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Single-nucleon transfer to unbound states in the4He„a,t…5Li reaction at incident energies of
120, 160, and 200 MeV
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The 4He(a,t)5Li ~g.s.! reaction was investigated at incident energies of 120, 160, and 200 MeV in order to
resolve discrepancies found between previous measurements and theoretical predictions for the analogous
reaction 4He~a,3He!5He~g.s.! at these energies. The line shapes of the5Li ground-state resonance in the
measured triton energy spectra are well reproduced by distorted-wave Born approximation~DWBA! calcula-
tions. Cluster-core optical potentials, which yield better overall agreement both fora-a elastic scattering and
for the single-nucleon transfer reactions, are presented. It is shown that the previously observed discrepancies
in magnitude between measured and calculated cross sections by a factor of;2 can be improved by employ-
ing spectroscopic factors obtained from a realistic shell model for the transitions to the final mass-3 and mass-5
systems.@S0556-2813~98!06304-3#

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

Cross sections for reactions leading to5He~g.s.! and
5Li ~g.s.! residual systems can be obtained from singles m
surements when the relationship between the energy
scattering angle of an observed stable ejectile is constra
by two-body kinematics. This has been exploited in an
vestigation of the4He~a,3He!5He~g.s.! reaction at 118 MeV
@1# as well as at higher incident energies of 158 and 2
MeV @2#. The measured3He energy spectra of these autho
exhibit a strong resonance peak corresponding to the
bound 5He ground state, which is a resonant neutron s
with a width of G50.60 MeV and a resonance energy
e50.89 MeV @3#. It was shown that the DWBA could b
employed with reasonable success in predicting the shap
the angular distribution of this reaction. The absolute mag
tude of the cross sections, however, is overpredicted b
factor of ;2.

In this paper we report on an experimental investigat
of the 4He(a,t)5Li ~g.s.! reaction at incident energies of 12
160, and 200 MeV. The structure of5Li, the ground state of
which is a resonant proton state with a width ofG51.5 MeV
and a resonance energy ofe51.97 MeV @3#, is comparable
to that of 5He. Thus the two possible reactions involving t
transfer of only a single nucleon when two4He nuclei inter-
act are also expected to exhibit similar behavior. Howev
different depths of the real central potential are required
the a-nucleon interaction to correctly locate the respect
5He and 5Li ground-state resonances in the calcula
DWBA energy spectra. This difference may provide info
mation on the sensitivity to the parameters of thea-nucleon
interaction, which could in principle be responsible for t
discrepancy in magnitude between measured and calcu
cross sections. On the other hand, the choice of optical
tentials for generating the distorted waves may also be
pect. Conventional Woods-Saxon potentials, for exam
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are known to be inadequate in the description ofa-elastic
scattering in certain energy and mass regimes@4#. This may
also be the case for the entrance channel in the transfe
actions of the present study. For the exit channels the si
tion is even more uncertain due to the total but inevita
lack of experimental elastic scattering data involving mas
nuclei.

Parameter values for the recently published even-e
cluster-core potentials of Buck, Merchant, and Perez@4#
were extracted by means of optical model fits toa-a elastic
scattering data. These potentials were employed in
DWBA calculations in an effort to at least obtain an altern
tive to the Woods-Saxon potentials used previously.
though the results obtained with an additional set of pheno
enological potentials can by no means give decisive answ
as to the degree of sensitivity to the choice of optical pot
tials, they may nevertheless give one some indicat
thereof. The parameters of the cluster-core potentials are
sented as functions of energy for the region 120 to 200 M

