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Energy dependence of the v2°8Pb( “He,t) and (*He, *He) reaction from 10 to 20 MeV/nucleon
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Alpha particle elastic scattering from 2%Pb and the 2°*Pb(*He, )***Bi and
208pp(*He, *He )>®Pb reactions have been measured at 39.8, 61.5, and 81.4 MeV.
Distorted-wave Born approximation calculations, including finite range effects, provide
spectroscopic factors for the lowest levels which are generally energy independent to
within 15%. This result is in contrast to published '*0+2%Pb single nucleon transfer
studies which show a factor of approximately four variation in the spectroscopic factor

over the same MeV/nucleon energy range.

NUCLEAR REACTIONS 2%Pb(a,a), (a,’He), (a,t),
E,=39.8, 61.5, 81.4 MeV, measured o(0), enriched target; optical
model analysis, DWBA analysis, deduced spectroscopic factors.

I. INTRODUCTION

For nuclear structure information using transfer
reactions, the extracted spectroscopic factors
should be independent of the type and energy of
projectile used. Thus, any energy dependence ob-
served in transfer reactions should be predicted by
theory, such as the distorted wave Born approxi-
mation (DWBA).

However, in the analysis of the 2%Pb(1%0,!°N)
209Bj reaction! it has been observed that the energy
dependence of the cross section is much less than
that predicted by DWBA. In spite of good fits to
the shapes of the angular distributions, spectro-
scopic factors were found to decrease by approxi-
mately a factor of 4 in doubling the bombarding
energy. The authors suggest that this effect may
arise from (i) strong polarization of the shell-model
orbital of the transferred nucleon by the heavy ion
projectile core, (ii) coupled-channel effects among
low-lying collective states, and/or (iii) the use of an
inappropriate potential for the transferred nucleon.
It is not clear if any or all of these suggestions can
eliminate the discrepancy between experiment and
the DWBA theory. However, Khanna and Pieper’
have recently reanalyzed these data. By refitting
the elastic scattering data with a potential contain-
ing an energy dependent surface imaginary term,
they are able to remove most of the energy depen-
dence from the DWBA analysis. It would certain-
ly enhance our understanding of heavy-ion interac-
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tions to be able to confirm that the parametrization
of the optical model potential is, in fact, the origin
of the discrepancy, or that polarization effects or
coupled-channel effects are important.

To help elucidate this problem we have chosen
to study the same transfer reactions with a light-
ion projectile in the same energy per nucleon range.
Transfer reactions with light-ion projectiles have
been successfully employed for many years in ex-
tracting nuclear structure information. We have
measured the single proton and neutron transfer
reactions using alpha particle projectiles of
equivalent velocity, viz., 40, 60, and 80 MeV. Con-
current data were taken for the elastic scattering in
order to obtain consistent entrance channel poten-
tials.

A brief description of the experiment is given in
Sec. II, and the experimental results are presented
in Sec. III. Results of optical model calculations
and comparison with DWBA predictions are dis-
cussed in Sec. IV. Section V summarizes the
results.

II. EXPERIMENT

The experiment was carried out using incident
beams from the University of Maryland Isochro-
nous Cyclotron. Beams of 39.8, 61.5, and 81.4
MeV alpha particles were momentum analyzed
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(Ap/p <0.03%) and focused at the center of a 1.5
m diameter precision scattering chamber. The tar-
get used was 1 mg cm ™2 isotopically pure (99%)
208pb evaporated onto a 10 ug cm~2 '2C backing.

The outgoing particles were detected by two tele-
scopes with a fixed separation angle of approxi-
mately 6° mounted on a remotely controlled arm.
Each consisted of a Si AE detector (200 um at 40
MeV and 500 um at the higher energies) followed
by a 5 mm Si(Li) E detector. The smaller angle
telescope subtended 0.22 msr and the larger angle
telescope, 0.36 msr. A 4 mm Si(Li) detector sub-
tending a solid angle of 0.2 msr mounted on a
second arm served as a monitor.

