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ues of the electro-optic coefficient. Such large
values may, in part, account for the structure
due to excitons in electroreflectance spectra.'®
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ISOSPIN-NONCONSERVING DECAYS IN MIRROR NUCLEI*

E. G. Adelberger,t C. L. Cocke,f C. N. Davids,$ and A. B. McDonald
California Institute of Technology, Pasadena, California 91109
(Received 22 January 1969)

We have measured branching ratios for the isospin-nonconserving particle decays of
the 15.1-MeV T =2 states in 13N and 13C to the (0.0, 0%) and (4.44, 2%) states of 12C. By
comparing ratios of reduced widths with the 0% and 2" states of 12C for the mirror de-
cays, we show that the form of the isospin impurity in the 15.1-MeV states depends on

T,.

One of the more intriguing ideas in nuclear
physics is the suggestion that the isospin impuri-
ties observed in nuclear wave functions may be
useful in understanding the charge dependence of
the internucleon force itself.! That the exploita-
tion of this suggestion has not been entirely suc-
cessful is largely due to the scarcity of suffi-
ciently detailed experimental information on the
size and form of these impurities. Our present
knowledge of the magnitude of isospin admixtures
is primarily obtained from three sources: (1) 8-
decay matrix elements,? (2) electromagnetic se-
lection rules (especially for AT =0, E1 transi-
tions in self-conjugate nuclei),®* (3) comparison
of isospin-allowed and -forbidden reaction rates.®>~’
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We have employed a new technique for studying
the form of isospin impurities in nuclear wave
functions by comparing isospin-nonconserving
decays from analog levels in mirror nuclei. In
this Letter we present results for the decays of
the lowest T =3 levels in '*C and *N. Similar
experiments are presently under way in mass 9
and mass 17.

Decay branching ratios (BR’s) to the ground
and 4.44-MeV states of >C were measured using
the reactions 'B(®He, n)'*N(15.07) - p +2C and
1B(*He, p)**C(15.11) —n +12C. Coincidences be-
tween neutrons and protons were stored in a 64
X 64-channel array, one variable being neutron
flight time, the other proton energy. Protons
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were detected in a 1000-u surface-barrier coun-
ter, neutrons in a 5.08-cm thickx 12,70-cm diam
heavily shielded plastic scintillator. The “start”
pulse for the time-to-amplitude converter was
taken from the neutron detector, the “stop” pulse
from the fast current pulse of the solid-state
counter. The neutron detection efficiency was
determined to an accuracy of 10 % using the
known cross sections for the reaction D(d,n).

Since the lowest T =3 states in A =13 have spin
%, the decays are not isotropic. To simplify the
integration over solid angle in computing BR’s,
the protons or neutrons populating the T=3 lev-
els were detected at 0°. This served to align the
residual nuclei and simplified the angular corre-
lations. In this case the correlation is axially
symmetric around the beam direction and the 6
dependence is given by W(6) =a, +a,P,(cos6).

In Fig. 1(a) we display a singles pulsed-beam
time spectrum from the reaction 'B(®He, n). The
stop pulses in this case were obtained from the
beam pulsing system. From such spectra we
found the number of neutrons populating the
13N(T =3) state per monitor count [the d, group
from the reaction !B(*He, d) was used to normal-

ize the singles and coincidence spectra]. Then
the beam -pulsing system was turned off and a co-
incidence spectrum was accumulated with identi-
cal geometry. In Figs. 1(b) and 1(c) we show the
projections onto the ¢, (neutron time-of-flight)
axis of the kinematically allowed regions in the
E, t, plane for which the outgoing protons leave
the **C residual nucleus in its ground and first-
excited states. The numbers of T =3 decays per
monitor count to 2C(0.0;0%) and 12C(4.44;2")
were taken from the projected spectra, and the
BR’s computed from the ratio of decays to popu-
lations. To ensure that the “7T'=3 decays” were
indeed due to a resonance in the !2C +p channel
and not in !2C +n, we have covered a wide range
of decay angles in both forward and backward
hemispheres and avoided beam energies and de-
cay angles where ambiguities from known states
in 3C may arise.

