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Single-nucleon transfer reactions induced by 376-MeV ' 0 on Pb
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(Received 24 February 1987)

The one-nucleon 'Pb(' 0, ' 0) and Pb("0, ' F) transfer reactions have been investigated at
Ei,b(' O)=376 MeV. The data were analyzed in terms of the distorted-wave Born approximation.
The distorted-wave Born approximation predictions reproduce fairly well the bell shape of the vari-

ous angular distributions and the relative intensities of the various single-particle and single-hole
transitions.

I. INTRODUCTION

The recent results' of a DWBA analysis of single-
nucleon transfers induced by 352-MeV ' 0 on Si suggest
that transfer reactions at high bombarding energies ()20
MeV/nucleon) are able to distinguish between difFerent
types of optical potentials that yield similar fits to forward
angle elastic data, provided independent spectroscopic in-
formation is available. It was shown in Ref. 1 that the
magnitude of the DWBA predictions at high energies is
sensitive to the type of potential used in the calculations,
and this feature is related to the diff'erent degrees of ab-
sorption the various potentials provide for the peripheral
collisions responsible for transfer reactions. In the present
study of the one-nucleon transfers, Pb(' 0, ' 0) and

Pb(' 0, ' F), at the incident energy of 376 MeV we have
further investigated this sensitivity at high beam energies
for heavier systems.

During the past few years, ' light-ion-induced single-
nucleon transfer reactions (both pickup and stripping) at
bombarding energies of 40—50 MeV/nucleon have been
used in systematic studies of deeply-bound hole states
(both neutron and proton) and high-lying proton and neu-
tron particle states in medium and heavy nuclei ~ The
present one-nucleon transfer measurements with heavy
ions at 22 MeV/nucleon incident energy cover the same
large excitation energy region as in the light-ion studies.
This allows one to compare the excitation of these simple
states of the nucleus by heavy-ion beams with that by
light ions.

The experimental procedure and results are described
in Secs. II and III, respectively. The DWBA analysis of
the transfer data and its comparison with analogous stud-
ies is presented in Sec. IV. Finally, Sec. V contains the
conclusions of this study.

II. EXPERIMENTAL PROCEDURE

The experiment was carried out using the 376-MeV ' 0
beam from the coupled tandem and cyclotron accelerators
at the Holifield Heavy Ion Research Facility (HHIRF). A
self-supporting enriched ()99.9%) Pb target with a
thickness of =500 pg/cm was used. The reaction prod-
ucts were momentum analyzed and identified in the

HHIRF broad-range spectrograph, using a detector sys-
tem composed of a vertical drift chamber (VDC) located
in the focal plane, followed by an ionization chamber.
Differential cross sections were obtained from the mea-
sured target thickness and integrated beam current. An
estimated +10% uncertainty in the absolute cross sections
is due to uncertainties in the target thickness measure-
ment and charge collection in the Faraday cup.

III. EXPERIMENTAL RESULTS

Typical energy spectra for the Pb(' 0, ' 0) and
(' 0, ' F) transfers are shown in Figs. I and 2, respective-
ly. An overall energy resolution of —250 keV (FWHM)
and single mass identification were achieved. The angular
distributions were measured in 0.48 acceptance bins in
the angular range 7 ~

4'~ I9~,b 13.7'.
In Fig. 1 the strong ' 0 groups correspond to the 2g9/p,

li»/z, 1j&5/2, 3d5/2, and 2g7/p low-lying single-neutron
states in Pb. The results of previous analogous transfer
measurements show that with the exception of the
1j»/2 strength, the other single-particle strengths are
mainly () 80%) concentrated in a single level. In fact,
weak-coupling model calculations ' predict appreciable
fragmentation of the 1j»/2 single-particle state between 3
and 4 MeV. Part of the 1j~5/2 missing strength could be
in the yield observed at -4 MeV excitation in Fig. 1 ~

This peak most probably also contains contributions from
the excitation of the 3.96- and 4.22-MeV levels strongly
populated in the Pb(a, He) study. In the latter work,
a definite transferred angular momentum l, identification
for these states was not possible, due to the similarity of
the DWBA predictions when assuming l, =7 and 8 ~

However, their excitation energies and the spectroscopic
strengths deduced from DWBA analyses assuming l, =8
were in good agreement with the theoretical predictions. '

The absence of a group associated with the 2.03-MeV
(4s & ~z) state in the present (' 0, ' 0) study can be under-
stood because the DWBA predicts cross sections for this
state that are —100 times smaller than those for the 2g9/2
ground state when one uses spectroscopic factors S~ =1
and the Sr obtained from the (d, p) study. ''

Additional components of the 1j&5/2 strength have been
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FIG. 1. Energy spectrum for the ' 'Pb("0, '60)' Pb reaction
at O~,b=11.7.

