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Proton occupation numbers in Pb from the (d, He) reaction
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Angular distributions of the differential cross section and vector analyzing power have been

measured for the Pb(d, He) 'Tl reaction at an incident deuteron energy of 79.4 MeV. Spin-

parity assignments have been made for seventeen transitions to residual nuclear states up to 2.8
MeV in excitation. Optical-model parameters have been obtained for both the entrance and exit
channels by fitting elastic scattering data measured to large angles. Exact finite-range distorted-
wave Born-approximation calculations have been performed and spectroscopic strengths have been

deduced for all the observed transitions. The proton occupation numbers in Pb for 3s, /2 2d3/2,
2d, /2, and 1h»/& orbitals indicate a general depletion of about 30%, to be compared to 18% de-

pletion previously reported in Pb. The 3s&/2 proton occupation number in Pb deduced from
this experiment is in good agreement with the results of recent (e,e p) experiments.

I. INTRODUCTION

Over the course of the last few years, the structure of
nuclei in the lead region has received considerable atten-
tion by both theorists and experimentalists. The charge
density difference I5p(r) between Pb and Tl, as mea-
sured by elastic electron scattering, ' clearly exhibits the
characteristic shape of the 3s, /2 wave function, provid-
ing strong evidence for the nucleonic picture of nuclei at
nuclear matter densities. From a comparison with the
predictions from the mean-field theory, a value for the
di8'erence between the 3s»2 proton occupation numbers
in Pb and Tl has been deduced as

z =n (206)—n (205)=0.7+0. 1 .

This result has been interpreted as evidence for a 30%
depletion (quenching) of the single-particle 3s &&2

strength. Theoretical calculations for the doubly
magic nucleus Pb also predict a depletion of the shell-
model orbitals of up to 30%. Recently, (e,e'p) measure-
ments ' and (d, He) studies at E =52 MeV (Refs. 8 and
9) have been carried out. The occupation numbers for
the 3s&/2 orbital in 2osPb, 2o6Pb, and zo5T1 were extracted
using the value of z =0.7 together with accurate relative
transition strengths; a depletion of (18+9)% was found
for "'Ib.

In this paper we present a study of the
Pb(d, He) Tl reaction at Ed =79.4 MeV in which we

deduce the proton occupation numbers for all orbitals
close to the Fermi surface of Pb. The optical-model
parameters needed to generate the distorted waves for
the exact finite-range distorted-wave Born-
approximation (DWBA) calculations have been obtained
from elastic-scattering measurements, for both entrance
and exit channels, at the appropriate center-of-mass en-
ergies for the (d, He) data. Spectroscopic factors were
deduced for 17 transitions, allowing proton occupation

numbers to be extracted, in particular for the 3s&/2,

2d3/2 2d5/2 and 1h»/2 orbitals.
The biggest uncertainty in the spectroscopic strength

extracted from transfer-reaction data generally arises
from the prescription of the radial form factor in the
DWBA calculations. In the most commonly used well-
depth (WD) method, for a given choice of geometric pa-
rameters (radius ro and diffuseness ao), the depth of a
volume Woods-Saxon potential is adjusted to reproduce
the separation energy of the particle to be transferred
from the specified orbital; this method is expected to
yield reasonable results for nuclei near closed shells. An
alternate method has been suggested by Austern' and
Rae, " wherein the transferred nucleon is bound in a
fixed mean-field potential plus an additional surface-
peaked potential, the depth of the latter being adjusted
to reproduce the separation energy of the transferred
particle, thus guaranteeing the correct shape in the tail
region of the radial form factor. This surface-peak (SP)
method has been applied by Winfield et al. ' to a study
of the ( Be, ' B) reaction on light nuclei. In the present
paper we study the sensitivity of the spectroscopic
strengths derived from the (d, He) reaction with respect
to both the WD and SP methods. In addition, the root-
mean-square (rms) radii of the individual proton orbitals
in Pb (which depend sensitivitely on the geometry of
the bound-state potential) are compared with predictions
from Hartree-Fock calculations. ' '

Proton pickup from Pb has also been studied previ-
ously through the (t,a) reaction at E,=13.5 MeV (Ref.
15) and E,=17 MeV (Ref. 16). Proton stripping on Tl
has been measured through the reaction Tl(a, t) Pb
(g.s.) at energies from E =20 to 25 MeV in order to
determine the normalization constant for (a,t) reac-
tions. ' Information concerning the energy levels of Tl
has been summarized by Schmorak. '

The experimental procedures used in the present in-
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vestigation are described in Sec. II, while the analyses
carried out to obtain the best fit optical-model parame-
ters are illustrated in Sec. III. Distorted-wave analyses
employing exact finite-range DWBA calculations are re-
viewed in Sec. IV, and a discussion of the results of the
present study is presented in Sec. V.

