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The ('He, 'Be) reaction has been studied at a laboratory energy of 25.5 MeV for ' 0 and "Mg targets and at
energies of 25.5, 27.0, and 29.0 MeV for a "C target. Angular distributions have been measured from

8„b= 15 to 160' for transitions to low-lying states in the residual nuclei. The resulting angular distributions
have been analyzed (1}using an exact-finite-range distorted-wave Born-approximation formalism including
multistep processes and (2) using a Hauser-Feshbach compound-nuclear model. In general, the shapes of the
forward angle ('He, 'Be) data are well described by the finite-range distorted-wave Born-approximation and
finite-range coupled-channels Born-approximation calculations. The magnitude of the measured transition to
the 1.63-MeV {2 ) state in ' Ne is approximately 100 times larger than predicted by an SU3 theory for a
simple one-step transition, and this transition is shown to be an example in which a finite-range coupled-
channels Born-approximation analysis is required. Arguments concerning the direct nature of the reaction
process populating these states sre discussed, and spectroscopic information is extracted.

NUCLEAR REACTIQNB ~2C ~~O 24Mg( He, ~Be), Eis&g =25.5, 27.0, 29.0 MeV,
zneasured o (E, 0) Hauser-Feshbach and finite-range CCBA analysis, spectro-

scopic factors.

I. INTRODUCTION

During the past several years, considerable
experimental and theoretical effort has been de-
voted to the study of n-particle-transfer reactions
on P-shell and sd-shell nuclei' in order to exam-
ine the importance of e-particle clustering in the
structure of nuclei in this mass region. This in-
formation is important for our understanding of
the nuclear structure of these nuclei and is also
important in the analysis of the helium-burning'0"
and silicon-burning"'" processes in nuclear astro-
physics. Because of their greater expex imental
simplicity, most of the experiments have centered
on the lithium-induced stripping reactions ('Li, d}
and ('Li, f )with relatively few studies of related n
pickup reactions.

These two types of reactions are quite com-
plementary. In a-stripping reactions the extracted
spectroscopic information relates the [A „Sn]
configuration to one component of the configurations
of the final, states populated in the residual nu-
cleus (4+4). In a-pickup reactions, however, the
spectroscopic information relates the components
of the target ground-state configuration to the
various [(A- 4)*o. '] configurations. In a simple,
direct, one-step analysis the only overlap be-
tween these two types of reactions is in the ground-
state to ground-state transition which ean provide
a very convenient interrelationship between these
two sets of spectroscopic factors; in a multistep
analysis, including inelastic processes, additional
overlaps may be available.

Comparisons of the data from the ('Li, d) and

('Li, t) reactions indicate that the ('Li, t) reaction
is much more selective' in its popul. ation of the
final states a1,lowed under a simple n-cluster
transfer picture. In view of this selectivity and
in view of the strong, well established cluster
structure of 'Be,"the ('He, 'Be) reaction [the
isospin mirror inverse of the ('Li, t} reaction]
should be a good a-pickup reaction to study for
the extraction of spectroscopic information about
the cluster configurations in various target nuclei.

Previously the only extensive work on the ('He,
'Be) reaction has been carried out by Detras,
Duhm, and Hafner, "first with 28- and 30-MeV
'He beams and more recently" at incident ener-
gies up to 41 MeV. The work of Detraz has been
analyzed in terms of a fixed-range distorted-wave
Born-approximation (DWBA) theory" and has also
been used to examine the reaction mechanism in-
volved in this transfer reaction. The present
study was undertaken to amplify this previous
work (I) by measuring additional angular distri-
butions at different incident beam energies to
help elucidate the reaction mechanism involved„
(2) by applying an exact-finite-range coupled-
channel DWBA anal. ysis to the analysis of these
data, and (3) by extending these measurements to
the "Mg('He, 'Be)' Ne reaction of interest to nu-
clear structure theorists" and to nuclear astro-
physicists. "

II. EXPERIMENTAL PROCEDURE

The experimental measurements were performed
using the Yale MP tandem accelerator in eon-
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junction with a duoplasmatron ion source and a
lithium-vapor charge exchange medium for pro-
ducing the negative 'He ions. Reaction measure-
ments were made in a standard 76-cm ORTEC
scattering chamber with two independently movable
detector mounts. The beam geometry in this
chamber was defined by two entrance slits located
51 and 127 cm upstream from the target. These
slits were 0.32 cm high and typically either 0.05
or 0.10 cm wide. After passing through the target
the beam was collected in a magnetically shielded
Faraday cup and integrated by a Rogers-type in-
tegrator, "calibrated with a known current source
whose absolute accuracy was &1 jp.

For most of the measurements, the 'Be ions
were detected using standard &&+& counter tele-
scopes. Because of the low energy and high stop-
ping power of the 'Be iona, thin (~10-pm) Si(SB)
&E detectors were used together with 50-IL(m

Si(SB) E detectors. The particle identification
system utilized pulse multipliers which formed
the function f(E, nE) = DE(E+E + KdE)-MZ',
where K and &, are adjustable constants and M
and Z are the mass and charge of the detected
ion. " (A storage oscilloscope was used as an

aid in the adjustment of E and ~, to optimize the
separation of the desired particle species. ) The
separation of 'Be is somewhat simpler than for
other nearby nuclear species because both 'Be
and 'Be are particle unstable and, therefore, well
removed from the 'Be locus. Gates were set on

the 'Be identifier signal and were used to route
the linear (E+AE) signal to a quadrant of a 4096-
channel Northern Scientific analyzer.

