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The (d,a} reaction on ' " ' 'Pb has been studied at 80 MeV bombarding energy. The experimental

angular distributions are structured and the transferred angular momentum L could be determined without

ambiguity from a comparison of distorted-eave Born-approximation calculations with the experimental

angular distributions. The angular momentum matching conditions greatly favored large values of L and

allowed the identification of J ~ = 12 and 9+ states in ' ' "'Tl. Data for the 'o'Pb(d, a}' Tl reaction were

compared with shell model calculations. The properties of nine levels could be correlated with very good

agreement with those of states predicted in the shell model calculations. Both zero-range and exact finite-

range distorted-wave Born-approximation calculations were carried out. Unlike the zero-range distorted-wave

Born-approximation results, the exact finite-range angular distributions did not change greatly for different

choices of the a particle optical potential. Although somewhat better agreement with the relative cross

sections was obtained, the exact finite-range calculations underestimated the absolute cross sections by

roughly a factor of 50.

NUCLEAR REACTIONS 2 '2 ~ 4pb(d n}, E~=80 MeV. Measured o(8}; enriched
targets; microscopic D%BA analysis; shell model calculations; deduced J, r.

I. INTRODUCTION

Direct (d, n) reactions performed on 0' targets
have proved to be highly selective. ' At high inci-
dent energy the requirement of good angular mo-
mentum matching strongly favors high angular
momenta L for the transferred nucleon pair. As
a result of this kinematical constraint it is antici-
pated that a few high spin states will be preferen-
tially excited in the residual nuclei. Thus, one
might hope to utilize this special selectivity to re-
solve high spin states in regions of high level den-
sity.

From the shell model point of view two particle
pickup reactions are also of particular interest
for the study of odd-odd nuclei in the lead region
since the doubly magic 2osPb nucleus can be re-
garded as a closed core' and the (d, a) reaction
allows the study of fairly simple proton-neutron
hole states in the residual nucleus. Specifically,
experimental results can be used to test the theo-
retical predictions of the large basis shell model
calculations carried out by Kuo and Herling.

For the above mentioned reasons we have in-
vestigated the (d, &) reaction on ""Pb, '~Pb, and
"'Pb at 80 MeV incident energy. In addition, by
comparing experimental data for these three iso-

topes we have attempted to provide information
Qn spin assignments in ~~'2 ' Tl and also study
the effect of the addition of neutron holes.

In previous studies, the low-lying levels of ' Tl
have been investigated with the (d, u) reaction' at
low energy and some additional information is
available from the study of (d, p) and (t, &) re-
actions. "' In addition, some few low-lying ex-
cited states have been seen in radiative n-decay'
and neutron capture studies. " Presently, very
few studies of ' 'Tl and ' Tl have been done. '

In this paper we first present the experimental
method and results. We next describe micro-
scopic distorted-wave Born-approximation (DWBA)
calculations using both zero range (ZR) and exact
finite range (EFR) approaches. Finally we com-
pare our data with DWBA calculations using shell
model wave functions' and discuss spin assign-
ments.

II. EXPERIMENTAL METHOD

The (d, &) reactions were induced by the 80 MeV
analyzed deuteron beam from the University of
Maryland isochronous cyclotron. For a maximum
beam intensity of 100 nA in the scattering cham-
ber (as measured by a Faraday cup) the beam en-
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er'gy spread was of the order of 30 keV.
Outgoing o' particles were detected by a conven-

tional detector telescope consisting of 500 p, m Si
surface barrier DE detector followed by a 3000
p, m Si(Li)E detector. In addition, a 1000 p.m sili-
con surface barrier detector located behind the F-

detector provided a veto signal in order to reduce,
by means of a fast coincidence-anticoincidence
unit, the high counting rate due to the intense flux
of elastically scattered deuterons. Finally, a
pileup gate, feeding a second fast coincidence-
anticoincidence unit, rejected any pair of signals
occurring in the E detector within 300 ns and al-
lowed a reasonably high counting rate without ap-
preciable deterioration of the resolution.

Data were analyzed on line by an IBM 360/44
computer with the particle identification program
GELIAN of the University of Maryland Cyclotron
Laboratory and the identified energy spectra cor-
responding to 'He and n particles mere written on

tape after each measurement.

III. EXPERWENTAL RESULTS

%'ith the above described experimental setup and

targets with thicknesses in the range of 1 mg/cm'

an overall energy resolution of 100 keV could be

achieved. Typical u spectra are shown in Fig. 1

for the """""'Pd(d &)' " ""Tl reactions at 10'
laboratory angle.

