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The neutron levels in ' Pb have been studied with the ' 'Pb(' 0,"0) reaction at a bombarding energy of 139
MeV. Spectroscopic factors (S) have been deduced using a finite-range distorted-wave Born approximation

(DWBA) with recoil. The 2g9(„1i„»,2g7», and 3d3/2 levels are found to have S ~ 0.9 while S -0.7 for the

1j»» level at 1.4 MeV excitation. Evidence is found for other 1j»» fragments being at 3.05 MeV and —3.8
MeV with S -0.08 and 0.26, respectively, which would place the centroid of the 1j»» level at E„-2.2 MeV.
0%'BA predicts a shift in the maxima of the angular distributions as a function of Q value which is not
observed experimentally. A comparison with the proton transfer reaction 'Pb(' 0,»N)' Bi has been used to
deduce the geometrical parameters of a neutron shell-model potential appropriate for nuclei with A ~ 200.
The parameters of this Woods-Saxon potential are: V~ = —50.5 MeV, r~ = 1.19 fm, a„=0.75 fm, V„=—5.5 MeV,

r„= 1.01 fm, and a„=0,75 fm.

NUCLEAR REACTIONS Pb( 0, '0), E=139 MeV; measured o{E&,0); DWBA
anaLysis; 9Pb deduced spectroscopic factors, nuclear shell-model potential.

Magnetic spectrometer; resolution 180 to 240 keV.

I. INTRODUCTION

Previous studies of the neutron levels in '"Pb via
stripping reactions such as (d, p), ' ' (t, d),' and

(o. , 'He) ' indicate that some of the expected single
particle strength, particularly for the lj»&, level,
is fragmented. ' ' Analysis of data from the
'O'Pb("0, "0) reaction can provide additional, com-
plimentary information concerning the high spin
levels in '"Pb, since the ("0,"0) reaction favors
much higher I transfers than most light-ion reac-
tions. Also, from such an analysis one may learn
about the form of the neutron shell-model potential
in heavy nuclei, the relative proton and neutron
density distributions in these nuclei, and the sin-
gle-particle levels for A ~ 200, especially in the
region of "superheavy" nuclei (A =300).

II. EXPERIMENTAL TECHNIQUES

The experiment was performed at the Lawrence
Berkeley Laboratory 88-inch cyclotron with a
139 MeV "0 (4') beam [in experiments at 104 MeV,
the ("0,"0) cross sections were at least an order
of magnitude smaller than those at 139 MeV]. The
targets consisted of 100-150 p, g/cm' enriched

Pb evaporated onto carbon backings, 20-30
pg/cm' thick. The reaction products were detected
and identified with a position-sensitive proportion-
al counter' in the focal plane of an energy-loss

magnetic spectrometer. The energy resolution
was 180-240 keV full width at half-maximum
FWHM.

Differential cross sections were determined by
comparison with forward angle elastic scattering,
which was assumed to be equal to Rutherford scat-
tering. Charge state ratios were determined using
the elastic scattering of "Q. The carbon backing
on the target was placed facing the entrance to the
spectrometer so as to assure a constant charge
state distribution for reaction products independent
of carbon buildup on the target. Angular distribu-
tions were measured near the grazing angle ex-
pected for direct single-neutron transfer. The
absolute cross sections are estimated to be accu.—
rate to +15'.

An "0' spectrum is shown in Fig. 1 (note log
scale). Groups which were identified at three or
more angles are indicated. The 4s, &, level (Z„
= 2.05 MeV) was not observed at the particular
angle shown but was seen at other angles. Groups
which can be attributed to trace (&2%) amounts of

Pb and Pb in the target are not labeled. Kine-
matic considerations exclude particles due to light
contaminants. The groups seen in Fig. 1 may be
due to states in ' Pb, "Q, or both.

