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Elastic scattering for 'O on 2®Pb and the single-nucleon transfer reactions 2°*Pb('60,'*N) 2°Bi and
28pp(160,"70)*’Pb have been measured at bombarding energies of 104, 138.5, and 216.6 MeV. A detailed
optical model analysis of 'O on 2®Pb elastic data from 80 to 216.6 MeV has been made. The Woods-Saxon
potential parameters must be energy dependent to accurately reproduce the elastic data. Finite-range
distorted-wave Born-approximation calculations employing both energy- independent and energy-dependent
optical potentials are compared with the transfer data. With the exception of small shifts in angle, the
distorted-wave Born approximation correctly predicts the shape of the angular distributions and the evolution
of the relative single-particle strengths as functions of the bombarding energy. However, the distorted-wave
Born approximation fails (by a factor of 2 to 3) to predict the observed energy dependence of the absolute
single-particle transfer strength. It is demonstrated that this failure is not likely to be corrected by changes
in the bound-state or optical-model potentials, if Woods-Saxon forms that fit the elastic data are used.

NUCLEAR REACTIONS !%0+28pp elastic, 2%Ph('%0, 15N)29Bi, 298pp (160, 170)2"ph,

E; =104, 138.5, 216.6 MeV, measured ¢ (6); 80 <E; <216.6 MeV optical-model

and distorted-wave Born-approximation analysis, energy dependence of distorted-
‘ wave Born approximation.

1. INTRODUCTION

In this paper data for the elastic scattering of
180 on 298P for the single-nucleon transfer reac-
tions 2°°Pb (*°0, '°N)Z°Bi and 2°*Pb (1°0, '"0)
207Ph at 0 bombarding energies of 104, 138.5,
and 216.6 MeV are presented. These results are
combined with other elastic '~° and transfer? data
in an analysis of the dependence on bombarding
energy of %0-induced single-nucleon transfer re-
actions on 2Pb from 69.1 to 216,6 MeV. Pre-
liminary discussions of certain aspects of the data
presented in this article have been published ™7

Previous studies of heavy-ion transfer reactions
have tended to focus on results obtained separately
at one or .more bombarding energies. AnalysesS'3~!¢
of single-nucleon transfers induced by !'B, 2C,
and '°0 ions on %°®Pb have led to the conclusion
that DWBA adequately reproduces many features
of the cross sections of transitions to single-par-
ticle and single-hole states for bombarding ener-
gies up to 50% above the Coulomb barrier. Sys-
tematic differences, however, have been noted® !
between the single-neutron pickup and the single-
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proton stripping reactions. DWBA calculations
predict a steady backward shifting of the peaks in
angular distributions with increasing excitation
energy in the residual nucleus; for the reactions
on 2%Ph targets, these shifts are present in the
neutron pickup data but not in proton stripping.
Angle shifts of this sort are found for transfer re-
actions on a variety of targets across the periodic
table, The systematics of the angle shifts and their
dependence on @ matching has been discussed!® 15
extensively, but no quantitative interpretation has
been given.

The present study covers an energy range from
below the Coulomb barrier [E (lab)~80 MeV] to
E/Eg=~2.1. Our DWBA analysis yields results in
general agreement with those of earlier studies at
the lower end of the energy range; this is dis-
cussed in some detail in Sec. VII. The DWBA cal-
culations reproduce the relative intensities of
transitions to different single-particle (or single-
hole) states with remarkable fidelity at each bom-
barding energy. A uniform analysis over the com-
plete energy range, however, reveals a new fea-
ture: The DWBA cross sections increase more
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rapidly with bombarding energy than the measured
cross sections. This discrepancy between DWBA
and experiment is almost state independent and is
present for all the optical potentials—energy de-
pendent and energy independent—considered in

this study. It amounts to a factor of about 2.5 over
the range of bombarding energies 69.1 to 216.6 MeV
(E/Eg from 0.8 to 2.7). Although hints of this gross
discrepancy can be detected in earlier studies of
single-nucleon transfer reactions on 2®Pb, the en-
ergy range covered was too small to permit any
clear conclusions to be drawn.

The experimental techniques used and the data
taken at E |, =104, 138.5, and 216.6 MeV are dis-
cussed in Sec. II. An extensive optical-model an-
alysis of the elastic scattering of '°0 from 2%Pb
at energies from 80 to 216.6 MeV has been carried
out; the results of this analysis are presented in
Sec. III. A description of the finite-range DWBA
with a detailed discussion of the bound-state form
factors used is given in Sec. IV. In Sec. V the
DWBA angular distributions are compared with
experiment and relative spectroscopic factors are
extracted. It is shown that DWBA gives accurate
" predictions of the relative strengths of the transi-
tions at all bombarding energies. Deep minima
that occur in the (*°Q,'"Q) reaction are discussed,
The energy dependence of the absolute experi-

" mental and DWBA cross sections is discussed in
Sec. VI. Section VII contains a comparison of this
analysis with previous studies of single-nucleon
transfers on 2®Pb, Section VIII contains a sum-
mary of the main conclusions of this study.

II. EXPERIMENTAL TECHNIQUES AND RESULTS
A. Experimental techniques

Elastic scattering of °0 on 2°®Pb and the single-
nucleon transfer reactions 2°°Pb(°0,'N)?®Bi and

208pp (*°0, 1"0)*°"Pb were studied at E ,, =104, 138.5,

and 216.6 MeV with beams obtained from the Law-
rence Berkeley Laboratory 88-inch cyclotron.
Some of the data reported here have already ap-
peared in the literature.®”7*!° Qur final analysis
of the data has produced some small modifications
in previously reported results; most notably the
laboratory energy of the 138.5-MeV data was pre-
viously reported as 140 MeV.

Targets of 95% enriched 2°°Pb of 100—200- g /cm?
thicknesses on carbon backings (20 pg/cm?) were
used in all measurements. The outgoing ejectiles
were momentum analyzed in the 88-inch cyclotron
magnetic spectrometer and detected in a focal-plane
detector system previously described in the litera-
ture.'® This detection system measures dE /dx,
Bp, and time of flight (TOF) and provides unam-
biguous particle identification over the momentum

range subtended by the detector. Energy resolu-
tions of AE /E =0,10-0.15% full width at half maxi-
mum (FWHM) were obtained in the measurements.
Absolute cross sections were established by nor-
malizing the elastic scattering to Rutherford cross
sections at forward angles. Relative normaliza-
tions were established by use of a monitor at 6,
~30° these normalizations were consistent with
those obtained using the current integrator. The
reaction products were generally measured in
their highest charge states which were dominant
(i.e., = 90%) at the energies studied, and charge-
state corrections were important only for the low-
est energy studied. In the measurements reported
here the solid angle was 1 msr or less.

B. Experimental results

The angular distributions measured for the
elastic scattering of **0 on **Pb at E =104,
138.5, and 216,6 MeV are shown in Fig, 1.17 As
mentioned previously the absolute cross sections
were established by normalizing the elastic scat-
tering tothe Rutherford cross section at forward an-
gles. It isbelieved that this procedure establishes
the cross sections toaprecision of at least 10 %.

The curves in Fig. 1 represent independent optical-
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FIG. 1. Elastic differential cross sections for f0
incident on 2®Ph. Plotted are the ratios of the cross
sections to the corresponding Rutherford cross sections.
The curves and data are labeled with the laboratory
energy. The solid lines were computed using optical
potential 73. The 102-MeV data were taken from Refs.

1 and 18 and the 129.5-and 192-MeV data are from
Refs. 3 and 19.
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model fits tothe data at each energy; they are dis-
cussed inthe next section. Alsoshown inthe figure
are elastic scattering data measured at 102 MeV by
Videback et al.'® and at 129.5 and 192 MeV by Ball

et al.3'®
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FIG. 2. Spectra for the reactions 2°3Pb(160,15N)2°9Bi_.,
The arrows show the positions of the indicated single-
proton states in 2°?Bi for !°N left in its ground state
(0 <E, <4) and in its 1173)2 (6.32 MeV) excited state
(6<E, <10). The shaded histogram is the Doppler broad-
ened DWBA differential cross sections given in Fig. 13.

Energy spectra obtained for the single-proton
transfer reaction 2®Pb (%0, *'N)*®Bi at the three
bombarding energies studied are shown in Fig. 2.
The angles involved correspond roughly to the
angle of maximum transfer cross section for each
energy. The six well-known single-proton states
in 2°Bi (see Fig. 3) are clearly observed. All
six single-particle states are unambiguously re-
solved except for the 2f, 4, 30,5, and 3p,, states
at the higher bombarding energies. At these en-
ergies the yields for the three individual states
were extracted using a fitting procedure. The
angular distributions extracted for the six single-
particle states are shown in Fig. 4.!7 The errors
associated with the differential cross sections in-
clude both statistical and systematic uncertainties
and are indicated in Fig. 4. The shaded histograms
in Fig. 2 and curves in Fig. 4 are the results of
DWBA calculations that are described in Sec. V.

The 2°°Pb(*°0, 5N )*®Bi energy spectra obtained
at the three bombarding energies show some rather
obvious trends. Notably, the strength at excita-
tions greater than 5 MeV is observed to grow signi-
ficantly with respect to the strength in the resolved
single-particle states as the bombarding energy is
increased, No obvious peaks can be observed in
this region (of higher excitation), and a later dis-
cussion will focus on the question of whether the
observed strength can be understood as the popu-
lation of discrete levels. A second observation is
that the relative strength of transitions to the var-
ious single-particle levels changes rather drama-
tically as a function of bombarding energy. This
energy dependence of the population of levels in
209Bi by the (*0Q,!°N) reaction has been discussed
previously.®’ '® In particular, the results at 104
MeV show a strong preference for the population

of j» (E1+31) states as opposed to j» (=1 —3) states
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FIG. 3. The single-particle and single-hole states of
the nuclei considered in this study.
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—a preference that can be understood as a conse-
quence of the selection rules and strong L depend-
ence of the cross section in heavy-ion induced re-
actions, The present study shows that at higher
bombarding energies the preference for spin-flip
transitions disappears. The ratio of the peak cross
section for the 2f,/, state to the peak cross section
of the 2f,/, state drops from 3 to 0.9 over the range
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FIG. 4. Differential cross sections for the 2%pb (!0,
15N)209Bj reactions. The solid curves are the results
of calculations with optical model I3, bound-state po-
tentials O1 and Bil, and the spectroscopic factors of
Table VIII. The dashed curves are those calculations
shifted in angle and renormalized to best fit the data.
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104 to 216.6 MeV. Similarly the ratio for the two
3p states drops from 4.5 to 1,3 (see Fig. 13). The
observed behavior is well reproduced by DWBA
calculations, as is discussed later.