For the "C('He, 'Be)~Be reaction this method
could not be used for angles H„b~100 because
the energies of the 'Be particles are so low that
they stop in our thinnest (6.8-pm) Si(SB) detector.
Over the range 100' ~8, b

~140', however, the
'Be groups populating the 'Be ground state are
the highest-energy particles stopping in the 6.8-
pm detector so that they can be identified and

measured by using this detector in conjunction
with a 50-gm veto detector behind it. For angles
beyond 140', in this case, the energies of the 'Be
groups of interest are less than the energy of
a particles stopping in the 6.8-pm detector, and

this method is no longer effective.
Since the low-lying (429-keV) first excited state

of 'Be is particle stable, all groups corresponding
to specific final states in the residual nuclei will
be observed as doublets, corresponding to the de-
tection of 'Be ions in either their ground state or
their 429-keV excited state. The necessity of
resolving the two peaks in these doublets [so that
separated cross sections could be measured for
the ('He, 'Be«&) and ('He, 'Bei, &) reactions] dictated

the minimum energy resolution which could be
tolerated, limiting the allowable angular spread
and target thickness (as related to the energy
losses of the emerging 'Be particles), the primary
sources of energy spread. In order to optimize
this situation, the targets were tipped at 45 to
the incident beam to increase their effective thick-
ness to the beam and to decrease the 'Be energy
losses by reducing their path out of the target.
At forward angles &6 was typically restricted to
&1.5', but at backward angles 8&90 where dE/dB
is less severe, &6 could be increased to -4'.
Measurements of the detector-slit geometry de-
termined the experiments, l solid angle (typically,
-1 msr at forward angles and-3 msr at &„b~100 )
with an uncertainty of +3%.

Self-supporting 50- to 100-~/cm' carbon foils
were used for the "C('He, "Be)BBemeasurements.
Oxygen targets were prepared by oxidizing 88-pg/
cm self-supporting nickel. foils in air with a pro-
jection lamp. Similar nickel foils were also used
as backing for the magnesium targets. [Nickel
was chosen as a backing material because pre-
liminary experiments had shown there to be neg-
ligible yields from Ni('He, 'Be)Fe reactions. ]
lsotopically pure "Mg (&99.96%) was vacuum
evaporated from a closed tantalum boat onto the
nickel foils which were then transferred under
vacuum to the scattering chamber in order to min-
imize oxidation of the magnesium. Furthermore,
in order to reduce oxidation and minimize carbon
buildup during bombardment, a 20-em&20-cm
liquid-nitrogen-cooled copper plate was installed
inside the target chamber as close to the target
as possible. At the end of the experiment, before
exposure to air, the Mg+Ni target thickness was
measured in the s cattering chamber by obs erving
the energy shift of the 5.48-MeV a-particle group
from an '"Am source when the target was placed
between the source and a calibrated detector.
Typical magnesium thicknesses were = 65 pg/cm'.
Comparisons of measurements of the thicknesses
of carbon foils and nickel. foils using this technique
and using an a gauge' showed agreement within
the uncertainties of the individual. measurements,
typically & + 10@.

III. EXPERIMENTAL RESULTS

Typical energy spectra for the ('He, 'Be) re-
action on "C, "O, and ' Mg targets are shown
in Figs. 1-3. The energy resolution is typically
150-300 keV full width at half maximum (FWHM)
and was determined primarily by target thickness
and finite aperture effects as discussed above.
Note that each state in the residual nucleus ap-
pears as a doublet due to the detection of 'Be in
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Fia. l. Energy spectrum of 'ae particles emitted in the 'to/He, 'iie)age reaction at a taborato» angi«i 20 with a
He bombarding energy of 25.5 MeV. Note the doublet corresponding to detection of Be in its ground and first excited

states, The broad peak at channe1. 700 corresponds to the 2.9-MeV state in Be.

' O{ He Be)' C

E(~He)=25.5MeV

elab
'~C(4A3)

"c(oo)

'~Q9.64)

800 900~00 2OO zoo ~ 500 60O
CHANNELS

FIG. 2. Energy spectrum oi' tBe particles emitted in the tQ( He, 'BejitC reaction at a laboratory angle 20' with a
~He bombarding energy of 25.5 MeV. The doublets correspond to detection of YBe in its ground and first excited state.
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FIG. 3. Energy spectrum of VBe particles emitted at a laboratory angle of 20 in the (3He, Be) reaction from a 24Mg

target. The doublets correspond to detection of ~Be in its ground and first excited states. The peaks labeled 2C and
8Be are from reactions with the target contaminants 80 and C, respectively.

both its ground state and its 429-keV first excited
state. In the measurements with the '4Mg target
the spectra are dominated by the yield from a
small ' C and "O contamination since the cross
sections for the ('He, 'Be) reaction are as much
as 100 times stronger for these nuclei than for
'4Mg.

