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The mechanism of the 2C(°Li,d)!%0 reaction has been studied in the energy range Eg;=19—
24 MeV. For the states at E, =6.92 and 7.12 MeV we have (a) measured excitation functions
in 200-keV steps where the deuterons were detected at 0°, and (b) measured d-y angular cor-
relations at three bombarding energies where the deuterons were also detected at 0°. The
excitation curves are found to be relatively smooth functions of bombarding energy. The an-
gular correlations are similar at all three bombarding energies. The results of the angular-
correlation measurements are compared with the predictions of both an o -transfer mechan-
ism (using the distorted-wave Born approximation) and a compound-nucleus mechanism (us-
ing the Hauser-Feshbach theory). The observed correlations are not completely consistent
with the predictions of either theory. Angular correlations measured at lower energies were
found to show strong changes with bombarding energy.

I. INTRODUCTION

In the past few years transfer reactions induced
by heavy ions have been the subject of consider-
able interest, both experimental and theoretical.
Part of this interest results from recent theoret-
ical predictions® concerning the energies of states
composed of four-nucleon clusters (or quartets)

moving approximately independently of one another.

A natural way to study such states is to use a nu-
clear reaction in which four (or more) nucleons
are transferred in a simple one-step process to a
target which remains inert (direct reaction). Such
reaction studies yield information concerning the
overlap of the nuclear wave functions with the tar-
get-plus-qa-particle system, just as the more usu-
al sort of direct reaction (e.g., single-nucleon
transfer) gives information on the single-particle
degrees of freedom in the residual nucleus. Many
heavy-ion-induced reactions have, in fact, been
studied with the aim of seeing which, if any, of
them can be considered direct reactions.? The
criteria usually employed in such studies are for-
ward-peaked angular distributions, the selective
excitation of final states, and excitation functions
which vary smoothly as a function of bombarding
energy. However, these criteria are not unam-
biguous; in fact, heavy-ion reactions have been
found which selectively populate final states but
whose excitation functions fluctuate strongly with
energy.® The mechanism of such reactions is still
an open question. Since an understanding of the
reaction mechanism is a necessary prerequisite
for applying cluster-transfer reactions to nuclear
. spectroscopy, it is important that experiments be
performed which test the reaction mechanism di-
rectly. -
There have been several such efforts recently.
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Measurement of the relative magnetic substate
populations using the **O("Li, ¢v)*°Ne and ¢O-
(®Li, d v)**Ne reactions have been compared with
the predictions of a simple a-transfer mecha-
nism.* The results indicated that direct o trans-
fer accounted for some of the strength, but other
processes were occurring as well. Détraz et al.
have compared the a-pickup reaction (*He, "Be)
with the (®*He, "Li) reaction in order to study the
pickup of four particles coupled to 7'=1.° They
concluded that this mechanism can contribute as
much as 20% to the (*He, "Be) cross section. Arte-
mov et al.® have measured angular correlations
of a particles and deuterons in the reaction 2C-
(°Li, d)*®O* ~ a +**C,; where the deuterons were
detected at 0 and 10° in the lab. The beam ener-
gies were 26 and 30.7 MeV. Their conclusions
were that at these beam energies the mechanism
is dominated by o transfer. However, no attempt
was made to assess quantitatively the presence of
other competing reaction mechanisms.

In this paper we present a study of the mecha-
nism of the *C(°Li, d)'®O reaction leading to sever-
al final states in 0. This reaction has been ex-
tensively studied by many experimental groups.
In 1966 Loebenstein et al.” measured differential
cross sections for the °Li(*2C, d)*®0 reaction at a
center-of-mass energy of 7T MeV. The motivation
for this experiment was the importance of the «
width of the 7.12-MeV state in °O in determining
the rate of the 2C(a, v)*®O reaction at energies of
astrophysical interest. (The relevance of the o
width of this state to astrophysics has recently
been reviewed by Barnes.?) By comparing the
yield to natural- and unnatural-parity states (and
using a Hauser-Feshbach analysis) it was conclud-
ed that direct a transfer could account for 529 of
the total cross section of the 6.92-MeV 2* state
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and 34% of the total cross section of the 7.12-MeV
1~ state.

Qualitatively similar conclusions were reached
by Meier-Ewart, Bethge, and Pfeiffer,’ who mea-
sured differential cross sections at a center-of-
mass energy of 13.33 MeV using the *C(°Li, d)**O
reaction. These authors estimate the total com-
pound-nuclear cross section from the yield to the
2~ unnatural-parity state at 8.87 MeV and then use
this to normalize a Hauser-Feshbach calculation
of the total cross section leading to the natural-
parity states. The result for the 6.92- and 7.12-
MeV states are that the observed total cross sec-
tions are about 1.5 times the estimated yield from
compound-nuclear processes.