As a function of bombarding energy, the char-
acteristic bell-shaped angular distributions move
to more forward angles and become steadily nar-
rower as the bombarding energy is increased.
Moreover, all the angular distributions, at any
particular bombarding energy, peak at nearly the
same angle independent of excitation energy. Sim-
ilar features have been noted®’*!'!2? in single-pro-
ton transfer reactions induced by *C and !'B ions
on 2%Ppp, .

The energy spectra obtained for the single-neu-
tron pickup reaction 2®Pb(*°Q, '"O)°"Pb at the three
bombarding energies studied are shown in Fig. 5,
again at angles that correspond approximately to
the peak angle at the appropriate energy. Six
groups are observed in the spectra at energies
very close to those of the well-known single-neu-
tron hole states in 2°7Pb (Fig. 3). An identification
of the groups with single-hole states cannot, how-
ever, be made without further analysis because the
excited states of "0 fall into the same region of ex-
citation energies. Figure 6 shows the excitationen-
ergies corresponding to transitions leaving O in
either its ground state or 2s, ,, excited state and **"Pb
in one of its single-neutron hole states. From the
figure it is clear that except for the lowest 3~
and §~ states of 2°’Pb, the groups observed do not
involve the population of single levels. Table I
shows DWBA calculations of the percentage con-
tribution of each contributing single-particle trans-
ition to the groups labeled in Fig, 6. The percent-
ages are based on total transfer cross sections;
similar results are obtained for do/dQ in the vici-
nity of the grazing angle. The table shows that,
with the exception of group 4, the cross sections
are dominated by transfers leaving !0 in its
ground state, although the contributions associated
with the 2s,, state of "0 cannot be ignored. At
104 MeV, group 4 could be partially resolved and
the data for groups 4a and 4b were also obtained.
Extraction of yields for those groups that were not
clearly resolved was carried out with a fitting
program. The angular distributions obtained are
shown in Fig. 7.}" The errors shown in Fig. 7 in-
clude statistical errors and systematic uncertain-
ties resulting from fitting procedures and back-
ground subtraction.

The (*°0, "0) energy spectra obtained at the
three bombarding energies also show obvious
trends. Unlike the (*®0,'°N) energy spectra, little
strength is observed at higher excitation energies.
Like the (*°0, !N) energy spectra, the relative
strengths of the various groups populated change
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as a function of the bombarding energy. Because
of the selection rules for the (*°0,!70) reaction,
no strong j dependence in the magnitude of the
cross section is expected. Therefore the differ-
ences in the selectivity observed in the (**Q,"0)
reaction appear to illustrate rather dramatically
the effects of kinematic matching on the magnitude
of the cross sections.

Total reaction cross sections for each transfer
were obtained by integrating the observed angular
distributions. Polynomials of various orders were
fitted to the data and the resulting functions were
then integrated. The data for the (*°0,"Q) re-
actions at 216,6 MeV are fairly sparse for such a
procedure, so DWBA differential cross-section
curves (shifted in angle and renormalized) were
also used as an interpolating device. A weighted
average of the values obtained by both methods
was then used. The reaction cross sections for
(*®0, *N) transfers are given in Table II and those
for the (1%0,70) transfers in Table III.

III. ELASTIC SCATTERING

This section discusses optical-model descrip-

" tions of the elastic scattering of ®0 on 2°%Pb at

12 bombarding energies from 80 to 216.6 MeV.
In addition to the data at E | =104, 138.5, and
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FIG. 5. Spectra for the reactions 208Pb(leo, 110)207pp,
The arrows show the positions of the single-neutron
hole states in 2*Pb for 70 left in its ground state. As
is discussed in the text, there are also significant con-
tributions from the 2s/, (0.87 MeV) state of 170, The
cross-hatched peak in the 104-MeV spectrum is due to
elastic scattering of 1%0..
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FIG. 6. Spectrum of the reaction ¥¥Ph(**0, 70)¥"pp
at E;,,=104 MeV showing the locations of contributions
of the single-neutron hole states in 2"Pb for 70 left in
either its ground state or 2sy/; state. The groups dis-
cussed in the text are labeled with the letter “G” followed
by the group number.
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TABLE 1. Spectral content of the groups observed in the 298Pb(1%0,170)207pb spectra. The per-
centages-are based on DWBA calculations using the spectroscopic factors labeled "present study” in

Table X.
Group " State Excitation Contribution (%)
o) 207py Energy 104 MeV 138.5 MeV 216 MeV
1 1ds) 3pip ! 0 100 100 : 100
2 1ds) 25! 0.57 100 100 100
3 251, 3pin ! 0.87 18 13 8
1ds) 3p3 0.89 82 87 92
4a 251 2sp ! 1.44 31 25 26
4b lds, liysy ™! 1.63 13 9 16
251 33! 1.76 56 66 58
5 1ds) 214" 2.34 99 99 99
251/ iz ™! - 250 I 1 1
6 251/ 2f7,7" 3.21 19 27 30
1ds), Thy5! 3.47 81 73 70

216.6 MeV presented in the previous section

this analysis includes' ORNL3' ! data at 129.5

and 192 MeV and BNL data'’ 2" 1% at seven energies
between 80 and 102 MeV. Measurements of elastic
scattering at 69.1 MeV*—some 10 MeV below the
Coulomb barrier—yield cross sections that differ
from Rutherford scattering by less than one-half
percent at all angles and hence yield no useful in-
formation about optical-model parameters.

The character and level of precision of the
elastic-scattering analysis in this study are dicta-
ted by the fact that the elastic wave functions are
to be used in a DWBA analysis of single-nucleon
transfer reactions. It is rather well known in this
connection that distorted waves generated from

TABLE Il. Experimental total cross sections for the reaction
208pp (160, 1SN)209Bi leaving 2%Bi in its single proton states and
SN in its ground state. The errors are based on the differences
in the values obtained using various smoothing teéhniques; they
should be increased to 10% to account for possible systematic er-

rors.
State ) o (mb)

104 MeV 138.5 MeV 216.6 MeV
1hg, 0.71 +0.04 0.76 +0.01 0.70 +0.05
2/ 7.36 +0.10 3.84 £0.05 1.68 £0.05
iy 2.14 £0.05 1.39 +0.03 0.74 £0.02
2fss 2.50 £0.05 1.94 +0.05 1.83 £0.05
3035 3.85+0.02 2.06 £0.05 0.68 +0.02
3 0.85 +0.05 1.08 £0.02 0.44 £0.05

-optical potentials that yield approximately the same

elastic differential cross sections lead to roughly
similar DWBA transfer predictions. However, the
main conclusion of the transfer analysis in this
study is that the energy dependence of the DWBA
cross sections is in rather serious disagreement
with experiment. It is therefore important to con-
sider the energy-dependence of the optical-model
parameters and to show that our main conclusions
about the energy dependence of the DWBA transfer
cross sections are insensitive to uncertainties in
the optical-model parameters and their dependence
on energy. ‘ : -

The optical-model fits reported in this section

~ were made with proLemy ,2° an Argonne program

for the analysis of heavy-ion-induced direct re-
actions. A gradient searchprocedure was used that

TABLE 1II. Experimental total cross sections for the groups
observed in the spectra of the 28Pb('e0,'70)207Pb reaction. See
Table 11 for the significance of the error estimates.

Group o (mb) at
104 MeV 138.5 MeV 216.6 MeV
1 23.2+1.0 19.6 £0.5 8+2
2 27.1 £0.5 19.1 £0.5 9.0+0.2
3 23.0+1.0 30.1 +0.5 23 1
4 8.0+0.2 8.08 £0.10 45+0.2
4a 2.5+03 B s
4b 55+0.2
S R 7203 1
6 3.95+0.10 4.8 +0.1 2.6 +0.3
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makes specific use of the sum of squares character
- of the function to be minimized. The necessary
gradients were computed from an integral over the
scattering wave functions rather than by difference
techniques. Reference 21 contains a detailed de-
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FIG. 7. Differential cross sections for the 2%8Pb (10,
17O)Zwa reactions. The curves and data are labeled
with the group numbers of Table I. The solid lines
were computed using optical potential I3, bound-state
potentials O1 and Pbl, and the spectroscopic factors
of Table X. The dashed curves are these calculations
shifted in angle and renormalized to best fit the data.

scription of the optical-model fitting techniques em-
ployed. ‘

A. Potential forms

The optical potentials used in this work consist
of the Coulomb potential between a point charge
and a uniformly charged sphere and of Woods-
Saxon forms for the real and imaginary nuclear
potentials:

V() =0c(")+ux () , (3.1)

where

7 2 2
VB -] rere,
_ c
V()= (3.2)
2
______Zerge ’ ’)’ZRC,

Vy()==V,f(",R,,a,) =iV f(*,R;5a;), (3.3)

and
f(,R,a)={1 +exp[(r -R)/a]}™* (3.4)

is the Woods-Saxon radial function; Z,e and Z, e
are the charges of the projectile and the target.
The potential radii (R, R,, and R;) are related
to radius parameters (*¢,7,,7;) by

R.=7, (A, P 1A, (3.5)

where A, and A, are the atomic weight of the pro-
jectile and target. Potentials with surface absorp-
tion were also considered. The transfer results
obtained with such potentials do not differ signifi-
cantly from those obtained with volume absorp-

" tion; accordingly, volume absorption is assumed

throughout The Coulomb radius parameter was
fixed at 7 =1.3 fm for all the potentials reported
here. We have found that the use of the Coulomb
potential between two uniformly charged spheres
gives results for both elastic scattering and trans-
fer that differ by less than 1% from those obtaiped ’
with the simpler potential of Eq. (3.2).

