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The Pb( t,p) reaction has been studied over the angular range from 10' to 60' at a tri-
ton energy of 17 MeV. Cross sections and analyzing powers were measured for 11 states be-

tween 2.6 and 5.0 MeV excitation, including the 4 state at 3.475 MeV. The two-neutron

transfer reaction to this state was represented by a sequential transfer calculation. Data for
three natural parity states, in particular the analyzing powers, were not fitted well by one-

step distorted-wave Born approximation calculations. Numerous sequential transfer calcu-
lations with different transfer configurations were tried for each of these states. While most
of the calculations produced results similar to the distorted-wave Born approximation re-

sults, at least one calculation was found for each state which gave an improved representa-
tion over that of the distorted-wave Born approximation. The failure of the distorted-wave
Born approximation documents the need to apply sequential transfer reaction processes in

general descriptions of two-nucleon transfer reactions.

NUCLEAR REACTIONS: 0 Pb( t,p) Pb, E=17 MeV; measured

0 ( 8) Ay ( 0) DWBA and sequential transfer calculations.

INTRODUCTION

The study of two-nucleon transfer reactions such
as (,t,p) has provided a wealth of nuclear structure
information. Most experimental results have been
analyzed using the standard DWBA theory, which
assumes the simultaneous transfer of a zero-coupled
pair between the target and the incident projectile.
In the normal zero-range approximation this theory
is moderately successful in fitting the shapes of
cross-section angular distributions to strongly excit-
ed states, but it is often unable to reproduce details
of the data without significant parameter adjust-
ment. ' Furthermore, some two-nucleon transfers
cannot be represented at all by this scheme. For ex-
ample, transitions from spin-zero targets to states of
unnatural parity are predicted to be completely for-
bidden.

Attempts to remove some of the known

shortcomings of the usual theory have led to the in-
troduction of finite-range calculations, to the use
of more complex wave functions for the triton inter-
nal structure, ' and to two-step mechanisms, often
including several reaction channels, for the transfer
of the two nucleons. ' There is no question that
calculations should in principle use finite-range in-
teractions and a realistic triton wave function. The
resultant computations are much more difficult than
zero-range calculations, however, and several studies
have shown that for allowed transitions the predict-
ed angular distributions show little change in shape
when compared with results of the standard theory.
On the other hand, calculations assuming two-step,
inelastic excitations have been able to account for
measured angular distributions for strong allowed
transitions which were in serious disagreement with
D%'BA predictions. Two-step calculations assum-
ing sequential transfer of the two nucleons have also
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FIG. 1. Proton spectra from the Pb( t,p) 'Pb reac-

tion. Selected peaks are labeled with their excitation ener-

gy in keV.
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been able to account for unnatural parity transitions
in several nuclei including ' 08 zo&e,9 " 28si

Fe, ' ' '~Ni, ' ' and pb ' "" The last case
is particularly interesting because of the simple
structure of the 3+ (1.34 MeV) final state in Pb.
Another study has shown, however, that this transi-
tion can be accounted for if finite-range effects and
a realistic triton wave function are used in a one-step
calculation and has suggested that it is not necessary
to consider the sequential transfer mechanism.
More recently though, measurements of the asym-
metry A„ for ground-state transitions in (J7, t) reac-
tions have led to the conclusion that sequential
transfer can be an important mechanism, even in
strong allowed transitions. ' '

Thus the present measurements were undertaken
to study two-neutron transitions to Pb states hav-

ing fairly well known wave functions in the hope
that measurements of both cross section and analyz-

ing power would provide a clear indication of the re-

action mechanism involved. Particular attention has
been focused on the Pb (4, 3.475 MeV) state,
since the possible reaction mechanisms populating it
are more restricted than for the natural parity states.
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FIG. 2. Angular distributions of cross section and
analyzing power for transitions fitted with one-step
DWBA calculations.