The problem of the mechanism of the *C(°Li, d)-
180 reaction leading to the 6.92- and 7.12-MeV
states has also been recently studied by Carlson’®
at 3<E_, <4.33 MeV. Arguments are given that
the momentum matching is more favorable for a
direct process at these energies. The measure-
ments involved the angular distribution of y rays
following the *2C(°Li, d)'°0 reaction; the average
magnetic substate populations were calculated for
a direct reaction assuming the plane-wave Born
approximation and integrating over the (assumed)
deuteron angular distribution. These predictions,
when compared with the data, were used to sug-
gest that the 6.92-MeV 2* state is formed by a
direct a-transfer reaction, whereas the 1° state
at 7.12 MeV is not. These conclusions are open
to several questions. One problem with simply
comparing the measured population parameters
with the predictions of a direct-transfer model is
that it is implicitly assumed that an alternative
model for the reaction mechanism would predict
different values for these quantities. It is clearly
worthwhile to check this assumption if possible.
This problem is common to a previous study of
the *0O("Li, t)*°Ne reaction.* A second difficulty
with the conclusions of Ref. 10 is that they rest on
the use of the plane-wave Born approximation.
This approximation is certainly questionable, and
especially so at the deuteron energies involved in
Ref. 10, where strong resonance effects have been
observed.!? Further investigation of the mecha-
nism of this reaction thus seems to be indicated.

We have approached the problem from two differ-
ent directions. First, excitation functions have
been measured at ®,=0° over the range E¢,; =19-
24 MeV in 200-keV steps. The motivation here
was to see whether the differential cross sections
were smooth functions of energy, as one might
expect for a simple direct reaction. It is, of
course, important to point out that smooth varia-
tion of the cross section with energy does not nec-
essarily imply that a direct reaction is taking
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place (although a strongly fluctuating cross sec-
tion is sufficient to exclude such a process). At
the high excitation energies of the *F compound
nucleus involved here, the density of levels is
probably high enough to guarantee a reasonably
smooth excitation function even for a compound-
nuclear reaction. Of course the cross section can
still fluctuate even if the ratio of the average level
width to the average level spacing is much larger
than unity (Ericson fluctuations).’? The observa-
tion of an excitation function which varies smooth-
1y with energy implies that either (a) the dominant
process is direct reaction, (b) the averaging ob-
tained by the finite energy spread in the target is
sufficient to damp out fluctuations (target thickness
> coherence width), or (c) some combination of
these effects.

In addition, we have measured angular correla-
tions of deexcitation y rays in coincidence with the
emergent deuterons. The purpose of the angular-
correlation measurements was to determine the
relative population of the various magnetic sub-
states in the residual nucleus *0O. These numbers
were then compared with the predictions of vari-
ous models of the reaction mechanism. Specifical-
ly, in the present work the measured angular cor-
relations have been compared with the predictions
of both a direct-reaction model (including spin-
orbit coupling) and the statistical compound-nucle-
us (Hauser-Feshbach) model.?® The calculations
of the theoretical angular correlations according
to these models is described in Sec. III. It should
be emphasized that the angular-correlation geom-
etry has been chosen to maximize the sensitivity
of the experiments to the gross features of the re-
action mechanism. Thus, except for the effects
of spin-orbit coupling, it is possible to generate
predictions for the angular correlation based on
a direct-reaction model which are independent of
the distorting potentials used. Similarly, the pre-
dictions generated from the statistical compound-
nuclear model also seem to reflect mainly the geo-
metrical aspects of the problem (see below).

It is worthwhile to comment briefly on the choice
of bombarding energies for the angular-correlation
measurements. The original purpose of these
measurements was to give information concerning
the mechanism for transitions to natural-parity
states at tandem accelerator energies, where
some evidence exists (mainly from angular dis-
tributions) that the cross section contains a direct-
reaction component. Consequently, angular corre-
lations have been measured at laboratory energies
of 20, 21.5, and 23 MeV, corresponding to E.,.
=13.33, 14.33, and 15.33 MeV. The aim of these
measurements was to attempt a semiquantitative
determination of the fraction of the reaction mech-
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anism which resulted from direct « transfer. Dur-
ing the course of the measurements it was decided
to obtain additional angular correlations under cir-
cumstances where the direct mechanism might be
less important or absent. Specifically, angular
correlations have been measured for the transi-
tion to the unnatural-parity state at 8.87 MeV
(which cannot be formed in a one-step a-transfer
process). These measurements were made at

E .. =8 and 10 MeV; their purpose was to test the
predictions of the statistical compound-nucleus
model of the reaction mechanism (see Sec. III).

In addition, angular correlations leading to the 1~
and 2* states were measured using the ¥C(°Li, d)-
%0 reaction (6,=0°) at E.,, =7.33 and 8.26 MeV,
and using the °Li(*?C, d)*®O reaction (9,=0°) at
E.m =T and 8.33 MeV. Of course, the last mea-
surement is equivalent to measuring the deuterons
at 180° in the (°Li, d) reaction. These lower-ener-
gy measurements are discussed in the second part
of Sec. IV.

II. EXPERIMENTAL PROCEDURE
AND DATA REDUCTION

A. Excitation Functions

Excitation functions were obtained for the *2C-
(°Li, d)'®0 reaction leading to the states at 6.92
and 7.12 MeV over the energy range Eq;; =19-24
MeV. The step size was 200 keV. The deuterons
were detected at zero degrees with respect to the
beam direction by a position-sensitive detector
(PSD) located at the focus of a magnetic spectrom-
eter.’ The energy resolution was about 75 keV;
the 6.92- and 7.12-MeV states were completely
resolved. The magnetic spectrometer used in the
excitation-function measurements has one unde-
sirable feature which should be pointed out; the
magnification is approximately nine in the direc-
tion perpendicular to the dispersion. It is thus
important to make sure that small movements of
the beam spot (due to slow changes in the accelera-
tor beam optics) do not cause the image of the spot
to be deflected off the detector. The problem is
illustrated in Fig. 1. The problem was solved by
using a target consisting of 1-mm strips of gold

TOP VIEW OF BEAM OPTICS

o ]
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QUADRUPOLE LENS
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3
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FIG. 1. Beam optics in the zero degree spectrometer,
illustrating the problem of horizontal magnification.

and carbon (respectively, 50 and 100 ug/cm? thick)
evaporated onto a thin (0.000 063-cm) nickel back-
ing. (See Fig. 2.)

