics are given
elsewhere!*=20)

87
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2. PROPERTIES OF THE MUONIC AND HADRONIC ATOMS

Until now_X-ray transitions in muonic, pionic, kaonic, anti-
protonic and I -hyperonic atoms have been observed. The properties
of these particles are listed in Table 1. To show which important
contribution, in particle physics also, comes from X-ray measure-
ments in exotic atoms, the quantities derived from such measure-
ments are underlined.

Table 1
Mass Mean life-time Spin Magnetic moment
CMeV/czj Esec] Chj

- . *)
u 106 2.2 x 10 5 1.001 166 16(31)w,
m 140 2.6 x 107° 0 0
K 493 1.2 x 107° 0 0
- *%)
P 938 ® 5 -2.8uy
bl 1197 1.5 x 1071° 4 (-1.5 or +0.6)uy

*) Muonic magneton

*%) Nuclear magneton

To understand how an exotic atom is formed we investigate what
happens if a negatively-charged particle is stopped in matter. The
history of a muon and a hadron is basically different (the muon
interacts only weakly and electromagnetically with a nucleus,
whereas the hadron feels in addition the strong interaction) and
the discussion is therefore started with the muon alone.

A muon of, let us say, 100 MeV is produced in an accelerator
and enters a moderator. Via electromagnetic interactions with the
electrons of the absorber material it is slowed down in
107!1-107° sec to an energy of 2 keV (step 1). It has then the
same velocity as the electrons of normal electronic atoms. The
following process (step 2) consists of the electromagnetic inter-
action of the muon with the electrons in the neighbourhood of that
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nucleus, whose Coulomb field finally attracts the muon. The time
for this interaction from 2 keV to about 0 keV is 107!°-10"1!* sec.
In the step 3 the muons cascade down to hydrogen-like bound states
and reach finally the ls-ground state, where they stay until they
decay (light atoms) or where they are captured via the weak inter-
action by the nucleus (heavy atoms). The transition of the muon
between two hydrogen-like bound states is accompanied by the emis-
sion of Auger electrons (transitions in the upper part of the cas-
cade) and X-rays, the emission of which dominates in the lower part
of the cascade. The time which is needed for step 3 is strongly
dependent on the atomic surrounding of the system under investiga-
tion. In normal material (e.g. metal) at medium Z it is about
10715-10"'"* sec. An energy level scheme of a muonic atom is given
in Fig. 1. As a result of step 2 of the capture process a distri-
bution of muons over the different £ values at some high n values
occurs. In many cases it has been found out that this distribution
is essentially statistical, that means it is proportional to (22 +1).
Exceptions to this rule occur and are discussed in Section 5.1. As
a result of this distribution the transitions at the edge of the
level scheme, that is the transitions between circular orbits

m, =n-1)>(n-1, & =n - 2), are the most intense ones, a
fact which could be experimentally verified in many cases. A gen-
eral word of warning should be said at this stage: the capture pro-
cess is very badly understood for the moment. It is dependent on a
lot of chemical and solid-state effects and cannot be properly cal-
culated (for some recent developments see Section 5.1). Only the
X-rays of the lower part of the cascades have been observed until
now (no proper Auger-electron spectra are available) and everything
which is deduced about initial distribution of high n-levels and the
capture process is indirectly obtained and therefore open to doubts.
The only thing which can be stated is that the assumption of a
statistical (or a little bit modified statistical distribution) is
not inconsistent with the data in many cases.

The most important features of the muonic atoms can already be
seen in the simple Bohr model. The binding energy of the levels is
given by

2 (Z0)®

2n?

EB = -lc @D)

(4 = muon-nucleus reduced mass) and the corresponding Bohr radius is

42 n?
r = ——, 2
2 (2)

Compared with electronic atoms, the binding energies are about three
orders of magnitude bigger. The energies of the 2p-ls transitions,
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in muonic atoms, for example, range in dependence on Z between some
keV and 10 MeV. The radii of the Bohr orbits are three orders of
magnitudes smaller than in electronic atoms. In muonic Pb, for
instance, the 1ls radius is 4 fm, i.e. smaller than the nuclear
radius which is 7 fm. This explains the fact that the observation
of muonic X-rays yields very precise results about the proton dis-
tributions and magnetic moments of the nuclei.

For the strong interacting particles (m, K, p, £) the
slowing-down process and the capture process (steps 1 and 2) are
assumed to be quite similar to the muonic case, because only elec-
tromagnetic processes play a role. The same is true for the upper
part of the X-ray cascade, but essential differences occur, when
the particle's wave function overlaps a little bit with the nucleus
and the short-range strong interaction becomes important. What
actually happens is best demonstrated in Fig. 2, where the energy
level scheme for the pionic oxygen atom is sketched. When the pion
reaches the 2p level the strong interaction becomes important and
gives rise to two effects.

i) The elastic T -nucleus scattering leads to a shift of the 2p
level, compared to its purely electromagnetically determined
value. This shift (eu ) is very small and cannot be detected
with the accuracies reached nowadays.

ii) The pion reacts inelastically with the nucleus and is absorbed,
for example by the reaction T pn > nn. The pion disappears and
no 2p-ls X-ray transition is observed. This process leads to
a weakening of the 2p-ls X-ray intensity and gives rise to a
broadening of the 2p level width ([;,) which is comparable to
the 2p-1s electromagnetic transition width.

Both processes also happen when the pion has reached the ls
level, but now the effects are about a factor of 1000 stronger,
because the overlap between pionic wave function and nucleus has
increased by this factor. The width and the shift
(Tlows €low = F4Ba S—Eég'ls) of the 1ls level become as large as
several keV, an effect which can be immediately seen by looking at
the energy and line shape of the 2p-1s X-ray. At which levels the
strong interaction effects can be observed depends on the charge
number of the nucleus Z, the mass (the mass determines the Bohr
radius) of the captured particle, and the strength of the strong
interaction processes. For example, in the case of 20 £ Z £ 30 for
pionic atoms, the strong interactions occur in the 3d and 2p level;
the 2p-ls transition is no longer observable. In the same Z range,
for kaonic atoms the effects happen already in the 5 g and 4 £
levels, all succeeding transitions disappear.
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Thus the main difference between hadronic and muonic atoms is
the following: In hadronic atoms, there is always a last observable
transition. It can be the 2p-ls transition (light pionic atoms),
but it can also be the 6h-5g transition (heavy antiprotonic atoms).
This transition is shifted in energy (compared to the purely elec-
tromagnetic value), it is broadened and reduced in intensity.

3. WHAT CAN BE LEARNT FROM MEASUREMENTS OF ENERGIES,
INTENSITIES AND LINE SHAPES OF X-RAY TRANSITIONS?

The quantities measured so far in exotic X-ray research are

(a) absolute intensities/stopped particle, (b) relative intensities,
(c) energies, (d) energy level splittings (only when captured par-
ticle has a non-zero spin), and (e) line shapes (Lorentzian widths).
Depending on the chosen transition in a cascade one can derive in-
formation of a quite different kind from such measurements and in
order to illustrate this the X-ray cascade is artificially divided
into three regions (see Figs. 1 and 2).

Region [: Influence of the electrons not negligible

Region 1II: Small electron influence, negligible finite size
effects, and strong interaction effects.