FIG. 2. Energy spectrum for the Pb("0,"F) 'Tl reaction
at 6I),b=10.2.

identified in the 3—4 MeV of excitation energy region in
the Pb(a, He) reaction. A broad structure centered at
—10.7 MeV of excitation in Pb was also observed and
dominates the high energy region. Both DWBA calcula-
tions and theoretical predictions' suggest as the origin of
the 10.7-MeV structure the excitation of the 2h ~ ~/2,

1k )7/2 and 1j~3/p subshells. In neither the present
Pb(' 0, ' 0) transfer reaction at 376 MeV, nor the
Pb(' 0, ' 0) (Ref. 5) study at 312.6 MeV, was such a

structure observed, probably because the bombarding en-
ergies are still not high enough to allow these states to be
appreciably excited.
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FIG. 3. (a) Pb(' 0, ' 0) angular distributions. (b) 'Pb(' 0,"F) angular distributions. The solid curves are DWBA predictions.
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Figure 2 shows the Pb(' 0, ' F) Tl energy spectrum
at H~, b

——10.2. In agreement with ' 0( He, d)' F results'
and DWBA calculations, we observe strong excitation of
the 1.13-MeV (5+) and 3.06-MeV (2+) states in ' F with

Tl in its ground state. DWBA calculations predict
cross sections for the 0.940-MeV (3+) and 1.04-MeV (0+)
excitations of the ' F ejectile smaller by factors of 0.2 and
0.1, respectively, with respect to the cross section for ex-
citing the 1.13-MeV state. The width of the peak at 1.13
MeV also suggests that the strength observed must corre-
spond to the excitation of a single state. The group at
1 ~ 52 MeV of excitation corresponds to transitions to the
1.35-MeV ( —", ) and 1.67-MeV (—', +) states in Tl. The
yield at 2.65 MeV must be associated with the mutual ex-
citation of the 1.13-MeV state in ' F and the unresolved
doublet at 1.52 MeV in Tl. The main contribution to
the yield in the group at 3.01 MeV of excitation may be
attributed to the transition to the 3.06-MeV state in ' F
with Tl in its ground state. The broad structure cen-
tered at —5.4 MeV of excitation must result from the
population of several states in the residual nucleus and/or
ejectile, as has been suggested by previous analogous
transfer studies, ' ' as well as the ' 0('He, d)' F results. '

In fact, the Pb(d, He) energy spectrum at O~,b = 8' and
Ed = 10g MeV (Ref. 15) is similar to the present (' 0, ' F)
spectra in the excitation energy region above 3.5 MeV.
The (d, He) angular distributions for the structures ob-
served in the E =2.5 —8.3-MeV region were described by
contributions of l, =2 and 4 transfers. These groups
would correspond to various components of the 2d 5~2 and
1g7/2 valence-hole strengths in Tl. No structures are
observed above —8-MeV excitation in either (d, He) or
(' 0, ' F) reactions.

Yields for the individual transitions were obtained using
a peak fitting procedure. Figures 3(a) and (b) show the
bell-shaped (' 0, ' 0) and (' 0, ' F) measured angular dis-
tributions.

IV. DWBA ANALYSIS

Full-recoil finite-range DWBA calculations for both
Pb(' 0, ' 0) and (' 0, ' F) transfers were performed

with the code pToLEMY. ' The effective interaction con-
sisted of the light-ion binding potential, the Coulomb po-
tential including core corrections, and the (real) nuclear
core-core corrections.

Since ' 0+ Pb elastic cross sections were not mea-
sured in the present experiment and are also not available
in the literature, we used optical potentials I3 and C
which describe ' 0 + Pb elastic data at E]&b —312.6
MeV and the potential SJ obtained in the optical model
analysis of ' 0+ Pb data at 400-MeV bombarding en-
ergy. ' These potentials (listed in Table I) yield similar
elastic Pb(' 0, ' 0) angular distributions as shown in

Fig. 4. Although they are not identical, they would be
difficult to distinguish experimentally. The moduli (i.e.,

~
SI.

