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sition the DCO ratios involving the composite
(714.8+ 718.9)-keV peak can now be analyzed,
together with the directional distribution data.
All data are consistent with the 714.6-keV transi-
tion being an essentially pure (ts 1(0.1) 9-8
transition. The possibility of a mixed 8-8 tran-
sition with 8 I:+2.0 (in the definition of Krane
and Steffen'), cannot entirely be excluded from
the DCO and directional distribution data. This
assignment, however, is unlikely in view of the
absence of crossover transitions to the 6' state.

All coincidence rates, DCO, and directional-
distribution data are consistent with the level
scheme of "'Pd that is shown in Fig. 1. The fact
that al/ possible DCO ratios involving the 714.6-
keV y transition are far from unity clearly dem-
onstrates that the 1019-892-705-714.6-keV cas-
cade in "'Pd is not an extension of the ground-
state band as previously proposed. ' It is more
likely that this cascade corresponds to another
Ad=2 band built upon a J=9 state. A band of this
type, built on a J=7 state, has been observed in
the neighbor nucleus "'Pd." It is also to be
noted that the 1019-893-705-540-713.9-keV tran-
sitions form a 15-13—11—9 —7- 5 sequence of
states. The parity of these states has not been
determined experimentally and this spin sequence
could possibly correspond to an odd-parity band
with a strong accidental overlap of its 9 state

with the 8' state of the ground-state band.
The measurements described here show that

DCO-ratio observations are practical and very
useful for the determination of the multipole
character of, and spin changes in, y transitions
that take place in the complex decay of nuclei
produced in (HI, xn) reactions. A more detailed
account of the DCO and directional-distribution
measurements on the ' 'Pd y rays following the
("C,xn) reaction will be published in the near
future. '
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The reaction C( N, SN)'3C has been studied at a bombarding energy of 100 MeV. The
measured differential cross sections have been compared with exact finite-range dis-
torted-wave Born approximation calculations including recoil. The angular distribution
of the reaction populating the 2s&» state in '~C at 3.09 Mev shows pronounced oscilla-
tions which are out of phase with those of the predicted angular distribution.

Recently it has been shown that the inclusion of
"recoil" in numerical distorted-wave Born-ap-
proximation calculations of heavy-ion transfer
cross sections strongly affects the predicted dif-

ferential cross sections in both shape and mag-
nitude, particularly at higher energies, and ex-
plains many observations which were not pre-
viously understood. " In particular, the inclusion
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of recoil increases the number of / transfers
which can contribute to the cross section. This
can be seen from considering the selection rules.
The angular momentum selection rules for a re-
action A (a, b)B are

ll, —l, l
-l -l, +l,

and

IA i, l
--I-Xi+i.,

where a=b+xl, '& and 8=A+xI, '2, i.e., b and A

are the cores between which x is transferred.
If recoil effects are not included, there is an

additional "rule" which is an artifact of the "no-
recoil" approximation. It is (- I)' = b, s, where
b g is the change in parity from the initial to the
final system. The l values which satisfy this
pseudorule are called "normal" l's and those
which do not are called "nonnormal" /'s. The
contributions of these nonnormal / transfers to
the cross section have been found to be quite im-
portant in many heavy-ion reactions.

One example of this was the successful analysis
of single-nucleon-transfer reactions induced by
"N on "C and "8 at high energies. ' The relative
lack of structure in some of the angular distribu-
tions for these reactions was explained by the
complementary contribution of a "normal" l =0
transfer and a "nonnormal" l= 1 transfer, both
of which were highly structured but out of phase
with each other. In particular, the reaction
"C("N, "N)"C(g.s.) at 78 MeV was well fitted
with the incoherent sum of these rapidly oscillat-
ing components, producing a smooth angular dis-
tribution in reasonable agreement with the data.

This explanation of a relatively structureless
angular distribution is quite plausible, but it
would be preferable to fit an angular distribution

with structure to test the correctness of the theo-
retical treatment. Such a test can be achieved by
measuring the angular distribution of the reaction
"C("N, "N)"C(3.09 MeV, 2s») which, according
to the first of the above selection rules, will
have only an l =1 contribution to the cross sec-
tion. If this contribution has the same rapidly
oscillating angular dependence found in the l = 1
contribution to the "C ground-state cross sec-
tion, then the experimental 2s» angular distri-
bution would be expected to have pronounced os-
cillations.

To test this prediction, we have measured the
"N+ "C elastic-scattering and single-nucleon-
transfer differential cross sections at a bombard-
ing energy of 100 MeV using an ' N beam from
the Berkeley 88-in. cyclotron. The reaction pro-
ducts were analyzed with a magnetic spectrom-
eter system. ' A momentum spectrum for the
transfer reaction is shown in Fig. I, with the
ground, 3.09-MeV, and 3.85-MeV states indicat-
ed. Since "N is bound by only 1.94 MeV, no ex-
cited states of "N are expected in the spectrum.

