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Analyzing-power angular distributions of the (p, d) reaction on Ni, 86Sr, and 20'Pb have

been measured at 94-MeV bombarding energy. A distinctive j dependence was observed for
the pickup of neutrons from the pf/2y p3/2 f5/2y and f7/i orbitals which is independent of
target mass and of the number of nodes in the neutron bound-state radial wave function.
These characteristic j=l+—signatures may thus be used as experimental templates for reli-

able spin determinations over the whole periodic table at this bombarding energy. Conven-

tional distorted-wave Born approximation calculations using standard optical model param-
eters describe the experimental analyzing power angular distributions and the associated j
dependence rather poorly.

NUCLEAR REACTIONS Ni Sr, Pb(p, d), E=94 MeV; mea-

sured A~(8). Enriched targets. DWBA analysis.

I. INTRODUCTION

During the past few years, several investigations
of deeply-bound neutron hole states using the (p, d)
reaction at bombarding energies near 90 MeV have
been reported. ' In these studies, the transferred
orbital angular momenta I were deterinined from the
shape of the differential cross sections; in two
cases, ' the transferred total angular momenta j
were obtained from measurements of analyzing-
power angular distributions A~(8). The method
used in Ref. 2 to determine j for a broad deeply-
bound hole state observed in the ' Sn(p, d)" Sn re-
action at 5 MeV excitation was to compare A„(8) for
this transition to the experimental analyzing power
pattern of the Zr(p, d) Zr ground state transition

(j = —,). This identification procedure relies on the

premise that the j-dependent features of A„(8) do
not change substantially with target mass. However,
prior to the present investigation, little experimental
evidence had been reported at this bombarding ener-

gy to support this view.
It has also been shown recently that conventional

distorted-wave Born approximation (DWBA) calcu-
lations at these same energies fail to reproduce ex-

perimental analyzing-power angular distributions
for transitions to well-known low-lying states [e.g.,
in the case of the Mg(p, d) Mg reaction]. There-

fore, the use of standard DWBA predictions in or-

der to determine the transferred total angular

momentum from a comparison with experimental
A~(8)'s appears to be quite unreliable. If, however,
stable j-dependent angular patterns of measured
analyzing powers could be established over the
whole periodic table, or at least a large portion of it,
these signatures would then make possible reliable
spin determinations for neutron hole states indepen-
dent of DWBA analyses. Moreover, such an experi-
mental result would give a solid justification of the
method used, for example, in Ref. 2.

The present measurements of (p, d) analyzing
powers at Ez ——94 MeV for three targets in the mass
range from Ni to Pb were undertaken in order
to search for such empirical, j-dependent A„(8) sig-
natures and to investigate their stability versus the
target mass. Previous results from the

Mg(p, d) Mg reaction at the same bombarding
energy were included in this survey. In particular,
transitions in which the neutron is picked up from
the lp, 2p, 3p, 1f, and 2f orbitals have been inves-

tigated, and the results are reported in Secs. II and
III of this paper. In addition, a series of DWBA
calculations was performed in an attempt to describe
the measured analyzing power angular distributions,
as discussed in Sec. IV.

II. EXPERIMENTAL PROCEDURES
AND RESULTS

A 94-MeV polarized proton beam from the India-
na University Cyclotron Facility was used to per-
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form the present measurements. The targets were
isotopically enriched, self-supporting Ni (99.8%},

Sr (96.9%), and Pb (98.7%} metallic foils of
nominal thicknesses 3.3, 4.0, and 3.2 mg/cm,
respectively. The reaction products were momen-

tum analyzed in the quadrupole-dipole-dipole-
multipole magnetic spectrometer and detected in the
focal plane by a position-sensitive helical propor-
tional counter followed by two plastic scintillators.
Energy loss hE signals from the two scintillators
were used for particle identification. A more exten-
sive description of the experimental setup can be
found elsewhere. '

The beam polarization was measured with a He
polarimeter periodically inserted into the beam be-
tween the two cyclotrons. The polarization in both
"spin up" and "spin down" orientations was moni-
tored and found to vary between 70% and 75%.
During data acquisition, the spin direction was au-
tomatically flipped every minute in the atomic-beam
source. This procedure did not affect the beam in-

tensity or transmission and helped to reduce possible
systematic errors in the extracted A~(8) associated
with any slow change in the beam characteristics on
target. Further details are given in Ref. 3.