Region III: Strong finite nuclear size_(muons) and strong
interaction effects (m , K, p, Z ).

3.1 Absolute and relative intensities in regions I, II and III
(muons)

The intensity of a selected transition in the cascade depends
on the population of the upper level and thus on the interactions
which govern the capture and the cascading down of the particle.
These electromagnetic interactions depend very sensitively on the
electron configuration around the investigated atom and strong
chemical and solid-state effects are observed in the measurements.
For hadronic atoms, these effects can only be observed in regions I
and II. Measurements of this type are discussed in Section 5.1.

3.2 Precise energy measurements in region II

The energy of the levels in region II is mainly determined by
Eq. (1) -- that means it is determined by the particle mass -- and
by smaller corrections, the largest one of which is the vacuum
polarization, an effect calculable by QED. Thus, precise energy
measurements in region II allow one to determine the particle
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masses and test QED predictions with high accuracy (see Sections

5.2 and 5.3). The electrical polarizability of the particles yields
also a contribution to the level energies, but the effects are for
present accuracies still too small. Only upper limits can be
deduced.

3.3 Precise measurements of fine structure
splittings in region II

The fine structure splitting of a level is proportional to the
magnetic moment of the captured particle; whereas the magnetic
moment of the muon can be very accurately measured by other_methods
(g-2), such measurements do not exist for antiprotons and I par-
ticles and the most precise results have been obtained from X-ray
measurements (Section 5.3).

3.4 Measurements of intensities, energies,
and line shapes in region ITI

3.4.1 Muons

The energies of the s levels are extremely sensitive to the
charge monopole distribution in the nucleus and very precise root
mean square radii can be deduced from the data. In deformed nuclei
with non-zero spin the nuclear magnetic moment and the charge
quadrupole moment give rise to HFS of the levels. In the low-lying
levels the finite spatial distribution of the moments yields con-
siderable effects which can be used to test predictions of nuclear
models. In the higher levels the HFS effects are smaller and the
spatial distribution of the moments becomes negligible. Here the
spectroscopic values of the moments can be measured, with an
accuracy which is often much higher than the accuracy of other
(optical) methods. In cases of deformed nuclei, very often low-
lying nuclear energy levels can be excited by the muon on its way
down to the ground state. This leads to dynamic effects in the
observed muonic X-ray pattern which are dependent on the nuclear
properties of the excited state. Thus, for example, also statements
about root mean square radii and quadrupole moments of excited
nuclear states can be deduced. Examples for these effects are dis-
cussed in Section 5.4.1.

3.4.2 Hadrons

The strong interaction effects (energy shifts, level broaden-—
ings, intensity reductions of X-ray lines) are only measurable on
the last observable transition. They depend on the following para-
meters:
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a) Elementary elastic and inelastic interaction between the
hadron and one unbound nucleon at low energies (in pionic atoms the
pion needs at least two nucleons to be absorbed; therefore in this
case the inelastic elementary process is at least a two-nucleon
interaction). In principle, the amplitudes describing these pro-
cesses can be deduced from low-energy hadron-nuclear scattering
experiments. The amplitudes are better known in some cases than

in others, according to the different particles.

b)  The distribution of protons and neutrons in the interaction
region. It can be easily shown?!) that for K, I~ and p atoms the
interaction region is confined to the nuclear tail

(20% £ p/pcentre < 0.1%), whereas for pions the nuclear interior
contributes more.

c¢) Binding of the nucleons in the nucleus and short-range cor-
relations between the nucleons.

All effects yield considerable contributions to the observed
strong interaction data. The accuracy of the data is partly very
high. In some cases it is in the region of several per cent, which
is quite uncommon for observation of strong interaction effects.
The points (a)-(c) contribute always simultaneously to the observed
effects, but their relative contributions depend on the selected
hadron and the measured nucleus. Thus at least, a part-separation
of the effects is possible.

Depending on the chosen hadron, different topics are empha-
sized, For light pionic atoms, for example, the free elastic
T -N interaction and the proton and neutron distributions are suf-
f1c1ent1y well-known from other experiments and one can concentrate
on point (c) and the T -absorption process. For light kaonic atoms
point (b) is known, whereas different phase analyses still give
different answers for (a). So, the emphasis here lies at point (a)
[glven that (c¢) will be made more transparent by pionic atom
results or other experlments], which is in this case of special
interest, because at the K -N threshold a resonance [Yo (1405 MeV)
is located. The explanation of the observed effects might be that
it is not the kaon that interacts with the nucleus, but that the
resonance interacts with the rest of the nucleons. Thus, the
nucleus would be used as a laboratory for the investigation of a
resonance-nucleon interaction at low energies, a problem, which is
very often discussed nowadays. If similar resonances exist in the
pp system, as predicted recently 2), they would also influence the
interpretation of the data. Measurements with kaonic and anti-
protonic atoms on heavy nuclei could help to solve the old question
of a possible neutron halo, but to answer this question the points
(a) and (c) must be understood better.
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A lot of data -- some of them already accurate enough --
already exists and is discussed in Sections 5.4.2.1 and 5.4.2.3.
The discussion about the interpretation of the data is still in
progress. The conclusions which can already today be drawn by
comparison between calculations and data are briefly discussed in
Sections 5.4.2.2 and 5.4.2.3.

4. EXPERIMENTAL SET-UP

The experimental set-up consists generally of three different
parts: beam, counter telescope, X-ray detector.

4.1 Beam

The beam elements consist of quadrupoles and bending magnets
which produce an image of the production target at the place where
the material under investigation is placed. They must be as short
as possible (exception: p beam) so that not too many particles
decay. In order to get a high u-flux, usually a so-called muon-
channel is used. It consists of a series of quadrupoles, or a
solenoid, which have the task to collect as many muons from the
pion decay as possible and transport them to the beam telescope.
The separation of muons and pions can be done using time-of-flight
techniques or the different range of pions and muons of the same
momentum is an absorber material. The part-separation of kaons
and antiprotons from the pions is done by an electrostatic separa-
tor. The momenta chosen for the beam lines lie for pions and
muons around 200 MeV/c and lower, for kaons and antiprotons around
800 MeV/c. The production of low-energy I beams is not possible
because of the short I lifetime. The observation of I~ atoms is
only possible via K -N reactions, for example, K p > I m'.
Reactions of this kind happen whenever the strong interaction
between a K and a nucleon finishes the K -cascading process in a
kaonic atom. I 's occur in about 8% of all K -captive processes.
Their energies lie between 20-30 MeV. This energy is so high that
a part of the particles leave the nucleus where they were produced
and run a short distance (mm) through the target material until
they are absorbed by another atom. I~ X-rays are always observed
together with K X-rays (the time for the process described above
is short compared to electronic resolution times); their inten-
sity is only about 87 of the Kf X-ray intensities. This is the
reason why experiments with I X-rays are the most difficult of all
the measurements discussed here.
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4.2 Counter telescope

A typical set-up for a K beam counter telescope is given in
Fig. 3. It consists of scintillation and Cerenkov counters and the
moderator which diminishes the energy of the K 's so that the
largest part of them stops in the target. In spite of the electro-
static separator the ratio between slow kaons and fast pions in
the beam is about 1%, so that the counter telescope must have a
good rejection power for pions to give a clean trigger signal for
a stopping kaon. The telescope for an antiproton beam works very
similarly, whereas a telescope for a pion or muon beam consists
only of four counters (1234), because of the smaller contamination
problems. Typical stopping rates/sec in a 8 g/cm? thick target
are:

Stopping rates/sec: 01d machines Meson factories
Pions : 10° 108
Muons : 5 x 10" 10®
Kaons : 10% - 10" -
Antiprotons: 5 x 10* - 5 x 103 -

4.3 X-ray detectors

Most of the X-ray spectra have been obtained with Si(Li)-,
Ge(Li)- or intrinsic Ge-detectors; only in the very low energy
region proportional chambers have been used. 1In the meson fac-
tories which are just now coming into operation crystal spectro-
meters can also be used for lines of high yield, In Table 2 a
list of essential properties of the X-ray detectors in use is
given. In a very limited number of cases the energy resolution
can be considerably increased by using the technique of critical
absorption edges. The detectors are usually triggered with a
stopped particle signal produced by the counter telescope to
decrease the background. Time resolutions of this coincidence
depend on the energy range and can be as good as several nsec.

The problems in using the detectors for very accurate energy
and intensity determination are connected with the different
behaviour of the detectors in the laboratory and under beam condi-
tions. All beams are quite short (to minimize the particle decay)
and the detectors have to be used in an area where a lot of
neutrons and charged particles are present. The high pulses in-
duced by the bombardment of these particles cause considerable
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dead-times and energy shifts. To achieve good results it is there-
fore absolutely necessary to monitor the X-ray efficiency and the
position of calibration lines during the run under the same counting
rate conditions as the X-rays under investigation. How this is done
in practice is discussed at a later stage (Section 5.2), when the
high resolution experiments are treated.

5. MEASURABLE EFFECTS

5.1 Effects of atomic physics, chemistry and solid state-physics

From absolute and relative intensity measurements of X-rays of
exotic atoms in different physical and chemical surroundings, it
has been found that changes of the electronic configuration around
the investigated atom give rise to high effects. These effects
have not yet been understood, and therefore here the emphasis is put
on a more or less systematic summary of some examples of the
observed effects. Attempts to explain the data are mentioned, but
not discussed in detail.

a) Capture on a single independent atom

This case is realized only in dilute gases and is the basic
process for the understanding of the more complicated cases. The
first ideas of how the capture process proceeds via the interaction
between the slowed down particle and the atomic electrons go back
to 1947 23); more recent calculations have been performed in 1974
and 1975 2%525), They all use a classical description for the inter-
action and how the classical orbit of the particle during the cap-
ture process might look is shown in Fig. 4. The result of the cap-
ture process might be a statistical population of the & sublevels
of one or several levels with a high n-quantum number. This calcu-
lated result seems not to be inconsistent with the few existing
data on capture processes in pure dilute gases.

b) Atoms are not independent of each other

This case is realized, for instance, in every solid where the
binding between the individual atoms occurs via the electrons.
Going from one atom (Z) to the neighbouring atom (Z + 1) (all
metals) big effects have been observed already a long time ago with
muonic atoms?®) and pionic atoms?”) and very recently also with
kaonic atoms®®). A schematic picture of the results is given in
Figs. 5a, b, c. The expected curve (same capture process for all
atoms) would be a straight line in all cases. The loss of X-ray
intensity of the m™ 4-3 and the K 6-5 transition and the increase
of the Y 4-2 transition in the Z-region under investigation means
that the initial 2 distribution -- produced by the capture process --
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changes considerably in this region. Capture models working in
case (a) seem not to be able to explain this effect. A possible
explanation might lie in the following observation®®): The dis-
tances between the atoms in their metallic lattices follow the same
trend as the data presented here. The finite distance between two
atoms determines the maximal angular momentum which can be involved
in the capture process and thus the maximal possible % value (Qmax
of the initial distribution. With Lnax @s a function of atomic
distances the change of the initial distribution would be explained.
The cut of the distribution suggested by this idea is illustrated
in Fig. 5d.

c¢) Atoms have different atoms as neighbours (chemical effects)

The comparison of the X-ray intensities of one exotic atom in
different chemical compounds shows very big differences. They are
best expressed in terms of double ratios. Some examples:

u atoms?% 39) ; Ti[%g—g—%g] /Tl(%g—;—%éq = 0.6 * 0.06
P Ti0, P Ti-metal
c [H] /c [gi:ﬁ] = 1.99 * 0.15
P CH P S graphite
poatms®) i o (B2 /o (Za=25) = 4.0 £1.0.
8 D,0 & O,

Without the influence of chemical surroundings, these ratios
should be equal to one. Another way of checking the predictions
of capture models is to investigate how many particles are cap-
tured in the different atoms of a chemical compound. Fermi and
Teller predict for a molecule consisting of n atoms with the charge
Zy and m atoms with charge Z; for the relative capture ratio

W(Z1) _n 2y
W(mZz2) m Zz ° 3
while Vogel et al. obtain
W(nZi) _ [El]l'ls “
W(mZz) m Z2 :

These predictions have been checked for a variety of compoundss)
but no clear picture for their validity exists yet. Particularly
well 1nvest1gated with plons in this respect are compounds contain-
ing hydrogen 8., The m capture process on hydrogen is clearly
detectable by the reactions T p > nm’ and T p > ny and it was found
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that Eq. (3) is not valid at all. For example, the experimental
number for the ratio

Wy (N, 8, ) /Wy (N, + 2H,)

is 44, while the predicted number is 9@. These observations led
to the hypothesis of molecular orbits of the particle around the
chemical compound which was able to explain the experiements3?/,
However, no direct transitions between molecular and atomic orbits
have been observed yetaa).

d) Transfer reactions in gases

In a gas mixture consisting of two components, transitions of
a muon captured in the lighter atoms to the heavier atoms are
observed. Particularly well investigated is the special process

Wp+X>p+ux, (5)

where X represents an atom or molecule heavier than hydrogen. The
transfer process leads to a population of the % sublevels quite
different from the usual (statistical) one which is demonstrated,
for example, in the following two experiments:

i) The intensity ratio between all lines of the K series except
the 2p-ls transition and the 2p-ls line was observed for pure
argon gas and a mixture of argon and hydrogen gas®*)., For
pure argon gas the ratio was found to be 7%; for the mixture,
where the muon is transfered from the Y p system to the
U -A atom, it was measured to be 50%. This result can be
interpreted in such a way that the initial population result-
ing from the transfer is peaked much more towards low £ values
than in the usual capture case.

ii) The capture process in pure SFg gas was compared with the
transfer process between hydrogen and SFg 3%) | The intensity
ratios of many transitions of the fluor-K-series were separa-
tely determined and it turned out again that the transfer

process tends to populate lower % 1levels.

At present, the interpretation of the data is not quite clear.
Everybody agrees that the yu p system is in its ground state when it
collides with the heavier atom. Either a highly excited molecular
state of both atoms is formed which consequently de-excites to
states of the heavier atom with high binding energy, or the muon is
directly (no intermediate molecular state) transferred to a bound
state of the heavier atom with an energy similar to the 1s u p
state. Then no transitions from levels of higher n-values should
be observable. The population of sublevels with low £ values is
then explained by the lack of big angular momenta in the process,
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which of course must conserve the total angular momentum. Quanti-
tative calculations have been tried for different systemszs’au’ae).