II. EXPERIMENTAL PROCEDURE

The Pb(d, 3He) 5T1 reaction was studied using a
79.4-MeV vector-polarized deuteron beam at the Indiana
University Cyclotron Facility. Angular distribution
measurements of the differential cross section o(8) and
vector analyzing power A (8) were made. The outgoing
He particles were detected between laboratory angles

(8~,b) of 6' and 20', in 2' intervals, and between 20' and
32', in 3' intervals. In order to obtain optical-model pa-
rameters required for the DWBA calculations, the fol-
lowing elastic scattering measurements were made: (i)
o(8) and A (8) for deuterons on Pb at 79.4 MeV, and
(ii) o(8) for He on Tl at 78.4 MeV. The elastically
scattered deuterons from Pb were detected between
8&,b of 13' and 50' in 1' steps, and between 50' and 130'
in 2', 3', or 4' steps. He particles scattered from Tl
were observed between 8&,b of 9' and 50 in steps of 1',
and between 50' and 76' in steps of 2'. The energy of
He particles scattered from Tl was chosen to match

the center-of-mass energy for the time-reversed reaction,
taking into account the reaction Q value.

An atomic beam source' was used to generate the po-
larized deuteron beam for these measurements.
Analyzing-power measurements were made by periodi-
cally changing the spin state (about twice per minute)
during data acquisition. The deuteron polarization was
measured frequently by inserting a target gas cell con-
taining He gas into the beam line between the injector
and the main-stage cyclotrons. Details of the polariza-
tion measurements are discussed in Ref. 20. The "up"
and "down" polarizations of the beam were observed to
remain nearly constant, with values for the two spin
orientations of around +0.58 and —0.60; the actual
values used for computing the analyzing powers in the

Pb(d, He) Tl reaction and d+ Pb elastic scattering
were determined by interpolation from polarizations
measured periodically during the experiment. We as-
sume that the polarization measured with the polarime-
ter between the two cyclotrons is maintained throughout
the acceleration process in the main cyclotron and the
subsequent beam transport system.

Beam energies were measured by deflection through a
42' energy analysis magnet and slit system, located in the
high-energy beam line following the main cyclotron.
The beam current was varied between 1 nA and about
200 nA, as determined by the rate at which events could
be processed without incurring large dead times. The
total flux was calculated from the integrated charge
recorded in a beam-stopping Faraday cup located down-
stream of the target. At forward angles (8~,b(50'), a
split Faraday cup placed directly in the scattering
chamber was used. The separate current signals from
the left and right halves of this cup were used to center

the beam on target during data acquisition. For large-
angle measurements (8&,b& 50'), a heavily shielded beam
dump located in the wall far behind the target chamber
was used. The latter arrangement significantly decreased
room background, enabling measurement of the small
cross sections at large angles.

The target materials utilized were 99.8%%uo isotopically
enriched Pb and 99.4% isotopically enriched Tl.
Self-supporting Pb targets of thicknesses 11.5, 2.8, and
0.6 mg/cm were used during the course of the experi-
ment. The 11.5-mg/cm target was made by rolling, and
the 2.8 and 0.6 mg/cm targets were made by vacuum
evaporation. Tl targets of thicknesses 1.70 and 1.29
mg/cm were made by vacuum evaporation onto a 20
pg/cm carbon backing after reduction in a hydrogen
furnace. All d+ Pb cross sections were normalized to
the value obtained with the 11.5-mg/cm target, whose
areal density was accurately determined by weighing,
while the He+ Tl cross sections were normalized to
the value obtained with the 1.70-mg/cm target. Mea-
surements of cross sections with the various targets were
repeated at selected angles to check reproducibility.

Charged particles from the (d, He) reaction and from
elastic scattering were momentum analyzed by a
quadrupole-dipole-dipole-multipole (QDDM) magnetic
spectrometer. The spectrometer entrance slits were ad-
justed to provide solid angles between 0.8 and 1.5 msr;
the larger values were used at large scattering angles.
The corresponding angular acceptance varied from 1.15'
to 1.72'. Focal-plane positions of the detected particles
were measured with a helical proportional counter. The
reaction products were identified on the basis of energy-
loss signals from two plastic scintillation detectors
mounted behind the helical counter. Dead-time correc-
tions were determined by feeding pulser signals, trig-
gered at a rate proportional to the beam current, into
the helical counter and front end of the electronics sys-
tem. The pulser signals were analyzed along with the
data from real events. The typical overall energy resolu-
tion was about 60 keV.

