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rise to the apparent “a-particle removal” seen
here is quite sensitive to such effects as (a) the
height of the Coulomb barrier, (b) the extent of

a possible neutron tail, which may extend signifi-
cantly further beyond the protons in Br and Ag
than in the Ni region, and (c) the binding energy
per nucleon, which has its maximum around A
=56.

Very little other experimental information on
nuclear y rays from exotic atoms is available
for comparison with the present results. Poelz
et al.® reported some nuclear y rays following
pion capture, but since their spectrometer cov-
ered only a limited range of y-ray energies (100
—650 keV), many lines would have been missed
—in particular, those in even-even nuclei. Re-
cently published work by Wiegand, Gallup, and
Godfrey” on y rays from kaon capture by S and
Cl is even more restricted in the energy interval
observed. For the Cl target, they report a weak
78-keV line (~5% per stopped kaon) which they
assign to a transition in%?P; and for the S target
an even weaker (1%) line at 197 keV was attribu-
ted to °F,

To summarize, the nuclear y-ray spectra fol-
lowing K~ capture in Ni and Cu show a pattern
that implies that the removal of one, two, or
three a particles is the favored mode. This con-
clusion is not inconsistent with any previous work

on the interaction between stopped kaons and com-
plex nuclei. However, far more than the present
fragmentary data will be required before a mech-
anism can be definitely established. We would
like to thank the ZGS staff for their help and as-
sistance in the course of this experiment.

*Work performed in part under the auspices of the
U. S, Atomic Energy Commission and the National
Science Foundation,
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The electromagnetic structure of a nucleon in a nucleus is different from that of a free
nucleon, This difference is examined for the two-pion part of the form factor by consid-
ering interactions with other nucleons in the course of pion emission and absorption, but
without exchanging charge. For °He and 3H, the isovector part of the magnetic moment
increases by an amount which is comparable to the outstanding discrepancy between the

experimental and theoretical values.

The purpose of this note is to show that the
magnetic moment of an individual nucleon in the
trinucleon systems *He and *H is modified by a
mechanism different from the conventional ex-
change-current effect, to the extent that the bulk
of the outstanding discrepancy between the theo-
retical and experimental values of the magnetic
moments of these nuclei can be explained.

To begin with, let us summarize the background

of the problem. The static magnetic moments of
°He and °H are known very accurately. For a
theoretical analysis it is convenient to introduce

the isovector and isoscalar parts of the magnetic

moment, defined by
i, =3[uCHe) - nCH)], (1)
Ks=3[1(CHe) + uCH)]. )
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TABLE I. Expectation values of the one-body moment operators and their deviation from corresponding experi-
mental values, The experimental values are p,**P=2,553 nm and p;P=0.426 nm. Cases A and B are for the Hama-
da-Johnston potential (Ref. 1) and Reid’s soft-core potential (Ref. 8), respectively.

P S P s’ P, D V‘v(i) ”vexP—“v(i) “s(l) #sexp_us(i)
Case (%) %) %) (nm) (nm) (nm) (am)
A 89 2 9 2.134 0.419 (16%) 0.406 0.020 (5%)
B 90.56 0.52 8.92 2,182 0.371 (15%) 0.406 0.020 (5%)

Their experimental values are [,”*?=2.553 nm
and 4 ,P=0.426 nm.

The theoretical interpretation starts with taking
the expectation value of the one-body moment op-
erator. For a wave function which consists of S,
S’, and D components, one obtains

®3)
(4)

#v(l)=%(Up-#n)(Ps—%Ps'*‘épu)—%Po,

eV =3, + wp)(Ps+Pgy—Py)+ 3Py,

Here {,=2.793 nm and 4,=-1.913 nm are the
.magnetic moments of proton and neutron, respec-
tively, and the P’s are the probabilities for the
component states indicated by the suffix, Exten-
sive calculations for the trinucleon bound states
have been done using realistic nucleon-nucleon
interactions such as the Hamada-Johnston poten-
tial*? and Reid’s soft-core potential.? The wave
functions obtained by those calculations are char-
acterized by a large D-state probability, P,=9%."®
The values of u, " together with the P’s used
are shown in Table I. They are both clearly
smaller than the corresponding experimental
values.