The carbon and gold strips were evaporated
through the same mask and coincided precisely.
The image of the carbon target was thus 9 mm
wide at the PSD; the detector itself had a width
of 17 mm, so no counts were missed. (Such strip
targets have been previously used!® with the short
dimension of the strip parallel to the dispersion;
the contribution to energy resolution resulting
from finite beam spot size can be reduced consid-
erably in this way.) The excitation functions were
normalized to the elastic scattering of °Li from
gold using a monitor detector at an angle of 40°
with respect to the beam. The energy dependence
of the elastic scattering from gold was assumed
to be 1/E?, characteristic of Rutherford scatter-
ing. Carbon buildup was minimized by maintain-
ing the system vacuum at a pressure of about 3
%x107® Torr. In addition, isolated points along the
excitation curves were remeasured later. The
quoted experimental errors accommodate both
statistical uncertainties and the over-all repro-
ducibility of the data. For each point signals cor-
responding to the zero degree and monitor detec-
tors were stored in separate halves of a 4096 -
channel pulse-height analyzer. The spectra for
each point were written on magnetic tape for sub-
sequent analysis.

In order to check the performance of the entire
system, additional data were accumulated for the
2C(°Li, d)*0 reaction leading to the **O ground
state over the energy range Es;; =9-12.4 MeV.

A measurement over the same region has recent-

ly been reported by Johnson and Waggoner.!® The

results obtained with the present system are com-
pared with the results of Johnson and Waggoner

in Fig. 3; agreement is seen to be very good.

MONITOR DETECTOR

N
BEAM ——> ( ' ) —> TO 0° SPECTROMETER

SCATTERING CHAMBER

NICKEL
Au+C (100pg/cm?)

FIG. 2. Schematic indicating how strip targets were
used, as discussed in the text.
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B. Angular Correlations

The angular-correlation apparatus has been de-
scribed™ in the literature and need be discussed
only briefly here. Deuterons were detected at
zero degrees with respect to the beam using the
same spectrometer discussed above. y rays were
detected in time coincidence with the deuterons
using an array of four 7.62-x10.16-cm NalI(T1)
scintillation counters. These were placed at an-
gles of 90, 113, 136, and 159° with respect to the
incident beam. The targets for the coincidence
measurements involving the °Li beam were car-
bon foils of thickness 100-200 ug/cm?® For the
measurements involving a ¥C beam the targets
were 50 ug/cm? of °LiF evaporated on carbon
backings. Conventional fast-slow coincidence cir
cuitry was employed. The data were recorded on
magnetic tape on an event-by-event basis. For
each event the parameters digitized were pulses
corresponding to y energy, deuteron momentum,
time difference between particle and y signals,
and routing information to identify the y-ray de-
tector which recorded the event. The data were
acquired (and subsequently reduced off line) using
a PDP-9 computer.

C. Data Reduction and Extraction
of Population Parameters

The raw data for the excitation curves were re-
duced as follows. At each energy, the number of
counts in the appropriate deuteron group (6.92-
or 7.12-MeV states) was divided by the number
of counts in the gold elastic scattering peak from
the monitor spectrum. The result was divided by
the square of the beam energy (to account for the
1/E? falloff of the monitor counts). The results,
plotted as a function of energy, yielded the re-
quired excitation curves in arbitrary units. No
attempt was made to measure absolute cross sec-
tions in the present work, since the principal ques-
tion to be answered by the excitation functions was
whether or not they exhibited fluctuations with en-
ergy.

In obtaining the angular correlations from the
raw data, the contribution of accidental coinci-
dences was subtracted using the region of the mul-
tiparameter space corresponding to a flat portion
of the time spectrum. Since both the 6.92- and
7.12-MeV states decay 1009% to the ground state!”
it was possible to integrate the entire spectrum
above the 511-keV peak to obtain the number of
counts at each angle. Other methods of peak inte-
gration included taking only the full-energy, first-
and second-escape peaks. The errors quoted in-
clude both those resulting from counting statistics
and an estimate of the uncertainty in setting the

limits of peak integration. For the 8.87-MeV state
the branch to the ground state comprises only 7%
of the total decay strength.’” Consequently in this
case it was necessary to integrate only the region
of the y spectrum above approximately 7.5 MeV.
Since in all cases the y transitions studied are
of the form J" — 0%, they are of pure multipolarity.
The only unknown parameters involved in the angu-
lar correlation are the relative populations of the
magnetic substates in the residual nucleus. These
population parameters are related to the experi-
mental angular correlation by a simple linear
transformation; solution of the equations produces
values for the population parameters. (See, for
example, Refs. 4 and 10.)

