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Differential cross section and analyzing power angular distributions have been obtained for the
8Sr(p,d)*Sr reaction in two measurements using different magnetic spectrometers at incident pro-
ton energies of 94.2 and 91.8 MeV. Typical energy resolutions of 70 and 40 keV, respectively, were
achieved. Optical-model parameters were obtained by fitting the elastic scattering data measured to
laboratory angles of 90° for protons at 94.2 MeV and to 120° for deuterons at 88.0 MeV. Standard
exact finite range distorted-wave Born approximation calculations using these optical-model param-
eters failed to describe the experimental data, while the adiabatic approximation improved the
description to some extent. Orbital and total angular momenta, / and j, of the picked-up neutron
were extracted from the angular distributions of the differential cross section and analyzing power
for all the residual states observed. The rms radius of the 1g,,, neutron orbital, obtained from mag-
netic electron scattering, was used in the extraction of strength for this orbital, while rms radii from
Hartree-Fock calculations were used for the 2p,,,, 2p;3,,, 1f5,2, and 1f5,, orbitals. The observed
1g4,, strength, spread over 20 states up to 5.4-MeV excitation, indicates a depletion of about 43%
compared to simple shell-model expectations. Similarly, the observed 1fs,, strength, spread over
17 states, indicates a depletion of about 32%. The weighted summed spectroscopic strength for the
1g4,, orbital, deduced from the present study, is lower than that obtained from magnetic electron
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scattering.

I. INTRODUCTION

There has been a great deal of interest recently in the
question as to whether the orbitals near the Fermi surface
of closed-shell nuclei show depletion in their occupation
numbers. Both theoretical predictions! > and experi-
mental results*™!° have in fact shown significant reduc-
tion in the occupation numbers for nuclei in the lead re-
gion due to a combination of short-range, tensor, and
long-range correlations.  Historically, one-nucleon
transfer reactions are known to yield useful information
about the centroid positions and filling rates of single-
particle states near the nuclear Fermi surface. It has usu-
ally been assumed that the distorted-wave Born approxi-
mation (DWBA) correctly describes the reaction mecha-
nism. However, due to many uncertainties involved in
the DWBA ingredients, the extraction of reliable spectro-
scopic information has been questionable. It has been
common practice to renormalize the extracted relative
spectroscopic factors so that their total sums agree with
spectroscopic sum rules. Often the bound-state radius
parameter (to which the extracted spectroscopic factors
are very sensitive) is chosen quite arbitrarily, and this is
the cause for the major portion of the uncertainty in the
predicted DWBA cross section. Of course contributions
to the total uncertainty can also arise from inadequate
optical potentials used to generate the distorted waves.
In this paper we report a systematic study of the

87Sr(p,d)*®Sr reaction, where care is taken to minimize’

the uncertainties that enter into the DWBA calculations,
hence maximizing the reliability of the extracted spectro-
scopic strengths.

First of all, this study was chosen because the bound-
state wave function of the 1g,,, valence neutron is accu- -
rately known from magnetic electron scattering!! ~!* on
8Sr. In particular, Platchkov et al.!* determined the
root-mean-square (rms) radii of valence orbitals for
several nuclei by using elastic magnetic electron scatter-
ing in order to isolate experimentally the highest possible
magnetic multipole in the high-momentum-transfer re-
gion. The rms radius measured for the 1g4,, bound neu-
tron in %Sr in its ground state!? is 4.823 fm (4.756 fm)
with (without) the inclusion of meson exchange current
(MEC) corrections. This radius, measured to an accuracy
of 1%, provides a very important input to the DWBA
calculations for determining the spectroscopic strength
for pickup from the 1g, ,, orbital.

In order to reduce the uncertainties associated with the
optical potentials, elastic scattering measurements were
made for both entrance and exit channels. In a similar
study of the 2°°Pd(d,*He)?*>Tl reaction,!® we have ob-
tained a good DWBA description of the experimental
data, and have extracted spectroscopic factors to an ac-
curacy of about 15-20 %. However, unlike the (d,’He)
reaction, the experimental data on (p,d) reactions are not
described adequately by the standard DWBA calcula-
tions, mainly because of the breakup in the deuteron
channel. If breakup effects are taken into account by us-
ing the adiabatic approximation, then data are in general
better described.

The ground state of the 8’Sr nucleus can be thought of
as a simple 1g,,, neutron hole in **Sr. When a 1g,, neu-
tron is picked up in the ¥Sr(p,d)®Sr reaction, %°Sr is left
in a (gy,,) "% two-hole configuration, leading to a multi-
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plet with spins 0", 2%, 4%, 6™, and 81, all of which are
excited by / =4 transitions. Of course, negative-parity
states in %Sr are also populated through /=1 and/or
I =3 transfer. We here use both the standard well depth
(WD) and the more recent surface-peak (SP) methods!” to
generate the target form factor required in the DWBA
calculations. The SP method takes into account the re-
sidual interaction which splits states of a given
configuration. The rms radius measured from magnetic
electron scattering is used for the 1g,,, orbital, while rms
radii from Hartree-Fock calculations (normalized to that
of the 1g,, orbital) are used for other orbitals.'?

Neutron pickup from ¥'Sr with the (p,d) reaction has
been reported earlier by Kitching et al.,'® whose data
were subsequently reanalyzed by Moalem and Fried-
man.!” In a recent study of the (d,t) reaction, Li et al.'®
have identified the levels in ®Sr up to 3.823-MeV excita-
tion energy; 1g,,, strength was observed only up to 3.481
MeV. In the present paper our results will be compared
with these earlier transfer reaction results and also with
the results of elastic magnetic electron scattering.

The experimental procedures used in the present inves-
tigation are described in Sec. II, while the analyses car-
ried out to obtain the best fit optical-model parameters
are outlined in Sec. III. Exact finite-range distorted-wave
analyses are presented in Sec. IV, and a discussion of the
results of the present study is given in Sec. V.

II. EXPERIMENTAL PROCEDURE

The ¥'Sr(F,d)*®Sr reaction was studied using 94.2-MeV
and 91.8-MeV polarized proton beams at the Indiana
University Cyclotron Facility. Angular distributions of
differential cross section o(6) and analyzing power 4,(0)
were measured. Data at 94.2-MeV bombarding energy
were taken with a quadrupole-dipole-dipole-multipole
(QDDM) magnetic spectrometer (hereafter referred to as
QDDM data), while data at 91.8 MeV were obtained with
the newly commissioned K600 magnetic spectrometer
(hereafter referred to as K600 data). The outgoing deute-
rons (for QDDM data) were detected between laboratory
angles (6),,) of 6° and 38° in 2° or 3° steps; for the K600
data they were detected between 6° and 23° at similar in-
tervals. In order to obtain optical-model parameters re-
quired for the DWBA calculations, elastic-scattering
measurements of both o(0) and 4,(6) were made with
the QDDM spectrometer for protons on %’Sr at 94.2
MeV, and for deuterons on ¥Sr at 88.0 MeV. The elasti-
cally scattered protons from ¥'Sr were detected between
61, of 9° and 90° in 1° or 2° steps. The energy of the
deuterons for elastic scattering from 3Sr was chosen to
match the center-of-mass of the ground-state transition
energy for the time-reversed reaction, after taking the Q
value of the ¥Sr(p,d)%Sr reaction into account. Deute-
rons scattered elastically from %6Sr were observed be-
tween 6, of 7° and 33° in 1° steps, between 33° and 80° in
3° or 4° steps, and between 90° and 120° in 10° steps.