Concluding the discussion of the capture processes in differ-
ent physical and chemical surroundings one should say that very
large effects are observable. With the improved intensity of the
meson factories also finer effects will be open to accurate measure-
ments. The problem lies clearly in the interpretation of the data.
My feeling is that a more systematic research is required and close
contact should be kept with chemists and solid-state physicists.
From a thorough discussion of the possibilities of these methods
and a detailed comparison with other methods of chemistry or
physics it may turn out that unique ways for the investigation of
physical and chemical properties of materials can be found.

5.2 Test of fundamental theories: QED

Quantum electrodynamics (QED) is a theory which allows most
detailed predictions in electrodynamic processes. It has to be
taken into account in many fields of physics, but it is in the
field of exotic atoms where it yields relatively large contribu-
tions and it is there where its validity can be checked best experi-
mentally. How big contributions QED gives in muonic atoms is shown
in Fig. 6, which shows schematically the different contributions
which affect the energy of the Sg%&-Afy transition in W -Pb. The
largest contribution comes, of course, %rom the solution of the
Dirac equation for a point nucleus; minor contributions of dif-
ferent signs come from the finite size of the nucleus and from
nuclear polarization. The QED effects are dominated by the vacuum
polarization term of order 0Zo, smaller contributions come from
higher order terms. The smallest term is the Lamb shift, quite in
contrast to electronic atoms, where the self-energy term (v Lamb
shift) is the dominant one. A non-negligible term comes from the
shielding of the nuclear Coulomb field by the electrons, present
around the muonic atom. If one is able to calculate the electron
screening effect accurately enough and to measure the transition
(431 keV energy) with an accuracy of some eV, the QED vacuum polari-
zation predictions (as given in Fig. 6) can be checked. There are
a lot of transitions in various U  atoms which can serve as test
transitions for QED effects, but the most appropriate ones have to
fulfil the following conditions:

i) All correctioms, particularly the ones due to strong inter-
action effects and electron screening, must be small or
exactly calculable.

ii) Energy of the transition must lie in an easily measurahle
region. These conditions are met in 4-3 and 5-4 transitions
in heavy muonic atoms and it is there where the measurements
presented up to now were performed.
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Fig. 6

5g9/2-4f7/2 transition in muonic Pb [M.S. Dixit, private
communication]
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In all cases two problems must be solved:

a) Precise (eV order of magnitude) calculation of corrections:
Most corrections (including strong interaction effects) are so
small that there no problem can arise. The only exception is the
electron screening. The biggest effect is produced by the elec-
trons in the K- and L-shell. The calculation of the effect is
easy if one knows to which extent the electron shells are filled
when the muonic transition under study occurs. The population of
the shells is usually calculated in a cascade program which allows
for refilling of the electron shells after an Auger process has
happened. These calculations are open to criticism, but fortu-
nately they can be checked in some cases: In heavy muonic atoms
the upper part of the cascade is dominated by Auger processes. But
there the energy difference between two levels with An = 1 is too
small to allow the emission of a K-shell Auger electron. In the
lower part of the cascade X-ray transitions dominate; no K elec-
trons will be expelled. In these cases the K-electron shell is
populated with big probability to nearly 100%. The cascade cal-
culations are checked in these cases and can be believed with some
confidence also for lighter nuclei. An experimental check of cas-
cade program predictions was performed in the case of muonic
niobium®’/), where the screening shifts of 6 transitions to the

n = 5 level were measured. It was found that during these transi-
tions both K electrons were present. The screening contribution
caused by the L-shell electrons is calculable with less accuracy
and it is this term which gives the largest error in the calcula-
tion of the corrections.

b) Precise determination of the experimental energy value: A
measurement of a line of 500 keV with an error of 10 eV means a
relative accuracy of 2 X 10" °. The resolution of Ge-detectors
around 500 keV is about 1.5 keV, that means the centre of the line
must be determined to better than 17 of the resolution. Small
effects can spoil the measurements, and the precise calibration of
the spectra under beam conditions has turned out to be the most
difficult point. The change of counting rate under beam on/out
conditions can shift lines considerably and methods had to be
invented to overcome this problem. Three of them are sketched in
Fig. 7.

In method I the memory of a multichannel analyser or computer
is split into two equal parts. A calibration source, which emits
Y-quanta of well-known energy in the energy region under investiga-
tion, is present during the recording of the X-ray spectra. The
left part of the memory is triggered with a coincidence of the
stopped muon and an X-ray event in the Ge-detector. Thus it
records the X-rays under study and to a small extent events from
the y-source which are fed in by accidental coincidences (feed-
through line). The other part of the memory is triggered with a
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Fig. 7 Scheme of usual energy calibration methods
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broad coincidence (1 usec) of passing particles and Ge-events. Only
events from the y source are found here. The reason for the trigger
is that the data in both parts of the memory are recorded under more
or less the same counting rate conditions. The comparison between
the feed-through line (bad statistics) and the Y lines shows, if the
calibration in both parts of the analyser took place under identical
conditions. With this technique the first QED measurements (1970/
1971) were done.

Subsequent measurements tried to use method II. In special
cases the beam traversing the target excites the target nuclei
which de-excite via a more or less prompt (10-100 nsec) Y-ray
transition. If the energy of this y-ray is well known and if it
de-excites quickly enough it is produced under practically identical
counting rate conditions as the line in question and can be taken as
an ideal calibration standard. In the most recent QED experiment on
W -Ba, for example, a '%7Cs line was activated and was used as
reference.

The most certain way (method III) for on-line energy calibra-
tion is the use of a mixed target, consisting of two materials.
The first material (X) is the substance under study, the second one
(Y) is selected such that it produces muonic X-rays near the line
of interest. In many cases the energies of the transitions in Y
can be calculated with a precision of some eV -- it can be done, if
all corrections are known or very small —- and serve as calibration
standards taken under exactly the same conditions as the lines to
be investigated. The relative energies of transitions in muonic
Ba and Pb could be determined with very high accuracy using this
method.

Since 1970 five different experiments have been performed to
test the QED predictions. One of them®?), when it came out, seemed
to disprove the validity of QED, showing in one case a difference
between theory and experiment of six standard deviations. Much of
this discrepancy disappeared when errors in the calculations were
found“®), and the two most recent experiments®®s*!) find -- averaged
over four transitions in muonic Ba and Pb -- less than one standard
deviation difference between theory and experiment. QED seems to
work also in muonic atoms -- i.e. in big electric fields -- with
its usual accuracy.

5.3 Particle properties: Masses, magnetic moments

5.3.1 Masses

The most accurate values for the masses of negative pions,
kaons and antiprotons nowadays available come from exotic X-ray
measurements. The principle behind these measurements and the
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experimental procedure is quite similar to the QED test experiments.
The measurements must be performed at transitions lying at region II
of the cascade. The energies of selected transitions are measured
and calculated as accurately as possible. The transitions are
chosen such that the corrections to the Dirac energy are as small

as possible, particularly the QED and electron screening correc-
tions. The energies then depend only on the mass of the particle
and it is varied such that calculated and measured values coincide.
To get higher precision, not only one but all clearly visible
transitions of that element are used for the analysis. The tricky
points are again the correct energy calibration under beam condi-
tions and the calculation of the electron screening corrections,

and it turns out that the final error in the masses is determined
by the errors of these effects.