Peak areas and cross sections were extracted
from these spectra using a peak-fitting routine in
which the groups corresponding to each state in
the residual nucleus were fitted as a doublet (usual-
ly not nearly as well. resolved as in these forward-
angle spectra) with the separation between the
two Gaussian components predetermined from
kinematics and the energy calibration. The four
remaining free parameters (two independent
heights and widths) were even further restricted
by the additional constraint that the widths of the
two components be equal. These restrictions are
physically quite reasonable and enable the fitting
program to work efficiently with rapid convergence
and to achieve good fits to the data. Angul. ar dis-
tributions were extracted for the 'Be ground state
and the low-lying 0', 2', and 4+ states in Ne.
(See Figs. 4 and 5.) The error bars in these fig-
ures represent only the statistical error on the
yield; the uncertainty in the absolute cross sections
is about 20% and is dominated by the uncertainty
in the target thickness. In the case of the "C
target, at angles 8»-100, the two members of
the doublet could not be resolved, and only the

sum of the yields 'Be(o&+'Be(,
~

was extracted.
For those angles a value of do1»/dc&» = 2.0 was
used to extract separate cross sections for the
'Be(o) and 'Be(,

~
transitions; this value was ar-

rived at as the average of the doio1/doi» ratio for
the 10 data points, 65 -6I„,-85', immediately
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FIG. 4. Angular distributions for the Be ejectile in
its ground state (0) and its first excited state (1) for the

C( He, VBe) Be reaction at 25.5 MeV.



14 ALPHA-TRANSFER REACTIONS IN LIGHT NUCLEI. II. . . 479

l00
I l I I I f I

"Mg('m, 's „,) ~w—
E('&) - 25.5 ee

I I I I l ( I I I I

wMg(3~ r~ )ao

E( He) ~ 25.5 MV

IO 0+— lO
0+

a&
Wrg'-„-,

g lO

Cy

b

0
2'—

lO

44
0

0 —4Q .0—0-f——
0 4~4

2

IO IO

~Ot
$o

I I ( I ( I I ) ). I I I I I I ) ) ( J ) ( ( I

0' 50' 60' 90' l20' I50' I80' 0' 50' 60' 90' l20' ISO' ISO'

e,.
F&G. 5. Angular distributions for the Be ejectiI, e in its ground state (0) and its first excited state (1) for the

t4Mg( He, ~Be)toNe reaction at 25.5 MeV.

preceding the 0»~100' data. This value is also
consistent with the value expected from the ratio
of (2 J+1)o/(27+1), .

At various angles, groups from the "Q and "C
contaminants interfered with the peaks in
"Mg('He, 'Be)' Ne spectrum. A separate angular
distribution was measured for the "0('He, 'Be)"C
reaction under conditions identical to those for
the 'Mg('He, 'Be)' Ne angular distributions, and
these data were then used to subtract the "0 con-
taminant yields from the "Mg('He, 'Be)' Ne spec-
tra. In cases where only one peak of a '~Mg('He,
'Be)' Ne doublet was obscured by "'0('He, 'Be)"C
contaminant groups the area of the missing peak
could be determined in this way. A separate
"C('He, 'Be)'Be angular distribution was also
measured under identical conditions; however,
the application of this normalization and subtraction
technique did not prove feasible for removing the
"C('He, 'Be)'Be contaminant groups from the

' Mg('He, 'Be) Ne spectra. This failure was
partially due to the difficulty in accurately handling
the braad, 2.90-MeV first excited state in 'Be
and partially due to the much larger "C(aHe, 'Be)-
'Be yields, with the subtraction of two large num-
bers resulting in statistically insignificant net
differences.

IV. DISCUSSION OF EXPERIMENTAL RESULTS

The data presented in Fig. 5 suggest several
comparisons that can be made. First note that
all. angular distributions are forward peaked with
the 0'-0' transitions being thesteepest at forward
angles and also the most oscillatory. The angular
distributions for transitions to higher-spin states
in "Ne are less steep and show less structure
than those to the ground state. This is a char-
acteristic of angular distributions for the ('He,
'Be) reaction on other targets and suggests the
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angular distributions for 'Be(p) and 'Be(» groups
populating the same state in the final nucleus.
There is considerabl. e evidence"'" to suggest
that these two states of 'Be have the same spatial
wave function and are split only by a small spin-
orbit force. In the cluster model they are just
a 'He and a 'He in a relative P state with a spin-
orbit coupling of 2 and 2, respectively. If we
assume that the transfer reaction proceeds via
a direct mechanism and that there are no spin-
dependent forces, then the angular distributions
for the ground and first excited states of 'Be should
be identical in shape and be related in magnitude
simply by the ratio of (2J+1), i.e., 2:1. The
extent to which the data do or do not follow this
simple relationship is an indication of the validity
of the above assumptions. At center-of-mass
angles less than 30' (where direct-reaction effects
might be expected to dominate any compound con-
tributions) the transitions reported by Detraz
et al."and those which we have studied in the
present experiments almost universally show a
cross section ratio of 2:1, in agreement with
this expectation. At more backward angles the
ratio fluctuates from 6:1 to 1:2 in some cases,
due to strong oscil. lations which are not quite in

phase. In general, however, the 'Be(, ) and 'Be(g)
angular distributions are quite similar in shape,
and their cross sections have a ratio between
0.7:1 and 3.0:1. The ' Ne (2+) angular distribu-
tions are quite anomalous in this respect, having
distinctly different shapes and cross section ratios
in the range 0.7:1 to 5.0:1. Other examples of
such dissimilar behavior have been reported pre-
viously for the ('He, 'Be) reaction on other tar-
gets. "'" In these cases it is not possible to de-
termine which of the assumptions noted above is

not valid, but it is interesting to note that the
direct-reaction calculations discussed below match
the data best at the forward angles where the ratio
of 'Be(0) to 'Be(, ) is approximately 2:1.