Only three levels' ' in '"Pb are populated with
appreciable strength: 2g, &, (ground state), li~~&2

(E„=0.8 MeV), and 1j»&, (E„=1.45 MeV). We note
also the j dependence which favors j&(=—f+ —,') states
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FIG. 1. An Pb( 60, 0) spectrum taken near the
grazing angle. The position of states in Pb of known
spin and parity are indicated by arrows, while groups
identified in this experiment are Labeled (A-L).

relative to j& (—=l ——,') states, e.g. , lj»/, compared
to1i»&, . This j selectivity is well known for the
("0,"N) reaction. "' An analysis of the peak shape
of the group at E„=1.45 MeV indicates that the
known 3d, &, level at E„=1.57 MeV contributes
610% to the observed peak. The first excited
states in "0are at E„&5.18 MeV, 9 therefore,
groups observed above -5 MeV excitation could be
due to projectile excitation. Groups due to such
excitation should be much broader (-300-400 keV)
than the other groups due to Doppler broadening
by y decay in flight. ' Groups labeled I and L in
Fig. 1 are likely candidates for projectile excita-
tion as there are levels in "0near these ener-
gies. ' The measured excitation energies and par-
tial integrated cross sections (8, = 35' to 65') are
given in Table I.

Angular distributions are shown in Fig. 2. They
are mostly bell-shaped curves typical of single nu-

TABLE I. Levels Observed in Pb.

Group d

This work
( 0, 0) 139 MeV

E, ' I tg. ~'
(Me V) (mb) Sh

(d, P) 12 MeV

(Mev) S

Other work
(d, P) 20 MeV

(Me V) S

(t, d) 20 MeV~

E„
(Me V) S

A
B
C

D

g, s.
0.80
1.45

2.05
2.49

3.05

4 lk

1.35 (1O)
0.163(15)
1.67 (10)

0.014 (7)
0.121(12)

gs/2
1811/2

lji5/2
3d g/2

4s)/2
2g)/
3d3/2

0.118(12) (1jf5/2)

0.306(30) " (1jg5/2)

0.90
0.90
0.71 '

0.08 ~

0.26 ~

g.s. 0.78
0.778 0.96
1.422 0.53
1.565 0.88
2.031 0.88
2.492 0.78
2,537 0.88

g S.
0.779
1.424
1.565
2.033
2.493
2.537
3.052
3.556
3.904

0.83(0.92)
0.86(1.14)
O.58(O.77)
0.98(0.89)
0.98 (0.85)
1.05(0.95)
1.07{0.99)
0.070
0,032
0.032

g.s ~

0.781
1.428
1.573
2.039
2.496
2.542

0.93
1.05
0.60
1.02
1.00
1.05
0.96

H

I
J
K
L

5.00
5.52 '
5.88
6.32
7.00

~ ~ ~

0.116(12)

~ ~ ~

O.O95(1O) '

(See references for additional levels)

Reference 2. E„energies +5 keV. (Not all observed levels are listed. )
Reference 3. E„energies +5 keV. (Not all observed levels are listed. ) The S values in parentheses are from an

analysis using a deuteron breakup potential.' Reference 4. E„energies +5 keV. (Not all observed levels are listed. )
See Fig. l.
Excitation energy in 0 Pb and/or i50 {+50keV).
Partial integrated cross sections, 9=35 to 65' (c.m. ). Errors in last digits are given in parentheses.

& Known spin of levels in 20~Pb (Refs. 2-4). Values in parentheses are assumed spins (see text).
"Spectroscopic factor for state in Pb with S=1.9 for 0 g.s. (Ref. 9). Optical parameters (Ref. 11): V=-30 MeV,

8'=-15 MeV, R=1.31(A& / +A2 3) fm, a=0.45 fm; bound state n+ 0: V&=-56 MeV, R=1. 20A fm, a+=0.65 frn
with V„=o; bound state n+ Pb: R&=1.19A 3 fm, a&=0.75 fm, V„=-5.5 MeV, R„=1.01A fm, a„=0.75 fm, and V
adjusted to fit binding energy (Vz =-50.5 Me V).

' Corrected for small contribution (~10%) from unresolved 3d&/2 level.
Approximate since fit to data is poor (see Fig. 2). The value quoted for the 2g&/2 level contains a small correction

for the unresolved 3d3/& level.
"Includes several states (see Fig. 1).
1

Most likely due to transfer to excited state of 0 (see text).~ ~ i5
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cleon transfers in heavy nuclei. ""~" The only ex-
ceptions are the 4s, &, level (E„=2.05 MeV) and
perhaps the groups I and L (E„=5.52 and 7.00 MeV,
respectively). As noted above, groups I and L are

probably due to projectile excitation. We discuss
separately the apparent anomalous angular distri-
bution to the 4sz/2 level in Sec. III E.

