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6=24°, we obtain $=0.28 (emu°K/g)1/3 and ¢=0.8

Xx10° g/emu. Taking M=10up, we find @ =0.94n,"°

and J up’n,~1 eV. We find, however, that with
these assumptions, Eq. (12) does not fit the data
too well at other points, giving somewhat higher
values for 6. It seems likely that a better fit
can be obtained by assuming @ to increase slowly
with decreasing Ni concentration (notice the @*
dependence of a).
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TWO-NUCLEON-TRANSFER REACTIONS INDUCED BY POLARIZED PROTONS*
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(Received 22 June 1970)

The (p,t) and (p, >He) reactions on 0 and N targets have been studied using 43.8-
MeV polarized protons. The observed cross sections and asymmetries for most states
are well reproduced by distorted-wave Born-approximation calculations. However, of
the five L =2 (S=0) transitions observed, two exhibit asymmetries which disagree mark-
edly with the other three and with distorted-wave Born-approximation predictions. Thus
asymmetries in two-nucleon—transfer reactions do not always appear to be simply char-

acteristic of the transferred quantum numbers.

The two-nucleon—transfer reactions, (p,?) and
(p,%He), have been used in the past not only to de-
termine spins, parities, and isospins of nuclear
energy levels,! but also to investigate wave func-
tions for the states involved.*® Such studies have
always used unpolarized projectiles. We present
here a report on the first detailed examination of
asymmetries produced in reactions initiated by
polarized protons; of particular interest is wheth-
er these asymmetries are characteristic of the
quantum numbers of the transferred nucleons.
The only previously published report of (p,?) and
(p,3%He) reactions using polarized protons®* showed
the similarity of the asymmetries in transitions
to analog final states —a result which our data
confirm.

We have investigated the (p,t) and (p,*He) re-
actions on '°0 and !°N gas targets. The reactions
were initiated by 43.8-MeV protons from the
Berkeley 88-in. cyclotron and the recently in-
stalled polarized-ion source.? The external beam
of 30-50 nA, with polarization |P|~0.75, had an
energy spread of 100 keV. Emitted particles
were detected in two AE-E counter telescopes
positioned symmetrically on opposite sides of the
incident beam. Standard particle-identification
techniques® were used to separate the reaction
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products; an overall energy resolution of =150
keV was obtained. Since the direction of the inci-
dent beam polarization could be reversed at the
ion source, the procedure described in Plattner,
Clegg, and Keller’ was used to extract the ana-
lyzing power® A(f) from the measurements,
thereby minimizing effects caused by instrumen-
tal asymmetries. The beam polarization was
monitored continuously with a *He polarimeter
calibrated from recent p-*He polarization mea-
surements.®

In general, at forward angles (0;,,< 60°) the
angular distributions of differential cross sec-
tions for (p,¢) and (p,3He) reactions are charac-
teristic of the transferred orbital angular mo-
mentum L and are reasonably well reproduced by
calculations which use the distorted-wave Born
approximation (DWBA). If the reaction may pro-
ceed by more than one set of transferred quantum
numbers (L, S, and J), the process is described
by the coherent sum of transition amplitudes
characterized by the same J but different values
of L and S. The extent of the interference be-
tween these amplitudes depends upon the strength
of spin-orbit coupling in the entrance and exit
channels, the sum becoming incoherent in the ab-
sence of such coupling. It has been suggested



VOLUME 25, NUMBER 5

PHYSICAL REVIEW LETTERS

3 Aucust 1970

that previously reported inconsistencies in the
ratio of cross sections for certain mirror tran-
sitions'® might be due to particularly strong in-
terference of this type.