We may gain further insight into the reaction
mechanism by examining the spectra and noting
which states are excited. Unfortunately, for the
"C and "0 targets the energies of 'Be were too
low to allow the observation of anything but the
first two states at all but the most forward angles.
For the "Mg target, however, states up through
6 MeV are visibl. e at 0„,&100 . The absence of the
2 unnatural parity state at 4.97 MeV in the 90
spectrum (Fig. 7) is consistent with the observa-
tions of Steele, Crawley, and Maripuu" for the
"Mg('He, 'Be) reaction at E('He) = 70 MeV and
with those of McGrath et al."and of Comfort
ef al."for the "Mg(d, 'Li)' Ne reactions; all of
these authors report only weak population of this
2 state at forward angles. Unfortunately we were
not sensitive to the 2 at more forward angles in
the present experiment due to the large background
from "C contamination of the "Mg targets. Note
also in Fig. 7 that the 3 state at 5.62 MeV (which
is the next member of this IC' =2 band) is strong-
l.y excited, while there is no evidence for the pop-
ulation of the 1 state at 5.79 MeV. This situation
is reversed from that found for the ('Li, d) and
('Li, I) reactions leading to ' Ne final states. This
reversal can be understood from the intrinsic
s tructure of thes e states. The 3 state, as the
second member of the K' =2 rotational band built
on the 2 state at 4.97 MeV, is believed to have
a (OP) '(ls0d)' structure, "while the 1 state at
5.79 MeV is the bandhead of a K' =0 rotational
band with a (1s0d)'(lp0f)' intrinsic structure.
Hence, based on a simple one-step, direct-re-
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FIG. 7. Energy spectrum of Be particles emitted in the (~He, Be) reaction at 90 from a Mg target at 25.5 MeV.
The expected position of the 2 state at 4.97 MeV in Ne is indicated. The doublet labeled C(0.0) is from the (~He, Be)
reaction on 0 contaminants. The cutoff at low channels results from Be stopping in the 4E detector.
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action mechanism and starting from a predomi-
nantly (1sOd)' "Mg ground state the (OP) '(1sOd)'
K' =2 band is clearly much more easily ac-
cessible via a four-nucleon-pickup reaction than
the (1sOd)'(1pOf )' E' = 0 ba.nd. Similarly, start-
ing from a (OP)" closed shell "0 ground state a
four-nucleon-stripping reaction mill pref erentially
populate the E' =0 band rather than the 2 band.
Population of the "unpreferred" band can occur,
of cours e, via multistep direct reactions, com-
pound-nuclear reactions, other components in the
wave functions of the target ground states, etc.
These mechanisms can only be sorted out through
a thorough measurement and analysis of the angu-
lar distribution of these states. Since the E' =2
band can be preferentially populated via a simple
one-step direct mechanism in the '~Mg('He,
'Be) Ne reaction, the absence of the 2 member
of that band in Fig. 7 can be used to set upper

limits on the contributions fxom these othex mech-
anisms even though we wex e not able to measure
a detailed angular distribution for this state.

V. CALCULATIONS

A. Compound nuclear

In order to investigate the importance of statis-
tical compound-nuclear processes in the reactions
studied, a series of Hauser-Feshbach calculations
mas carried out using the code STATIS." For the
calculations on the ("C+'He) system and for those
on the ("Mg+'He) system the p, n, d, 'He, a, and
'Be channels were included since these channels
have the highest center-of-mass decay energies
from the compound nucleus. The single most im-
portant parameter in these calculations is the
density of levels in each channel; this parameter
and the Q value determine hour the flux is dis-

100
I t 1 I I I t /
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FIG. 8. Hauser-Feshbach calculations for the six angular distributions measured for the 24Mg( He, Be)20Ne reaction.
The curves have a normalization of 0.32 and correspond to normalizing the calculation for the 2 (4.97 MeV) state to an
upper limit of 1 IJ.b/sr at &l,b =90 .
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tributed among the channels. The level density
parameters were taken from Hanson's compila-
tion" of those values which best fitted the available
data. Several sets of optical potentials were tried,
but the results were relativel. y insensitive to them.
Details of the calculations are available else-
where. "

A modified yrast cutoff was applied for all cal-
culations; that is, the compound nucleus was as-
sumed to be formed only for those / values in the
entrance channel which are below the yrast level
and for which the transmission coefficients are
greater than 0.5. The first criterion insures that
the compound nucleus does not have more angular
momentum than it can support, while the second
assures that there is a reasonable probability that
the two nuclei in the entrance channel "come close
enough" for the compound nucleus to be formed.
The limit of 0.5 on the transmission coefficients
is arbitrary; variations of the cutoff angular mo-
mentum by a few units in either direction make
at most a factor of 2 difference in the flux in the
'Be channel.

In general, the calculations predicted cross
sections which were a factor of 2-10 too large.
Any realistic change in the input parameters could
not produce more than a factor of 2 change in the
overal. l normalization. The abso lute normaliza-
tion of the calculation was therefore adjusted (a
factor of 0.32) to fit the measured upper limit
of 1.0 pb/sr for the cross section to the 4.97-
MeV (2 ) state at Hate =90'; the relative normaliza-
tions for all of the other states were then taken
as determined by the calculation. For the other
negative parity states in Fig. 7, this procedure
gives a prediction which is less than the mea-
sured cross section for the 5.62-MeV (3 ) state
(a state which is expected to be populated via both
compound and direct routes) and predicts a cross
section for the 5.79-MeV (1 ) state which is below
our experimental upper l.imit for that state, con-
sistent with hypothesis that it would be populated
only via compound-nuclear reactions. The re-
sults for the E' =0' ground-state band are shown
in Fig. 8. In general the agreement between the
calculation and these data is quite reasonabl. e for
angles 8, ~90 . The 2' 'Be~,

&
calculation misses

the 90' region but does pick up the backward rise.
The 4' 'Be~» result looks like it should be higher,
but nothing could be done to bring this curve up
without distrubing the normalizations of the other
curves.

