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The elastic scattering and single-nucleon stripping reactions induced by 312.6 MeV ' 0 on Pb are
investigated and compared with data at lower incident energies. Distorted-wave Born-approximation analyses
account rather well for the relative final-state yields at each energy, but fail to reproduce the absolute
energy dependence of the observed transfer cross sections.

NUCLEAR REACTIONS Pb( 0 0) Pb( 0, N) Pb( 0, 0), E~ ——312,6
MeV; measured 0 (0); optleal model and DWBA analyses; energy dependence of

DWBA.

I. INTRODUCTION

Studies of single-nucleon transfer reactions
induced by light and heavy ions have been ex-
tremely useful in examining single-particle as-
pects of nuclear levels. In most of these studies, .

a direct one-step transfer model is assumed, the
model predictions are calculated and, finally,
the resulting transition strengths are compared
with the experimental data. Although this pro-
cedure is often quite successful, a number of prob-
lems arise. The first difficulty concerns the
extent to which the one-step distorted-wave Born
approximation (DWBA) is a useful description of
the transfer process. A second problem arises
if the model calculations are very sensitive to
aspects of the internal structure of the nuclear
states (for example, the radial form of the single-
nucleon overlap functions), for which neither ex-
perimental information nor adequate theoretical
models are available. However, as is demon-
strated in the preceding' and present papers, when
the analyses are performed for a particular trans-
fer reaction over a wide range of incident energy,
rather than at a single isolated energy, the valid-
ity of the reaction model can be tested more
stringently since the calculated energy dependence
of the transfer cross sections is relatively in-
sensitive to uncertainties in the treatment of the
overlap functions.

In the present work, we have investigated the' 'Pb("0 '5N) 'Bi and "'Pb("0 "0)"'Pb reac-
tions at an incident energy of 312.6 MeV. In-
itial results of a DWBA analysis of the proton-
transfer data have been reported elsewhere. '
The projectile and target are closed-shell nuclei
for both neutron- and proton-transfer reactions,

and the low-lying levels in the residual nuclei
are known to have large single-particle or single-
hole components. As a result, a comparison of
DWBA predictions for transitions to these states
to data at 312.6 MeV and at lower incident en-
ergies"' ' (thereby spanning the region from below
the Coulomb barrier to more than 200 MeV above
the Coulomb barrier) provides a sensitive test of
the reaction model.

Further interest in these studies results from
our earlier measurements' ' of light- and heavy-
ion emission from the interaction of 315 MeV "0
with various heavy targets, including '"Pb. In that
work, it was shown that data obtained at an in-
cident energy of 315 MeV bear a remarkable re-
semblance, goth qualitatively and quantitatively, to
those measured in projectile fragmentation studies
at an incident energy of 33.6 GeV. The incident
energy of 20 MeV/A, close to the average Fermi
energy, was found to characterize a transition be-
tween low-energy quasielastic and high-energy
fragmentation processes. Experimental studies
of the energy dependence of simple processes, such
such as elastic scattering and single-nucleon
transfer, through this transition region, are im-
portant steps towards a unified treatment of lo@-
and high-energy phenomena.

II. EXPERIMENTAL METHODS

The '"Pb("0,"N)' 'Bi and '"Pb("0 "0)'"Pb
reactions, as well as the elastic scattering of "0
on "'Pb were studied at the Lawrence Berkeley
Laboratory 88-inch cyclotron using an incident
beam of 312.6 MeV "0"with an intensity on the
target of 10-100 nA. In the early stages of these
measurements, our main interest was in transfer
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processes populating the continuum. Consequently,
thick targets (1-3 mg/cm', evaporated, self-sup-
porting '"Pb) were employed and the observed en-
ergy resolution was insufficient to distinguish
transitions to the various low-Lying levels in '"Bi
and "Pb. Later experiments were performed
with a thinner target (84 p, g/cm '"Pb evaporated
onto a 15 p, g/cm' carbon backing), thereby per-
mitting significantly better energy resolution
(typically, 300 keV or &&/E 0.1-/0).

The reaction products were detected using a
quadrupole-sextupole-dipole (QSD) magnetic
spectrometer and focal plane detection system.
The focal plane detector used in the initial ex-
periments has been described earlier. '" In
the later experiments, the detector was modi-
fied"'" to permit the measurement of additional
horizontal and vertical position and dE/dx sig-
nals.

Differential cross sections were determined
using the measured target thickness and integrated
beam current. Dead time and target deterioration
effects were monitored throughout the experiment.
A small correction was applied to the absolute
cross section normalization in order to bring the
forward angle elastic scattering data into agree. -

ment with Rutherford scattering cross sections.
Corrections were also made to the elastic scat-
tering cross sections for the finite entrance
aperture of the spectrometer. These corrections
were significant (2—12 /0) only for the most for-
ward angle elastic scattering data (8, &15'),
and did not seriously affect (&2%) the backward
angle elastic scattering data (II, &15'). This
correction was not applied to the transfer data,
since the effect is estimated to be insignificant.
The absolute cross section normalization is esti-
mated to be accurate to +10%. Reaction products
from light target contaminants (in particular,
carbon and oxygen) were kinematically excluded
from the measurements reported here. Transfer
data obtained at angles forward of &y&b 8 w'ere not
sufficiently separated from reactions on target
contaminants, and were not included in the final
analyses.

(

III. DISCUSSION OF THE ENERGY SPECTRA

Energy spectra for the '"Pb("0,"N)"'Bi re-
action at four incident energies, each measured
near the angle of maximum transfer probability,
are displayed in Fig. 1. The.spectrum shown in
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FIG. 1. Energy spectra obtained fear the BPb(~ 0, ~ N) ~Bi reaction at incident energies of 104, 138.5, 216.6, and
312.6 MeV. Transitions to known proton single-particle states are labeled according to their shell-model orbitals.
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In these equations, 0,=Emu/5, R R, +R=„km is
the mass of the transferred nucleon or cluster of nu-
cleons, v = [2(Ee„—Eca)/pt'~ ~ is the relative velocity
inthe regionof transfer, R~ andR2are the radii
of the projectile and target nuclei, respectively,
and cr, and o, measure the widths of the b, k and
b J distributions and are of similar magnitude. ' '"

pa. rt (d) of the figure was obtained in the present
work; the data in parts (a)-(e) were measured in
earlier studies" of this reaction at lower bombar-
ding energies. Prominent in all these energy spec-
tra are transitions to well known single-particle
states in "'Bi, and these are labeled by their
shell -model orb itals.