The cross sections for single-nucleon transfer to
mass-5 ground states are dominated by the contribution f
the 1p3/2 state, with the contribution from the 1p1/2 state
only of the order of 1%. Shell model calculations were p
formed for these reactions, yielding a somewhat lower sp
troscopic factor for the transfer to the 1p3/2 state of the
mass-5 system than previously assumed. Similarly, a s
model prediction for the spectroscopic factor of the transit
involving the 1s1/2 state of the mass-3 ejectiles produced
these reactions are found to be lower than the value use
previous work. It was found@1,2# that the discrepancy be
tween experimental and theoretical cross sections is redu
when these more refined spectroscopic factors are introdu
in the theoretical calculations of the present study. The ov
all agreement is encouraging, indicating that good DWB
predictions are feasible for single-nucleon transfer reacti
to unbound states even for very light nuclear systems, s
1817 © 1998 The American Physical Society
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1818 57G. F. STEYNet al.
as when twoa particles interact.
The experimental details for the4He(a,t)5Li ~g.s.! mea-

surements are presented in Sec. II, aspects of the data a
sis in Sec. III, extraction of optical potential parameters
Sec. IV, details of the DWBA calculations in Sec. V, and t
results are discussed in Sec. VI. Finally, a summary
conclusions are presented in Sec. VII.

II. EXPERIMENTAL PROCEDURE

The experimental setup used for the4He(a,t)5Li ~g.s.!
measurements is similar to the system used previously in
investigation of the4He~a,3He!5He~g.s.! reaction@2# at the
National Accelerator Center. Therefore only a short desc
tion will be given here. The helium target gas (.99.995%
purity! was contained in a 100 mm-diameter gas cell, fill
to a nominal absolute pressure of 1.5 bar at room temp
ture. The pressure and temperature of the target gas
monitored continuously to a precision of better than 1%. T
target was bombarded inside a scattering chamber of 1.
in diameter witha-particle beams of 120.4, 159.3, and 202
MeV, respectively. The uncertainty in the quoted beam
ergies is not more than 0.5 MeV. An active double-apert
collimator system was used to define the effective tar
length and a solid angle of 0.8 msr, with an angular reso
tion of 1.7°. The detector telescope consisted of a 2 mm
thick Si surface-barrierDE detector, followed by a NaI stop
ping detector. StandardDE-E techniques were used for pa
ticle identification. Gain drift in the NaI detector was mon
tored by means of a LED pulser and corrected for. Data w
collected at 1° intervals, covering the laboratory angular
gion 10° – 50°. Based on the various experimental uncert
ties, the cross sections are estimated to be accurate to w
a systematic error of 5%.

III. DATA ANALYSIS

Center of mass differential cross sections for the tran
reaction were extracted from the measured triton ene
spectra. Similar to the procedure followed in Refs.@1,2#, an
energy-integrated differential cross section can be define

se* ~u!5E
0

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

where the integration is over the relativea-p energy in5Li.
The relationship betweene and the energy of the triton ejec
tile is given by two-body kinematics. An upper integratio
limit of e* 56 MeV was adopted due to the larger width
the 5Li ~g.s.! resonance.@Previously, a value ofe* 55 MeV
was adopted for the4He~a,3He!5He~g.s.! reaction @1,2#.
These integration limits give similar peak-to-tail ratios f
the two reactions.# Further details of the data analysis can
found in Ref.@2#.

IV. CLUSTER-CORE OPTICAL POTENTIALS

The even-even cluster-core potential of Buck, Mercha
and Perez@4# has been incorporated in the following expre
sion:

Vopt52V0f ~r ,x,r 0 ,a0!2 iWh~r ,r w ,aw!1Vc , ~2!
aly-
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where

f ~r ,x,r 0 ,a0!5
x

$11exp@~r 2r 0A1/3!/a0#%

1
12x

$11exp@~r 2r 0A1/3!/3a0#%3
, ~3!

and

h~r ,r w ,aw!5$11exp@~r 2r wA1/3!/aw#%21. ~4!

Vc is the Coulomb potential, taken to be that acting betwe
a point projectile and a spherical target with uniform char
and radiusr cA

1/3, whereA is the mass of the target nucleu
These expressions have been incorporated into the op
model codeSNOOPY8 @5# in order to search for paramete
values by fitting of calculated cross sections toa-a elastic
scattering data. For this purpose the data measured at
MeV @6#, 140 MeV@7#, 160 MeV, and 200 MeV@2# ~see Fig.
1! were used.

