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300 keV. Figure 3 illustrates this similarity by
showing six such anomalies on an expanded scale
with their (p, n) threshold energies aligned. The
shapes observed here are definitely not attribut-
able to the simple Breit-Wigner interference
shape, and differ markedly from the single-mini-
mum shapes observed previously in (d, p) reac-
tions'~ and calculated by Tamura. and Watson.

From a spectroscopic viewpoint, the nonanalo-
gous anomaly is the equivalent of protons bom-
barding an excited target and allows the study of
states in the residual nucleus which have the con-
figuration of a hole coupled to an excited state of
the target core. As in quasi-inela, stic scattering,
such an effect is most likely to be observed when
the excited state of the target is collective, since
this effect occurs through the deformed isospin
potential. "Mo is therefore a good nucleus for
the study of isospin coupling. ln addition, the
strength of the interference term is expected to
be stronger when there are available in the last
shell more neutrons through which cha, rge-ex-
change coupling can occur.

In summary, we have observed the effect of
isospin coupling in the incident ("Mo+p) channel
in the form of anomalies in the excitation func-

tions for several different outgoing channels, at
(p, n) threshold energies to the ground-state and
excited-state analogs of "Mo. The latter effect
implies the need for a YE distortion of the iso-
spin potential of at least E =2. The simultaneous
observation of these anomalies in several chan-
nels and the similarity of their shapes should
provide a significant challenge for coupled-chan-
nel calculations.
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Correlations between the measured strengths of excitation in the Q, y) and (d,p) reac-
tions on the N=82 nuclei Ba 3, Ce~4, and Nd are discussed. The results are shown
to be consistent with the common unique parent assumption of Lane and Wilkinson.

The neutron capture reaction is generally re-
garded as the classic case of the compound-nu-
cleus or resonance reaction, but it may also
proceed as a direct reaction. The mechanism of
direct neutron capture has been discussed by
Bockelman' and Lane and Lynn. 2 These authors
conclude that the radiative cross section for this
process may be expected to be much smaller
than that observed in the more typical resonance
neutron capture reaction. The existence of di-
rect capture has recently been confirmed by Was-
son et al. ' and by Chrien et al. ,~ who deduced di-
rect-capture cross sections of the order of a few
millibarns for the reactions Co"(n, y) and U "(n,
y) from the observation of interference between
direct and resonance capture.

Independent evidence for the occurrence of di-
rect capture is provided by the observation' of a
correspondence between the (n, y) and (d, P) reac-
tions in some light nuclei (A ~ 60). In the pres-
ent work we present the first evidence of this
type for heavier nuclei (A -140). A strong corre-
lation is observed between the (n, y) and (d, P) re-
actions for three nuclei with %=82. The purpose
of this Letter is to show that these results are
wholly consistent with the "common unique par-
ent" (CUP) assumption suggested by Lane and
Wilkinson' some years ago and that this assump-
tion may describe the situation better than was
hitherto thought. '

Lane and Wilkinson considered the wave func-
tion of the system of A nucleons expanded in
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terms of a complete set of orthogonal parent
states pp of A-1 nucleons coupled to a single
nucleon, each term being weighted by the usual
coefficients of fractional parentage. In this re-
presentation the initial state in the (d, p) reaction
(ta, rget plus neutron) is naturally described by
one term of the expansion, namely, that term
whose parent state is the ground state of the tar-
get nucleus pp . Consequently the matrix ele-
ment' ydp connecting the initial state to a given
final state will be proportional to the coefficient
of fractional parentage which corresponds to the
same parent state yp in the expansion of that

0
final state. On the other hand, the initial (cap-
ture) state of a typical (n, y) reaction, in which
the formation of a compound nucleus takes place,
will be described by many terms in the expan-
sion. However, if, in a particular case, the term
whose parent state is jp predominates in this

0
expansion (CUP assumption), then the matrix
element' y will be approximately proportionalny
to the same coefficient of fractional parentage
as that to which ydp is proportional. A correla-
tion between the two matrix elements yny and

ydp should then be observed A similar situation
occurs if the CUP assumption applies to the final
state instead of the initial state. Indeed, as
pointed out by Bockelman, ' it may occur that both
the initial and final states are of this type. Such
a situation would correspond to a direct capture
process. Experimentally one would expect to ap-
proach this situation, in which the ground state
of the target nucleus represents the predominant
parent state in either or both of the initial and
final states, when the target is a closed-neutron-
shell nucleus.