Differential cross sections were measured be-

tween 6' and 30' laboratory angle in 3 steps. An-
gular distributions grouped according to similarity
in shape are shown in Figs. 2-4. The assigned
error bars include statistical and background sub-
traction uncertainties. The absolute error due to
target thickness, solid angle, and beam monitor-
ing uncertainties is approximately 10%.

The three spectra of Fig. 1 have several com-
mon features:

(i) In each spectrum a few states located around
2.5 MeV excitation energy are strongly populated
and have similar angular distributions for the
three Tl isotopes.

(ii) The states significantly excited appear at a
rather low excitation energy (below -3.5 MeV).
Since the incident energy is large compared to the
Coulomb barrier one might expect to observe lev-
els at excitation energy as high as 8 MeV as in
our previous work on lf, &, shell nuclei. ' A simi
lar hindrance effect affecting the higher excita-
tion energy region was already pointed out by
Lewis and Daehnick4 in their very complete study
of the ' 'Pb(d, ~)' Tl reaction at low energy (17
MeV). These authors suggested that not only the
Coulomb barrier but also destructive interference
between the various hole configurations involved
could explain this feature.

(iii) The measured differential cross sections
are surprisingly large (of the order of 100 pb/sr
at 10' for the above mentioned most strongly ex-
cited states).
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Iv. ANALYSIS OF ~ ~Pb(d, qL)2' ' 0 Tl REACrIONS

A. Distorted-eave Born-approximation calculations

where

V„=V "(r„)+V "(r„)+V "(r„)+V"(r„) (2)

In the following analysis we assume that the (d, n)
reaction proceeds through the direct pickup of a
neutron and a proton and calculate this process
using conventional D%BA techniques. "'" As dis-
cussed in Refs. 1j. and 12 the evaluation of the
D%BA amplitude first involves an integration over
r34 rQ r4 the internal coordinate of the deuteron,
to yield a range function D(r, s) depending upon
r = r, —r„the separation of the transferred proton
and neutron, and s = 2(r, + r, —r, —r,}, the separa-
tion of the center of mass of the transferred pair
from the deuteron center of mass. Specifically,
one must evaluate

D{r,s) = P„(r„)V»P {r„,r, %}dr„„

and V"(rz„)is an appropriately spin-averaged nu-
cleon-nucleon interaction. It is defined in Appen-
dix A of Ref. 12.

Most of the calculations which follow were car-
ried out using the code DUCK ' which employs a
zero-range approximation

D{r,s}= C exp(-4q'r'}5(s)

which is described in detail in the work of Bayman
and Kallio. " Unfortunately, while this approxima-
tion has the merit of calculational simplicity, a
simple product of this form is hard to justify theo-
retically. In addition it is difficult to obtain a
realistic estimate for the normalization constant
C which is not included in the code.

In view of these problems a limited number of
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where the constants arise from the spin integra-
tions, "

The triplet-even interaction was

U"(r») = 66.92 exp(-0.415r,.~') MeV

and the singlet-even interaction was

Uo'(r») = 29.05 exp(-0. 292r~') MeV, (8)

which values" are in good agreement with low en-
ergy nucleon-nucleon data, . No Coulomb term was
included for the proton-proton interaction. Since
both the & and deuteron wave functions are space
symmetric it is unnecessary to specify the inter-
action in the odd states.
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FIG. 3. Comparison of experimental angular distri-
butions and ZR DWBA calculations (solid line) for L = 8
transfers. For the transition to the 2.84 MeV level the
broken line is an EFR calculation. For the transition to
the 2.34 MeV level the broken lines correspond to L = 6,
7 and 9 transfers. (a) 9+ levels. (b) Other levels.

exact finite range calculations were carried out
in order to investigate the accuracy of the ZR pre-
dictions. These calculations were carried out fol-
lowing the multipole expansion technique described
by Chant "As .was found for the (f, P) and (P, f)
transitions studied in Ref. 12 contributions to the
DWBA cross sections arising from a multipole ex-
pansion of D(r, s) converged rapidly. In most cases
it was necessary to retain only the monopole term
in the expansion. In evaluating D(r, s} we used

y (r„,r, s)

= N exp(-2q'r34') exp( 2' r') exp( 4rPs'), (4)
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B. Optical model parameters

Previous (d, u) studies"" have shown that DWBA
calculations for this reaction are rather insensi-
tive to the choice of deuteron optical model param-
eters, whereas a suitable choice among the vari-
ous optical model parameter families which give
good fits to the elastic n channel is crucial for
good agreement w'ith experiment.