Initial parameter values for the real part of the nucle
potential were taken from Ref.@4#, which reproduced the
quasibound 01 state of 8Be at Q592 keV as well asa-a
elastic scattering phase shifts up to 40 MeV incident ene
in the center of mass system. These values arex50.33,
a050.73 fm, r 051.06 fm, andU0554 MeV, where the re-
lationship betweenV0 and U0 can be found from a mass
symmetric formulation of the cluster-core potential@4# and
Eq. ~2! to be given by

V05S ApA

Ap1A21D U0

f ~0,x,r 0 ,a0!
, ~5!

whereAp is the cluster mass, associated with the projectile
our application. The parameters of the imaginary Woo
Saxon wells of Ref.@2# were taken as starting values for th
search of the absorptive part of the potential. Initially,
seven parameters were allowed to vary in unconstrai
‘‘best fit’’ searches. The parameterx appeared to remain
stable from the outset, with values ranging only betwe
0.32 and 0.34 once convergence criteria were satisfied. It
consequently held fixed at an average value of 0.33. Wit
the limitations imposed by continuous ambiguities@8#, a bet-
ter agreement could nevertheless be found withr 0 values
slightly lower than 1 fm for the 200 MeV data, especially
the region near 60°~c.m.! where a local minimum appearin
in the calculated angular distribution becomes less p
nounced~see Fig. 1!. Consequentlyr 0 was fixed at a value of
0.97 fm. Weak energy dependences were found for the
maining geometric parameters and linear least-squares
were performed to determine these dependences phenom
logically. We also found that for the real and imaginary p
tential strengths, similar energy dependences to those
Schwandtet al. @9# for proton-nucleus potentials could b
employed with minimal deterioration to the best fits obtain
with the 140, 160, and 200 MeV data. In the case of the 1
MeV data a deviation near the local minimum at about 8
~c.m.! is pronounced, but the overall agreement can still
considered to be reasonable.
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FIG. 1. Elastic scattering cross sections fora14He at nominal incident energies of 120, 140, 160, and 200 MeV. The open triangle
measured data taken from Ref.@6#, the open squares from Ref.@7#, and the open circles from Ref.@2#. The curves are optical model fits
utilizing the cluster-core potentials presented in Sec. IV and Table I.
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Results of the optical model fits are shown in Fig. 1. T
underprediction at the minimum near 75° in the 160 Me
case could not be eliminated in any of the parameter sear
performed. The overall agreement, however, is still sign
cantly better than that obtained previously@2# with conven-
tional Woods-Saxon potentials. The final parameter val
and/or functional expressions~with the potential strengths in
MeV and the geometric parameters in fm! are given below,
whereTa ~in MeV! is the laboratory kinetic energy of th
projectile:

V0571.63~114.44131021 ln Ta!,

r 050.97,

a050.78825.52831024~Ta2120!,

x50.33, ~6!

W57.813.60731022~Ta2120!

16.16231026~Ta2120!3,

r w52.38123.26331023~Ta2120!,

aw50.32522.88531024~Ta2120!.
e
V
hes
fi-

es

The applicable energy region for these potentials
120<Ta<200 MeV, in which the predominant character
tics of a-a elastic scattering are reproduced.

V. CALCULATIONS

Only a very brief description of the methods used
given here since the details have been presented elsew
@2#. DWBA calculations for the transfer reactions were p
formed in zero range with a version of the computer c
DWUCK4 @10# that has been symmetrized to account for
entrance channel with two identical particles.

Center-of-mass double-differential cross sections
given by @11#

s j l ~e,u!5S mk

p\2D S 2 j 11

2l 11 DD0
2sDW

j l , ~7!

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

j l is the
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TABLE I. Summary of optical-model parameters used in this study. The cluster-core~CC! potentials are
according to Eq.~6!. The Woods-Saxon~WS! potentials are defined as follows:Vopt52V0f (r ,r 0 ,a0)
2 iW f(r ,r w ,aw)1Vc , wheref (r ,r i ,ai)5$11exp@(r 2r iA

1/3)/ai #%
21; A is the target mass;Vc is the Cou-

lomb potential of a uniformly charged sphere of radiusa r cA
1/3; and Ea is the incident laboratory kinetic

energy.