Spectra were taken over the angular range from 6'
to 20' in 2' steps, from 20' to 30' in 2.5' steps, and
from 30' to 45' in 3' steps. The energy resolution
obtained was about 55 keV FWHM. Analyzing-
power angular distributions for some typical
l =1 and l =3 transitions are shown in Figs. 1 and

2, respectively. In each case the spin of the residual
state is well known. Included in Fig. 1 are also the
results for Ipi&2 and Ip3/2 neutron pickup obtained
in an earlier study of the Mg(p, d) Mg reaction.
It is clear from both figures that, at the more for-
ward angles, very pronounced oscillatory patterns
for Az(8) are observed which demonstrate a clear
differentiation between the spin-orbit partners
(I' =I+—,} for all final nuclei in this study. Further-

more, no large variations in the gross features of this

j dependence with mass number are evident at this
bombarding energy.
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FIG. 1. Analyzing-power angular distributions for I= 1

transitions.

III. DISCUSSION OF
EXPERIMENTAL RESULTS

Results for the l= 1 transitions, where the neutron
is picked up from the p~/2 and p3/2 orbitals, are
shown in Fig. 1. The most characteristic pattern of
the analyzing-power angular distribution for the
pickup of a pi&2 neutron, shown in the left half of
Fig. 1, is the pronounced negative value observed at
the very forward angles. In this angular region, the
A~(8) for a p&~z pickup, shown in the right half of
Fig. 1, are close to zero, except for 207pb, where

small (compared to the corresponding spin-orbit
partner) negative values are observed near 10 deg.
The latter deviation from the pattern observed for
lower mass targets may result from the higher ener-

gy of the outgoing deuterons, since the Q value for
the Pb(p, d) Pb reaction is at least 5 MeV less
negative than for the other targets. We observe this
forward angle signature of A„(8) for pickup from

p ~/2 vs p3/2 orbitals to be stable despite the fact that
the number of nodes in the neutron bound-state ra-
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FIG. 2. Analyzing-power angular distributions for 1=3
transitions.

dial wave function ranges from 1 for Mg to 3 for
~ Pb. At angles larger than about 20, the observed
analyzing powers for the pI/3 and p3/3 pickup tend
to oscillate in an opposite manner (with the excep-
tion of Mg), the minima of the p»3 analyzing
powers coinciding roughly in angle with the maxima
of the p3/3 analyzing powers.

For the l=3 transitions, shown in Fig. 2, the
neutron is picked up from the lf (Ni and Sr}
and 2f orbitals ( Pb). Again, one very characteris-
tic j-dependent feature which is independent of the
target mass and number of radial nodes was ob-
served. The signature of the f3/3 pickup is the neg-
ative lobe in Az (8) around 10' to 15'. In this angular
region, the analyzing power for an f7/3 pickup is
positive. For larger angles, we observe in one case
( Ni) very similar oscillatory behavior for the two
1=3 spin-orbit partners, whereas for the other tar-
gets the analyzing powers tend to oscillate roughly
in an opposite manner, although not as strongly as
for the 1 =1 transitions.

We note that 94 MeV appears to be the highest

bombarding energy at which the analyzing power
angular distributions for the (p, d) reaction on
heavier mass targets show characteristic j-dependent
features, albeit in a rather restricted angular range.
Kraushaar et al. observed almost no j dependence
in A~(8) for neutron hole states studied in the
zospb(p, d)3 pb reaction at 123-MeV bombarding
energy. Our (p,d) analyzing power distributions for
this target at 94 MeV bombarding energy show the
general j-dependent signatures as described above,
but they are less distinct than those for the lighter
targets.