Except for the 4s» level, the angular distribu-
tions do not permit direct l assignments. The sys-
tematics to the known levels indicate, however,
that high spin (I&4) j& states would preferentially
be populated, certainly at high excitation energies.
Thus the groups observed between E„=2.8 and 5
MeV are probably such levels.
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III. ANALYSIS

The experimental results have been interpreted
utilizing finite-range distorted-wave Born approx-
imation (DWBA)." The selection rules are the
same as those for ("0,"N) if the transferred nu-
cleon is assumed to be in alP, /, orbital in the
projectile. Thus the j dependence exhibited' in
("0,"N) is also present in ('60, "N), as can be
seen in Fig. 1.

A. Determination of the neutron shell-model potential
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FIG. 2. Pb( 0, 0) Pb angular distributions. The
solid curves are finite-range DWBA calculations. The
dashed curves are only to guide the eye.

It is known from light-ion reactions leading to' 'Pb that the 2g, /„ lips/, 3d5/2 4s, /, 287/2p and
3d, /, levels are reasonably pure shell-model
states' ' (S= 1). We have used this information to
determine a suitable neutron shell-model potential
for '~'Pb. An analysis of "'Pb("0,"N)"9Bi at the
same bombarding energy has also been performed
and indicates that full finite-range DWBA repro-
duces the measured absolute cross sections to
%20% if one uses potentials known to yield proton
distributions consistent with measurements of the
nuclear charge distributions. Although there are
still questions concerning certain aspects of
heavy-ion reactions, extensive analyses indicate
that a proper DWBA treatment gives a good repre-
sentation of the total transfer strength to single-
particle states in heavy, spherical nuclei. "'"
Furthermore, the simultaneous analysis of
("0,"0) and ("0,"N) reactions should provide
resonably model-independent information on the
target neutron wave functions relative to the proton
wave functions as the projectiles are "mirror" nu-
clei. Thus similar projectile wave functions and
optical potentials can be used in the analysis of the
two reactions. In our analysis of ("0,"0)we
therefore used optical model and proj ectile bound-
state parameters similar to those used in analysis
of ('60, "N) on '~'Pb and varied only the parameters
determining the potential binding the neutrons in' 'Pb. The sensitivity of the DWBA calculations
to variations of the optical model and bound-state
parameters is similar to that found by other
groups. "~"~' We required that the binding poten-
tial, when used in DWBA, reproduce relative to
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("0,"N) the observed ("0,"0) cross sections to
single-particle states and, if possible, give the ob-
served level position.

Among the target neutron potentials tried, a
modified form of the Zaidi-Darmodjo potential"
yielded the most acceptable results. The modifi-
cation consisted of adopting spin-orbit parameters
deduced from study of neutron-nucleus elastic scat-
tering. " This potential has R„&R„and yields a
better fit to the observed single-particle energies
in 'O'Pb compared to the unmodified potential.

The neutron bound-state potential deduced from
our analysis has the following parameters (Woods-
Saxon well):

V„=- 50.5 Mev,

V„=—5.5 MeV,

R~ =1.19A~~3 fm, a„=0.75 fm,

R„=1.01A' ' fm, a„=0.75 fm .
(1)

The potential (1) which we will denote as MZD
(modified Zaidi-Darmodjo) is similar to those used
to fit neutron-nucleus scattering. " The MZD po-
tential, however, is different from those deter-
mined by fitting energy levels alone (rz = 1.25 to
1.40 fm). The latter potentials, such as those de-
termined by Batty and Greenlees" or Rost,"give
neutron wave functions which, when used in DWBA,
overestimate the ("0,"0) cross sections by fac-
tors of 2 to 3. The energies of single-particle
levels in "'Pb predicted using the MZD potential,
except for the 1j»&, level which is fragmented
(see next section), are reproduced to 400 keV or
less. The calculated position of the 1j»&, level is
incorrect (by 1.4 MeV) even if we take the Ij»»
centroid energy, however. The problems of fitting,
simultaneously, neutron level positions and transfer
data have 'been noted and discussed by several
authors. ' " It is concluded that the potential bind-
ing nucleons in heavy nuclei is more complicated
than the simple shell-model potential used here.