Ea Pot. set V0 r 0 a0 W rw aw Ref.
~MeV! ~MeV! ~fm! ~fm! ~MeV! ~fm! ~fm!

120 WS120 115.42 1.01 0.769 7.42 2.123 0.503 @this work#
160 WS160 95.33 1.113 0.769 9.48 2.123 0.503 @2#

200 WS200 84.6 1.113 0.769 9.30 2.123 0.503 @2#

Ea Pot. set V0 r 0 a0 W rw aw x Ref.
~MeV! ~MeV! ~fm! ~fm! ~MeV! ~fm! ~fm! ~fm!

120 CC120 223.89 0.97 0.788 7.80 2.381 0.325 0.33@this work#
160 CC160 232.77 0.97 0.767 9.54 2.255 0.314 0.33@this work#
200 CC200 240.25 0.97 0.743 13.92 2.118 0.302 0.33@this work#

Bound state Pot. set V1 r 1 a1
bl r c Ref.

~MeV! ~fm! ~fm! ~fm!

a1n 46.71 1.25 0.65 38.0 @1,2,11#
a1p 45.20 1.25 0.65 38.0 1.415 @this work#

3He1n c 1.25 0.65 38.0 @2#
3H1p d 1.25 0.65 38.0 1.3 @this work#

aCoulomb radius parameterr c51.3 fm except for thea1p system, as indicated.
bl-factor for multiplying Thomas spin-orbit term.
c,dAdjusted to reproduce the binding energy.
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DWUCK4 cross section andD0
2 is the usual zero-range no

malization factor to correct~at least approximately! for
finite-range effects.

Contributions to the ground-state of thea-nucleon system
from both the 1p3/2 and 1p1/2 states were calculated for a s
of e values covering the region from 0 toe* and added
incoherently after integration according to Eq.~1! to obtain
energy-integrated differential cross sections. Equation~7! is
appropriate for the single-particle shell model spectrosco
sum rule limit. However, spectroscopic factors for energ
integrated resonant final states can be treated in the s
way as for bound states@12#. Therefore

se* ~u!5 (
j 8,l 8, j ,l

Sj 8 l 8
4→3Sjl

4→5E
0

e*
s j l ~e,u!de, ~8!

where Sj 8 l 8
4→3 and Sjl

4→5 are normalizations to the spectro
scopic factors for4He to mass-3 and4He to mass-5 states
respectively. These normalizations are introduced to t
possible deviations from the single-particle sum rule into
count.

TheoreticalD0
2 values were obtained from ratios of th

calculated total cross section given by corresponding fin
range and zero-range DWBA calculations, assuming the5Li
final state to be bound by 0.1 MeV. A symmetrized vers
of the computer codeDWUCK5 @13# was used for the finite-
range calculations. Following Refs.@1,2#, a real Woods-
Saxon well with spin-orbit coupling@11#, which fits the
energy-dependence of thep-a phase shifts, was adopted fo
thea-nucleon interaction. As mentioned before, the real c
ic
-
me

e
-

-

-

tral well depth was adjusted to correctly locate the5Li
ground-state resonance. Likewise, for the finite-range ca
lations a real Woods-Saxon well with spin-orbit couplin
was also used to describe the nucleon bound state in4He. In
this case, however, the central well depth was adjusted
reproduce the nucleon binding energy. Bound-state w
functions were generated internally by means of the buil
prescriptions of the DWBA codes. Distorted waves for bo
the entrance and exit channels were generated with con
tional 6-parameter Woods-Saxon potentials as well as w
the cluster-core potentials presented in Sec. IV. The par
eter values are listed in Table I. The 160 and 200 M
Woods-Saxon potentials are from Ref.@2#, while the 120
MeV set was obtained in this work by means ofSNOOPY8fits
to the data of Ref.@6#.