The technique used to measure the 3C decays
was quite similar, except that the singles spec-
tra were taken with a continuous beam. Since the
proton energy resolution was degraded by the foil
used to “range out” the incident beam, we used a
magnetic spectrometer with an energy resolution
of 35 keV to obtain the number of protons populat-
ing the '*C(15.11) state per monitor count, in a
separate experiment.

In Fig. 2 we present the measured differential
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FIG. 1. Neutron time spectra from the reaction
11B(°*He,n)12C. (a) Pulsed-beam singles time spectrum.
The T =% state at 15.11-MeV excitation occurs in time
channel 11, corresponding to a neutron energy of 1.1
MeV. Peaks near the center of the spectrum corre-
spond to lower lying 13N states. (b) Neutron spectrum
in coincidence with protons from decays to the ground
state of 2C. (c) Neutron spectrum in coincidence with
protons from decays to the 4.44-MeV state of 12C.

BR’s (BR’s per unit solid angle) for 3N and 3C
plotted versus cos?6; ;.. On such a plot the an-
gular correlations should be straight lines. As a
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FIG. 2. Differential branching ratio measurements
for decays of the 15.1-MeV T =% states in 13N and 13C
to the ground and 4.44-MeV states of 2c. Branching
ratios were obtained by integrating over 6. 1, .

check on our experimental technique, we have
measured two BR’s which should be close to unity
and obtained 1.05+ 0.11 and 0.98+ 0.05 for the
13C(6.87) - 12C(0.0) +7 and *°F(3.58) ~ *°0(0.0) +p
decays, respectively. Our BR’s for the T=3
states are listed in Table I, along with values
for I‘f .r‘),o, Tpor Ty FPI, and I’y obtained by
combining our results with those of recent reso-
nance and coincidence studies.®~!!

The most striking feature of our results are the
marked differences between the mirror transi-
tions in 3N and !3C. To interpret the observed

asymmetry we must first remove the trivial
charge-dependent effects due to differences in
phase space and barrier penetration. We presum-
ably account for such effects by dividing the
branching ratios by the [ =1 penetrabilities (»
=3.4 F was used) to obtain the ratios of reduced
widths,
6°(0%)/6%(2*) = [BR(0*) /P(0%)]
x[BR(2%)/P(2%)]!.

However, the large asymmetry is still present in
the ratio of reduced widths, also listed in Table I.

We shall use first order perturbation theory to
derive an expression for the ratios of reduced
widths. We expect that the isospin-nonconserving
interaction can reasonably be treated as a pertur-
bation since presumably the T =3 admixtures are
small [['=1.17+0.21 keV (Refs. 8 and 10) in !*N;
r=6.2+1.1 keV (Refs. 10 and 11) in *C] and the
T =% components of these states have very simi-
lar wave functions. This can be tested by com-
paring the M1 radiation widths of the 15.1 - 0.0
transitions in *N and ¥C. If the 15.1- and 0.0-
MeV states were eigenstates of isospin, these
AT =1 transitions would have identical widths
(see Ref. 4). Recent electron scattering studies!?
give an M1 width in 13C of 25+ 7 eV. Using our
value for I‘po/F and measurements of FPOF),O/F'
and the E2/M1 amplitude ratio from the reaction®
2C(p, v,), an M1 width of 27+5 eV is found for
the state in !3N. The excellent agreement sup-
ports our assumption that isospin impurities in
the 15.1-MeV states are small. To our know-
ledge this is the first case where the equality of
AT =1 y-radiation widths has been tested.

In first-order perturbation theory the initial
(mass 13, T=3) and final (*2C +nucleon) states
may be described in an obvious notation as

i\ = =3 -1
ll) - la’ T'Z’ TZ> +Zsz(Tz)|bz’ T" 2y TZ>’

[£)={lc, T=0,0) +Z].6j|dj, T=1,0}|T=%, Tz>,

Table I. Some properties of the decays of the 15.1-MeV T =2 states in 13C and 13N. See text for references to

other work.

T r ' orT I orT
. N . N Yo bo ng by ny

BR(0%) BR(2") 62(0%)/62(2+)2 keV) (eV) (keV) (keV)
13N (15.07)  0.202+£0.020  0.121+0.015 1.18 +0.11 1.17+0.21b 2745 0.24 +0.05 0.14+0.03
13c(15.11)  0.065+0.014  0.250 +0.036 0.17+0.03 6.2+1.1¢ 25 +£7 0.40+0,11 1.55+0.35

2Error in ratio of #2’s is less than that obtained by combining BR’s because of systematic effects which cancel

in ratio of 62’s.

bObtained by combining results from Refs. 8-10, and present work.

