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Abstract : The cross section, vector analyzing power, and proton polarization have been measured for the
l, = 0 reaction "aSa(d, p)' "Sn(g.s.) at 8.22 MeV. In addition, cross section and analyzing power
data have been obtained at 8.22 MeV for "aSa(~, d)"aSn end for "aSa(d, p)"'Sn leading to
excited states of "'Sa at 0.159, 0.317, 1 .020, 1 .179, 1.308 and 1 .497 MeV. The cross section and
analyzing power for ' "Sn(p, p)' "Sn and for "'Sn(p, d)"aSn leading to the 1.294 MeV state of
"aSn have also been measured at 12 .91 MeV. The data for "aSn(d, p)"~Sn(g .s .) have been used
to separate the contributions to the analyzing power arising from spin-dependent forces is the
proton and deuteron channels . A similar analysis is presented for an l, = 0 v°Za(d, p)9'Zr
transition at 11 MeV. Optical-model analyses have been performed for the elastic scattering data.
The reaction data have been compared with distorted-wave calculations is order to investigate the
validity of various deuteron potentials, as well as to extract spectroscopic information .

NUCLEAR REACTION "aSn(, d), E = 8.22 MeV, measured iT�(~, a(B). "'Sn(jf, p),
E = 12 .91 MeV, measured Ar(B), a(B) . Deduced optical-model parameters . "aSn(, p),
E = 8.22 MeV, measured lT�(Eo, ~, a(EP, ~, "'Sn(p', d), E = 12 .91 MeV, measured

dr(Ea, B), a(Ea, ~. Enriched targets .

1. Intradaction
The usefulness of the distorted-wave Born approximation (DWBA) for the

description of transfer reactions has been demonstrated many times for á wide
variety oftransitions and awide range ofenergies . Frequently, however, polarization
observables such as thevector analyzing power are poorly reproduced by the DWBA
[ref. t)7~

It is important to understand the nature of such shortcomings because the
DWBA plays a central role in a great deal of current theoretical and experimental
work. In particular, reliable DWBA calculations are essential to the extraction of
spectroscopic factors and orbital angular momentum transfers from cross-section
measurements, and total angular momentsoffinal nuclear states from measurements
of the vector analyzing power.

f Present address : Physics Department, C;riandl College, Grinadl, Iowa 50112.
tt Work supported in part by the US Energy Research and Devdopmeat Administration.
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It would clearly be desirable to separate the limitations of the basic theory from
the inadequacies of the particular parameter sets which are used to describe the
distorting potentials . This task would be greatly simplified if observables could be
found which are independent of some of the terms in the optical potentials. The
term that is of particular interest in distorted-wave calculations of the polarization
and analyzing power in to = 0 (d, p) reactions is the spin-orbit term which appears
in both the proton and deuteron channels . Ifthe D-state of the deuteron is neglected,
polarization effects in In = 0 transfers can only arise from spin-dependence in the
optical potentials s _ a

). This is in contrast to the situation for higher values of lo,
for which polarization effects originate primarily with the central potentials' " 6).
Although the analyzing power and proton polarization for an to = 0 (d, p) reaction
depend on both the proton and deuteron spin orbit potentials, Johnson has proposed
a method') which permits the separation of the spin-dependent effects in the two
channels . Such a separation might make it possible to determine whether difficulties
in describing polarization data for to = 0 transfers arise primarily from one spin-
orbit potential or the other.

In Johnson's method, which is valid to first order in the spin-orbit potentials
and is applicable only to to = 0 transfers, the analyzing power (Ar or iT, 1) and
polarization p r are combined to form the quantities :

sa = 3Ar_ 2py = 2fiT11_2p~.

Here Aq and iTll are the vector analyzing powers in Cartesian and spherical
coordinates, respectively . The linear combinations sp and sd have the property that
each is proportional to the spin-orbit potential for the particle denoted by the sub-
script, and is independent of the other spin-orbit potential . With these definitions,
sp can be interpreted as the Cartesian analyzing power arising fFOm the proton
spin dependence only, and sd can be interpreted ~as the Cartesian analyzing power
arising from the deuteron spin dependence only . Eqs. (1) are valid only if the
analyzing power and polarization are unaffected by the D-state of the deuteron . As
shown in ref: ~~ the D-state does have a substantial effect, but the spin-dependent
effects in the two channels are still separated by constructing sp and sd for the case
of interest here. Ref. a) also contains a more complete discussion of the properties
of sp and sd.

In this paper we present the results of the first experimental determination of
sp and sd. The measuranents were made for the to = 0 transition 1 ~6Sn(d, p)' l'Sn
(g .s .) at an energy of8.22MeV. The details of the experimental method, as well as the
reasons behind the choice of this reaction, are discussed in the next section. As
described in sect. 3, we have used these data in an attempt to isolate the contributions
to these quantities from the proton and deuteron channels using Johnson's method
in order to clarify the roles played by the corresponding optical potentials . We hale
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also applied this technique to the case of an In = 0 9°Zr(d, p)91Zr transition using
thé data of refs . e. ~. In order to obtain the appropriate phenomenological optical
potentials for use in distorted-wave calculations for iissn(d, p)1 "Sn, we have also
measured the cross section and vector analyzing power for the elastic scattering of
deuterons from ' 16Sn at 8:22 MeV and the elastic scattering of protons from 1 "Sn
at 12.91 MeV, which is the energy of the outgoing protons in the 116Sn(d, p)11'Sn
(g .s .) reaction. The elastic scattering data and the associated optical model analysis
are presented in sect . 4. The results of the DWBA analysis of the iissn(d, p)11'Sn
(g .s.) measurements are described in sect. 5 .