The spectroscopic factors were obtained from wave fu
tions for the triton,4He and5Li nuclei calculated in a com-
plete (01214)\v shell model space, using theG-matrix
interaction of Zhenget al. @14#. The binding energies ob
tained are26.763,225.459, and222.201 MeV for thet,
4He, and 5Li, respectively, which agree to within 2 MeV
with the experimental values@3,15#. The spectroscopic fac
tors so obtained are 0.925 for the 1p3/2 state~stripping! and
1.738 for the 1s1/2 state~pickup!, which correspond to 92.5%
and 86.9% of the extreme single-particle shell model val
respectively.

VI. RESULTS AND DISCUSSION

Representative examples of triton energy spectra m
sured at 120, 160, and 200 MeV together with correspond
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FIG. 2. Representative laboratory triton energy spectra for the4He(a,t)5Li reaction at incident energies of 120, 160, and 200 MeV. T
mean c.m. scattering angles indicated,^uc.m.&, correspond to lab. angles of 10.0° and 26.0°. The curves are DWBA predictions~with the
cluster-core potentials of Table I! for 0<e<6 MeV ~see text!, normalized arbitrarily to the measured data.
ca
o

he

ld
ic
ro
y
V

io
e
th

ha
an
th
n

a

udy

nor
s.
er-

igs.
g
6-

lita-
ero-
data

e-
lly
v-

may
e

e-
DWBA calculations for the region of the5Li ~g.s.! resonance
are shown in Fig. 2. Results are shown for laboratory s
tering angles of 10° and 26°, utilizing the cluster-core p
tentials of Table I. Similar results were obtained at the ot
angles and also with the Woods-Saxon potentials given
Table I. In each case the calculated cross section was fo
with an experimental energy resolution, the value of wh
was derived from the measured width of the nearby nar
(G524 keV! 4He(a,d)6Li first excited state. These energ
resolution values were typically between 1.5 and 2 Me
Due to the sufficiently small experimental angular resolut
~see Sec. II!, the calculated cross sections were not fold
over the experimental acceptance angle. By normalizing
calculations arbitrarily to the measured5Li ~g.s.! peaks, good
overall agreement is obtained. This is an indication t
mechanisms not treated by the DWBA, such as knockout
multistep processes, do not contribute significantly in
0<e<6 MeV energy region. This result is in agreeme
with previous investigations of the4He~a,3He!5He~g.s.! re-
action @1,2#.

In a study of the4He~7Li,6Li !5He and 4He~7Li,6He!5Li
stripping reactions at an incident energy of 50 MeV@16,17#,
it was shown that the ground-state resonances in5Li and
5He can also be well reproduced by means ofR-matrix
t-
-
r

in
ed
h
w

.
n
d
e

t
d

e
t

analysis. The optimalR-matrix fits to the measured dat
yield a spectroscopic factor of 0.97 for the 1p3/2 state in the
mass-5 nuclei, referring here to a previous theoretical st
also done by the same authors@18#. This value is in reason-
ably good agreement with the value of 0.925~see Sec. V! of
the present study. No angular distribution measurements
DWBA analyses, however, were done for these reaction

The angular distributions of the energy-integrated diff
ential cross sections for the4He(a,t)5Li ~g.s.! reaction at in-
cident energies of 120, 160, and 200 MeV are shown in F
3, 4, and 5, respectively. DWBA calculations employin
cluster-core potentials as well as calculations employing
parameter Woods-Saxon potentials yield reasonable qua
tive predictions of the measured data. The calculated z
range cross sections were normalized to the measured
~employing x-square minimization! in order to extract ex-
perimentalD0

2 factors. These values are compared with th
oretical D0

2 values in Table II. The agreement is genera
satisfactory for both types of optical potentials, with the a
erage of the theoretical values only;20% higher than the
average of the experimental values in each case. There
therefore still be an indication of overprediction by th
DWBA but clearly less than in the earlier studies@1,2#.

