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weight elements if the nucleon-nucleon for ce par ame-
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manner which increases the surface isospin potential.
This effect is most marked for 40Ca where y2 is im-
proved by a factor of 4 ( V. Hnizdo, Ph. D. thesis, Bir-
mingham University). This suggests a need for a sur-
face-peaked real potential in these cases but it is not
clear that such a peaking is in any way x'elated to an iso-
spin effect» It mays howevers be a method of repr'e
senting some of the effects neglected in the model.
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Particle-y angular correlations using the reactions 60( Li, tp)~ Ne and ~O(6Li, dp) 2 Ne have
been measured. The populations of the various magnetic substates in the residual nucleus
were extracted from the data. The results indicate the presence of other reaction mecha-
nisms competing with direct txansfer of an o,' particle.

I. INTRODUCTION

Attempts have been made to understand the
structure of certain states in light nuclei by re-
gR1 dxng theIQ Rs IQRde up of clustex'8 of sIQRlle1

composite groups for some time. '~ e particles
form a natural unit for such a cluster; the tight
binding of the a particle makes plausible the idea
that e-like clusters can exist within a lax'ger nu-
cleus. It has also been pointed out that states mith

large e-cluster structure are often members of
rotational bands. ' Many resonant states have been
observed with large e-particle widths, largely by
measuxing elastic scattering and reactions induced
by e particles. ArQong the more interesting of
these mere the highly excited rotational states in
"0, observed as resonances in the "C(o.', o.')"C
reaction by Cax ter, Mitchell, and Davis. 4

More recently interest has centered on the study
of o.-particle structure in both bound and unbound
states using nuclear reactions in which an e par-
ticle is transferred. There has been quite a bit of
recent experimental work' involving the ('Li, t)
and (»Li, d) reactions, among others, If such pro-

cesses cRn be considered R direct x'6Rctlon, 1.6.,
one in which only a fem nucleons pax'ticipate, they
can clearly be extremely useful in exploring the
0', -particle parentage of nuclear energy levels.

There are many problems involved in the anal-
ysis of the particle angular distributions using
conventional distorted-wave theory. For example,
in the 'Li nucleus the e and triton clusters are in
a relative P state, making the usual zero-range
approximation impossible to apply. Nevertheless,
in many CRses the angular distributions do show
the forward peaking expected qualitatively from a
direct process'; furthermore, recent calculations
using Coulomb-distorted plane-wave theorye have
met with some success in px edicting the observed
behRV101, espec1Rlly the dependence of the cxoss

t' ' it ti gy.
Because of the interest in this type of reaction

it mas considered desirable to investigate the re-
action mechanism in more detail. The method of
particle-y angular cox'relations mas chosen, In
the present mork the aim of the correlation mea-
sux ements mas not to elicit spectroscopic infor-
mation, but rather to shed light on the mechanism
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of the reaction.
Specifically, angular distributions of y rays

have been measured in coincidence with outgoing
charged particles in the reactions ~60(7Li, f y)20Ne

and "0('Li,dy)20Ne. The charged particles were
detected at 0' with respect to the beam; this type
of experiment is usually referred to as method II
of Litherland and Ferguson. ' The geometry of the
system implies that the maximum magnetic sub-
state which can be populated in the reaction is
given by the sum of the spins of the target, pro-
jectile, and outgoing particle. Thus, for a, spin-0
target magnetic substates with M = 0, +1, +2 can
be populated by both the ('Li, t) and ('Li, d) reac-
tions. For states of definite parity the positive
and negative substates will be equally populated;
this implies that two unknown para, meters corn-
pletely describe the alignment of the state in the
residual nucleus, for example the ratios P(1)/P(0)
and P(2)/P(0). The purpose of the present work is
to determine these quantities by measuring the
particle-y angular correlation and to use the re-
sults to study the mechanism of the ('Li, d) and
('Li, f) reactions.