~

) of the elastic S-matrix elements, displayed in Fig.
5 for the three potentials, show, however, that potentials
SJ and I3 yield similar absorption profiles, whereas poten-
tial C implies stronger absorption in the surface region.
Therefore, potentials SJ and I3 will predict larger transfer
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FIG. 5. Moduli of the partial-wave elastic S-matrix elements

SL, for potentials I3, C, and SJ.

cross sections (and thus smaller spectroscopic factors) for
the various transitions, when used in DWBA calculations,
than potential C. As discussed in Ref. 1, such behavior is
due to the different degree of absorption experienced by
the partial waves contributing to peripheral processes (e.g. ,
transfer) as shown in Fig. 5. The same optical potential
parameters were used for the entrance and exit channels.

The magnitude of the absolute cross sections and conse-
quently of the spectroscopic factors is known to be sensi-
tive to the choice of the parameters for the Woods-Saxon
potential that generates the bound state in the heavy sys-
tem. We have adopted those used in analyses of analo-
gous heavy-ion transfer data' in order that a consistent
comparison between the results of the different studies be
possible. The parameters are listed in Table II.
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TABLE I. Optical model parameters' used in the DWBA analysis.

Type

I3
C
SJ

V
(MeV)

50.0
100.0
60.0

(fm)

1.181
1.090
1.170

au

(fm)

0.682
0.777
0.665

8'
(MeV)

50.0
20.0
38.0

(fm)

1.145
1.273
1.170

aw
(fm)

0.682
0.597
0.665

rc

(fm)

1.30
1.30
1.20

'The potential had the form

U(r) = —Vfv(r) —iWfg (r)+ Vc,

where

r —8;
f;(r) = 1+exp

a;

i =v, W, and V& is the Coulomb potential between a point charge and uniformly charged sphere of ra-
dius r, (A~' + AT ).

The potential B for the Pb+ n systems was obtained
from a sub-Coulomb stripping study. ' The (d, p) (Ref.
11) and (a, He) (Ref. 3) spectroscopic factors for the

Pb states, listed in Table III, were obtained using a
binding potential with ro = 1.25 fm in a zero-range
DWBA (ZR DWBA) analysis, and are in good agreement
with the theoretically predicted values. ' '

The spectroscopic factors for the Tl proton-hole
states deduced in Pb(d, He) and Pb(t, a) studies'"'
were obtained from ZR DWBA analyses (using as
bound-state parameters ra = 1.25 fm and ao =0.65 fm),
and are in reasonable agreement with the theoretically
predicted values' (Table IV). If instead of the adopted
set 3, the parameters ro ——r„=1.25 fm and
ao=a„=0.65 fm are used in the (' 0, ' F) transfer calcu-
lations, the predicted cross sections are reduced by a fac-
tor of about 0.57 and consequently the spectroscopic fac-
tors increased by 72~o. The new spectroscopic factors,
e.g. , Sf"=1.95 and ST =3.35, obtained when using op-
tical potential C, are in good agreement with the theoreti-
cal predictions and the light-ion results.

Potential L, used in Ref. 5, was chosen for both light-
ion systems ' 0+ n and ' 0+ p. It generates a charge
distribution for ' 0 which has a rms charge radius of
2.703 fm, while the experimental value is 2.662+0.026
fm.

The spectroscopic factors were extracted using the fol-
lowing relation between experimental and calculated
differential cross sections:

do (9)

1,

dcri(8)

dA

where l, is the angular momentum transfer, and Sz and
ST are the spectroscopic factors for the light and heavy
systems, respectively, and X is an overall normalization
factor. We should expect N=1 if the DWBA description
is correct. S~ T is an abbreviation for C S~ T (C being the
isospin Clebsch-Gordan coefficient). As observed in Ref.
1, we verify that transfers l, with unnatural parity
(1, +1~+12——odd) are as important as the natural parity
transfers (1, +1~+12=even) at high bombarding energies.
Consequently, it is important that the DWBA analysis
takes recoil effects into account.

At 376-MeV bombarding energy, we find that for graz-
ing collisions, the transferred angular momenta
1, =

~

1 ~
—lq

~

dominate for the transitions ji ——1
~ + —,

' ~j2
= l2+ —,', while l, = l ~ + l2 dominate for the transitions

j &
——l t + —,

' j2 ——lz ——,'. Indeed, in the case of the
(' 0, ' 0) transition to the 2g9/p (g.s.) and 2g7/2 (E —2.4
MeV) states in Pb we find that the smaller 1, transfers

TABLE II. Bound state parameters.