The implications of potential (1) regarding neu-
trons in nuclei A &200 are discussed in more de-
tail in Sec. IV.

B. 1j15/2 level

Using the parameters which give S = 1 for the
strong transitions to known single-particle states
(2g9&, and li»») we obtain S = 0.71 for the Ij„&,
level at E„=1.45 MeV. There are two primary
candidates for the missing 1j»&,fragments, namely,
the (unresolved) groups F and G (see Fig. 1) at
E„=3.05 and 3.5 to 4.1 MeV. High spin lev'els

(I &6) at these energies are also observed"' in
'O'Pb(d, P) and '08pb(o.', 'He). Their observation in
("0,"0) indicates that they are probably 1j»&,
(j&) fragments. Assuming nl j=Ij„&,for these
groups, we obtain S=0.08 and 0.26, respectively,
for groups F and G; the latter being a combination

of unresolved levels. Inclusion of these groups as
1j»@ states exhausts the single-particle strength
(S-1)and, more importantly, places the centroid
for the 1j»&, level at E„=2.2 MeV. This result is
to be compared with the value E„=1.78 MeV de-
termined from a study' of 'O'Pb(d, i&).

The observed fragmentation of the 1j»&, strength
agrees very well with predictions of the weak cou-
pling model made by Bes and Broglia. " They pre-
dict the following energies and spectroscopic fac-
tors for the main 1j»&, fragments ":E„=1.41 MeV,
S=0.65; E„=3.22 MeV, S=0.17; and E„=3.47 MeV,
S = 0.30, whereas we observe (Table I) E„=1.45
MeV, S=0.71; E„=3.05, S=0.08; and E„=3.5-4.1
MeV, S=0.26.

C. Other known levels

Spectroscopic factors and the corresponding fits
to the ("0,"0) data for all the known single-parti-
cle levels in "'Pb are given in Table I and Fig. 2.
The preferred I transfer for "'Pb("0,"0) is ~10.
Thus transfers to all but the 2g, &» li»&, and 1j»»
states are badly momentum mismatched and the
cross sections are therefore small. Also, the
DWBA fits are poor and thus the spectroscopic
factors are not well determined for E„&2 MeV.
The values deduced from the fits shown in Fig. 2
are listed in Table I. One can obtain S- 1, how-
ever, if other fitting criteria are used.

D. Levels E &5MeV

As noted previously, levels seen above E„=5
MeV may be due to projectile excitation and/or ex-
citation of "'Pb. As seen in Fig. 1, however,
there are no groups populated with much intensity
at energies above 5 MeV. Our calculations indi-
cate that certain high spin j& states (3f»„1k»&„
2h»&„etc.) would have been seen if their spectro-
scopic factors were on the order of unity. The ob-
served intensities (~ 0.1 pb/sr) for levels between
E„=5 and 10 MeV correspond to S ~ 0.1 for any
high spin j& single-particle fragments in this ener-
gy region. This observation is consistent with re-'

sults from recent (d, P) and (o., 'He) experiments. "'
The former experiment indicates that there is no
appreciable single-particle strength between E„=3
and 6 MeV in '"Pb. The absence of pure single-
particle states several MeV beyond the known 3d, &,
and 2g», levels is significant in that this energy
region spans the gap associated with the possible
shell closure at N= 184 (see Sec. IV).

E. Anomalous angular distribution to the 4si/2 level

As noted above, the observed ("0,"0) angular
distributions are mostly bell shaped (Fig. 2). A
notable exception is that for the 4s, &, level at E„
= 2.05 MeV. The transition to this level is unique
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in that only a single l transfer, I = 1, is allowed,
whereas two l transfers are normally permitted
(if recoil is included}. In contrast with the other
data, the cross section to the 4sy/2 level has a
minimum near the grazing angle (8-45'). This
feature is reproduced by full finite-range DWBA
however (see Fig. 2).

