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Single-nucleon transfer to unbound states by means of the4He„a, 3He… 5He reaction
at 158 and 200 MeV
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The 4He(a,3He!5He~g.s.! reaction was studied at incident laboratory energies of 158 and 200 MeV for c.m.
scattering angles ranging from;16° to 100°. The shape of the5He~g.s.! peak in the measured3He energy
spectra is well reproduced by distorted-wave Born approximation calculations. Whereas calculations utilizing
six-parameter optical potentials yield good qualitative agreement with the measured angular distributions
unacceptably poor agreement is found when nine-parameter potentials are utilized. Absolute normalizatio
with D0

2 strengths extracted from corresponding zero-range and finite-range calculations overpredicts the
measurements by factors of;2 to 3. @S0556-2813~96!06210-3#

PACS number~s!: 24.10.Eq, 25.55.Hp, 27.10.1h
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I. INTRODUCTION

Recently, the distorted-wave Born approximatio
~DWBA! was employed with reasonable succe
in predicting the angular distribution of the
4He(a, 3He! 5He~g.s.! reaction at 118 MeV@1#. Also, when
effects leading to the broadening of the5He~g.s.! peak were
taken into account, excellent agreement in shape was fo
between calculations and the relevant regions in the m
sured 3He energy spectra corresponding to 0<e<5 MeV,
wheree is the relativea-n energy in the5He system. The
above-mentioned peak is due to single-nucleon transfer t
resonant neutron state in5He with a width ofG50.60 MeV,
for which e50.89 MeV @2#. The absolute magnitude of the
cross sections, however, is overpredicted by a factor of;2
at 118 MeV.

The DWBA is generally considered to be more reliab
when the bombarding energy is high compared to the bin
ing energy of the transferred nucleon@3#. Since the trans-
ferred neutron is bound by 20.58 MeV in4He, an investiga-
tion at higher incident energies should be useful to explo
the findings and conclusions of the 118 MeV experime
further. Our present work is such an investigation at 158 a
200 MeV.

Elastic scattering differential cross sections for the rea
tion 4He(a,a) 4He were measured at the same time for com
parison with existing data and in order to extract optica
model parameters needed for the DWBA calculations. Wh
a single set of consistent elastic scattering data existed at
MeV @4#, the two available data sets at 200 MeV@5,6# appear
to differ by more than the expected uncertainty. Cons
quently, the discrepancies in the existing 200 MeV data p
cluded optical-model fits of sufficient accuracy for the e
traction of reliable optical-model parameters. Value
extracted for six- as well as nine-parameter optical-mod
54-2813/96/54~5!/2485~8!/$10.00
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potentials @4# from the new elastic scattering data, usin
Woods-Saxon wells, are therefore also presented in th
study. The energy dependence of the real and imaginary v
ume integrals was also investigated to provide guidance
assessing the accuracy of the new elastic scattering data

In Sec. II the experimental setup is described, followed b
a description in Sec. III of the data analysis. The details
the DWBA calculations are described in Sec. IV. In Sec.
the experimental and theoretical results are compared a
discussed. Finally, a summary and conclusions are presen
in Sec. VI.

II. EXPERIMENTAL PROCEDURE

The experiment was performed by utilizing the 1.5-m
diameter scattering chamber at the cyclotron facility of th
National Accelerator Centre, Faure. An account of the fac
ity has been presented in Ref.@7# and references therein.

A 100-mm-diameter gas cell, filled with helium
(.99.995% purity! to a nominal absolute pressure of 1.5 ba
at room temperature, was bombarded witha particles of
158.5 and 200.5 MeV, respectively. The uncertainty in th
quoted beam energies is not greater than 0.5 MeV. The pr
sure and temperature of the target gas were monitored c
tinuously by means of calibrated transmitters, to a precisio
of better than 1%. The beam-spot size was less than 3 mm
diameter and remained centered on target to better than
mm. The scattering angle was determined to better th
0.05°.