This situation resembles that of the deuteron
magnetic moment p,;. There the one-body opera-
tor also yields too small a value for y, if one
takes the D-state probability of about 7% which is
predicted by the Hamada-Johnston and Reid’s po-
tentials.® Adler and Drell® showed that this dis-
crepancy can be explained as due to the effect of
exchange currents. Blankenbecler and Gunion®
considered a vector-meson correction to the deu-
teron form factor, which is analogous to the dou-
ble-scattering process in the Glauber approxima-
tion.

For the trinucleon systems, Chemtob and Rho’
examined exchange-current contributions, u,,(z’
and u,?, in great detail and found that

1, =0.193+0.041 nm,

1#=0.0093 29077 nm

(5)
(6)

which reduce the discrepancy between 1P and
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U as follows:
“vexp_ (uv(1)+ IJ’v(Z))

B {0.226 (9%) for case A

7 10.178 (7%) for case B, ()

BT = (s 4 1)

=0.011 (3%) for cases A and B. (8)

But the discrepancy still remains, particularly
for p,. If one requires that p, ~P=p, 2 +u, 2,
one is led to Py~ 0 and P, =< 6%."

Green and Schucan® examined effects of an ad-
mixture of a state containing A(1236) and found
that, for a reasonable range of admixture, 1,
can be enhanced by as much as 1% while the ef-
fect on |1, is negligible. Arenhdvel and Danos®
pointed out that an admixture of A(1470) will in-
crease [L,, but the amount of this admixture is un-
known. Contributions from other components of
the wave function, namely, the P state and the
I=3 states are negligible. In summary, we are
still left with a discrepancy of 6 to 8% for i,, and
a smaller discrepancy for p. '

In Egs. (3) and (4), the magnetic moments of
the free nucleons, u, and u,, have been used.
However, the magnetic moment of a nucleon
bound in a nucleus will be different from that of
a free nucleon because the nucleon will be dis-

p p p
\ "\ o V(s) A
i 272
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T+ ' i /7(‘-"
p p p

(2) (b) (©

FIG, 1. Diagrams (a) and (b) are for the electromag-
netic structure of a free proton. Diagram (c) depicts
a process in which the neutron in the intermediate
state interacts with another nucleon through an effec-
tive interaction V(s).
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turbed by other nucleons. To be more explicit

let us consider the “two-pion contribution” to the
electromagnetic structure of the proton as depict-
ed in Fig. 1(a). The neutron in the intermediate
state can interact with other nucleons, while 7*
interacts with the electromagnetic field, as in
Fig. 1(c). As we shall see, u, and j, are modi-
fied by this process in such a way that u, is en-
hanced by about 5% or more. On the other hand,
because of G-parity conservation, the two-pion
diagram does not contribute to 1,.'® There are
other similar processes, but the energies in-
volved in intermediate states are larger than that
for the two-pion diagram and, hence, they will
be less affected by interactions with other nucle-
ons. Note also that the process we are consider-
ing is different from the conventional exchange-
current effect in which charge is exchanged be-
tween nucleons.

We examine the pion effect by perturbation theo
ry in the static approximation which will be suffi-
ciently accurate for our purposes. First, let us
quote relevant results for a free nucleon. Al-
though our primary interest is in the magnetic
moment, we also examine the charge distribution
because it will give us some more insight into the
problem. The charge and current densities in the
nucleon which is at rest at the origin are given
byn.u

_4(f/m)? op. 155,  UV'KK!
pelr) = 2m)® Tsfd k&% ww’ (W +w’)
Xei(t-r')‘?, (9)
- 4z(f/m sy 3, VUKD (kX K’)
i@) = fd kd3Fk o
xe!® T ()
where f2=0.08 is the 7N coupling constant, m is

the pion mass, and the units are such that c =7 =1.
k and k’ are the pion momenta, v =v(k) and v’
=v(k’) are cutoff factors for the 7N interaction,
and w = (k%2 +m?)Y2 and w’ = (B'2 +m?)"2, For the
current it is convenient to introduce a magnetiza-
tion density p,, defined by
i(®) == ExV)p, ). (11)
Then p, and p,, can be interpreéted as the Fourier
transforms of the standard electromagnetic form
factors F,(¢®) and F,(q®) in the nonrelativistic
limit, respectively. The charge and magnetic

moment carried by 7% in p - n+7" are given by

Q= [p.r)d® = (2 */mm?) J kvt /0,
m=[pu(r)dr=(4f 2/37rrrz"’)f0mdk V2Rt wt,

The 7* moments of the charge and magnetization
distributions can also be computed easily. "2