The proton beam polarizations were about +0.80 and
—0.79 for the two spin orientations, and were measured
periodically during the course of the experiment with a
*He polarimeter placed between the injector and the main
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cyclotron by observing elastic scattering at 6,,,=112°.
The vector polarization of the deuterons was measured
by inserting a *He polarimeter into the same beam line
and observing protons from the *He(d,p)*He reaction at
01, =12°. Typical vector polarizations of the deuteron
beam were +0.58 and —0.60. Other details of these pro-
cedures have been described previously.!°

The (p,d) reaction and elastic scattering products were
momentum analyzed in the QDDM (K600) magnetic
spectrometer and detected in the focal plane with a
position-sensitive helical proportional counter (vertical
drift chambers), followed by two plastic scintillators for
particle identification. Overall energy resolutions of
about 70 (40) keV were achieved with the QDDM (K 600)
magnetic spectrometer.

The target materials used in the experiment with the
QDDM spectrometer, supplied by Oak Ridge National
Laboratory (ORNL), were 84.88% isotopically enriched
8Sr (which also contained 13.84% of 3Sr as contam-
inant) and 96.89% isotopically enriched ®°Sr. The ¥'Sr
targets were fabricated by reducing SrCO; with alumi-
num in vacuum, then further reduced, distilled, and
rolled under mineral oil to thicknesses of 5.0 and 10
mg/cm?. The %6Sr targets of thickness 4.2 and 11.7
mg/cm? were made by rolling. In order to cross normal-
ize the thicknesses of these targets, elastic scattering mea-
surements were made at selected angles on a 97.62% iso-
topically enriched, 4.1-mg/cm? thick *°Zr target, made
by rolling. All measured differential cross sections were
normalized to the value obtained with the *°Zr target,
whose thickness had been previously measured accurate-
ly. Measurements of cross sections with the various tar-
gets were repeated at selected angles to check reproduci-
bility.

As mentioned above, the target used in taking the
8Sr(p,d) data with the QDDM spectrometer had
13.84% of ®Sr as contaminant. The Q-value difference
between the ¥’Sr(p,d)%Sr and the %8Sr(p,d)%’Sr reactions
is 2.685 MeV. Thus, the ground state of the latter reac-
tion overlaps with the 2.674-MeV state of the former re-
action. Other excited states of the ®Sr(p,d) reaction
overlap with ten corresponding states of the ¥’Sr(p,d) re-
action spectrum, as depicted in Fig. 1. Unfortunately,
during data acquisition with the QDDM spectrometer,
we did not have a %8Sr target in order to subtract the con-
tribution from this contaminant. Therefore, we recently
carried out the (p,d) reaction on both the isotopes ¥’Sr
and 38Sr using the K600 magnetic spectrometer. As this
experimental run was a very short one, a proton beam of
energy 91.8 MeV (delivered to a previous user) was used
without attempting to change the energy to 94.2 MeV.
However, we assume that the results obtained at 94.2 and
91.8 MeV will not be significantly different for the pur-
pose of the present comparison. The target materials
supplied by ORNL, and used in this short K600 run,
were isotopically enriched ®’Sr (which contained 87.76%
87Sr and 10.85% 2%Sr), and 99.84% isotopically enriched
88Sr. Both the ¥Sr and ®Sr targets, each of thickness 5.0
mg/cm?, were made by rolling. Elastic-scattering mea-
surements were again made on the ¥’Sr, ®Sr, and *°Zr
targets to normalize the cross sections to the value ob-
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FIG. 1. Semilog plot of the deuteron energy spectrum, using proton spin-up orientation, for the ¥Sr(p,d)%Sr reaction at a bom-
barding energy of 91.82 MeV taken with the K600 spectrometer at beam left 0),,=8°. The positions of peaks corresponding to states
in ¥Sr are indicated by their excitation energies in MeV, and the solid curve indicates the fit to the spectrum obtained with the fitting

procedure described in the text.
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FIG. 2. Differential cross-section and analyzing-power angu-
lar distributions for elastic scattering of 94.2-MeV protons from
87Sr. The curves represent different optical-model parametriza-
tions as described in the text.

llll‘lTl T I LN S B § ‘ T TrT ] 1T II
4
10 - - 86
d+ Sr; E=88.0 MeV
R i
__ 0%
S
g -
E 10°+
g o
S Yyl
5 10
© B
lo-4 . | I Ll 1l 1 l I . LLJ J | I Il 4 11
|'0._l T 17 I LU l LI l 7T I.I' ..... ]
1o L ]
w 5 ]
3 0.5} |
a F ]
O) r ]
= L ]
N O
%L ]
< B i
= i ]
< _o.5f -
i lllllllllllll[l J .| ll L1 ll
(0} 25 50 75 100 125

ec.m.(deg)

FIG. 3. Differential cross-section and analyzing-power angu-
lar distributions for elastic scattering of 88.0-MeV deuterons
from %¢Sr. The curves represent different optical-model parame-
trizations as described in the text.
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FIG. 4. Angular distributions of differential cross section and
analyzing power for the ground state and 3.32-MeV transitions
in the ¥Sr(p,d)*Sr reaction at 94.2-MeV bombarding energy.
The curves are the results of standard ADWA calculations us-
ing different sets of proton optical-model parameters described
in the text.
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FIG. 5. Angular distributions of differential cross section and
analyzing power for the ground state and 3.32-MeV transitions
in the ¥Sr(p,d)®Sr reaction at 94.2-MeV bombarding energy.
The curves are the results of standard DWBA calculations using
different sets of deuteron optical-model parameters described in
the text.
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tained with the comparison 4.1-mg/cm? °°Zr target.

The particle spectra were analyzed with the computer
code ALLFIT.? Typical deuteron spectra for the
¥8r(p,d)%Sr and ®Sr(p,d)%Sr reactions taken with the
K600 spectrometer at 6,,,=8° are shown in Fig. 1. Peak
areas were obtained by fitting the spectra using a hyper-
Gaussian peak shape whose parameters had been ob-
tained by fitting the shape of the peak corresponding to
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FIG. 6. Angular distributions of differential cross section and
analyzing power for 1g,,, (I =4) transitions in the ¥’Sr(7,d)%Sr
reaction at 94.2-MeV bombarding energy. The curves represent
exact finite-range ADWA calculations using the parameter sets
P2-AD, and the SP method for the radial form factor.
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the fourth excited state of ®°Sr as a standard. Spectra
from the reaction 38Sr(p,d)%¥’Sr were also fitted using the
same hyper-Gaussian peak shape, but with parameters
obtained by fitting the shape of the ground state of ¥’Sr.
Both spin-up and spin-down spectra were analyzed simul-
taneously with the same widths and common peak
shapes, thus helping to reduce systematic errors. The
cross sections and analyzing powers were calculated from
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FIG. 7. Angular distributions of differential cross section and
analyzing power for 1f5,, and 1f5,, (I =3) transitions. For fur-
ther details see caption to Fig. 6.