Coincidences between the AE and E detectors
were used to gate the linear energy signals. The
linear AE and E signals as well as those from the
monitor detector were sent to a 4096 channel
analog-to-digital converter (ADC) interfaced to an
IBM 360/44 computer. Particle identification and
energy addition were performed by computer
software and *He, *He, and 3H energy spectra were
generated. These data were written on magnetic
tape for each run. The energy resolution was
better than 100 keV for the 40 and 60 MeV runs,
but was only 150 keV at 80 MeV. This resolution
was sufficient to resolve the first four single parti-
cle states in *Bi and the first three in 2Pb. A
pulser system triggered by the current integrator
was fed into each preamplifier in order to correct
for the dead time of the system.

The relative normalization for the two telescopes
was measured to better than 2% by obtaining data
at a number of overlapping angles. The zero angle
of the beam was measured to +0.05° by measuring
elastic scattering on both sides of the beam. The
absolute normalization of the data was tested using
forward angle elastic scattering and is believed to
be better than 7%. Furthermore, since an identical
setup was used at all energies, the relative normali-
zation between data at different energies is better
than this.

The present 40 MeV (a,t) data agree very well
within the 7% limit on absolute normalization
with previous 42 MeV 208pp( @, t) data.’ On the oth-
er hand, our 61.5 MeV (a,3He) data are at variance
with the 58 MeV data of Tickle and Gray* for an-
gles less than 30°. However, in the present experi-
ment, both elastic scattering and (a,?) data were
obtained concurrently with the (a,>He ) data.
Considering the similarity of the (a,?) and (c,>He)
data, our agreement with previous 40 MeV (a,?)
data, and the fact that the ratio of the elastic
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scattering cross section to the Rutherford scatter-
ing cross section reaches unity at forward angles,
we believe the present data to be correct.

III. EXPERIMENTAL RESULTS

Elastic scattering data at the three energies were
obtained up to about 65°. These are shown in Fig.
1. The statistical errors in the data range from
about 1—2 % at the smallest angles to about 10%
at the largest angles. The data extend over 5—7
orders of magnitude in this angular range and
show a strong contribution from Coulomb scatter-
ing.

The (a,t) data for the lowest 4 states in 2Bi are
plotted in Figs. 2—4, along with DWBA calcula-
tions discussed in Sec. IV. In spite of a change of
five units in the angular momentum, at each ener-
gy the angular dependence of the states is very
similar, reflecting the large momentum mismatch.
Also, the data at 60 and 80 MeV are quite similar,
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FIG. 1. Differential cross sections for elastic scatter-
ing of “He from 2%Pb at three energies. The solid
curves are the result of optical model fits.



208py, (4He,3H )209B;
Ea = 39.8 MeV

FIG. 2. (*He,’H) differential cross sections at 39.8
MeV for the four lowest levels in 2®Bi. The angular dis-
tributions are labeled by the single particle state in 2°Bi.
The curves are finite range DWBA calculations normal-
ized to the data.

whereas the 40 MeV data fall off more slowly with
angle. The (a,>He) data for the three lowest states
of 2%Pb are presented in Figs. 6 and 7. They are
similar in structure to the (a,t) data.

IV. THEORETICAL ANALYSIS
A. Optical model analysis

The elastic scattering data were analyzed with an
optical model potential of the form

U(r)=Ucou(r)=Vfolr)—iWyfyu(r),

where Ugyy (7) is the Coulomb potential due to a
uniform sphere of charge of radius rc4!”* and

-1
r—r,«Al/3

filr)= [14+exp

i

The Coulomb radius parameter r¢ was fixed at 1.25
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FIG. 3. (*He,*H) differential cross sections at 61.5 MeV
(see caption of Fig. 2).

fm, and searches were made on all six parameters
of the central nuclear potential. Because of the
limited angular range of the data, two families of
potentials provide equally good fits, with volume
integrals per nucleon pair around 300 MeV fm?3
(shallow) and 400 MeV fm?> (deep). After initial
searches average geometrical parameters were de-
duced and the data refitted in order to obtain sys-
tematic potentials for the DWBA analysis. This
procedure produced no deterioration in the fits for
the deep potentials, but we were unable to find a
fixed geometry consistent with the 40 MeV data
for the shallow potentials. The resultant parame-
ters are shown in Table I. The energy dependence
of both sets of potentials are consistent with previ-
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Eq = 81.4 MeV
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FIG. 4. (*He,’H) differential cross sections at 81.4 MeV
(see caption of Fig. 2).

ous analyses of alpha elastic scattering data.>® We
obtained an average energy dependence for the real
volume integral of

JR(E)/44 =JR(0)/44
—[1.340.3]-E MeV fm>.
For the imaginary volume integral we obtained
Jw(E)/44 =Jw(0)/4A4
+(2.5+0.5)E MeV fm*

from 40—60 MeV, but there seems to be no signifi-
cant change between 60 and 80 MeV, in agreement
with the results of Singh et al.’