EXPERIMENTAL of the Q3D magnetic spectrograph. At each angle,
measurements of beam polarization and reaction
yield for each polarization state were carried out in a
computer-controlled sequence with experimental
parameters and spectra recorded on magnetic tape.
The overa11 energy resolution in the measurements
was about 25 keV. Measurements were carried out
at intervals of 5' between the angles of 10' and 60'.

Measurements were carried out using the polar-
ized triton beam'9 from the Los Alamos tandem
Van de Graaff facility. The beam energy was 17
MeV and beam currents were typically about 50 nA
with a beam polarization of about 0.75, determined
from measurements of the quench ratio. The tar-

get consisted of metallic lead eririched to 99.7/o in
206Pb, evaporated on a thin carbon backing. The
target thickness was measured by elastic scattering
to be 1.1 mg/cm . Reaction protons were recorded
using a helical delay line counter ' in the focal plane

RESULTS

A typical spectrum is shown in Fig. 1. The energy
calibration for this spectrum was obtained from the

TWP STEP CONTRIgUTIONS IN THE o Pg g &)» Pb. . .
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tions discussed below. Error bars on the data points
reflect statistical uncertainties only. For the weaker
transitions shown in Fig. 2, uncertainties in the
analyzing power are large, and the comparison with
the DWBA predictions does not provide a very sig-
nificant model comparison. However, the data for
the 3 states at 4.698 and 4.973 MeV may be in
disagreement with the DWBA predictions.
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FIG. 3. Angular distributions of cross section and

analyzing power for transitions fitted with two-step calcu-
lations. The significance of the calculated curves is dis-

cussed in the text.

known energies of the clearly resolved groups la-
beled in the figure. All groups observed in the spec-
trum could be correlated with known levels in Pb,
but no analysis was carried out for the region be-
tween the levels at 4037 and 4423 keV excitation, be-
cause of low cross sections for most groups in this
region, along with problems from contaminant
groups.

Measured angular distributions of differential
cross section and analyzing power are shown in
Figs. 2 and 3. The curves are the results of calcula-

2 Pb(t,p) reaction
calculations

Reaction calculations were performed from two
quite different viewpoints. Firstly, the reaction was
assumed to proceed, at least for the natural parity
transitions, via the conventional one-step transfer of
a spin-zero coupled neutron pair. All calculations
assumed zero-range interactions and local potentials.
An examination of the present results confirms
some of the above mentioned difficulties with the
normal DWBA description of two-neutron transfer.
That description produces both differential cross
sections and analyzing powers with shapes which
depend only on the angular momentum transfer, and
which therefore are independent of nuclear struc-
ture. In this experiment two strongly populated 5
states, the 3.198 and 3.709 MeV states, were ob-
served to have very similarly shaped differential
cross sections, but dramatically different forward-
angle analyzing powers. Because the conventional
one-step reaction description produces angular dis-
tributions which depend only on the l. transfer, it
must fail to describe the reaction to at least one of
these two states. Other difficulties with the one-step
transfer predictions are noted below.

Thus we have, in the present analysis, also per-
formed sequential transfer (t,d,p) calculations for
several of the Pb states observed. States selected
for this analysis were those which had sufficiently
good statistics for the data or a sufficiently prom-
inent feature in one of the angular distributions (dif-
ferential cross section or analyzing power) which
was not represented by the results of the one-step
calculation to warrant a detailed investigation. The
data for the states for which only the one-step calcu-
lations were performed are shown, together with the
results of those calculations, in Fig. 2. Those data

TABLE I. Optical model parameters used in analysis. Well depths are in MeV, lengths in Fermis. The Coulomb radius
parameter was rz ——1.3 F in each case.

d

p

165.5
106.2
58.5

ro

1.16
1.10
1.17

aO

0.769
0.82
0.75

13.9

1.5

Wg)

7.56
9.6

1.442
1.51
1.32

aw

0.864
0.82
0.658

~so

6.0
6.8
6.2

rso

1.15
1.07
1.01

a so

0.73
0.66
0.75
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for states for which both types of calculations were
performed, or for which the two-step calculation
was required (the 4 state), are shown in Fig. 3.
Each type of calculation is described in detail below.