In our experiment, the observed asymmetry of
the reaction products, as parametrized by the
analyzing power A(6), is expected to be very sen-
sitive to the strength of spin-orbit coupling and
the interference effects arising from it. Sixteen
transitions were observed of which eleven corre-
sponded to unique sets of transferred quantum
numbers. Since all values of L <3 were represent-
ed, it was hoped that these unique transitions
might define characteristic shapes for angular
distributions of the analyzing power so that the
ability of the DWBA calculations to reproduce the
them could be tested. If these simple cases were
successfully reproduced, then interference ef-
fects could be studied for the other transitions
which involve superpositions of amplitudes for
as many as four sets of transferred quantum num-
bers. Initially, the most interesting cases were
the mirror (p, ¢) and (p, *He) reactions leading
to the 3~ states at 7.38 MeV in *N and 7.55 MeV
in '*C for which an unexpectedly small (p, *He)
cross section had previously been reported.*°

The detailed results of this experiment and its
analysis will be published later.!’ However, a
very striking result has emerged which prompts
us to write this Letter., Five (p,f) transitions
were observed for which the transferred quantum
numbers are L=2 and S=0. Although these quan-
tum numbers are the same for all five cases, the
measured analyzing powers do not have the same
angular distributions. They appear instead to be
of two distinct types, one which agrees well with
DWBA calculations (we shall refer to this as the
“normal” type) and one which does not (“anoma-
lous” type). This is particularly surprising in
light of the success we have had in reproducing
the shapes of the analyzing-power angular distri-
butions for transitions with other L values, and
in fitting cross sections for all transitions, in-
cluding the “anomalous” ones.

The observed cross-section angular distribu-
tions for the five L =2 (p,t) transitions!? are
shown in Fig. 1 together with the distribution for
the L =0 ground-state transition, **0(p,#)*0.
Measured analyzing powers for the same transi-
tions appear in Fig. 2, The DWBA calculations
whose results appear in both figures utilized opti-
cal-model parameters taken from elastic-scat-
tering data which, for the protons, included po-
larization measurements. (Specifically, the pro-
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FIG. 1. Differential cross sections for some transi-
tions from the reactions %0(p,#)10 [labeled (a)] and
5N(p,t) N [labeled (b)]. Each transition is denoted by
the spin and parity of its initial and final states, and
the excitation energy of the latter. The results of
DWBA calculations are shown with each angular distri-
bution; the solid line corresponds to the use of harmon-
ic-oscillator wave functions for the transferred nucle-
ons, while the dashed line indicates Woods-Saxon wave
functions were used.

ton parameters for oxygen were from 43.1-MeV
scattering’® on '°O, while those for nitrogen came
from 40-MeV scattering™ on !2C; the mass-3 pa-
rameters were obtained from 3He elastic scatter-
ing on C at 30 MeV ® and N at 29 MeV, ! re-
spectively.) The results of two separate calcula-
tions are shown with each angular distribution.
They differ only in the choice of the form factor
used to describe the radial wave function of the
transferred nucleons; both assume a zero-range
interaction.’ The solid line is the result of using
harmonic-oscillator wave functions for the trans-
ferred nucleons, transforming to relative and
center-of-mass coordinates, and matching at
some large radius in the c.m. system to a Hankel
function which produces an asymptotic form cor-
responding to the known two-nucleon binding en-
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FIG. 2. Angular distributions of analyzing powers for
the same transitions as in Fig. 1. The curves and la-
bels have the same significance.

ergy.'® The dashed line represents the results of
calculations which use Woods-Saxon wave func-
tions for both particles'®; those shown assume
each particle is bound by half the total binding en-
ergy, with a Thomas spin-orbit factor, A , =25.

The wave functions used to describe the initial
and final nuclear states involved only 1p-shell
configurations with spectroscopic amplitudes tak-
en from the work of Cohen and Kurath.?® Since
only one 2 state with this configuration is pre-
dicted to occur below 10 MeV in O, the same
wave functions were used for the three 2 states
observed in that nucleus. The effects of sd-shell
configuration mixing will be discussed subse-
quently.