As has been previously observed for the data in

parts (a)-(c) and for data measured for similar
transfer reactions (see, for example, Ref. 13),
the spectra exhibit a characteristic dependence on
the single-particle angular momentum j. At low

bombarding energies, spin-flip transitions are
enhanced, i.e. , a proton removed from a j = l -2
=—j& orbital, as in "O, is preferentially trans-
ferred to a j= l + 2

=—j& orbital in the residual
nucleus. Examples of this phenomenon are the
intense yields to the f»» rather than f,&~, and

p3/ 2 y
rather than p, &» leve ls. A q ualitative in-

terpretation of this observation was presented in
Ref. 13. At an incident energy of 312.6 MeV,
however, a complete reversal of the j dependence
is observed, and non-spin-flip transitions pre-
dominate; i.e. , j& rather than j& states in the
residual nucleus are preferentially populated.

This reversal of the j dependence is accurately
reproduced by DWBA calculations, as will be
demonstrated in Sec. V. Further insight into the
source of this phenomenon can be obtained by
considering a semiclassical model. of the transfer
process. ' " In this formulation, the transfer
probability for the direct transfer of a nucleon
(or cluster of nucleons) from an initial state spec-
ified by orbital and magnetic quantum numbers
(l„X,) to a final state specified by (l „X,) is given
by

P(X„X,) kk- [I', k (w!2, 0)Y, k (v/2, 0)]

(Bkk ' fkk)'x exp

where

For a large transfer probability, 6k=0 and
2 I = 0, corresponding to the conservation of lin-
ear and angular momenta of the transferred par-
ticle.

As an example, we consider the '"Pb("0, "N)-
' 'Bi reaction populating the 2f, &, and 2f, &, levels
in ' 'Bi at 0.90 and 2.84 MeV, respectively, since
suitable experimental data are available for this
particular spin-orbit pair over the entire range
of incident energies discussed here. For these
reactions, the values of l, /R, and l,/R, a.re similar
in magnitude and the value of Q.« is negative for
both reactions. For low incident energies, the
transfer velocity is much smaller than the orbital
velocities, and the second and third terms of Eq.
(2) must nearly cancel in order that &k=0. This
requirement also results from Eq. (3), since
at low velocities the magnitude of the negative

Q,« term is sufficiently large that X, =-l, and

A, =+ l, result in the minimum value of ~AL ~.

The manifestation of this condition (under the
assumption that the spin orientation of the trans-
ferred nucleon does not change) corresponds to
the j dependence observed at low bombarding
energies, i.e. , spin-flip transitions are en-
hanced. At very high bombarding energies, p

becomes much larger than the orbital velocities.
Inspection of Eq. (2) then indicates that X, =+ I,
and &,=+ l 2 are required in order to minimize the
magnitude of hk. Similar conclusions also result
from Eq. (3), in which the Q„, term is now neglig-
ible and the remaining negative k, term is suf-
ficiently small that, in order for b,I = 0, X, and
X, must be of the same sign. These conditions
result in a prediction that non-spin-flip transitions
are preferred, as in the case at 312.6 MeV. At
intermediate energies, a simple inspection of Eqs.
(2) and (3) is not sufficient to determine the model
predictions, and detailed calculations of Eq. (1),
considering all possible magnetic substates and
including the angular momentum coupling terms,
are necessary for a prediction of the relative
strengths of j& and j& states. Such calculations
show that this semiclassica1. model predicts a too
rapid evolution from spin-flip to non-spin-flip
'dominance.

Energy spectra for the '"Pb("0,"0)"'Pb re-
action at 139 and 312.6 MeV, each measured near
the angle of maximum transfer probability, are
shown in Fig. 2. The lower-energy data were ob-
tained in earlier studies' of this reaction. As in
the proton-transfer spectra, several known single-
particle states in the residual nucleus are pre-
ferentially populated. Also evident in the 312.6
MeV spectrum is a candidate for a j»&, fragment
state, which was observed at the same excitation
energy but only weakly populated, at lower in-
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FIG. 2. Energy spectra obtained for the eeepb{ eG, teG}-
~O~Pb reaction at incident energies of 139 and 312.6
MeV. Transitions to known neutron single-particle
states are labeled according to their shell-model orbit-
als.

cident energies. ' In the neutron-transfer spectra,
the observed j dependence is somewhat different
from that seen in the proton-transfer case.
Transitions to j& rather than j& states are strongly
enhanced at 139 MeV and this preference is still
apparent, although much weaker, at 312.6 MeV, in
contrast to the observation of a reversal of the

j dependence for the proton-transfer reaction.
Application of the semiclassical model to the

neutron-transfer reaction indeed indicates that' the
incident energy at which reversal of the j depen-
dence is predicted is significantly higher than was
predicted for the proton-transfer reaction. This
result follows from inspection of Eq. (4), since
the value of Q,« is 12 MeV more negative for
neutron transfer than for proton transfer. As a
result, the Q,« term is very large at low and
intermediate bombarding energies and the largest
transition amplitude occurs for &, =+ l, and X,
= —l,. The 4k term must be considered for cal-
culations at energies above 150 MeV, and at suf-
ficiently high incident energies, where the Q~,
term is negligible, the considerations applied to

i20—

80—

40 —~

0 .J
0 40 80 i20 160 200 240 280 320 360 400

Channel

PIG. 3. Energy spectra measured at 14.4' far the
( 60, 5N) reaction induced by 312.6 MeV ~ 0 on targets
of Pb and Au.

the proton-transfer reaction may again be used.
Thus a reversal of the j dependence would be
indicated. However, as in the proton-transfer
analysis, the predicted energy at which the re-
versal occurs is smaller than indicated by the
data.

An additional feature in the proton- and neutron-
transfer data which appears to have a strong de-
pendence on incident energy is the yield to a broad
structure centered at about 8 MeV in excitation.
At the lowest energies [Figs. 1(a), 1(b), and 2(a)],
this structure is barely visible and, as the incident
energy is increased, its strength increases rela-
tive to that of transitions to the known single-
pa, rticle states. The fa,ct that this peak appears to
be consta, nt in excitation energy over a wide range
of bombarding energy indicates that it is not the
result of kinematic factors favoring the population
of different final states with an optimum Q value,
but rather reflects an increasing cross section for
a definite excitation energy region.

,Thi.s broad structure in the '"Pb and '"Bi spec-
tra is again shown in Figs. 3 and 4, in which a
larger portion of the excitation energy range
is displayed for data obtained with thick targets
(1-3 mg/cm'). The peak near 8 MeV in excitation
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FIG. 4. Energy spectra measured at 14.4' for the
(~50, ~50) reaction induced by 312.6 MeV ~60 on targets
of 208pb and i97Au

is observed to be superimposed on a smooth back-
ground. Also shown in the figures are energy spec-
tra for the ("0,"N) and ("0,"0) reactions on
'"Au, and the relatively intense excitation of sev-
eral wide structures is apparent.