Deuteron optical parameters were taken from
the 80 MeV deuteron elastic scattering survey of
Ref. 17. The spin orbit interaction was omitted
since it does not affect the (d, o.') angular distribu-
tions very much.

In order to provide suitable optical parameters
for the outgoing channel, the elastic scattering
of 92.4 MeV a parti. cles on Pb was measured
between laboratory angles of 10 and 55' in 1

where N is a normalization constant and q
=0.233 fm ' is consistent with the experimental
rms radius for the n particle. The deuteron wave
function used was a sum of three Gaussian terms
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where N~ is a normalization constant and the other
constants, which are given in Ref. 15, lead to a
binding energy and rms radius for the deuteron of
2.20 MeV and 1.90 fm in reasonable agreement
with the experimental values of 2.22 MeV and
1.95 fm. Finally the nucleon-nucleon interaction
used was
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FIG. 4. Comparison of experimental angular distribu-
tions and ZR DWBA calculations (solid line). For the
transition to the 2.61 MeV level the broken line is an
EFR calculation. In addition for the 2.31 MeV level
ZR DWBA calculations are shown for L = 9 (- —line)
andL=10 (—- line).
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steps. The differential cross sections are shown

in Fig. 5. Error bars reflect only statistical un-
certainties. The absolute error, due mainly to the

target thickness uncertainty, is about 20Vo. An op-
tical model analysis of these data performed with
the code ~IB3 yielded five different families of op-
tical parameters as indicated in Table I.

Both ZR and EFR calculations utilized single nu-

cleon wave functions generated in Woods-Saxon
wells with rp 1 25 fm and ap 0.655 fm. A spin
orbit strength of 25 times the Thomas term was
used and the central well depths were adjusted to
reproduce one-half of the empirical neutron-pro-
ton separation energy. In all cases nonlocality
corrections were included with the nonlocality
ranges of 0.85 fm for nucleons, 0.54 fm for deu-
terons, and 0.20 fm for n particles. While the
shapes of the predicted angular distributions were
not significantly changed by the inclusion of non-
locality corrections the cross sections were found

to increase by a factor of 2.

firmed the sensitivity to the choice of a particle
potential previously reported. As shown in Fig. 6
the shallower wells lead to differential cross sec-
tion predictions quite different from the results
obtained using potential sets 4 and 5. Similar be-
havior has been reported for other transfer re-
action DWBA calculations. ' ' In addition, as
mentioned in Ref. 1, a deep a imaginary well
seems to be an important ingredient to reproduce
experimental angular distributions at 80 MeV.

In common with the analysis of Ref. 1, the cal-
culations shown in Fig. 6 do not take into account
finite range effects. Arguably, such effects may
be significant at 80 MeV incident energy since,
even at forward angles, the relevant transferred
momenta (conjugate to the variable s) are large.
In order to investigate this problem EFR calcula-
tions were carried out using the computer code
TOONA" which employs the multipole expansion
technique in conjunction with the nucleon-nucleon
interaction and light particle wave functions given
in Sec. IV A. In the E FR calculations all five po-
tential sets were tried for six values of I-. Re-
ferring to Fig. 6 we recall that in the ZR calcula-
tions the various optical parameter sets lead to
drastic variations in both shape and magnitude for
each I- transfer considered. Indeed in some
cases, backward peaked curves are obtained in
marked contrast to experiment. In Fig. 7, some
of the EFR results are shown. These curves are
generally qualitatively similar to experiment and

vary little in absolute magnitude. Unlike the ZR
case the choice of e distorting potential is not es-
pecially critical. Best agreement with experiment
is in fact obtained using potential set 4 although
sets 1 and 5 are almost as good. Presumably the
lack of sensitivity of the EFR calculations to the
choice of a particle optical potential is a conse-
quence of averaging effects resulting from the
finite range function which reduce the importance
of the nuclear interior.

C. Finite range effects

Initial ZR DWBA calculations using simple single
configurations for the transferred nucleons con-

D. Selectivity of the {d,o.) reaction at 80 MeV

Both (d, n) and the inverse (n, d) reaction~' "
are known to populate high spin states preferen-

TABLE I. Optical model parameters used in DKBA calculations.