The agreement between calculation and experi-
ment is seen to be good for the differential cross-
section data in Fig. 1, and there is also reason-
able success in fitting those observed transitions
which are not shown. Similar agreement is seen
in Fig. 2 for the L =0 and “normal” L =2 transi-
tions; and again this is typical of the fits for all
of the unique transitions. This success makes
the disagreement with the analyzing powers for
the “anomalous” L =2 transitions all the more
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striking. It must be emphasized that this is not
simply a disagreement with theory but that there
is a significant discrepancy —virtually opposite
phase in their analyzing powers-—observed be-
tween transitions in the same nucleus which are
characterized by the same transferred quantum
numbers.

In attempting to understand the “anomalous”
transitions, we have examined whether it is pos-
sible to reproduce their analyzing powers by
making the following variations in the calcula-
tions:

(i) Optical-model parameters, —It is possible by
varying the geometrical parameters to make mi-
nor improvements to the analyzing-power predic-
tions for the “anomalous” transitions but this was
always found to be at the expense of worsening
the agreement to the cross-section data. Since
the agreement for other transitions deteriorates
at the same time, it seems unlikely that such
variations could ever generate the dramatic
change necessary to fit simultaneously all of the
L =2 transitions.

(ii) Bound-state parameters. —The calculated
analyzing powers were found to be insensitive to
all reasonable variations in those parameters de-
scribing the radial wave functions of the trans-
ferred nucleons; this included the strength func-
tion for the harmonic-oscillator wave functions
and the individual binding energies used with the
Woods-Saxon well.

(iii) Nuclear wave functions. —For the states at
high excitation energy, significant sd-shell com-
ponents are expected in the final-state wave func-
tions. Although the states with “anomalous”
transitions are relatively low in excitation, a
study of the effects of such admixtures was made.
It indicated that the amplitude of the oscillations
in the angular distribution of analyzing powers
was dependent upon the predominant configuration
in the wave functions but that the positions of
maxima and minima remained unchanged. Thus,
no improvement in the fitting of “anomalous”
transitions could be effected. One improvement
to a “normal” L =2 transition might, however,
be noted: The differential cross section to the
state at 9,72 MeV in 0 was reproduced more
reliably at forward angles when transfer from
the sd shell was assumed.

It does not appear possible within the context
of the simple DWBA to explain both types of L =2
transitions. Based on the !*N data, it is tempting
to postulate coupling to the spin of the residual
nucleus, since the two final states in *N differ
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in that respect (3 ~ and 3~). However no such ex-
planation could apply to the three 2% states in 0.
Dependence on the L-S coupling of the trans-
ferred nucleons cannot play a significant role ei-
ther, since the transferred nucleons in the (p,?)
reaction must have predominantly S=0. The ex-
planation may lie in the use of a more realistic
interaction potential than the delta function as-
sumed in calculations of the type followed here,
or it may lie in a more complicated reaction
mechanism—i.e., two-step, knock-out, etc. But
for these refinements to be effective, the basic
terms which we have considered must be reduced
considerably in the “anomalous” transitions rela-
tive to the “normal” ones. In *N, where p-shell
wave functions adequately account for the number
of states observed, the relative magnitudes of
the ground, 3~, and 3~ states are reliably pre-
dicted by our calculations. Thus, there is no a
priori indication that the normally dominant pro-
cesses should be reduced or forbidden for the
“anomalous” transitions.