It should be noted that the Hauser-Feshbach
results are energy-averaged cross sections and
that the data were taken only at a single bombard-
ing energy. However, the target was approxi-
mately 10 keV thick to the entering beam, and
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'
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FIG. 9. Hauser-Feshbach calcul. ations for the
itC( He, ~Be) Be angular distributions. The curves de-
fine a band of normalizations from 0.10 to 0.15.

the compound nucleus "Si is being formed at an
excitation energy of 36 MeV at which energy the
density of levels is believed to be much greater
than 5.0 keV ', so that an energy averaging is
taking place in the experiment. These results
then seem to indicate that at angles backward of
90 statistical compound-nuclear processes are
contributing significantly to the "Mg('He, 'Be)' Ne
cross sections.

The situation for the "C(eHe, 'Be)eBe reaction
is not as simple as that for the "Mg('He, 'Be)' Ne
reaction, since there are no low-lying unnatural
parity levels in Be to determine an upper limit
to the statistical-compound contribution. Al-
though similar results were obtained for all ener-
gies, only the calculations for 25.5 MeV, where
there exist back-angle data, will be discussed.
Figure 9 shows the results of a calculation with
an angular momentum cutoff of 9.5 in the entrance
channel and a normalization factor of 0.15 to 0.10
applied so that the curve approximated the average
cross section around 90 . A higher constant could
have been applied so that the Hauser-Feshbach
result would go through some of the back-angle
points, but it was felt that it was unreasonable,
since the calculation would then grossly over-
estimate the data in the region around 90' and since
the shapes of the calculated curves do not really
match those of the data in the back-angle region
anyway. The results for the "C('He, 'Be)'Be re-
action seem to point to there being a significant
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direct component to the cross section at both for-
ward angles and backward angles.

B. Finite-range DWBA and coupled-channels

Born-approximation analyses

As is evident from the above discussion, there
is significant direct-reaction contribution to the
angular distributions at forward angles. Paper I"
of this series emphasized the importance of using
a finite-range DWBA model for calculating direct-
reaction cross sections in u-particle-transfer
reactions where the relative motion between the
n particle and the core of the projectile is a non-S
state, e.g. , ('He, 'Be) and ('Li, t) reactions. It
also showed the importance of including multistep
processes and transfer from excited states when
the target or residual nucleus is deformed. The
code FRIMP, described in Paper I, was written
to do such calculations and has been used ex-
clusively in the work described below.

All calculations were done assuming a cluster
model for the target nucleus and the 'Be ejectile.
The quantum numbers of the bound state wave
functions were fixed by assuming that all energy
was contained in the relative motion of the ~ par-
ticle and the core. Two different radial forms
of the bound state wave functions were tried. Sev-
eral DWBA calculations were made using the so-
lution to a Woods-Saxon well with a diffuseness
of 0.65 fm and radius parameters in the range
1.00 to 1.25 fm (where these parameters are re-
lated to the radius by r =roA„„'~')for both the
target nucleus and the 'Be. These variations did
not make significant changes in the shapes of the
calculated angular distributions but did modify
the height of the rise at forward angles and the
overall magnitude of the cross section. The rms
radii of the bound state wave functions were cal-
culated using the relation ( r ) = JJW'g d'r and
were compared to the tabulated results obtained
from electron scattering. " A radius parameter
in the range 1.0 to 1.1 fm seems to give the best
agreement with these tabulated results. The sec-
ond radial form was a harmonic oscillator wave
function smoothly matched to a tail. of the correct
binding energy. The size parameter v was varied
from its initial cluster model value" of 4(A
—4)A +' fm ', in order to arrive at an rms radius
as explained above; generally not much change
was needed to achieve this. Because the harmonic
oscillator wave function had more flux in the in-
terior region than a Woods-Saxon wave function
of the same rms radius, there were some dif-
ferences between DWBA calculations performed
with these two types of wave functions. All of the
calculations shown below were done with the har-

monic oscillator plus tail form because they
seemed to give a slightly better agreement with
the data. These parameters are summarized in
Table I.

In all of the calculations that follow, a post ap-
proximation was used, and the "stripping" inter-
action was taken to be simply V('He-'He), the
potential that binds the 'He and n clusters in the
'Be nucleus. The validity of omitting the Coulomb
terms from the interaction potential. was checked
by carrying out a calculation for the "C('Li, t)"0
reaction in which the full set of Coulomb terms
was included. A comparison between the results
of this calculation and one in which the Coulomb
terms were not included showed that the two cal-
culations produced angular distributions with near-
ly identical shapes and with only a 3% difference
in absolute magnitude. This is consistent with
the results reported earlier by DeVries" in a
study of stripping interactions for multinucleon
transfer calculations.

TABLE I. Bound state parameters for harmonic oscil-
lator plus tail wave functions.