The evaluation of the measured spectra must be done very care-
fully. For example, one has to correct for transitions parallel to
the one under investigation of the type
(n, 8=n-2)>(n-1, £ =n - 3) and for possible excitations of
the nucleus by the cascading particle (see, Section 5.4.1.2,
Dynamic effects). The results of the mass determinations done so
far are listed in Table 3a.

The ™ mass was measured by two different X-ray-detectors in
different energy regions. The lines observed with the crystal
spectrometer”2 were around 80 keV. The error in the mass result-
ing from this measurement is nearly completely due to the bad
statistics of the lines. With Ge-detectors lines of higher energy
can be observed best and the experiment was performed on transi-~
tions of about 300 keV. 1In this case the error on the resulting
mass is not only due to experimental uncertainties, but also to
problems in the calculation of the transitions (screening effects).
By improving the statistics of the crystal spectrometer measure-
ments, which should be no problem at the meson factories, or by
improving the accuracy in the calculation of the disturbing effects,
still considerably better mass values can be expected for the
future.

From the measurement of the muon momentum of the m-u decay at
rest (m > u + v)“s) and the accurately-measured muon and pion rest
masses, an upper limit for the muon-neutrino mass can be deduced:

m@ = (-0.29 * 0.90) (MeV/c2)? ,

It should be noted that the recent measurementsS) of the E mass
give a value which is more than one standard deviation different
from the p-mass value:
m_ - m= = (100 + 58) keV/c® .
P P
Whether this result is statistically significant will be cleared up
in future experiments.
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5.3.2 Magnetic moments

Although there are different methods available to determine
the magnetic moments of elementary particles, no way is known to
measure the moments of antiprotons and I hyperons except from
exotic X-ray measurements. The magnetic moment of a spin-% hadron
(H) consists of a Dirac- (gg) and an anomalous— (g;) part:

Wy = (go + g1)ly (6)

with yy = eh/2myc being the Bohr magneton for the corresponding
particle mass my;. In the Pauli approximation this magnetic moment
yields a dublet splitting of a level with the quantum numbers n,%
(Zo)" m
m’ 2R +1)

BEpe = (8, + 2g) @)

(where m = reduced mass of hadron and nucleus). This fine struc-
ture gives rise to a splitting of a transition of the type

(n+1, 8 +1) > (n,2) in three components (see Fig. 8). This
splitting is comparable to the instrumental resolution in all cases
where strong interaction effects can be neglected, and it is there
(region II) where the magnetic moments can be deduced from the
data. The magnitude of the moments can be obtained from the
observed energy splitting alone; for the determination of the sign
the relative intensities of the transitions must be known. This is
illustrated in Fig. 8 for the case of a negative moment and a cir-
cular transition between the n = 12 and n = 11 levels. Assuming a
statistical population of the 2j + 1 sublevels of each j state one
obtains for the intensity ratio of the transitions a, b, c:

Ia : Ib : IC =252 : 1 : 230 . (8)
The spin-flip transition b can be practically neglected and the
ratio of the low-energy component (a) to the high-energy component
(c) is 11/10. For positive magnetic moment this ratio would just
be the inverse.

Table 3b lists the results obtained recently by two different
groups. In heavy p atoms the splitting of lines (a) and (c) is
bigger than 1 keV and can be completely resolved in the 11-10
U transition. Both experimental results agree within the errors.
The value obtained is in magnitude the same as the magnetic moment
value for the proton, but opposite in sign, in agreement with the
TPC prediction. The splitting in £” atoms is always smaller than
300 eV and cannot be resolved with present experimental accuracies.
The result of the most recent measurement“®) is shown in Fig. 9,
where the I~ 12-11 transition in Pb is sitting on a high back-
ground. The poor peak/background ratio occurs in all measured
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1+3/2

(n+1,1+1)
1+1/2

(p<o0)

(n,l)

1-1/2

Statistical population: =11

a:b:c = 252 :1:230
A I/ = 1110

Fig. 8 Transition intensities of fine structure components
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I spectra and is due to the fact that K - and I -atomic lines
appear simultaneously in the spectrum, but the I  lines only with
87 probability compared to the kaonic lines (see Section 4). The
analysis of the line shape and hitherto the determination of the
splitting can only be done with statistical (x?) methods. An
assumed pattern is folded in the observed spectrum and an observed
minimum in the ¥? distribution indicates the best splitting assump-
tion. The biggest problem is the determination of the sign of the
magnetic moment which determines the relative intensities of both
components of the pattern. Whereas one group®) seems to see an
indication for a negative sign of the moment (ratio I;/I, > 1) --
their x? distribution is shown in Fig. 10 -- the other group does
not yet see a clear indication and gives two values as a result of
their analysis. Further measurements are in progress and will
certainly clear up this point. The determination of uy- is of
special importance for elementary particle physics theory, because
an SU(3) prediction, based on the quark model, exists, which pre-
dicts the value

Ug= = -0.88 nucl. magn.

5.4 Investigation of nuclear properties

5.4.1 Muons: monopole-, quadrupole-, hexadecupole-charge dis-
tribution moments, magnetic moments and their
spatial distribution

In the first part of this section a survey is given of nuclear
effects which can be seen in muonic X-ray spectra. The transitions
in non-deformed nuclei and the higher transitions in deformed nuclei
are simpler to interpret than the transitions between low n-values
in deformed nuclei and therefore the former ones are discussed
first. In the latter case the muon on its way down to the ground
state is able to excite the nucleus, which gives rise to interest-
ing effects but needs a more complex treatment.

5.4.1.1 Transitions in non-deformed nuclei and higher transi-
tions in deformed nuclei

Common to these cases is that the nucleus is in the ground
state when the muonic transitions occur and only nuclear properties
of the ground states play a role. The energies of the levels
(centres of gravity of the HFS multiplets) are determined by the
following effects:

a) Point nucleus Coulomb field

The Dirac equation yields in lower order of (0Z) for the
muonic energy levels
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The binding energies of the 1ls levels range from a few keV in
hydrogen to 21 MeV in Pb. The fine structure splitting can be
quite large, it is 550 keV in the 2p level of Pb.

b) Nuclear finite size

The finite nuclear size (monopole part of the charge distribu-
tion) reduces the binding energies of the muon considerably. In
the ls state of u-Pb it is as big as 10 MeV (half of the point
nucleus value), and in the 2p state of u~Pb it still amounts to
180 keV. The effect is of short range and goes with the overlap
between the muonic ware functions and the nuclear monopole proton
distribution. The radial dependence of the wave functions lez and
of the overlap p|w|2 for a typical case (u -Nb) is shown in Fig. 11.
The overlap varies quite drastically with the charge number Z of
the nuclei and with the muonic angular momentum £, so that the
effects become more and more important when heavier nuclei and
smaller % values are observed.

c¢) Vacuum polarization

An important contribution to the binding energies of the
levels is given by the QED effects, particularly the vacuum polari-
zation. The binding energies are always increased by this effect.
In the ls-state of y -Pb it amounts, for example, to 66 keV. As
we have seen in Section 5.2, these effects seem to be understood
very well and can be calculated with high precision. It is a long-
range effect and influences practically all transitions seen in
X-ray spectra.

d) Nuclear polarization

A muon, the wave function of which has some overlap with the
nucleus, can be elastically scattered on the nucleus with the
formation of intermediate excited nuclear states. The calculation
of this effect is difficult, because it depends on a lot of
nuclear degrees of freedom. It gives a small, but not negligible
contribution to the binding energies which is in the case of
u-—Pb (1s state) about 6.8 keV“gg.