System

208Pb

"'Pb+ n
"P+ n
17p +

Set
V

(MeV)
ro b

(fm)

1.28
1.25

1.2

ao
(fm)

0.76
0.63

0.65

Vso

(MeV)

6.0
7.0

7.0

b
rso

(fm)

1.09
1.10

1.20

&so

0.60
0.50

0.65

Crc

1.20

1.20

Ref.

7
6,7

'The real depth V is adjusted for each state to reproduce the experimental separation energy.
Radii defined as R; =r; A,', where r; =ro, r„,r„A, equals the mass number of the core to which the

transferred nucleon is bound.
'Coulomb potential from a uniform charge distribution with radius rc A '
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dominate in the former transition ~hereas the larger 3,

values dominate in the latter, in agreement with the above
expressions. We also find, as pointed out in Ref. 21, that
non-spin-flip transitions (e.g. , 2g9~2) are preferentially
populated at this high bombarding energy.

A. The 0 Pb('70 ' O)~09pb reaction

The comparison between DWBA predictions and mea-
sured cross sections for the strong (' 0, ' 0) transitons to
low-lying states in Pb is shown in Fig. 3(a). The shape
of the calculated angular distributions using both poten-
tials SJ and C are similar and reproduce the shape of the
measured ones quite well. However, the data seem to
suggest a slight shift of the grazing peak towards smaller
angles than those calculated, the shift increasing with ex-
citation energy, as had been observed at lower energies for
analogous reactions. '

In Table III the spectroscopic factors ST for the Pb
states obtained in the present work are compared with the
ST values extracted in analogous studies. The present ST
values relative to the ground-state theoretical spectroscop-
ic factor (ST' ') derived from DWBA calculations with po-
tentials SJ and C for the various states are in good agree-
ment. They are also similar to the corresponding relative
spectroscopic factors obtained in the other experimental
works ' '" and with theoretical predictions. ' ' The
absolute S~ values obtained by assuming %=1 and S~ =1
for the (' 0, ' 0) system are in somewhat better agreement
with the corresponding values extracted in a recent
(a, He) study at 183-MeV incident energy and the
theoretical predictions' ' if potential C is used in the cal-
culations.

The groups corresponding to the excitation of the 1.42-
MeV ( —", ) and 1.56-MeV (—', +) states in Pb could not
be resolved. The theoretical curve shown in Fig. 3(a)
represents their summed strength calculated with poten-
tial C assuming Sz ——1, ST values taken from the (d,p)
study, " and a normalization factor N=0. 753.

B. The Pb(' 0 ' F) Tl reaction

The DWBA predictions and measured angular distribu-
tions for the (' 0, ' F) transitions to the low-lying Tl
states are compared in Fig. 3(b). The transitions to the
1.13- and 3.06-MeV states in ' F with Tl in its ground
state were also analyzed. A ' F group corresponding to
the 3.47-MeV (—,'+) state in Tl was not populated al-

though it is strongly excited in the (d, He) study. ' The
low cross section predicted by a DWBA calculation for a
(' 0, ' F) transition to this state provides an explanation
for its absence from the energy spectrum.

In Table IV are listed the spectroscopic factors for the
Tl states normalized to the theoretical value' for the

ground state and the absolute values extracted in the vari-
ous works. In the present study, the absolute values of
ST were obtained by assuming X = 1 and by using
theoretical S~ values that were calculated using the wave
functions of Ref. 22. As for the (' 0, ' 0) neutron
transfer, the bell shape of the measured angular distribu-
tions is reproduced quite well. The relative spectroscopic
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TABLE IV. Comparison of the spectroscopic factors ST for the 'Tl states obtained in this and other studies. The first values are
the spectroscopic factors ST normalized to the ground-state theoretical value (Ref. 19).

207Tl

E
(MeV)

18F

Ex
(MeV) J"

("0"F) 376 MeV'
Pot. C Pot. SJ

ST ST
("B,' C) 72.2 MeV

STSp ST
(d, He)' 108 MeV

ST
(t,a) 20 MeV

ST Theory'

0.0
0.35

0.0

1.35

1.67

0.0
3.47

1+
2

3 +
2

1+
2
11—
2

5+
2

1+
2
7+
2

0.0

0.0

1+ 1.90(1.13) 1.90(0.79)
1+ 3.26(1.94) 3.25(1.35)

0.0

0.0

1+

1+1
unresolved

3.01* 2+ 6.90(4.10) 6.98(2.90)