B. %Pb(a,?)*®Bi DWBA calculations

The DWBA calculations were carried out using
the exact finite range code MARY written by
Chant.” In the notation of Ref. 7, the range func-
tion chosen was

V(S)Ym(§)=(¢b ' Vbx I¢a >’

where the wave functions ¢; describing the *H
(*He) and *He particles were taken as 1s oscilla-
tor functions with size parameters chosen to fit ra-
dii obtained from the electron scattering. The
ejectile-nucleon interaction Vj, was taken as a sum
of singlet and triplet Gaussian nucleon-nucleon po-
tentials which fit low energy nucleon-nucleon
scattering.®

Calculations were also carried out in the zero-
range approximation to examine the effects of finite
range at these energies. We find that the ZR and
FR calculations produce nearly identical shapes,
differing only in magnitude. Furthermore, the ra-
tio of cross sections (FR /ZR) is state and energy
independent to within about 10% as long as a con-
sistent set of optical potentials is used. If the zero
range calculations are normalized in the usual way
to the volume integral D of our chosen range
function, our choice of optical model parameters
lead to a FR /ZR ratio of roughly two. This result
is in agreement with estimates of the ratio of the
parameters D? and D,? discussed by Friedman and
others.” It is consistent with the assumption that
the reaction is rather strongly surface localized.

The optical model parameters used for generat-
ing distorted waves in the entrance channel were
the fixed geometry “deep family” potentials derived
from the present elastic scattering analysis.
Although the shallow potentials provide very simi-
lar results, the deep potentials were adopted be-
cause of their consistency.

For the triton exit channel we have the difficulty
that no triton elastic scattering data exist at the
higher energies required for this analysis. The glo-
bal analysis by Becchetti and Greenlees'® of *He
and ¢ elastic scattering incorporating a complex
symmetry potential strongly overestimates the
strength of the imaginary symmetry potential, at
least at higher energies. The results of Ref. 10 lead
to a total imaginary potential which goes to zero
near 70 MeV. As a result, for the two higher ener-
gy (a,t) data sets, the triton potential is very shal-
low leading to calculated angular distributions
which oscillate, in disagreement with the experi-
mental data. Thus, these potentials are inappropri-
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TABLE 1. Optical model potential parameters.?

*He parameters

T, (MeV) Vo Yo ao Wo re a’ Jr X*/N
40 181.1 1.32 0.62 15.13 1.35 0.85 463 2.1
Deep 61.5 167.3 1.32 0.62 26.11 1.35 0.85 428 1.0
81.4 158.4 1.32 0.62 30.02 1.35 0.85 405 4.1
40 98.6 1.435 0.606 11.93 1.629 0.212 319 1.5
Shallow 61.5 112.6 1.342 0.600 22.15 1.437 0.725 304 0.9
81.5 106.1 1.329 0.682 20.76 1.460 0.762 280 1.5

3He(t) exit channel parameters

T, MeV) Vo 7o ag Wo ro a’
40 131.7 1.182 0.857 17.2 1.551 0.769
61.5 128.5 1.182 0.857 17.2 1.551 0.769

81.4 125.4 1.182 0.857 17.2 1.551 0.769

Bound-state parameters®

Type ro ag Vso Tso Ao
proton 1.28 0.76 6.0 1.09 0.6
neutron 1.25 0.63 6.0 1.10 0.5

2Potential of the form U(r)= —V,f (x)—iW,of(x')+ ¥ coutomb, Where

-

and Vcouioms 18 the Coulomb potential of a uniform sphere of charge of radius 1.25 4
®Strength adjusted to reproduce empirical separation energies. The spin-orbit potential is of the form

r—rAl?
l4+exp |———

fx0=

a;