individual peak areas of the spin-up and spin-down spec-
tra. Error bars shown in the angular distributions (Figs.
2-9) reflect only counting statistics. The nominal 6,,, = 6°
cross sections were rejected because of the fact that the
internal Faraday cup was partially obscuring about 1 of
the entrance opening of both the QDDM and K600 spec-
trometers at this most forward angle; the analyzing
powers at this angle could be retained but the measured
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TABLE I. Energy levels of *Sr.
8Sr(d, ¢)%Sr®
Present results Nuclear data sheets® Jr 8Sr(p, 1)%0Sre
E, (keV) nlj E, (keV) J7 . assumed E, (keV) Iy JT
0 189, 0 ot 4 ot 0 0 ot
10775 19,2 10774 2+ 2,4 2t 1077 2 27
18475 1842 1854 2+ 2,4 2t 1855 2 2+
2097+5 189, 2102 ot 4 ot 2102 0 ot
2203 ot 4 ot 2202 0 ot
2223+5 189/, 2230 4+ 2,4 4+ 2230 4 4+
2476+5 2ps 2482 3 1 3 2480 3 3
2497 (0,1,2)
26395 189, 2642 2% 2,4 @t 2641(3) 2 2t
2674+5 201, 2673 5 1 5 2668 5 5
27805 1g9,2 2788 2%) 2,4 @t 2785 2 2+
28565 184, 2857 6%) 2,4 (O 2856 6 6"
2878 @+ (0),2
2956+5 124, 29554 (8%) 4 & 2957 8 8+
2995+5 129,2,2P3 2 2997 3~ 1 3 2997 3 3-
3045 (0,1,2)
3068+10 129,2,2P1 2 3055 (5)” 1 (5)” 3057 5 57
3101 ") 4 ot 3106 2 Q%)
3186+10 2p1 3185 (37) 1 4~
3192 ) 2*)
3291 (3,47) 1
3320+10 2012 3318 (57) 1 (5)~
3328 4 4+
3362 4*) 2,4 @+ 3360 0 ot
3392 (1—4" 3377 2 27
3430 2%) 3443 2 2+
3481 6") 3499
3491+10 1fs,, 3,4 (27-77),(4%) 3499 7 7"
3500 (3,4,5)” 1
3664+10 1fs, 3645 3 3660 4 4+
3697+10 1fs,2 3687 (3,47)
3708 2 2%+
3766 (37,47)
3772+10 189,2,2P1 2 3775 3790 (3) (37)
3825+10 205, 3823%¢ (1)
3831 (37,47,57) 3835 5 5
3882+10 1fs, 3872
3900 (3) 37)
3926 4,5*
3941+10 2p3,2 3943
3948 4 4+
3963+10 1fs, 3969 3967 5 (57)
4096+10 2p3,2
4146 4148 2 2+
4173+10 (1g9,2,2P3,2)
4206 4207
4251410 1fs,
4285+10 1fs, 4287 ) 2%)
4339 4328 4 4%
4407+10 1f5,2,2P3 2 4410
4409 2) 2%)
4478+15 1fs/2,2P3
: 4486 0 0
4526+15 1fs,
4558 4 4+
4590
4603+15 1fs,
4645
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TABLE 1. (Continued).
¥7Sr(d, 1)*Sr®
Present results Nuclear data sheets® Jr 8Sr(p,£)%Sre
E, (keV) nlj E, (keV) Jr Iy assumed E, (keV) Iy Jr
4716+15 (1g5,5) 4718
4738+15 (1fs,)
4845120 1f5,
489015 19,2
4963+20 189,2,2P3 2 4954
5035+20 189/2,2P3,2
5102415 (1f5,2)
5166420 (1f5s,2)
5191420 (1g9/2,1f7/2)
5300420 (1f5,2)
5357420 (189,2,2P1,2)
5403+20 (1fs,)
5454420 (1f7,)

2Reference 21.

° Reference 18.

°Reference 22.

9 Energy level values used for the present calibration.
¢Energy level established by Ref. 22.

angle was corrected to 6.4°.

The energy calibrations of the spectra were carried out
by fitting quadratic polynomials to the deuteron momen-
ta as a function of channel number. Relativistic kinemat-
ics were used. Due to the improvement in the energy
resolution with the K600 magnetic spectrometer, the
number of reliably extractable peaks in the spectra was
46 compared to the 32 peaks in the spectra taken with
QDDM. Thus, we quote in Table I the excitation ener-
gies for %6Sr levels obtained from this experiment with the
K600, along with the values determined from previous
studies.!®21:22

III. OPTICAL-MODEL ANALYSES

Differential cross section o(6) and analyzing power
A,(0) angular distributions of 94.2-MeV elastically scat-
tered protons from ®’Sr and 88.0-MeV elastically scat-
tered deuterons from %Sr are shown in Figs. 2 and 3, re-
spectively. An optical-model prediction using the global
optical-model parameter set of Schwandt et al.?* for pro-
tons on ¥’Sr is displayed as the dot-dashed line labeled
PO. Although oscillatory structures in the angular distri-

|

butions for both o(6) and A4,(6) are similar to those ob-
served in our data, the prediction nonetheless fails to
reproduce the o(6) data in magnitude between 20° and
90°, and overestimates A y( 6) beyond 40°.

For deuterons the global optical-model parameters of
Daehnick et al.?* for %¢Sr predict larger cross sections at
the larger angles and underestimate the analyzing power
between 50° and 120°. These predictions are shown as the
dot-dashed curve DO in Fig. 3. Given these results from
the global analysis, we have therefore systematically ana-
lyzed the elastic scattering data from the present study in
the conventional framework of the optical model in order
to search for parameters which would more adequately
describe the data specific to this investigation.

A. Optical potential

The data analyses were performed with a 13-parameter
optical-model potential including complex central and
spin-orbit parts using the automatic search code GOMFIL
developed by Leeb.”® The complex potential was of the
form

V(R =Vo(r)—Vg(1+e*%) " —iW (1+e*/P) B+ iaW,(d /dy)(1+e?/P)~F

2

A [Vsofso(r)+iWsofws(r)]( §)’

m.c

ki

-2

with
x=(r—roA'*)/ay and y=(r—r,4'3)/a,

The exponents «,f3 of the nuclear potential form factors
can be chosen different from unity in order to modify the