In the simplest approximation, if the ('Li, f) and/
or ('Li, d) stripping rea.ctions proceed by direct
transfer of a real a particle with (J, &) = (0, 0),
then for spinless targets only magnetic substates
with M = 0 can be populated in the residual nucleus.
This result is obtained by neglecting spin-orbit
coupling; however, it has been pointed out' that
the influence of spin-orbit coupling is expected to
be much less on the polarization of the residual
nucleus in a direct reaction than on the polariza-
tion of the light outgoing particle. The restriction
to M = 0 substates makes a definite prediction for
the angular correlation; comparison of this pre-
diction with the experimental correlations should
then serve as some indication as to the validity of
the picture of the reaction as a simple 0. transfer.
It is interesting to note in this connection that a
recent study' of the relative population of M = 0,
+1 magnetic substates in the 4'Ca('He, jy)4'Sc re-
action was in very good agreement with the pre-
dictions of a.simple direct-reaction model in
which either a deuteron or quasideuteron was
transferred to "Ca.

II. EXPERIMENTAL PROCEDURE

AND DATA REDUCTION

The experimental apparatus used in the present
work has been described at length elsewhere,
and need only be briefly discussed here. Targets
of WO, of thickness -400 pg/cm' evaporated on
carbon backings were bombarded with beams of
6Li'" and 'Li"' ions from the University of

Pennsylvania tandem accelerator. Outgoing deu-
terons or tritons were detected at 0' with respect
to the incident beam by a position-sensitive sur-
face-barrier detector located in the focal plane
of a magnetic spectrometer. Coincident y rays
were detected using four 3-in. x 4-in. NaI(T1)
crystals. The data were accumulated using an on-
line computer-analyzer system. For each event
four digital words were generated, corresponding
to particle energy (position), y energy, time dif-
ference between particle and y pulses, and a word
containing routing information, i.e., which of the
four crystals received the event. The data were
stored in a buffer memory and periodically written
on magnetic tape. The buffer tapes were subse-
quently reduced using the same PDP-9 computer.
Angular correlations corresponding to true-plus-
chance and chance-only coincidences were ex-
tracted from the raw data and combined to give
the angular correlations in true coincidence with
a given state. The experiments were performed
at beam energies of 13 and 14 MeV for the (~Lj, f)
reaction and 15 MeV for the ('Li, d) reaction. In
the ('Li, f) work the requirement that the emer-
gent tritons be bent through 90 by the magnetic
spectrometer sets an upper limit to the beam en-
ergy; this limit is somewhat higher in the ('Li, d)
case and it might be interesting to extend the mea-
surements to higher energy in the future.

III. EXTRACTION OF POPULATION
PARAMETERS

The theoretical form for the angular correla-
tion applicable to the present work is"

IV(e,) = Z ZP(M. )pz. (~s)

XP (IL'O' J„)Q P (cos9&).

Here P(M~) is the population of the Msth magnetic
substate in the residual nucleus; it is a diagonal
element of the density matrix. describing the final
state. The px„(J'~) and PE(LL'J~Z„) depend only
on the spins, tabulated coupling coefficients, and
multipolarities of the decay y rays. In the case
where the decay y ray is of pure multipolarity,
the expression for the correlation is an extremely
simple linear function of the population parame-
ters P(M~) and known coefficients. Since in both
the ('Li, d) and ('Li, t) reactions the sum of the
spins of the projectile and outgoing particles is
2, magnetic substates with M~ = 0, +1, +2 can be
populated by these reactions (on a spinless tar-
get, observing the outgoing deuterons or tritons
at 0'). The equality of the populations of positive
and negative substates and the normalization of
the population parameters leaves two unknown
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numbers to be extracted from the data. Since the
overall normalization must also be fitted from
the data, there are three numbers to be obtained
from the experimental angular correlations,
which consist of four measured points. One de-
gree of freedom thus remains in the fits. In prac-
tice the experimental angular correlations were
fitted to even-order Legendre polynomials. These
fits yielded coefficients a„a„a„where W(&)
= ao [1+a P2, (c os)+a P44( cos8)]. It can be seen
from Eq. (1) that the coefficients ar are linear
functions of the population parameters P(Ma); i.e.,

a = QP(M )B
AfB 8

(2)