In summary, the present analyzing power angular
distributions at Ez ——94 MeV show characteristic j-
dependent features for 1 = 1 and 1 =3 transfer which
at angles below 15' to 20' are independent of the tar-
get mass over the range A =24 to 208. The small
observed shifts of the maxima and minima to small-
er angles (for both the 1 =1 and 1=3 transitions) as
a function of increasing target mass can be ex-
plained kinematically, resulting from changes in the
transferred momenta and interaction radii.

The present conclusions at 94 MeV are different
from those obtained at lower energies by Hosono
et al. , who studied analyzing power angular distri-
butions of the (p, d) reaction at 65 MeV on several

.target nuclei ranging from ' C to Zr. On the basis
of the oscillatory pattern and the position of the
maxima and minima, these authors were able to
categorize their Az(8) according to the number of
nodes n of the radial bound state wave function of
the transferred neutron with either j(n )
=1+—, or j(n)=l ——,. The only exception ob-
served was the neutron pickup from the 1p~~q orbi-
tal, which did not follow the usual n =1,j=1——,

pattern. Our results at 94 MeV do not show such an
n dependence, at least for angles below 20'. For an-
gles greater than 20', in the angular region of mutu-
ally overlapping measurements, we also come to dif-
ferent conclusions than that of Ref. 6. Although

1

certain features of the n =1 or 2, j& ——1+—, or al-

ternatively n =1 or 2, j& ——1 ——, distributions bear
some resemblance to each other, in general we ob-
serve both larger variations in the amplitude of the
oscillations and/or significant variations in the os-
cillatory pattern itself, than was reported at 65 MeV.
In short, we observe a j dependent signature in A~(8)
over a restricted angular region which is independent
of n. DWBA calculations, as discussed later, con-
firm these experimental observations that at Ez ——94
MeV the j-dependent features of A~(8} do not de-
pend on the number of radial nodes.

IV. DVfBA COMPARISONS

It is of interest to compare DWBA predictions to
the measured analyzing-power angular distributions
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TABLE I. Optical model parameters used in the DWBA calculations.

Target Particle V
(MeV)

«0, a
(fm)

8'„4$',
(MeV) (MeV)

«', a'
(fm)

V„ 8'so
(MeV) (MeV)

«so» ~so

(fm)
rc

(fm)

24Mg 27.1

71.8
1.25, 0.75
1.25, 0.75

8.9
94.0

1.40, O.SS 5.75
1.25, 0.75 3.60

3.4 1.08, 0.66
1.25, 0.75

1.25
1.30

Ni

86Sr

28.2
73.9

28.0
75.1

1.25, 0.75
1.25, 0.75

1.25, 0.75
1.25, 0.75

8.9

8.0

94.0

94.0

1.40, O.S5 6.00
1.25, 0.75 3.60

1.40, 0.55 6.18
1.25, 0.75 5.20

3.4

3.4

1.08, 0.66
1.25, 0.75

1.08, 0.66
1.25, 0.75

1.25
1.30

1.25
1.30

208Pb

d
bound state

30.6
79.9

1.25, 0.75
1.25, 0.75
1.25, 0.75

8.9
94.0

1.40, 0.55
1.25, 0.75

6.68 3.4
5.80

A, =25

1.08, 0.66
1.25, 0.66

1.25
1.30

for the 1=1 and l =3 transitions. Such a compar-
ison is not only useful from the reaction mechanism
point of view, but also may serve as an additional
check of the experimentally determined j-dependent
templates andlor reliability of DWBA-generated j-
dependent features. Conventional DWBA calcula-
tions were performed using the code D%UcK, and
using proton and deuteron optical parameters from
the literature. The standard nonlocality parameters
of 0.8S and 0.54 fm were used for the
proton/neutron and deuteron channels, respectively.
A finite-range correction parameter of 0.621 was
employed.