real or imaginary central potential, viz., a Woods-Saxon
(WS) form for a=1, or a squared Woods-Saxon (WS?)
form for a=2, without changing the asymptotic falloff
which remains as ~e ~"/%. The real and imaginary spin-
orbit form factors were of the conventional Thomas type:
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o 87Sr('p'.d)a‘sSr;Unresolved Doublets fo(r)=(1/r)d /dr)(1+e)7",
10”7 gy oL .
g L o005 ] with s =(r —r, 4'*)/a,, (2)
o C ]
o r o \ 105 and
E F 0o fus(r)=(1/r)(d /dr)(1+e") 7,
o2k : with t =(r —r 43 /a,, . (3)
1 N (i 3.068 4
r 1 /™ ]
- 308 {F ™/ \ Jos . .
o'k 1 /8 =cA In the fitting procedure, the influence of the cross-
E i 1% ~ section data on the final results would have been much
s 1 100 greater than that of the analyzing-power data, because of
|O'2; | :/ ] the smaller statistical uncertainties in o(6) as compared
3 L 3770 j, to those in 4,(60). Therefore, in the present analyses, the
, AN uncertainty for the differential cross-section data was tak-
2L [~ ! \+\ FoN) 405 en as 2% for all angles for which the actual error was less
1t M o than 2%. On the other hand, a constant error of 1.5%
= C 1= S Joo w was assigned to analyzing-power data at those angles for
& | It Y ] = which the actual error was less than 1.5%. By using
"E’ o 3 yE ,/' 2 8 these different weightings for o(6) and 4,(0), the 4,(0)
- ¥ JF 4173 1 @ description was improved considerably with almost no
S . T //' N/ Jos % visible change in the fit to o(0); the latter result is expect-
> 10 3 I wet!Y 71 5 ed from the low sensitivity of the differential cross section
© C 1k 4 100 <ZI to the spin-orbit-potential parameters.
o2k g i <
” : 4963 P B. Proton elastic scattering from 3’Sr
A - NN os Starting parameters to fit the proton elastic scattering
S 3 ir / gf ‘jji data on ¥’Sr were taken from various earlier proton elas-
i 1E 7 100 tic scattering studies. Using the parameters of Schwandt
2l [ ] et al.® (labeled PO and having no surface imaginary
°F C ] part), the resulting best-fit parameters yielded the curve
7 I 5035 it labeled P1 in Fig. 2. Extrapolated parameters from Bec-
A0 o AR Y chetti and Greenlees?® gave a best-fit set which is shown
oE [ M:.—) as curve P3 in Fig. 2. This particular set does not have
- 1t Sasles / ] o an imaginary part of the spin-orbit potential. None of
- - 1 the above starting parameter sets gave an acceptable best
102k if o8 ] fit to the experimental data. Finally, we followed the pro-
IF o942 105 cedure used by den Herder et al.?’ in their study of the
- 1E ] 90Zr (e,e’p) reaction, where two outgoing proton ener-
|c)'3O h 04 s 21()3.0,40'0 gies, T,=70 and 100 MeV, were used. Here the
B¢ m. (deg) geometry parameters for volume and surface imaginary

potentials are different, thus increasing the number of pa-

FIG. 9. Angular distributions of differential cross section and ~ rameters by three. This method does give a satisfactory

analyzing power for typical unresolved states in the
8Sr(p,d)®Sr reaction at 94.2-MeV bombarding energy. Con-
tributing /- and j-values (see Table I) are shown as dashed lines.

fit to both cross-section and analyzing-power data. The
resulting fit from these parameters is shown by the solid
curve P2 in Fig. 2. The different sets of optical-model pa-

The composite angular distributions are shown as solid lines. rameters are listed in Table II.

TABLE II. Optical-model parameters for proton elastic scattering from *’Sr at 94.2 MeV.

VR ro ag WS WD Tw ay, Vso Tso Aso Wso Fws Ays re J/ A4 o,
Set (MeV) (fm) (fm) (MeV) (MeV) (fm) (fm) (MeV) (fm) (fm) MeV) (fm) (fm) (fm) (MeV/fm?) (mb) yx?/point
PO 29.66 1.219 0.7042 7.00 1.424 0.5555 4.19 1.055 0.655 —0.955 1.037 0.62 1.25 263 1011 68
P1 30.33 1.239 0.6736 7.599 1.466 0.4974 493 1.079 0.656 —1.143 1.048 0.422 1.25 278 1111 11
P2 26.89 1.280 0.6490 7.25* 2.80 1.331 0.5271 3.99 1.116 0.620 —1.343 1.065 0.442 1.25 267 1174 4
P3 2596 1.283 0.7712 6.24 430 1.072 0.7146 298 1.302 0.754 1.30 271 957 32

2Here Wy has different geometry viz., r,=1.183 fm, and a, =1.089 fm.
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TABLE III. Optical-model parameters for deuteron elastic scattering from *Sr at 88.0 MeV.

o,

J/A
(MeV/fm?)

rL'
(fm)
1.30
1.30
1.30
1.30
1.30

Ays

rWS
(fm)

WSO
(MeV)

aSO

rSO
(fm)

Veo
(MeV)

Ty ay

Wy
(MeV)

ay
(fm)

1.170  0.8586

ro
1.189
1.208

Vi
(MeV)
73.20
71.77
69.94
82.70

80.19

x%/point

(fm) (mb)

(fm)

(fm)
0.8243
0.8087

(fm)
1.325
1.298

(MeV)

Type (fm)
WS(global)

Set

DO
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1931 61

313
314
315
301

1.070  0.660

1.046 0.761
1.015

2.39
2.

68

6.

7.81
7.95
8.45
9.36
10.33

30
18
20
14

1905
1893
1956
1981

43

7.69
7.51
5.43

4,

0.8228
0.7996

1.344  0.6207

1.353

WS
WS+ISO

D1

0.819 0.377

—0.645

0.671

2.07
2.62
2.50

1.297 0.8029
1.320 0.8788

1.328

D2

0.767

1.008

0.937

ws?
WS2+1SO

D3

0.309 298

0.743

—0.555

0.733

0.9228

26

0.611

D4

C. Deuteron elastic scattering from %6Sr

Starting parameters for deuteron scattering on *Sr (la-
beled DO) were taken from the global set of Daehnick
et al.** At first, the radial shape of the real potential was
taken to have the standard Woods-Saxon (WS) form, and
searches were made to obtain the best fit without restric-
tion on any of the parameters. However, the use of the
WS form of the potential produced analyzing powers at
small angles that did not reproduce the structure ob-
served in the data; the resulting curve is shown as curve
D1 in Fig. 3. As a next step, an imaginary spin-orbit
term [see Eq. (3)] was added to the potential (WS+ISQ),
and an extensive 13-parameter search was made. This
form of the potential gave a reasonably good fit (curve
D2) to the analyzing-power data.

In order to investigate the influence of the radial shape
of the potential form on the fit, a change was made from
a WS form to a squared Woods-Saxon (WS?) form. This
alteration did not produce any significant improvement in
the quality of the fit compared to that of the WS form of
the potential (see curve D3 in Fig. 3). However, when an
imaginary spin-orbit term was added to the potential
(WS2+1IS0), there was a significant improvement in the
quality of fit for the analyzing-power data at large angles
(see the curve D4 in Fig. 3).

Similar deuteron elastic scattering studies on 2°°Pb at
an energy of 79.4 MeV have been reported,'® where
different potential shapes were also tried. Both
(WS+ISO) and (WS?+1ISO) potential forms gave a better
description of the analyzing-power data at large angles,
as was the case here for d +%Sr. However, the effect of
the imaginary spin-orbit term in the potential is more
pronounced for 2°°Pb.

The different sets of deuteron optical-model parameters
obtained from the present study are listed in Table III.