III. CALCULATION OF POPULATION
PARAMETERS

A. Direct-Reaction Mechanism

One advantage of the geometry chosen for mea-
suring the angular correlations in this work is
that the predictions of various models are largely
independent of the details of the model and depend
mainly on basic (essentially geometrical) consid-
erations. For example, in a single-step process
in which an « particle is transferred to a spinless
target only the M, =0 magnetic substate can be
populated, provided we neglect spin-orbit coupling
in the optical potentials describing the entrance
and exit channels. This result is independent of
the distorting potentials. However, there is con-
siderable experimental evidence for a spin-orbit
term in the deuteron-nucleus optical potential.!®
(For the °Li optical potential there is almost no
experimental evidence for the existence of a spin-
orbit term; simple considerations lead one to ex-

_ 12C (8Li,d) 80 GROUND STATE 8y = 0°
C
A
x_ ; \ H
@ i }
g2 }/ §\ ; \
Clz )
= % i\
=
| | 1 | ’\{ ]
9 10 I 12 13

Ee,, (MeV)

FIG. 3. Comparison of excitation functions measured
with the present method (®) with those reported in Ref.
16 (—).
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TABLE I. Optical-model parameters used in the DWBA calculations.

a,, Vo 7s0 Qg
(fm) (MeV fm?) (fm) (fm) Ref.

Parti- V 7y a, W’ =4W, Vi
cle (MeV) (fm) (fm) (MeV) (fm)
8Li 35 1.42 1.04 33.8 2.17
d-1 1189 0.97 0.93 37.6 1.80
d-2  113.8 1.06 0.56 21.2 1.87
d-3  109.5 1.06 0.56 11.2 1.87

0.49 e e 21
0.47 20.0 0.90 0.18 22
0.48 16.4 0.99 0.45 22
0.98 8.8 0.91 0.68 22

pect it to be small.)

With these considerations in mind, the zero-
range distorted-wave Born approximation (DWBA)
has been used to generate predictions for the rela-
tive population of the magnetic substates in the re-
sidual nucleus. The code DWUCK was employed®®;
the amplitudes necessary to calculate the substate
populations were printed out and the final results
were calculated from the formula

P(Mp) = Z IB;OJ’;M“ ©)&-005 Mp=my-m,,

where the amplitudes are defined, e.g., by Satch-
ler.®

Once spin-orbit coupling in the deuteron channel
is included, however, the predicted substate popu-
lations depend on the choice of the optical-model
parameters which describe the elastic scattering
in both the entrance and exit channels. Because
our knowledge of the °Li optical potential is quite
poor, we have arbitrarily fixed the parameters in
the °Li +'2C channel as those found to describe the
elastic scattering of 20-MeV °Li on 2C.?! In the
deuteron channel three different potentials were
used, all of which have recently been found to de-
scribe reasonably well the vector polarization of
deuterons elastically scattered from 0.2 The
various optical potentials are given in Table I.
The number of nodes in the radial wave function
of the transferred o cluster was fixed by the re-

quirement that the number of oscillator quanta
transferred be eight for the 2* state and five for
the 1~ state. That is, for the 2* state the trans-
fer of four nucleons into the 2s-1d shell was as-
sumed. For the 1~ state three nucleons were as-
sumed to be transferred into the 1p shell and one
into the 2s-1d shell. The bound-state wave func-
tion was assumed to be an eigenfunction of a real
Woods-Saxon potential well (r,=2.1 fm, @=0.6 fm)
with the well depth chosen to reproduce the correct
a-particle binding energy.

The principal purpose of the DWBA calculations
was to obtain a quantitative estimate of the influ-
ence of a reasonable amount of spin-orbit coupling
on the population of magnetic substates with M, #0.
(With no spin-orbit coupling only the M, =0 sub-
state can be populated.) In addition, some attempt
has been made to assess the dependence of the
DWBA predictions on the parameters involved in
the calculations, in order to estimate their over-
all reliability.

One significant feature of all the DWBA calcula-
tions was that the population of the |My| =2 mag-
netic substates (for the 2* state) was predicted to
be quite small, less than 3% in every case tried
and often less than 1%. This fact seemed to be
relatively insensitive to parameter variations.

It might be expected from perturbation-theory
considerations that the population of the My +#0
magnetic substates would be a monotonic function
of the strength of the spin-orbit potential. In or-

o _
d-1 40_/“\ d-2 40k d-3
30 \\ 301
. ()
20H ~. 201 o 4
B (1)
52 30 . | 5 10 e 10 \.
::20~/ N, () .0 ! | L 2 —
o ol o 40f-¢ ™ a 4o
o/' L 301 \ 30 _ !
(24
20} 20} "~ zh | 20\
o 4 —___ 7
= /\ (24 1o — 10
H"/! 1 e | | 1 | L 1 Il 1
0 5 10 15 20 0 5 10 15 0 2 4 6 8 10

2
Vs o (MeV fm?)
FIG. 4. Plot of theoretical value of the | M|=1 substate population as a function of spin-orbit strength using the DWBA.
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der to test this hypothesis the following tests were
performed. For all three potentials the strength
of the spin-orbit coupling was increased from zero
to the value found to fit the deuteron polarization
data. The effect of this on the population of the
|My| =1 substates is shown in Fig. 4. While the
numbers differ considerably, the trend is the
same in every case: P(1) increases to some max-
imum value (which can be quite large, e.g., >40%
for set d-2) and then decreases. The vertical ar-
rows in Fig. 4 indicate the value of V,, found to fit
the deuteron polarization data.