Without a better understanding of those transi-
tions characterized by a unique set of transferred
quantum numbers, any attempt to explain the
more complicated (p,%He) transitions must be
treated with caution. The analyzing powers for
three states populated in the (p,3He) reaction are
shown in Fig. 3. The transition to the state at
7.03 MeV in N is described by L=2 (but S=1)

(a) 7.03 MeV (212)

04r

(b) 7.55 MeV (202,212,213)
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FIG. 3. Angular distributions of analyzing powers for
three transitions from the reactions (a) %0(p, *He) !N
and (b) ®N(p,’He)C. The calculations shown used
harmonic oscillator wave functions for the transferred
nucleons. In addition to the excitation energy of the
final states, each transition is marked with its con-
tributing sets of transferred quantum numbers (L, S, J).
The initial- and final-state spins for these transitions
are, for 7.03 MeV, 0*— 2*; for 3.68 MeV, 3~ —3~;
and for 7.55 MeV, 3~ — 3",

and appears to be of the “normal” type; the oth-
ers are more complex, but involve L =2 compo-
nents, Although the state at 3.68 MeV in 3C is
the mirror of the 3.51-MeV state in !*N which is
fed by an “anomalous” (p,?) transition, the trend
of the data, at least at forward angles, is ade-
quately reproduced by the DWBA calculations.
On the other hand, the (p,3He) transition to the
state at 7.55 MeV in '*C corresponds to a “nor-
mal” (p,?) transition to '*N; however, its analyz-
ing power is not well reproduced and is small at
all observed angles, in contrast to most other
strong transitions. Thus, it appears that the in-
consistent cross-section ratio previously noted
for this state may well be due to a strong cance-
lation between the amplitudes involved. Whether
this cancelation can be reproduced by changes in
the model wave function, or whether it depends
upon an understanding of the “anomalous” transi-
tions, is presently being investigated.

*Work performed under the auspices of the U. S.
Atomic Energy Commission.
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UNEXPECTED STRONG PAIR CORRELATIONS IN EXCITED 0* STATES OF ACTINIDE NUCLEI*
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The (p,t) reaction has been studied with 17-MeV protons on targets of Th®, y?34.236.238

and Pu?#?: 24,

The results indicate unexpectedly strong ! =0 transitions to states at about

900-keV excitation. Their cross sections are approximately 15% of the ground-state
transitions; this percentage does not change appreciably with neutron number. This re-
sult, together with other available evidence, seems to suggest a simple and rather stable
collective mode which has not yet emerged from any theoretical calculations.

Two-neutron-~transfer reactions have proved
to be especially sensitive in probing pair correla-
tions in complex nuclei.’ In our study of the (p, )
reaction on six even-even actinide targets, the
yield of the /=0 transition to the first 0" state
at E,=900 keV in each case was found to be ap-
proximately 15% of the yield of the ground-state
transition. The observation of such uniformly
strong ! =0 transitions is not understood in terms
of present models.

For most even-even target nuclei, two-neutron
transfer with / =0 populates the ground state;
excited 0* states have at most a few percent of
the ground-state yield. Excited 0* states have
been found previously to be strongly excited by
two-neutron transfer in limited regions of the
periodic table. These regions can be grouped
into three categories.

(a) The vicinity of closed shells where the gap
in single-particle states is larger than the pair-
ing interaction. This can give rise to an excited
0* state for which pairing correlations produce
a large two-neutron-transfer cross section
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much as they do for the ground state. Such =0
transitions have been seen in the Pb isotopes and
in Zr, Ni, and Ca isotopes. The concept of pair-
ing vibrations® has been applied to such data with
some degree of success.®

(b) Some deformed nuclei, for which there is
a gap in the energy spacing of Nilsson orbits,
can give rise to a similar situation and also
show a splitting of the /=0 two-neutron—-trans-
fer cross sections.? Strong excited 0* states
seen in the Yb isotopes® have been interpreted
in this fashion,

(c) In regions of rapidly changing equilibrium
shape such as is found near N=90, the /=0
strength seen in two-neutron-transfer reactions
is also found to proceed strongly to excited
states.®

In all these cases the fragmentation of the 7=0
strength seen in the two-neutron—transfer reac-
tion changes rapidly with neutron number. In
cases (a) and (b) the excited 0* states appear
strongly in the (p, t) reaction only when neutrons
are present in the orbits above the gap. [Strong