B. Individual-energy fits

The most straightforward method of constructing
optical potentials that reproduce elastic data taken at
a variety of bombarding energies is to make in-

‘dividual fits at each energy. Six-parameter fits

in which the depth, radius, and diffuseness of the
real and imaginary parts of the potential are var-
ied have been made. Analysis of the eigenvalues

of the 6 X 6 relative covariance (or error) matrix
for such fits reveals that the %0 +2%Pb elastic
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data do not contain enough information to determine
all six parameters; e.g. there are two linear com-
binations of parameters that are determined to
better than 1%, one determined to within 2 to 10%,
one determined to within 20 to 50%, and two linear
combinations of parameters totally undetermined
by the data. The poorly determined eigenvectors
are dominated by the potential depths., Two main
qualitative conclusions emerge from this error-
matrix analysis:

(1) The elastic data presented in the previous
section determine only three or four parameters
of the potential at each energy.

(2) The geometrical parameters should be varied
rather than the depths since the data are relatively
insensitive to variations in the depths.

Two-, three-, and four-parameter fits in which
the well depths are fixed at V, =V; =50 MeV have
been made at each energy. In the two-parameter
fits (referred to as I2) the real and imaginary
geometric parameters are constrained to be equal
so that 7, =7; and a, =a; are varied. The three-
parameter fits (I 3) have distinct real and imagi-
nary radii with a, =a;, Finally in the four-param-
eter fits (/ 4) all four geometric parameters are
separately varied.

Since the experimental errors in the elastic
data include estimates of systematic errors, it
is not to be expected that a value of x? per data
point around unity is a reliable signature of a good
fit. Indeed for several of the elastic data sets
three- or four-parameter fits yield values of 0,05
to 0.1 for x? per point. We therefore choose the
ratio of x* to that for the four-parameter fit /4 as
the figure of merit for our elastic fits. The value
of x? improves significantly in going from two- to
three-parameter fits; the step from three- to
‘four-parameter fits yields a much smaller reduc-
tion in x2. At the same time, the best fit param-
eters in the two-parameter fits vary rather
smoothly with energy; this smoothness survives in
the three-parameter fits but the four-parameter
fits yield parameters that fluctuate considerably
_ from one bombarding energy to the next. These
properties of the energy dependence are shown for
the real diffuseness parameter in Fig. 8; similar
results are obtained for the other geometrical
parameters.

Our study of two-, three-, and four-parameter
fits thus confirms the results of the error-matrix
analysis—the elastic data fix no more than three
parameters of the potential at each energy. We
therefore use the three-parameter fit I3 as our
standard individual-energy optical-model para-
meterization. The parameters of fit I3 are given
in Table IV at the bombarding energies for which
DWBA calculations were made. The calculated

angular distributions are shown in Fig. 9 to be in
excellent agreement with experiment.

Variation of other parameter combinations were
also investigated. Potentials were obtained from
fits in which the geometric parameters are fixed
and V, and V; are allowed to vary. One such fit
(12') is obtained by setting 7, =1,2, 7; =1,22,

a, =a; =0,615, The resulting well depths are
shown in Fig. 10. The values of X2 are significantly
larger than those obtained when two geometrical
parameters are varied (fit{2). This is not sur-
prising since, as was shown in the discussion of
the eigenvalues of the error matrix, the well
depths are the most poorly determined potential
parameters,

Many other individual-energy fits were made in
which different combinations of parameters (e.g.,
v, =%y, a,, or V, V, anda, =a;) were varied or
in which parameters that are not varied are fixed
at different values (e.g., geometric parameters
varied for V, =100, V; =20, or V, =V, =30). The
results are always similar to those presented
above: The data seem to require three param-
eters, and most three-parameter fits give a good
representation of the data (provided of course that
the geometrical rather than the depth parameters
are varied).
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FIG. 8. The real diffuseness parameter, a,, as a
function of bombarding energy for the independent-
energy fits 12, I3, and I4.




188

TABLE IV. Optical potential parameter values for the en-
trance channel for the bombarding energies at which DWBA cal-
culations were made. As is explained in the text, the-exit
parameters are slightly different in all cases except potential /3.

See Table V for potential C. Potential depths are in MeV, radii

STEVEN C. PIEPER et al.

and diffusenesses in fm.

Potential Parameter 104 MeV 138.5 MeV 216.6 MeV

13 V.=V, 50 50 50
r, 1.317 1.221 1.133
I, 1.293 1.194 1.135
a,=a, 0.419 0.612 0.736

L v, 98.91 73.78 16.86
Vv, 23.00 18.53 8.31
r, 1.17S 1.203 1.264
r; 1.258 1.285 1.346
a,=a, 0.605 0.603 0.599

Q v, 51.09 51.09 51.09
v, 51.46 51.46 - 51.46
ro=r 1.281 1.210 1.145
a, 0.498 0.676 0.706
a 0.429 0.625 0.708

C. Fits with smooth energy dependence

Figure 8 shows that even the two- and three-
parameter, fixed-depth fits yield parameters
whose energy dependence gives some indication of
erratic excursions from one energy to the next,
In an attempt to produce potentials with a smooth
behavior with energy, we have made multiple-
energy optical-model fits. For these fits, the
potential parameters were taken to have either
no energy dependence or one or more of the po-
tential parameters were given a linear or quadra-
tic dependence on the bombarding energy.

The simplest such potentials are those in which
all parameters are energy independent; they yield
uniformly poor fits to the data. An example is
fit C which is fitted to the data from 96 to 216.6
MeV. The well depths are fixed at V, =100 MeV
and V; =24 MeV while the four geometric param-
eters are varied. The resulting parameters are
given in Table V and the predicted cross sections
are compared to the elastic data in Fig. 9. It is
clear that the fit to the data is much poorer at
some energies than was obtained with the indivi-
dual-energy fits. The quality is not significantly
improved by choosing values of the depth param-
eters different from those used in potential C nor

‘by permitting all six potential parameters to vary.

TABLE V. Parameters of the optical potentials with a smooth energy dependence. Given are

the coefficients «, B,

and

Y

of  quadratic

expansions for the parameters:

parameter = a + BE,, + yEZ2, . Values marked with an asterisk were not varied during the search;

coefficients that are zero were also not varied. Potential depths are in MeV, radii and diffusenesses

in fm.
Potential Parameter a B y
c v, 100* 0 0
g 20 0 0
I 1.090 0 0
r; 1.273 0 0
a, 0.777 0 0
; 0.597 0 0
L v, 174.7 ~0.729 0
v, 36.6 ~0.1305 0
r 1.093 0.792 x 1073 0
r, 1.176 0.785 x 1073 0
a,=a, 0.610 ~0.51 x 1074 0
0 v, 51.09 0 0
v, 51.46 0 0
=" 1.653 ~0.471 x 1072 0.109 x 104
, —-0.651 0.01546 ~0.425 x 1074
a —0.629 0.01416 —0.369 x 107*
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The poor agreement with experiment obtained with

fit C seems to be characteristic of all energy-in-
dependent fits to the °0 +2°Pb data.

Recently Cramer et al.?? have reported a shallow

energy-independent potential for elastic 60O +28Si
elastic scattering over a large energy range.
Satchler?® has demonstrated that deeper folded
potentials will give comparable fits if one of the
parameters (i.e., 4;) is given a linear dependence
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on the bombarding energy. However, the quality
of the fits in both cases is quite poor at the inter-
mediate energies at which the data have pro-
nounced oscillations at large angles while the
potential produces a smooth falloff. Individual
fits of Woods-Saxon potentials are capable of pro-
ducing oscillations that significantly improve the
fit at these energies; however, the x? per point is
still about 5. We regard our energy-independent
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FIG. 9. Elastic differential cross sections for %0 on 2%Pb at bombarding energies of 104 to 216.6 MeV. The top
set of curves and data corresponds to the logarithmic scale on the right; the lower set corresponds to the linear
scale on the left. The curves show optical-model predictions for:the four indicated potentials.
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potentials as inadequate representations of the
elastic data; the data for the 0 +2Pb system
appear to demand an energy dependence in the
parameters of optical-model potentials of Woods-
Saxon form,

A number of potentials were considered in which
one or more parameters has a linear energy de-
pendence. Such potentials consistently fail at one
or more energies. Potential L, a 10-parameter
fit, is typical; its parameters are listed in Table
V. The predicted cross sections are compared
with the elastic-scattering data in Fig. 10; it is
clear that the fit at 104 MeV is quite poor while the
fits at higher energies are better. The x? values
at most energies are substantially poorer than
those obtained in the individual-energy fits.

Many fits were made in which one or more of
the parameters are given a quadratic energy de-
pendence. These were generally limited to the
data from 104 to 216.6 MeV. It was found that 12
parameters are the most that this data can support.
In the various fits different combinations of param-
eters were given quadratic energy dependence and
different weights were assigned to the data taken at
the five energies between 104 and 216.6 MeV. The
use of different weights yields better or poorer fits
at specific energies, but no fit was found that ac-
curately reproduces the data at all five energies
from 104 to 216.6 MeV. Potential @ is a typical
example that was obtained in an 11-parameter fit in
which the well depths are independent of bombard-
ing energy and quadratic energy dependences are
allowed for 7, =7y, a,, and @;. The parameters of
this potential are given in Table V, and the pre-
dicted cross sections are compared with experi-
ment in Fig. 9. Assessed relative to the individ-
ual-energy fitI3, it is clear that the quadratic form
for the smoothed energy dependence has resulted

in marked degradation of the quality of the fits.

