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A vector-polarized deuteron beam of energy 12.3 MeV has been used to measure dif-
ferential cross sections and vector analyzing powers for the reaction ~O~Pb(d, t), leading
to the P&y~ ground state, f,t2 first excited state, and p&y~ second excited state of 20'Pb.

The vector analyzing powers for the two L = 1 transitions differ strikingly. This j depen-
dence is well reproduced by distorted-wave Born-approximation calculations.

It has been known for some time that the orbi-
tal angular momentum l of the transferred nu-
cleon in stripping and pickup reactions can be de-
termined from the angular dependence of the dif-
ferential cross section. ' Recently, Yule and
Haeberli' have shown that for a given /, there is
a pronounced difference in the vector analyzing
power for (d, p) reactions between transitions of
total angular momentum transfer j =l+& and j =l

This j dependence is well reproduced for in-
termediate' and heavy' nuclei by distorted-wave
Born-approximation (DWBA) calculations. Mea-
surements of (d, p) vector analyzing powers thus
often allow the unambiguous determination of j
and, in the case of spin-0 target nuclei, of the
final-state spin. ' A similar effect in the vector
analyzing power for (P, d) reactions has been ob-
served. '

The present experiment was undertaken to in-
vestigate the existence of a j dependence in the
vector analyzing power for (d, t) reactions. To
demonstrate such an effect clearly, it is most
desirable to initiate the reaction on a spin-0 tar-
get nucleus for which strong transitions, known
to be of the same l but different j, have been ob-
served. The reaction "'Pb(d, t) proceeding to
the p», ground state and P», second excited state
(E„=0.89 MeV) of 'O'Pb was chosen for this study.
Differential cross sections and vector analyzing
powers were measured for these transitions as
well as for the f», transition to the first excited
state (E,=0.57 MeV) of "'Pb. Cross-section
measurements at deuteron energies of 14.8,
20.1, and 24.8 MeV have been reported previous-
ly. ' The bombarding energy used in the present

experiment (E„=12.3 MeV) is near the Coulomb
barrier, where it is expected that the DWBA
gives a good representation of the transfer-reac-
tion mechanism with little sensitivity to optical-
model parameter s.'

A beam of vector-polarized deuterons from a
Lamb-shift polarized-ion source and tandem Van
de Graaff accelerator was incident on an evapo-
rated 1.5-m /gmc' lead target enriched in "'Pb.
Four counter telescopes, located on one side of
the incident beam direction, were used in con-
junction with a particle identification scheme to
distinguish tritons from other reaction products.
At each detector angle a pair of measurements
wa, s made, with the incident deuteron spin paral-
lel and antiparallel to k„xk,. Absolute cross
sections were determined by normalizing the
counter-telescope yields to the yield of deuterons
scattered elastically into two monitor detectors
placed at 0»b =+13.05'; the method is described
by Loyd and Haeberli. ' The incident-bea. m pola. r-
ization was monitored continuously in a calibrat-
ed 'He polarimeter located at the back of the
scattering chamber.

The measured cross sections and vector ana-
lyzing powers for the three (d, t) transitions stud-
ied are shown in Fig. 1. The data extend from
30' to 150 . At angles 8 ~ 45 the peaks of inter-
est in the triton pulse-height spectra. were clear-
ly resolved and free from contamina. tion. In the
analysis of the peaks at 30' and 35, however, it
was necessary to subtract background which was
caused by the very high deuteron counting rate.
The errors shown include uncertainties from
counting statistics and the estimated effects of
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meters in Table I. The spectroscopic fa«orThe solid and dashed curves are DWBA p redlct1on8 based on t e parMQe
is ven for each transition.8 determined from this experiment is gi

uncertainties in the background. Errors in the
cross section attributable to other sources are

The solid and dashed curves in Fig. 1 are the
results of 0%HA calculations. ' The optical-mod-
el and neutron-well parameters used are given
in Table I. The deuteron parameters come from
an analysis of the differential cx'oss section for
elastic scattering of 11.8-MeV deuterons from
'ospb (Satchler'0). The triton parameters were
taken from the parameters which Becehetti and

Greenlees" obtained by fitting tx iton an ed 'He
l t' scattering data over a wide r'ange of en-

ergy an argd t rget mass. Spin-orbit potentials"'"
wexe added to both parameter sets. The 0%HA

d t f r the cross sections and for the
ith thevector analyzing powex's agree vex'y well %pl e

dataw en e chen the correct value of j (solid curves
is used. The cross-section angular distributions
are similar to those observed in (d, P) reactions
performed at energies near the Coulomb bar-
rier." The spectroscopic factors given in Fig.
1 were obtained by normalizing the DKBA pre-
dictions to the measured cross sections in the

vicuna y o et f th maxima they are in reasonable
t 'th those obtained previously' an

with those expected (8 =2j+1) for completely

Table I. Parameters used in Q%8A calculations for
'08Pb(d, t)'"Pb.'