CObtained by combining results from Refs. 10-12.
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where the sums run over all possible admixed
states. In the case where Tz =+3,

(1) =5 BT ) e, T=14lb, T=
+(%)1/22j6j*<dj, T=%la; T=%> iO(Bé)

We will assume that there are no fortuitous can-
cellations in first order and neglect higher order
terms.

The T, dependence of the 3; can be made expli-
cit:

- - -1 .

Bi(Tz) = (Ea Ebi) <bi’ TleNcla’ Tz>
We then expand the isospin-nonconserving opera-
tor in spherical tensor operators, Hyc =7’ + 7o'

+Tg?, and then use the Wigner-Eckart theorem
to yield

BT, =21 = (B, =, )
X[(3)2 G I T1la) <32 0 I 7).

The ratio of reduced widths to final states ¢ and
¢’ becomes

o |uto

0.7 Krlo)

2

| 2T e s @m0 o) |
AT ) o) +BIL 674 )| -

We can see immediately that a difference in the
ratio of reduced widths for T, =+% implies the
following:

(1) Isospin impurities must be important in the
mass-13 T=3 levels; T=1 impurities in the 2C
states alone cannot produce the observed effect.

(2) If impurities in the 2C wave functions can
be neglected, the impurity in the 7 =3 states
must arise from the admixture of more than one
state. [It is very likely that 6; «< B; since (E¢
-Edj) >(Ea-Eb;).]*

(3) If we further assume that the energy denom-
inators (Eq—Ep;) are independent of 7, the iso-
vector and isotensor matrix elements must have
comparable strength. The validity of the assump-
tion that the energy denominators do not differ
significantly for T, =+3 is difficult to assess, as
the T=4,J7=3" states in this energy region have
not been located experimentally and shell-model
calculations®® predict a 7=1,J7 =37 state very
close to the lowest 7 =3 level.

It would, of course, be interesting to see if

Coulomb mixing alone can account for the mea-
sured BR’s. Exploratory calculations by Maque-
da' using spherical shell-model wave functions
and excitation energies do not reproduce our
BR’s. Reliable mixing calculations, of course,
cannot be made until more of the T=3,J=3"
states in the A =13 nuclei have been identified.

It appears that, at present, the most promising
avenue for additional work lies in careful experi-
mental and theoretical studies of these T =3 lev-
els.

It is interesting to note that the form of isospin
impurities in T'=2 states of T, =0 nuclei may be
studied by comparing neutron and proton decays
of these levels with analogous T =3 states. If im-
purities in the 7 =3 states can be neglected, a
difference in reduced widths for neutron and pro-
ton decays could be interpreted as arising from
an isospin admixture containing both T=0 and
T=1 components.

We would like to thank A. P. Shukla, D. Ashery,
and H. B. Mak for valuable help in checking these
results, and E. Maqueda for many interesting
conversations and calculations.

*Work supported in part by the Office of Naval Re-
search under Grant No. Nonr-220(47) and the National
Science Foundation under Grant No. GP-9114.

tPresent address: Physics Department, Stanford
University, Stanford, Calif.

{Present address: Institut de Recherches Nucleaires,
Strasbourg-Cronenbourg, France.

§Present address: Cyclotron Laboratory, Michigan
State University, East Lansing, Mich.

IR. J. Blin-Stoyle, Selected Topics in Nuclear Spec-
troscopy (North-Holland Publishing Company, Amster-
dam, The Netherlands, 1964), p. 213.

%S. D. Bloom, in Isobaric Spin in Nuclear Physics,
edited by J. D. Fox and D. Robson (Academic Press,
Inc., New York, 1966), p. 123, and references therein.

D, H. Wilkinson, in Nuclear Spectroscopy B, edited
by F. Ajzenberg-Selove (Academic Press, Inc., New
York, 1960), p. 852.

‘E. K. Warburton, in Isobaric Spin in Nuclear Phys-
ics, edited by J. D. Fox and D. Robson (Academic
Press, Inc., New York, 1966), p. 90.