The distinct shape of the angular distribution for
the 4sz/2 level and the unique feature of a single
allowed l transfer permit one to investigate certain
effects. The origin of the minimum in the 4s, /2
angular distribution at the grazing angle, for ex-
ample, can be related to the magnetic substate
(M) population. Since I =1 only M= —1, 0, and+1
can contribute, i.e. , ~M~=0 and 1. Classical ex-
pressions for ~M ~=0 and 1 substate populations
have been derived" and indicate that for transfers
where the Q match is poor, as here for the 4s, &,
level, the ~M ~= 0 and 1 populations should be com-
parable. Thus, one may observe appreciable con-
tributions from all M states. In contrast, transi-
tions where Q matching is good, one ~M

~

value
dominates and produces a bell- shaped angular dis-

IO-

tribution. "
We illustrate these features in Fig. 3 where we

decompose a DWBA calculation (no recoil) into
different M-state partial cross sections. The z
axis is taken along the beam axis (notation of Ref.
23). The observed angular distribution appears to
show structure due to the ~M

~

= 1 component of the
cross section. Some differences between calcula
tions with and without recoil are indicated although
this may be due to the numerical procedures used
in the programs. Detailed study of transitions in-
volving unique M-state populations may hopefully
elucidate some features of the heavy-ion transfer
mechanism.

F. No-recoil DWBA calculations

In addition to calculations with DWBA including
recoil we have also, for comparison, performed
no-recoil DWBA calculations" using the same
parameters. Surprisingly, perhaps, the cross
sections to the j& states (2g, &„1j»&„andalso
4s, &,) are predicted to within about a factor of 3.
As expected, however, the cross sections to the

j& states (1i»», 2g, &„etc.) are grossly (by more
than a factor of 100) underestimated. This discre-
pancy is much greater than that observed" for
'"Pb("0,"N) but is of the order expected from
the recoil effects predicted by Buttle and Gold-
farb '4

G. Shifts in angular distributions

cn

I
I
l
I
I
I

IMI=O

Oo
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It has been observed that heavy-ion stripping
reactions such as ("0,"N) and ("C,"B)exhibit a
peculiar behavior: The peak in the measured angu-
lar distributions shifts little, if at all, with Q
value, whereas DWBA and classical models both
predict large shifts. '~"'"" It has been suggested
that this feature may be related to transfer of
charge. " Our ("0,"0) data and other recent neu-
tron stripping data" show effects similar to those
observed for proton transfers: DWBA predicts a
much larger shift in peak position than is observed
experimentally (see Fig. 2). The observation of
these features in both proton and neutron stripping
reactions excludes effects related to charge trans-
fer as an explanation of this phenomenon. It ap-
pears, rather, that the simple optical-model de-
scription of the ion-ion interaction is not entirely
adequate in describing projectile orbits for trans-
fer processes between heavy ions.

FIG. 3. Top: The observed angular distributions to
the 4s&/& l.evel in Pb compared with a finite-range
DWBA calculation (L=1). Bottom: Decomposition of a
DWBA cal.culation (excluding recoil. ) for the 4s~/2 level.
into the magnetic substate popul. ation. (The cross sec-
tion scale for the no-recoil DWBA calcul. ations has been
arbitrarily renormalized. )

IV. NEUTRONS IN NUCLEI, A p 200

Neutron potentials such as (1) have important
implications concerning two problems of current
interest: the neutron distribution in ' Pb, i.e.,
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A = 200 and the ordering of neutron levels in super-
heavy nuclei (A = 300).

A. Neutron distribution in ~~Pb

Since a transfer reaction, such as "'Pb("0,"0)-
"'Pb, is a probe of neutron wave functions, po-
tentials such as MZD which are determined by fit-
ting transfer data should represent the average po-
tential appropriate to the valence neutrons in nu-

clei, A = 200. We have used the MZD potential to
generate the spatial distribution of the N-Z excess
neutrons in ' 'Pb. The rms radius of this distribu-
tion, (r,„,')'/', is 5.89 fm. The rms radius of the
total neutron distribution, (r„')'/2, in "'Pb has
then been calculated in two different ways:
First we have used (x,„,')' ' determined from the
MZD potential and then assumed that the N= Z
core neutrons have the same rms radius as the
measured proton distr ibution27((x~')'/' = 5.43 fm).
Secondly, we have used the MZD potential to cal-
culate all neutron wave functions, i.e. , including
those of the N = Z core neutrons. The values of
(~„')'/' and (r„')'/' —(~~')'/' deduced with the two
methods are consistent with (x„')' ' —(x~')'/'