One possible source of these broad structures is
single-nucleon transfer from one of the more
deeply bound orbitals in "0 (most probably the

P,&, orbital) which would leave "N or "0 in an
excited state (6.32 or 6.18 MeV, respectively).
The subsequent in-flight Z-ray decay of the reac-
tion product would then give rise to a Doppler-
broadened peak in the spectrum. In order to
investigate this possiblity, both proton- and neu-
tron-transfer reactions were performed on ' 'Pb
and '"Au targets using a 250 MeV incident ' N
beam (17.9 MeV/A incident energy as compared
to 19.5 MeV/A for the "0beam). Since "N has
no particle-stable excited states, significant dif-
ferences between the ("0,"0) and ("N, "N) spec-'
tra could indicate that the "0-induced transfer
data contain peaks originating from the excitation
of "N and "0, together with the excitation of the

I I I I I
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FIG. 5. Energy spectra measured at 14.4' for the
( N, C) reaction induced by 250 MeV N on targets of

Pb and 9~Au.

heavier residual nuclei.
Energy spectra for the "N-induced proton- and

neutron-transfer data are shown in Figs. 5 and 6.
Similarities between the ' 0- and N-induced
neutron-transfer spectra displayed in Figs. 4 and
6 are evident. In particular, the intense popula-
tion of several single-particle states in '"Pb, in-
cluding the suspected j»&, fragment, is visible in
these spectra, and two broad structures, centered
near 0 and 4 MeV in excitation, are observed in

spectra for both the ("0,"0) and ("N, "N) reac-
tions on '"Au. In fact, the only significant dif-
ference between these data is that the peaks tha. t
appear near 7.5 MeV in excitation in the
"'Pb("0,"0)'"Pb spectrum and near 10 MeV in
the '"Au("0, "0)'"Au spectrum are absent in
the corresponding ("N, "N) spectra. This ob-
servation is consistent with the identification of
the broad peaks in the ("0,"0) spectra as the
population of the excited state of "0 (6.18 MeV)
and one or more states in the heavy residual nu-
cleus (approximately 1 and 4 MeV for the '"Pb
and '"Au spectra, respectively). It will be
demonstrated in Sec. V that a DNBA analysis
confirms this identification.

A comparison of the "0and "N-induced proton-
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transfer spectra shown in Figs. 3 and 5 also in-
dicates the plausibility of this mechanism. The
intense structure located near 8 (12) MeV in
excitation for the ("0,'"N) reaction on '"Pb ('"Au)
is not apparent in the corresponding (~4N, 'sC) spec-
tra, , whereas other features in the spectra are
similar. For example, the reversal of the low-
energy j dependence, as exemplified by the stronger
population at higher energy of the f,&, rather than

f, &, state in '"Bi, is observed for both the
("0,"N) and ("N, "C) reactions on '"Pb.

The origin of the remaining structures in Figs.
3—6 is not well understood. The observed ener-
gies of many of these broad peaks correspond
closely to known giant-resonance states seen,
for example, in inelastic electron, .proton, 'He
and & particle scattering. "" Recent '"Au(p, p')
'"Au studies" indicate a resonance near 4 MeV
in excitation [full width at half maximum (FWHM)- 2 MeV] and a wider resonance near 12 MeV in
excitation (FWHM-4 MeV), in addition to the usual
ground-state transition. These centroid-energies

(and, to a, degree, the corresponding widths) are
in remarkable correspondence with the structures
appearing in the '"Au("N, "N)'"Au spectrum shown
in Fig. 6. The excitation of giant-resonance states
in the inelastic scattering. of heavy ions by mas-
sive targets has notbeen extensively studied; how-

ever, recent experiments" have observed such
processes in the inelastic scattering of 139 MeV
"0 ions by '"Au. (In Ref. 20, the energy spectrum
between 5 and 20 MeV in excitation was displayed.
Two peaks, located near 6 and 12 MeV, are
visible and the former, quite intense structure
is probably the result of projectile excitation. ) Un-
fortunately, the "0 and ' N inelastic scattering en-
ergy spectra obtained in the present work are not
sufficient for a convincing identification of the
structures observed in the transfer data as tran-
sitions to giant-resonance states.

Detailed inelastic scattering measurements are
necessary since alternative explanations of the
structures seen in the transfer spectra are con-
ceivable: (i) The peak located near 4 MeV in
excitation in the neutron-transf e r spectra on '"Au
may reflect unresolved transitions to many dis-
crete low-lying levels in '"Au; (ii) since several
wide peaks appear in the spectrum rather than a
single structure, it is conceivable that states in
two major shells, both below and above the Z= 82,
%=126 closure, are being populated. Indeed, the
energy gap between the closed-shell and high-
spin states involving excitations into the higher
shell is 4-5 MeV, and is in general agreement
with the energy spacing between the peaks near
0 and 4 MeV in the '"Au spectrum: (iii) the wide
structure located at high excitation in all the spec-
tra under consideration could result from the
initial excitation of the projectile (for example,
in the Coulomb field of the target) and its sub-
sequent decay by proton or neutron emission.
Thus, for example, the threshold for the neutron-
fragmentation channel in the '"Au("N, "N) "Au
reaction would occur at 6.5 MeV in excitation and
indeed, this energy seems to characterize the
onset of the large continuum peak. Earlier
studies" of the interaction of 315 MeV "0with
'"Pb indicated that the position of the continuum
peak in the energy spectra for elements from
lithium to nitrogen generally could be reproduced
with a simple fragmentation model.

IV. ELASTIC SCATTERING AND OPTICAL MODEL
ANALYSES

The "0+ '"Pb elastic scattering angular dis-
tribution measured at an incident energy of 312.6
MeV is displayed" in Fig. 7. Several optica, l-
model descriptions of these data have been in-
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vestigated using the program PTOLEMy. " The re
suiting fits to the elastic scattering data will be
discussed in this section; a discussion of the
DWBA transfer calculations using these potentials
will be presented in Sec. V.