Figure 2 shows the angular distributions of the
"C states. Also shown for comparison is the
measured elastic -scattering angular distribution
and its optical-model fit. It can be seen clearly
from Fig. 2 that the "C ground state (Ip,») does
not oscillate while the angular distribution for
the 3.09-MeV (2s,l,) state has pronounced oscil-
lations, in qualitative agreement with the pre-
diction given above. However, a serious dis-
crepancy appears when the oscillations of the
3.09-Me V (2s«, ) angular distribution are com-
pared with those of the elastic scattering angular
distribution in Fig. 2. %e see that the two dis-
tributions oscillate out of phase. The diffraction
model for heavy-ion transfer reactions' indicates
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FIG. 1. Position spectrum for the reaction C( N, N) C.
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that this phasing is characteristic of an n en-l
transfer and, as has been previously mentioned,
the transfer reaction is expected to popu1. ate the
2s,&, state with I = 1 only. It is possible that the
diffraction model is too crude to give reliable
predictions of such phasing. To investigate this
question we must employ a more accurate theo-
retical treatment.

Exact finite-range DNBA calculations includ-
ing recoil were made using the program LOLA. '
These are shown in Fig. 3. The ground-state
(1p») angular distribution is reasonably well
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FIG. 2. Experimentally observed angular distribu-
tions. The elastic-scattering optical-model fit was
obtained with the parameter set Vo -—145 MeV, ro
=0.925 F, a, = 0.816 F, % &=85.3 MeV, ri=l. 30 F,
~=0. 178 F, where R=ro(12 +14 ). The triangular
points in the ~~C ground-state angular distribution
were obtained from measurements of the mirror re-
action ~ C{ N, C) SN(g.s.). The solid curves through
the transfer reaction angular distributions are only to
guide the eye.
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FIG. B. DWBA calculations (using the optical param-
eters of Fig. 2) for the ~~C ground, 3.09-MeV, and
8.85-MeV states. As discussed in the text, the 8.09-
MeV excited state should be an &=1 transfer but seems
to more closely resemble an E=-0 transfer.
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fitted with the DWBA prediction which is an in-
coherent sum of l =0 and l =1 components and

gives a product spectroscopic factor of 0.51.
This number is in good agreement with the value
determined in the 78-MeV analysis' (0.53) and
with the theoretical value of Cohen and Kurath'
(0.42). The 3.85-MeV (1d») angular distribution
is also well reproduced by the DWBA calculation,
although in this case the measured spectroscopic
factor, 0.37, is less than the expected value of
unity. [Based on a comparison with high-resolu-
tion "C('Li, 'Li) data, ' the contribution to the
3.85-MeV peak from the unresolved 1P», ' level
at 3.68 Me V is expected to be very small. J How-

ever, the l = 1 prediction for the 2s,~ angular dis-
tribution is clearly out of phase with the data, as
anticipated by the consideration of the diffraction
model above, and the normalization shown in the
figure yields a spectroscopic factor (0.25) con-
siderably smaller than expected. Curiously, the
data bear an amazing resemblance in phase and
shape to the i = 0 contribution to the ground-state
angular distribution.

We have investigated the dependence of these
predictions on the optical-model parameters
used. Other parameter sets which fit the '4N+ "Q
elastic scattering in this energy region' were
tried in the DWBA calculations. Also investigat-
ed were the effects of small changes in the bound-
state parameters (those used in the fits shown
are r, =1.25 fm and a=0.65 fm). None of these
changes produced any discernible change in the
phase of the angular distributions.

Since the finite-range DWBA program LOLA

has given good agreement with other oscillating
angular distributions in this mass and energy re-
gion' (no 2s», states were studied, however) and
has also correctly predicted the angular distri-
bution of a 2s» state in the reaction "Si("0,
"N)"P at 42 MeV, ' we must conclude that the
fault does not lie with the code, and that the re-
action process responsible for the population of
the 2s» state is somehow not being correctly
described.

At high excitation energy there appears (Fig. 1)
a weakly excited group at 7.3+0.3 MeV. The
angular distribution of this group is shown in
Fig. 2. Based on a comparison with other single-
nucleon-transfer data, 9 this group may corre-
spond to the -', ' and —,

' ' states (at 6.85 and 7.68
MeV) which are known" to be mainly a "C(2')
(3 2s,~ configuration. The similarity of the an-

gular distributioILs for the 7.3 and 3.09-MeV
states (Fig. 2) might then suggest that a multi-
step reaction mechanism is contributing in these
cases. However, since the spectroscopic factor
obtained for the 2s» state is too sma11, any
multistep contribution to the reaction process
presumably is such that it interferes destructive-
ly with the direct 2syp transfer.

In summary, we find that the ground and 3.85-
MeV state angular distributions are well repro-
duced by finite-range DWBA calculations but the
3.09-MeV state has a highly oscillatory angular
distribution which is completely out of phase
with the theoretical prediction. The explanation
for this anomaly is presently unknown and further
measurements should be undertaken to clarify
the reaction mechanisms in this mass region.
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