Potentials that are functions of E,,"' might be
expected to give a better representation of the data
since they could have reasonable high-energy ex-
trapolations. A number of attempts were made to
produce potentials whose parameters depended
quadratically on E,, ~!, however, the results were
very similar to those reported above and the po-
tentials generally do not extrapolate well to high
energies. ’

In summary, we have attempted to find optical
potentials for the %0 +2%Pb data that depend
smoothly on bombarding energy. Constant, linear,
and quadratic dependence on E ;, or E ;" ! yield
potentials that fit the data much more poorly than
do the individual-energy parametrizations dis-
cussed in Sec. III B,

D. Total reaction cross sections

The discussion in the preceding section focuses
on the quality of the fits obtained to the elastic
scattering data with various optical-model para-
metrizations. The lowest values of x> were ob-
tained in the individual-energy fits, All para-
metrizations which demand a smooth energy de-
pendence of parameters resulted in poorer fits.

Figure 11 shows the total reaction cross sec-
tions predicted by a number of the potentials dis-
cussed above. It is clear that the reaction cross
sections of the individual-energy fits fluctuate
about those of the smoothly varying potentials., A
particularly noticeable discontinuity occurs in the
130- to 140-MeV range. This can also be seen
in Fig. 9: Potential @ gives an excellent repre-
sentation of the 129.5-MeV data but yields cross
sections significantly too small at 138.5 MeV. On
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FIG. 11. Total reaction cross sections for %0+ 208pp
computed using several of the optical potentials dis-
cussed in the text. The abscissa is 1/Egq, .



the other hand, potential C fits the 138.5-MeV data
well but yields cross sections that are too large at
129.5 MeV. Also Fig. 10 shows that the 129.5 data
require well depths significantly out of line with
those indicated by the rest of the data. It will re-
quire more data in this energy range to determine
if this apparent discontinuity is real or is due to a
systematic error in one or both sets of data. In
this regard it should be noted that the 138.5-MeV
data are consistent with new 138.5-MeV elastic
data that were also obtained on the Berkeley 88-
inch cyclotron.?*

IV. DWBA CALCULATIONS

Finite-range DWBA calculations for the
208 ppy (160, 15N)2%°Bi and 2° Pb(*°0, 1'0)?°" Pb single-
nucleon transfer reactions were performed with the
program PTOLEMY .?° Most of the ingredients of
the calculations are quite standard and are de-
scribed, for example, in Refs. 9-11 and 25.

A. Optical-model parameters

The distorted waves were those obtained from
the elastic fits presented in Sec. III. Exit channel
optical-model parameters were taken to be the
same as those in the entrance channel. (In the
energy-dependent parameter sets, the energy was,
of cburse, adjusted for the @ value.) Such a choice
for the exit channels appears to be justified by the
results of other studies. In Ref, 11 the elastic
scattering in both entrance and exit channels was
measured for the reactions 2°Pb(*2C, *3C }?°"Pb and
208pp('2C, ' B)*®Bi; DWBA predictions using op-
tical-model potentials separately fitted to the en-
trance- and exit-channel data were not significantly
different from those obtained using entrance-chan-
nel optical-model parameters in both channels.
Similar results were obtained in a study®® of '°O-
induced reactions on isotopes of Ca.

Extensive studies were undertaken of the depen-
dence on the optical-model parameters of the
DWBA cross sections for the transfer reactions
208ppy (180, 15N)?°°Bi and 2°®Pb(*°0, "0)**"Pb. We will
concentrate here on the results obtained with the four
representative potentials introduced in Sec, III—I3
(individual-energy fit), C (energy-independent
potential), L (potential with parameters linearly
dependent on energy), and @ (quadratic energy
dependence). The parameters of these potentials
at E,, =104, 138.5, and 216.6 MeV are given in
Table IV; the energy-dependent expressions for
the parameters of potentials C,L, and Q are
given in Table V. Since these potentials do not
predict the same elastic scattering they might be
expected to give somewhat different DWBA trans-
fer results. However, the absolute values of the
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cross sections in the vicinity of the peak generally
differ by less than 20%. The cases where more
significant differences are observed are (e.g.
potentials C and L at 104 MeV) are correlated
with the inability of the smooth potentials to ac-
curately reproduce the corresponding elastic scat-
tering.

We find, as in previous studies,?® that potentials
that give nearly identical predictions for elastic
scattering also predict very nearly the same DWBA
cross sections in the angular range of interest in
the present study. In other words, the elastic-
scattering data fix the distorted waves in the near-
grazing partial waves closely enough to leave little
leeway in the DWBA cross sections.

B. Effective interaction

The effective transition operator in the DWBA
calculations was taken to be the light-ion binding
potential with the Coulomb and core-Coulomb cor-
rections discussed by DeVries et al.?® These cor-
rections decrease absolute cross sections for the
proton-stripping reaction by about 25% and increase
the neutron pickup cross sections by a few percent;
in both cases they bring the post and prior versions
of DWBA into agreement at the 2 or 3% level. A
few calculations were also made including the core
corrections for the real part of the nuclear optical
potentials; these corrections were found to change
the cross sections by no more that 3%. Toth et al.'
find that the core corrections for the imaginary
part of the optical potential have an even smaller
effect on the cross sections. Thus, DWBA cal-
culations that include only the Coulomb part of the
core corrections to the effective transition opera-
tor should be accurate at the 2 to 3% level—about
the size of the residual post-prior discrepancy.

C. Bound-state wave functions

The bound-state form factors used assume that
180 and 2°®Pb are good enough closed-shell nuclei
that the relevant states of °N, 70, 2°"Pb, and
29Bj can be described as single-hole or single-
particle states. The form factors are then radial
Woods-Saxon wave functions multiplied by spectro-
scopic amplitudes designed to allow for small de-
partures from the extreme single-particle model.

The bound-state potentials used have Coulomb
and real Woods-Saxon terms of the form given in
Eqgs. (3.2) and (3.3) with a real spin-orbit compo-
nent:

1 df 05 R so aso)
- Qg = L \"S0,"7%0, 7so
V=4V, L+ 5 ([d’y . @.1)

where f is the Woods-Saxon radial function [Eq.
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(3.4)]. For the

related to radius parameters by

sz/rxAcl/s )
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TABLE VI. Parameters of the bound-state potentials. Unless otherwise stated, the first three
potentials have been used for all figures and tables; the remaining potentials were used only to
study the sensitivity of the DWBA cross sections to the bound-state potentials.

Designation System v,a Tor a, Veo® T'so ag, re Ref.
(MeV)  (fm)  (fm) (MeV) (fm)  (fm)  (fm)

N 56.5
ol 160 4n 625 1.2 0.65 7 1.2 0.65 1.2 10
Bil 208py +p 60 128  0.76 6 1.09 06 1.2 9
Pbl 208pp — p 45.6 125  0.63 7 1.1 0.5 cee 9
Bi2 208py +p 60 1.24  0.65 A=6 1.24  0.65 1.25 29
Pb2 208pp — py 40.5 1.36 0.73 7.07 1.26 0.6 e 27
Pb3 208pp _ p 45.5 125 063 A=275 125 063 28

2V, is adjusted for each state to reproduce the experimental separation energies. The median value
is given.

AV,/45.2, and is different for each state.

o 1
®When a value for X is given, Veo=7

bound-state potentials, radii are 1. 2%° Bi bound-state wave functions

The potential Bil used here and in Ref. 9 for the
(4.2) single-particle levels in *®Bi yields reasonable
agreement?” with experiment for the spectrum of

where A, is the atomic weight of the core. 2®Bj  for the rms charge radius of 2®Pb, and for
The potential parameters chosen for nucleons the elastic scattering of 175- and 250-MeV elec-
bound in the heavy nuclei were those used in Ref. trons from 2°®Pb, Despite these constraints, small
9 and are given in Table VI (Bil and Pbl). For variations in the parameters of the potential are not
nucleons bound in the lighter nucleus the light-ion ruled out by existing data. Previous studies® **
binding potential of Ref. 10 was adopted (O1 in have shown that such small variations can result in
Table VI). Following the conventional separation large changes in the predicted cross sections.
energy prescription, the depths of the real poten- Table VII compares cross sections obtained using
tials were adjusted to reproduce the observed the somewhat different potential Bi2, which has
separation energies; the state-to-state variation in been used to analyze 2°°Pb(*He, d)?®°Bi data,? to
potential depth introduced in this way is less than those computed with potential Bil. Since Ford
1.5% for the **°Bi states and less than 5% for the et al.® reanalyzed the data of Ref, 29 with potential

207pp states.

Bil, we can also assess the influence of this change

TABLE VIL Sensitivity of the (1°0,'N) DWBA cross section to the 2%8Pb +p bound-state po-
tential. Shown are the ratios of the DWBA total transfer cross sections computed using potential
Bil(o;) and Bi2(o;). Also shown are ratios for the 208pp(3He,d)299Bi reaction at 51.3 MeV using
the same potentials. These ratios are based on the spectroscepic factors given in Refs. 29 and 9.
The squared ratios of the bound-state wave function are also given.

State /o) (6,/0)?

in 299pp (160, 15N) (*He,d) 10 fm o0

104 MeV 138.5 MeV 216.6 MeV 51.3

Lhg, 2.11 2.09 2.03 1.85 2.09 2.17
2f1 1.93 1.89 1.83 1.72 1.88 1.96
liy3 1.81 2.10 2.17
2fs) 2.11 2.08 2.02 1.87 2.06 2.15
3p3 1.88 1.82 1.76 - 1.86 1.83 1.91

I 1.93 191 183 - e 1.90 1.98




of bound-state potentials on light-ion data. The
results are given in Table VII and are quite simi-
lar to those obtained for the 2*®*Pb(*®0, *N) reaction;
in making a comparison allowance must be made
for the fact that finite-range and nonlocality ef-
fects were included in the (*He, d) reanalysis of
Ref. 9, but were not used in Ref. 29. As can be
seen in Table VII, the relative strengths predicted
with the two bound-state potentials are quite simi-
lar despite the fact that the absolute strengths dif-
fer by approximately a factor of 2. Moreover, the
changes are independent of the bombarding energy
to an accuracy of 5 to 8% over the range 100 to

200 MeV. The position and shape of the angular
distributions are found to be influenced only slightly
by the change in the bound-state potential.