The particle spectra were analyzed with the computer
code ALLFIT. A typical He spectrum for the

Pb(d, He) Tl reaction taken at 8„b=8' is shown in
Fig. 1. Peak areas were obtained by fitting the spectrum
using a Gaussian peak shape whose parameters were ob-
tained by fitting the shape of the peak corresponding to
the first excited state of Tl. Thus, both spin-up and
spin-down spectra were analyzed with common peak
shapes, helping to reduce systematic errors. The cross
sections and analyzing powers were calculated from indi-
vidual peak areas of the spin-up and spin-down spectra.
The error bars shown in the angular distributions (Figs.
2 —9) reflect only counting statistics, based upon between
20 and 1000 summed counts in a typical run. The
0&,b

——6 cross sections have been adjusted upward by a
factor of 1.6 as a result of the Faraday cup partially
obscuring the entrance opening of the spectrometer at
this most forward angle; an error of 15% has been as-
signed in this case.

Energy calibration for the spectra was carried out by
fitting a quadratic polynomial to the He momenta as a



68

yp3
Pb(~. He) T1.

I

Cgo
o (j

94 MeV; g~&b = &; Spm

I

M. C RA AKRISH 37

function of cha numb
were used. Table I 1

e atlvistic kinematl

level
e ists the excitati

matlcs

s obtained from th'
'on energies for Tl

determined from
periment as we]] as th

om pi.evious
e values

O

W yp1

O
O

Spp

ip-&
200

I

300
I

500
I

400
CHANNEL NUMBER

I

BOO

FIG. 1. S. Semilog plot of the '
d

. Y

a bombardin
oA or the Pb(d, He

'
a

d of 794M
peaks corresr SpOndi tO StateS i 2osTl

MV
y

in the text.
ine with the fitting proced dure escribed

PTICAL-MENDEL AANALYSES

Differential crross section and ana
istributions of 79.4-M

from
eV elastica]1 sc

g. p

D h'k l f
d

'
e g obal o tical-

e pre-

h d li (DO). Alho h o
th 1 d' 'b's ri utions for bo

c ures in

fails
ose o served in our d. " -duc h

ata, this r
e e o(8) data at lar

e ess

d ti t A(8 b
aximum possible v

re it ap-

Th difF mt' 1 m
elastic f784M

ia cross section an ul

Fig. 3. The recent global a
eV He from

' 'nTl is shown in
a parameters for H

similarly do not corr
eon Tlof

rrectly predict the

TABLE I. E y levelS Of 2osTl.

Present results
E„(keV) J

Nuclear data sheets'
E„(keV) J
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E„(keV) J
0

202+5
618+5

1139+5
1217+5
1340+5
1435%10
1486+5

1+
2
3+
2
5+
2
3+
2
1+
2
3+
2
1+
2
11—
2

Qd

203 75

619.42

114Q 75

1218.98
1340.30
1433.79
1484.05d

1574.03

1+
2
3 +
2
5+
2
3+
2
1+
2
3+
2

(-'+)
2
11—
2

(-'+)
2

0
205+5
614+5

1138+5
1222+5
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1436+5
1491+5

1+
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2
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2
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2
1+
2
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2

( —'+)
2
11—
2

0
200
620
1140
1210
1340
1430
1480

1 j
2
3+
2
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2

(-'+ )
1+
2

1579%15 —+
2

1844+15 -'+
2

1949+5
2

2035+10 5 +
2

2098+10 5 +
2

2434+15 5 +
2

2498+15
2

2607+15
2

2756+15 -'+
2

1866.4
1951
2002.46

2098.22

2488.48

2623.08
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( 5+)

( 5+)

( 3+)
2

( 1+ 3+)
2 72

(
1+ 3+)
2

1859+10 s +
2 ~ 2

1953+10
2 ~ 2

20442 1Q —" 5 +
2 72

2112+10 —" 5 +

2420+10

2482+10

2588+10 5 +, —"

2714+10

1580
1860
1960

2120
2430

2490

2600
2740

'Reference 18.
bReference 16.
'Reference 15.
EnerEnergy level values used for the ror the present calibration.
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shape and magnitude of a(8) between 30' and 80' (see
dashed curve). We have therefore systematically ana-
lyzed the elastic-scattering data from the present investi-
gation in the conventional framework of the optical
model in order to search for parameters which would
more adequately describe the data.

106 ~ I I I
I

I f I I

I
~ I I I

I

I I I I

A. Optical potential

The data analyses were performed with a 13-
parameter optical model consisting of complex central
and spin-orbit potentials; the automatic search code
GOMFIL developed by Leeb was used. The complex
potential was of the form

V(r)= V, (r) V&—(1+e" ) i W, (—1+e~ ~)

100

10 ~l—
I I I I I I I I g I g $ g
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with
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—2 [( V +i%„)f„(r)](lS)
N1 ~C

(2)

FIG. 3. Differential cross-section angular distributions for
elastic scattering of 7S.4 MeV 'He from 'Tl. The solid curve
is the best fit obtained from set H2, and the dashed curve is the
prediction obtained using global set HO, as described in the
text.