IV. DISTORTED-WAVE ANALYSES

Exact-finite-range DWBA calculations were performed
for all the observed transitions employing the computer
code DWUCKS5.2® Two prescriptions were used to carry
out these calculations. The first one was standard
DWBA, where the distorted waves in both entrance and
exit channels were generated from the optical-model pa-
rameters that describe the elastic scattering data as dis-
cussed in the previous section. The second was the adia-
batic prescription (ADWA) to be discussed later, where
the optical potential for deuterons is replaced by the adia-
batic potential. In both cases the nonlocality corrections
B=0.85 fm? for protons and f=0.54 fm? for deuterons
were applied. However, no nonlocality correction was
used for the bound-state wave function. The light-
particle form factor V,,¢, was obtained from the Reid
soft core potential®® which includes both the S and D
states of the deuteron. The target form factor was gen-
erated by employing well-depth and surface-peak
methods as described in detail later. The spectroscopic
strength G was extracted using the relation

do

dQ

do

da | ~68

exp

’ (4)
DW5
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where (do/dQ), is the experimentally measured
differential cross section, (do /d € )pws is the differential
cross section predicted by the DWUCKS5 code, and g is the
light-particle spectroscopic strength which is here equal
to 1.0. We note, that G =C?2S, where C is an isospin
Clebsch-Gordan coefficient, and S is the spectroscopic
factor.

A. The standard DWBA calculation

The standard method employed in performing
distorted-wave calculations involves the use of optical-
model potentials that describe the elastic scattering data
of both entrance and exit channels. For the calculations
described in this paper, best fit optical-model parameters,
listed in Tables II and III, were used to generate the dis-
torted waves. Sample DWBA and ADWA predictions
are shown in Figs. 4 and 5 for the ground-state
(I=4) and 3.320-MeV state (/=1), transitions in
the¥’Sr(7,d)®Sr reaction. In order to examine the sensi-
tivity to the choice of entrance- and exit-channel optical-
model potential sets, calculations were performed for
various combinations of potential sets. The curves in Fig.
4 were generated with a fixed deuteron potential (AD)
and various proton potential sets, PO, P1, and P2 as list-
ed in Table II. These different sets of proton potentials
gave essentially the same cross section and analyzing
power distribution shapes, except for the set P2, which
gave the best description of the experimental / =4 transi-
tion. Next, calculations (shown in Fig. 5) were .carried
out with different sets of deuteron optical-model parame-
ters DO, D2, and D4 listed in Table III in combination
with the proton optical potential set P2. In general, the
predicted distributions are poor for the 1gy,, transfer
data, even though the angular momentum is well
matched for / =4 at this energy. However, the descrip-
tion of the cross section data for the /=1 transition
(which is mismatched in angular momentum) is good for
all the deuteron potentials. In summary, the standard
DWBA approach does not describe the data very well,
even though the various ingredients to the calculations
have been specified as well as they possibly can be.

B. The adiabatic approximations (ADWA)

It is widely believed that the inadequacy in describing
deuteron stripping and pickup reactions arises mainly be-
cause of the weakly-bound structure of the deuteron.
This suggests the relevance of three-body effects in the re-
action mechanism. In the conventional DWBA ap-
proach, one describes the deuterons by the elastic-
scattering wave function generated from optical-model
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potentials fitted to describe the elastic scattering data. In
the adiabatic prescription (ADWA),* which includes
breakup effects in the analyses of stripping and pickup
data, the elastic deuteron wave function is replaced by a
three-body wave function which treats the low-energy
relative s-wave n-p breakup effects in an effective range
manner. The key feature of the adiabatic theory is the
derivation of an effective potential—the adiabatic
potential—which generates the appropriate three-body
wave function from an effective two-body Schrédinger
equation. In practice, the adiabatic potential is derived
from neutron and proton optical potentials obtained from
fits to nucleon elastic scattering data at half the deuteron
energy. Inclusion of breakup effects give a geometry to
this potential which is significantly different from that of
conventional deuteron phenomenological optical poten-
tials. This feature is largely responsible for eliminating
the need for an arbitrary suppression of the interior con-
tributions to stripping integrals when the adiabatic wave
function is used. Johnson and Tandy3! have further im-
proved the adiabatic theory, by using a slightly different
adiabatic potential which is essentially the folding of the
nucleon-core potentials over the shape of the short-
ranged V,,. The resulting geometry in the center-of-mass
coordinate system has additional important differences
from that of phenomenological elastic deutercu optical
potentials.

The adiabatic potential (AD) for deuterons was gen-
erated from Eq. (34) of Ref. 31. The global nucleon-
nucleus potential parameters of Becchetti and Green-
lees?® were folded with the soft-core interaction and cor-
responding deuteron wave function of Reid.? This po-
tential was then fitted to a Woods-Saxon form to get nu-
merical potential parameters to be used in the code
DWUCKS5. The resultant parameters are listed as set AD
in Table IV.

ADWA calculations were performed with all the best-
fit proton parameter sets listed in Table II, along with the
AD set for deuterons, for the ground-state transition.
The description of the data was found to be far better
with the combination P2 and AD than with any other
pair of parameter sets, as is evident from Figs. 4 and 5.
Thus the parameter sets P2 for protons and AD for
deuterons were used in all the remaining calculations de-
scribed herein. The results are quoted in Tables VI
through X.

C. The target form factor

The target form factor, which contains the nuclear
structure information, is usually generated by the “well-

TABLE IV. Adiabatic potentials of deuterons for *Sr at 88.95 MeV. The entry in this table is for ground-state transition. For ex-
cited states well depths given by V=V —(E —85.93)X0.32, Wy=Ws+(E —85.93)X0.22, and W, = W, —(E —85.93) X0.25 were

used. E is the outgoing deuteron energy in MeV.

VR ro ag WS WD L) ay Vso Tso Aso re
Set Type (MeV) (fm) (fm) (MeV)  (MeV) (fm) (fm) (MeV) (fm) (fm) (fm)
AD WS(adiabatic) 85.301 1.1622 0.7977 15.327 1.774 1.300 0.6476 3.1 1.010 0.750 1.30
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TABLE V. Bound
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state parameters.”

VO Vsur ro Qg Vscb rso Ay
Set Method (MeV) (MeV) (fm) (fm) (MeV) (fm) (fm)
B1 WD varied® 0.0 fixed? 0.650 7.00 1.10 0.65
B2 SP fixed® varied’ fixed? 0.650 7.00 1.10 0.65

2No nonlocality is used for the bound state.
Y4V, is used in DWUCKS.

¢ Adjusted to match the separation energy of each state.
9 The bound-state radius parameter r, was fixed at 1.262, 1.187, 1.210, 1.205, and 1.223 fm respectively,

for 189,32, 1152, 1f 7,2, 2P1,2, and 2p; , orbitals.