Now let us turn to the process depicted in Fig.
1(c). We assume that the two nucleons are inter-
acting via an effective potential V(s), where s is
the distance between the two. Also, with an appli-
cation to the trinucleon systems in mind, we as-
sume that V(s) is independent of spin and isospin.
The charge distribution due to this process is de-
noted by Ap.(¥), which also depends on s through
V(s). We treat V(s) in lowest-order perturbation
theory; therefore, Ap,is simply proportional to
V(s), and Ap, is spherically symmetric with re-
spect to . We then take the expectation value of
Ap, with respect to the nuclear wave function, re-
placing V(s) in Ap, by its expectation value (V).
The current A can be treated similarly.

An expression for Ap. can be obtained by put-
ting the extra factor

- (M (w+w)/ww

(12)
(13)

(14)

into the integrand of Eq. (9). In terms of time-
ordered diagrams, diagram (c) has one addition-
al intermediate state as compared with diagram
(a). The energy denominator of that state is ei-
ther w or w’, hence the factor w ™' +w’! in Eq.
(14). It is known that p, is somewhat overestimat-
ed in the static approximation.'?> However, be-
cause of the additional factor in Ap. the low-mo-
mentum part of the integration becomes relative-
ly more important for Ap, than for p,, and the
static approximation will give a better estimate
for Ap.. Similarly, A7 is obtained from Eq. (10)
by introducing the following extra factors into the
integrand:

-(M(w?+0w’ +w'?)/ww’ (W +w'). (15)

The additional charge and magnetic moment due
to Ap, and Aj are given as follows:

AQ= [Ap r)d®r =-5u(V), (16)
Ap = [Ap,(r)ds
== (FXV)/1m?) [“devRt/w®.  (17)

The change in the 7> moments can be similarly
obtained.

For the expectation value of — V(s) in 3He and
°H, we take % of the total potential energy E,,
because two out of the three bonds are contribut-
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ing to it. According to the variational calcula-
tions by Ohmura, Morita, and Yamada,' E, is in
the range of 55~80 MeV. The potential without
hard core gave 55 MeV, while the one with a hard
core of radius 0.6 F gave 80 MeV. Our effective
interaction should be regarded as a K matrix
which shows no singular behavior like the realis-
tic nucleon-nucleon potential. Therefore, we
should take E, which is obtained from a potential
without a hard core. On the other hand, Law and
Bhaduri'* showed that, for the binding-energy cal-
culation for the triton, it is a good approximation
to take only the long-range part of the nucleon-
nucleon potential in the spirit of Moszkowski and
Scott’s separation method,'® and to include its
second-order perturbation term. They obtained
E,~37 MeV for the triton (see their Table II).
There is a large gap between the two values, E,
=37~55 MeV. In view of the fact that the triton
binding energy has been underestimated by Law
and Bhaduri and overestimated by Ohmura, Mor-
ita, and Yamada, we take an in-between value,
E,~45 MeV, and hence

—(V)=2E,~30 MeV. (18)

This value is smaller than the one taken by Oht-
subo, Fujita, and Takeda'® for the same quantity
which appeared in a different context.

The quantities @, AQ, 1, A, and also various
72 moments have been evaluated using a cutoff
function v (k) = (A2 = m?)/ (% + A?) for two cases, A
=5m and A =6m. The coupling constant has been
taken as f2=0.08 and the pion mass as m =139.6
MeV. The results are summarized in Table IL
For the magnetic moment we obtain Ap =0.10
~0.12 nm or Ap/u=9~10%.

