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Cross section and analyzing power measurements for the (p, d) reaction on ' 0 and Ca at 200 MeV
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Cross sections and analyzing powers for the reactions ' O(p, d) "0 and Ca(p, d) Ca at T~ =200
MeV have been measured for the

2
(0 MeV) and

2 (6.18 MeV) levels in "0 and for the 2+ (0

MeV) and z+ (2.47 MeV) levels in Ca. The angular ranges covered are 3' 0, ~47' and
4'~ 0, ~ 21', respectively, for the two reactions. Exact finite range distorted-wave Born approxi-
mation calculations are in poor agreement with the measured angular distributions of cross sections
and analyzing powers. The angular distributions of the cross sections are featureless and decrease
exponentially with increasing scattering angle.

I. INTRODUCTION

At low projectile energies, pickup and stripping reac-
tions have long been used to determine the angular
momentum (l) of the transition and the spin-parity (J )

of the final state by comparing the angular distributions
of differential cross section (o. ) and analyzing power ( A~ )

with distorted-wave Born approximation (DWBA) calcu-
lations. ' At higher energies the specific features of A

are, however, poorly reproduced even by exact finite
range (EFR) DWBA calculations. ' Cross section mea-
surements of (p, d) reactions above about 100 MeV in-
cident proton energy reveal angular distributions with an
exponential d.ecrease with increasing scattering angle.
This shape is essentially independent of the l transfer of
the transition. For example, DWBA calculations for
' C(p, d )' C to the ground state and 4.94 MeV levels in
' C at 200 and 400 MeV (Ref. 2) do not reproduce the
pronounced structure of the analyzing power, and fail to
reproduce the smooth exponential decrease of the cross
section with angle. Varying the deuteron optical poten-
tial parameters for the T =400 MeV study did not lead
to even crude agreement with the angular distribution of
the crosg section. A more critical look at the comparison
of the EFR DWBA and measurement at 200 as well as at
400 MeV would lead one to the conclusion that the calcu-
lations cannot reproduce the angular distributions of ei-
ther the cross sections or analyzing powers. At 400 MeV
the situation is more complex due to 6 effects and contri-
butions such as NN~m. d that may play an important
role. At 200 MeV such contributions are not important,
and therefore 200 MeV data provide a critical test of the
DWBA.

In order to try to understand the disconcerting fact
that the EFR DWBA cannot reproduce data at 200
MeV on ' C(p, d)' C, we have extended the study of
pickup reactions to ' 0 and Ca targets. Cross sections
and analyzing powers were measured for transitions to
the ground states and excited states in ' 0 and Ca.

II. EXPERIMENTAL PROCEDURE

A 200 MeV achromatic, polarized proton beam from
the TRIUMF cyclotron, was incident on targets of 151.1
mg/cm thick H20 or 50.3 mg/cm thick natural Ca.
The water was contained in a planar cell with thin win-
dows of Kapton. The reaction products were momentum
analyzed in a 1.6 GeV/c medium resolution magnetic
spectrometer consisting of a quadrupole magnet followed
by a dipole providing a 60 bend. Time-of-Aight and en-
ergy loss measurements allowed a clean separation of the
deuterons fro;m protons and tritons. The energy resolu-
tion of about 1.2 MeV (FWHM) was sufficient to resolve
the ground states from the dominant excited states. In

Ca the 2.47 MeV level is unresolved from the 2.80 MeV
( —,
'

) state which could contribute to the yield. The oxy-
gen data were taken with a water target, using an empty
target for background measurements. The beam current
and polarization were continuously monitored using a
previously calibrated in-beam polarimeter.

III. EXPERIMENTAL RESULTS

The angular distributions of the cross section for the
(p, d) reactions on ' 0 and Ca to the ground states and
excited states in ' 0 (Fig. 1) and Ca (Fig. 2) are rather
featureless and decrease exponentially with increasing
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FIG. 1. Angular distribution of differential cross sections (top) and analyzing powers (bottom) for the ground state transition (left)

and the transition to the excited state (right) in "O. The EFR DWBA curve using set (a) is identical to the EFR DWBA calculation

using set (b) except where shown.

scattering angle. As has been observed with other tar-
gets, the angular distributions of the analyzing powers ex-
hibit strong oscillations. The statistical errors are shown
only when they are larger than the dot size. The sys-
tematic errors are estimated to be less than 10%, with the
exception of the transition to the 2.47 MeV level in Ca,
where they could be as high as 20 Jo.

IV. ANALYSIS AND DISCUSSION

Optical potential parameters for the proton channels of
the ' O(p, d)' 0 and Ca(p, d) Ca reactions for zero
range (ZR) and exact finite range (EFR) DWBA calcula-
tions were obtained by extrapolating the values from Ref.
5 from 135 to 200 MeV using their equations. The deute-
ron potential was calculated by first extrapolating the
proton parameters to half the deuteron energy and then
utilizing the adiabatic folding approach of Wales and
Johnson [set (a), Table I]. At an energy of 200 MeV a
large fraction of the breakup is in relative D and I' waves

rather than S and D waves. It is therefore possible that
the adiabatic approach becomes questionable at these en-
ergies. The ZR and EFR DWBA calculations were car-
ried out using DWUCK4 and DWUCK5 (Ref. 7), respective-
ly. The Reid soft-core potential was used to generate the
deuteron internal wave function and S and D waves were
added coherently. The neutron form factors were calcu-
lated such that the binding energies were correct. We
have also compared these calculations to predictions us-
ing recent deuteron channel parameters for

Ni(d, d) Ni (Ref. 8) and ' O(d, d)' 0 (Ref. 9) at 200
MeV as summarized in set (b) of Table I.