The effective target length and solid angle were define
by means of a double-aperture collimator system with 3 m
thick tantalum front and rear slits. The slits were placed 18
and 526 mm, respectively, from the center of the target. T
rather large distance from the gas cell and large separat
between slits ensured that measurements could be perform
down to very forward angles~8° in the laboratory system!
2485 © 1996 The American Physical Society



l

m
s
m

l

.

e
b
u
a

a

e

e

on,
d
ysis
-

in

i-
e
n
d
re-
f.
de-

ob-

nt

re-

l-
s
hs

by

ts

ter-

-
ion

2486 54G. F. STEYNet al.
with small effective target lengths and good angular reso
tion, albeit at the cost of a reduction in count rate. Two se
of equal-width, rectangular front and rear slits were used.
forward angles smaller than 26°~laboratory!, 2.8 mm wide
slits were used, while 4.5 mm wide slits were employed
larger angles in order to increase the count rate. The 2.8
slits defined a solid angle of 0.12 msr and an angular re
lution of 0.5°, while the corresponding values for the 4.5 m
slits are 0.2 msr and 0.8°, respectively. The effective targ
length varied between 8 and 28 mm, i.e., well distant fro
the 6mm thick Havar entrance and exit windows of the ga
cell.

Different detector telescopes were used in the 158 a
200 MeV measurements. For the 158 MeV runs the te
scope consisted of a 150mm thick Si surface-barrierDE
detector, followed by two Si-Li detectors of 5 mm nomina
thickness each, followed by a 1 mmthick Si surface-barrier
veto detector. For the 200 MeV runs the frontDE element
was replaced with a 2 mmthick Si surface-barrier detector
Energy calibrations were based on collimateda particles
from a 228Th source as well as on the kinematics o
4He(a,a) 4He elastic scattering. The standardDE-E tech-
nique was used for particle identification.

Conventional electronics were used to process sign
from the detectors and event-by-event data were written
tape by the on-line computer for subsequent off-line analys
Due to the rather small solid angles, count rates were gen
ally low and dead times never exceeded the 1% level. M
surements were performed at 1° intervals, covering the la
ratory angular region 8°–50°. Based on the vario
experimental uncertainties, the cross sections are estim
to be accurate to within a systematic error of 5%.

III. DATA ANALYSIS

Center-of-mass differential cross sections for th
4He(a, 3He! 5He~g.s.! reaction were extracted from the mea
sured3He energy spectra. This analysis consisted principa
of two procedures. Firstly, the relevant part of each3He
energy spectrum corresponding to 0<e<5 MeV had to be
determined in order to obtain the experiment
5He~g.s.! yield ~denoted byYexp). Secondly, for each labo-
ratory scattering angle, the meana-n relative energy,̂ e&,
and the mean c.m. scattering angle,^u&, had to be deter-
mined. Mean c.m.-to-laboratory conversion factors~relativ-
istic Jacobians! ^J&5J(^e&,^u&) could then also be obtained
from kinematics.

In general, the yieldY and the c.m. double-differential
cross sections(e,u) are related by@1#

Y5nN0E
0

tmax
dtE

V
dVE

0

e*
J~e,u!s~e,u!de, ~1!

wheren is the number of incident particles,N0 is the number
of target nuclei per unit volume, ande* is an upper integra-
tion limit for the a-n relative energy, which was taken to b
5 MeV in accordance with Ref.@1#. The integration is over
the total target length,t, the laboratory solid angle of the
detection system,V, and thea-n relative energy,e. The
integrand consists of the Jacobian,J, and the double-
differential cross section,s, both of which are functions of
u-
ts
At

at
m
o-

et
m
s

nd
e-

l

f

als
to
is.
er-
a-
o-
s
ted

e
-
lly

l

e and the c.m. scattering angleu. The inverse solution for
s(e,u) from Eq. ~1! cannot be readily obtained, therefor
some further simplifying assumptions have to be made.

First, we assumed thats(e,u) in the integrand of Eq.~1!
is separable, i.e.

s~e,u!5f~u!s8~e!. ~2!

Next, we assumed that the shape of the angular distributi
f(u), could be estimated sufficiently from the measure
spectra and, if necessary, be refined iteratively as the anal
developed. If it could then be shown that DWBA calcula
tions can reproduce the shapes of the5He~g.s.! peaks and
therefore predicts8(e), calculated DWBA cross sections
could be substituted into Eq.~1! to obtain^e& and^u&. @The
mean relative energy is found by multiplying the integrand
Eq. ~1! by e and by dividing the resulting integral by the
original integral. The mean scattering angle is found sim
larly.# It should be noted that any good empirical fits to th
relevant regions of the3He energy spectra could have bee
utilized for this purpose, but DWBA calculations were use
in this case since they were required in the eventual interp
tation of the measured angular distributions. Following Re
@1#, an energy-integrated differential cross section can be
fined by

se* ~u!5E
0

e*
s~e,u!de. ~3!