173

v, |-
mc

—

~14d
T g Fso) s

where f(x,,) is the Woods-Saxon form with radius and diffuseness parameters r, and as,, respectively.

ate for the analysis in the energy range spanned by dependence.

the present experiment. We believe that for these Since it is our intention to make a comparison
strongly absorbed particles the imaginary part of with the heavy ion transfer results of Ref. 1, we
the triton potential at the higher energies is more adopted the bound state Woods-Saxon potential
likely comparable to that of the *He potential. used therein (see Table I). The results of these cal-
Therefore, the triton potential was obtained from culations normalized to the experimental data are
an analysis of *He+2%Pb elastic scattering at 130 shown in Figs. 2—4. The fits to the data at the
MeV.!! The strengths of the potentials were ad- two higher energies, are quite satisfactory. Howev-
justed according to the energy dependence of *He er, at 40 MeV the calculation underpredicts the
elastic scattering extracted in Ref. 12. These po- cross section at forward angles, or more correctly
tentials are also listed in Table I. Although the en- predicts too little slope for the angular dependence
ergy dependence of the strengths were included, it of the cross section. Closer inspection of the

is worth noting that the present (a,t) calculations higher energy data suggests a similar but less pro-
are extremely insensitive to variations in the mag- nounced discrepancy.

nitude of the strength introduced by this energy In order to examine this discrepancy in shape we
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FIG. 5. DWBA calculations for the
208py(“He, *H)*™Bi (9/2-ground state) reaction at 39.8
and 61.5 MeV using various optical model potentials

( , 3H and “He potentials in Table I; — — —, ’H
from Ref. 13, *He from Table I, —-—,°H and *He from
Ref. 14; - - - ,°H and *He from Ref. 3).

have carried out a series of calculations using vari-
ous optical model parameters. The use of the shal-
low “He potentials presented in Table I produces
very little difference in shape compared with the
present calculations. Similarly, variations in the
strengths of the real and imaginary potentials in
both the entrance and exit channels by 10% pro-
duce insignificant changes. This variation is prob-
ably more consistent with the differences expected
due to the isospin dependence. Calculations were
then carried out with a 3He potential obtained by
Parkinson et al.'* from an analysis of *He elastic
scattering from 2%8Pb at 47.5 MeV. These calcula-
tions for 40 and 60 MeV compared to our present
calculations are shown in Fig. 5. Since their slope
is less, it is clear that the agreement with the data
will be worse.

We have also tried the “He and triton potentials
used by Flynn er al.'* in their analysis of 17 MeV
(t,a) studies on lead istopes. Their calculations
produce moderately good agreement with their
data. The calculations for 40 MeV [nearly the

same c.m. energy as the (¢,a) studies] are also
shown in Fig. 5. They provide a somewhat im-
proved fit to the 40 MeV data, but a significant
discrepancy in slope still remains. Considering the
fact that we are striving for consistency in the
analysis, and that the normalization of the Flynn
calculation is nearly the same as our original calcu-
lation, we see no reason to replace the original cal-
culations with these results.

Finally, we have carried out calculations with
the “He and triton potentials used by Lilley and
Stein® to analyze their 42 MeV 2%Pb(q,t) data.
These calculations produce good agreement with
their data as well as our 40 MeV data. The calcu-
lation for the ground state is shown in Fig. 5.
However, these potentials are much deeper
(V=200 MeV,¥,=299 MeV) than is consistent
with present day knowledge of these complex light
ion potentials. Furthermore, they produce signifi-
cant change in the normalization. Again from the
standpoint of consistency, and the fact that these
potentials are inconsistent with higher energy elas-
tic scattering results, we have excluded them from
consideration.

Based on these various studies we have chosen to
use the results for the original potentials. The ex-
tracted spectroscopic factors for the normalization
shown in the figures are presented in Table II. It
should be noted that the calculations have no nor-
malization beyond that of the spectroscopic factor,
and the absolute C2S values are nearly those ex-
pected for pure single particle states. These results
indicate that the finite range calculation with the
chosen range function adequately reproduces the
magnitude of the cross section. In this connection
it is worth noting that other studies suggest that
oscillator wave functions are not adequate for treat-
ing finite range effects in transfer reactions in con-
trast to our own results. In general, these studies
obtain Vj, by operating appropriately with a kinet-
ic energy operator,” whereas we obtain ¥, directly
from nucleon-nucleon scattering. Thus, it would
appear that it is the inability of the oscillator func-
tions to generate an accurate interaction which is
the major deficiency of the earlier studies.