5C. P. Browne, in Isobaric Spin in Nuclear Physics,
edited by J. D. Fox and D. Robson (Academic Press,
Inc., New York, 1966), p. 136.

6L, Meyer-Schiitzmeister, D. von Ehrenstein, and
R. G. Allas, Phys. Rev. 147, 743 (1966).

'R. Bloch, R. E. Pixley, and P. Trudl, Phys. Letters
25B, 215 (1967).

M. J. Levine, thesis, Yale University, 1968 (unpub-
lished).

%F. S. Dietrich, M. Suffert, A. V. Nero, and S. S.
Hanna, Phys. Rev. 168, 1169 (1968).

355



VOLUME 22, NUMBER 8

PHYSICAL REVIEW LETTERS

24 FEBRUARY 1969

¢, L. Cocke, J. C. Adloff, and P. Chevalier, Phys.
Rev. 176, 1120 (1968).

K, A. Snover, E. G. Adelberger, and F. Reiss, to
be published.

12G. A. Peterson, Phys. Letters 25B, 549 (1968).

13gee, for example, S. Cohen, and D. Kurath, Nucl.
Phys. A101, 1 (1967).

14E, Maqueda, unpublished calculations.

NEUTRON PARTICLE-HOLE STATES OBSERVED
BY INELASTIC PROTON SCATTERING FROM “**Xef

P. A. Moore* and P. J. Riley*
University of Texas, Austin, Texas

and
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and
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University of Pittsburgh, Pittsburgh, Pennsylvania 15213

Neutron particle-hole states have been observed in the decay of isobaric analog reso-
nances formed in the reaction *Xe plus proton. Analysis of the on-resonance inelastic
data has given inelastic proton partial widths, spectroscopic factors, spins, and pari-

ties of several of the observed particle-hole states.

We have recently completed an extensive se-
ries of measurements of elastic and inelastic
proton scattering from '**Xe in the bombarding
energy region 9.77 to 12.98 MeV. Analysis of the
elastic-scattering data' shows that well-defined
isobaric analog resonances occur at bombarding
energies of 10.270 (f;,,), 10.874 (p,,,), 11.255
(py1/2), 11.583 (f;,,), and 11.810 MeV (f;,,) and
that the corresponding compound states in *'Cs
are analogs of states in *"Xe formed by addition
of a neutron to the closed N =82 neutron shell in
the configurations indicated above.

Virtually all the inelastic excitation functions
show resonant structure. Many have an even
more distinctive behavior in that they exhibit
sharp peaks at some, but not all, of the analog
resonances described above. These peaks in the
excitation functions are symmetric and typically
have a height which at angles greater than 90° is
10 to 20 times higher than the nearby off-reso-
nance background. In common with other work-
ers who have studied similar nuclei,? we identify
these inelastic transitions as being due to the ex-
citation of neutron particle-hole states in **Xe.
The motivation for this Letter is to show that it
is possible not only to make an identification as
to the nature of these states but also to use the
observed data in conjunction with a simple theory
to extract information about their spins and pari-
ties and to some extent about their configura-
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tions.

The neutron particle-hole states which we wish
to discuss are expected to have configurations in
which the particle is in a level above N =82
(2f7/25 3D 325 3P1/25 2/5,2), and the hole is in a level
below N=82 (2d;,,, 35,,,, 1hy,,,, 2d;,,). The possi-
bility of k,,,, or d;,, hole states will be ignored in
the present analysis because of the high angular
momentum involved in a k,,,, transition and be-
cause these two levels lie further from the Fer-
mi surface in '*Xe. Particle-hole states will
therefore be considered to be populated by the in-
elastic emission of a d;,, or s,,, proton from the
analog state formed in the reaction.

The theoretical expression used in our analy-
sis®is derived from the R-matrix theory as de-
veloped by Lane and Thomas.? We assume that
the single-level approximation is valid and fur-
ther that the background matrix R L, is zero.
This second assumption is equivalent to the as-
sumption that on resonance, the direct contribu-
tion to the inelastic cross section may be neglect-
ed in comparison to the compound contribution.
This assumption is only partially justified since
there is a small but clearly present off-reso-
nance yield in the inelastic excitation functions.
We justify this assumption on the basis that our
fits at backward angles are reasonably good and
that, to our knowledge, no theory which properly
takes account of the direct contribution is avail-