Sensitivity to the optical potential parameters that d
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scribe thea-nucleon unbound system was investigated
changing the value of the radius parameterr 1 ~see Table I!
arbitrarily, followed by readjustment of the well depthV1 to
correctly relocate the resonance energy of the ground s
~see Sec. V!. It was found that this only introduced margin
variations in the calculated cross sections, e.g., a 10% re
tion of the radius parameter~leading to a value of 53 MeV
for V1) yields calculated cross sections within 6% of tho
found with the parameter set of Table I. Thus, to a la

FIG. 3. Center of mass differential cross sections for
4He(a,t)5Li ~g.s.! reaction at an incident energy of 120 MeV. Bo
measured and calculated DWBA cross sections for this reac
have been integrated over the triton energy region correspondin
0<e<6 MeV for central rays. The parameters for the optical p
tential sets CC120 and WS120 are as presented in Table I. C
lated cross sections have been normalized to the measured da
extractedD0

2 values are presented in Table II. Statistical error b
are less than the symbol size.

FIG. 4. Center of mass differential cross sections for
4He(a,t)5Li ~g.s.! reaction at an incident energy of 160 MeV. Th
parameters for the optical potential sets CC160 and WS160 a
presented in Table I. See Fig. 3 caption for further details.
y

te

c-

e

extent the calculations are found to be insensitive with reg
to the details of thea-nucleon system as treated in th
present DWBA calculations.

This study shows that the angular distributions of t
4He(a,t)5Li ~g.s.! reaction at incident energies between 1
and 200 MeV are very similar to corresponding results
previous studies on the4He~a,3He!5He~g.s.! reaction. A
simple rescaling of the experimentalD0

2 factors previously
obtained in the4He~a,3He!5He~g.s.! reaction study@2#, based
on the calculated spectroscopic factors of the present w
improves~but not entirely eliminates! the earlier discrepancy
also for that reaction. In order to provide a direct comparis
of the two reactions, the correspondingD0

2 values for the
4He~a,3He!5He~g.s.! reaction obtained by using the optic
parameters of Table I and the experimental results of R
@1,2# are also shown in Table II. On average, the agreem
between experimental and theoretical results is found to
somewhat better for the4He(a,t)5Li ~g.s.! reaction.

VII. SUMMARY AND CONCLUSIONS

Parameters for cluster-core potentials have been extra
that yield better overall agreement between theory and
perimental data, both for elastic scattering as well as for
single-nucleon transfer reactions when twoa particles inter-
act. By including spectroscopic factors calculated from wa
functions obtained in a large multi-\v shell model space in
the DWBA calculations, the problem of overprediction of th
absolute cross section values encountered in previous stu
of the 4He~a,3He!5He~g.s.! reaction is improved. As a resul
good agreement has been found between experimental
theoretical D0

2 values for the 4He(a,t)5Li ~g.s.! reaction,
while better agreement is also evident for t
4He~a,3He!5He~g.s.! reaction if the more realistic spectro
scopic factors are taken into account.

The similarity between the absolute magnitudes of
cross sections predicted by the two very different sets
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FIG. 5. Center of mass differential cross sections for
4He(a,t)5Li ~g.s.! reaction at an incident energy of 200 MeV. Th
parameters for the optical potential sets CC200 and WS200 ar
presented in Table I. See Fig. 3 caption for further details.
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TABLE II. Experimental and theoreticalD0
2 values for the4He(a,t)5Li ~g.s.! and the4He~a,3He!5He~g.s.!

reactions.

Ea Pot. set D0
2/104 (MeV2 fm3)

~MeV! 4He(a,t)5Li ~g.s.! 4He~a,3He!5He~g.s.!

Theoretical Experimental Theoretical Experimental

120 CC120 3.37 3.0 3.41 2.7
WS120 2.81 2.0 2.55 1.2

160 CC160 3.90 2.8 4.55 2.1
WS160 3.49 2.7 4.44 2.1

200 CC200 4.50 4.1 4.59 3.7
WS200 3.82 3.8 5.0 3.6
al
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optical potentials is a clear indication of a surprisingly sm
sensitivity to the specific choice of parametrization. This,
turn, suggests that using potentials in the exit channel
are extracted for the entrance channel is a reasonable p
dure in this case.

The reasonable agreement between experimental and
oretical results found in this work suggests that the discr
ancy noted earlier for a similar reaction may not be sign
n-
S.

.

e-

s

l
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ce-
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cant beyond a need to refine the inherent accuracy of
usual DWBA treatment employed in these studies.
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