IV. RESULTS AND DISCUSSION

A. 1.63-MeV 2' State

The angular correlation for the '60(~Li, fy)20Ne

reaction leading to the first excited state in "Ne
is shown in Fig. 1. This measurement was made
at a beam energy of 14 MeV. The solid curve
represents the best fit obtained by varying the
population parameters; the dashed curve repre-
sents the theoretical correlation expected if only
the M~ = 0 magnetic substate is populated in the
residual nucleus, as would be expected from a
simple picture of the reaction mechanism in
which a spinless e particle is transferred to the
target in its ground state. The population param-
eters giving the best fit are P(0) = 0.567 +0.025,

where the Bt„are known coefficients. Solution
of these linear equations provided the best-fit val-
ues of the population parameters. The population
parameters were always required to be positive.
In all cases but one investigated in the present
work, the solution to the linear Eq. (2) corre-
sponded to a physically possible set of population
parameters. In the one case where the solution to
the linear equations gave a negative value for one
of the P(M), the best-fit values were obtained by
a grid search of the physically allowed region of
the parameter space.

The errors for the population parameters were
computed using the errors in the Legendre-poly-
nomial coefficients obtained from the fitting pro-
cedure; correlations between the coefficients
were taken into account in obtaining the errors in
the reduced Legendre-polynomial coefficients
a„=A~/Ao, but were neglected in obtaining the
error in the population parameters as linear func-
tions of the errors in the reduced coefficients.
In the one case where the best fit was for an un-

physical value of the population parameters no er-
ror is quoted; the correlation in this case is in
fact not very sensitive to these parameters.
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FIG. 1. Angular correlation for the '60( Li, ty) Ne re-
action measured at E&, = 14 MeV leading to the 1.63-

~Li
MeV state in Ne.

P(l, ) = 0.346+ 0.015, P(2) = 0.087+ 0.036, where
P(1) is the sum of the populations of the Ms = +I
substates, and P(2) is the sum of the Ma = s2 sub-
states.

The angular correlation for the same reaction
leading to the same state measured at E = 13

Li
MeV is shown in Fig. 2. The angular correla-
tion is qualitatively similar to that measured at
'E7 = 14 MeV, although the fit to Legendre polyno-
mials is somewhat worse. Again the full curve
represents the best fit, while the dashed curve is
that predicted by M~ = 0 only. The population pa-
rameters giving the best fit in this case are P(0)
= 0.643 + 0.033, P(1) = 0.331 + 0.020, P(2) = 0.026
+0.036. The results are quite similar to those ob-
tained at E, . = 14 MeV, The fact that the angular7Li
correlations do not change much as a function of
bombarding energy, at least in this specific case,
is interesting, and is perhaps suggestive of a di-
rect-reaction mechanism.

Since, in a simple picture, the (7Li, f) and (6Li, d)
reactions should both proceed by simple n trans-
fer, the angular correlations should be the same
for both reactions. The angular correlation for
the '60('Li, dy)2 Ne reaction leading to the 1.63-
MeV 2+ state is shown in Fig. 3. The beam ener-
gy in this case was 15 MeV. Also shown are theo-
retical curves calculated by (a) varying the popu-
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FIG. 2. Angular correlation for the 0('Li, ty) Ne re-
action measured at Ev .=13 MeV leading to the 1.63-

I.i
Mev state in "Ne.

FIG. 4. Angular correlation for the 60( Li, ty)2 Ne re-
action measured at EVL,.=14 MeV leading to the 4.25-
MeV state in ~ Ne.
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lation parameters (full curve) and (b) using Ma = 0
only. The population parameters yielding the best
fit in this case are P(0) = 0.460+0.026, P(1)
= 0.540+0.020, and P(2) = 0.000+0.051. In this
case the departure from the simple prediction is
somewhat greater; the population of the M~ = +1
substates is actually greater than the M~= 0 sub-
state population. It can be seen from the figure
that the departure from the M~ = 0 prediction is
somewhat greater in this ease.
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FIG. 3. Angular correlation for the '6O(GLi, dy)~oNe re-
action measured at E8 . =15 MeV leading to the 1.63-

I, i
MeU state in 20Ne.