Nucleus
N

(2n+l)
V

(fm )

rms radius
(fm)

24Mg 20Ne (3Q!

12C 8Be (3e
YBe = 3He(sn

0, 2, 4 1.1
0, 2 1.0
1 1.2

2.98
2.45
2.45

1. ~4'(3He, 7BeP'Ne reaction

This reaction appeared to be a good candidate
in which to investigate the effects of multistep
processes. It is well known that both '4Mg and
"Ne are deformed in shape and have enhanced
transition strength in their ground-state bands.
A recent SU, calculation" of the n structure of
'4Mg predicts a strength for the direct pickup to
the ' Ne 2' state which is 0.13 times weaker than
that for the ground-state to ground-state tran-
sition. Hence, it seemed likely that second-order
effects could compete with this direct route. Be-
low we compare the results of DWBA and coupled-
channels Born-approximation calculations for
this reaction.

The optical model pa, rameters for the 'He+ "Mg
channel. were taken from a study of 'He scattering
at 24 MeV." Since the present analysis does not
permit the use of spin-orbit forces in the distorted
waves, the small spin-orbit term found in the
above reference was dropped; the recalculated fit
was found to be nearly as good as that with the
spin-orbit term. For the CCBA calculations these
same scattering data were refitted with a coupled-



14 ALPHA-TRANSFER REACTIONS IN LIGHT NUCLEI ~ II ~ ~ ~ 485

TABLE II ~ Optical model parameters used in transfer calculations.

System (MeV) (fm)
a W ~a ~or

(fm) (MeV) (Me V) (fm)
a or

(fm)
~0c
(fm) P2

24Mg+ 3He

Set I
Set II

152.8 1 ~ 15
1728 1 ~ 20

0.746
0.640

18.33
18.33

1.217 0.945 1.30
1 ~ 217 0.845 1 ~ 30 0.48

Ne+ Be
Set III
Set IV

197.5 1.009 0.878
160.0 1.02 0.9

22 ~ 517 1.448 0.822 2 ~ 13
160 1 ~ 60 080 220 0.56

+3He
Set V
Set Vr

169.0 1.14
169.0 1 ~ 14

0.675 32.1
0.675 21.8

1.82 0 ~ 566 1.40 ~ ~ ~

1.82 0 ~ 566 1.40 -0 ~ 54

Be+ Be
Set VII 50.0 1 ~ 5 0.834 4.0 12.0 1.86 0.802 2 ~ 5

U(&) =Vc —(V+iS')f (x) +4iW&

where
1/r

Vc =Z(Z2e 2

R

r&R,

R, r R
R =t'oA ~

r —r,A
f(x) =(1+e"); x=

a

channels program (by manually changing the pa-
rameters —this was not a search code) which in-
cluded scattering to the 1.36-MeV 2' state ex-
plicitly. The fit obtained in coupled channels was
better than the original single-channel calculations
of the elastic and inelastic scattering. As a check
on the convergence of the coupled-channels pro-
cedure, a calculation was performed in which the
4' was also included. While no data were available
for the 4' angular distribution, the fits to the
0' and 2' changed little (in the region of the avail-
able data) from the calculation which included only
the 0' and 2'. All optical potentials are sum-
marized in Table II ~

For the DWBA cal.culations, the 'Be-"Ne op-
tical potentials were taken from a single-channel
optical. model analysis of ' Ne+'Li elastic scatter-
ing at 38 MeV,"Set III in Table II. For the CCBA
calculations, it was necessary to use an optical
potential which did not implicitly include the effects
of those inelastic channels which were being ex-
plicitly included in the coupled-channels formal-
ism. Since a coupled-channels optical model
analysis was not available for ' Ne+'Li elastic
scattering, the single-channel optical potential
for "O+'Li elastic scattering ' (Set IV in Table II)
was chosen as the most suitable for the CCBA
ca lcu lation.

Finite-range (FR) DWBA calculations of the 0',
2', and 4' states for both 'Be(» and 'Be(y) are

shown in Fig. 10. For reference the Hauser-Fesh-
bach calculations discussed above are also shown.
The shapes of the calculated angular distributions
are in qualitative agreement with the data. They
begin to deviate most strongly where the Hauser-
Feshbach calculation becomes comparable in mag-
nitude to the direct-reaction contribution. The
calculations were normalized to the data to give
the product of spectroscopic factors as defined
in Paper I. Spectroscopic factors for the "Mg-' Ne n decomposition were arrived at by as-
suming a spectroscopic factor of 0.95 for the
'Be- He n decomposition. The resulting factors
are summarized in Table III along with the SU3
predictions of Draayer. " It is clear that the
FRDWBA calculations greatly underestimate the
cross sections to the 2' and 4' states, suggesting
that indirect routes are enhancing the experimental.
cross sections.