0.0

1.13 5+ 1.95(1.16) 1.92(0.80)

3.7

5.4

20.0

8. 1

1.90(1.30)

2.78(1.90)

10.23(7.0)

4.09(2.80)

1.90(1.80)

4.01(3.80)

8.13(7.70)

3.70(3.50)

3.70(3.50)

1.90

4.60

10.70

3.70

3.20

1.9

3.8

10.1

4.5

'Present work. In parentheses are given the ST values obtained assuming N=1 and theoretical S~ values calculated using the wave
functions of Ref. 22. The asterisk means that only the state listed was considered in the DWBA calculations since the predictions for
the neighbor states yield cross sections a factor 5—10 lower.
'Referencce 6. Sr values were obtained assuming S~ =2.85 [S. Cohen and D. Kurath, Nucl. Phys. A101, 1 (1967)].
'Reference 15.
Reference 14.

'Reference 19.

factors obtained with both optical potentials agree among
themselves and also with the available light- and heavy-
ion results. The use of the bound-state parameters em-
ployed in the (d, He) and (t,a) studies together with opti-
cal potential C would lead to better agreement between
the (' 0, ' F) absolute spectroscopic factors and the
theoretical predictions as well as with the values obtained
in the light-ion works. A similar result would be obtained
for the ST values extracted in the ("B,' C) study if the
bound-state potential used in the light-ion studies was also
employed. Thus the bound-state potential used in the
(d, He) reaction might be the appropriate one.

DWBA calcu1ations using theoretical spectroscopic fac-
tors for the light system and heavy system, ' and assum-
ing only the excitations of the 1.35- and 1.67-MeV states
in Tl, underestimates the experimental cross section
corresponding to the 1.52-MeV yield by a factor of -2.7;
hence the population of other states in ' F may be con-
tributing. In Fig. 3(b), the DWBA predictions consider-
ing only excitation of the 1.67-MeV state have been nor-
malized to the measured angular distribution for the
1.52-MeV group; according to DWBA predictions the
cross section ratio for the 1.67- and 1.35-MeV states is
cr(1.67)/cr(1. 35)=4.6. The results in Table IV suggest
that the group at 3.01 MeV of excitation cannot be inter-
preted as resulting only from the excitation of the 3.06-
MeV state in ' F with Tl in its ground state. The curve
shown in Fig. 3(b) represents the DWBA predictions (as-
suming excitation only of the 3.06-MeV state) normalized
to the data.

V. CONCLUSIONS

We have investigated the one-nucleon (' 0, ' 0) and
(' 0, ' F) transfer reactions on Pb at 376 MeV bom-

barding energy in terms of the DWBA theory. For both
reactions the results obtained can be summarized as fol-
lows.

(i) The angular distributions are fairly well reproduced
by the DWBA calculations, although the data for the neu-
tron transfers show a slight shift in angle relative to the
calculations that increases with excitation energy.

(ii) A general agreement is obtained between the experi-
mental relative spectroscopic factors and the theoretical
values, as well as those measured in previous analogous
one-nucleon transfer reactions (both light- and heavy-ion-
induced); this shows that the DWBA accounts for the rel-
ative intensities of the various transitions.

(iii) The magnitude of the DWBA transfer cross section
is sensitive to the optical potentials used in the calcula-
tions, even though the corresponding elastic cross sec-
tions, while not identical, would be difficult to distinguish
experimentally.

The last behavior (iii) as shown in a previous paper'
and in Sec. IV of this paper, can be attributed to the
different degrees of absorption experienced by the peri-
pheral partial waves responsible for transfer reactions,
when different optical potentials are used.

The reasonable agreement of the experimental absolute
ST values extracted in both (' 0, ' 0) and (' 0, ' F) studies
on Pb using potential C in the calculations, with the
corresponding ST values from theoretical predictions and
light-ion works, suggests potential C as more appropriate
at this incident energy than potentials SJ and I3. More-
over, it seems that the DWBA is able to reproduce the ex-
perimental absolute and relative cross sections for both
proton and neutron transfers, provided reasonable choices
are adopted for the bound-state and optical potentials.
However, the slight shift in angle observed for neutron
transfers to the higher excitation energies remains unex-
plained.
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Comparison of the (' 0, ' 0) and (' 0, ' F) energy spec-
tra with those of the corresponding light-ion (a, He) and
(d, He)' reactions at high incident energies, reveals
diA'erent selectivity for the low-lying states populated.
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