°The well depths ¥V, were fixed at —48.73, —49.22, —48.90, —48.06, and —47.71 MeV respectively,
for the 1g9,2, 1fs,2, 17,2, 2p1,2, and 2p;,, orbitals; the resulting rms radii were respectively 4.792,
4.323, 4.409, 4.437, and 4.367 fm for the corresponding centroids.

fThe surface-peaked potential was assumed to be of the derivative WS form and the depth of the sur-
face peak was adjusted to match the separation energy of the state.

depth” (WD) method: the depth of a Woods-Saxon po-
tential is adjusted until the separation energy of the
picked-up particle from the specified orbital is matched.
In these calculations we chose the measured rms radius
for the 1g,,, orbital as measured in magnetic electron
scattering.!? Actually a value of 4.79 fm was used for this
parameter after correction was made for the centroid en-
ergy of the (1g4,,)”? multiplet, and conversion to the in-
trinsic frame. For other orbitals we used rms radii from
HF calculations'® scaled down by about 0.6% in order to
match the calculated and measured rms radius for the
1g4,, orbital. The bound-state radius parameter (r,) and

the potential depth (V) were varied until the separation
energy of the energy centroid was matched, fixing the
rms radius constant. The resulting bound-state parame-
ters are listed as set B1 in Table V.

Another approximation for calculating the form factor
has been suggested by Austern’? and Rae,*® and has been
used by Winfield ez al.* in a study of the (°Be, 1°B) reac-
tion. This method, called the surface-peak (SP) method,
was successfully used in our analysis of the
206pp(d 3He)?%°T1 reaction.!® Here, a fixed mean-field po-
tential plus an additional surface-peaked potential is used
to describe the motion of the transferred nucleon. The

TABLE VI. Spectroscopic strength G for 1g,,, neutron pickup in *Sr.

E, (p,d) 94.2 MeV? (d,t) (d,t) reaction (p,d) reaction
(MeV) J7 SP method WD method reaction® reanalysis® reanalysis?
0.0 ot 0.13+0.02 0.09+0.02 0.13 0.13 0.18+0.02

1.077 2% 0.46+0.08 0.38+0.07 0.58 0.51 0.70+0.09
1.847 2% 0.13+0.02 0.13%0.02 0.21 0.15 0.25+0.03
2.097 ot 0.006+0.001 0.010+0.002 0.013 0.009
2.223 4% 0.85+0.15 0.84+0.15 1.28 0.92 0.141+0.02
2.639 2t 0.06%0.01 0.06+0.01 0.107 0.068
2.780 2t 0.013+0.03 0.0131+0.003 0.03 0.016
2.856 6t 1.45+0.26 1.48+0.27 2.40 1.56 2.27+0.30
2.956 8+ 1.96+0.35 2.03+0.36 3.46 2.32 2.941+0.25
2.995 0.22+0.05 0.23+0.05
3.068 0.082+0.02 0.08610.02
3.772 0.010+0.003 0.011+0.003
4.173 0.04+0.01 0.04+0.01
4.665 0.009+0.002 0.012+0.003
4.716 0.024+0.007 0.024+0.007
4.890 0.04+0.01 0.05+0.01
4.963 0.081+0.02 0.1021+0.02
5.035 0.057+0.016 0.0721+0.020
5.191 0.021£0.006 0.026+0.007
5.357 0.012+0.003 0.015+0.004
3G (1gy,)= 5.68+1.04 5.72+1.06 8.64 5.88 6.48+0.7

2 Present experiment.
bReference 18.

° Present reanalysis with the SP method using the bound-state parameters of Table V.

4 Reference 17.
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TABLE VII. Spectroscopic strength G for 1f5,, neutron
pickup in ®Sr.

E, (7,d) 94.2 MeV* (d,1)
(MeV) SP method WD method  reaction®
3.491 1.354+0.34 1.220+0.31 0.66
3.664 0.083+0.34 0.077+0.025
3.697 0.188+0.05 0.175%£0.04
3.882 0.087+0.02 0.085+0.02
3.963 0.432+0.21 0.421+0.21
4.251 0.289+0.09 0.298+0.10
4.285 0.507%0.13 0.523+0.13
4.407 0.342+0.10 0.362+0.10
4.478 0.165%0.05 0.1741+0.06
4.526 0.039£0.02 0.042+0.02
4.603 0.054+0.02 0.058+0.02
4.738 O’.042i0. 02 0.046+0.02
4.845 0.2334+0.06 0.265+0.07
5.102 0.063+0.02 0.076%0.02
5.166 0.087+0.05 0.105+0.06
5.300 0.063+0.02 0.078%0.02
5.403 0.047%0.02 0.059+0.02
SG(1fs,)= 4.075+1.25  4.064+1.24

? Present experiment.
b Reference 18.

TABLE VIII. Spectroscopic strength G for 1f,,, neutron
pickup in ®Sr.

E, (p,d) 94.2 MeV?
(MeV) SP method WD method
5.191 0.16+0.08 0.16+0.08
5.454 0.08+0.03 0.08+0.03
3G(1f;,)= 0.24+0.11 0.24+0.11

“ Present experiment.
®Reference 18.

TABLE IX. Spectroscopic strength G for 2p,,, neutron pick-
up in ¥Sr. The uncertainty of the extracted spectroscopic fac-
tors is = 30%.

E, (p,d) 94.2 MeV? (d,t)
(MeV) SP method WD method reaction®
2.674 1.05 1.01 0.95
3.068 . 0.05 0.05 0.06
3.186 0.86 0.87 0.68
3.320 0.51 0.52 0.34
3.772 0.02 0.02
5.357 0.02 0.03

SG(2p, )= 2.51 2.50 2.03

2 Present experiment.
®Reference 18.
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TABLE X. Spectroscopic strength G for 2p;,, neutron pick-
up in 3%Sr. The uncertainty of the extracted spectroscopic fac-
tors is = 30%.

E, (7,d) 94.2 MeV* (d,1)
(MeV) SP method WD method reaction®
2.476 0.61 0.52 0.24
2.995 0.31 0.28
3.825 1.17 1.19 0.83
3.941 1.07 1.10
4.096 0.19 0.20
4.173 0.07 0.08
4.963 0.09 0.12
5.035 0.06 0.08

# Present experiment
®Reference 18.

parameters that describe the mean-field potential are
chosen to yield the right predetermined energy centroids
of individual orbitals with specific rms radii. Further-
more, following the suggestion of Millener and
Hodgson,>® the depths of the potentials for each orbit in
the SP method were calculated to match the energy cen-
troids previously determined from the spectroscopic
strengths deduced with the WD method. The depth of
the additional surface-peaked potential is varied to match
the separation energy of the transferred particle, thus
ensuring the correct tail shape of the form factor. The
surface-peaked potential can be interpreted as simulating
the effects of the residual interaction at the nuclear sur-
face. Of course, for closed-shell nuclei, the WD and SP
methods yield the same results, since the SP potential
term must then be zero. The potential parameters used
in the present study for the calculation of the form factor
by the SP method are listed as set B2 in Table V.

V. RESULTS AND DISCUSSION

Transitions corresponding to 45 excited states were ob-
served in the present experiment. Several new states were
seen. The angular momentum transfers we have assigned
from the present analysis to states up to 3 MeV agree
with known spin-parity assignments. Both WD and SP
methods were used in the present study to deduce the
spectroscopic strengths for all of the 46 observed peaks.
The o(8) calculated using the ADWA prescription was
fitted to the data using a least-squares method; however,
greater weighting was given to the cross sections mea-
sured at the five most forward angles.