The Percy form of the nonlocality correction which is
valid at lower energies is not justified at intermediate en-
ergies. The central potential which is used in this form is
small and gives a much smaller correction in this energy
range than does the equivalent Schrodinger reduction of
the Dirac model. " In the formulation of the Dirac mod-
el the reduction factor for the local equivalent wave func-
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FIG. 2. Angular distributions of dift'erential cross sections (top) and analyzing powers (bottom) for the ground state transition (left)
and the transition to the first excited state (right) in Ca. The EFR DWBA calculations using set (b) are indistinguishable from the
ZR calculation for the excited state transition. The dotted lines are the results of the incoherent superposition of the calculated cross
sections of the 2.47 MeV and 2.80 MeV levels.

tion is based upon the Darwin term. In the pseudoscalar
theory for the one pion exchange potential (OPEP) this
suppression factor is exactly canceled by the medium
corrections, ' for the transition operator. However, in
the preferred' pseudovector derivative coupling theory
for OPEP, the medium correction is very small, ' ' and a
suppression factor similar to the Darwin factor survives.
A close approximation to this factor is based upon the
one arising from the Darwin term

f ( r )= exp —,
' w„.

In the Dirac model notation we can express m„as

w„= lnI [E+mc —V(r)+S(r)]I(E+mc )),
where V(r) an S(r) are the vector and scalar potentials,
respectively, and E is the total energy of the projectile.

Using the definition in DwUCK5 the spin-orbit potential is
related to w„by

1 d
V

M r dr

Hence, given the spin-orbit potential V, it is straightfor-
ward to reconstruct the nonlocal factor by a numerical
integration

f (r) = exp —,
' f V„(r')dr' .
2

This expression is used in a recently modified version of
DwUcK5 (Ref. 16) to calculate the nonlocality corrections
for our cases. The corrections were found to be
insignificant.

This suppression factor does not take into account oth-
er effects such as the explicit energy dependence of the
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TABLE I. Optical potential parameters. The complex potential has Woods-Saxon form and is parametrized as in Ref. 10. The
Coulomb potential results from a uniformly charged sphere of radius r, = 1.3 A ' fm.

Reaction

16O(p d)15O p
(a) d1
(b) d

9.44
34.61
45.92

1.41 0.60
1.32 0.68
1.13 0.89

18.72
13.60
23.72

1.03
1.49
1.37

V r a 8' ri
Channel (MeV) (fm) (fm) (MeV) (fm)

0.68
0.57
0.74

3.77
3.97
5.62

0.88 0.63 —2.66 0.94 0.49
1.00 0.42
0.88 0.65

1.2
1.3
1.3

ai V„ rso a so 8„ rso ~ so rc
(fm) (MeV) (fm) (fm) (MeV) (fm) (fm) (fm)

Ca(p, d)' Ca p
(a)

14.7
50.63

1.33 0.74
1.22 0.73

16.56
13.16

1.17
1.42

0.82
0.59

2.29
4.64

1.02 0.60 —2.35 1.00 0.62
1.02 0.60 —0.97 1.00 0.62

1.2
1.3

Ni(d, d ) (b) d 41.60 1.24 0.82 13.3 1.45 0.69 3.90 1.08 0.77 1.3

vector and scalar potentials and the ranges of the
nucleon-nucleon potentials.

For ' 0, all predictions of the angular distributions of
the cross sections are similar in shape and result only in
different extracted spectroscopic factors (summarized in
Table II). Comparison of the predicted and observed
cross sections reveals the following: (1) the oscillations in
predicted angular distributions are more pronounced
than those of the data, and (2) such oscillations as do ex-
ist in the data appear shifted in angle with respect to
those of the DWBA calculations. These discrepancies
may indicate an incorrect weighting by our DWBA mod-
el of the contributions from large and small impact pa-
rameters. The required l = 1 angular momentum transfer
favors small impact parameters, but the strong absorp-
tion favors the larger ones of the nuclear surface. Finite
range effects do not play a role, nor is there great sensi-
tivity to the choice of optical model parameters. The
analyzing powers at forward angles are large and nega-
tive for the ground state (j =I —

—,
' pickup), but near zero

for the excited state (j=1+—,
' ). Such behavior has previ-

ously been noted in ' C(p, d )' C at 200 MeV (Ref. 2) and
Mg(p, d ) Mg at 150 MeV (Ref. 3). The predicted

analyzing power angular distributions disagree with the
data over the full angular range.