104 1 I I l

I

I I I I

I

~ I I I

I

~ I I I

I

I I I I

I

I I

102

101

100
C:

1o-1
b

10

10

1O-4 I. . . , I. . . , I. . . , I. . . , I

0 25 50 75 100 125

8, (deg)

x=(r roA —' )lao,

y =(r rA ' )la—

V, (r)=Z&Zre [3 (rlR, ) ]l(2R—, ) for r &R, =r, A'~

=Z ZTe Ir for r &R, . (3)

The exponents a,P of the nuclear potential form factors
can be chosen different from unity in order to modify
the real or imaginary central potential, without changing
the asymptotic fall off which remains as -e " '; a
Woods-Saxon (WS) form for a= 1, or a squared Woods-
Saxon (WS ) form for a=2, were used in the present
study.

The Coulomb potential has the form
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The real and imaginary spin-orbit form factors were of
the conventional Thomas type:

1+so'Pb; E= f„(r)=(1/r)(d Idr)(1+e')
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FIG. 2. Differential cross-section and analyzing-power an-
gular distributions for elastic scattering of 79.4-MeV deuterons
from Pb. The curves represent different optical-model pa-
rametrizations as described in the text.

with

s =(r r~A
'~ )la— (4)

where r, a were chosen differently for V~, 8'~.
In the fitting procedure, the influence of the cross-

section data on the final results would have been much
greater than that of the analyzing-power data, because of
the smaller uncertainties in cr(8) as compared to those in
Ar(8}. Therefore, in the present analyses, the uncertain-
ty for the differential cross-section data was taken as 2%
for all angles for which the actual statistical error was
less than 2%. On the other hand, a constant error of
1.5% was assigned to analyzing-power data at those an-
gles for which the actual statistical error was less than
1.5%. By using these diff'erent weightings for a(8) and
A (8}, the A„(8) description was improved considerably
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with almost no visible change in the fit to 0(8); the
latter result is expected from the low sensitivity of the
differential cross section to the spin-orbit-potential pa-
rameters.

~ W00

B. Deuteron elastic scattering from Pb

Starting parameters for the optical-model searches
were taken from the global set of Daehnick et al. At
first, the radial shape of the real potential was taken as
the standard WS form, with components as prescribed in
Ref. 22, and searches were made to obtain the best fit
without restrictions on any of the parameters. However,
the use of the best fit WS form of the potential (Dl) pro-
duced analyzing powers at large angles that fell far
below the measured values (not shown in Fig. 2). As a
next step, an imaginary spin-orbit (ISO) term [see Eq.
(2)] was added to the potential (WS+ ISO), and an exten-
sive 13-parameter search was made. This form of the
potential gave a reasonably good fit to the analyzing-
power data, although it still slightly underestimated
these data at the largest angles, as seen from curve D2 in
Fig. 2.

In order to investigate the influence of the radial
shape of the potential form on the fit, it was changed
from a WS form to a WS form. This alteration did not
produce any significant change in the quality of the fit
compared to that of the WS form of the potential. How-
ever, when an imaginary spin-orbit term was added to
the potential (WS +ISO), there was a dramatic improve-
ment in the quality of fit for the analyzing-power data at
large angles [see dashed-dot curve (D4) in Fig. 2].

The best-fit optical-model parameters obtained using
various forms for the potentials are listed in Table II,
while curves for these selected forms are shown in Fig.
2. With the exception of the potential sets D2 and D4, a
common feature of all the other potential sets tried was
a poor description of the analyzing-power data, particu-
larly at the largest measured angles.

C. He elastic scattering from Tl

The parameters given by Hyakutake et al. 25 for 3He
elastic scattering from masses around A =90 were extra-
polated to Tl and taken as starting parameters. In ad-
dition, sets of parameters from Matsuoka et al. , and
Djaloeis et a/. , were also used as starting sets, al-
though the latter have neither energy nor mass depen-
dence. Taken together, these sets contain both "deep"
and "shallow" family potentials with either volume or
surface absorption. When searches were made, all the
"shallow" family best-fit parameters converged to one
final set of parameters, as was also the case for the
"deep" family potentials. The resulting P /point was
about the same for both the shallow and deep potentials.
Furthermore, the change in the radial shape of the real
central potential from WS to WS had negligible effect
on the quality of fit to the data.