The one-step calculations used the coupled chan-
nel Born approximation (CCBA) code CHUCK,
which was run in the DWBA mode for these calcu-
lations. The form factor utilized the Bayman-Kallio
prescription for two-nucleon transfer, and a
variety of possible shell-model configurations were
tried. These were guided by the Pb wave func-
tions of True, and the Pb wave functions of
True et al. ,

2s but were not restricted to the transfers
predicted by those wave functions. In several cases
a number of different transfer configurations were
tried. The result is, as noted above, that the specific
shell-model configurations have virtually no effect
on the shape of the differential cross section or on
the shape or magnitude of the analyzing power. The
only feature which is affected by the specific orbits
of the transferred particles in the one-step reaction

description is the magnitude of the predicted cross
section.

The optical parameters used in the calculations
are shown in Table I. The one-step calculation uti-
lized the triton parameters of Flynn et al. with a
spin-orbit term taken to be the average strength and
geometry obtained in the survey study of Hardekopf
et al. ,

2 and the proton parameters of Becchetti and
Greenlees (ro ——1.17 fm set). The bound-state well
was taken to have a geometry of (ro,a) =(1.17, 0.75),
and the binding energy of each of the two neutrons
was taken to be half the two-neutron binding energy
for the state being considered. The recommended
value of the zero-range factor of 1560 MeV'/
fm 1 was used in the calculations. (That factor also
includes a normalizing factor of &9.7 to give the
proper normalization for the two-nucleon transfer
form factor as it is programmed in CHUCK. )

The data comparisons for the states which were
represented reasonably well by the one-step calcula-
tions are shown in Fig. 2. In Table II are listed the

TABLE II. Details of reaction calculations for Pb ( t,p)2™Pb.

2osPb state, Type of
ex. energy calculation

Transfer Scaling Fit to Fit to Dominant theoretical

configuration factor' do /d Q(8) 3(8) configuration"

Shown in

figure

3, 2.615

5, 3.198

4-, 3475

5, 3.709

5, 3.961

7, 4.037
6+, 4.423
8+, 4.610

3, 4.698
0+, 4.863

3, 4.973

DWBA

CRC
DWBA

CRC

CRC

DWBA

DWBA

DWBA

DWBA

DWBA

DWBA

DWBA

DWBA

CRC

DWBA

g 9/2f s/2

P 1/2g7/2

g 9/2P1/2

P 1/2L 11/2

P 1/21 11/2

+0.173/2g2/2+

+0 971/2&11/2

P1/2g9/2

+0 7P i/2g9/2+
+0 3fsng9n
fsng9n

fsl2g912

P 1/2l 11/2

fsl2g912

P3/2J 15/2

P 1/2J 15/2

P3/2g 9/2
2

g9/2

g9/2
2

0' 82g9/2

V 0.09s)/22—
2 0.091,n'

p1/2d5/2

6.3
0.33

1.67

20.0
6.0

2.0
0.25

0.67

0.22

0.18

0.42

0.34

0.50

1.94

0.36

5.5
2.5

0.48

fair

fair

good

good

good

good

good

good

fair

fair

fair

good

good

good

fair

poor

fair

fair

good

poor

good

poor

poor

fair

fair

fair

good

good

good

fair

fair

gooCI

fair

poor

poor

fair

mixed

P 1/2g9/2

P 1/2g9/2

fsng9n «pl/2g9/2

fsl2g 9/2

fs/2g9/2

fsl2g912 « I23/2g9/2

mixed

mixed

3, dashed

3, solid

3, dashed

3, dashed

not shown

3, solid

3, solid

3, dashed

2

2

2

3, dashed

3, solid

3, dotted-dashed

2

'Defined as (do./dO), „~/(do /d Q),h, .
bInferred from Refs. 24 and 25.
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states for which those calculations were performed,
the configurations assumed for the transferred nu-

cleons, and the factor by which the calculated cross
section had to be multiplied to produce the fit to the
data shown in Fig. 2. Only the 8+, 4.610 MeV level
has an observed cross section which is larger than
that given by a single transfer configuration calcula-
tion. Even in that case the predicted cross section is
close enough to that observed that some admixed
transfer configurations could readily produce a cross
section of the observed magnitude.