An HFS pattern of the muonic levels is observed when the
nuclei are deformed or have a non-zero magnetic moment. In con-
trast to electronic atoms, the effect of the quadrupole deformation
is much bigger than the effect of the nuclear magnetic moment.

This is due to the - magnetic moment which is about 200 times
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smaller than the magnetic moment of the electron. In one caseso)
there is even some indication for a higher electric moment, due to
a hexadecupole part of the charge distribution. The different
effects giving rise to an HFS pattern of muonic levels are discus-
sed in the following separately:

e) Quadrupole moment

A charge distribution of general shape is usually expanded in
a series of multipoles:

0(T) = po(r) + p2(r)¥20(8,0) + pu(r)¥uo(8,6) + ... .  (10)

. 3 . . » .
The intrinsic quadrupole moment Qp is connected with p(r) via the
relation

Q = 2\/55“TT f p(?)Yzo(ﬁ,(b)rz dt . (11)

The quadrupole (E2) interaction between a muon and the deformed
nucleus has the following form®1) :

2
HE2) = - 5 /L Qf (Y20 (8,0) - (12)

When electronic HFS effects are discussed, £(r) is put equal to r 3.

This corresponds to the case that the charge distribution producing
the quadrupole moment is so far away from the probing particle that
only a point quadrupole is seen which produces a r~3 field. The
same replacement can be done in muonic atoms when the splitting of
a level with high n and % values is measured, for example, 5g, &4f,
3d levels. In these cases the muon is so far away from the nucleus
that finer details of the py(r) distribution producing the quadru-
pole moment are lost. Measurements of this kind determine directly
the so-called spectroscopic quadrupole moment which is simply
related to Qo. The splitting in these cases is given by the well-
known formula

BR(EK+1) - 2I(T+1)j(j+1)

AE(E2) = A, 4I(21-1)j(2j-1)

(13)

[where K = F(F+1) - I(I+1) - j(j+1); |F| £ Min(I,j)]. The

splitting is only observable for nuclear spins I 2 1 and muonic
angular momenta j 2 %,. The quadrupole HFS constant A, can be

easily worked out in these cases and depends only on Qq:

2, %1 1
A = > e?q, <—3> . (14)
j n,j
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Though the splittings of higher levels in muonic atoms are
small, recently some measurements came up which give very accurate
values for Qo. The errors are much smaller than in the correspond-
ing electronic atom HFS measurements. A discussion of these
results is found in Section 5.4.1.3.

In general, the expression f(r) is unequal to r %, It is con-
nected with the charge distribution p(r) in the following way>®

B | 1 .
>
Qf(r) = 2\/?”{5"/‘ p(r')Y20(8',¢") dt’ +
0

+ 12 / o(x") %Yzo(e',qs') dT'}. (15)
r

and depends on finer details of the quadrupole distribution. Dif-
ferent models for the p distribution of the deformed nucleus yield
different functions f(r) and different A, values, which can be
measured. These effects are only visible in muonic atoms, and
there only in the low-lying levels. As such levels practically
never can be observed without excitation of the nucleus, the dis-
cussion of the function f(r) or the discussion of different p dis-
tributions is delayed until the dynamical effects are treated.

f) Magnetic moment

Whenever a nucleus has a magnetic moment unequal to zero, an
HFS magnetic splitting of all muonic levels via the Ml magnetic
interaction is obtained. Because of the small muon magnetic moment
it is a relatively small effect, which does not exceed some keV
also in the 1ls levels of heavy muonic atoms. The energy splitting
is given by the expression

N =

AE(M1) = {FF+D) - 1T+ - jG+D} . (16)

The magnetic HFS constant A; is generally dependent on the nuclear
magnetic moment, its spatial distribution in the nucleus, and the
muonic wave function. In cases where only a point-like magnetic
distribution can be seen -- this is realized in all atomic HFS-A;
measurements and in muonic measurements of the M1 splitting of
higher levels -- A; is completely determined by the nuclear mag-
netic moment CRATNE

- 20+1) /1
Af u]JquN i@ JG+1) < > an



MUONIC AND HADRONIC ATOMS 121

In muonic atoms the splitting can be properly observed only in the
1s state. There Eq. (17) is no longer valid. An A; different from
Af is observed due to the finite distribution of the magnetic
moment in the nucleus. That such an effect exists was predicted by
Bohr and Weisskopfsz) and has been observed (as a very small effect
of a few per cent) already in M1-HFS patterns in electronic atoms.
In muonic atoms it gives rise to a dramatic (factor 2) decrease of
A, (observed) compared to A;. Thus, Ml pattern determination in
muonic atoms is an ideal method to determine the spatial distribu-
tions of magnetic moments of nuclei. First results of such measure-
ments are discussed in Section 5.4.1.3.

g) Electric hexadecupole moments

According to Eq. (10), the third term in the nuclear charge
distribution expansion is a hexadecupole moment. First indications
of the existence of this contribution exist and a recent measurement
on muonic '®°Ho claims to have seen it, too. It can be observed
only, if j 2 °,, that means that it is always a small effect. The
observation of such small effects is intimately connected with the
statistics of the lines, and it is expected that similar measure-
ments on the meson factories will help to determine such moments
also in other nuclei.

5.4.1.2 Muonic transitions in deformed nuclei

Which big differences exist between muonic spectra of a non-
deformed and a deformed nucleus is best seen when the 2p-1s line
patterns are compared. In the first case the 2p-l1s transition con-
sists of a doublet(2p?/ 1814 2pv lsV ), whereas in the deformed
nucleus a pattern of sometlmes more than ten lines is observed
which are spread in a range of 100-200 keV. The differences
between the observed patterns become smaller and smaller the higher
transitions are compared. The explanation of this phenomenon is
illustrated in Fig. 12a, where on the left side a typical excita-
tion spectrum of a deformed nucleus is sketched, whereas on the
right side the level scheme of the muonic atoms is given. It hap-
pens just that in the region of deformed nuclei the difference
between two nuclear levels (rotation band) has the same order of
magnitude (¢) as the fine structure splitting of the muonic 2p or
3d states (= 100 keV). Then with a relatively high probability via
the E2 interaction the process sketched in Fig. 12b occurs: The
muon arrives at the 2py, level, for example, while the nucleus is
in its ground state. Instead of cascading down to the muonic
1ls state the muon falls into the ZPkﬁ state. The energy gained in
this transition is used to excite the nucleus to the 2* state. The
2py lsy/ muonic transition occurs then in the presence of the
exc1ted nucleus. If such a situation exists the E2 interaction
between the muon and the nucleus can no longer be treated as a
small perturbation -- as was done until now -- and higher orders
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Fig. 12 Dynamical effects in deformed nuclei [from D.K. Anderson
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which take into account as intermediate states excitations of the
nucleus must be considered. The states of the system can no longer
be characterized by n and j of the muon alone, but the nuclear
spins I are equally important. In Fig, 13 i& is indicated that
without E2 interaction no coupling of I and j takes place, but that
the E2 interaction couples states with the same F-quantum number to
new states which have energies different from the uncoupled ones.
This effect gives rise to a 2p-ls pattern, quite different from the
usual doublet. What it looks like is shown in Fig. 13.