In the process ofmeasuring Q, iTl1 , andp~ for the i issn(d, p)' l'Sn(g .s .) reaction,
we also studied a number of other transitions in this reaction at 8 .22 MeV, and in
the 1 "Sn(~i, d)116Sn reaction at 12.91 MeV. The spectroscopic information which
was extracted from these measurements is discussed in sect . 6. In addition, these
data were compared to DWBA calculations in order to investigate the validity of
the traditional DWBA method . In particular, we have compared the results ob-
tained using phenomenological optical potentials in the standard I)WBA with
results obtained using the adiabatic prescription of Johnson and Soper 1°), in
which breakup effects are taken into account. This comparison is described in sect. 7 .
The conclusions reached in this series of experiments are summarized in sect. 8.

2. Experimental method

Johnson's method') for separating proton and deuteron spin-dependent effects
requires measurements of both the analyzing power and proton polarization for
an la = 0 reaction . The analyzing power is easily obtained by measuring tÍ~e
asymmetry of the outgoing protons when the reaction is initiated by a polarized
deuteron beam. The easiest way to obtain the proton polarization, however, is not
a direct measurement, but a measurement of the analyzing power in the inverse
reaction using a polarized proton beam . This approach yields the required
polarization data, since the polarization in . the (d, ~) reaction is equal to the
analyzing power in the inverse (13, d) reaction ' 1 " 12).

The use of the inverse reaction to obtain the proton polarization pr severely
limits the choice oftarget nuclei because one requires that an to = 0neutron transfer
connect the ground states of two adjacent stable isotopes . The i issn(d, p) 1 "Sn(g.s .)
reaction is oneof the few cases in which this condition is met. Light nuclei (A S 30)
are undesirable candidates because of the effects of compound nucleus formation.

In the iu~st part of the experiment, a 12.91 MeV polarized proton beam was used
to measure the cross section and analyzing power for 11'Sn(lï, d)iiesn(g.s .) (the
inverse reaction) . Thesame quantities were simultaneously measured för 1 "Sn(~i, p)
"'Sn.~ In the second part of the experiment, an 8 .22 MeV polarized deuteron beam
was employed to determine the cross section and vector analyzing power for
116Sn(~, p)'l'Sn(g.s.) and iiesn(~, d)116Sn. The bombarding energies satisfy the
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requirement that the c.m . energy be the same in the two reactions. Analysis of the
proton and deuteron elastic scattering data provides optical potentials for the nuclei
and energies which are appropriate for DWHA analysis of the reaction data . In
both the (~, p) and ()~, d) experiments the cross sections and vector analyzing powers
for transitions to excited states were also measured .
The technique used to determine the cross seçtions and analyzing powers in both

the proton and deuteron-beam experiment was the same . A vector-polarized proton
or deuteron beam was produced by the Wisconsin Lamb-shift polarized-ion
source t3) and tandem accelerator. The targets were self-supporting metallic foils
1 .5 mg/cm2 thick (or 0.8 mg/cm2 for forward angle data) for' tóSn and3.13 mg/cm2
for t t 'Sn. The t tóSn and `t'Sn targets were 96 ~ and 89 ~ enriched, respectively .
The outgoing protons and deuterons were detected by an array of four solid state
detector telescopes on the left side of the beam. Detector telescopes were used to
allow particle identification t4) . The detectors were 9 .4 cm from the target and
subtended 4.9 msr. The angular acceptances of the detectors were approximately
f 1° . The detector positions were chosen to correspond to the same c.m . angles
in the (~, p) and (13, d) ground state measurements . The method of ref. tS) was
used to correct for dead time in the electronics. Pileup rejection was employed for
measurements at the most forward angles.
The polarization of the deuteron beam was determined using ad 4He polarimeter

[ref. te)] located at the rear of the scattering chamber. The polarization of the
proton beam was measured in a similar fashion, using a p-4He polarimeter t ') .
The analyzing power of this polarimeter was measured by comparing the left-right
asymmetry in the polarimeter with that in a simultaneous good-geometry 4He(P, p)
4He experiment at a lab scattering angle of 1115°. The p-4He analyzing power

6 6 7

L>EUTERON ENERGY thbV)

