
VOLUME 29, NUMBER 6 PHYSICAL REVIEW LETTERS 7 AUGUsr 1972

Large Isospin-Mixing Matrix Element in '2cf
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(Received 15 June 1972)

Isospin mixing between the 12.71-MeV, 1, T = 0 and 15.11-MeV, 1, & =1 levels in
~2C is measured utilizing two different direct reactions. A consistent value (P2 0.01)
is obtained from both the isospin-forbidden reaction C(d, d')» C* and the comparison
of the yields in the analog reactions ~3C(d, t)~ C*(15.11 MeV) and ~3C(d, h)~2B(0.00 MeV).
This mixing implies a charge-dependent matrix element between these two levels of
approximately 250 keV.

There has been considerable interest' in iso-
spin mixing between levels in light nuclei which
have similar structure. In the celebrated case' '
of 'Be a pair of 2' levels, assumed initially de-
generate, mix strongly with one another with an
isospin-mixing matrix element of 150 keV. Rea-
sonable calculations' employing only electro-
magnetic interactions between nucleons have con-
siderable difficulty obtaining such a large matrix
element and perhaps charge-dependent nuclear
forces have to be invoked. It would be of real in-
terest to examine other instances where one

might find large isospin-mixing matrix elements
between specific levels. In general the interact-
ing levels will not be as close in energy as was
the case in 'Be, and so the specific levels in-
volved in the isospin mixing may be harder to
identify. We wish to report in this Letter on
some experiments that obtain the mixing matrix
element between the 12.71-MeV, 1', T =0 and
15.11-Me7, 1', T =1 states in the "C nucleus.
As these levels differ in energy more than is the
case in 'Be and, in fact, are separated by an
amount large compared to the size of the mixing
matrix element, the resulting isospin impurity is
small and considerable care must be exercised
in extracting the matrix element.

To facilitate discussion, consider two levels,
0 (T =1) and 4(T =0), which are eigenstates of a
charge-independent Hamiltonian. As a result of
a charge-dependent perturbation (HcD), they mix,
producing new eigenstates q&(1) and cp(0), where
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performed in two separate stages. The first was
a measurement' of the inelastic scattering cross
sections for deuterons on "C. The Princeton
University azimuthally varying field cyclotron
was used to provide deuteron beams at 27.2,
2V.6, and 28.0 MeV to bombard a 1.20-mg/cm'
self-supporting "C foil. Figure 1(a) shows the

y(1) = (1 —P')' %(1)+P@(0),

y(0) = —P+(1) + (1 P')'"@(0—)

with
27.0 27. 5

E (Mev)
28.0

p = &@(1)IHcDI+(0)&/(E &o). (2)

The charge-dependent matrix element is (HCD)
and P is the mixing amplitude between the levels.

The experiments reported in this Letter were

FIG. l. (a) Spectrum of 28-MeV deuterons inelasti-
cally scattered from C at 55'. (b} Ratio of 55' inelas-
tic deuteron yields to the 15.11-MeV, 1+ (T =1)and the
12.71-MeV, 1+ (T = 0) states in ~~C at three energies:
27.2, 27.6, and 28,0 MeV.

376



VOLUME 29 NUMBER 6 PHYSICAL REVIEW LETTERS 7 AUGUST 1972

energy spectrum obtained with 28.0-MeV deuter-
ons at a scattering angle of 55 . The reaction
was studied at three different energies to investi-
gate the energy dependence of the yield in the iso-
spin-forbidden reaction "C(d, d') "C*(15.11 MeV).
Figure 1(b) shows the ratio of the yield to the
15.11-MeV, T =1 level to that of the strongly ex-
cited 12.71-MeV, 1', T =0 level. It is evident that
this ratio is approximately independent of energy
and has a value 0.0070+0.0012. If we assume
that the observed cross section to the T =1, 15.11-
MeV level arises as a direct excitation of a small
admixture of the T =0 configuration at 12.71 MeV,
the ratio corrected for Q dependence provides
a value for P' [see Eg. (1)]. With the use of a
distorted-wave Born-approximation (DWBA)
calculation for the spin-flip excitation of P», '
-[p»,'p„,]~ ' the energy dependence yields a
factor of 1.6 which is uncertain to probably 20%%uo.