Deuteron Triton

161.7
1.20
0.72

19.6
0
1.40
0.86
2.0
1.20
0.72

109.9
1.063
1.038

9.8
1.501
0.728
5.25
0.9
0.6

Vs (MeV)
r~ (fin)

a~ (fm)
Wv (MeV)

~;. (M v)
xI (fm)

ag (fm)
V„(MeV)
&,~ (fm)

uso (fm)

~The notation is that of F. D. Becchetti, Jr., and
G. %. Greenlees, Phys. Hev. 182, 1190 {1969). The
bound-neutron potential used is that of 8ef, 6 with ra-
dius x+=1.225 fm, diffuseness a&=0.70 fm, and spin-

or A, =25.0. The depth of the neutron vrell is
r to 1ts emadjusted to match the neutron binding energy to i 8 em-

pirical value,
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filled neutron shells. Additional DKBA predic-
tions demonstrated that omission of the spin-or-
bit potentials in the deuteron and triton channels
caused no qualitative changes in the differential
cross sections or vector analyzing powers.

It is clear from Fig. 1 that there is a pro-
nounced j dependence in the vector analyzing pow-
er for the two I=1 transitions, and that this ef-
fect is well reproduced by D%BA calculations.
Although only a single l =3 transition was studied,
it is worth noting that the DWBA predictions for
the vector analyzing power are very different for
j= 2 and j =-', , and that the former j value is
obviously favored by the data. Furthermore, a
noticeable j dependence in the predicted shape of
the differential cross section, near the angular
distribution peak, is observed for the ground-
state transition, but not for the other transitions
studied.

The analyzing powers and cross sections for
the reaction "'Pb(d, t) exhibit a strong depen-
dence on Q value, in contrast to the results ob-
tained from (d, p) reactions on intermediate-
weight nuclei. "Between the ground-state and
second-excited-state transitions there is a large
change in the magnitude of the analyzing powers
predicted for a given j (see Fig. 1). In the ab-
sence of Q dependence the cross sections for the
P», snd P», transitions would be in approximate-
ly the same ratio as the statistical weights, (2j,
+ I)/(2j, +1)= —,', whereas the measured peak
cross sections are nearly equal. The rapid vari-
ation of analyzing powers and cross sections with
Q value is characteristic of transfer reactions at
sub- Coulomb energies. '

The present experiment has demonstrated that
measurements of vector analyzing powers in (d,
t) reactions provide a useful method for deter-
mining nuclear spins. However, the strong Q de-
pendence observed here indicates that, at least
for reactions performed at energies near the
Coulomb barrier, purely empirical rules con-

cerning the sign of the analyzing power may not
be sufficient to determine j unambiguously.

*Work supported in part by the U. S. Atomic Energy
Coxnxnission.

~S. T. Butler and O. H. Hittmair, Nuclear Sh iPPing
Iteactions (Wiley, New York, 1957).

T.J.Yule and W. Haeberli, Phys. Hev. Lett. 19,
756 (1967), and Nucl. Phys. A117, 1 g.968).

3A. A. Debenham, J. A. H. Griffith, M. Irshad, and
S. Roman, Nucl. Phys. A151, 81 (1970)..

4D. C. Kocher and W. Haeberli, Phys. Hev. Lett. 25,
36 (1970).

5J. L. Escudie, J.C. Faivxe, J. Gosset, H. Kamit-
subo, B. M. Lombard, and B. Mayer, Phys. Hev. Lett.
23 1251 (1969).

G. Muehllehner, A. S. Pcltcrak, W. C. Parkinson,
and R. H. Bassel, Phys. Rev. 159, 1039 (1967).

L.J. B. Gcldfarb, Nucl. Phys. ~72 537 (1965), and
in Lectures in Dseo&eticaE Physics, edited by P. D.
Kunz and W. E. Brittin (Univ. of Colorado Pxess, Boul-
der, Colo. , 1966), Vol. VIII C.

D. H. Loyd and W. Haeberli, Nucl. Phys. A148, 236
(1970).

The code D~cK, obtained from P. D. Kunz, was
used for the DWBA calculations.

~OG. B.Satchler, private communication quoted in
P. E. Hcdgscn, Advan. Phys. ~15 329 (1966).
' F. D. Becchetti, Jr., and G. W. Greenlees, John H.

Williams Laboratory of Nuclear Physics Annual Pro-
gress Report, 1969 (unpublished), p. 116, and tc be
published.

The deuteron spin-orbit potential is based on that
obtained from a fit to vector analyzing power data for
deuteron elastic scattering from ~OZr, at E@ =11 Mev:
P. J. Bjorkholm, thesis, University of Wisconsin,
1969 (unpublished); P. J. Bjcrkhclm and W. Haeberli,
to be published

The triton spin-orbit strength is taken to be roughly
one-third of that for nucleon elastic scattering; see
P. W. Keaton, in Proceedings of the Symposium on
Nuclea~ Reaction Meekanisnzs and Polarization Phe-
nomena, Quebec, Canada, 2969 (Laval University
Press, Quebec, Canada, 1970), p. 331.

D. W. Miller, H. E. Wegner, and W. S. Hall, Phys.
Rev. 125, 2054 (1962); J.J. van der Merwe and G. Hey-
mann, Z. Phys. 220, 130 (1969).