It is well known that the normalization of the
transfer amplitude is proportional to the asymp-
totic normalization of the bound-state wave func-
tions, so that if ¢ is the bound-state wave func-
tion, and S is the spectroscopic factor VS ¢(r)
for large 7 is the quantity that is determined by
normalization of a DWBA to a measured cross
section. This quantity is (2 M7 /i%)'%2 times the re-
duced-width amplitude v (7) that appears in treat-
ments®* of nucleon-nucleus resonance reactions.

In Table VII we also show the ratios of the 2°Bi
bound-state wave functions for the two potentials
considered. As can be seen, the square of the
ratio of the asymptotic values of the wave functions
is within 5% of the ratios of the corresponding
transfer cross sections. The two ratios are even
closer if one uses the ratio of the wave functions

“evaluated at =10 fm. For 7< 8 fm, the two
bound-state wave functions are quite different and
their ratio varies rapidly with 7. These results
confirm that the DWBA amplitudes are sensitive
only to values of the target bound-state wave func-
tion for > 9 fm.,

2. 207Pp bound-state wave functions

The proper choice of the potential for the 2°"Pb
neutron-hole system is less clear than for 2®Bi,
Several attempts®” 3!’ 3 have been made to fit the
single-neutron-hole level structure of 2°7Pb and all
have resulted in potentials with surprisingly large
radii (an example is potential Pb2 in Table X; it
has 7, =1.36 fm). Such potentials give an rms
radius?” for the neutron distribution in 2°%Pb that
is about 0.42 fm larger than currently accepted
values.*®” % In addition, when used in the analysis
of light-ion reactions, the potentials fitted to the
207Pp levels give DWBA cross sections some two
to three times too large if reasonable spectro-
scopic factors (around unity) are assumed.?7* 28° 36
We have therefore used a 2°"Pb potential®’?® with
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a more conventional geometry. This potential ac-
curately reproduces the measured®” 3 neutron-
hole radii in 2°7Pb (a very recent reanalysis® of
the rms neutron radius in 2°°Pb disagrees slightly
with these numbers) and has parameters close to
those obtained by extrapolation to zero bombarding
energy of the optical potentials*’ %! found for neu-
tron scattering from 2®Pb. The light-ion transfer
predictions obtained with this potential are also
quite reasonable,?® The well depth varies by
+2.5% in fitting the six single-hole states in 29"Pb,
a larger state-to-state variation than that en-
countered in the ?®Bi system.

DWBA predictions using potentials Pbl and Pb2
(the latter is a large-radius potential that was
fitted®” to the 2"Pb levels) have been compared.
Potential Pb2 gives DWBA cross sections some 2
to 2.5 times larger than potential Pbl. The ratios
are again nearly independent of the bombarding en-
ergy and are also roughly the same for transitions
leaving '"0 in its 14, , and 2s, ;, single-particle
states. We have also compared cross sections ob-
tained using potentials Pbl and Pb3, both of which
were also used to analyze?®' 42 208ph(d, £ *°"Pb and
208ph(®*He, o)**"Pb data. The ratios of cross sec-
tions with Pbl and Pb3 for the (d,?), (*He, @), and
(*0,"0) reactions are the same to within a few
percent. The shapes of the (*°0,'"0) angular dis-
tributions predicted using these three bound-state
potentials are almost identical. )

It is found that, as in the case of single-proton
transfer, the effect of changes in bound-state
parameters on absolute DWBA cross sections for
the neutron-transfer reactions (*0,'70) (d,t), and
(*He, @) is given to within 5% by the ratios of the
asymptotic bound-state wave functions.

3. 5N and 17 O bound-state wave functions

The light-ion potential of Ref. 10 was used for
both the !*N and 70O vertices. This potential re-
sults in an rms charge radius for 0 of 2.636 fm

~which is slightly smaller than the average value

of 2,707 £ 0.015 found in three recent electron-
scattering studies.**”*5 When used for "0 it gives
a slightly large charge radius (2.703 compared to*?
2.662 + 0.026). Calculations with other parameters
for !N and 'O showed that significantly smaller
changes in the absolute cross sections are obtained
than those that result from similar variations of
207Pb and 2°°Bi bound-state parameters. These
changes are again nearly independent of bombard-
ing energy and are closely related to the asymp-
totic values of the projectile bound-state wave
functions., The shapes of the predicted angular
distributions are insensitive to the bound-state
parameters,
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D. Accuracy of DWBA calculations

Finite-range DWBA computations have become
commonplace during the past few years; however,
it should be noted that due to the high bombarding-
energies, massive target, and large bound-state
angular momenta involved in this study, the cal-
culations reported here are far from routine,
given the present state of the art. The calcula-
tions for the higher excited states (which are weak-
ly bound and hence have slowly decaying wave func-
tions) require form-factor integrals that extend to
40 fm and thus encompass some 85 wavelengths at
216.6 MeV. Partial waves up to ! =240 were in-
cluded in the 216.6-MeV calculations. Five angu-
lar momentum transfers are involved in most of
the [0, "0(g.s.)] reactions. In all cases, inte-
gration parameters and angular momentum ranges
were chosen such that the peak differential cross
sections are computed to an accuracy of 0.5%.

E. Summary

This section contains a complete specification of
the wave functions and the effective interaction used
in the DWBA calculations for the reactions
208 ph (*°0, °*N)?*Bi and 2% Pb(*°0, 1"0)?°"Pb and a dis-
cussion of the sensitivity of the calculated cross sec-
tions to variations in the parameters of bound-
state and scattering potentials. The main conclu-
sions of the discussion of sensitivity to parameter
variations are as follows:

(1) Optical potentials that yield high-quality fits
to elastic scattering yield DWBA cross sections

TABLE VIIIL. Spectroscopic factors for proton stripping reactions to single-proton levels in

that agree to within a few percent in the vicinity of
the grazing-angle peak.

(2) Reasonable variations in the bound-state
parameters can change absolute DWBA cross sec-
tions at a given bombarding energy by as much as
a factor of 2. These changes are, however, al-
most independent of bombarding energy and are
weakly state dependent. .

(3) The ratio of the' absolute DWBA cross sec-
tions computed with two different bound-state wave
functions is given to within 5 or 10% by the ratio of
the asymptotic bound-state wave functions.

V. COMPARISON OF EXPERIMENT AND DWBA
A. 208pp(16Q, 15N) 209 Bj angular distributions

The solid curves in Fig. 4 are the DWBA pre-
dictions for the 2%®Pb(*°0, '*N)*®Bi transfer re-
actions using optical potential I3 (Table IV), bound-
state potentials Ol and Bil (Table VI), and the
spectroscopic factors (labeled “present study”)
given in Table VIII. The extraction of the spectro-
scopic factors is discussed later in this section.
The dashed curves are the same DWBA predictions
shifted in angle and renormalized to fit the data.
The required angle shifts are given in Table IX.
Similar results are obtained with the other optical
potentials given in Sec. III.

The reaction 2®Ph(*°0, >N )?*°Bi has previously
been measured at a bombarding energy of 69.1 MeV
by Barnett et al.* Data were reported for transi-
tions to the 2f, 4, 1i .4, and the superimposed
2f5/, and 3p,,, states of 2®Bi with N left in its

2098;. The table contains relative

spectroscopic factors; the asterisks indicate the value that was used to normalize each set of spectroscopic values. The resulting

N, [see Eq. (5.1)] are given in the last row of the table.

Reaction: (1%0,15N) (12¢,11B) (1B, '%Be) (He,d) (3He,d) (*He.d) Theory
Enp (MeV): 104, 1385, 216.6 979 722 203 442 513 .
Ref.: Present study 11 9b 60 62 9 57
nl;
Lhgs 0.95* 0.76 0.74 1.10 0.59 0.61 0.83
2f1n 0.74 0.74* 0.74* 0.74* 0.74* 0.74* 0.74*
i, 0.61 0.68 0.88 0.53 0.55 0.59 0.61
2fsp 0.61 0.49 0.51 0.83 0.72 0.69 0.58
3p3p 0.55 0.63 0.82 0.63 0.64 0.66 0.64
3 0.52 0.46 0.39 0.47
N.: 2.26, 1.29, 0.75* 1.10 0.97¢ 1.06 1.61 0.88 1.15

i

“Based on optical potential /3.
YAverage of values for optical potentials 1 and 2.

“Based on our reanalysis using core-Coulomb corrections to the DWBA effective interaction.
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TABLE IX. Angle shifts required to match the DWBA calcu-
lations for the 298Pb (160, 'SN)209Bj reaction to the data. Optical
potential /3 was used.

A negative value indicates that the
DWBA distribution peaked at too large an angle.

State Shift (deg)

104 MeV 138.5 MeV 216.6 MeV
Lhgy -0.5+0.4 ~1.4+02 -2.2+02
2f11 -1.9+03 -1.5+0.1 ~1.6 +0.1
liys -3.6+0.3 -2.140.1 —2.6+0.2
2fsp -2.7+0.3 ~1.7+0.2 -1.2+0.1
3p3p -3.1+03 -1.4+0.2 ~1.9+0.2
30 —29+0.6 ~1.6+0.3 -1.7+0.3

ground state. Figure 12 shows these data and the
results of DWBA calculations for the appropriate
transitions; the curves have the same significance
as in Fig. 4 except that no angle shift was used in
deriving the dashed curves. The DWBA calcula-
tions were made with the optical potential @ as
evaluated at 104 MeV., The precise values of the
nuclear optical-model parameters are in fact al-
most irrelevant at these sub-Coulomb energies;
indeed pure Coulomb-distorted waves yield cross
sections that are the same to within 0.5%.

The main conclusions to be drawn from Figs. 4
and 12 and Table IX are as follows:

(1) The shapes of the angular distributions are
reasonably reproduced by the DWBA at all bom-
barding energies.

(2) The DWBA distributions peak at systemat-
ically larger angles than the data. At 104 MeV
this shift increases from only —0.5° for the ground
state to — 3° for the 3p,,, state and has already been
discussed in the literature.®'!* At 138.5 MeV the
shift is —1.4° for the ground state and increases
slowly with excitation energy, while at 216.6 MeV
the shift, although still substantial (~2°or 10% of
the peak angle), is almost independent of excita-
tion energy.