Two additional tests were performed to explore
further effects of variation of the distorted-wave
parameters. First, to test the question of whether
the proximity of the states of interest to the a-par-
ticle separation energy affects the results, all cal-
culations were repeated with the binding energy
artificially increased to 2 MeV. In most cases
the population of M, #0 substates increased, al-
though they occasionally remained constant. This
result is not unexpected, since the effect of in-
creasing the binding energy is to “pull in” the
bound-state wave function, thereby weighting
more the regions of space where the spin-orbit
potential is stronger. In a similar vein, the effect
of increasing the absorptive potential is (usually)
to reduce the population of the M4 #0 substates.

As can be seen from Fig. 4 and the above dis-
cussion it is impossible to determine a unique
“prediction” for the population parameters from
the DWBA calculations. In order to obtain num-
bers which can be compared with the experimental
data, we have arbitrarily averaged the results ob-

using the notation of Ref. 23,

P(Mp)=const. D (21+1)20 +1)(10sm .| Im ) (I0s"m gr | Jm V2T Mpi'm g0 = Mp | s'm )2

1'Ts " mgr

In the above equation all quantities which are in-
dependent of M, have been subsumed into the nor-
malizing constant, since only ratios of the sub-
state populations are required.

In order to generate predictions for the substate
populations it is necessary to know the transmis-
sion coefficients T, (a), T, (a’), and the sum
> g Tingn(@”) where the sum is to be taken
over all channels @” to which the compound state
with spin-parity J" can decay. In principle the
calculation of the complete expression (2) requires
the availability of suitable optical-model potentials
in all the open channels, in addition to level-den-
sity information for the available final states.

In the present work it is argued that the predic-

tained with the three different deuteron potentials.
It is these “averaged” numbers which are referred
to as the DWBA predictions in the subsequent dis-
cussion. From the spread in the values alone a
theoretical uncertainty of about 5-7% (standard
deviation) should be assumed.

B. Statistical Compound-Nucleus Model

The fact that unnatural-parity states are ob-
served® to be populated with appreciable strength
in the *C(°Li, d)'®O reaction at the energies em-
ployed in the present work shows that a single-
step a-transfer process cannot be the only one
occurring. In order to attempt to account for the
contribution to the angular correlations from the
compound-nuclear processes, predictions for the
population parameters were calculated assuming
the level density to be sufficiently high that all
fluctuations are effectively damped out.

The usual expression for the differential cross
section for a nuclear reaction calculated using the
statistical model®® is not useful for predicting the
population parameters. The reason for this is that
the dependence of the cross section on the magnet-
ic quantum numbers has been summed out using
Z coefficients. However, an expression for the
relative population of the various magnetic sub-
states in the residual nucleus can be obtained us-
ing the same procedure as in the derivation?®® of
the differential cross section, except that the sum
over M in the residual nucleus is not performed.
The details are given in the Appendix. The result-
ing expression for the cross section leading to the
M}} magnetic substate of the residual nucleus is,

Tl s(a)Tl.s/(oz’)
Tl"s "(a”) :

a1 s

(2)

r

tions of (2) for the relative substate populations
are largely insensitive to the details of the trans-
mission coefficients, but rather reflect a kind of
average of the geometrical properties of the states
as given by their angular momentum and parity.
This is shown in detail in the Appendix.

IV. RESULTS AND COMPARISON WITH THEORY
A. Measurements from £, .= 19-24 MeV

1. Excitation Curves

The excitation functions at ©,=0° for the 6.92-
MeV (2*) state and the 7.12-MeV (17) state are
shown in Figs. 5 and 6. The energy loss of the
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FIG. 5. Excitation curve for the 6.92-MeV state ob~
tained at ® =0°.

5Li beam in the target corresponds to about one
third of the distance between adjacent points. Both
curves are seen to be relatively smooth functions
of bombarding energy. However, it should be em-
phasized that the significant feature of both the
distorted-wave calculations and the Hauser-Fesh-
bach calculations performed in the present work
is that they predict a smooth variation of the cross
section with bombarding energy.
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FIG. 6. Excitation curve for the 7.12-MeV state ob-
tained at ®; =0°,

2. Angular Correlations

The angular correlations obtained for the 2*
state at Es;; =20, 21.5, and 23 MeV are shown in
Fig. 7, along with the population parameters de-
duced from them. It can be seen that the results
are similar at the three energies, although the
|M| =1 substates receive a slightly larger share
of the cross section at 20 MeV. It is interesting
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FIG. 7. Angular correlations for the ?C(°Li, dy)!%0 reaction leading to the 6.92-MeV (J7=2%) state at bombarding en-

ergies 20, 21.5, and 23 MeV.
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to note that the correlations at 21.5 and 23 MeV
are almost identical even though the differential
cross section at 23 MeV has fallen to 60% of its
value at 21.5 MeV.

The angular correlations obtained under the
same conditions for the 1~ state at 7.12 MeV are
shown in Fig. 8. Once again the correlations are
quite similar despite the fact that the differential
cross section increases by almost a factor of 3
between 20 and 23 MeV.