The list of best-fit optical-model parameters for He
elastic scattering from Tl including the very recent
global set (HO) of Trost et al. , are listed in Table III.
Figure 3 shows the resulting fits to the experimental data
with the global set HO and the best-fit parameter set H2.
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IV. DISTORTED WAVE ANALYSES

Exact finite-range DWBA calculations were performed
for all the observed transitions employing the computer
code DwUCK5. The distorted waves, in both entrance
and exit channels, were generated using the optical-
rnodel parameters discussed in the previous section. The
light-particle form factor was obtained from a fit to
electron-scattering data on He at forward angles; only
the S state of the He wave function was used. The tar-
get form factor was generated by employing two distinct
methods as discussed earlier and below. The spectro-
scopic strength 6 was extracted using the relation

~ W0

OaOKm~t WmO
E ~eq~meq~~oo~ooooCA

dc' dO'

dQ dQ
(5)

where (d cr /d Q),„z, is the experimentally measured
differential cross section, (do /d Q)Dw5 is the differential
cross section predicted by the DwUcK5 code, and g is the
light-particle spectroscopic strength which is here equal
to 1.5. 6 is equal to C S, where C is an isospin
Clebsch-Gordan coefficient, and S is the spectroscopic
factor.

A. The target form factor

The target form factor, which contains the informa-
tion about the nuclear structure, is generated by the WD
method, where the depth of a Woods-Saxon potential is
adjusted until the separation energy of the picked-up
particle from the specified orbital is matched. For these
calculations we chose the geometrical parameters of
Streets, Brown, and Hodgson, listed as set B1 in Table
IV. The same parameters have also been used by Grab-
mayr et al. in their study of the ' Pb(d, He) ' Tl
reactions.

Another approximation for calculating the form factor
has been suggested by Austern' and Rae." In this
method, herein called the surface-peak (SP) method, a
fixed mean-field potential plus an additional surface-
peaked potential are used to describe the motion of the
transferred nucleon. The depth of the additional
surface-peaked potential is varied to match the separa-
tion 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 surface.
Of course, for closed-shell nuclei, the WD and SP
methods yield the same results, since the SP potential
term must then be zero. This SP method has been uti-
lized in a study of the ( Be, ' B) reaction by Winfie}d
et al. ,

' where the strong absorption in both entrance
and exit channels puts a premium on a reliable descrip-
tion of the bound state at the nuclear surface; more de-
tails can be found in Ref. 12. 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 IV;
the geometrical parameters were obtained by the inter-
polation suggested in Ref. 30, wherein detailed analyses
of the charge distribution of Ca, and both matter and
charge distributions of Pb, have been carried out using
a single-particle WS potential. The values of the poten-
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TABLE IV. Bound state parameters' used in the present study.

Set Method
Vp

(MeV)
Vsur

(MeV)
Tp

(fm)
ap

(fm)

V b

(MeV)
aso~so

(fm) (fm) (fm)

B1
B2

WD'
SP

varied
fixed'

0.0
varied'

1.2675
1.2670g

0.810
0.808g

6.00
5 35"

1.10
1.10

0.65
0.65

1.20
1.20

'No nonlocality is used for the bound state.
4V„ is used in DWUcK5.

'Geometrical parameters were taken from Ref. 30.
Adjusted to match the separation energy of each state.

'The well depths Vp were fixed at —60.39, —60. 12, and —61.64 MeV, respectively, for the 3s&/2,

2d3/2 5/2 and 1hl&/& states.
'The 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.
gThe geometrical parameters for protons are calculated from Eq. (2.5) of Ref. 30. Note that the
power ( ——,

'
) for the masses is given incorrectly as (+ 3 ) in Ref. 30.

"Adjusted to give spin-orbit splitting between 2d3/2 and 2d5/2 levels in ' 'Pb.

tial parameters for other nuclei are given by an interpo-
lation formula [Eq. (2.5) of Ref. 30]. As the nucleus

Pb is very close to Pb, the parameters obtained
from the interpolation formula are considered reliable to
describe the matter and charge distributions in Pb.
Also used in these calculations was a spin-orbit strength
of 5.35 MeV, deduced from the splitting of the 2d5/2-
2d3/2 hole states in Tl. Furthermore, following the
suggestion of Millener and Hodgson, ' the depths of the
potentials for each orbit in the SP method were calculat-
ed to rnatch the energy centroids previously determined
from the spectroscopic strengths deduced with the WD
method; these depths were —60.39, —60. 12, and
—61.64 MeV for the 3s, /2 2d3/2 5/2 and 1h»/2 orbit-
als, respectively.