(3) The renormalization factors required to
bring the peak DWBA and measured cross sections
into agreement vary significantly with energy but
in a nearly, state-independent manner; DWBA cross
sections are too small by a factor of about 2 at
104 MeV and too large by 25% at 216.6 MeV. This
failure of the DWBA to correctly predict the en-
ergy dependence of the absolute cross sections is
discussed in detail in a later section,

B. 208pp(160, 170) 207pb angular distributions

The analysis of the 2*Pb(°0, }"0)**"Pb data is =
complicated by the fact that, except for groups
1 and 2, each of the observed peaks consists of

\OC: L e e L |

5[ -~ 252433/ .

] N IO R N S
110 120 130 140 150 160 170 180
e.m. (deg)

FIG. 12. Differential cross sections for the
208Pb(lGO, 15N)%9Bi reaction at 69.1 MeV. The solid
lines are DWBA calculations using optical potential
Q@ evaluated at 104~-MeV, bound-state potentials O1
and Bil and the spectroscopic factors of Table VIII.
The dashed curves are these calculations renormalized
to best fit the data. The data are from Ref. 4.

unresolved transitions to different states in 2°"Pb
with 'O left either in its 1d,, ground state or
2s, s, excited state. Thus the ratio of the spectro-
scopic factors for these two states in 7O in-
fluences the analysis of the data. As will be dis-
cussed later, we found that a ratio of 0.74 seems
to be preferred in our analysis.” Figure 7 shows
the resulting DWBA predictions for the six 'O
groups observed in the spectra. The solid curves
are the DWBA calculations using optical potential
I3 (Table IV), bound-state potentials Ol and Pbl
(Table VI), and the spectroscopic factors (labeled
“present study”) of Table X. For groups 3-6 the
appropriate transitions given in Table I were
summed., The dashed lines are the results of shift«
ing and renormalizing the DWBA predictions to
fit the data; the resulting angle shifts are given in
Table XI. DWBA predictions obtained with the
other potentials given in Sec. III are very similar
to those shown in Fig. 7. The main conclusions to
be drawn from Fig. 7 and Table XI are as follows:
(1) With the exception of the 14, state the
DWBA again successfully predicts the shape of the
angular distributions. The minima in the distri-
butions at angles forward of the peak provide a
more stringent test than is available in the (*O,
15N) reaction; the data are consistent with the
minima although further measurements at inter-
mediate angles are necessary to establish more
firmly the existence of the minima in the mea-
sured cross sections. The calculated minima are
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TABLE X. Spectroscopic factors for neutron pickup reactions to 20’Pb. The table contains relative spectroscopic factors that were
normalized to Sr/‘i =1.9. The resulting N, [see Eq. (5.2)] are given in the last row of the table. The spectroscopic factors have also
been divided by 2/ +1.
Reaction: (1%0,170) (12¢,B0) (1B, '2B) (p,.d) (p,d) (p.d) d,1) (d,n) (*He, ) Theory
E.p, (MeV): 104, 138.5, 216:6 97.9 72.2 22 35 40 8-11.5 50 47.5
Ref: Present study 11 9 61 64 63 9 9 42 51
nl;
3p1p2 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95
2fs) 0.80 0.83 0.87 0.77 0.92 0.92 0.87 0.83 0.76 0.94
3p3p 1.07 0.84 1.27 0.90 0.84 0.88 1.27 0.84 0.98 0.92
liy3p 0.34 0.69 0.54 0.92 0.69 0.59 0.87
2/ 0.80 0.64 0.68 0.68 0.56 0.69 0.68 0.64 0.80 0.70
Lhy, 0.75 0.60 0.65 0.36 0.84
N;: 1.16, 0.81, 0.61¢ 1.04 1.32 1.09 0.95 1.08 1.32 1.04 1.63 1

4Based on optical potential /3.

discussed in the following subsection.

(2) The angle shifts given in Table XI at 104
MeV show some tendency to increase with in-
creasing excitation energy, as was the case for
the (*°0, ®N) reaction; at the higher bombarding
energies the shifts are negligible.

(3) As is the case for the (**0,°N) reaction, the
absolute DWBA cross sections increase more
rapidly with bombarding energy than the measured
cross sections. The discrepancy is, however,
significantly less than for the (*°Q,!°N) reaction
and, in fact, agreement with experiment is quite
good at 104 and 138.5 MeV.

C. Minima in the 208Pb( 160, 170)207pp cross sections

As was mentioned above, the calculated angular
distributions for the reaction 2®Pb(*°0, "0)**"Pb

TABLE XI. Angle shifts required to match the DWBA calcu-
lations for the 2%8Pb('%0,'70)207Pb reaction to the data. Optical
potential /3 was used with the spectroscopic factors of TABLE
X.

Group Shift (deg)

104 MeV 138.5 MeV 216.6 MeV
1 —0.1 £0.2 0.0+0.1 0.6 £+0.3¢
2 0.1+£0.2 0.3+0.1 - 06104
3 -0.2+0.2 0.1 +0.1 -1.0+£0.3
4 —-1.8+0.2 —0.4 £0.1 -0.2+0.3
4a —-22+04 )
4b -1104
S 0.0+0.2 —-0.6 £0.2
6 0+04° 0.1 £+0.3? —0.2 £0.5?

“Shifted DWBA is not a good fit to the data.

show deep minima. The dip predicted at 34° in the
138.5-MeV DWBA cross section is particularly
interesting; it is one to two orders of magnitude
deep and appears in the angular distributions for
transitions to all the states in both 2°"Pb and !"O.
(For the 14,,, state in ®"Pb it is filled in to a
significant extent,) The minimum persists when
the optical potential is changed; it is also in-

sensitive to changes in the bound-state wave func-

tions. Weaker minima occur in the (*°0,'"0) cross
sections at 104 at 216.6 MeV.

" Fuller and Moffa® have shown, and we have con-
firmed for the present case, that minima of this
kind stem from the interference of the transfer
amplitudes arising from two different classical
orbits leading to the same deflection angle. The
contributing orbits here are the outermost, purely
repulsive, Coulomb orbit and a still peripheral
orbit in which a small nuclear attraction partially
cancels a stronger Coulomb repulsion. Following
Fuller and Moffa we refer to these as the “outer”
and “inner” trajectories.

The occurrence of the deep minimum requires
that the two amplitudes be of nearly equal mag-
nitude. The magnitude of the inner contribution
is sensitive to the absorptive part of the optical
potential at separations down to the distance of
closest approach. It has been established® that
this absorption is well determined by the elastic
data and hence should be nearly the same for all
the optical potentials we use. The outer orbit is,
of course, a pure Coulomb orbit; the magnitude of
its contributicn is determined by the degree of
mismatch of the Coulomb wave functions for large
orbital angular momentum and by the tail of the
target wave function. Both of these determining
factors are independent of the optical potential.
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Also the decay rate of the 2"Pb wave function
changes by only 10% between the 3p,/, and 2f,
states. Thus it is reasonable that the minimum
appears in transitions to all of the first five states
in 2°Pb and for all the optical potentials consider-
ed here.

D. Extraction of relative spectroscopic factors

Figures 4 and 7 show that it is not reasonable in
this analysis to extract spectroscopic factors by
the usual procedure of dividing observed cross
sections by DWBA estimates, since such ratios
would vary significantly with bombarding energy.
It is, however, possible to devise a modified
analysis wherein the DWBA cross sections are
multiplied by ad koc energy-dependent normali-
zation factors and to determine relative spectro-
scopic factors from the total (angle-integrated)

-transfer cross sections given in Tables II and III.
For the (*°0,!*N) reactions, the renormalized
DWBA total cross section is given by

UTh(j’Ei):N(E{)SPS;?io(j)Ei) (5-1)

where E; is the bombarding energy and j labels a
single-particle state in 2®Bi. S” is the spectro-
scopic factor at the projectile vertex (**0— 5N +p).
We use the full single-hole value S”=2; a shell-
model calculation?” indicates S? =1.66 while analy-
ses of light-ion pickup experiments*®-* yield values
scattered over the range 1,3<S5” < 2.8, S% is the
spectroscopic factor for the single-particle state
j of 2°°Bi; N(E,)is anenergy-dependent renormali-
zation factor and o( j, E,) is the DWBA total cross sec-
tion with unit spectroscopic factors atboth vertices.
The normalization factors N(E;) and the spectro-
scopic factors S5 are determined by a least-
squares fit to the observed total cross sections
(Table II). Only the relative values of S} obtained
from this analysis are significant; the absolute
values depend on the overall normalization chosen
for the factors N(E;). We use the value S%% =0.95
for the 2®Bi ground state, as obtained by Ring and
Werner®! in a vibration-particle coupling calcula-
tion, There are then eight parameters [3N(E;)
and 5 S;'] to be determined by fitting 18 measured
total cross sections. The relative spectroscopic
factors obtained are given in Table VIII.

For the (*°0,"0) reactions we must consider
both ground and first-excited states of !"0. We
then fix the ground-state spectroscopic factors at
S?, =1 at the projectile and S;j, =1.9 at the target
vertex.*! Shell-model calculations®” indicate S},
=~ 0,93 for the 'O ground state, while analyses of
light-ion stripping experiments®275° yield values in
the range 0.8< S§/2< 1. There are then nine para-

meters [3N(E;), S?,,, and 557 to be determined
from the 18 independent measured cross sections
given in Table III. The resulting relative spectro-
scopic factors are given in Table X. The value
S%,,=0.74 is lower than would be expected from a
detailed shell-model calculation*” which gives
S?,/5¢,,=1.02 or from light-ion experiments®?~55
which, although somewhat ambiguous, are gen-
erally consistent with S2,,~S%,. However, the
smaller value of S?, is strongly indicated by the
present analysis; increasing S%/, to 1 raises the
X? by a factor of more than 2 and reduces the al-
ready small value of S{;,, to absurdly small or
even negative values. If S|5/, is constrained to a
“reasonable” value, such as 12, X2 for S¥, =1 is
very high and the minimum X2 occurs for S‘l’/2
=0.55,

The success of the DWBA in predicting the rel-
ative spectra of the transfer reactions is shown in
Figs. 13 and 14 which compare experimental spec-
tra at a fixed scattering angle near the peak with
values computed using the spectroscopic factors
of Tables VIII and X. The theoretical cross sec-
tions have been normalized by the energy-depend-
ent normalization factors N(E;) given in the fig-
ures. The overall x? per point for the spectra
shown are 2.2 for the (*%0,'°N) reaction and 1.9
for the (**0,!70) reaction. These correspond to
rms relative errors of 11% and 15%, respectively.
[The biggest sources of error for the (°0,'"0) re-

‘action are the poorly reproduced 14,/ states. If

they are ignored, one obtains a x* per point of 0.8
and an rms relative error of 9%.]