To test this assumption we have chosen to study
the (n, y) reaction on the N =82 targets Ba's',
Ce'", and Nd'~. The (d, p) reactions on these
nuclei have already been studied. '~" These re-
sults enable us to compare the strengths with
which a given final state is excited in the two re-
actions.

The details of the measurements on the reac-
tions Ba'"(n, y) and Ce'"(n, y) will be presented
elsewhere. " We shall only be concerned here
with those results of the (n, y) reactions which
are relevant to the comparison with the (d, p) re-
action data.

Our analysis is limited to those states which
have been assigned ln =1 in the (d, p) reaction
studies, as no primary transitions in the (n, y)
reactions were observed to populate final states
with /'n c1. Since we are dealing with s-wave

capture this implies El multipolarity for the ob-
served primary transitions. Hence the relative
strength G„y of excitation in the (n, y) reaction
is proportional to the reduced transition proba-
bility B(E1) (-=yny'). In our analysis we use G„y
=Iy/Ey' where Iy and Ey are the energy and in-
tensity of the primary y ray.

The corresponding strength of excitation in the
(d, P) rea.ction, which is deduced from the inten-
sities of the groups of outgoing protons, is given
by Gdp =(2Jj+1)S where Jf is the spin of the final
state and the spectroscopic factor S is propor-
tional to ydp ."

In the present case, in which we deal with even-
even (spin-0) targets and ln =1 states, the CUP
assumption of Lane and Wilkinson leads to'

y '/y '~ 2Z +1.
ny dp f

In terms of the excitation strengths Gn& and

Gdp, which are defined above, Eq. (1) becomes"

G /G = const. (2)ny dp

A plot of G„y vs Gdp is shown in Fig. 1 for the
levels assigned ln =1 in Ba'". As can be seen,
there is a strong correlation between these two
quantities which is clearly in agreement with
Eq. (2). The correlation coefficient correspond-
ing to this set of values is p =0.95 and the proba-
bility that this value is consistent with a mean
value p =0 (no correlation) is less than 0.3%.
The results obtained for Ba'" appear, then, to
provide support for the CUP assumption and at
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FlG. 1. The strength of excitation (G„=ICE 3) in
the reaction Ba 3 Q, y) plotted against the strength of
excitation [Qdp =(2Jf+1)S] in the reaction Ba (d, p)
for levels in Ba~3~. The slope of the straight line cor-
responds to an average value of all the measured ra-
tios G'n&/Gdp (see Table I).
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the same time suggest the predominance of di-
rect capture in the reaction Ba's'(n, y). Two ad-
ditional facts in support of this interpretation
should be noted. (1) A crude theoretical esti-
mate2 of the expected cross section for direct
capture yields othermal(direct capture) -0.2 b,
which is consistent with the total experimental
cross section c'thermal(exp) =0.35+0.15 b. '
(2) The first unbound resonance in the reaction
Ba'Ss(n, y) is found'4 at 31.7 keV and its contribu-
tion to the thermal cross section is less than
4 mb.