The rms radii of the nucleon orbitals (calculated at
their energy centroids) obtained by the SP method are
compared in Table V with the predictions from
Hartree-Fock (HF) calculations of Brown et al. ,

' and
of Decharge et al. ' These rms radii for Pb are in
fact close to the values deduced for Pb by Woods
et al. from a study of the sub-Coulomb (t,a) proton
pickup reaction.

tials in the entrance and exit channels was investigated.
The bound-state parameters B1 in Table IV and the WD
method have been used for this purpose. For the

Pb(d, He) Tl reaction at E~ =79.4 MeV, the
matched angular momentum is about 4, and hence it is
expected that the greatest sensitivity would be for the
l =0 (3s&&2) ground-state transition. This was indeed
confirmed, as seen from Fig. 4, where comparisons are
made for the entrance-exit parameter sets D2-H2, D4-
H2, and DO-HO from Tables II and III. Predictions of
sets D1-H2 and D3-H2 are not shown in Fig. 4 as they
were very similar in shape and magnitude to the sets
D2-H2 and D4-H2, respectively. Similar calculations
were also performed with set D2 in the entrance deute-
ron channel and sets HO, H1, H2, H3, H4, and H5 in
the exit channel. In these cases the experimental shapes
of the angular distributions of cr(8) and A (8) could not
be accounted for with the "shallow" He potential farni-

ly, and the "deep" potential family gave considerably

Pb(f, He) TR; Ed 794 MeV; I/2+ Stote

B. Choice of optical-model parameters

The sensitivity of the predicted DWBA cross sections
and analyzing powers to the choice of the optical poten-

TABLE V. rms radii' of proton orbitals in Pb compared
to Hartree-Fock predictions.
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FIG. 4. Angular distributions of differential cross section
and analyzing power for the 3s &/2 transition in the

Pb(d, He) Tl reaction at 79.4-MeV bombarding energy.
The curves are the results of DWBA calculations using
different sets of optical-model parameters described in the text.
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studies to provide comparisons with detailed nuclear
structure calculations. In this context both WD and SP
methods were used in the present work to deduce the
spectroscopic strengths for all 17 observed transitions by
performing least squares fits to the data. In performing
the least squares fits, greater weighting was given to the
cross sections measured at the first observed peak.
These spectroscopic strengths are listed in Table VI,
where they are also compared with results from the (t,a)
reaction' and various theoretical calculations.
Even though the SP and WD methods give roughly the
same summed spectroscopic strengths, the actual values
for individuals states differ by as much as 30%%uo (e.g., the
—,
'+ 0.618-MeV state).

The proton pickup strengths extracted in the present
study with the SP method are 1.35 for the 3s»2 orbital,
2.75 for the 2d3/2 orbital, 3.17 for the 2d»2 orbital, and
8.45 for the 1h»/z orbital. We assign an error of about
20% to these results (as discussed later, with particular
attention to the 3s&&2 orbital), due to the uncertainties
involved with the DWBA calculations and the absolute
experimental cross sections. Compared to the simple
shell-model sum rule values of 2, 4, 6, and 12, for the
3s»2, 2d3/2 2d5/2 and 1h»/z orbitals, respectively, we

pPb(dHe)TX, Ed=79.4MeV, 5/2+S to tes

observe a general quenching in the Pb, (d, He) Tl re-
action of about 30% for all orbitals with the exception
of the 2d5/2 orbital, where we probably missed some
strength lying at E & 2. 8 MeV due to the small momen-
tum acceptance of the QDDM magnetic spectrometer.
In this regard it should be mentioned that Langevin-
Joliot et al. found using the near-isotope
20sPb(d, 3He)207T1 reaction at 108 MeV that the 2d5&2
strength is not concentrated only in the 1.67-MeV state
in Tl but is fragmented up to 8.3 MeV of excitation,
the centroid being at 3.1 MeV. (Their results might
similarly suggest that we may have missed a smaller
amount of the lh»&2 strength in our present study. )

Therefore we believe it most likely that the extra missing
2d»2 strength lies above our experimental acceptance,
and is not due to a deficiency of the DWBA method, as
the same method has been used for the 2d3/2 orbital in
the present study.

The 3s&&z strength obtained from the (t,a) reaction'
is close to the shell-model lim'it, contrary to our results
which indicate a 33% quenching of the strength. How-
ever, there is good agreement between our results and
the (t, a) results for the 2d3/2 and lht&&2 orbitals. The
(t, a) strength for the 2d5&z orbital is almost a factor of 2
less compared to our results, although the same transi-
tions are seen in both reactions; the spectroscopic factors
quoted from the (t,a) study have no errors assigned to
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details see caption to Fig. 5.
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them. These discrepancies may be due to "improper"
handling of the form factor description in the DWBA
analysis of the (t,a) reaction.