Several finite-range CCBA calculations were
made —all including both the 0' and 2' states in
the entrance and exit systems. Including the 4'
state in either channel would have been prohibitive
from the standpoint of computer time and costs.
As is evident from the formalism presented in
Paper I, a CCBA calculation requires that the
relative spectroscopic amplitudes be chosen be-
fore starting such a calculation. A set of am-
plitudes calculated with the SU, model was pro-
vided by Draayer" and is given in Table IV. CCBA
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FIG. 10. Finite-range DWBA calculations for Mg /He, Be)+Ne using the opticaL potential sets I and III and the
bound state parameters of Table I. Hauser-Feshbach calculations are also sholem.

calculations using these and potential Sets II and

IV are shown in Fig. 11 for the 0' and 2' states.
D%BA calculations using the same potential sets
and wave functions are also shown. It must be
emphasized that thes e are not the same optical
potentials which were used in the D%BA calcula-
tions in Fig. 10. This set of modified D%BA cal-
culations is included in Fig. 11 in order to separate
the effects due to the explicit inclusion of the 2+

inelastic channels from those effects which are
due to the change in optical potentials. An abso-
lute normalization of 1.2 was applied to all of the
calculations in order to emphasize the differences
in the magnitude of the cross sections calculated
in the CCBA and D%BA analyses. Al.though still

more cross section is needed, it is clear that the
CCBA calculation does a better job in predicting
the magnitude of the 2' angular distributions. A

very significant improvement in the relative 0
to 2 cross sections can be realized if all of the
parentage coefficients in Tabl. e 1V are set equal
to + 1.0. While there are no theoretical justifica-
tions for such a change, it does indicate the di-
rection in which the model. must change if there
is to be better agreement with the experimental
data.

The improvement which can be obtained in the
calculated strength of this transition by including
coupled-channels effects in the analysis can be
understood in light of the results presented in
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TABLE III. Extracted spectroscopic factors from
FHDWBA analysis of the 24Mg( He, Be) ONe reaction.

TABLE IV. SU3 parentage factors used in the C{ BA
calculations.

0+ 1.0 y.67)" 1.0 (0.63) b

2+ 15.4 23.4
4+ 3.5 4.3

SU3 model ~

1.0
0.13
0.80

Mg(4 )~ Ne(J ) Sn E value SU3 amplitude

-0.457

0.279

-0.163
Refel ence 37.

~ Numbers in parentheses are absolute spectroscopic
factors.

0.279
-0.007
-0.338
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FIG. 11. Finite-range CCBA calculations for 24Mg pH8, 7Be) Ne using the optical. potential Sets II and IV and the
bound state parameters of Table I ~ The curves labe1ed FRDWBA Rre the results of cal.culations using the same pRra-
meters as the FHCCBA but with P 2= 0. An overall normalization factor of 1.2 has been applied to all the curves.
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Paper I." There it was shown that the ground-
state to ground-state transition dominated the
calculation of the 2+ cross section and that al. l
other indirect routes are comparable in magnitude
to the direct 2' route which wouM be calculated
from the DWBA model alone. These results follow
naturally from the relative size of the parentage
factors and from the strength of the inelastic
0'-2' transition in the final. -state system. The
importance of using a full coupled-channels treat-
ment in such a situation cannot be overemphasized.

There are several factors which may contribute
to the discrepancies between these calculations
and the data. In view of the relatively strong one-
step population of the 4' (4.25 MeV) state expected
from Draayer's model" and in view of the strong
inelastic coupling of the states in the ground-state
band in "Ne, two-step transitions via the 4' state
may play a very important role in populating the
2 (1.63 MeV) state. Unfortunately, however, the
inclusion of this 4+ state would make for a very
expensive calculation. It is also known that the
"Mg ground-state rotational. band is not a pure
(84) configuration, as has been assumed here.
Akiyama, Arima, and Sebe" predict that approxi-
mately 25% of the wave function of "Mg consists
of configurations other than (84), with (46) being
the next largest component. A calculation including
mixed configurations would be very costly at this
time and cannot be justified in view of the other

IO

'
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E3 = 25.5 MeV
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I.O
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E Ol

Cya
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~y0
I~ 0—~+y0 yO
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O.OI

O.OOI I I I I l I l

0' 300 60' 90' I 20' I 50' IS OO
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FIG. 12. Finite-range DWBA calculation of the
2C /He, Be~0~) Be reaction at 25.5 MeV using optical

potential. Sets V and VII and the bound state parameters
of Table I. A normalization factor of 18.4 has been ap-
plied to the curve.

uncertainties in the calculation. Furthermore,
our model for the direct transfer of a four-nucl. eon
cluster, with inelastic effects in the target and
residual nucleus but no spin-orbit forces in the
distorted waves, cannot explain the differences
in the measured 'Be(p) and 'Be~,

~
angular distribu-

tions. The calculations are very nearly identical.
for these two outgoing channels, except for a fac-
tor of 2 because of the spin multiplicity and small
differences due to the slight change in binding
energy and Q value. It is not clear where the
model is wrong. It seems unlikely that the spin-
orbit force (generally believed to scale as 1/A )

could be large enough for anA=7 projectile to
explain the observed difference in the measured
"Mg('He, 'Be)' Ne(2 ) angular distributions. One
possible explanation involves an interference be-
tween inel.astic effects in the 'Be nucleus and in-
elastic excitations in 'We. Such an interference
has been predicted for heavier ions. ~ An analys is
of 'Li scattering from a spherical target in which
'Li~p~ and 'Li~,

~
are observed would help answer

this question. There is considerabl. e room for
further theoretical and experimental work in un-
derstanding this reaction.

~C( He, gej ge reaction

Analysis of the "C('He, 'Be)'Be reaction pro-
ceeded along the same lines as that for the
"Mg('He, 'Be)' Ne reaction. The "C ground state
and first 2' state were assumed to consist of 'Be
in its ground state coupled to an l = 0 and l = 2 n
particle, respectively. A macroscopic model.
was used to describe the excitation of the "C 2'
state with P,r, = —1.4 (Ref. 43). For reasons of
computational expediency, 'Be was taken to be
a sphezical nucl. eus, with coupling to its 2' state
taken into account only through the optical model.