Unfortunately the information currently avail-
able on the reactions Ce'~(d, P) and Nd'~(d, P) is
much more limited than in the case of the reac-
tion Ba'"(d, p). In both cases the (d, p) strength
has only been measured" for the first two ex-
cited states which have been assigned l~ =1. The
experimental results for all three nuclei are
summarized in both Table I and Fig. 2. Only the
results for states assigned l~ =1 and having
known values of both G~y and Gdp are included.
In Fig. 2 the values of G„y and Gdp are indicated

Table I. Results from the (g, y) and (d,p) reactions
on & =82 nuclei. Only states assigned l„=1are listed.
The first two columns give the energies (in keV) and
the spins and parities of the states excited in both reac-
tions. The third, fourth, and fifth columns show the en-
ergy g& (in keV), intensityi&, and strength Q„(=I /
8~3) of the primary y rays observed in the (n, y) reac-
tion (Ref. 11). The intensities I& are given as a per-
centage of the intensity of the y ray depopulating the
first excited st te The values Gny are normalized to
the Gdp strength for the first excited state. The
strengths Gdp = (2'+ 1)S and the spectroscopic factors
$ obtained from the„g, p) reaction (Refs. 9 and 10) are
shown in the sixth and seventh columns. The last col-
umn contains the ratios G„&/Gdp. The reported Gdp
strength (Ref. 10) for the 1292-keV level in BaI39 is not
included here because this level could not be resolved
from the 1284-keV level in the (d,P) reaction studies
see H,ef. 11).
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graphically on the right of each level scheme.
Ba'" provides the only case where more than
two levels are available for a comparison of the
two reactions. It is noteworthy, however, that
G~ and Gdp for the first two excited states in
Ce ' and Nd' ' appear to be correlated in the
same way as for the corresponding levels in
Ba'"

Despite this similarity in the behavior of the
three isotopes studied the case of Nd'4' is clearly
different from the other two. For Balse and Cel4l

the observed correlation between the (n, y) and
(d, P) excitation strengths and the magnitudes of
the total thermal-neutron capture cross section
are consistent with the CUP assumption and the
direct or potential neutron capture mechanism
as discussed by Lane and Lynn. ' For Nd'4', how-
ever, the measured thermal-neutron capture
cross section is -17 b, which suggests the pre-
sence of a bound level close to the neutron bind-
ing energy in this nucleus. This would normally
lead us to expect that the capture state has a
complicated configuration. Thus Nd'4' may be a
case in which a correlation with the (d, P) reac-
tion arises from the predominance of the parent
state (np in the final state only. This hypothesis

0
seems to be consistent with the measurement of
relatively large spectroscopic factors for the
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FIG. 2. Levels in Ba+, Ce, and Nd~4 which have
been assigned l„=1 in the (d,p) reaction on the corre-
sponding pf = 82 target nuclei. An energy scale is shown
on the left. The strengths of excitation obtained in the
(n, y) and (d,p) reactions, normalized for the first ex-
cited state, are shown graphically on the right of each
partial level scheme. The widths of the arrows repre-
senting the gamma transitions in the (n, y) reaction are
proportional to their measured intensities. The intensi-
ties of the primary transitions relative to the intensity
of the transition de-exciting the first excited state in
the same nucleus are indicated above the arrows repre-
senting the transitions.
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first excited & and 2- states. It is worth noting
that the transitions to these states in Nd'~3 occur
in ~21% of the total captures as compared with
the corresponding values of 70 and 80% for Ce'4'

and Ba'". This tendency of the capture state in
Nd' ' to decay via other paths is consistent with
the interpretation that the initial state in this
case is more complicated than in Ba'" and Ce'4'.
The reaction mechanism underlying this inter-
pretation may be the channel resonance capture
process postulated by Lane and Lynn. '

Further information on the reactions Nd'~2(d, P)
and Ce'"(d, p) would clearly be of great interest.
If the spectroscopic factors for higher levels in
Nd' ' are small then a description in terms of the
CUP assumption or the theory of Lane and Lynn
would suggest that the correlation between the
(n, y) and (d, p) reactions which is observed for
the first two excited states should disappear
since the final states would no longer have pure
configurations.
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