With these parameters, the agreement between the
calculation and measured A»(8) was poor, especially
at angles below 20', where the DWBA is expected to
be best justified and the strong j dependence of
A»(e) is observed experimentally. Better agreement
was obtained by arbitrarily increasing the depth of
the imaginary potential of the deuteron channel.
These parameters are given in Table I and the calcu-
lited results are shown by the solid lines in Figs. 1

and 2. With this altered parameter set, the agree-
rnent with the experimental data is quite reasonable.
Similarly, the shapes of the differential cross sec-
tions are also better accounted for, although the im-
provement is less than for the analyzing powers.
The magnitudes of the calculated differential cross
sections change up to 40% depending on target nu-
cleus and particular transition. Thus, the reliability
of extracting spectroscopic factors is quite reduced
and needs to be addressed in more detail.

The effect of increasing the absorption in the
deuteron optical potential is to reduce the amplitude
of the low partial waves in the nuclear interior.
Similar improved agreement with the experimental

data can be achieved by employing a lower radial
cutoff in the DWBA calculations. This is consistent
with the results reported by Shepard et al. , who ob-
tained a much better agreement between DWBA
predictions and experimental data3 for the I =0
transition to the 2.36-MeV, j = —, state in the

Mg(p, d) Mg reaction by introducing either a
stronger absorption in the deuteron channel, or a
lower radial cutoff.

The concept of damping the nuclear interior re-
gion in DWBA calculations in order to obtain better
agreement with the experimental data is far from
new. The effects of such damping, however, are
even more conspicuous at 94-MeV bombarding ener-

gy than at lower energies, and in addition affect
transitions with larger values of the transferred orbi-
tal angular momenta. Many physical reasons for
the damping and associated procedural remedies
have been suggested in the past, such as nonlocality
and finite-range corrections, ' density-dependent
corrections of the interaction V~„,

" effects of the
D-state component of the deuteron wave function, '2

or deuteron breakup. ' However, none of the fore-
going suggestions has satisfactorily solved all as-
pects of the problem so far. Recent distorted-wave
calculations based upon the use of the Dirac equa-
tion rather than the Schrodinger equation' have
shown some success in describing (p, d) data at
higher energies. These calculations in the Dirac for-
mulation predict a natural dainping of the distorted
waves in the interior of the nucleus and, therefore,
ensure improvement over conventional calculations.
It is obviously important to carry out further studies
attempting to elucidate the behavior of the distorted
waves in the nuclear interior for transitions in this
energy region.
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V. CONCLUSIONS

The analyzing powers obtained for the (p, d) reac-
tion on Mg, Ni, Sr, and Pb at 94 MeV in-
cident energy exhibit a systematic j dependence
which, at very forward angles, is nearly independent
of the target mass. The observed characteristic
features thus provide experimental templates of
(p,d) analyzing powers for reliable spin determina-
tions over the whole periodic table. These templates
can now be used with confidence at 94-MeV bom-
barding energy for the determination of spina of
deeply-bound hole states, which are of current in-
terest. The results justify the method used in Ref. 2,
for example, where it was assumed that the j-
dependent features of Az(e) do not change with tar-
get mass between 3=90 and 120. The results ob-
tained at 94-MeV bombarding energy are different
from those of an earlier systematic (p,d) study at

E&
——65 MeV ( 12 (A (94), which reported a j

dependence in Az(8) which was dependent on the
number of riodes in the picked-up neutron bound-

state radial wave function.
Although some qualitative agreement between

DWBA calculations and experimental analyzing-
power angular distributions has been achieved (albeit
with an arbitranly increased deuteron absorption, ef-

fectively causing a damping of the distorted waves

in the nuclear interior), the stability of the charac-
teristic experimental pattern provides a much more
reliable method for spin determination than the
DWBA predictions. The problems at present with

the DWBA calculations call for additional investiga-

tions, both experimental and theoretical, to provide
insight into the transfer reaction mechanisms, possi-
ble damping mechanisms for the wave functions,
and related topics.
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