Figure 13 also shows the predicted spectrum for
transitions in which N is left in its 6.32-MeV
1p,, ' excited state. As can be seen, transitions
to this state are predicted to be important at the
higher bombarding energies. Because the 5N de-
cays in flight, the peaks corresponding to these
transitions will be Doppler-broadened by about
1 MeV. Thus, the transitions to the various states
in 2°Bi are unresolved. In Fig. 2 strong yields in
the region of 6- to 10-MeV excitation energy are
observed in the 138.5-MeV and 216.6-MeV spectra.
If we assume that the *N* decays isotropically, we
can predict a theoretical Doppler-broadened spec-
trum. Such spectra are presented as shaded his-
tograms in Fig. 2. The energy-dependent normal-
ization factors of Fig. 13 have again been applied.
We see that the production of °N in its 6.32-MeV
state accounts for approximately one-half of the
strength observed in the 6- to 10-MeV excitation
range. Thus from Figs. 13, 14, and 3, we see that
DWBA does remarkably well in predicting the de-
pendence on bombarding energy of the relative
cross sections of transitions to different states in
the target and projectile.
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FIG. 13. Comparison of experimental and DWBA
spectra for the 2%8Pp (10, 15N)299Bi reaction. The solid
bars give the experimental differential cross sections
for the indicated transitions. The open bars represent
the DWBA calculations made with optical potential @,
bound-state potentials Ol and Bil and the spectroscopic
factors of Table VIII. The calculations have been re-
normalized by the normalizations (&) given in the figure.

VI. ENERGY DEPENDENCE OF TRANSFER
CROSS SECTIONS

In Sec. V it was shown that finite-range DWBA
calculations predict angular distributions whose
shapes agree fairly well with those observed for
the (*°0,*N) and (*°0,!"0) reactions on 2°2Pb,
DWBA is also remarkably successful in accounting
for the relative intensities of transitions to differ-
ent single-particle and single-hole states at the
three bombarding energies studied. The ratios
of DWBA and experimental cross sections are,
however, strikingly energy dependent.

Consider first the transfer cross sections
integrated over angles and summed over individ-

2oepb(|so,|7o)2o7pb
6 5 4
l l l
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FIG. 14. Comparison of experimental and DWBA spec~
tra for the 2%Pb (%0, 1"0)*"Pb reaction. The caption of
Fig. 13 applies except that the bound-state potentials
O1 and Pbl and the spectroscopic factors of Table X
were used. '

s

ual final states. These summed single-particle
transfer cross sections are shown as functions

of bombarding energy in Fig. 15. For (*°Q,*N)
reactions, transitions to single-particle states up
to and including the 3p,,, level at 3.64 MeV in
2%Bi were included, with N in its ground state;
for (**0,'70) single-hole states up to and including
the 1k,,,"11level at 3.47 MeV in 2°"Pb were included
with 'O in its ground or first-excited 2s, , state.
The lines give the DWBA predictions with the four
representative optical potentials discussed in Sec.
III; experimental cross sections are indicated by
dots. The same qualitative behavior is found for
(*®0, *N) and (**0,'"0) reactions: After a rapid in-
crease through the Coulomb barrier, the experi-

b

- mental summed cross sections level off at around

100 MeV, and start to decrease steadily with bom-
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FIG. 15. Total 2%Pb(1%0, 15N)2*®Bi (top) and 2%Ph (10,
170)207Pb (bottom) cross sections. The top section
shows the angle-integrated cross sections for producing
15N in its ground state and 2°°Bi in any of its single-
proton states. The bottom section shows the angle-in-
tegrated cross sections for 70 in either its ground state
or 2s1/; (0.87 MeV) excited state and 20Tpp in any of its
neutron-hole states. The dots are the experimental total
cross sections; the errors are about the size of the dots.,
The curves are the results of DWBA calculations made -
with the indicated optical potentials, bound-state po-
tentials O1 and Bil or Pbl and the spectroscopic factors
in Tables VIII and X.

barding energy. The DWBA cross sections, after
reproducing the observed increase of nearly two
orders of magnitude through the Coulomb barrier,
level off and remain almost constant with increas-
ing energy. At 216.6 MeV, the DWBA cross sec-
tions are clearly too large.

The relation between theoretical and experiment-
al energy dependence is exhibited more clearly
in Fig. 16. Here the ratio o(exp)/0c(DWBA) is plot-
ted as a function of bombarding energy for the
summed cross sections shown in Fig. 15. If the
DWBA predictions for the energy dependence were
correct, these curves would be horizontal straight
lines. Instead, the curves representing o(exp)/
o(DWBA) fall off with increasing energy, with the
slope greater for (*°0,'°N). The ratio of experi-
mental to DWBA cross sections varies by a factor
of 3 between 104 and 216.6 MeV for (*°0,*N), and
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FIG. 16. Ratios of the 2%8Pb (€0, 15N)2"9Bi (top) and
the 2%pp (€0, 110y 20Tpp (bottom) cross sections. Shown
are the ratios ¢ (exp)/oc (DWBA) of the cross sections
given in Fig. 15.

by a factor of 2 for (*Q,'"0). It is clear that
DWBA predicts an incorrect energy dependence.

These conclusions are'confirmed and reinforced
in the accompanying paper®® which reports mea-
surements of the stripping reactions (*®0,!°N) and
(**0, '3Q) on 2°%Pb at 312.6 MeV. The ratio o(exp)/
og(DWBA) for (*®0,'°N) decreases by an additional
factor of 2 between 216.6 and 312.6 MeV—roughly
what would be indicated by extrapolation of the
curves in Fig. 16. The (*°0,!%0) cross-section
ratio is found to decrease between 139 and 312.6
MeV by about the same amount as the (*°0Q,°N)
cross section. Results are thus available for three
single-nucleon transfer reactions on 2®*Pb; one
[(°0,'70)] is quite well matched, one [(*°0, *0)]
is badly mismatched, and the third [(*°0,'*N)] is
moderately mismatched. All exhibit cross sec-
tions that, when summed over a fixed number of
channels, start just above the Coulomb barrier to
decrease steadily with bombarding energy; the
DWBA cross sections, for a wide variety of optical
potentials (all fitting the elastic cross sections to
at least a moderate extent) and bound-state form
factors (cf. Table XI), decrease much too slowly
or remain constant with energy.

It was emphasized in Sec. V that DWBA cor-
rectly reproduces at each energy the relative in-
tensities of transitions to different single-particle
and single-hole states. This implies that the dis-
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crepancy in the energy dependence noted above is
essentially state independent. Figure 17 confirms
the state independence of the ratio d(exp)/oc(DWBA)
for optical-model fit/3 (independent fit at each
energy); indeed the differences between the curves
for different final states in 2°°Bi and 2"Pb are dis-

tinctly smaller than the differences between curves:

for different optical potentials.

We believe that this discrepancy between DWBA
and experiment is significant. It cannot be re-
moved by reasonable parameter variations within
the limits of conventional DWBA analyses. Note
in particular that although uncertainties in the
bound-state form factors make the calculated ab-
solute cross sections at each energy uncertain by
+50% or'more, form-factor modifications tend to
influence the cross sections at all energies in the
same way. Thus the slopes of the curves 0(exp)/
o(DWBA) given in Figs. 16 and 17 are much less
sensitive to the bound-state form factors than are
the absolute normalizations.

Three possible ways of accounting for the dis-
crepancy come to mind. One involves energy-
dependent modification of the bound-state form
factors. Pruess et al.’" have suggested that the
heavy-ion cores in a reaction such as (*°Q, !*N)
strongly polarize the orbit of the transferred va-
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FIG. 17. Ratios of the *¥Pb (10, 1N)2?Bi cross sec-
tions for each single-proton state in 20%Bi (top) and of
the 2%pp (180, 170)207Ph cross sections for each group
identified in Table I (bottom). Shown are o; (exp)/
0; (DWBA) where the DWBA calculations were made
with the assumptions of Fig. 15 (optical potential I3

was used). :

lence nucleon. This effect permits transfer tooc-
cur at much larger core-core separations than is
possible without polarization. Estimates of the
polarization effect suggest that it considerably in-
creases the transfer cross sections close to the
Coulomb barrier and that its influence diminishes
with increasing energy; such an effect would tend
to reduce the discrepancy between theory and ex-
periment observed here. However, the polariza-
tion effect would be expected to be significantly
state dependent, and it is somewhat difficult to
imagine it producing a factor of 2 between 216.6
and 312.6 MeV.

A second possibility is to replace the single-
channel optical-model wave functions by multi-
channel states in which low-lying collective ex-
citations of the various nuclei involved are ex-
plicitly included. Unless the major effects of the
coupling to inelastic channels are on the elastic-
channel wave functions, it is hard to see how few-
channel calculations of this sort could yield state-
independent corrections to DWBA.