Fig. 1 a. A representative pulse-height spectrum for the ' "Sn(p, d) ` ` 6Sn reaction at B,,b = 66 .9° .
Fig. lb. A representative pulso-height spectrum for thé "6Sn(d, p)"'Sn reaction at B46 = 78 .8° . In
both spectrathetransitions studied in thispaper are labelled with the energiesoftheèorreeponding states in

the residual nuclei .
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at this angle and energy was calculated from the phase shifts of ref. t a~ and is very
close to the maximum possible value. The deuteron beam polarization it� was
generally about 0.50, while the proton beam polarization pr was typically 0.75.
The product of the number of incident particles times the target thickness for

each run was determined using monitor detectors t4. t~ which detected elastically
scattered particles at 13.1° on opposite sides of the beam. The cross sections for
scattering at this angle were calculated from an optical model, but the results are
extremely insensitive to the choice of parameters because the cross sections are very
close to the Rutherford values in these cases. For the measurements with the deuteron
beam, unpolarized runs were taken in addition' to the normal "spin up~ and "spin
down" runs in order to permit the detection of tensor effects as explained below.
A typical lt'Sn(p, d)ttesn pulse-height spectrum (fig. la) shows that the ground

state peak is completely isolated . In the t 16Sn(d, p) t t'Sn spectra, however, the
peaks of interest overlap slightly with their neighbors, as shown in fig . l b. In this
case the numberofcounts in each peak wasdetermined using apeak-fitting procedure .
The cross section and vector analyzing power were obtained from the number of

counts for each transition using the method of ref. z°). For deuterons this method is
subject to error ifthe deuteron beam has a tensor component. The analyzing powers
for the (~, d) and (~, p) experiments were therefore redetermined using t9. z t)

1

	

y1 - YliTtt = 4itti ~
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Fig. 2. Cross section, vector analyzing power, and proton polarization data for the "sSn(d, p)"'Sn(g.s .)
reaction. The cross sxtion data represented by the closed symbols were obtained directiy from observa-
tions of the (d, p) reaction, while those represented by the open symbols were obtained from the (p, d)
measurements and renormalized as explained in the text . The curvy are the results of distorted-wave

calculations using different deuteron optical potentials.
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Fig. 3a . Cross section and analyzing power for "'Sn(p, p)"'Sn at 12 .91 MeV. The curves are optical
model calculations using the potential which best fit the data (solid curve) and the potential of Hewhetti

and Greenlees ze) (broken curve) .

Fig. 3b. Cross section and vector analyzing power for "°Sn(d, d)"°Sn at 8.22 MeV. The curves are
optical-model cak:ulations using the potentials shown.

where it t t is the vector polarization of the beam, and Y?, Yl , and Y° are the ratios
of the numbers of counts from the transition of interest to the number of counts
observed in the two monitor detectors for the spin-up, spin-down, and unpolarized
runs . This method is independent of a tensor component in the beam, and gave
analyzing powers which agreed within the uncertainties involved with those ob-
tained using the method of ref. s°). Therefore, the uncertainty from a possible tensor
polarization of the deuteron beam is negligible. The results were corrected for dead
time in the electronics, enrichment of the target, target contamination and the (mite
size of the detectors .
The error bars shown with the measurements in figs. 2 and 3 indicate the size of

the uncertainties arising from counting statistics, peak stunmation, statistical effects
in the determination of the beam polarizations, and uncertainties in the detector
solid angles and angle settings. In addition, the overall normalizations ofthe analyzing
power measurements are subject to uncertainties of f1 ~ for the (p, p) and (p, d)
data; and f5 % for the (d, d) and (d, p) data because of the uncertainties in the
polarimeter calibrations . Known uncertainties at%cting the overall normalization
of the cross section data lead to estimated normalization uncertainties of ±3~ for
the (p, p) and (p, d) data and f2% for the (d, d) and (d, p) data However, the (d, p)
and (p, d) ground state cross sections must be identical except for a factor which can
be calculated from the principle of detailed balance. For the present measurements
the ratio of the (d, p) cross sections to the (p, d) cross sections was 10 % larger than
the detailed balance value, so the (p, d) and (p, p) cross sections were adjusted upward



"6Sn(d, p)"'Sn

	

425

by 5~, while the (d, p) and (d, d) cross sections were adjusted downward by the
same amount. The resulting (d, p) and (p, d) ground state cross sections are in excellent
agreement over the entire angular range, as shown by the open and closed symbols
in fig. 2, but thé normalizations of the cross sections are evidently more uncertain
than estimated above. However, the forward angle behavior of the (p, p) and (d, d)
cross section data (fig. 3) indicate that the normalizations are not in error by more
than about +5~.

3. Proton snd deateroo cootribatioos to the analyzing power snd proton polarization

The results for the "6Sn(d, p)"'Sn ground state transition are shown in fig. 2.
The open symbols show the cross sections for ' "Sn(p, d)" 6Sn, multiplied by a
factor of 1 .065 (calculated from the principle of detailed balance) to permit direct
comparison with the "6Sn(d, p)' "Sn cross section measurements . The angular
dependence of the cross section is characteristic of a direct reaction . The two panels
on the right side of fig . 2 display the vector analyzing power andproton polarization
for "6Sn(d, p)"'Sn(g.s.). As explained in sect . 2, the measurements of ps made use
of the inverse reaction .
The values of sP and sd calculated from the experimental values of pr and iTl t

according to eqs. (1) are shown in fig. 4. The quantities sp and sd are comparable
in magnitude, indicating that proton and deuteron spin-orbit interactions contribute
to iTt t in approximately equal amounts. Fig. 4 also shows that sP and sd are opposite
in sign at most angles, and both quantities are roughly twice as large in absolute
magnitude as iTt t . This result reveals that the analyzing power is the result of sub-
stantial cancellation of the eßects resulting from the proton and deuteron spin-orbit

eC.Y.