The spectroscopic factors (Table II) were extracted by
normalizing to the observed cross section at the most for-
ward angle. In view of the failure to predict the angular
distributions, especially for the ' O(p, d )' O(g. s. ) transi-

TABLE II. Summary of spectroscopic factors. (a) refers to
deuteron potential set (a) of Table I; (b) refers to the deuteron
potential set (b}; ZR refers to spectroscopic factors obtained
from the zero range calculations.

tion, these spectroscopic factors should be treated with
some caution.

A coupled channel calculation (using CHUcK2) was
carried out for the excited state in ' 0 via the 3 state in
' 0 using a deformation parameter P=0.25. In this col-
lective model calculation the deuteron D state was not in-
cluded, but the full sum rule for the transfer was ob-
served. This calculation showed insignificant coupled
channel contributions.

For the Ca(p, d ) Ca(g. s. ) transition all calculations
reproduce the angular distribution of the cross section
fairly well. This is surprising in view of the fact that the
parameters for the deuteron potential were taken from
200 MeV Ni(d, d ) and no scaling with energy was per-
formed, nor was the mass difFerence taken into account
(except for the radius parameters) The . extracted spec-
troscopic factors from EFR calculations are in fair agree-
ment with published values obtained at lower energies.
Our experiment could not resolve the 2.47 MeV ( —,

'+)
state from that at 2.80 MeV ( —,

' ). Even though the latter
has a small spectroscopic factor, it is an l„=3 pickup
which is favored over the l„=0of the 2.47 MeV level. In
the analysis the spectroscopic factors from Ref. 18 to-
gether with set (a) of optical potential parameters (Table
I) were used to calculate in exact finite range the contri-
butions to the yield of the two transitions. The partial
cross sections for each spin state were added incoherently
and renormalizgd at forward angles to obtain the spectro-
scopic factors in Table II. It is seen (Fig. 2, dotted line)
that the contribution from the —, transition fills in the
dip in the calculated cross section from the 2.47 MeV lev-
el and dampens the analyzing power oscillations. The
I„=1state at 3.02 MeV in Ca has a small spectroscopic
factor in the range 0.01 and 0.04 and is therefore thought
not to contribute to the yield. The calculated contribu-
tion of this transition was insignificant.

Transition (MeV)

(a)

CS
(b) ZR

Ref.
V. CONCLUSIONS

16O( d }15O

16O(p d}15O+

Ca(p, d) Ca
Ca(p, d } Ca*

Ca(p, d} Ca

0
6.18

0
2.47
2.80

'References 17 and 18.

1—
2
3
23+
21+
2
7
2

1.00 1.43 0.59
1.67 2.41 1.15

1.96 1.41 1.34
0.48 1.20 0.56
0.20

1.46'
1.62'
2.58'
0.60'
0.25'

We find that the angular distributions of the cross sec-
tions for the pickup reactions ' O(p, d) and Ca(p, d) at
200 MeV to the ground states and excited states in the re-
sidual nuclei are featureless and fall off exponentially
with increasing scattering angle. This shape is repro-
duced by the exact finite range DWBA calculation (Fig.
2) only for the ground state transition in Ca(p, d) Ca.
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The extracted spectroscopic factors are in fair agreement
with published values, although with some uncertainty in
the case of ' O(p, d)' 0 due to the difference between the
shapes of observed and calculated angular distributions.
The predictions of the angular distributions of the
analyzing powers when compared to data do not indicate
a clear preference of the exact finite range calculations
over the zero range predictions. It has been suggested'
that increasing the proton channel spin-orbit potential
[obtained from Kerman, McManus, and Thaler (KMT)]
to create the oscillations necessary to fit elastic scattering
data results in good accord between DWBA and experi-
ment at T =500 MeV. In our approach we have used
values that do describe elastic scattering correctly, so we
do not have the freedom to arbitrarily increase the spin-
orbit term. The results indicate that the failure of the
DWBA, which was observed earlier at 150 MeV for Mg
(Ref. 3), and at 200 MeV for ' C (Ref. 2) extends to ' 0 at
200 MeV, but becomes less significant for larger nuclei,
like " Ca. The failure of the conventional DWBA at in-
termediate energies for the lighter nuclei could have vari-
ous causes. The recent success of Dirac approaches at
higher energies may suggest that the nonrelativistic
treatment of the distorted waves and bound-state wave
functions is at fault. However, lacking a consistent rela-
tivistic theory of (p, d) reactions, it is difftcult to verify

this conjecture. For example, there is little virtue in
modifying the proton optical potentials as suggested by
the Dirac approach (like the wine bottle shape), when one
does not at the same time include the consequences of rel-
ativistic formulations for the deuteron optical potential.
Since in this study even variations in the deuteron optical
potential do not change the results dramatically, the ob-
served discrepancy between theoretical and experimental
results suggests a breakdown of the DWBA itself, rather
than a problem in input. Modifications of the DWBA at
intermediate energies have recently been considered in
the context of a microscopic distorted-wave series. '

Significant deviations from the standard DWBA were ob-
served; however, no uniform agreement with intermedi-
ate energy data was (yet) accomplished. We conclude
that further theoretical studies are necessary to establish
the causes of the failure of the conventional DWBA
theory to reproduce the present and previous (p, d ) data.
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