The sequential transfer coupled reaction channel
(CRC) calculations were also performed with the
code CHUCK. The triton and proton parameters
used were the same as for the one-step calculations,
while the deuteron parameters for intermediate
states were those of Childs et al. with a spin-orbit
term taken from Daehnick et al. For most of the
calculations it was assumed that only the states
characterized by Pb (J") and a triplet deuteron
contributed, but a few calculations were tried to
determine the possible influence of the deuteron
singlet state. The Q values and binding energies for
the intermediate channels were those associated with
the discrete states in Pb (primarily the —, , g.s.;207 1—

, 0.570 MeV; —, , 2.728 MeV; and —,+, 3.509
MeV states}. These states were assumed to have suf-
ficient neutron stripping strength in Pb(t, d) to
serve as intermediate states in the two neutron
transfer; this assumption has been observed ' to be
approximately valid for all of the results discussed
below. The recommended zero-range factors of
Do 183(123) M——eV'/ fm / were used for the (t,d)
((d,p) }transfers.

The most critical test of the assumed (t,d,p} reac-
tion mechanism is provided by the Pb (4,3.475
MeV) state, since it must be populated by some
mechanism other than the usual one-step process.
Since most possibilities other than sequential
transfer would appear to have been precluded, ' the
(t,d,p) process was assumed to be the dominant one.
The wave functions for 4 states in Pb suggest
that the two neutrons should be transferred mainly
into a p~/2 and a g9/2 orbit, but that a f5/2g9/2
transfer configuration could also contribute signifi-
cantly. The results of the calculation assuming only
the p~/2g9/2 transfer configuration are shown as the
solid curves in conjunction with the data for the 4
level in Fig. 3; the representation of the cross section
is fairly good, but the predicted analyzing power is
shifted upward from the data. The results of anoth-
er calculation, in which the transfer configuration
was assumed to be

7p 1 /2g9/2+ v .3f5/2g9/2~

are illustrated by the dashed curves in Fig. 3 and
show the effects of small admixed configurations.
Additional admixed conflgurations, e.g. , p3/2g9/2,
would be 'expected to improve the data representa-
tion further (with the phase chosen appropriately).

It should be noted that the calculations for this
state exhibited a large sensitivity to the optical-
model parameters used, particularly those for the
deuteron channel. Use of the global deuteron poten-
tial set of Daehnick et al. produced a cross section
minimum at 28', well out of phase with the observed
cross section. Because of this parameter sensitivity,
further tuning of the transfer configuration to
achieve better fits to the data for this state was not
deemed meaningful.

The Pb (3, 2.615 MeV), and Pb (5, 3.198
MeV) states both have differential cross sections
which are fairly well represented by the results of
one-step calculations (the dashed curves in Fig. 3).
In both cases, however, the analyzing powers are
poorly represented by the one-step results. For the
3 state, the predicted analyzing power in the region
between 15' and 30' is badly out of phase with the
data. The foward-angle analyzing power representa-
tion of the one-step result is quite poor for the 5
state.

Thus CRC calculations were also performed for
those states. Most details of the calculations are the
same as those described above for the 4 state, but
with neutron binding energies and Q values adjusted
to the appropriate values. The 3 state is thought
to be highly collective, with a very complex wave
function. Since it was not possible to carry out
sequential transfer calculations for this state with a
realistic form factor, calculations were carried out
(not shown in Fig. 3) assuming transfer configura-
tions of p3/2g9/2 f5/2g9/2 and p3/2g7/2 These pro-
duced results very similar to the one-step predictions
shown by the dashed curves. Slight changes in the
predicted analyzing powers were observed for the
different configurations, but no change was seen in
the general features. The solid curves, in conjunc-
tion with the data for the 3 level, show the results
of a calculation assuming a pi/2g7/2 transfer config-
uration. They are qualitatively different from the
other curves, particularly in the predicted analyzing
powers around the 30 region. Those predictions
achieve a rather remarkable representation of the
data for the 3 state. The results of the calculations
for this state are summarized in Table II.