Fig. 4. Angular distributions of sp and sd obtained from the analyzing power and proton polarization
measurements shown in fig. 2. Smooth curves have been drawn through the data.



426

	

R. R. CADMUS Jr. AND W. HAEBERLI

ec.m .
Fig . 5. Angular distributions of sP and sd for 9°Zr(d, p)9'Zr (E, = 1 .201 MeV) at 11 MeV. These results
were obtained from the analyzing power data of ref. °) and the proton polarization data of ref. 9) as

explained in the text . Neighboring data points have been connected with straight lines for clarity .

terms. This second observation explains, to some extent at least, the difficulty often
experienced in fitting the analyzing power for to = 0 (d, p) reactions, because errors
in the calculated effects due to the proton and deuteron spin-orbit potentials will
be magnified if the two effects tend to cancel .

Johnson's method') can also be applied to the case of the 9°Zr{d, p)9tZr reaction
leading to the first excited state in 9tZr. The analyzing power for this to = 0 transfer
has been measured by Rathmell et al. a) at 11 MeV, and the polarization of the out-
going protons has been determined directly by Michehnan et al . ~, also at a deuteron
energy of 11 MeV. Since the measurements were not made at the same reaction
angles in these two experiments, a smooth curve was drawn through the analyzing
power data, and values were read off for the angles at which polarization data were
available. The angular distributions of sp and sd obtained from eq. (1) are shown in
fig . 5. Again, sp and sd tend to be opposite in sign, and of roughly equal magnitude,
as was the case for the ttóSn(d, p)tt'Sn results. Earlier workers 22 . ZS) had claimed
that proton spin-dependent effects were dominant, but no such dominance is evident
in the cases examined here.

4. Rasalfa and optical-model analysis for elastic scattering

Themeasured cross sections and vector analyzing powers for't'Sn(~i, p)tt 'Sn and
t t sSn(~d)t t sSn are shown in fig. 3. The proton elastic scattering data show the
usual oscillations in the cross section, and large oscillations about zero in the analyz-
ing power. For t tesn(~ d)ttesn, on the other hand, the cross section falls mono-
tonically with angle, and the vector analyzing power is not only very small, but also
predominantly negative. This behavior has been observod in anumber ofother cases
involving the scattering of deuterons with Ed S 12 MeV from nuclei with A > 100
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[refs. ta.za-ze)] , It is itlteresting to note that the "derivative rule" z7) applied to
the (d, d) cross section predicts a predominantly negative analyzing power.
The results for elastic scattering were analyzed in terms of a standard optical

model using a potential of the form given in refs. t9 . za) . The calculations were per-
formed using the code SNOOPY-2 [ref. z 9 )] . A Coulomb radius parameter of
1.22 fm was used for all calculations.
The t t 'Sn(~1, p)t t'Sn data are described fairly well by the global proton potential

of Bechetti and Greenlees ze) as shown by the dashed curves in fig. 3a, but a slight
adjustment of the parameters produced a noticeably better fit to the data (solid
curves in fig. 3a). The parameters of these potentials are given in table 1 . The
t teSn(~, d)t t sin data were considerably more difficult to fit, primarily because the
vector analyzing power is predominantly negative, and a great deal of effort was
expended in the search for a potential which reproduced this feature of the data.
Calculations were performed using published potentials zs.3°-3z), and parameter
searches were made using these potentials as starting points . Searches were also made
starting with parameter sets which had been obtained by minor modifications of
published potentials . No acceptable fits were obtained in this way. An example of
the problems encountered is shown by the dotted curves in fig . 3b. These calculations,

T~et.e 1

Proton and deuteron optical model parameters')

427

" ) The potential parameters are defined as in rd. zs), except that for déuterons (spin 1) the product 1 ~ e
was replaced by ! ~ aa, where as is the deuteron spin operator (laah = 2) . Potential depths are given in MeV ;
geometrical parameters are given in fm .

performed with the global potential of Lohr and Haeberli z') (A in table 1~ without
any adjustment of parameters, overestimate the cross section over most of the
angular range, and fail to reproduce the negative trend of the analyzing power.

Following . the failure of published potentials to lead to acceptable fits to the
(d, d) data, searches were made with initial values of the parameters of the central
potential which differed significantly from published parameters . For these calcula-
tions the parameters of the spin-orbit potential were those calculated from the
folding mode1 33 ) for tz°Sn [rel: sz)]. The central potentials obtained from the
folding model have been shown sa) to require substantial adjustment to obtain

Particle Potential V ro aa wa wp r� ap V, .o, r, .o, a, .o .