These results are compared with the theoretical
predictions for the various models in Table II. The
optical potentials required for the DWBA calcula-
tions were taken from the literature as discussed
in the previous section; the spin-orbit coupling
valué is consistent with that observed from deu-
teron polarization measurements.?? The transmis-
sion coefficients required for the Hauser-Feshbach
calculations were generated using the parametriza-
tion discussed in the Appendix; however, the re-
sults are essentially the same if transmission co-
efficients from an optical potential are used.

The predictions of the DWBA calculations have
been averaged over the three parameter sets used.
As stated above, this introduces a spread of about
5% in P(0) and P(1). The average predictions are
almost identical for the three beam energies em-
ployed, although for the individual potentials
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changes in P(0) of up to 10% were observed for a
3-MeV change in bombarding energy. The predic-
tions given in the last column of Table II are the
averages over the three parameter sets; an uncer-
tainty of +5% is estimated, e.g., P(1)=15+5%.
Even with this uncertainty it is clear that the
DWBA and Hauser-Feshbach mechanisms predict
quite different values for these population param-
eters.

From the results displayed in Table II it is ap-
parent that the direct-reaction process makes a
significant contribution to the reaction mechanism
at these energies. For the 17 state the experimen-
tal results are closer to the DWBA prediction than
to the Hauser-Feshbach one; a naive incoherent
sum of the two mechanisms would give a best fit
for 70-90% direct. However, it must be empha-
sized that to say this implies that the distorted-
wave theory can account for 70-90% of the cross
section is probably wrong. For example, all the
distorting potentials used predict a forward-peaked
deuteron angular distribution in the (°Li, d) reac-
tion, whereas the experimental® distribution at
Es;; =20 MeV shows a pronounced backward peak.

For the 2* state the same spin-orbit coupling
strength produces DWBA predictions which do not
give enough strength to the |M|=1 substates; a
least-squares fit to the 21.5- and 23-MeV data
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FIG. 8. Angular correlations for the 2C (°Li, dy)!%O reaction leading to the 7.12-MeV (J"=1") state at bombarding en-

ergies 20, 21.5, and 23 MeV.
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would imply about equal direct and compound con-
tributions, with somewhat more compound cross
section at 20 MeV.

B. Measurements at Lower Energies

1. Unnatural-Parity States

The principal reason for measuring the angular
correlation for the 8.87-MeV 2~ state was to obtain
empirical information on the population parameters
resulting from processes other than direct o trans-
fer. Because of the relatively low yield to this
state and because the y transition of interest is
only a 7% branch, it was necessary to use a rela-
tively thick target to obtain an adequate coinci-
dence yield. The target used for these measure-
ments was a self-supporting carbon foil of nominal
thickness 500 ug/cm? tilted at 30° to the beam; the
energy loss of the °Li beam was of the order of 600
keV. Since no other final states are near the 8.87-
MeV state, the use of a thick target presented no
problem. In addition to the benefit of a higher coin-
cidence counting rate, the fact that the angular cor-
relation is effectively averaged over 600-keV bom-
barding energy implies that the results should be
better accounted for by the statistical theory,
which is assumed to be energy averaged.

The results obtained at bombarding energies of
12 and 15 MeV are shown in Fig. 9; note that the
15-MeV measurement has considerably higher pre-
cision. In both cases the [M| =1 substates received
the majority of the strength; this is well accounted
for by the Hauser-Feshbach calculations, which
predict P(0) =30%, P(1)+P(-1)=53%, and P(2)

TABLE @I, Comparison of the measured population
parameters with those predicted by the DWBA and
Hauser-Feshbach theories.

P(M)lexp P(M)ley P(M)lpwsa
B, 97 Ml (%) (%) (%)
20 1~ 0 76+ 3.5 53.2 85.3
1 24+3.5 46.8 14.7
21.5 1~ 0 83+3 53.2 85.3
1 17+3 46.8 14.7
23 1~ 0 T7T+2 53.2 85.3
1 23+2 46.8 14.7
20 2+ 0 56+1.5 44.9 90.5
1 38+1 41.1 8.5
2 61 14.0 1.0
21.5 2* 0 68+1.5 44.9 90.5
1 28+1 41.1 8.5
2 41 14.0 1.0
23 2t 0 702 44.9 90.5
1 30+3 41.1 8.5
2 0x1.5 14.0 1.0

+P(~2)=17%. It should perhaps be mentioned in
passing that unnatural-parity states can also be
excited by multistep direct processes, in addition
to compound-nuclear ones. No attempt has been
made to investigate the population parameters to
be expected from such multistep processes.

2. Natural-Parity States

In a further attempt to elucidate the population
parameters which might be obtained from nondirect
processes, angular correlations were measured
for the ®Li(**C, d)*°O reaction at bombarding ener-
gies of 21 and 25 MeV (E., =7 and 8.33 MeV, re-
spectively). Since at ©,=0° a simple stripping
mechanism would involve °B transfer it was felt
that compound-nucleus formation would probably
be the dominant reaction process. The angular
correlations for the 2* state are shown in Fig. 10,
and for the 1~ state in Fig. 11. It can be seen that
the population parameters show considerable
changes with bombarding energy. This is pre-
sumably indicative of compound-nucleus forma-
tion; perhaps at these lower energies the target
thickness (~100 keV) is insufficient to damp out
fluctuations.