Vg
Projectile {MeU) {fm)

A g 8'~)
{fm) {MeU)

RI
{fm)

Ag
{fm) X'~X J~4A R,

4He

4He

He 3
He 4
He 5

d 6

54.34
107.694
162.138
198.848
245.00
99.00

1.385
1.273
1.269
1.2425
1.2345
1.05

0.7642
0.7906
0.6893
0.6959
0.668
0.98

24. 155
20.353
22.731
22.871
32.649

25.5

1.492
1.504
1.415
1.418
1.325
1.206

0.6317
0.6592
0.8764
0.8532
0.9369
0.75

3.95
3.45
6.43
6.40
7.65

25.7

162.9 1.4
255.9 f,4
373.0 f .4
431.4 1.4
477.8 1.4

1.4
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tially when the incident energy is chosen to opti-
mize the angular momentum transfer. Thus, at
80 MeV deuteron beam energy angular momentum
matching requires that the transferred nucleon
pair carries an angular momentum of about 10h
in the lead region. Large values of L transfer im-
ply large values of the spin J of the residual nu-
clear states for zero spin targets. Thus, as was
shown in Ref. 1, this condition should selectively
populate a small number of high J states. Further-
more, the nuclear structure overlap is largest
for maximum J in each m"'v ' configuration. For
example, this factor favors J'= 12 over J'= 11
by a factor 40 in the case of the L = 11 pickup in
the (4»/, 1/I»/, ) configuration.
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FIG. 8. Identifications of 1cnv-lying levels observed in
~ 0 Tl by (d, Q. ) reactions.

E. Comparison with angular variation of data

In order to establish L-value assignments DWBA
calculations were carried out for
""'~"~pb(d, &)'~""""Tlassuming various pure
configurations v '(n, l,j,) v '(n, Lj,) It wa. s found
that, for a given value of L, the angular variation
of the predicted cross sections was not noticeably
altered for different pure configurations. Further-
more, the shapes of the angular distributions were
found to characterize the transferred angular mo-
mentum L without ambiguity. As one might ex-
pect, a strong correspondence appeared between
low-lying '~T1, ' 'Tl, and "'Tl states since '~T1

differs from ' Tl and '"Tl only by two or four,
respectively, additional neutrons. Figure 8 illus-
trates this phenomenon for corresponding angular
distributions of low-lying levels.

Results are presented in Fig. 2-4 where EFR
calculations are shown using a optical potential
set 4. As discussed in Sec. IVC the EFR predic-
tions are quite insensitive to this choice and al-
ternative o. optical potentials do not change the
resultant L-value assignments. Since computer
time limitations did not permit EFR calculations
for all transitions observed ZR results are also
included in Figs. 2-4. As is clear from
"'Pb(d, n)' Tl results the ZR calculations using
potential set 5 reproduce the EFR results quite
nicely. Comparable agreement can be expected
for the other isotopes. Thus the ZR calculations
with an n potential chosen to optimize agreement
with the EFR calculations also serve to establish
values of the transferred angular momentum L.

As expected from the selectivity of the reaction,
discussed in Sec. IVD, most of the observed lev-
els have large angular momentum transfer L (L
= 6, L = 8, L = 11). The principal levels observed
were as follows:

I. = 11 transitions —12 states in~0 T(

States at 2.61 MeV in '~T1., 2.31 MeV in ' Tl,
and 2.15 MeV in "'Tl mere found to be strongly
populated with similar angular distributions and
the same strength. As shown in Fig. 4, only the
L = 11 calculation correctly reproduces the ex-
perimental angular distributions for these levels.
According to the selection rules, the correspond-
ing states of the residual nuclei must have either
J'= 10, 11, or 12 . The dominant L = 11 transi-
tion is expected to lead to the (b»/, lk«») ' state
and the structure factor strongly favors J'= 12"
over J'=10 and 11. The ZR DWBA cross sec-
tions are 2000 and 300 times lower for J'=1l
and J' = 10, respectively, compared with J' = 12 .

Furthermore, as will be shown below, the rela-
tive strength and energy for the 2.61 MeV state in
'~Tl compare well with the shell model calcula-
tions. ' Hence, these three states are assigned
J'=12 .

2. L = 8 transitions —9 states in 2 Tl

Seven fairly certain L = 8 angular distributions
in ' "' " Tl are seen in Fig. 3. Of these, three,
at 2.840 MeV in '~Tl, 2.65 MeV in '~Tl, and 2.34
MeV in '"Tl, are the most strongly populated lev-
els in these reactions. As shown in Fig. 8(a) their
shapes are similar and agree well mith the DWBA
calculations.