p BG (rd. ")) 57.45 1 .17 0 .75 0.14 10 .32 1 .32 0 .61 6.20 1 .01 0.75
p beat-fit 58.17 1 .17 . 0 .73 0.26 8.53 1 .28 0 .68 6.19 1 .00 0.78
d A (global 2 ')) 113 .68 1 .05 0 .86 0.0 9 .17 1 .43 0 .81 7 .00 0 .75 0.50
d B (fiom (d, d)) 139 .52 1 .02 0 .56 0.0 4 .59 1 .81 0 .80 5 .69 0 .98 1 .00
d C (from (d, d)) 111 .30 1 .10 0 .85 0.0 5 .26 1 .92 0 .72 5 .69 0 .98 1 .00
d D (adiabatic) 114 .07 1 .17 0 .79 0.0 22.40 1 .26 0 .62 6.20 1 .01 0.75
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agreement with experimental data . The solid curves in fig. 3b represent the best fit
obtained with the folding model spin-orbit potential. The parameters of the central
potential were adjusted to reproduce the data. The cross section and analyzing
power are both reproduced fairly well, but the corresponding potential (H in table 1)
has a real central tenor which is abnormally deep and has an unreasonably small
diffuseness compared with a potential obtained by adding proton and neutron
potentials. The potential labelled C in table 1 is the result of an attempt to obtain
more conventional values of V and ao, while retaining a reasonably good fit to the
data. These parameters were obtained by repeatedly lowering V and increasing ao,
while simultaneously readjusting the remaining parameters of the central potential.
The best fit obtainable became steadily worse as ao was increased. Potential C still
reproduces the general features of the data (dashed curves in fig. 3b), but the agree-
ment with both Q and iTl1 is considerably worse than was obtained with potential
B. The increase in ao was responsible for about half of the degradation in the fit to
iTll , and all of the degradation in Q. The lower value of V caused the remaining
degradation in'the fit to iTll .

In order to determine whether the difficulties encountered in fitting the data were
caused by the neglect of tensor potentials in the analysis above, additional calcula-
tions were performed with a potential containing a tensor tenor . The calculations
were done using the code DD [ref. 3s)] and employed optical potentiál B to which
was added a tensor term of the TR [ref. 3e)] variety calculated from the folding
model sz.ss), The inclusion of the TR potential had only~~a very slight effect on the
calculations.
The best choice of a deuteron potential for use in DW$A calculations is therefore

unclear. Although a large number of searches was performed (only a few of which
have been described here), and a large volume ofparameter space was explored, this
effort led to the conclusion that a reasonably good fit to the (d, d) data can only
be obtained with unconventional values of V and ao. Difficulty in fitting predom-
inantly negative analyzing powers has been reported in other cases z` - z6), and it
has been suggested 3') that the difïiculty is related to the fact that the deuteron
energy is near, or only slightly above, the Coulomb barrier in these cases. However,
our calculations are insensitive to reasonable changes in the radius of the charge
distribution, so it seems unlikely that the problem is simply due to an incorrect
description of the Coulomb potential.

S. DWBA analysis of the "sSo(d, P)"'Sn(g.s.) data

In the standard DWBA procedure, the optical potentials which are used tocalc~ilate
the incoming and outgoing distorted waves in a (d, p) reaction are the same potentials -
which describe the elastic scattering of deuterons and protons from the target and
residual nuclei, respectively . The elastic scattering data which are used to obtain the
potentials must, ofcourse, be taken at the c.m . energies ofthe incoming and outgoing
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particles in the (d, p) reaction . The data presented in sect . 4 meet these requirements,
and DWBA calculations using the optical potentials obtained by fitting these data .
would therefore by expected to lead to reasonable fits to the data for t t6Sn(d, p)t t'Sn
described in sect. 3.

Distorted-wave calculations for the (d, p) reaction were performed using the code
DWCODE [ref. 3a)]. These calculations included the effects of the deuteron D-
state 39), as well as corrections for the (mite range of the n-p interaction t . The
finite range parameter was taken to be ß = 1.334 fm- t [ref. s~]. A Coulomb radius
parameter of 1 .22 fm and the "best-fit" proton potential were used for all (d, p) cal-
culations discussed in this paper. The results of calculations using deuteron potential
B are shown as the dotted curves in %g . 2. These calculations fail to reproduce the
data even qualitatively . Similar calculations using deuteron potential C resulted in
even worse fits. The failure of these calculations to reproduce the reaction data
indicates that potentials which describe the elastic scattering data are not necessarily
appropriate for use in the DWBA. This will be discussed at greater length in sect . 7.

Because earlier work has determined the proton-nucleus potential better than the
deuteron-nucleus potential, and because the ttssn(~,d)ttssn data obtained in this
experiment are qualitatively different from those obtained at deuteron energies well
above the Coulomb barrier, a natural starting point for further attempts to reproduce
the (d, p) data is the investigation of other deuteron potentials . The dashed curves
in fig. 2 were calculated using deuteron potential A. The fits to iTt t and ps are much .
better than those obtained with potential B, but the fit to the cross section is still
poor. The global deuteron potential of Perey and Perey (potential A of ref. 4o))
was also tried, and was successful in some respects, but did not lead to strikingly
improved fits to all the data.