Equation~1! can then be simplified to

Y5nN0^J&se* ~u!E
0

tmaxE
V
dtdV. ~4!

The measured differential cross sections can therefore be
tained from

se* ~u!exp5
Yexp

nN0^J&*0
tmax*VdtdV

. ~5!

The values obtained for̂e& mostly varied between 1.3
and 1.9 MeV with averages of 1.75 and 1.51 MeV at incide
energies of 158 and 200 MeV, respectively. The meana-n
relative energies are therefore shifted from the values cor
sponding to the5He~g.s.!-peak maxima, which all lie at or
close toe50.89 MeV. The differences between values ca
culated for^u& and the angles defined by the central ray
were found to be insignificant, being only a few hundredt
of a degree at all relevant angles.

A first set of experimental cross sections were obtained
using Jacobians calculated withe50.89 MeV for central
rays, and by roughly estimating the lower integration limi
for the 3He energy in extracting values forYexp. A new
refined set of cross sections were then obtained after de
mining values for̂ e& and^J&, fitting DWBA calculations to
the measured3He spectra, and redetermining3He-energy
integration limits corresponding toe 5 5 MeV. In the same
way one further iteration was performed, yielding no signifi
cant improvement to the previous values. Final cross-sect
values for the4He(a, 3He! 5He~g.s.! reaction were therefore
obtained after two iterations.
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TABLE I. Summary of optical-model parameters used in this study. The optical potential is defined
follows: Vopt52V1f (r ,r 1 ,a1)2V2f (r ,r 2 ,a2)2 iW f(r ,r w ,aw)1Vc , where f (r ,r i ,ai)5@11exp„(r
2r iA

1/3)/ai…#
21; A is the target mass;Vc is the Coulomb potential of a uniform sphere of charge of radiusa

r cA
1/3; andEa is the incident laboratory kinetic energy.

Ea V1 r 1 a1 V2 r 2 a2 W rw aw
~MeV! Pot. set ~MeV! ~fm! ~fm! ~MeV! ~fm! ~fm! ~MeV! ~fm! ~fm! Ref.

118 WAR118 48.55 1.792 0.596 64.50 0.632 0.243 8.580 2.202 0.287 @1#

158 NAD158a 53.75 1.628 0.613 43.97 0.545 0.142 9.623 2.094 0.467 @4#

NAD158b 273.2 0.151 1.059 12.86 2.169 0.362 @4#

NAC158a 57.34 1.588 0.635 46.98 0.548 0.127 10.75 2.052 0.448@This work#
NAC158b 95.33 1.113 0.769 9.48 2.123 0.503@This work#

200 WOO198 59.2 1.505 0.694 55.8 0.808 0.407 30.1 1.654 0.472 @5#

NAC200a 53.51 1.599 0.589 30.46 0.531 0.152 9.65 2.107 0.486@This work#
NAC200b 84.6 1.113 0.769 9.30 2.123 0.503@This work#

Pot. set V1 r 1 a1 l b r c Ref.
~MeV! ~fm! ~fm! ~fm!

a-n 46.71 1.25 0.65 38.0 1.415 @1,10#

aCoulomb radius parameterr c51.3 fm except for thea-n system.
bl factor for an additional spin-orbit term.
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In the analysis of thea-a elastic scattering data, the en
ergy dependence in Eq.~1! disappears and the triple integra
reduces to a double integral. The Jacobian is now only
function of the mean scattering angle and the different
cross sections are given directly by Eq.~5!.