The ADWA predictions for the angular distributions
of the differential cross section and analyzing power using
the SP method are shown in Figs. 6 to 9 for the
87Sr(p, d)®Sr reaction; these include neutron pickup from
the 1gg,5, 1fs,n, 1f7,, 2pi,, and 2p;, orbitals.
Different j transfers involved in the present study were
established by taking as experimental templates the j-
dependent angular patterns from an earlier neutron pick-
up study>® of the ®Sr(p,d)**Sr reaction. This was neces-
sary, because the shape predictions from the distorted
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wave calculations were found to be generally unreliable
for such identifications.

The spectroscopic strengths extracted from the present
study are listed in Tables VI-X. Also given are the re-
sults from the (d,?) reaction.!® Even though the SP and
WD methods give roughly the same summed spectro-
scopic strengths, the actual values for individual states
may differ by as much as 25% (e.g., in the case of the
5.403-MeV state). Such effects are due mainly to the fact
that the rms radius in the WD method decreases with ex-
citation energy (relative to the centroid energy), whereas
in the SP method it increases with excitation energy; of
course both have the same rms radii at the respective en-
ergy centroids.

The component of / =2 transition strength observed
for the 1.077, 1.847, 2.223, 2.639, 2.780, and 2.856-MeV
states by the previous ¥’Sr(d,t) study'® at 18 MeV is not
seen in the present investigation. This may perhaps be
due to the angular momentum mismatch for / =2 at 94
MeV, which suppresses the / =2 strength relative to the
I =4 strength. The 2.995-MeV state is found to include
1g4,, pickup strength which is not seen by the previous
studies,'®"!® indicating the presence of a positive-parity
state in addition to the 3~ state. States at 3.055 and
3.101 MeV seen in the previous work with much higher
resolution could not be resolved in the present experi-
ment with 40-keV resolution. Hence both 2p,,, and
184, strengths contribute to the transition at 3.068 MeV.
A small amount of / =4 strength noticed by Li et al.!®
for the 3.362-MeV state is not seen in the present study.
The 3.491-MeV state has a clear signature of 1f5,, pick-
up, suggesting only a negative-parity assignment.

Since the energy resolution in this particular study was
about 40 keV, quite a few states lying close to one anoth-
er could not be resolved. As a result, angular distribu-
tions of some of the observed peaks contained two transi-
tions. For such multiplets, known experimental tem-
plates of both cross section and analyzing power were
used to disentangle the / and j transfers involved. The
procedure involved a least-square fitting of the observed
cross-section angular distribution with the known experi-
mental templates. These ‘“disentangled” experimental
data are then compared with the respective ADWA
curves in order to extract the spectroscopic factors. The
analyzing power of each such doublet was calculated by
weighting the analyzing powers of the individual contri-
butions by the corresponding cross sections. Figure 9
shows typical angular distributions of 0(6) and 4,(6) for
some of the observed doublets. The solid line in both
0(0) and A4,(6) shows the empirical prediction obtained
from the known templates; the dashed lines show the in-
dividual components involved.

A. States with 1g, /, transfer

The ADWA predictions for transitions involving 1gg /,
transfer are shown in Fig. 6. It is clear from the figure
that even though the differential cross sections are de-
scribed reasonably well, the analyzing-power data are
poorly described. The A4,(6) data are reproduced quanti-
tatively in both shape and phase but are severely underes-
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timated throughout the angular range. The observed
1g4 5 strength is spread over 20 states. Table VI lists the
spectroscopic strength for the 1g,,, orbital compared
with that obtained from the (d,?) reaction studies of Li
et al.'® who observed 1g,,, strength only up to 3.481
MeV of excitation energy. The spectroscopic factors seen
in the present study are much lower compared to the cor-
responding spectroscopic factors from the (d,t) study.
These discrepancies were thought to be mainly due to
differences in the form factor description and also to the
choice of the bound-state parameters in the DWBA
analysis of the (d,t) reaction. Therefore, the (d,?) data
were reanalyzed using our bound-state parameters and
employing the SP method. The results obtained from this
reanalysis are now in reasonable agreement with our
(p,d) results. Also compared in Table VI are the spectro-
scopic factors obtained by Moalem and Friedman!” from
a reanalysis of the (p,d) data of Kitching et al.!® In their
reanalysis they considered only /=4 transitions, em-
ployed a variety of optical potentials in both entrance and
exit channels, and performed DWBA calculations apply-
ing full finite-range and nonlocality corrections using an
rms radius of 4.66 fm for the 1g,,, orbital. This rms ra-
dius is lower than our value and hence their spectroscop-
ic factors are consistently higher for all the individual
states except for the 2.223-MeV state, where their spec-
troscopic factor is about six times smaller than ours. Yet,
their summed spectroscopic strength of 6.48 is larger
than our results, even though they analyzed only the
strong / =4 transitions.

B. States with 1f5,, and 1f,,, transfer

The ADWA for transitions involving 1f5,, and 1f;,,
transfers together with the data are shown in Fig. 7. The
most striking j-dependent feature is the negative slope of
A,(0) from 10°-13° for the 1f5,, transfer as compared to
the positive or near-zero values for the 1f,,, transfer.
Clearly the oscillatory pattern of the 4,(6) data is not
accounted for except at smaller angles, although the posi-
tions of maxima and minima are reproduced. The spec-
troscopic strengths extracted from the present study for
1fs,, and 1f,,, orbitals are listed and compared with re-
sults of the (d,¢) study'® in Tables VII and VIII, respec-
tively. In the (d,t?) study, although states up to 3.823
MeV in excitation were observed, / =3 strength is seen
only at 3.491 MeV and not at 3.664 or 3.697 MeV, where
some of the / =3 strength is seen in the present study.
Furthermore, an overall / =3 strength of 0.66 extracted
from the (d,t) study is almost a factor of two less than
the strength observed in the present work. In the (d,?)
study, at 3.491 MeV both /=3 and 4 transitions are
identified based only upon the shape of the cross section
angular distribution. On the other hand, in the present
investigation no / =4 component is seen for this state,
based on the shape of both cross section and analyzing-
power angular distributions.

While we see that the 1f5,, strength spreads over 17
states, 1f,,, strength is seen only for two transitions.
This indicates that most of the 1f,,, strength lies at
higher excitation energies outside the range of observa-
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tion in the present work. In this regard it may be noted
that in the (p,d) study on *°Zr by Taketani et al.,'” 1f,,,
strength is seen up to 12.2 MeV in excitation.

C. States with 2p, ,, and 2p; /, transfer

Figure 8 shows the results obtained for the 2p,,, and
2ps3, transfers. Though the fits to the o(60) data are not
good, the description of A4,(0) is generally satisfactory
even for these momentum mismatched transitions. As
the / =1 transfer experimental cross sections are most
forward peaked, there is larger uncertainty in the [ =1
extracted spectroscopic factors than those for the / =3
and 4 transitions, due to the normalization at these most
forward angles. This introduces an uncertainty which is
difficult to assess. We estimate that the error for the
spectroscopic factors of the 2p, , and 2p; /, transitions is
at least 30%. However, even considering these large as-
signed uncertainties, the summed strength for the 2p,,,
orbital exceeds the simple shell-model sum rule, indicat-
ing that the rms radius used from HF calculations is too
small. For the 2p;,, orbital, the extracted strength is
close to the sum rule value, which is perhaps fortuitous.
A 2% increase in the bound-state radius parameter
would give spectroscopic strengths for these orbitals con-
sistent with the depletion observed for the 1g,,, and
1f5/, orbitals.