Several sets of energy-dependent and energy-
independent Woods-Saxon optical potentials which

fit the elastic scattering data between 104 and

216.6 MeV have been derived. ' The optical po-
tential Q was obtained' from an 11-parameter
global fit to the low-energy data (E„b ~ 216.6 MeV),
allowing quadratic energy dependence in the geo-
metrical parameters (a„,a, , r„,r, ), energy in-
dependence in the well depths (V„,V, ), and

equal real and imaginary radii. The resulting
parameters were first extrapolated to 312.6 MeV

and were then used as initial values in a least-
squares fit to the elastic scattering data at 312.6
MeV, producing a final X' per point of 0.8 obtained
for 6/o error bars. The optical potential I3, on

the other hand, was obtained' by individual three-
parameter fits to the low-energy data at each

energy, requiring that the real and imaginary
diffusivities are equal, and leaving V„and V,.

fixed at 50 MeV. The corresponding parameters
for the potentialI3 at 312.6 MeV were derived in

a simila, r manner by a three-parameter (x„,r;, a„
=a,. ) fit to these data, and a final )P per point of
0.06 was obtained. Finally, the optical potential
C was obtained' from a four-parameter, energy-
-independent fit to the elastic scattering data be-

Il, ),= —[1+csc(2 &,),)j,
where k= (2mE)'~~/h is the entrance channel wave

number and q = Z,Z, e'v rn /h v'2E is the Sommerfeld

parameter. An alternative strong absorption rad-
ius can be defined from the grazing angular mo-
mentum l, &„ for which the optical-potential trans-
mission coefficient T, equals 2, the distance of
closest approach in the corresponding Rutherford

trajectory is

+1)
1/2 g

+ +
n

2 (6)

As is discussed in Ref. 25, these two radii are
approximatelyequal in the sharp cutoff limit.

The two strong absorption radii are listed in

Table II and displayed in Fig. 8 for the present
elastic scattering data and for data"""" at in-

cident energies between 80 and 216.6 MeV. Optical
potentialI3 was used for calculations of l, &,. The

indicated error bars were calculated assuminf
uncertainties of +0.5 and +0.2' in the values of

l ~)2. and eggg.
It has recently been noted"'" that for the system

"0+"'Pb at intermediate incident energies (less
than 216.6 MeV), the value of R,«remains nearly

tween 104 and 216.6 MeV, requiring that V„=100
MeV and V,. = 20 MeV, and allowing the geometrical
parameters (x„,r, , a„,a,. ) to vary. The resulting
optical-model parameters account reasonably well

for the elastic scattering data at 312.6 MeV but,
as discussed in Ref. 1, this (or any other) energy-
independent potential does not fit the lower energy

data as well as do the energy-dependent potentials

and, indeed, certain gross discrepancies are found

(for example, a complete failure to fit the elastic
scattering angular distribution at 216.6 MeV). The

parameters for optical potentials Q, I3, and C

at 312.6 MeV are presented in Table I and the fits
to the 312.6 MeV elastic scattering data are dis-
played in Fig. 7.

A conventional definition'4 of the strong absorp-
tion radius is the distance of closest approach for
a Rutherford trajectory with scattering angle 6),&4,

the center-of-mass angle at which the experi-
mental elastic scattering cross section equals &

of the Rutherford value. This strong absorption
radius R, &4 is then given by

Potential
V„

{Mev)

TABLE I. Optical-potential parameters.

V;
{MeV)

a; .c
(fm)

51.09
50.00

100.00

51.46
50.00
20.00

1.114 1.114
1.181 1.145
1.090 1.273

0.7964
0.6820
0.7770

0.7410
0.6820
0.5970

1.300
1.300
1.300
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TABLE II. Interaction radii for 60+ Pb elastic scattering.

@lab

(Me V)

80.0 ~

83.0
88.0
90 0
94.0 '
96 0

102.0
104 Oc

129.5
138.5
192.0 '
216 6
312.6

V„=V;
(MeV)

50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0

(fm)

1.394
1.406
1.384
1.335
1.295
1.326
1.244
1.317
1.231
1.221
1.215
1.133
1.181

(fm)

1.364
1.351
1.300
1.308
1.283
1.292
1.217
1.293
1.217
1.194
1.198
1.135
1.145

a =a.r
(fm)

0.261
0.243
0.278
0.383
0.460
0.406
0.559
0.419
0.621
0.612
0.625
0.736
0.682

0 i(4
(deg)

139.0
114.3
107.2
96.2
91.7
81.6
78.1
52.9
48.7
31.2
27.5
17.9

11.0
21.7
30.6
34.1
40.0
42.0
48.0
50.9
73.1
76.8

105.8
115.0

- 146.7

R (g4
(fm)

'12.67
12.66
12.6 7
12.68
12.68
12.62
12.65
12.75
12.58
12.50
12.23
12.09

R()2
(fm)

12.91
12.95
12.86
12.87
12.88
12.82
12.72
12.79
12.81
12.55
12.46
12.29
12.00

'Data. from Ref. 26.
Data from Ref. 27.

Data from Ref. 1.
Data from Ref. 28.

constant as a function of energy, whereas R,&,
appears to decrease slowly as the bombarding en-
ergy is increased. With the addition of these new,
higher-energy data, it now appears that both radii
show a systematic decrease for increasing incident
energy, although the magnitude of this effect is
rather small. This observation of a decreasing
interaction radius is in agreement with the
commonly held notion that as the kinetic energy

of the incident particle is increased, the effective
interaction region can correspond to smaller radii,
and thus, one can sample the field more deeply
inside the target nucleus. Additional experimental
studies at still higher incident energies and for
other nuclear systems (e.g. , the "0+"Si system,
for which a similarly small effect has been ob-
served") are clearly necessary for a further in-
vestigation and verification of the observed en-
ergy dependence of the strong interaction radius.

l2 9 — I l60 ~ 208pb
V. SINGLE-NUCLEON TRANSFER ANGULAR

DISTRIBUTIONS AND DWBA ANALYSES

A. DWBA calculations

l2.8—

l2.7—
—I.50

12.6—

v- I2.5E

I2.4—

l2.3—

l2.2—

12.I—
R = r (16~ + 208~)

—1.45

I2.0— I/2

I

loo
I1.9 I I I

200 300 .

Eiob (MeV)

FIG. 8. The strong absorption radii R&y & and&&y &
(de-

termined with optical potential I3) as a function of inci-
dent energy.

Angular distributions for the '"Pb("0,"N)"'Bi
and ' Pb("0, "0)'"Pb reactions at 312.6 MeV
were extracted from the data. ' For transitions
which were incompletely resolved I such as the f,&,
+P, &, + p, &2 triplet and f,&2+i »&2 doublet observed
in the "'Pb("0,"N)'"Bi spectra. ], yields to the
individual states were obtained using a peak-fitting
procedure. Yields for the "N* and "0*transitions
were obtained using linear background subtrac-
tion techniques; no background was apparent for
transitions to the low-lying states in '"Bi and
'"Pb. As at the other incident energies above the
Coulomb barrier, structureless bell-shaped angu-
lar distributions are observed and, in the present
work, are peaked at an angle of 13.5' (c.m. ).
Finite-range DWBA calculations for each of these
transitions at all measured energies were made
with the program PTOLEMY." The effective tran-
sition operator included both Coulomb and cor.e-
Coulomb corrections, "which resulted in calcula-
tions using post and prior forms of the interaction
agreeing with 3/p.