B. 4.25-MeV State

The angular correlation of the '60(71.1, ty) reac-
tion leading to the second excited state of "Ne is
shown in Fig. 4. This correlation was measured
at a beam energy of 14 MeV. The best fit for
physically allowed values of the P(M) was ob-
tained for P(0) = 0.75, P(1) = 0.25. This is the sol-
id curve in the figure. This is quite close to the
angular correlation which would result from popu-
lating only the M = 0 substate, which is also
shown. Since the solution to the linear equations
uescribing this state yielded a, negative value for
one of the population parameters, no errors were
calculated. However, for a 4' state the angular
correlation is much less sensitive to the popula-
tions of the ~= 0, 1, 2 substates than in the ease
of a 2' state. To show this the correlation re-
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suiting from equal population of the M = 0, +1, +2
magnetic substates is also shown in Fig. 4. While
it clearly does not fit the data, it is much closer
than the corresponding curve for a 2' state, which
would, of course, be isotropic.

V. CONCLUSIONS

While it would be premature to draw any general
conclusions from the limited data presented here,
the ('Li, f) reaction leading to the 1.63-MeV state
in 'ONe does populate the M = 0 magnetic substate
about 60/o of the time; most of the remainder of
the strength goes to the M = +1 substates, with a
small contribution from the M = +2 substates. This
behavior was observed at bombarding energies of
13 and 14 MeV. These results would seem to be
consistent with competition between an o.-particle
transfer mechanism and some other processes,

either multistep or compound nuclear in nature.
Presumably, spin-orbit distortions in either the
entrance or exit channels could also produce such
an effect. Hopefully, accurate finite-range dis-
torted-wave Born-approximation calculations will
be able to indicate whether a reasonable amount of
spin-orbit distortion can produce the observed de-
partures from the simple predictions. More ex-
perimental data, covering a range of nuclei and
excitation energies, would also clearly be useful.

In the case of the ('Li, d) reaction leading to the
same final state the M = 0 substate, received only
46/o of the strength, the remainder going to the
~= +1 substates. This could perhaps suggest that
the direct mechanism is competing somewhat less
favorably with other processes in this case, al-
though a general conclusion on this point would
certainly require a systematic examination of
many final states in different nuclei.

fWork supported by the National Science Foundation.
'K. Wildermuth and Th. Kanellopoulos, Nucl. Phys. 7,

150 (1958).
K. Wildermuth and Th. Kanellopoulos, Nucl. Phys. 9,

449 $958).
B. F. Bayman and A. Bohr, Nucl. Phys. 9, 596 (1958).
E. B. Carter, G. E. Mitchell, and R. H. Davis, Phys.

Bev. 133, B1421 (1964).
5R. Middleton, in Nuclear Reactions Induced by Heavy

Ions (North-Holland Publishing Company, Amsterdam,
The Netherlands, 1970), p. 263ff.

P. Neogy, W. Scholz, J. Garrett, and B. Middleton,

Phys. Bev. C 2, 2149 (1970).
VA. E. Litherland and A. J. Ferguson, Car. .. J. Phys. 3S,

788 (1961).
G. B. Satchler, Nucl. Phys. 55, 1 (1S64).

~D. P. Balamuth, G. P. Anastassiou, and R. W. Zur-
muhle, Phys. Bev. C 2, 215 (1970).

R. W. Zurmuhle, P. F. Hinrichsen, C. M. Fou, C. R.
Gould, and G. P. Anastassiou, Nucl. Inst. Methods 71,
311 (1969).

A. R. Poletti and E. K. Warburton, Phys, Bev. 137,
8595 (1965).