Since the 3 state in the Pb is highly collective,
a coupled channels calculation was carried out as-
suming I.=0 two-neutron transfer and I.=3 inelas-
tic excitation, with both possible orders included.
The predicted cross section is much smaller than the
one-step result, and. it is concluded that this reaction
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mode is probably unimportant for the present study.
The analysis for the data for the 5, 3.198 MeV

state was similar to that for the 3, 2.6 15 MeV
state. The CRC calculation (not shown in Fig. 3) as-
suming a p i ~2g9&2 configuration, which is the dom-
inant configuration predicted by shell model calcula-
tions, ' produced an analyzing power and cross
section nearly identical to that resulting from the
one-step calculation. However, it was found that
two CRC calculations„namely those assuming

p 1 /2i 1 1/2 and p3/2g7/2 transfer configurations, do
produce results which are quite different from all
the one-step results, and from the other two-step re-
sults as well. Results of the calculations using a
mixture (Table II) of those configurations are seen,
by the solid curves in Fig. 3, to greatly improve the
fit to the forward-angle analyzing-power data.
Presumably mixing of other configurations and tun-
ing of the relative amounts of those transfer config-
urations would improve the data representation fur-
ther. Note also (Table II) that the predicted sequen-
tial transfer cross section is a factor of 3 larger than
the one-step cross section, as is indicated by the two
p 1 /2i 1 1/2 transfer results.

The results of a one-step calculation to the Pb
(0+ 4.863 MeV) level exhibit a problem typical of

=0 two-nucleon transfer results, namely, the
sharp features of the theoretical results lag those of
the data by several degrees for reactions at the in-
cident energies used in this experiment. This is
shown by the dashed curve in Fig. 3. Furthermore,
the shapes of the angular distributions are nearly in-
dependent of the configuration assumed.

Shell-model wave functions for this state have
been published, ' but are too complex to permit
their use in CRC calculations. In order to obtain
some estimate of the effect of the assumed transfer
configurations, several CRC calculations were tried
assuming a variety of transfer configurations.
Those with g9/2 transfer produced the results
shown as the solid curves in Fig. 3. They represent
the data much better than do the one-step results
(and yield about twice as large a cross section), but
still have the same phase around 40' as do the one-
step results. Addition of a small si/2 transfer con-
figuration, however, shifts the features of the angu-
lar distributions to the left, but still gives much too
large an analyzing power near the 40' interference
minimum. Several transfer configurations in the
CRC calculations, e.g., p»2 and f5/2, produced a
cross section which peaks around 40', thus moderat-
ing the analyzing power. The transfer configuration
used to produce the dotted-dashed curves shown
with the data for the 0+ level in Fig. 3 was

VO. 82g9/2 V0.09$1/2 /0. 0971/2 ~

These curves are seen to produce quite an acceptable
data representation, particularly of the phase of the
angular distributions. However, it should be noted
that other configurations probably could do about as
well.

CRC calculations were also performed to the 4
3.475 MeV and 5, 3.198 MeV states, using the
same intermediate states in Pb as before, but as-
surning that the intermediate state deuteron was in a
singlet rather than a triplet state. It was found that
the resulting shapes of the angular distributions are
nearly identical to those produced by assuming the
triplet deuteron, but the magnitudes of the cross sec-
tions are different. Using the same zero-range scal-
ing factor (there is considerable uncertainty as to
what that value should be for the singlet calculation)
as was used for the triplet-deuteron calculations, the
singlet cross section is, in one case, .5 times as large
as the triplet cross section. But in the other case,
the singlet cross section is 0.33 times as large as the
triplet cross section. Thus no general statement can
be made about the significance of the intermediate
singlet deuteron states; they may be important in
some cases.