Thus p'=(1.6+0.3)x(0.0070+0.0012). One should
of course be somewhat skeptical of this result be-
cause of the simple underlying assumptions and
because it represents the largest value yet re-
ported' on an isospin-mixing matrix element. A
recent experiment' on the isospin mixing of this
pair of levels yielded a value for (Hzo) of 240-
720 keV, but it involved much speculation. Fur-
ther, a subsequent experiment' has cast doubt on
this determination of the a width of the 15.11-
MeV level; thus such a large value for (HCD)
must be discounted.

%e have obtained an independent determination
of the isospin mixing between these two levels
via a comparison of the yields of the analog reac-
tions "C(d, t)"C(15.11 MeV) and "C(d, Ii)"B(0.00
MeV). If charge independence holds, the ratio of
the transfer cross sections is

do(d, h)/dQ
da(d, f)/dQ

In addition to differences that result from iso-
spin mixing between bound states, there are oth-
er charge-dependent effects that are operative.
Some of these effects, such as the difference in
kinetic energy and Coulomb interaction of the out-
going 7. and t, may be treated" "within the
framework of the DWBA. In addition, if the pick-
up proceeds as a one-step direct interaction,
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FIG. 2. Angular distributions for single-nucleon

transfer from 3C. Data points, circles and crosses.
The DWBA angular distributions (solid lines) are ob-
tained with the parameters listed in the figure. F.F.
labels the form-factor parameters.

then the difference in the neutron and proton
form factors involved in the pickup can be treat-
ed explicitly. Figure 2 shows the angular dis-
tributions obtained for the yield to the 1', T =1,
15.11-MeV level in "C and its analog, the "B
ground state. The angular distributions for the
2', T =1, 16.11-MeV level, its analog in "B, as
well as the 12.71-MeV level are also shown.
Note the direct nature and similarity of the angu-
lar distributions in every case. As the (d, f) re-
action on "C can form both T =1 and T =0 states
in "C, isospin mixing leads to interference ef-
fects in the pickup amplitudes, and thus 1%% mix-
ing may give rise to much larger effects in the
pickup reaction. Neglecting for the moment the
charge-dependent effects in the scattering wave
functions, the ratio of the analog cross sections
can be written as follows:

g(d, ~)"B) &la, 1 ——,'Ia-,'&' p l(~a-,'O(lJ, IO; g&l'
S = i/2. 3/2

Z I Z &T;.', oil!!&~,&-.'!0{)~.~.~.; ~&l" (3)
= 1/2 s 3/2 Q y Tp

where the first term in the numerator is a vector addition coefficient coupling the isospins, and the sec-
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ond term is the fractional-parentage coefficient (FPC) linking the ground state of "C to the appropriate
level in the A =12 system. The notation employed for the FPC's is as presented by Cohen and Kurath. "
The results of Ref. 14 would predict the ploduct of the square of the vector addltlon coefficient tiIxles
the spectroscopic factor to be equal for the 12.71- and 15.11-MeV levels. This is borne out by our
analysis of this data and so we use the FPC's of Ref. 14 to formulate our results. Most of the yield to
these levels is due to the pickup of a lP„,particle; hence, using the results of Cohen and Kurath, "
Eq. (3) becomes

oCd, &)"B(gs ))/o((d t)"C(15 11 MeV)) = lo 70.7(1 —P')'"+O.V36P I

'

With the va, lue" of P =0.11 obtained in the (d, d') experiment, the ratio is predicted to be reduced by
19%%uo over what it would be for no isospin mixing (P =0).

D%BA fits to the relevant levels are shown in Fig. 2 along with the parameters employed. Spectro-
scopic factors were obtained via comparison of the 0%HA calculation with the experimental data at
the first maxima. For "C the values 0.49, 1.44, and 2.0V are obtained as spectroscopic factors for
the 12,V1-, 15.11-, and-16. 11-MeV levels, respectively, while for "8, the 0.00- and 0.95-MeV levels
yieM 1.10 and 2.05. Thus it is clear that the relative yield to the "C 15.11-MeV level is larger than
that to its analog in "B, while the 2' states agree very well. The value of P [see Eq. (4)] required to
give the observed ratio for the analogous 1' levels is P =0.13, which must be taken as being in excel-
lent agreement with the value P =0.11+0.01 obtained in the (d, d') measurement. Thus the value of

(HzD& should be taken to be 250 keV with an error, say, of + 50 keV.
It seems worthwhile to mention that if the 1', T =0 and T =1 states are assumed to arise from

[p», 'p», ]'=", and a [p», '] configuration is assumed for the A. =11 system, then (HcD& can be obtained
as the following mass difference:

=M ("C,0.00) -M ("B,0.00) -M ("C, 15.11)+M("B,0.00) = 240 keV.