It is clear that we do not observe the large varia-
tion noted for the (10, N) reaction.! Our values
of C?S are in better agreement with those extracted
for the higher energy heavy ion reactions.

C. 25Pb(a,’He)**Pb DWBA calculations

For the neutron stripping reaction, we obtained
data at bombarding energies of 60 and 80 MeV.
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TABLE II. Spectroscopic factors for proton and neutron transfer.
Energy Cc’s
levels Incident *He energy
Reaction (MeV) J7 Orbital 39.8 MeV 61.5 MeV 81.4 MeV
0.00 2 1hoy 0.82 0.90 0.82
0.89 - 2 0.82 0.85 0.78
208py(ar, £ )2°Bi 2. S
1.61 = liys 0.82 0.88 0.78
2.84 2 2fsp 0.93 0.68 0.78
9 +
0.00 > 289, 0.86 0.75
208ppy( ¢, He)**Pb 0.78 L iy 0.69 0.58
1.42 ]2—5 - sy 0.98 0.90

As expected, the Coulomb barrier was too large to
obtain reasonable data at 40 MeV. DWBA calcu-
lations were carried out using the same potentials
as for the (a,t) reaction. The results, normalized
to the data are shown in Figs. 6 and 7, and the ex-
tracted spectroscopic factors are given in Table II.

208py, (4He, 3He ) 2091
Ea = 61.5MeV
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FIG. 6. (*“He,’He) differential cross sections at 61.5
MeV (see caption of Fig. 2).

Agreement between the data and the calculations
of the angular distributions is again reasonably
good, with some indication of difficulties at for-
ward angles at 60 MeV.
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FIG. 7. (*“He,’He) differential cross sections at 81.4
MeV (see caption of Fig. 2).
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The spectroscopic factors obtained are quite
similar to those of the (a,?) reactions, showing
small, if any, energy dependence. In contrast to
the (a,>He) studies of Tickle and Gray* or previous
(d,p) (Refs. 15,16) and (¢,d) (Ref. 17) experiments,
we find the -~ state to be more pure single parti-
cle state than the '71+ state. To a large extent this
result arises from the use of a smaller radius and
diffuseness for the spin orbit component of the
bound state potential, thereby leading to an effec-
tive spin-orbit strength less than that used in the
previous analyses. The spin-orbit potential has a
large effect on the calculated cross section for these
high angular momentum states, as has been
demonstrated in Ref. 4. An increase in the spin-
orbit strength will lead to reasonable agreement -
with the other results, considering the uncertainties
in extracted spectroscopic factors. However, we
prefer to use the present bound state geometry to
allow direct comparison with the heavy ion
transfer reactions of Ref. 1.

V. CONCLUSIONS

We have made consistent alpha elastic scattering
data measurements on 2%Pb at 40, 60, and 80
MeV, and have obtained potentials whose energy
dependence is in good agreement with previous
results.

We have also measured the (a,?) and (a,’He)
reactions on 2®Pb. Our finite range DWBA calcu-
lations reproduce the angular distributions relative-
ly well particularly at the two higher energies. The

spectroscopic factors obtained generally change by
less than 15% in doubling the bombarding energy.

Our results verify that the spectroscopic factor
for transferring either a proton or neutron onto the
ground state of 2%Pb with a projectile in the
10—20 MeV/nucleon range, is approximately unity
and has no energy dependence. This automatically
leads to the conclusion that the strong energy
dependence observed in the (%0, N) reaction can-
not be attributed to any property associated with
the states in 2*Bi. This discrepancy clearly arises
from the use of heavy ion projectiles. Unfortunate-
ly, our present results do not indicate whether the
problem with the heavy ion analysis arises from
polarization effects, coupled-channel effects, or im-
proper optical potentials as suggested in Ref. 2.
However, these data provide additional tests of
reaction theories including such effects. Clearly,
any effects improving the heavy ion spectroscopic
factor results must leave the (a,?) analysis unaffect-
ed. '
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