The optical-potential parameters which were
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FIG. S. Angular distributions of the o8Pb (1 0, 5N)-
209Bi reaction at 312.6 MeV. The solid lines represent
DWBA calculations using optical-model potential Q and
experimental spectroscopic factors. The short dashed
lines indicate the DWBA predictions when the DWBA
ground-state angular distribution is normalized to the
experimental result; better agreement with the data is
obtained when the predictions are shifted by 1', as indi-
cated by the long dashed lines.

used in the DWBA calculations are pr esented in
Table I and mere discussed in Sec. IV. Since
detailed "N+'"Bi elastic scattering data over a
wide range of incident energies are not available
(and the short lifetime of "0prohibits its use as
a proj ec tile), identical optical-potential param-
eters were used in both the entrance and exit
channels. The calculations of Ref. 32 indicate
that for the '"Pb("C,"C)'"Pb and "'Pb("C "B)-
'"Bi reactions, DWBA calculations employing
optical-model potentials separately determined for
both entrance and exit channels were not signi-
ficantly different from those using the entrance
channel optical-model pa:rameters in both chan-
nels.

The bound-state wave functions of the transferred

I=

0.5-
I=:05:

— ZB
0.2— — 02-

2f
= O, l=
:0.05=

—
0,02-

001
I i l I I

20 25
'

0 5 10 15 20 25

e, m (deg)

FIG. 10. Angular distributions of the 8Pb( 0, 5N)-
9Bi reaction at 312.6 MeV. The solid lines represent

DWBA calculations using optical-model potential I3 and
experimental spectroscopic factors. The dashed lines
indicate the DWBA predictions when the DWBA ground-
state angular distribution is normalized to the experi-
mental result.

O, l =

0,05-

0,02-
I I

0 5 10 15

proton and neutron were described by Woods-Saxon
potentials, including a spin-orbit interaction. The
mell depths were adjusted to reproduce the experi-
mental separation energies. The parameters used
in the DWBA calculations are listed in Table III
and have been used in earlier studies" "of hehvy-
ion induced single-nucleon transfer reactions on' 'Pb. A detailed justification of these param-
eters is given in the previous paper. ' As was
discussed there, the absolute magnitude of the
calculated DWBA cross sections is rather sen-
sitive to the choice of bound-state parameters.
For example, using the Pb+p bound-state
potential for the ' 'Pb+n system increases the
calculated '"Pb("0, '0)' 'Pb cross sections at
312.6 MeV by a factor of 1.49, but has a similar
effect at 139 MeV (the factor is 1.58). As a result,
the relative energy dependence of the predicted
transfer cross sections will be less sensitive to
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TABLE IH. Bound-state vrave function parameters.

ar &So SO +C
System

2osPb+p
2o8Pb+n
15N +p
"O +n

(fm) (fm) (Me V) (fm) (fm) (fm)

1.28 0.76 6 1.09 0.06 1.30
1.25 0.63 7 1.10 0.50'

1.20 0.6 5 7 1.20 0.6 5 1.20
1.20 0.6 5 7 1.20 0.6 5

8 Pb( 0 N) Bi reaction '

DWBA calculations for the "'Pb("0,"N)'"Bi
reaction at 312.6 MeV are indicated by the solid

bound-state parameters.
The spectroscopic factors for "N and "0were

both assumed to have the full closed-shell value
of S= 2 for the 1p, /, ground state and S= 4 for
the excited 1p,&, hole state at 6.32 and 6.18 MeV,
respectively. The spectroscopic factors for '"Bi
and '"Pb given in the last columns of Tables IV
and V were taken from vibration-particle coupling
calculations"'" which predict strengths roughly
consistent with those inferred from earlier studies
of light- and heavy-ion induced single-nucleon
transfer reactions on '"Pb (see, for example,
Refs. 1, 32, 33, 37, and 38). Tables IV and V
also list relative spectroscopic factors extracted
from the present data using various optical po-
tentials; the absolute ground-state spectroscopic
factors are taken from the model calculations
of Ref. 35, the light-ion spectroscopic factor S,
is chosen in the manner described above, and the
absolute normalization N is determined from the
equation

linea in Fig. 9 and were obtained using optical po-
tential Q and the experimentally determined rela-
tive spectroscopic factors listed in Table IV. The
short dashed lines indicate the resulting pre-
dictions when the calculated ground-state angular
distribution is arbitrarily normalized to the ex-
perimental angular distribution, yielding a value
of the normalization coefficient N= 0.348 [see Eg.
('7)]. As may be seen, the DWBA generally pre-
dicts the shape and position of the angular distri-
butions correctly although, as indicated by the
long dashed lines, a somewhat better fit to the data
can be obtained by a 1 shift of the DWBA calcu-
lations toward smaller scattering angles. It will
be demonstrated later that this discrepancy de-
pends on the optical potential used in the calcula-
tions.

The generally good agreement of the experimental
relative spectroscopic factors with the theoretical
values as well as with those measured in earlier
studies of single-nucleon transfer reactions on
'"Pb indicates that the DWBA accounts reasonably
well for the relative intensities of the various transi-
tions and, therefore, for the observed reversal
of the j dependence discussed in Sec. III. In
addition, DWBA calculations have been performed
for the broad structure located at 8 MeV in ex-
citation, assuming this structure to result from
the simultaneous excitation of the 1P,/, hole
state in "N (E,„=6.32 MeV, S =4) and the six
low-lying levels in ' 'Bi. Using the experimental
spectroscopic factors listed in Table IV, and the
same normalization factor (N= 0.348) that was used
for transitions involving the ground state of "N,
predictions are obtained that agree quite well with
the experimental angular distribution (see Fig. 9).
This agreement provides further evidence for the
validity of our identifi;cation of this structure as
due to transfers populating the p, /, hole state of "N.

TABLE IV. Spectroscopic factors for the Pb{ ~O, ~ N) ~Bi reaction.

State

1k g/2

2f, /
143/2
2f5
3p 3/2

+1/2

@ex

(Me V)

0.00
0.90
1.6 1
2.84
3.12
3.64

Fit Q
g e

0.95
0.81
0.73
O.72'
o.74'
0.66

Fit I3s'
0.95
0.82
0.68
o.64'
o.74'
0.50

(iep i5N) a

g e

0.95
0.74
0.61
0.61
0.55
0.52

(i2C 11B) b

S

0.84
0.81
0.75
0.54
0.69

(3He, d)
S

1.17
0.78
0.56
0.88
0.67
0.45

Theory
S

0.95
0.85
0.70
0.66
0;74
0.54

From Ref. l.
From Ref. 32, E;„,= 97.9 MeV.

'From Ref. 37.
dFrom Ref. 35.

Normalized to the theoretical ground-state spectroscopic factor.
Spectroscopic factor for the 2f 5/2 level has been adjusted for a small contribution from

the unresolved 3P3/2 level ( = 0.74 assumed).
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TABLE V. Spectroscopic factors for the Pb(~ 0, 0) Pb reaction.