The energies of the new coupled levels and the relative
intensities of the transitions depend not only on properties of the
ground state, but also on properties of the excited states, for
example, their quadrupole moments, and on transition properties,
for example, the transition quadrupole moment (2+|H(E2)|1+). It is
here, where data on excited states can be determined, which other-
wise are not at all available, or only with great uncertainties.

It is this situation which usually occurs in the cases where the
spatial distributions of the quadrupole moments cause big effects,
and it is obvious that a lot of information is contained in such
spectra. Similar, but smaller, mixing effects are observed in
higher levels, and it must be generally checked in every investi-
gated spectrum, if not such dynamical effects are present, which
cause energy shifts and intensity variations. Until now, it has
not yet been possible to analyse the observed patterns showing
strong dynamical effects without the use of a model. Examples for
the analysis of such spectra in terms of the Bohr-Mottelson model
are given in Section 5.4.1.3,

It should be clear now that the energies and energy splittings
of muonic levels are very sensitive against the monopole-, quadru-
pole- (hexadecupole-) nuclear charge distribution, against the
nuclear magnetic moment and its spatial distribution and in the
case of deformed nuclei also sensitive to similar properties of
the excited nuclear levels. Some examples for the precision which
is reached today in the determination of such properties are given
in the following two sections.

5.4.1.3 Examples for the determination of nuclear properties

i) Monopole charge distributions

Spherical nuclei with no magnetic moment can be analysed most
easily in terms of the monopole-charge distribution po(r). From
detailed discussion in recent years it was found that a model-
independent determination of the shape of pgy(r) seems very diffi-
cult from muonic X-ray data alone. Crudely speaking, only the
root-mean-square radii can be determined, but with a very high
accuracy. It allows one to obtain relative errors smaller than 17%;
for relative measurements of isotopes the accuracy is as high as
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some hundreds of a fermi®®). Why the accuracy achieved is so high
is best demonstrated in terms of a model for pgo(r). A widely-used
model uses a Fermi-type distribution with the parameters c, and tg:

pa(r) « (1L + exp {4 In 3(r - cq)/to}™ ! . (18)

changing the co parameter of po(r) by 1 fm changes the energy of
the 2p-1ls transition of a medium Z nucleus by about 200 keV; the
energy of the 3d-2p transition is changed by about 3 keV. The
relative change in the energy of the lines is as high as about 10%
(2p-1s) and about 0.57 (3d-2p). As the position of a line can be
measured with a precision in the order of magnitude of 100 eV (for
lines of high energy) it becomes clear that the high precision
stated above can be obtained. One problem in the analyses of the
spectra is the contribution from the nuclear polarization which
cannot yet be calculated accurately enough and is therefore often
treated as an additional free parameter in the fit. Recent
analyses work not only with the 2p-1s and the 3d-2p lines, but use
also the weaker transitions 2s-2p, 3p-2s, and so on, which show
equally strong effects as the main transitions 2p-1s and 3d-2p.

The largest problem in the analysis of the data is the model
dependence. Until several years ago, every analysis used a model
distribution, mostly of the type of Eq. (18), and fitted the para-
meters to the data. A detailed discussion of these analyses is
found elsewhere’*). The actual shape of the distribution thus
found is open to doubt, but the r.m.s. radii obtained from the dis-
tributions are fairly model independent. In 1969 Ford and Wills
published a method®®) which allows a more model-independent
analysis of the data. According to them every muonic transition
defines a specific moment of the py distribution

&) = [ohe® ar . (19)

k is generally no integer and is different for each transition and
each Z. It can be obtained from a simultaneous discussion of all
measured muonic lines®%). Typical values range between 0,5 and
2.0. Thus, each transition determines an equivalent radius, given

by

R = [% (k + 3)<rk>]1/k . (20)

For k = 2 the well-known expression for the root mean square radius
is obtained. From a measurement of several transitions in a
nucleus a set of Ry values is determined. These values are the
only (nearly) model-independent values which can be deduced from
muonic X-ray measurements and limit the possible charge distribu-
tions. A survey of charge distribution parameters obtained by
using for the analysis of the muonic spectra both the methods
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discussed above is found elsewherese). A detailed discussion of
the practical application of the Ford and Wills method can be found
in the literature37>57)

The most recent development in the analysis of muonic spectra
in terms of py distributions is discussed elsewhere5® 59 . The
method developed there divides the nucleus into charge shells with
different charge density. The energy of a specific muonic transi-
tion is determined by the charge contained in one or a number of
these charge shells. Measurements of elastic electron-nucleus
scattering for different momentum transfers allow already quite
detailed statements about the charges contained in the different
shells. Adding to this information the very precise muonic data a
very accurate and practically model-independent py distribution can
be obtained®?).

ii) Magnetic moments and their spatial distributionms

The magnetic nuclear moment gives rise to an HFS splitting of
all levels. It is generally quite small and is only clearly obser=—
vable in the 2p-1s transition. The HFS was firstly observed in
2098 and the 2p-ls pattern is shown in Fig. 14 1), More
recent1y37’6°) the effect could also be observed on a lighter
nucleus (Nb) which is more difficult because the splitting becomes
quite small (3.5 keV in the ls state). Both measurements give a
large Bohr-Weisskopf effect, which means that not a point-like mag-
netic moment but an extended one is observed. This statement means
that A, (observed) is for the 1ls level about 20-40% smaller than
A} from Eq. (17), which has been obtained by using the value of
griy from other (optical or NMR) measurements. By comparing A,
(observed) with predictions of different nuclear models, statements
about the spatial magnetic moment distribution can be derived.

The models discussed here are the single-particle model and
the configuration-mixing model. In Fig. 14 the predictions of the
different models for the 2p-ls pattern are indicated and it is seen
which different shapes are obtained. The single-particle model
assumes that the magnetic moment is produced only by the angular
momentum and the spins of the nucleons outside the nuclear core.