Measurements were also made at similar center-
of-mass energies for the reaction using °Li as pro-
jectile and detecting the deuterons at zero degrees.
For the 1™ state the angular correlations also
change strongly with bombarding energy (as in the
case of the 12C projectile) whereas for the 2* state
the change is somewhat less pronounced. (These
angular correlations are shown in Figs. 12 and 13
for the 1 and 2* states, respectively.)
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FIG. 9. Angular correlation for the transition 8.87
MeV —0 MeV measured with the 12C(¢Li, d7)10O reaction
(J™=27) at bombarding energies of 12 and 15 MeV.
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Epn = 21 MeV Eiae = 25 MeV
800 Een: 7 Mev Eer = 8.33 Mev
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FIG. 10. Angular correlation for the éLi(!?C, dy)'%0

reaction (J™=2%) leading to the 6.92-MeV state at E
=7 and 8.33 MeV, ®, =0°.

V. CONCLUSIONS

The main conclusion of the present work is that,
for the **C(°Li, d)*®O reaction at tandem accelera-
tor energies, it is not possible to classify the re-
action mechanism simply as either a direct reac-
tion or a compound-nuclear process. Further,
while it has been shown that angular correlation
measurements of the type reported here are capa-
ble of elucidating the mechanism (because of the
different predictions for the different theories) it
appears that present theories of the reaction mech-
anism cannot account for all the observed facts,
at least for this one reaction.

It is probably fair to conclude, though, that at
energies around 20 MeV some appreciable frac-
tion of the (°Li, d) cross section does result from
direct transfer of an a particle. If a complete
quantitative assessment of the contribution of dif-
ferent reaction mechanisms is to be made, it
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FIG. 12. Angular correlation for the 7.12-MeV 1~
state measured with the 12C (°Li, d7)!%0 reaction at E
=7.33 and 8.27 MeV.
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FIG. 11. Angular correlation for the SLi(**C, dy)'¢0
reaction (J"=17) leading to the 7.12-MeV state at E
=7 and 8.33 MeV, @,=0°.

would probably be worthwhile to measure the an-
gular correlations as a function of deuteron angle.
We are considering such measurements for the
future.

With regard to the question of the a parentage of
the 7.12-MeV state, the present work can add little
to what is already known, although it does seem
fair to say that the a width can be determined from
this kind of measurements. Probably the most sen-
sible thing to do is to perform the reaction at the
highest feasible energy (to minimize compound-
nuclear effects) and then analyze the results in a
way which properly treats the long tail of the weak-
ly bound cluster. We have been informed that such
measurements have been made and are presently
being analyzed.?*
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APPENDIX. CALCULATION OF POPULATION PARAMETERS
USING THE STATISTICAL MODEL

The assumptions involved in obtaining an expres-
sion for the differential cross section using the
statistical model have been reviewed recently by
Vogt.? In this Appendix we merely adapt his treat-
ment to the cross section leading to the individual
M states of the residual nucleus. (We restrict our
treatment to observations in an axially symmetric
geometry; consequently the density matrix de-

population parameters becomes

PMp) =D (21+1)(20 + 1) (10sm oo | Jm V(108 mge | Tmgs)? (' Mypsi' mgs — My |s*, mgr)?

where the sum is over [, I', s’, m., J and we have
assumed a spin-zero target so that s =initial chan-
nel spin=gspin of incident particle. In the sum only
values of I, I’ are included which satisfy the con-
dition ;= (=)"*"n,, where m,, m; are the parities of
the initial and final states.

A computer program has been written to calcu-
late the expression (Al) as a function of M,;.; the
results are then normalized such that Z}MI,P(M,,)
=1, yielding the theoretical population parame-
ters. In the program the quantities

Tls(a)Tl’s’(a')

F(LU,d)= Towon(a)
S

(A2)

ais”

were treated as input. Ideally the transmission
coefficients T, (a), T;+,(a’) should be obtained
from optical-model potentials appropriate to the
entrance and exit channels, respectively. Simi-
larly the denominator should be constructed by

scribing the final state is diagonal and the popula-
tion parameters form a complete description of
the alignment.)

Vogt obtains an amplitude ¢ ysm; 0sms(©, @) Whose
square, suitably summed over (unmeasured) pro-
jections and channel spins gives the differential
cross section. In the present case measuring the
angular correlation is equivalent to measuring the
projection M,. of the residual nucleus spin I’.
(Coupling scheme is i’ +1"=3’.) We thus define a
new amplitude

. ’ 51, ’
Qo' myrmyr; asmg = Z I'Myi'myi|s ms')qa's'ms';asms

’
S ms:

and the measured population parameters are pro-
portional to
l Q o' Mprmye; asmslz
smsmi:

Here i’, I’ refer to the spins of the outgoing par-
ticle and residual nuclear states, respectively.

The amplitudes q ors1pmg,; asmg ar€ €xact; they con-
tain the elements of the true collision matrix. We
now make the assumption [Eq. (45) of Ref. 23] that
these collision matrix elements can be treated as
rapidly varying functions of energy with random
phases, implying that the averaging process re-
moves any interference between the various par-
tial waves. In this case the expression for the

T,s(a)T,:s:(a')

Al
T,nsu(a") ? ( )

a”s”

appropriately summing the transmission coeffi-
cients for all open channels through which the
compound nucleus can decay.