There are many other processes contributing to
the electromagnetic form factor. The effect due
to the process p — A°(1236)+7* will increase Au
by about 10%,'2 provided that the N-A interaction
is similar to the N-N interaction. The most im-
portant one is probably the p-27 process shown
in Fig. 1(b). This effect can be estimated, with
some ambiguity, but one can show at least that
the correction is to increase the contribution.
However, because of the larger energy involved
in the intermediate state, this p-27 contribution
will be modified to an extent less than the simple
27 diagram of Fig. 1(a). We conclude that the iso-
vector part of the nucleon magnetic moment is en-
hanced in the trinucleon system by

(19)

Here, the inequality sign means that other less

Ap=3(Ap,—Ap,) 2 0.12 nm.
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TABLE II. @, AQ, u, A, and 72 moments, For ex-
ample, the pair of numbers in the upper left-hand cor-
ner mean that @=Jp () d3=0.507 and AQ = [Ap (7) dr
=0,046, when the cutoff function v (k)= (A% —=m?)/(k? +A?)
with A =5m is used. The charge is in units of e, the
magnetic moment in nanometers and length in fermis.

Integrand P rip, Pm r%,,
Cutof Bpy) (e, (8p,)  (rip,)
A=5m 0.507  0.258 0.957  0.638
(0.046) (0.051)  (0.095) (0,115)

A=6m 0.772  0.303 1.281  0.703
(0.061)  (0.056) (0.116) (0.123)

important contributions will add to the 27 contri-
bution.

For p, of the trinucleon system, in addition to
the conventional p,% and u,®), we now have the
contribution

Uw'(z)EAﬂ(Ps ‘§P5'+§Pu) ’ (20)

where Ap is given by Eq. (19). With the values
of P’s in Table I, we find that u,’®~Au 2 0.12
nm. Therefore, the effect we have considered
can explain the bulk of the discrepancy shown in
Eq. (7).

Finally, let us point out that the changes in the
72 moments of charge and magnetic-moment dis-
tributions are quite substantial, as shown in Ta-
ble II. This should be taken into account in the
analysis of the electromagnetic form factors of
%He and ®H.
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Experimental Study of the Decays Kg ;- yvi*
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In an optical spark-chamber experiment, we measured the branching ratio (Kg—vyvy)/
(Ks—all) to be (—1.9+2.4)x10™ %, The result assumes no interference between Kg— vy
and K;—~vYy. We also measured the branching ratio (K; —vy)/(K;— all) to be (4.82+0.55)

X107 4x [ngg/m 4|2

Some recent attempts to explain the anomalous-
ly small K; - p*p” branching ration have relied
upon destructive interference between the K,

-~ i "u” amplitude and an unexpectedly large K,

- u*u” amplitude.”® It is possible that the mech-
anism which produces such a K, - u ¥~ enhance-
ment would also produce a large K3 —yy decay
rate. We have studied the decays K, —~yy and K
-7y in an experiment performed in the neutral
4.7° beam at the Brookhaven alternating-gradient
synchrotron. These data were collected simulta-
neously with data on the decays K, ~ 7°7°. The
7°7° results have already been published,* and the
apparatus shown in Fig. 1 is also described in
Ref. 4. We were able to achieve a high sensitivi-
ty to K5 —~yy decayse because the pair spectrome-
ter had a y-ray transverse-momentum resolution
of 5 MeV/c. This enabled us to separate vy de-
cays from most of the dominant 27° background,
since the y-ray transverse-momentum spectrum
from 27° decays cuts off at 229 MeV/c while the
spectrum from the vy mode extends up to 249
MeV/c. The Kg’s were produced by regeneration

from a K beam in an 8-in. uranium block. The
K, = vyy decays which occurred downstream of the
regenerator were used for normalization.

The vector momentum of one y ray was mea-
sured in the pair spectrometer with an rms error
of 2.5% in energy and 3 mrad in production angle.
The decay vertex was established by the intersec-
tion of the spectrometer y-ray trajectory with the
beam which was a 0.8-in. wide by 8-in. high verti-
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" FIG. 1. Schematic view of the apparatus.
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