0 1 p0 1 fm jn 208Pb

The results of our calculations may be compared
with other calculated or "measured" values of
(~ 2)l /2 and (~ 2)1/2 (~ 2)1/2 28-32 The
(r„')' ' calculated with potentials determined by
fitting neutron energy levels" "are -0.5 fm larger
than that deduced with the MZD potential. Also,
neutron radii determined from analysis of a-nu-
cleus or P-nucleus elastic scattering using fold.-
ing models are about 0.1 to 0.3 fm larger. The
neutron radii determined from analyses of Coulomb
displacement energies, "pion reaction cross sec-
tions, "and (d, t) and (P, d) reactions'0 are compara-
ble to those deduced here, however. Analysis of
nucleon bremsstrahlung" gives (r„')'/' less than
(x&')' ' by -0.15 fm. It should be noted that the
present analysis of neutron and proton stripping
from "0and the analysis" of m' and m reaction
cross sections should be especially sensitive to
differences in the neutron and proton distributions
and both of these analyses indicate (x„')' ' = (r~')' '
for A = 200.

Recent experiments" which indicate a neutron
"halo" in ' 'Pb are not necessarily inconsistent
with (r„')' ' = (x~')'/' since the nuclear Coulomb po-
tential necessarily dampens the proton wave func-
tions at large radii and produces a neutron halo.
The halo factor is defined as the ratio of the neu-
tron and proton distributions normalized by N/Z,
i.e., (pz/p~)/(N/Z) The experimen. tal value
(2.34+ 0.50) is deduced from analysis" of antipro-
ton absorption in Pb. We have compared this

with values calculated from neutron densities de-
termined with the MZD potential (1) and the Batty-
Greenlees neutron potential. " The MZD potential
yields the observed neutron halo at -9.5 fm, while
for the BG potential and similar neutron potentials
this occurs at -7.5 fm. The former radius corre-
sponds to a nucleon density a few percent that of
the central density while the latter about 30/o. It
is believed that antiproton absorption, however,
occurs mainly in the periphery, i.e., low density
regions of nuclei. If this is true, then the MZD
potential is a more appropriate neutron potential.

Thus we conclude that analyses of Coulomb dis-
placement energies, p-meson, and antiproton
absorption as well as nucleon transfer reactions
are consistent with 'O'Pb having neutron and pro-
ton distributions with similar rms radii but this
does not exclude a neutron "halo" in the periphery.

B. Neutron levels A=300

The ordering of neutron levels in nuclei A = 300
predicted by the MZD potential has been calculated
and is discussed elsewhere. " A large energy gap
(&3 MeV) is predicted at neutron number N= 184,
with smaller gaps at N=148 and 210. The predic-
tion of a wide energy gap at N=184 is consistent
with the lack of apparent single-particle strength
above E„=3 MeV in "'Pb as observed in ("0,"0)
and other neutron transfer reactions (see Sec.
IIID). The level sequence predicted by the MZD
potential differs from those of many other models
(see review in Ref. 35) although most simple po-
tentials predict the gap at N=184.

V. CONCLUSIONS

The analysis of data from the reaction ' Pb-
("0 "0)"'Pb at E„„=139 MeV indicates the fol-
lowing:
(1) About 70% of the lj»/, single-particle strength
is at E„=1.5 Me7, while other fragments are likely
at E„=3.0 MeV (-8%) and between E„=3.5 and 4.1
MeV (-26'%%uo).

(2) The magnitude of the ("0,"0) transfer cross
sections relative to ("0,"N) can be reproduced with
finite-range DWBA if a modified form of the Zaidi-
Darmodjo potential is used to generate the neutron
wave functions in '"Pb. This potential produces a
neutron distribution in Pb having an rms radius
similar to that of.the known proton distribution,
but this does not exclude the presence of a neutron
halo in the periphery of Pb.
(3) As also observed for proton stripping, the
("0,"0) angular distributions as a function of Q

value are not fitted well with DWBA.
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