IV. CALCULATIONS

The DWBA theory was employed to interpret the mea
sured energy spectra and angular distributions for t
4He(a, 3He! 5He~g.s.! reaction. The DWBA calculations
were similar to those of Ref.@1#, therefore only a brief sum-
mary is presented here. Since the5He final state is unbound,
the calculations were performed in zero range with the co
puter codeDWUCK4 @8#. The version of the code used wa
symmetrized to account for an entrance channel with tw
identical particles. Nonlocality parameters were set to zer

Various sets of optical potentials were employed to ge
erate distorted waves for both the entrance and exit chann
Optical-model potentials with six and also with nine param
eters were extracted by fitting cross sections calculated w
the computer codeSNOOPY8 @9# to the measureda-a elastic
scattering cross sections obtained from this study. Conv
tional real and imaginary Woods-Saxon wells comprised t
optical potentials of the six-parameter fits, while the real p
tential component of the nine-parameter fits consisted of
sum of two real Woods-Saxon wells. The latter potential w
suggested in Ref.@4# to obtain more flexibility in the shape
of the real potential, resulting in an improved fit to the
elastic scattering data at 158 MeV. A real Woods-Saxon w
with spin-orbit coupling@10#, which fits the energy depen-
dence of thep-a phase shifts, was adopted for thea-n in-
teraction. Following Ref.@1#, the real central well depth was
changed from 45.96 to 46.71 MeV to correctly locate th
5He ground-state peak. With these bound-state parameter
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Ref. @1#, the energy separation to the first excited 1p1/2 state
in 5He is found to be satisfactorily reproduced. A summar
of all the potentials used is presented in Table I.

Center-of-mass double-differential cross sections for th
transition to the5He final state are given by

s j l ~e,u!5S mk

p\2D S 2 j11

2l11 DD0
2sDW

j l , ~6!

wherem is the reduced mass,k is the relative wave number,
ande is the relative energy of thea-n system;j andl are the
total and orbital angular momentum quantum numbers of th
transferred nucleon respectively;sDW

j l is theDWUCK4 cross
section andD0

2 is a strength factor to correct for finite-range
effects. Contributions from both the 1p3/2 and 1p1/2 states in
5He were calculated for values ofe ranging from 0 to 5
MeV and added incoherently to obtain the double
differential cross sections, which were subsequently int
grated according to Eq.~3! to obtain the energy-integrated
differential cross sections. At the energies of the prese
work the 1p1/2 state contributes of the order of 1% to the
cross section, which is in agreement with findings of Warne
et al. @1#.

Theoretical values for theD0
2 strengths were obtained

from ratios of the calculated total cross section given b
corresponding finite-range and zero-range DWBA calcula
tions, assuming the5He final state to be bound by 0.1 MeV.
The computer codeDWUCK5 @11#, which was also symme-
trized for an entrance channel with two identical particles
was used for these finite-range calculations.

V. RESULTS AND DISCUSSION

Before presenting the DWBA analysis of the transfer re
action data, the optical potentials extracted from elastic sc
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2488 54G. F. STEYNet al.
tering data, which were needed for the DWBA calculation
are discussed.

A. Elastic scattering and optical potentials

The a-a elastic scattering cross sections measured at
incident energy of 158 MeV are shown in Fig. 1, along wit
the measured data of Nadasenet al. @4#. Good overall agree-
ment is evident and the present results therefore confirm
previous data.

In Fig. 2 the measurements of the elastic angular distrib
tion at an incident energy of 200 MeV are compared with o
previous measurements at 197 MeV@6#, as well as with the
measurements of Wooet al. at 198.4 MeV@5#. In Ref. @6#
the symmetry of the angular distribution around 90°~c.m.!
was exploited by presenting measurements performed in
backward c.m. hemisphere at forward angles. The agreem
of our previous results with the results of the present study
satisfactory. However, Ref.@6# presents only a partial data
set since the experimental setup used did not allow cro
sections to be measured at angles smaller than;40° ~c.m.!.
The measurements of Wooet al., on the other hand, do not
extend to the larger angles, covering only the angular reg
from;10°–65°~c.m.!. At these angles the present measur
ments display a somewhat steeper slope and the ove
agreement is clearly not satisfactory.

Optical-model fits for potentials extracted in this as we
as previous studies~Nadasenet al. @4# and Wooet al. @5#!
are shown in Figs. 1 and 2. The nine-parameter optical p
tentials~NAC158a and NAC200a—see Table I! describe the
measured elastic scattering data of the present study v
well, producing optical-model fits withx2/N values of 1.5
and 0.6 at 158 and 200 MeV, respectively, assuming a 5
systematic experimental uncertainty. The 158 MeV potent

FIG. 1. Elastic scattering cross sections fora14He at
Ea5158 MeV. The measurements obtained in this work are co
pared with measurements by Nadasenet al. @4#. The curves are
optical-model fits, the parameters of which are presented in Tabl
s,
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sets NAC158a~this study! and NAD158a~Ref. @4#! are very
similar, which is to be expected as they were extracted fro
measured data sets which are in good agreement. At 2
MeV, however, the agreement with the potential set of Re
@5# is poor. This could be largely due to the absence of me
surements at larger angles in the data set from which t
last-mentioned potential set~WOO198—see Table I! was ex-
tracted.