Sevezal sets of optical potentials were tried for
both the 'He and 'Be channels"'" "; all. gave
essentially similar results in the DWBA calcula-
tions. There was a problem in refitting the avail-
able 'He inelastic scattering data in the coupled-
channels analysis. This problem has been docu-
mented previousl. y. 44 We did all our CCBA cal.—

culations with a set of potentials identical to that
used in DWBA except that the volume absorption
in the 'He channel was reduced from 32.1 to 21.8
MeV in order to compensate for the explicit in-
clusion of the 2' channel in the calculation.

A typical DWBA calculation for the E('He) =25.5

MeV data is shown in Fig. 12. The calculation
does a reasonable job at fitting the data forward
of 0, = 50' but fails at more backward angles.
A spectroscopic factor of 18.4 was extracted from
the fit. The same calculation was done for all of
the angular distributions shown in Fig, 6; the fits
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FIG. 13. Finite-range CCBA caIculatlon of the
ttC( He, 7Betol)8Be reaction at 25.5 Mev using optical
potential Sets VI and VII and the bound state parameters
of Tabl. e I. The curve labeled FRDWBA is the result of
a calcuI. ation auth the same parameters but with P &= O.

A normalization factor of 10.7 has been applied to both
curves.

are qualitatively similar, and the extracted spec-
troscopic factors are surprisingly constant, lend-
ing some credence to the calculation procedure.

For the "C('He, 'Be)sBe CCBA calculation, rela-
tive spectroscopic amplitudes are not available
for the transition from "C*(4.44 MeV, 2') to
'Be„,and therefore, the relative 2'-0' to 0'-0'
amplitude was treated as a free parameter and
was varied manually over the range +0.25 to + 4.0.
A good fit was obtained with this ratio set equal
to —1.0; see Fig. 13. Also shown in Fig. 13 is a
DWBA calculation (P, = 0) with the same potentiaLs
as used in the CCBA cal.culation. A normalization
of 10.7 was applied to both curves in the figure.
The inclusion of transfer through the 2' state en-
hances the forward-angle cross section and shifts
the minima backward a fem degrees. The CCBA
calculation seems to be an improvement over the
D%'BA calculation of Fig. 12, although it still. does
not fit the backward data points.

Considerable effort mas made to modify both
the DNBA and CCBA calculations by varying the
'Be+'Be optical potentials to reproduce the data
at backmard angles 8, -50. No combination of
changes could make the calculations reproduce
the sharp oscillations seen in the data at these
angles. It is now felt that these oscillation. s, seen
most clearly in the 25.5-MeV data, are due to
the interference between two direct processes

which have different angular dependence. One
likely candidate is the transfer of a mass 5 cluster
via the 'He("C, 'Be)'Be reaction. This process
is backwa, rd peaked relative the the normal" four-
particle transfer and mould interfere with it; evi-
dence exists for similar processes in other light-
ion reactions. " However, the calculation of this
process and its coherent addition to the four-par-
ticle-transfer amplitude requires modifications
to the code PRIMP which are not anticipated at
this time.

Recent work by Audi et ajt. 48 used a DNBA anal-
ysis of the ('He, 'Be) reaction to examine the vari-
ation of the a-particle-pickup spectroscopic factor
for the ground states of 4N nuclei fxom "C to' Ca, except for "Mg. It mas found that the relative
spectroscopic factor 8 (4X)/8„("C)was insen-
sitive to changes in the bound state radii and op-
tical parameters. From our DNBA analyses we
extract a relative spectroscopic factor 8„('~Mg)/
S ("'C) of 0.04 in good agreement with the A de-
pendence seen in the analysis' of the other relative
spectroscopic factors 8 (4&)/S„("C).

VI. CONCLUSIONS

In general there is reasonable agreement be-
tween the finite-range DNBA and Hauser-Fesh-
bach calculations described above and the ('He,
Be) data, and meaningful relative spectroscopic

factors having been extracted for a clustering
in "C and "Mg. In the CCBA analysis, inelastic
pr ocesses have been shown to make important
contributions to these ('He, 'Be) transitions and
to make significant: changes in the absolute mag-
nitudes of the extracted spectroscopic factors.

This work has been carried out to investigate
the importance of FRCCBA and compound-nucleus
contributions to these four-nucleon-pickup re-
actions. This is not a definitive or complete anal-
ysis. It is clear that further experimental. and
theoretical work is needed before this four-nu-
cleon-pickup reaction is understood completely.
In particular, the role of spin-orbit forces in the
excitation of the 'Be first excited state needs to
be investigated before discrepancies betmeen the
'Be~» and 'Be~» angular distributions can be re-
solved. It mould also be helpful to have more data
on excited states of nucl. ei in this and other regions
of the Periodic Table so that multistep processes
can be sorted out from the ambiguities of the 'Be
optical potential. Because of its much more neg-
ative Q value the ('He, 'Be) reaction is experimen-
tally much more difficult to study than the (~Li, f )
reaction. However, the information provided by
such a pickup reaction is complementary to the
stripping results and is necessary for the com-
plete understanding of clustering phenomena in
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these nuclei. The ('He, 'Be) reaction appears to
be a good a-particle-pickup reaction which can
be used to extract meaningful relative spectro-
scopic factors.
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