While the L = 11 transitions have almost identi-



6IO FRAS CAR IA, DID K I. E Z, CHANT, AND CHANG

(Le IO)

L 8

/

/

/ r
/ /

/x
/

L 9,8

Ls 7,7
L=8,9

L 88+
Ls IO, IO

L 67+
e,e+

Lee9+

L=e,e'

L I I,I2

L 67+

4. Other levels

The well-known low-lying negative parity states
(1,2, 4 } have also been observed. As a result of
the above discussed (d, &) selectivity, they are
weakly excited. However, as shown in Fig. 2, their
angular distributions were used as a means of
checking the DWBA calculations.

V. COMPARISON BETWEEN SHELL MODEL CALCULATIONS

AND DATA FOR 2 Pb(d, o.) Tl

L~6
L 4
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FIG. 9. Comparison of levels and excitation strength
predicted in ZH DWBA using Kuo's wave functions with

experimental values for the observed levels.

cal cross sections for the three isotopes, the L = 8

ones decrease smoothly from '~Tl to '"Tl. This
behavior is not unexpected since, unlike the L = 11
transitions which arise from the single

(htsi, lh»f, )
' configuration, many configurations

contribute in the L = 8 case. Greater changes from
isotope to isotope are thus possible. Nevertheless,
since the chases in cross section are in fact fair-
ly small, these states are expected to have much

the same dominant configurations.
The shell model wave functions of Kuo and Herl-

ing predict a very strong 9' excited state at 3.16
MeV with strength and energy in excellent agree-
ment with the L = 8 transition at 2.88 MeV in ~T1
(see Fig. 9}. Thus we suggest a 9' assignment for
these 3 states.

3. L = 6 transitions

In Fig. 2 are shown five angular distributions
for which L = 6 angular momentum transfer has
been unambiguously assigned. Three of them, at
1.62 MeV in '~Tl, 1.12 MeV in "~T1, and 0.95
MeV in ' 'Tl, are known to be 7' states. """The
resulting fit is indeed very good for the first one,
but for the two others an L = 8 contribution which
could explain the discrepancy near 13 is not ex-
cluded. In ' Tl, a close level at 1.098 MeV ob-
served in Z ray spectroscopy' has been reported
with tentative spin assignment (6', 7', 8') compatible
with an L = 8 DWBA transition and could explain
this feature.

For the 'e'Pb(d, n) '~TI reaction the data were
compared with the results of shell model calcula-
tions by Kuo and Herling. In these calculations the
Hamada-Johnston potential was used as a residual
interaction to generate n 'v ' wave functions. A
first order core polarization correction was also
included. Below 4 MeV the predicted levels could
be correlated with levels seen in the (d, ot) experi-
ment on "'Pb. These wave functions exhibit ex-
tensive configuration mixing, a prediction which
seems to be borne out by the present data.

Firstly, ZR DWBA calculations were carried out
using the Kuo-Herling wave functions. Since the
constant C of Etl. (8) is not included in the code
DurU~ a reaction normalization constant N(d, o)
needed to convert the output of the code to absolute
cross sections was estimated by comparing pre-
dicted and measured cross sections for several
low-lying states in '~Tl, particularly the 2.61 MeV
J= 12 level which has a simple (li»»lh, »,)

' con-
figuration and is the only 12 transition observed.
A value of N(d, o)-800 was obtained. It should be
noted that this result is quite sensitive to the pa-
rameters of the calculation. Furthermore, owing
to the crude nature of the approximation of Eq.
(8) and the difficulty of obtaining a realistic theo
retical estimate of C, it is our view that no theo-
retical significance should be attached to the value
of N obtained.

In Fig. 9 the ZR DWBA results are compared
with our experimental data for ' 'Pb(d, ot) '~TI.
The normalization factor obtained above was in-
cluded and the comparison was restricted to levels
with excitation strengths la.rger than 8 tt, b/sr at
10' lab. For convenience cross sections are
plotted using a logarithmic scale. It is seen that
calculation is in fairly good agreement with ex-
periment for levels below 4 MeV excitation. Spe-
cifically, several large cross sections resulting
from constructive interference of many transition
amplitudes are well explained by the shell model
wave functions. This is particularly true for the
J'=9' state at 2.84 MeV, Apart from the strong
J'=12 state used for normalization, all other neg-
ative party states are predicted to be weak, in

good agreement with experiment.
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Above 4 MeV excitation energy, many excited
states mith small J are predicted to be very weak
owing to destructive interference. However, some
high spin states are predicted between 4 and 6 MeV

excitation with large strength and are not observed
expe rimentally.