At both incident energies of this study, six-paramete
optical-model fits which describe the measureda-a elastic
angular distributions to the same accuracy as the nin
parameter sets could not be found. The sensitivity to th
specific choice of parameters of conventional Woods-Sax
potentials near 90°~c.m.! is well known @12#. We therefore
based our search for six-parameter potentials on the requi
ments that the average slope from forward scattering ang
down to about 60°~c.m.! should be reproduced, that the
magnitudes of the real and imaginary volume integrals of th
corresponding nine-parameter potentials should be retain
that the geometrical parameters should be physically realis
and that the predicted total cross sections should be in agr
ment with calculations utilizing the nine-parameter poten
tials. Differences encountered in the angular region arou
90°~c.m.! were ignored. The resulting potentials~NAC158b
and NAC200b! are presented in Table I and the correspond
ing predictions for thea-a elastic scattering cross sections
are also shown in Figs. 1 and 2.

The energy dependence of the real and imaginary pote
tial volume integrals was investigated by comparing our re
sults at 200 MeV with the data analyzed by means of two
component real potentials by Nadasenet al. @4# at incident
energies of 53.4, 77.6, 99.6, 119.9, 140, and 158.2 MeV~see
Fig. 3!. Values obtained by Wooet al. @5# for both the real

-

I.

FIG. 2. Elastic scattering cross sections fora14He at
Ea5200 MeV. The measurements obtained in this work are com
pared with measurements by Wooet al. @5# and our earlier work
@6#. The curves are optical-model fits, the parameters of which a
presented in Table I.
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and imaginary volume integrals are also shown in Fig.
Despite the scatter, it seems as if the values of Ref.@5# are
anomalously high for bothJR/4A and JI /4A. In fact, based
on their results, these authors questioned the energy de
dence of the real volume integral claimed in Ref.@4#. Our
results seem to support the energy dependences foun
Nadasenet al. for both the real and imaginary volume inte
grals. If the results of Wooet al. at 198 MeV are excluded
linear least-squares fits yield energy coefficients~slopes! of
21.460.16 fm3 for JR/4A and 1.060.25 fm3 for JI /4A,
which are found to be in excellent agreement with the

FIG. 3. Energy dependence of the real and imaginary volu
integrals from optical-model analyses ofa-a elastic scattering data
as displayed by the straight lines~see text!. The open circles are the
results published by Nadasenet al. @4#, the closed circles are th
results of this study at 200 MeV, and the open triangles are
results of Wooet al. @5#.
3.

pen-

by
-

e-

spective values of21.360.3 fm3 and 1.060.3 fm3 of Ref.
@4#.

B. Single-nucleon transfer to the5He ground state

Measured 3He energy spectra and results from corre
sponding DWBA calculations in the region of the
5He~g.s.! peak are shown in Figs. 4 and 5 for incident ene
gies of 158 and 200 MeV, respectively. Calculations o
tained from the nine-parameter optical-model fits of th
study ~NAC158a and NAC200a—see Table I! are shown,
but the six-parameter potentials yield similar results. Ea
calculated cross section was folded with an experimental u
certainty, the width of which was taken to be equal to th
measured width of the correspondinga-a elastic peak. By
normalizing the calculations arbitrarily to the measure
5He~g.s.! peaks, generally good agreement is obtaine
Some deviations are found at forward angles towards low
3He energies~for values ofe * 2.5 MeV!, but these become
less pronounced towards larger angles.

The good qualitative agreement between DWBA calcul
tions and the experimental data in the region of th
5He~g.s.! peak provides confidence in the procedure of e
tracting cross sections by integrating overe in the region
0<e<5 MeV. It therefore also seems reasonable to assu
that mechanisms not treated by the DWBA, such as kno
out and multistep processes, do not contribute significantly
this energy region.