State
+ex

(Mev~

E;„,= 312.6 MeV
Fit Q Fit I3
gd gd

139 MeV
Fit Q Fit I3
gd gd

(d,p)"
S

Theory "
S

S/2
1~ ii/2
1~ t5/2

g/2

4s1/2
r/2

3/2
1j ~5/2

(1j ~5/d

0.00
0,78
1.424
1.565
2.03
2.49
2.54
3.05
3.7'

0.89
0.88
O.88 '
O.91'

~ ~ ~

1 39h
o.9o"
p 07h
0;26

0.89
0.89
0.84
0.91

~ ~ ~

1.37 h

0 90"
0 p7h
0.26

0.89
0.83
0.75'
O.91'
9.79 g

1.70 '

O. 9O'
0.07
0.25

0.89
0.81
O. 72 '
o.91'
6.78 I
1.81'
O. 9O '

0.07
0.22

0.92
1.14
0.77
0.89
0.85
0.95
0.99

0.89
0.96
0.65
0.91
0.94
0.84
0.90
O.26'

Data from Ref. 5 and reanalyzed in the present work.
"From Ref. 38 for an incident energy of 20 MeV.
'From Ref. 35.
Normalized to the theoretical ground-state spectroscopic factor.
Spectroscopic factor for the 1j &5/21evel has been adjusted for a small contribution from

the unresolved 3d5/2 level (s = 0.91 assumed ).
From Ref. 36.

gApproximate spectroscopic factor (upper limit) since the experimental yields are small
and the fits to the data are poor.

"Spectroscopic factor for the +7/2 level has been adjusted for smaller contributions from
the unresolved 3d3/2 and 1j &5/2 levels (8 =0.90 and 8 = 0.07 assumed).

'Spectroscopic factor for the 2gv/2 level has been adjusted for a small contribution from
the unresolved 3d3/2 level (~ = 0.90 assumed).

'Approximate excitation energy. This group could contain transitions to several neigh-
boring states.

/

The most striking feature shown in Fig. 9 is
the failure of the DWBA to predict accurately the
absolute magnitude of the transfer cross sec-
tions. Although the model properly accounts for
the observed relative yields, the DWBA calcula-
tions overestimate the magnitude of the cross
sections at 312.6 MeV by almost a factor of 3
(1jN=2.88). This effect is also apparent in Fig.
10 where the DWBA angular distributions cal-
culated with optical potential I3 and the corres-
ponding experimental spectroscopic factors (see
Table 1V) are indicated by the solid lines; the
DWBA angular distributions resulting from a
normalization of the theoretical and experimental
ground-state angular distributions are indicated
by the dashed lines. Again, the DWBA overesti-
mates the magnitude of the databy more than a fac-
tor of 2 (1/N= 2.13). Similar results are also ob-
tained when the energy-independent optical po-
tential C is employed in the DWBA calculations.
The shapes of the angular distributions as well
as the relative intensities of the various transitions
agree reasonably well with the experimental ob-
servations. However, the magnitude of the pre- '

dictions is too large relative to the data by 50%
(1/N = 1.54).

That the DWBA calculations at 312.6 MeV predict
cross sections significantly different from those

observed experimentally is also true at other in-
cident energies. The ground-state angular dis-
tributions measured at four incident energies are
shown in Fig. 11 (the lower-energy data are from
Ref. 1). The solid lines indicate the DWBA cal-

/ //
I I ~/ I I I I I I

I// I I I I I I I// 1 I I I & ~ I I I t

I =

I

,2-
l

,05:
l

b I

,02 — E inc = i

Oi
BI2 6 MeV l38,5 MeV ~ i l04 MeV

I

,005—

,002—
I I I I,/ I I I I I I I// I I I I I I I // I I I I I I I I I I

0 IO 20 IO 20 50 50 40 50 50 60 70 80 90

8, (deg)

FIG. 11.Angular distributions of the Oapb( 0, ~N)-
9Bi reaction populating &e ground-stage of 2 SBi at four

incident energies. The solid lines represent DNBA cal-
culations using optical-model potential Q and theoretical
spectroscopic factors; the dashed lines are the D%BA
calculations arbitrarily shifted in magnitude and in angle
in order to obtain a best fit to the data.



C. OL M ER et ul.

culations using the optical potential Q with quad-
ratic energy dependence; the dashed lines are
drawn to guide the eye. As may be seen, the
DWBA predictions reproduce the general shapes
of the angular distributions but fail to account for
the absolute magnitude of the transfer cross sec-
tions as well as the position of the maximum of the
angular distributions. At high incident energies,
the DWBA predictions overestimate the cross sec-
tions, whereas at low incident energies, the pre-
dictions significantly underestimate the cross
sections.

A more comprehensive comparison of the DWBA
results to the data is made in Fig. 12. Here, the
energy dependence of the angle-integrated cross
sections for each observed transition is shown in
the upper part of the figure. The data are indica-
ted by the solid black dots and the corresponding
DWBA calculations, using optical potential Q 2.nd
the theoretical spectroscopic factors (see Table
IV) are indicated by the dotted lines„The 69.1
MeV sub-Coulomb transfer data of Ref. 3 and
DWBA calculations of Ref. 1 are included in the
figure although certain weak transitions were not
observed in that work.

At low incident energies, the DWBA reproduces
the energy dependence of the angle-integrated
transfer cross sections reasonably well, although
the actual magnitudes of the cross sections for all.
t.ans itions. ar e underestimated. At energies
above approximately 140 MeV, however, the
energy dependence of the experimental cross sec-
tions diverges from the DWBA predictions.
Whereas the experimental cross sections gener-
ally decrease fairly rapidly with incident energy,
the predicted cross sections either remain con-
stant in magnitude or increase as the incident ener-
gy is increased, resulting in an overestimate of
the transfer cross sections at sufficiently high
incident energies. These observations are more
apparent at the bottom of the'figure, where the
ratios of the DWBA to experimental cross sec-
tions for all observed transitions are shown.