A detailed discussion of this is found, for instance, in another
papersl). The configuration-mixing model allows in addition to
this for an interaction between core and outer nucleons leading to
a configuration mixing of the states. For the Bi nucleus it is
found that the configuration-mixing model, which already gives the
absolute magnetic moment with good accuracy, also seems to give a
good description for the spatial distribution of the moment. For
Niobium the best predictions for the observed ls splitting are
given by the pairing plus quadrupole model®?) .
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Fig. 14 Muonic transitions 2p — 1s in Bismuth (0.855 keV/channel). In the 2p3-1s}
transition, the hyperfine structure is purely magnetic dipole and the predictions of different
nuclear models are shown. In the 2p3-1s} transition, there is both magnetic-dipole and
electric-quadrupole hyperfine structure, and the hyperfine-interaction constants for the
best fit are indicated. The agreement is improved if the intensity of the F=6to F =5
component (designated b) is reduced to 70% of the statistical value, consistent with a small
mixing of the muonic and nuclear states. [:from S. Devons et al.!
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iii) Spectroscopic quadrupole moments

The spectroscopic quadrupole moments deduced from other than
muonic X-ray measurements -- optical methods, Coulomb excitation,
giant resonance measurements, and so on -— often yield different
results because of the smallness of the effects or because of prob-
lems in the interpretation of the data. All these difficulties are
not present if the HFS splitting of higher muonic levels can be
measured accurately enough. The splittings in, for instance, 5g-4f
and 4f-3d transitions are small, but can be determined with a high
precision if a careful analysis of a spectrum with §ood statistics
is performed. One of the most recent measurements® ) on muonic
17514 5g-4f and 4f-3d transitioms gave for the intrinsic quadrupole
moment Qo = 3.49 b with the remarkably small error of * 0.02 b,

An experiment of similar accuracyso) was performed on the
muonic '®%Ho nucleus, which in addition to a quadrupole moment with
a small error gave also a first indication for a hexadecupole
moment, derived from the splitting of the Bd%g level.

iv) Quadrupole moments of nuclear ground and excited states and
their spatial distributions derived from dynamical effects.

The HFS pattern of transitions between low-lying muonic levels
in deformed nuclei with low-lying nuclear rotational levels is
simultaneously determined by the quadrupole moments of the ground
states, by the transition E2-moment between ground and excited
states and their spatial distributions, respectively. As too many
unknown parameters are involved in the process, practical analyses
make use of the collective model®!’. It relates the quadrupole
moments of the excited states and the transition quadrupole moments
to the intrinsic quadrupole moment Qg of the ground state. The
spatial distributions of all quadrupole moments involved are taken
to be equal and are tested by using two extreme models for p(r)
which yield two different spatial distributions and thus give two
different functions f(r) defined in Eq. (12). Both distributioms
are based on the spherical distribution of Eq. (18), but are modi-
fied to allow for the deformation of the nucleus

p(r) « {1 + exp (4X 1n 3)}! (21)
with

X = [r(l-—BYzo(G)) - c]/t deformed model (I) (22)
and

X =[r-c(l+BY0(8))]/[t+2BcY20(8)] hard core model (II) (23)

The difference between both models is illustrated in Fig. 15, where
isodensity lines, the pg(r) and pz(r) distributions [see Eq. (10)],
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and the functions f(r) divided by r ® (the quadrupole moment form
factors) are given. In model I all the nuclear matter is homo-
geneously deformed; in model II the nuclear core stays spherical
and only the outer regions are deformed. The deformation parameter
B of Eqs. (22) and (23) is related to the intrinsic quadrupole
moment Qo. Thus, the observed pattern must be fitted with three
parameters [c,t,B(Qo)] for each assumed model for the quadrupole
moment distribution. Many examples of this type of analysis are
discussed in Ref. 51 and also in these days the method is still
applied in more precise measurements®®»57). The results of the
analysis of the spectra are the following:

i) The collective model description is in agreement with the data.

ii) Model II (hard-core model) seems to be ruled out. The spatial
quadrupole moment distribution is more similar to the one pre-
dicted from model I.

A survey of the data taken until now can be found in Ref. 56.
One of the great advantages of this method is that, also, in cases
where the spin of the nuclear ground state is too small to yield
an observable quadrupole moment, the deformation of the ground state
can be measured. Then only the transition and excited state E2
moments give rise to the effect via the dynamical interaction and
the ground-state quadrupole moment can be deduced from the collec-
tive model.

Apart from the E2 mixing in muonic atoms still other dynamical
effects exist, which yield important information about the nuclear
structure. All these effects depend on the fact that nuclear levels
are excited during the muonic cascade and de-excite while the muon
still stays in the 1ls level. The observation of the nuclear transi-
tions in the presence of the muon allows the measurement of small
differences in the po distribution between the excited nuclear
states and the ground state (isomeric shifts) and to determine via
the interaction between the nuclear magnetic moment and the muon
magnetic moment the spatial distribution of the nuclear magnetic
moment (dynamical M1 interaction). References to these effects are
also found in Ref. 56.

5.4.2 Hadrons: strong interaction effects between the hadrons
and the nucleus

As already discussed earlier (Section 3) the strong interaction
effects consist of shifts of the energy of the levels (relative to
the purely electromagnetically determined values) and of natural
level widths caused by the strong hadron-nucleus interaction. The
shifts observed until now range between several eV (ls_level of
T —-deuterium) and some tens of keV [Els(ﬂ Na) = 50 ker, the widths
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between 1073 eV (I, in 7 * He) and 17 keV (T, in T Zn). The
natural level widths which are not more than 5-10 times smaller
than the experimental resolution —- that is widths larger than
about 50 eV —-- can be determined directly from the Lorentz-
broadened shape of the transitions; the smaller widths have to be
deduced from intensity measurements of the lines. A very elegant
way to determine the small natural widths from relative intensity
measurements was first discussed elsewhere®3’) and is explained in
the following on the example of the pionic 2p-level width. The
pionic level scheme with the interesting transitions is given in
Fig. 2. The competition between radiative transitions and strong
absorption effects in the 2p level leads to a total 2p—level decay
width ' which is the sum of Ty = 0,45 eV (radiation width) and of
Fup which is to be determined. The yield of the pionic 2p-ls
transition accompanied by X-ray emission is

r

_ X
=P T
X up

Yo-1 (24)

(a small correction due to Auger processes is here neglected).
P2 is the population of the 2p level which is quite difficult to
determine. Solving Eq. (24) for the unknown quantity Fup yields

P2
T = Tx (Yz_l - 1} : (25)

The calculation of T, is simple, but the Fried-Martin factor®")

should not be forgotten. The problem is the determination of
P,/Y2-1. An independent determination of Y».; and P> needs absolute
yield measurements and absolute cascade program predictions. The
simpler way is to take the population P» from the same spectrum
where the 2p-1s transition appears. P2 is equal to the sum of
pionic transitions feeding the 2p level. The most important transi-
tions responsible for the filling of the 2p level are indicated in
Fig. 2. Thus

1-2 3=-2 42 5

(o]
P, = z: Y. VY +Y + Yomy + Yooy + Y, + .00 (26)

In practice the series can be cut after 4-6 transitions, because
the intensities of the transitions decrease with increasing i.
With Eq. (26) one obtains

Too = Ty PR ANYL AR Y (27)
i=3
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This expression contains only relative intensities of transitions
occuring in the same spectrum. The still necessary corrections
(energy dependence of relative detector efficiencies and of relative
X-ray absorption in the target) can be performed quite easily and
the results obtained with this method yield quite small errors.

5.4.2,1 Pionic atoms

A summary of the greatest part of strong interaction data of
pionic atoms is found in Ref, 3. The interest in the last years
concentrated on very precise measurements of light pionic atoms and
a list of some new data is given in Table 4. The most spectacular
and most fruitful measurements were these on pionic deuterium and
“He. The deuterium experiment was done using the critical absorber
edge technique together with a proportional gas counter, the “He
experiment was done with a high resolution Si-detector. The pionic
“He spectrum is shown in Fig. 16. The shifts and widths of higher
levels and of heavier nuclei are much less well measured. The
errors for the shifts are equal to or larger than 200 eV, the errors
for I'1,y range between 200 and 1000 eV, and the accu<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>