Calculations were also done using adeuteron potential obtained from the adiabatic
prescription of Johnson and Soper to"at). This approach is similar to the folding
model of Watanabe 33), except that the sum of the proton-nucleus and neutron-
nucleus potentials is multiplied by the neutron-proton interaction before being
averaged over the internal wave function of the deuteron. This approach represents
an extension of the DWBA method because the effects of deuteron breakup on the
neutron transfer have been taken into account. The neutron and proton potentials
to be used in this procedure must be taken at an energy equal to half the energy of
the incident deuteron in the (d, p) reaction, or about 4.1 MeV in the present case.
The neutron potential used in constructing the adiabatic deuteron potential was
taken directly from the neutron potential of Beochetti and Greenlees se), and is ,
based primarily on data at energies below 10 MeV. The proton potential of ref. 28 ) ,

was not used directly because the proton scattering data analyzed in that work were

t After this paper was completed, Dr . R . C . Johnson of the University of Surrey reported to us the
discovery by J . A. Tostevin of an error in DWCODE. The calculations presented in this paper were
repeated after correction of the error, and only minor discrepancies with the original calculations were .
fowd . None of the conclusions of this paper are effected .
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all obtained at energies above 10 MeV, so that a considerable extrapolation is
required to obtain a proton potential at 4.1 MeV. For the calculations which follow,
the proton potential for Sn at 4.1 MeV was obtained from the neutron potential of
ref. za) by reversing the sign ofthe asymmetry terms in the real and imaginary central
potentials, and adding to the real central potential the Z/A} term which is present
for protons. The parameters of the adiabatic potential are given in table 1 as potential
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Fig . 6 . Distorted-wave calculations forsp and sd using various deuteron potentials. The data are those of
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Fig. 7 . Cross sections and vxtor analyzing powers for the''6Sn(~, p)"'Sn reaction leading to states
in "'Sn at 0.159, 1 .020, and 1 .179 MeV. These are all /, = 2 transitions. The curves are the results of
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Fig. 9. The effects of including the contributions of the l~state of the deuteron to distorted-wave
calculations for the (d, p) transitions to states in "'Sn at 0.159 and 0.317 MeV . These cases represent the
least and greatest effects observed for any of the transitions studied in this paper. The same spectroscopic
factor was used in both calculations for each transition. The solid curves include both S- and 1-state

wntributions, while the broken curves include only the S-state contribution .
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D. The calculations done with the adiabatic deuteron potential (solid curves in fig . 2)
reproduce the reaction data better than do the calculations done with potentials A
or B. Further calculations using these potentials will be discussed in sect . 7.
A comparison of DWBA calculations for sp and sd with the measured angular

distributions for these quantities offers the possibility of learning whether dis-
crepancies between theory and . experiment can be attributed to the inadequacy of
either the proton or the deuteron spin-orbit potential or both. A better fit to sP than
to sd , for example, would indicate that the difficulties arise from an incorrect deuteron
spin-orbit potential .
The results of DWBA calculations for sp and sd using deuteron potentials A, B,

and D are shown in fig . 6. The fits with potential B are poor; as would be expected
from the poor fits to iTl 1 andpy . The calculations with potentials A and D reproduce
the main features of the data for sP and sa, but signilïcant discrepancies remain .
The fact that the calculations fail to reproduce the details of the measurements for
both sP and sd indicates that the problem is not limited to an inappropriate spin-orbit
potential in only one channel . An incorrect description of the central potentials, for
example, could lead to poor fits to both sP and sd . However, as indicated in sect. 4,~
the proton potential is much better determined in the present case than is the deu-
teron potential, so it is likely that the lack of agreement between the measured and
calculated angular distributions ofsP and sd is the result of inadequacy ofthe deuteron
central potential.

6. Transitions to excited states

In addition to the results for the ground state transitions, we have also obtained
data for the ' 16Sn(~, p)"'Sn and 1 "Sn(~i, d)' 16Sn reactions leading to a number
of excited states in "'Sn and l ' 6Sn . The cross sections and vector analyzing powers
for the (d, p) transitions leading to states in l '~'Sn at 0.159, 0.317, 1 .020, 1 .179, and
1308 MeV are shown in figs. 7~9. The excitation energies are those of Madueme
et al. az). The analyzing power for the (d, p) transition to the 1 .497 MeV state is
shown in fig.10. The cross section andanalyzing power for the (p, d) reaction leading
to the 1.294 MeV state in iióSn are displayed in fig . 11 . Although the cross sections
presented here are not large, the shapes of the angular distributions indicate that
these transitions proceed primarily by direct reaction processes.
TheDWBA calculations shown in figs. 7 and 8 were performed using the methods

described in sect . 5. The D-state of the deuteron is neglected in these calculations,
but the effect of the D-state for a single choice ofdeuteron potential is shown in fig. 9.
The two examples shown represent the largest and smallest D-state effects observed
for the five excited states of 11 'Sn which were investigated in this experiment. The
cross sections are essentially unaffected, but the analyzing power is shifted toward
more negative values by an amount which increases with increasing lo . The D-state
effects are not large enough to alter the conclusions drawn from S-state calculations.
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In figs . 7 and 8 calculations are shown only for the choices ofIx which lead to the
best fits to the data. The spin and parity assignments for these states will be discussed
later in this section. As was the case for the ground state transition, the use of the
deuteron potentials obtained from analysis of the elastic scattering data (potentials
B and C in table 1) does not lead to acceptable fits to the data. Calculations using
the potential of ref. z') (potential A in table 1) or the adiabatic potential (potential
Din table 1) are much more successful in reproducing the data, however. The adiabatic
potential leads to better overall agreement with the data for the !� = 2 transitions
(fig. 7) than does the potential A, but the situation is reversed for the to = 3 and
!� = 5 transitions shown in fig . 8. The relative success of these three potentials will
be duscussed at greater length in the next section.
The j-dependence of the vector analyzing power e) in (d, p) reactions is well estab-