From incident energies below the barrier up
to 140 MeV, the ratios of the experimental to
theoretical cross sections for the various transi-
tions are almost constant. Above 140 MeV, the
ratios increase continuously, indicating that the
failure of the DWBA persists up to the highest
energy of 312.6 MeV, and is most severe between
140 and 312.6 MeV. The extent to which these
conclusions depend upon the particular optical
model used in the calculations was investigated by
comparing the above results with those of optical
potential IS (individual fits at each energy) and
with C (energy independent). In Figs. 1S(a) and
1S(b) are displayed the experimental and theo-
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FIG. 12. Experimental and DWBA angle-integrated
cross sections for the Pb( 0, 5N)2o Bi reaction as a
function of incident energy using optical-model potential
Q and theoretical spectroscopic factors. The ratios of
DWBA to experimental cross sections for all measured
transitions are shown at the bottom of figure.

retical angle-integrated cross sections, as well
as the resulting ratios of experimental and theo-
retical cross sections, using these optical po-
tentials and the theoretical spectroscopic factors
(see Table IV). By comparing these with Fig. 12,
it is evident that the DWBA predictions of the en-
ergy variation depend to some extent on the opti-
cal potentials. However the general trend of
constant or increasing theoretical cross sections,
compared to decreasing experimental cross sec-
tions, persists for all optical potentials at en-
ergies above 140 MeV.
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DWBA calculations using optical m.odel potential I3 and
experimental spectroscopic factors. The dashed lines
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ground-state angular distribution is normalized to the
experimental result.
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that a significant fraction of the 1j»&, single-,
particle strength is fragmented and located be-
tween 3 and 4 MeV in excitation.

As was found for the proton-transfer reaction,
the DWBA predictions for the neutron-transfer
cross sections at 312.6 MeV significantly exceed
the experimental values. This effect does not
depend on the particular optical potential used in
the calculations, as may be observed by comparing
Figs. 14 and 15, in which the DWBA calculations
performed using optical potentials Q and I3 re-
spectively are shown; the corresponding experi-
mental spectroscopic factors are listed in Table.V.

The '"Pb("0,"0)'"Pb reaction has not been
studied as extensively as the '"Pb("0,"N)'"Bi
reaction, and data are available at only one other
incident energy. ' In order to compare these data
in a consistent manner, the data at 139 MeV' have
been reanalyzed following the methods discussed
in Sec. VA and using the "0+'"Pb optical po-
tentials employed in the proton-transfer analyses.
The resulting angular distributions are dis-
played in Figs. 16 and 17 for optical potentials Q
and I3, respectively, and using the experimental
spectroscopic factors given in Table V. These

FIG. 16. Angular distributions of the 0 Pb( 60, 0)-
09Pb reaction at 139 MeV. The solid lines represent

DWBA calculations using optical-model potential Q.
The dashed lines indicate the DNA predictions when
the theoretical ground-state angular distribution is
normalized to the experimental result.

spectroscopic factors are generally in good agree-
ment with those obtained in Ref. 5. Here, how-
ever, somewhat different shapes of the angular
distributions are calculated and the angular shift
of the calculations relative to the data which was
observed in Ref. 5 does not appear for a number
of the states- in the present calculations. An
additional difference between the DWBA calcula-
tions presented here and in Ref. 5 is the quite
different shape of the angular distribution calcula-
ted for the 4sy/2 transition. The secondary max-
imum in the angular distribution located at 3'7'

is an order of magnitude smaller in the present
calculations than in Ref. 5. This difference re-
flects the special convergence problems en-
countered in calculations of the poorly matched
4s, &, transition. The 1-2 /p accuracy achieved for
the 4s, &, calculations shown in Figs. 16 and 17 re-
quires a very large number of integration points—
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FIG. 18. Experimental and DWBA angle-integrated
cross sections for the ' pb(~60, ~O) ~pb reaction as a
function of incident energy using opticaj. -model potentials
Q (part a) and I3 (part b) and theoretical spectroscopic
factors. The ratios of DWBA to experimental cross
sections for all measured transitions are shown at the
bottom of the figure.

FIG. 17. Angular distributions of the pb( 8O, 5O)-
SPb reaction at 139 MeV. The solid lines represent

DWBA calculations using optical model potential I3.

many more than were practical using the pro-
grams available when Ref. 5 was published.

The experimental angle-integrated cross sections
for the "'Pb("60,"0)'O'Pb reaction at 139 and
312.6 MeV are displayed in Figs. 18 (a) and 18(b).
These figures also show the calculated total trans-
fer cross sections using optical potentials Q and

I3, respectively, apd the theoretical spectro-
scopi. c factors listed in Table V. (Since, as dis-
cussed earlier, the theoretical spectroscopic fac-
tor for the possible 1j»&, fragment state at 3.72
MeV is extremely uncertain, the energy-averaged
experimental spectroscopic factor for each optical
potential was used for display purposes. ) As
may be seen, there is a general tendency of the
DVfBA calculations to increase with incident en-
ergy more rapidly than the data. This effect is
similar to what was observed in analyses of the
proton-transfer data, although the severity of this
discrepancy appears to be less for the neutron-
transfer reaction.

D. Discussion

It has been demonstrated that the energy depen-
dence of the transfer cross sections predicted by
the DWBA disagrees with experiment. A sim-
ilar discrepancy is encountered &n DWBA analyses'
of the "'Pb("0,"0)'"Pb reaction at lower in-
cident energies. It should be noted once again
that the overall absolute normalization of the
DWBA calculations is not well determined and can
be varied in an energy-independent way, for ex-
ample, by adjustments of the bound-state param-
eters. However, such adjustments have similar
effects at all energies so that the discrepancy in
the energy dependence is not removed. One con-
sequence of this observation ip that the precise
energy at which the experimental and DWBA cross
sections are equal is not physically significant
since it depends on the absolute normalization of
the DWBA cross sections. The important obser-
vation is that the ratios of the theoretical to ex-
perimental cross sections do not remain constant
with energy, and the variation appears to be most
severe at energies above 140 MeV.

As discussed in the previous paper, ' the DWBA
cross sections are sensitive to only the asymp-
totic regions of the bound-state wave functions,
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where the shape of the wave function is determined
by the particle separation energy. Consequently,
as was demonstrated earlier, reasonable changes
in the bound-state parameters do not change the
energy dependence of the DWBA predictions.

Adjustment of the optical-potential parameters
does have some influence on the absolute normal-
ization of the DWBA as well as on the specific de-
tails of the predicted energy dependence, as can
be seen by comparing the energy dependence of the
cross section ratios in Figs. 12, 13 (a}, and 13
(b). The important point to note, however, is that
no reasonable adjustment of the model parameters
can bring the energy dependence of the DWBA
cross sections into agreement with experiment.
Of course, agreement between the DWBA and
experimental cross sections at the various in-
cident energies could be obtained by ad hoc varia-
tions at each energy of the bound-state and
optical-potential parameters, sacrif icing, if
necessary, both the qualitative relationship of
the bound-state potentials to the nucleon-nucleus
optical model as well as the quality of optical-
model fits to the elastic scattering data. Such
modifications, however, completely ignore the
basic premises of the DWBA optical-model treat-
ment of direct reactions and, moreover, have no
predictive power.