On the theoretical side, Azziz et al. in their calcula-
tions with a core-coupling model assumed that the core
states of Pb are vibrational states, while Zamick
et al. , performed similar calculations (using the same
model), but without assuming the core states of Pb to
be vibrational. Both calculations predict about the same
strength for the 3s»2 orbital. Results from the more ex-
plicit shell-model calculations of Silvestre-Brac and Bois-
son, which have been performed using a basis that con-
tains correlated pairs, are also listed in Table VI. In
general, the predicted spectroscopic strengths are consid-
erably larger than our experimental results, except for
the 2dz&2 orbital where the predicted strength is too
small. The latter might be due to partial inclusion of the

2d5&2 orbital in the configuration space of the shell-

model calculations. Overall, predictions show a margin-
al depletion of the strength, mainly due to configuration
mixing. Not taken into account in these calculations is a
basic depletion due to short range and tensor correla-
tions. '

The spectroscopic strengths for the 3s»2 transitions,
obtained from both the WD and SP methods in this
study, are listed in Table VII, and are compared with
other related experimental results. The errors quoted in
Table VII include the following uncertainties combined
in quadrature:

(i) S%%uo due to target thickness;
(ii) 5 —15% due to the fitting procedure;
(iii) 5% due to deuteron optical potentials;
(iv) 10% due to He optical potentials;
(v) 5% due to the iHe form factor;
(vi) 15%%uo due to bound-state parameters;
(vii) 5—20% due to 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 DWBA predic-
tions when different sets of optical-model parameters
were used. Finally, we account for 15%%uo error in item
(vi) due to the target bound-state parameters which re-
sults from a change in the radius parameter ro by 1%

E„
(MeV)

TABLE VI. Spectroscopic strengths 6 for the levels in 'Tl.

(d, 'He) 79.4 MeV'
SP method WD method

Theory
Ref. 35 Ref. 36

0.0 1+
2

1.217
2

1.435
2

QG(3s, ~2) =

0.202 -'+
2
-'+
2
-'+
2

gG (2d3yi ) =

0.618 -'+
2

1 579 -+
2

1.844 -'+
2

1 949
2

2.035
2

2.098
2

2.434
2

2.756 -'+
2

gG (2d5yp ) =

1.486
2.498
2.607

QG(1A]]y2)=

1 ~ 15

0.15

0.05

1.35

1.77
0.66
0.32

2.75

0.52

0.11

0.55

0.75

0.85

0.27

0.05
0.08
3.17

6.94
0.62

0.89
8.45

1.09
0.18

0.06
1.33

1.61
0.74
0.37
2.72

0.38

0.10

0.54

0.74

0.85

0.28

0.06
0.09
3.04

6.31
0.94
1.37
8.62

1.4
0.3
0.2
1.9

1.6
0.8
0.4
2.8

0.3'

1.8

5.3'

8.7

1.46
0.30

1.76

2.08
0.40
1.16
3.64

0.60
0.12

0.72

8.40

8.40

1.48

1.48

2.36

2.36

0.60

0.60

1.72

0.08
0.08
1.88

2.64
0.76
0.08
3.48

0.48
0.48
0.96

1.92

9.36

9.36

'Present experiment.
Reference 16.

'From Table 2 of Ref. 16.
From Table 7 of Ref. 16.
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TABLE VII. Spectroscopic strength for 3$&z2 proton pickup.

E„
(MeV)

(d, He) at 79.4 MeV'
SP method WD method

(e,e'p)
Expt b

(d, He) at 52 MeV'
WD method

0.0
1.22
1.44

gG

1.15+0.22
0.15+0.05
0.05+0.03
1.35+0.30

1.09+0.22
0.18+0.05
0.06+0.03
1.33%0.30

1.10+0.05
0.20+0.02
0.08+0.01
1.37+0.10

1.42+0.29
0.22+0.05
0.07+0.02
1.71+0.36

Present experiment. Statistical and estimated systematic errors included as described in text.
Reference 7. Errors are statistical, except XG, which includes 3%%uo estimated systematic error.
Calculated from results of Refs. 8 and 9. Statistical and estimated systematic errors included.

(which is about the uncertainty in ro), both in the SP
and WD methods.

Our results yield a 3s»2 proton occupation number
(from the SP method) QG =1.35, in good agreement
with the (e,e'p) results ' of 1.37 (see Table VII). The re-
sults of the (e,e'p) experiment have an error of 11%, as
compared to 20% from our results. This smaller error
in (e,e'p) is mainly due to a reduced sensitivity of their
results to the geometrical parameters used to calculate
the bound-state wave function. Yet, it is important to
note that the results of the (e,e'p) experiment are subject
to change depending upon future changes in the value of
z in Eq. (1). It is also significant that our (d, He) experi-
ment has an energy resolution about a factor of 2 superi-
or to the (e,e'p) experiment, and the use of a polarized
deuteron beam enabled us to assign definite spins and
parities to the observed transitions without ambiguities.
Based on all these observations we conclude that the
study of the (d, He) reaction is a reliable tool for prob-
ing nuclear structure provided one has all the necessary
and correct ingredients to the DWBA analysis.