This phenomenological calculation of course includes all charge-dependent effects that may be present
in the nucleus.

awhile we feel confident in the results obtained for the isospin mixing of these 1+ levels in "C, the
experimental techniques used here may not be universally employable. The interpretation of this set
of measurements is especially simple because just one common 1', T =0 level appears to have any
yield in both the (d, d') and (d, f) reactions and thus one need not be concerned about the effects of other
levels. In general, this will not be true and the more typical situation may well be far more compli-
cated.

Thus it appears that another matrix element between states of different T hes been found which is
considerably larger than is calculated using electromagnetic interactions. ' Perhaps we are acquiring
solid evidence for requiring a charge-dependent part of the short-range interaction in nuclei.

)Work supported in part by the U. S. Atomic Energy Commission, the National Science Foundation, and the Hig-
gins Scientific Trust Fund.
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A study of the reaction 298i(y, s) near threshold suggests that a doorway state with &

common to the che~nels Si+n and Si+p lies near 750 keV. We observe experi-
mentally Lane's prediction of a significant nonresonant background cross section asso-
ciated with strong partial-width correlations.

Evidence for doorway states' which influence
radiative excitation and decay of highly excited
nuclear states has been based in large part on the
observation of nonstatistical effects in the reso-
nance structure of the radiative cross sections.
Recent experimental efforts" have focused on ob-
servation of resonance structure in two reaction
channels leading to formation of the same com-
pound states. The objective in these studies has
been to observe in each reaction local concentra-
tions of strength that correspond to excitation of
the same intermediate states, and further to es-
tablish a correlation between the partial widths
of these states. Such correlation effects can be
interpreted in terms of a doorway state "common"
to both channels.

As evidence for a common doorway state in ' Si,
this note reports the localization of resonance
strength in the reaction "Si+y -"Si*at the same
excitation as proposed by Newson' for a neutron
doorway in the reaction Si+n, and an almost
complete correlation between the partial widths
for the corresponding resonances in the two reac-
tion channels. At the same time we wish to pre-
sent evidence for a third anomaly which can be
attributed to the presence of a common doorway
state, namely, the presence of a strong back-
ground cross section which produces a pronounced
interference asymmetry in the shape of a reso-
nance in the (y, n) reaction at 761 keV. Lane' re-
cently predicted such a nonresonant cross sec-
tion as a direct consequence of the existence of
strong correlations in partial widths.

The data were obtained from high-resolution
studies of the photoneutron cross section near

threshold for ' Si. The measurements were per-
formed at the threshold photoneutron facility' at
the Argonne high-current electron linac. A 63-g
sample of SiO, enriched to 95Vo "Si was irradiat-
ed by a pulsed bremsstrahlung beam with the end-
point energy adjusted so that the nuclear states
excited by photon absorption could decay by neu-
tron emission only via a transition to the ground
state of "Si. Neutron resonance groups corre-
sponding to each of the states excited were ob-
served by time-of-flight measurements, with the
array of neutron detectors set to observe neu-
trons emitted at 90' and 135' relative to the pho-
ton beam. Data taken at 90 with a proton-recoil
detector are shown in Fig. l. A measurement of
the photoneutron spectrum with 'Li-glass neutron
detectors covering the energy range 5-400 keV
revealed only one additional weakly excited reso-
nance level at 60 keV. Extensive data on the total
neutron cross section of "Si are available from
the measurements of Schwartz, Schrack, and
Heaton. ' A comparison of the corresponding res-
onance energies, corrected for recoil effects in
the photon and neutron channels, gave agreement
for all neutron groups observed in the (y, n) reac-
tion. One striking feature of the photoneutron
spectrum is the sharp interference asymmetries
observed in the shapes of resonances at 761 and
530 kev.

%e attempted to assign spins of the strong neu-
tron groups by studying the angular distribution
of the photoneutrons. Dipole absorption by the &'

ground state of ' Si excites 2 and ~ states which
then decay by neutron emission to the 0' ground
state of "Si. For the spin sequence &- ~-0, the