It should be noted that in this study reaction cal-
culations were carried out assuming either a one-
step or a two-step reaction mechanism. It might be
expected ' ' that both one- and two-step contribu-
tions would be involved in allowed transitions. In
the absence of theoretical guidance as to the double
counting which can arise from mixing the two
mechanisms, it was decided to adopt the approach
of the current work, namely, to assume either a one-
or a two-step mechanism.

DISCUSSION

This reaction analysis focused on differences in
shapes between predicted and observed differential
cross sections, and on differences in the predicted
and observed analyzing powers, to draw conclusions
about the need for complex reaction processes in the
theoretical description of two-nucleon transfer. Our
calculations ignored both the effects of finite range
and of the triton wave function. The inclusion of
finite range, however, has been shown to affect pri-
marily the magnitude of the differential cross sec-
tion, so would not be expected to have much effect
on our conclusions. This emphasis on theoretical-
experimental differences in shapes to infer reaction
mechanism information allowed conclusions which
are independent of nuclear structure. All transfer
configurations coupling to the same L transfer pro-
duce the same shapes of both differential cross sec-
tions and of analyzing powers in the traditional
one-step prescription of two-nucleon transfer. This
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observation of itself documents the inadequacy of
that reaction description, since the current study has
produced two pairs of states populated by the same
(natural parity) L transfer which have markedly dif-
ferent analyzing powers.

The importance of finite-range effects for forbid-
den transitions is still an open question at this point.
A good fit to a differential cross section using
finite-range, single-step calculations was reported by
Nagarajan et a/. Another study for the same tran-
sition reported that finite-range effects are much less
important than the sequential transfer effects. The
latter study used full finite range with spin-orbit po-
tentials, and deuteron D-state effects were taken into
account. However, the calculation only gave a quali-
tative representation of the analyzing power data,
and the inclusion of the finite-range calculation had
almost no effect on that distribution. Thus this re-
sult supports the conclusions of the present work,
namely, that the second order processes are the only
mechanisms which have yet been demonstrated to be
capable of producing the differences in analyzing
powers, seen in the present study, for transfer to
states of the same J .

In the present work, features of the data were
used to infer information about wave functions of
the states involved. This approach was necessitated
by the inability, in some cases, of the configuration
predicted from shell-model calculations to be the
dominant one to give a representation of the data in
either a one- or two-step calculation. This does not
imply that the shell model results are grossly in er-
ror, but rather that one or more of the factors indi-
cated below is significant. Firstly, in some cases a
small piece of the wave function produced an
enhanced contribution to the (t,p) reaction, thereby
reducing the importance of the dominant piece of
the wave function. Secondly, a correct reaction
description may require either more reaction trajec-
tories than were included in the present analysis, or

the inclusion of interference effects between one-
and two-step amplitudes.

This approach to analysis of the data could not
have been utilized in past analyses, primarily be-
cause virtually all such analyses have been per-
formed with one-step calculations, which produce
angular distribution shapes independent of nuclear
structure. The fact that distinct features, primarily
in the analyzing powers, are observed, and that these
features can be reproduced with CRC calculations,
suggests that structure information can be gleaned
from such analyses. It should also be noted that in
cases in which the cross sections predicted in one-
and two-step calculations were compared, the
predicted magnitudes were appreciably larger for the
two-step cases.

Thus two major points emerge from the current
work. Firstly, the sequential transfer process in
two-nucleon transfer must be included for a correct
reaction description; indeed it appears often to be
the dominant reaction mode. Secondly, the use of
analyzing power data in two-nucleon transfer reac-
tion analyses is critical. The need to represent these
data in addition to the cross section data provides
the possibility not only of determining the reaction
mechanism involved, but also of decoupling the
questions of reaction mechanism and structure.
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