A value of +G =1.71 was deduced from an earlier
(d, He) study at 52 MeV, with some efforts made to
cancel out effects of uncertainties in the DWBA analysis
by using ratios of the 3s»2 spectroscopic factors for the
ground state transitions of Pb and Pb. This result
is larger than that obtained in the present analysis, and
the (e,e'p) results of Refs. 6 and 7. It has been pointed
out that an explanation for this difference might reside
in the geometry of the potential in which the 3s»2 pro-
ton is bound in Pb and Pb. For example, in the
WD analysis of the earlier (d, He) experiment, if the po-
tential radius ro is increased by 1% in Pb with regard
to Pb, then good agreement is obtained with the (e,e'p)
results. However, such an arbitrary change in ro is in-
consistent with the nuclear matter distributions and
would correspondingly drive the QG obtained in the
present work to low values, since the same bound-state
geometry has been used in both (d, He) analyses. In any
event, the results of all three experiments shown in Table
VII are not in real disagreement considering the max-
imum error limits, although the authors of the earlier
(d, He) work do reach a different conclusion regarding
the depletion of the 3s»2 proton occupancy in Pb rel-
ative to "Pb.

The occupation probabilities obtained from our exper-
iment for all the orbitals in pb are compared in Table

VIII with the corresponding experimental or predicted
values in ~ Pb. The ratio R =n(206)/n(208) indicates
an additional depletion of about 20% due to
configuration mixing in going from Pb to Pb. It is
interesting to note that we observe the same general or-
bit (energy) dependence of the occupation numbers for
206Pb as predicted for 208Pb by Pandharipande et al.

VI. CONCLUSIONS

TABLE VIII. Proton occupation probabilities in Pb and
2osPb.

Orbital (nlj)

3$&y2

2d3m
2d 5/2

1h»n

n (206)'

0.67
0.69
0.53
0.70

n (208)

0.82
0.83'
0.90'
0.90'

'Present experimental results (from SP method).
Reference 7.

'Reference 4, but normalized to the value of 0.82 for the
ground state. [The equation used is n (e & e~) =0.75
—0.5x 1nx, where x =

~

e —eF
~
/40, and e„=—6.0 MeV.]

A systematic study of the Pb(d, He) Tl reaction
has been made, including several steps taken to reduce
uncertainties in the final results. Optical-model parame-
ters used in the DWBA calculations for both entrance
and exit channels were obtained from direct fitting of the
measured elastic-scattering data, at the appropriate ener-

gies, thereby reducing uncertainties associated with the
optical potentials. Exact finite-range DWBA calcula-
tions performed with a realistic He form factor also re-
duced the uncertainty otherwise arising from the nor-
malization constant required for zero-range DWBA.
The angular distributions of both cross section and
analyzing power are very well reproduced by the DWBA
calculations even for the I =0 transitions which have a
large angular-momentum mismatch at Ed ——79.4 MeV.
The magnitude of the DWBA transfer cross section was
found to be very sensitive to the bound-state radius pa-
rameter ro [by as much as hrrlo =12(hrolro)]. How-
ever, fixing the bound-state radius parameter value to
charge and rnatter density distributions avoided large
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uncertainties in the extracted spectroscopic factors. The
bound-state parameters thus chosen in our calculations
gave rms radii in good agreement with HF calculations
and close to values for Pb derived from a study of the
sub-Coulomb (t,a) proton pickup reaction. The alternate
"well-depth" and "surface peak" methods employed to
generate the bound-state wave functions gave similar to-
tal spectroscopic strengths. For the orbitals studied, the
major contribution to the overall uncertainty in the de-
duced spectroscopic strength came from the bound-state
parameters.

Our final results show a 33% depletion of 3s, &2 proton
strength in Pb, in good agreement with (e,e'p) results.
The extracted spectroscopic strength for the 2d3/p and

lh»&2 orbitals was also observed to be quenched by
about 30%. For the 2dsi2 orbital, some proton pickup
strength might lie above E„=2.8 MeV, thus escaping
detection in the present experiment. Furthermore, it ap-
pears that in going from the doubly magic nucleus Pb
to Pb, there is an additional 20% quenching in the
proton strength due to configuration mixing, over and

above the basic depletion of 18% observed in Pb due
mostly to short-range correlations. In addition, the
same orbit (energy) dependence of the occupation num-
bers for Pb is observed as predicted by Pandharipande
et al. for Pb.

Earlier theoretical calculations predicted almost
full occupancy of the 3s»2 orbital, contradicting the
present (d, He} and recent (e,e'p} results. Perhaps more
rigorous calculations are required which include the
short-range and tensor correlations as in random-phase-
approximation and nuclear matter calculations.
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