The angular distributions of the energy-integrated diffe
ential cross sections are shown in Figs. 6 and 7 for incide
energies of 158 and 200 MeV, respectively. The experime
tal cross sections are compared with DWBA calculatio
performed with the potentials listed in Table I.

At 158 MeV, zero-range DWBA calculations with the
nine-parameter optical potential set extracted in this stu
~NAC158a! yield a prediction that deviates significantly in
shape from the measurements~see Fig. 6!. This is in contrast
to the results at 118 MeV@1#, where a sharp minimum at
90° ~c.m.! characterized the calculated angular distributio

me

the
s

FIG. 4. Laboratory energy spectra of3He
from the 4He(a,3He!5He reaction atEa5158
MeV. Selected mean c.m. scattering angle
^uc.m.& correspond to laboratory anglesu lab as fol-
lows: u lab(^uc.m.&); 8.0°~15.6°); 15.0°~29.2°);
27.0°~52.3°); 38.0°~73.3°). The curves are
DWBA predictions for 0<e<5 MeV ~see text!,
normalized arbitrarily to the measured5He
ground-state peaks.
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FIG. 5. Energy spectra of3He from the
4He(a,3He!5He reaction atEa5200 MeV. Se-
lected mean c.m. scattering angles^uc.m.& corre-
spond to laboratory anglesu lab as follows:
u lab(^uc.m.&); 8.0°~15.6°); 15.0°~29.2°);
26.0°~52.3°); 37.0°~73.3°). For further details,
see caption to Fig. 4.
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and the slope~on a logarithmic scale!, although being some-
what steeper than that of the measurements, nevertheles
produced the shape of the measured cross sections rea

FIG. 6. Center-of-mass differential cross sections for t
4He(a,3He!5He~g.s.! reaction atEa5158 MeV. Both measured
and theoretical predictions are integrated over the3He energy re-
gion corresponding to 0<e<5 MeV for central rays. The optical-
model parameters used in the DWBA calculations~shown as
curves! are presented in Table I. The six- and nine-parameter p
tential sets of this study at 158 MeV are denoted by NAC158b a
NAC158a, respectively. NAD158b is the six-parameter potential
of Ref. @4# and WAR118 the nine-parameter potential set of Re
@1#. Statistical error bars are shown only where these exceed
symbol size. Normalizations for the results of all potential sets a
as given by the theoretical values ofD0

2, except for the set
NAC158b, the results of which are normalized to the experimen
data~see Table II!.
s re-
son-

ably well. In the present study at 158 MeV, however, the
DWBA calculations with the nine-parameter potential se
produce a broad global minimum, extending from abou
70° to 110°~c.m.!, while the average slope between abou
30° and 70°~c.m.! is significantly steeper than revealed by
the measurements. To investigate this strange behavior, w
also performed calculations with the nine-parameter optica
potentials of Ref.@1# ~WAR118! at both 118 and 158 MeV.
While the 118 MeV results of Ref.@1# could be reproduced
exactly, the above-mentioned qualitative discrepancy at 15
MeV ~see Fig. 6! remains. It is interesting to note that dif-
ferent nine-parameter optical potentials yield similar anoma
lous results. One possible explanation for this is that repre
senting the real component as the sum of two attractive re
Woods-Saxon wells, although reproducing elastica-a scat-
tering data very well, may lack a sound physical basis. Con
sequently, these potentials may yield an unphysical descri
tion of the 3He and5He distorted waves in the exit channel.
Absolute normalization of the calculated DWBA cross sec
tions was achieved by using theoreticalD0

2 strengths ob-
tained in the manner described before, the values of whic
are presented in Table II.

The DWBA calculations for an incident energy of 158
MeV utilizing the six-parameter optical potentials extracted
in this study ~NAC158b! predict theoretical cross sections
which are in much better agreement with the experimenta
data~see Fig. 6!. Normalization to the measured cross sec
tions yields an experimentalD0

2 strength of 1.73104

MeV2 fm3, which is a factor of;2.6 smaller than the cor-
responding theoretical value~see Table II!. An additional
calculation shown in Fig. 6 was obtained by using the six
parameter optical potential set of Ref.@4# ~NAD158b!, which
has an unphysically narrow and very strongly attractive rea
Woods-Saxon well. Although predicting a somewhat highe
theoreticalD0

2 strength, satisfactory agreement in shape i
found with the previous six-parameter calculation and with
the measurements. This result is significant, considering th
very different characteristics of the two six-parameter optica
potential sets~NAC158b and NAD158b! used.