Earlier DWBA analyses (e.g. , Refs. 4, 32) of
low-energy 0- and ' C-induced one-proton trans-
fer reactions on ' 'Pb have revealed an additional
failure of the DWBA, namely, that the DWBA pre-
dicts angular distributions which are shifted in

angle relative to the data. The failure does not
appear to result from the particular optical po-
tential employed. in the DWBA calculations, pro-
viding the optical potential gives a good represen-
tation of the elastic data. This effect is illustrated
in Fig. 11 for the ("0,"N) reaction populating the
ground state of '"Bi at four incident energies. As
can be seen, this peak angle shift is most prom-
inent at lower incident energies and does not ap-
pear to be present at 312.6 MeV, although a peak
angle shift of less than 1' would also be consistent
with the data.

Recent theoretical efforts" have suggested that
significant differences between the DWBA predic-
tions and experimental observations, such as
the peak angle shift, could result from a large
polarization of the single-particle wave functions
during the collision. (An extreme limit of this
effect would be adiabatic two-center shell-model
wave functions. ) Inclusion of this effect in the
model calculations might significantly change both
the absolute cross sections and the peak angle, but
it is expected to be important mainly at low inci-
dent energies (near the Coulomb barrier} where

I

the orbitals have sufficient time to rearrange them-
selves, i.e. , where the transit time is longer than
the internal nuclear relaxation time. However,
at low incident energies, the failure of the DWBA
energy dependence, if indeed present, is gen-
erally less severe than at high incident energies.
In addition, polarization effects are predicted to
be most important for the most weakly bound
states, whereas the failure of the DWBA energy'
dependence appears to be comparable for all final
states. As a result of these tw'o observations,
polarization effects are not expected to account for
the failure of the DWBA energy dependence over
the entire range of incident energies.

An alternative explanation of this failure is
suggested by the energy spectra for the ' 'Pb-
("0,"N)'"Bi reaction shown in Fig. 1. In addition
to the low-lying single-particle transitions, a
large yield to the quasielastic continuum is ex-
hibited at 312.6 MeV, centered at about 15 MeV
in excitation (see Fig. 3), but is only weakly seen
at lower incident energies. It may be possible that
the large flux populating states in the continuun at
high incident energies is related to the failure of
the DWBA energy dependence, which also is most
severe at the highest incident energies. Such an
explanation would also account rather well for
the neutron-transfer data for which the continuum
cross section is not as enhanced and the DWBA
failure not as severe as for the proton-transfer
data. These considerations are currently under
investigation, " and a multistep direct reaction ap-
proach (i.e. , coupled channels calculations) is
being employed in an attempt to reproduce the
continuum energy spectra usually observed in
transfer reactions. If this model is successful
and, in particular, if it can account for the in-
creased yield to the continuum for higher incident
energies, then a proper description of the energy
dependence of transitions to the discrete low-lying
states might also result. An investigation of the
energy dependence expected for multistep transfer
reactions populating discrete low-lying states in
the residual nuclei might also be relevant, al-
though it is difficult to imagine how such con-
siderations can account for the energy-dependent,
but j-independent effects demonstrated here.

A further possibility is that the failure of the
DWBA to reproduce the observed energy de-
pendence of the transfer cross sections may re-
flect an inadequate treatment of the bound-state
contributions to the transfer amplitudes. These
enter through matrix elements of an effective in-
teraction operator between single-nucleon form
factors at the target and projectile vertices, in-
tegrated over the internal coordinates of the
cores. The effective interaction used in conven-
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tional DWBA or coupled-channel Born-approxima-
tion (CCBA) calculations is at best a crude guess;
a more fundamental theory in terms of the under-
lying nucleon-nucleon interactions may yield an ef-
fective interaction whose energy dependence is
significant. The replacement of the single-nucleon
form factor by Woods-Saxon wave functions is
also an approximation. However, the form fac-
tors necessarily reduce at large A to an expo-
nential form e '~, with p determined by the binding
energy difference between initial and final nuclear
states. To better than 10', the transfer cross
sections are sensitive to the form factors only in
the region where they have healed to the expo-
nential asymptotic form. The large discrepancy
between the DWBA and the experimental energy
dependence of the transfer cross sections is un-
likely to be corrected by straightforward modi-
fications of the bound-state matrix elements.

VI. CONCLUSIONS

In this and the preceding paper' it has been
shown that DWBA analyses of the '"Pb("0, "N)-
"'Bi and "'Pb("0,"0)'"Pb reactions accurately
reproduce the relative yields of the various
transitions at each incident energy and conse-
quently can account for the reversal of the j
dependence observed in the proton-transfer data.
However, the energy dependence of the transfer
cross sections predicted by the DWBA is in
serious disagreement with the data. Signif icantly
larger cross sections are predicted than observed
at the higher incident energies; the discrepancy
involves factors of 2 to 3 at 312.6 MeV. This
failure of the DWBA is a serious problem and
wa, rrants further investigation, since this theory
is currently our most widely used model of the
transfer process.

Perhaps one of the first questions to be addressed
is whether this failure is unique to heavy-ion trans-
fer reactions or is also present for light-ion
transfer reactions. In a recent study, it was con-
cluded that no systematic energy variation in the
ratio v(DWBA)/v(expt) was indicated for the re-
action "Ni('He, o)"Ni from 15 to 205 MeV, as
shown by the solid line in Fig. 19. However, this
conclusion relies heavily on the data at 205 MeV,
for which no elastic scattering data were obtained
and for which the optical potential used in the cal-
culations was an unverified linear extrapolation
from data below 83.5 MeV. The dashed line in
Fig. 19 is the result of a least-squares fit to the
ratios of the cross sections, omitting the data at
205 MeV. The elimination of this point results in
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FIG. 19. Ratios of DWBA to experimental cross sec-
tions for the 5 Ni( He, &} ~Ni reaction. (See Ref. 42 for
a discussion of the DWBA calculations. )
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a plot that indicates an increase in o(DWBA) /
o(expt) by a factor of 2 between 15 and 83.5 MeV.
This effect is qualitatively similar to, although
smaller than, the effect noted in the present work.
In addition, preliminary analyses ' of high-energy
(P, d) transfer reactions on medium and heavy
nuclei indicate that for an incident energy of 121.2
MeV, the DWBA predictions are significantly
larger than the observed transfer cross sections.
Such studies, in conjunction with heavy-ion trans-
fer studies, are crucial for an ultimate under-
standing of this failure of the DWBA.

The importance of studying reactions over a
wide range of incident energies has been demon-
strated. Our study reveals a serious shortcoming
of the DWBA that would not have been evident in
reaction studies at a single or a few closely spaced
energies. Systematic studies of elastic scattering
and transfer reactions from below the Coulomb
barrier to as high above the barrier as is ex-
perimentally feasible are clearly useful and
necessary for a complete investigation of the
mechanism of transfer reactions.
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