lished, and leads to reliable spin assignments. For the transitions included in figs . 7
and 8, the calculations shown reproduce the data much better than do calculations .
with the alternative choices for~~, for which iTll usually has the wrong sign. These
results therefore confirm previous spin assignments zs.<s-a4) to the 0.159, 0.317
and 1.179 MeV states. The existence of a ~~ = z+ state near 1.020 MeV [ref. 44)]

is also confirmed. In the present experiment the previously reportéd ~~ = i+ state
at 1.005 MeV [refs. az.as)] would not be resolved from the 1 .020 MeV state, but
the i+ state is evidently not strongly excited in the ' 16Sn(d, p)11 'Sn reaction at
8.22 MeV, since the present data for the 1 .020 MeV state are nearly~identical to those
for the ~~ = i+ state at 1 .179 MeV, and shovsc no evidence of a contribution with
thecharacteristics ofthe data for the~~ = z+ state at0.159 MeV. The vector analyzing
power for the transition to the 1 .497 MeV state in "'Sn is shown in fig.10. Although
these data are of lower quality than those for the other transitions, the trend of the
data is clear. This transition has been assigned !� = 2 (refs. aa .as)), restricting the
spin and parity of the final state to ~~` _ ~+ or i+ . The data shown in fig. 10 are
compatible only with an assignment of J~ _ ~+, not only because distorted-wave
calculations using the adiabatic potential (potential D in table 1) yielded far better
agreement with the measurements for this choice of spin, but also because the data
for this transition are very similar to the analyzing power data for the transition lead-
ing to the 7~ = i+ state at 0.159 MeV. The present ~x = ~+ assignment is in conflict
with a previous tentative ~x = i+ assignment ~).

In addition to the data for the 1 "(~, d)' 16Sn(g.s.) transition presented earlier in
this paper, we have also measured the cross section and analyzing power for the
(p, d) transition to the 1294 MeV first excited state of i iesn. These data are shown
in fig. 11 . The curves in this figure are the results of DWBA calculations using the
adiabatic deuteron potential (potential D in table 1). The eRect of the deuteron
D-state has not been included. The two broken curves in the lower half of the figure
correspond ío the only two values of the angular momentum of the transferred
neutron which can wntribute to a transition between the Ix = i+ ground state of
11 'Sn and the 1294 MeV state in 116S

n , which ïs known to have~~ = 2+ [ref. as)] .
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These two values are~~ = i+ and~~ = i+ . Neither of these calculations fits the data
particularly well, but a mixture of these two processes in which the~~ = i+ transfer
contributes twice as strongly as does the Jó = i+ transfer gives a much improved
fit, as shown by the solid curves in fig . 11 . The calculated cross section is essentially
identical for these two choices of1ó . Although certain types of defects in the com-
ponent calculations can be compensated by changing the degree of j-mining, it is
likely that distorted-wave calculations using the adiabatic deuteron potential
adequately describe this transition, and that both values of~ó contribute signilïcantly .
The spectroscopic factors obtained by comparing the present data with distorted-

Twei .a 2
Spectroscopic factors for states in "'Sn

wave calculations are shown in table 2. Although there are large differences among
the values obtained using deuteron potentials A, B, and D, the results with potential
D (the adiabatic potential), are in reasonable agreement with the results of ref. 4s),

except for the 0.159 and0.317 MeV states. The D-state of the deuteron has essentially
no effect on the magnitude of the cross section at angles near the stripping peak, as
shown in fig . 9, and therefore does not affect the spectroscopic factors in table 2.

7. Comparison of DWBA calculations using various deuteron potentials

The results presented in the last section showed that traditional DWBA calcula-
tions, in which the optical potentials are taken to be those which reproduce the rele-
vant elastic scattering data, do not reproduce the (d, p) data in the present experiment .
The difficulty enperienced in reproducing the (d, d) data suggests that the difficulties
probably lie with the deuteron, rather than with the proton potential . This conjecture
is supported by the fact that the agreement with the data is greatly improved by using
an adiabatic deuteron potential, without alterations to the proton potential. The suc-
cess ofthe adiabatic potential is particularly interestingnot only because this potential
has been constructed in a physically reasonable wayfrom nucleon potentials, without
adjustable parameters, but also because the energy in the present experiment is

E,
(MeV)

Potential A
(global

analysis 2'))

Potential B
(elastic

scattering)

Potential D
(adiabatic)

Carson and
Mclntyre
(ref. "))