Secondly, EFB calculations were carried out
using potentia1. set 4 for the seven most strongly
excited levels in "'Pb(d, n)'"Tl. Using the shell
model wave functions of Ref. 3 best agreement
with experiment mas obtained provided the pre-
dicted cross sections were renormalized by a fac-
tor N(d, o.') =50. Predicted EFR cross sections at
10 using this normalization are presented in Fig.
10 together with the corresponding experimental
cross sections and ZB predictions taken from Fig.
9. Three results emerge. Firstly, finite range
effects are large in the sense that the relative
cross sections predicted in EFB are not well de-
scribed by the ZR results. Secondly, in compar-
ing with experiment, the most notable feature of
the EFB analysis is the rather good account given
of the relative cross sections for the 4-, 7+, 12-
and 9+ levels at 1, 1.68, 2.61, and 2.84 MeV, re-
spectively. Thus, while agreement with experi-

ment is no better in EFR than in ZR for the three
other levels studied, we argue that the EFB anal-
ysis is somewhat better overall. Thirdly, despite
the encouraging results for the relative cross sec-
tions it is disappointing to note that the EFB cal-
culations underestimate the observed absolute
cross sections by a factor of 50. This may indicate
some deficiency in our reaction calculation or per-
haps insufficient configuration mixing in the shell
model wave functions. It is worth noting that, as
is evident from Fig. 7, the problem is not sig-
nificantly alleviated by using any of the other Q.'

optical potential sets listed. Unfortunately large
basis shell model studies'4 which do lead to en-
hancements of as much as an order of magnitude
in light nuclej. are not as yet available for Pb.

VI. SUMMARY AND CONCLUSIONS

By taking advantage of the particular selectivity
of the (d, o) reaction at 80 MeV in the Pb region
we have been able to identify several new high spin
states (8'= l2- and 8+) between 2 and 4 MeV ex-
citation in '~T1, 2™Tl,and '"Tl. The angular dis-
tributions of some of the states observed were com-
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pared with EFR DWBA calculations. The results
were insensitive to the choice of deuteron and n par-
ticle optical potentials. Thus, within the limita-
tions of the DWBA reaction model, L-value assign-
ments were unambiguous. Owing to computer time
limitations we were obliged to use ZR DWBA cal-
culations for some I -value assignments. These
calculations reproduced the EFR results closely
provided a potential with V, -250 MeV was chosen
from among equivalent n particle optical potentials
which reproduced appropriate elastic scattering
data but differed by -50 MeV in real well depth.
Thus no additional uncertainty is involved.

For ' 'Tl the locations of most of the observed
states were found to be in fairly good agreement
with the predictions of the Kuo and Herling shell
model calculations. In addition the relative (d, n)
cross sections are in fair agreement with ZR
DWBA ealeulations using these wave functions. An
empirical ZH normalization factor N(d, n) = 800
was obtained for the code DWUCK. This is much
larger than the value (-20) obtained in Hef. 2 and
is particularly sensitive to the choice of & optical
potential as well as other details of the calcula-
tion such as nonlocality corrections and bound state
well parameters.

For seven levels in '"Pb(d, o.') "'Tl EFH calcula-
tions using Kuo's wave functions were carried out.
In contrast with the ZR results the choice of & par-
ticle optical potential was much less critical and
absolute cross sections differed little from one po-

tential choice to another. The EFR calculations
lead to improvements in predicted relative cross
sections but underestimated absolute cross sec-
tions by about a factor of 50. This problem is not
understood at the present time and it would be of
interest to carry out EFH analyses for other (d, n)
transitions.

Finally, we would like to emphasize the unex-
pected magnitude of the differential cross section
for the most strongly populated states. The maxi-
mum cross section for the strong levels (L =11 or
L =8) is about 100 p, b/sr. Comparable values have
been observed for the L= 8 transfer in the (d, n)
reaction on Ca and Ni and the L =9 transfer on "Zr
at 80 MeV incident energy. Thus it appears that
the effect of angular momentum matching dominates
the reaction mechanism in such a way that for well
matched transitions the cross section does not de-
crease with increasing target mass.
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