For most of the calculations presented in the
present work a simplified approach has been
adopted. First, the transmission coefficients in
both the entrance and exit channels were assumed
to be given by?’:

T, =[1 +exp<-€g;—f“>]-l, (A3)

where Ez = (52%/2uR 21+ )2+ Z,Z,e?/R,. In this
expression p is the reduced mass in the appropri-
ate channel and R is the channel radius, assumed
equal to 1.4(4,*3+A,'/%). The quantity A essen-
tially changes the rate at which the transmission
coefficients vary with 7 (smooth cutoff model). The
Hauser-Feshbach denominator was also approxi-
mated using the expression given by Eberhard
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el al.®s:
> Tis(a) =const.(2J + 1)e 7 (7+1/20%, (A4)

als

(The normalizing constant cancels in the computa-
tion of the population parameters.) Of course the
constant must be chosen such that the condition

T,:!,(a’) <1

E Tls(a)

als
is always met for the relevant [ values. The prin-
cipal advantage of using the simple parametriza-
tions discussed here is that it is relatively easy to
investigate the sensitivity of the results to the vari-
our parameters employed. For example, calcula-
.tions with A =0.075 and A =0.01 for a 2* state pro-
duced virtually identical results. Similarly, val-
ues of 202=15 or 20 produced results which differed
by less than the experimental uncertainty in the
population parameters.

As a final test, representative calculations were
performed using transmission coefficients obtained
from the optical potentials of Table I (although spin-
orbit coupling was neglected). The results were
quite similar to those obtained with the paramet-
rization described above. In addition, replacing
the simplified form of the denominator (A4) by the
actual sum over proton, neutron, deuteron, « par-
ticle, and ®Li channels [using the form of T,(«a)
given in Eq. (A3)] was tried. A computer program
STATIS written by Stokstad, was used for this pur-
pose.?® Once again the resulting population pa-
rameters were quite similar to those obtained
from the simplified equations. Consequently it is
felt that the predictions generated for the popula-
tion parameters using the statistical model are
mainly sensitive to the spin and parity of the final
state, and not to the details of the calculation.

For example, significantly different predictions

were generated for 2* and 2~ states. The reason
for this is essentially geometrical, as has been

pointed out by Darden.?

There is a well-known selection rule in the
(d, a) reaction which states that at © ,=0° only un-
natural-parity states can be populated in the M =0
magnetic substate, provided the target has J" =0*.%
This is a consequence of the vanishing of the vec-
tor-coupling coefficient (1010| 10) for any I and does
not depend on the reaction mechanism. In this
(trivial) case clearly the predictions of Eq. (A1)
will depend strongly on the parity of the final state
independent of the transmission coefficients used
in the calculation. In the case of the (°Li, d) reac-
tion, an analogous rule can be formulated?® for that
fraction of the incident beam which is in the m; =0
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substate. The last requirement implies that the
compound nucleus is in the M =0 substate; in the
exit channel there will be a Clebsch-Gordan coef-
ficient (1'0s’0|J.0) where s’ is the exit channel
spin and J_ =1+ 1. (I,1!’ are the orbital angular mo-
menta in the entrance and exit channels, respec-
tively.) The requirement that we detect the out-
going deuterons at 0° implies m, =0 and consequent-
ly mg=0. Since this Clebsch-Gordan coefficient
vanishes unless {I' + s’ +J,=1I'+s’ + [+ 1 =even} this
implies that only channel spin-parity combinations
s’ " are allowed. Since §’=1+J, where I re-
fers to the deuteron spin and J; to the spin of the
residual state, when §’ is decomposed we obtain a
factor (10J,0|s’0) which now implies J;=s’+1. The
net result is that only natural-parity states (0*,17,
2*,...) can be populated in the M, =0 substate,
provided the ®Li beam is in the m;, =0 substate.

The statistical model calculations reflect this
general rule; representative results are given in
Table III. We can see that the predictions for the
natural-parity states are a monotonically decreas-
ing function of M;, whereas for the unnatural-parity
states the M;, =0 state is somewhat depleted. This
effect was found to be insensitive to the details of
calculation and is a manifestation of the rule dis-
cussed above. We thus see that even for a com-
pletely statistical population of compound-nuclear
levels the conservation of angular momentum and
parity have important consequences for the obser-
vation of population parameters. It would thus be
quite wrong, for example, to use the observed re-
sults for the unnatural-parity 2~ state as somehow
“representative” of the population parameters to
be expected following a statistical compound-nu-
clear reaction.

It is also worth mentioning that these particular
observations are peculiar to spin-1 particles.
The same formulas applied to the ("Li, t) reaction
do not exhibit the same selectivity between natural -
parity and unnatural-parity states. In that case
the Hauser-Feshbach predictions for both 2* and
2~ states favor the M =11 substates, yielding
roughly 25, 50, 25% for M =0, +1, +2, respective-

TABLE DI, Values of the population parameters P (M)
predicted by the Hauser-Feshbach theory as a function
of JT,

|M|
0 1 2
JT (%) (%) (%)
1~ 53.2 46.8
1* 36.5 63.5 .
27 29.6 52.9 17.5
2+ 44.9 41.1 14.0
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ly. This would seem to suggest that the experimen-
tal observation? that the M =0 substate is favored

in the %0Q("Li, ty)*°Ne is more clearly indicative of
a direct process in that case.

*Work supported by the National Science Foundation.
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