A third possibility is to remain within the op-
tical-model-DWBA framework but to remove the
severe restrictions (local Woods-Saxon form, L
independence) so far placed on the optical poten-
tial . It seems unlikely that this approach will
completely remove the energy discrepancy (with-
out abandoning detailed elastic¢ fits) in view of the
severe constraints that fitting the elastic data with
conventional potentials has been found to place on
the distorted waves. On the other hand, in colli-
sions in which at least one of the nuclei involved
has mass less than 40, a transition occurs at bom-
barding energies of 1.5 to 2 times the Coulomb
barrier from a low-energy region in which fusion
accounts for most of the reaction cross section
to a high-energy region in which strongly damped
processes predominate.’® Although there are no
data for the system '°0 +2%Pb in the transition
region (130 to 180 MeV), measurements for this
system near the Coulomb barrier! and at 312.6
MeV®® indicate that at some intermediate energy
flux starts to pour out of complete fusion into
strongly damped processes. Such processes are
believed to be direct, to involve large energy
transfer, and to be localized in angular momentum
in roughly the same way as the peripheral re-
actions under consideration here. Strong coupling
to such processes might involve so many channels
that an optical-model treatment of the peripheral
channels remains possible; however, their strong
localization in L makes it unlikely that the local,
L-independent potential forms familiar from light-
ion physics will be appropriate. The very fact that
the energy discrepancy between DWBA and experi-
ment is so strikingly state independent suggests



that an interpretation within the optical-model-
DWBA framework is worth seeking.

VII. COMPARISON WITH EARLIER STUDIES

Many studies have been reported in which spec-
troscopic factors were extracted for the single-
nucleon transfer reactions on 2®Pb. There is also
some evidence on the energy dependence of single-
nucleon transfer reactions induced by heavy ions
on 2%°Pb and on the extent to which DWBA calcu-
lations reproduce this energy dependence. We
show in this section that our results are in general
agreement with those of earlier studies.

Previous single-proton stripping and single-neu-
tron pickup studies on 2°*Pb include heavy-ion ex-
periments,**!'12 with 1'B, '*C, and '°0 beams and
a variety of light-ion induced reactions.®**%9"% [n
these papers the approach customary in light-ion
studies has been used: The spéctroscopic factor
at the light-ion vertex is regarded as known, and
normalization of the DWBA cross section to the ob-
served absolute cross section determines a spec-
troscopic factor for a single-particle or single-
hole state. Such analyses fix the ratios of the
spectroscopic factors of different states with a
fairly high degree of reliability but have uncertain-
ties in the absolute normalization that are sizable
and very difficult to assess. We therefore start by
comparing relative spectroscopic factors and re-
turn to a discussion of the absolute normalizations
later.

Tables VIII and X summarize the relative spec-
troscopic factors and absolute normalizations de-
rived in this and previous studies of proton strip-
ping and neutron pickup reactions on 2®*Pb. To
facilitate comparison with our spectroscopic fac-
tors, the spectroscopic factors of the previous
studies have been renormalized. For the neutron
pickup analyses summarized in Table X the spec-
troscopic factors are normalized to SFf,/(2j +1)
=0.95 and the additional normalization factors giv-
en in the last row of the table. The procedure was
modified slightly in presenting the proton-stripping
results in Table VII. The 4,,, ground-state tran-
sition is relatively weak in all the reactions con-
sidered here, and a considerably smaller scatter in
relative spectroscopic factors results if we nor-
malize to S2},=0.74, the spectroscopic factor of
the much more strongly excited 2f,,, state.

As is clear from Tables VIII and X the relative
spectroscopic factors, including the ones derived
in the present study, are remarkably consistent.
They are also in good agreement with the calcu-
lated spectroscopic factors of Ring and Werner.**
The one notable exception is the anomalously low
value SE?,=0.34 found here for the (*°0,*’0) reac-
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tions. However, the strongest transition to the
1l3,,,, state is only a small part of group 4, and, as
was discussed in Sec. V, the spectroscopic factor
quoted for the 1i,,,, state is quite uncertain.

Single-proton stripping and single-neutron pick-
up reactions have been studied at the Oak Ridge
cyclotron laboratory.>!!'!? The more recent *C
study'! measured transfer cross sections at a bom-
barding energy of 97.9 MeV. Since the authors ex-
press reservations about the accuracy of the ab-
solute cross sections measured in the previous ex-
periments'® at 77.4 and 116.4 MeV, we conclude
that nothing significant can be said at present about
the energy dependence of the '*C-induced transfer
cross sections and concentrate on the 97.9-MeV
data. The value of E/E, for *C +%%®Pb at 97.9
MeV is 1.6, quite close to the value of 1.7 for our
138.5-MeV data. We therefore compare the 97.9-
MeV '2C data with the 138.5-MeV '°Q data. Sim-
ilarly, the laboratory energy of 72.2 MeV for the
"B_induced reactions® would correspond to a bom-
barding energy of 118 MeV for the '°O-induced
reactions. As can be seen in Tables VIII and X
the normalization factors required to bring the
DWBA calculations of Refs. 11 and 9 into agree-
ment with the data for reasonable spectroscopic
factors are quite close to unity. With the exception
of the (!B, !°Be) reaction these factors are within
20% of those found necessary in the present study
at the corresponding '°0O bombarding energies (ob-
tained by interpolation between the normalization
factors for 104, 138.5, and 216.6 MeV given in Ta-
bles VIII and X).

Low and Tamura'®'® have given a DWBA analysis
of our 104- and 138.5-MeV data on the reaction
208pp(1°0, °N)?°°Bi. They abtain angular distri-
butions and relative transition rates very similar
to those reported here. Low and Tamura, how-
ever, quote extracted spectroscopic factors for
2Bj around unity—implying a roughly correct
overall normalization, whereas our results, pre-
sented in Fig. 4, indicate DWBA cross sections
too small by a factor between 1.5 and 2. This dif-
ference in normalization is a result of three rel-
atively minor effects, all of which influence the
cross sections in the same direction. First, Low
and Tamura did nat include Coulomb and core-
Coulomb terms in the DWBA effective interaction.
The additional terms reduce cross sections by
about 25% for proton-transfer reactions. Second,
an optical potential was used which does not yield
the best fit to the elastic data. The potentials used
in this study again reduce cross sections by about
25%. Finally, Low and Tamura’s spectroscopic
factors are roughly 25% larger than those on which
our Fig. 4 is based. Use of our smaller spectro-
scopic factors (average S~ 0.7 instead of 0.9 to 1)
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reduces cross sections by.another 25%. The pro-
duct of these three 25% reduction factors accounts
for the difference in absolute normalization be-
tween Low and Tamura and the present study.

Inspection of Table IV of Low and Tamura®® with
the hindsight provided by the new higher energy
data reveals that the absolute spectroscopic factors
extracted from the 138.5-MeV data are system-
atically about 30% smaller than those obtained
from the 104-MeV data. This implies an energy
dependence in the ratio o{exp)/c(DWBA) somewhat
smaller than, but in the same direction as, that
obtained in Fig. 17. In view of the uncertainties
in the DWBA analyses, it would be impossible to
draw any convincing conclusions about the energy
dependence from the 104- and 138.5-MeV data
alone; the results of Low and Tamura, however,
are not inconsistent with our conclusions about the
energy dependence of DWBA.

VIII. CONCLUSIONS

Elastic scattering of 50 on ?®Pb and the single-
nucleon transfer reactions 2®°Pb(*%0, N)2°°Bi and
208ph(*60, 1"0)*°"Pb have been measured at bom-
barding energies of 104, 138.5, and 216.6 MeV.
These results have been used, together with data
from other measurements of elastic scattering at
various energies from 80 to 192 MeV and of the
(*%0,*°N) reaction at the subbarrier energy of 69.1
MeV, in a detailed optical-model-DWBA analysis.

Many features of the transfer cross sections are
well reproduced by the DWBA calculations. The
calculated shapes of the angular distributions are
generally in good agreement with experiment; how-
ever, small systematic differences are found be-
tween calculated and observed peak angles. These
angle shifts may be due to coupling to inelastic
channels but no definite conclusions can be drawn
until calculations are performed over a wide en-
ergy range.

The DWBA calculations reproduce the relative
intensities of transitions to the different single-
particle and single-hole states at each bombarding
energy. This is particularly impressive since the
relative intensities change rather dramatically
with bombarding energy from dominance by spin-
flip transitions near the Coulomb barrier to dom-

inance by no-spin-flip transitions at higher ener-
gies. The relative spectroscopic factors used are
in satisfactory accord with those obtained in pre-
vious studies with both light and heavy ions.

The measured energy dependence of the single-
nucleon transfer reactions is found to be much less
rapid than is predicted by DWBA. This discrep-
ancy is insensitive to variations in the form factor
(within the limits of the spherical single-particle
shell model) and to variations in the optical-model
parameters (within the limits of the conventional
local, L-independent Woods-Saxon form) provided

‘that a reasonable fit is maintained to the elastic

data at all energies. The rapid decrease of o(exp)/
o(DWBA) with increasing energy has been con-
firmed in recent measurements®® at 312.6 MeV.

It is clear that a conventional optical-model-DWBA
analysis of the single-nucleon transfer reactions
induced by '°0 on 2®Pb is in gross disagreement
with experiment; it amounts to factors from 4 to

8 between the Coulomb barrier and 312.6 MeV.

Three possible ways of accounting for this dis-
crepancy, polarization of the shell-model orbitals,
coupled- channel calculations (with a few active
channels), and the use of less-restricted forms of
optical-model potentials, are discussed in Sec. VL
The discrepancy is so large that it is difficult to
imagine any one of these approaches sufficing in
itself to remove the disagreement between theory
and experiment.

Our work points to the importance of detailed
measurements of elastic scattering, transfer, and
fusion cross sections in the region from 110 to 170
MeV. In particular it would be of interest to check
whether or not the total reaction cross section var-
ies smoothly with energy, whether the ratio o(exp)/
o(DWBA) heads steadily downhill from the Coulomb
barrier or whether there is a region of constancy
followed by a break, and finally whether this break
(if any) is correlated with the energy dependence
of the fusion cross section. We believe that the
discrepancy we have exhibited between the energy
dependences of experimental and DWBA transfer
cross sections is of great significance and that its
resolution should shed light on the dynamics of
heavy-ion interactions. ’
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