The measured cross sections at an incident energy of 2
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MeV, together with the corresponding DWBA calculation
utilizing both the six- and nine-parameter optical potentia
of this study at 200 MeV~NAC200b and NAC200a—see
Table I!, are shown in Fig. 7. Similarity to the correspondin
results at 158 MeV is evident. While calculations performe
with the six-parameter potential set predict the measureme
well, calculations utilizing the nine-parameter potential s
seem to be inappropriate. An experimentalD0

2 strength of
2.93104 MeV2 fm3 is found by normalizing the six-
parameter potential~NAC200b! calculation to the measured
data. This value is a factor of;1.7 smaller than the theoreti-
cal prediction.

The measured angular distributions at 158 and 200 M
and of Ref.@1# at 118 MeV are characterized by a predom
nantly exponential form. All three sets of measurements

FIG. 7. Center-of-mass differential cross sections for t
4He(a,3He!5He~g.s.! reaction atEa5200 MeV. The six- and
nine-parameter potential sets of this study at 200 MeV are deno
by NAC200b and NAC200a, respectively. The results for the p
tential set NAC200a are normalized by the theoretical value
D0
2, while the results for the set NAC200b are normalized to t

experimental data~see Table II!. For more details, see caption to
Fig. 6.

TABLE II. Experimental and theoretical predictions ofD0
2 for

the reaction4He(a,3He)5He ~g.s.!.

Ea

~MeV! Pot. set

D0
2/104 (MeV2 fm3)

Theoretical Experimental

158 WAR118 4.24
NAD158b 5.53
NAC158a 4.57
NAC158b 4.44 1.7

200 NAC200a 5.05
NAC200b 5.00 2.9
s
ls

g
d
nts
et

V
i-
re

reasonably well reproduced in the forward c.m. hemisphe
by the phenomenological expression

S ds

dV D
c.m.

5aexp@2~b1c^Ea&c.m.!u#, ~7!

where^Ea&c.m. is the incident c.m. energy at the meana-n
relative energy^e&, u is the c.m. scattering angle, and
the coefficients are a568.1, b52.0531022, and
c51.1931023. The single normalization factor,a, indicates
that the three sets of measurements converge to values
similar magnitude at small angles. The slopes of the angu
distributions~on a logarithmic scale! are, however, found to
reveal an energy dependence, characterized by increas
steepness with increasing incident energy.

VI. SUMMARY AND CONCLUSIONS

The present measurements are found to be in agreem
with previous results ofa-a elastic scattering at 158 MeV,
while significant differences at 200 MeV are found with re
spect to one of the earlier measurements. Real and imagin
volume integrals of the optical potentials extracted in th
study support the energy dependences found in an ear
study at 158 MeV, in contrast to a previous result at 20
MeV. This is a strong indication that the present elastic sca
tering cross-section values at 200 MeV are also reliable.

This study has shown that the shapes of the3He energy
spectra in the region of the5He ground-state peak are well
reproduced by appropriate DWBA calculations at inciden
energies of 158 and 200 MeV, which is consistent with pre
vious results at 118 MeV. However, nine-parameter optic
potentials comprising two attractive real Woods-Saxo
wells, which describe elastic scattering accurately, are fou
to yield unsatisfactory results for the angular distributions o
the 4He(a, 3He! 5He~g.s.! reaction at both these incident en
ergies. This problem could be resolved to a large extent
utilizing six-parameter optical potentials. The ratios of finite
range to zero-range calculations yield theoreticalD0

2

strengths that generally overpredict the energy-integrat
differential cross sections, by factors of;2.6 and;1.7 for
these potential sets at 158 and 200 MeV, respectively. This
consistent with the previous study at 118 MeV which re
ported an overprediction by a factor of;2 at forward angles.
Also, the theoreticalD0

2 strengths of this study are in agree
ment with the value found at a lower incident energy.

Consequently, the theoretical overprediction of th
4He(a, 3He! 5He~g.s.! cross section persists at higher inci
dent energies. At these energies the DWBA should be ev
more reliable than at the lower incident energy investigate
previously. Clearly, the reason for the observed discrepan
needs to be investigated further.
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