0.0 0.90 0.51 0.45 0.52
0.159 0.87 1 .08 0.54 0.76
0.317 0.62 0.88 0.48 0.79
1 .020 0.10 0.094 0.058 0.064
1 .179 0.059 0.053 0.034 0.039
1 .308 0.034 0.063 0.030 0.037
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much lower than the energies at which adiabatic potentials are usually employed
(20 MeV or above) 1"41,47-49) . As the energy is lowered the basic adiabatic as-
sumption, that the motion of the deuteron's c.m. is more rapid than its internal
motion, becomes less valid .
The lack of agreement between the reaction data and DWBA calculations using

the elastic scattering deuteron potential B could arise in several ways. The first
possibility is that this potential is unphysical, and that there exists a second potential
which describes both the elastic scattering and the reaction data Although the
existence of an alternative potential cannot be ruled out, the large amount of effort
expended in searching for potentials which reproduce the elastic scattering data
makes it unlikely that such a potential has been overlooked .
The second possibility is that the DWBA method itself is inadequate. In particular,

the success of the adiabatic potential suggests that the three-body effects which are
neglected in, the traditional DWBA method are signifïcant.
A third possible origin for the discrepancies between the reaction data and the

corresponding calculations is the choice of the functional form of the optical po-
tential. All of the calculations which are described in this paper were performed with
optical potentials containing a Woods-Saxon radial dependence . At energies near
the Coulomb barrier, the interaction between the nucleus and the incoming deuteron
maybe unusually sensitive to the details of the shape ofthe potential near the nuclear
surface, and aWoods-Saxon shape may be inadequate in the surface region . It would
be particularly interesting to see whether the use of a potential with a different radial
dependence in the surface region could improve the descriptión of both the reaction
and (d, d) data presented here, as well as other (d, d) analyzing power measurements
at energies near the Coulomb barrier.

	

_
Comparison of the fits to the (d, p) data obtained with the global and adiabatic

potentials (see figs. 2, 7, and 8) reveals that the adiabatic potential gives better overall
agreement for the 1� = 0 and to = 2 transitions (figs. 2 and 7) than does the global
potential, while the global potential leads to more satisfactory results for the to = 3
and i� = 5 transitions (fig . 8) . The superiority of the global potential for higher
l-values is most pronounced at forward reaction angles, and is particularly evident
in the case of the transition to the 0.317 MeV state. Roughly speaking, small reaction
angles and large values of 1� are associated with large impact parameters, and reao-
tions with these characteristics are therefore sensitive to the asymptotic behavior of
the wave functions. Elastic scattering is also most sensitive to the asymptotic behavior
of the wave functions, so it is not surprising that the superiority of the global pho-
nomenological potential is most apparent for large values of to and small reaction
angles. The adiabatic potential, on the other hand, appears to be more successful
in circumstances which involve deeper penetration into the nuclear interior .
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8. Conclosians
We have presented cross section and vector analyzing power data for the l' 6Sn

(~, p)1 "Sn reaction leading to six states in 1 "Sn, as well as for the elastic scattering
of the particles in the entrance and exit channels in the (d, p) reaction. In addition,
we have measured the proton polarization for the I� = 0 ground state transition.
The existence of cross section, vector analyzing power, and proton polarization
measurements for the ground state transition makes this a particularly useful set of
data for comparison with theory .
The results of our optical-model analysis of the proton elastic scattering data were

consistent with previous work, but the deuteron elastic scattering data could not
be reproduced using an optical potential with conventional parameters. In particular,
conventional deuteron potentials failed to reproduce the predominantly negative
trend of the analyzing power data. Satisfactory agreement with the (d, d) measure-
mentswas obtained using a potential which included a spin-orbit potential obtained
from the folding model and a real central potential characterized by unconventional
values of Vo and aa. However, the (d, p) results were poorly described by DWBA
calculations in which this deuteron potential was used . Although the existence of
other deuteron potentials which describe both the (d, d) and (d, p) data cannot be
ruled out, the considerable eû'ort whichwas required to obtain reasonable agreement
between the (d, d) data and the corresponding calculations leads us to believe that
this is probably not the case. In addition, the relative success ofthe deuteron potential
obtained from the adiabatic prescription may indicate that three-body effects cause
the failure of the traditional DWBA prescription in the present case.

Johnson's method for the separation of proton and deuteron spin-dependent
ef%cts has been applied to our data for the 1� = 0ground state transition . The results
of this analysis indicated that the small observed analyzing power is the result of
considerable cancellation of the contribution from the proton spin-orbit potential
by the contribution from the deuteron spin-orbit potential . This càncellation makes
the analyzing power sensitive to small changes in either contribution, and may be
responsible, at least in part, for the dil%culty sometimes encountered in describing
the analyzing power in to = 0 reactions with distorted-wave calculations .
The spins and spectroscopic factors obtained in the analysis of our data for tran-

sitions to excited states were generally in agreement with previous work . In the case
of the 1 .497 MeV state in 11 'Sn, however, our~~ = i+ assignment is in conflict with
an earlier tentative result . Distorted-wave calculations for the transitions to excited
states indicated that the data for to = 0 and Ia = 2 transfers were best reproduced
using the adiabatic deuteron potential, while a global phenomenological potential
gave better results for the In = 3 and to = 5 transfers .

Theauthors wish to thank R. C. Johnson for many helpful discussions, particularly
regarding the adiabatic prescription and the separation of proton and deuteron
spin-dependent effects.
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