The errors quoted in Tables VI through VIII include
the following uncertainties combined in quadrature: (i)
5% due to target thickness; (ii) 5-40 % due to the peak
fitting procedure; (iii) 5% due to proton optical poten-
tials; (iv) 10% due to deuteron adiabatic potentials; (v)
5% due to the deuteron form factor; (vi) 10-15 % due to
bound-state parameters; and (vii) 5-40% due to the
least-squares fit to the transfer-reaction data.

The errors in items (ii) and (vii) varied depending on
the statistics of the data involved, while errors in items
(iii) and (iv) were due to the difference in the ADWA pre-
dictions when different sets of adiabatic deuteron poten-
tials and different proton optical-model parameters were
used. Finally, the 10-15 % error in item (vi) due to the
target bound-state parameters results mainly from a
change in the bound-state radius parameter (r,) by 1%
(which is about the uncertainty in 7).

In order to interpret the spectroscopic factors for the
valence 1g,,, orbital in %'Sr, we apply two (spin-
dependent) sum rules. The first one is the partial sum
rule which, for a given orbital, connects the single-
nucleon stripping and pickup spectroscopic factors of an
odd target nucleus. The expression is*

_ 20+

JhojoJ
2J,+1 f L
Jf——2J0+l—(2.If+1)(—-l) > [ ]S .

7 Je T Jo |70;
f
(5)

Here S;“}, and S,“f are the partial sums of spectroscopic

factors for stripping and pickup reactions to final states
J; and J, respectively, and J, is the spin of the odd tar-
get nucleus. Reanalyzing the %’Sr(d,p)®Sr data of Li and
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Daehnick® using the SP method to generate the transfer
form factor, and employing the rms radius from magnetic
electron scattering,'> we get a spectroscopic strength
S*=0.78 for the 1g,, orbital. Using Eq. (5) one obtains
partial sums of spectroscopic factors of 0.18, 0.89, 1.60,
2.31, and 3.03 for the final states with spin and parity 0%,
2%, 4%, 6%, and 871, respectively. The partial sums ob-
tained in the present study for the final states with known
J7 (see Table VI) are 0.14, 0.66, 0.85, 1.45, and 1.96.
They are about 22-46 % lower than those calculated with
the partial sum rule. Some of the missing strength resides
in the other 1gq,, transitions observed. Since the final-
state J7 values of these other 1g,,, transitions are not
known, this comparison is incomplete.

The second sum rule relates the (magnetic) spectro-
scopic strength py obtained from elastic magnetic elec-
tron scattering to a sum over spectroscopic factors. For
pickup this relationship is*

P =(2Jy+1)

Jo Jo A

ot i ta [T0 T0 -

lesz( 1) [ja Ja I ]S,f,Tf(a).
(6)

Here A is the multipolarity of the electromagnetic tran-
sition, a the single-particle orbital of interest, and J,, J,
are the spins of the initial and final states. Using again
only the spectroscopic factors for the 1g,,, transitions to
final states with known J7 values (E, <2.96 MeV) we ob-
tain pg=0.62. This value is smaller than the result of
po=0.7610.05 obtained from magnetic electron scatter-
ing.!? Here again the comparison is incomplete. Howev-
er, our value is considerably larger than the value of 0.49
which Dieperink and Sick® have deduced in reanalyzing
the data of Ref. 17.

Recently Kunz* suggested some improvements to the
form of nonlocality used in the optical potentials and also
an energy dependence of the adiabatic deuteron potential
used in the adiabatic prescription. The former is a nonlo-
cality correction based upon the Darwin term*' and is
calculated from the spin orbit potential. The latter is an
improvement related to the adiabatic deuteron potential
which suggests that, instead of using half the deuteron
energy for calculating the nucleon potentials, an external
energy dependence has to be added.*> Both of these
modifications were tried in this study, but neither of them
was found to yield improvement in the agreement of the
theory with the data.

Roy and Mukherjee*** have recently estimated the
deuteron breakup contribution by solving an integral
equation. They have developed a simple prescription for
estimating the effect of the breakup channel using
optical-model parameters fitted to elastic deuteron
scattering. It would be interesting to attempt fits to our
data using such an approach, and in particular to look at
the description of the 4,(0) data.

VI. CONCLUSIONS

A systematic study of the ¥’Sr(7,d)®Sr reaction has
been made in order to extract the spectroscopic factors
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with reasonable accuracy. Optical-model parameters
used in the exact finite-range DWBA calculations for
both entrance and exit channels were obtained from
direct fitting of measured elastic-scattering data, at the
appropriate bombarding energies. Unfortunately, these
conventional, exact finite-range DWBA calculations
failed to reproduce the transfer data, so that adiabatic ap-
proximation, exact finite-range ADWA calculations were
then performed. A realistic deuteron form factor gen-
erated by employing the Reid soft-core wave function
was used. However, the angular distributions of cross
section and analyzing power were still not well repro-
duced by the ADWA calculations, even for the [ =4
transitions which have a good angular-momentum match
at E,=94.2 MeV. The bound-state rms radius of the
1g4, orbital was fixed at the value extracted from mag-
netic electron scattering, and the rms radii of other orbit-
als were taken from the predictions of Hartree-Fock cal-
culations (scaled down by about 0.6% to match the 1g,,
rms radius), in order to avoid large uncertainties in the
extracted spectroscopic factors. The alternate ‘“well-
depth” and ‘“surface-peak” methods employed to gen-
erate the bound-state form factor gave similar total spec-
troscopic strengths, although extracted strengths for indi-
vidual states differed by as much as 25%. The neutron
pickup strengths determined in the present study with
the SP method are 5.68, 4.08, 0.23, 2.53, and 3.57 for the
189,2> 15,2, 1f1,2, 2P1 2, and 2p; ,, transfers respective-
ly. When compared to the simple shell-model sum rule
values of 9, 6, 8, 2, and 4, for the same respective
transfers, we observe a quenching of about 43% for 1g, ,
transfer, and 32% for 1f5,, transfer. The almost full
strength obtained for the 2p, , and 2p; ,, orbitals is prob-
ably fortuitous (e.g., the rms radii obtained from HF cal-
culations for the 2p,,, and 2p,, orbitals may be too

small, resulting in larger spectroscopic factors for these
two cases). Most of the strength for the 1f,,, orbital lies
at E, >5.5 MeV and hence was not observed in the
present experiment. The spectroscopic quantity
P9=0.6210.12 calculated from the present study is in
fair agreement with the magnetic electron scattering re-
sult of 0.76+0.05. This comparison is incomplete since
many 1gg,, transitions are left out because they lead to
final states whose spins are not known.

Although the adiabatic prescription is a better approxi-
mation than conventional DWBA for describing the ex-
perimental (p,d) pickup data, it is still far from satisfac-
tory. At this point we do not fully understand the
shortcomings of either the DWBA or ADWA in explain-
ing the data. The results seem to require much greater
damping of the contributions of the low partial waves to
the transfer integral than is provided by nonlocality and
finite-range.
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