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Collective excitations of 2®Pb were investigated by inelastic proton scattering at 54 MeV. The spectra
covered the entire bound-state region for scattering angles between 11 and 58°, and scattered particles
were detected in a broad-range spectrograph with energy resolution ~35-40 keV full width at half
maximum. The experimental angular distributions were compared to those predicted by distorted-wave
Born-approximation calculations, utilizing a collective-model form factor. The location of the low-spin
members of a sequence (2+-8%) of positive-parity states was confirmed. Likely candidates for J >8
states were found, as well as several collective fragments of 3~ and 4* strengths. No appreciable
fragmentation of the 2% strength was found. Energy-weighted sum-rule strengths were estimated for all
multipoles studied and were compared with the measured values.

[ NUCLEAR REACTIONS 2%Pb(p,p"), E =54 MeV; measured absolute o(E,8). 2*Pb levels,]

deduced L, 8 = Spectrograph.

1. INTRODUCTION

The applicability of the nuclear shell model to
nuclear level structure probably reaches its high-
est degree in 2%®Pb. This fact is an expected con-
sequence of: (1) the double shell closure (Z =82,
N=126) property, (2) the statistically large nu-
cleon number, and (3) the effective weakness of
the two-nucleon force because of the large nuclear
volume (or surface) in which the two-particle wave
functions are normalized. It is the object of the
present study to examine more closely the collec-
tive properties of 2°*Pb by the method of inelastic
scattering.

Although there exist abundant energy level data
to 7 MeV excitation, it is apparent from Ref. 1
that the corresponding information on collective
transition strengths is scarce. Coulomb excitation®
has been measured only for the first excited (37)
state. Inelastic electron data® have added to the
knowledge of collective excitations up to about
6 MeV. However, except for the first collective
37, 57, and 2* states, the limited resolution of
the electron experiments [full width at half maxi-
mum (FWHM) 2100 keV] makes level property
assignments questionable due to the high level
density. Inelastic scattering experiments with a
particles® have also suffered from the limitation
of energy resolution as well as from the problem
of ambiguous angular distribution structure. The
analysis of inelastic proton data® at 24.5 MeV
significantly increased our understanding of collec-
tivity in 2%°Pb by identifying a kind of positive-
parity band (J=2%,4%, 6%, 8") between 4.086 and
4.608 MeV. The resolution (FWHM ~25 keV) in
this work was a considerable improvement over
that of earlier studies, but the low-energy bom-

=3

bardment yields rather characterless angular dis-
tributions for high-lying states. For example, in
Ref. 5 a 4.690-MeV level is proposed to be 10*,
and we will show below that this assignment
should be 3~.

In the measurements presented below, we ex-
tend the information found from the lower energy
proton inelastic scattering measurements. Through
the use of higher bombarding energy, the angular
distribution characteristics are considerably en-
hanced, allowing more positive ! determination,
and thus we are able to examine nearly the entire
bound- state excitation region.

2. EXPERIMENT

The experiments were performed at the Oak
Ridge isochronous cyclotron (ORIC) using a beam
of 54-MeV protons. Inelastically scattered pro-
tons were detected on photographic plates in a
broad-range spectrograph. An energy resolution
of #35-40 keV FWHM was obtained.

Figure 1 shows part of the 2°°Pb(p, p’) spectrum
at 45° in the laboratory. Peaks from many strong-
ly excited states are observed in the spectrum,
and several of the peaks have strengths compar-
able to that of the well-known 2%, 4*, 6* group.
Several peaks are seen to be broad (as compared
with the 3.198-MeV peak, for example). These
broad peaks were carefully analyzed and yielded
multiple levels which are discussed in more de-
tail below. Angular distributions between 6, =11°
and 6, =58° were obtained for those peaks shown
in Fig. 1 which are labeled with an excitation en-
ergy.

Since the 2%Pb target used was not of uniform
thickness, absolute cross sections were obtained
by normalization of the measured 45° elastic scat-
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FIG. 1. Spectrum of 2% Ppb levels in the 29Pb(p, p’) reaction at 0, =45°.

tering to that predicted by the optical model using
the parameters shown in Table I. In addition, a
second normalization was made utilizing the ac-
curately measured® B(E3) for the 2.615-MeV 3~
state. Good agreement was obtained using the
two methods and we have assigned a +30% uncer-
tainty to the absolute cross sections. In some
cases the uncertainty may be greater due to fac-
tors such as poor separation of close-lying peaks.
(The absolute cross sections, if calculated direct-
ly from the normal target thickness, were found
to be ~20% higher than those shown here, still
well within the assigned 30% uncertainty.)

3. ANALYSIS
A. Point of View

We assume in our analysis that the shape and
magnitude of most of the differential cross sec-
tions in 2%Pb(p, p’) at 54 MeV can be described
by the usual approach in which the orbital angular
momentum L’ is absorbed by the target in the ex-
citation of level J, and the final-state parity is
= (1) " Furthermore, spin effects are as-
sumed to be unimportant and we expect that L'=L,
the angular momentum transferred to the continu-
um. Finally, the reaction is presumed to be one
step, i.e., can be treated by the first-order dis-
torted-wave Born-approximation (DWBA).®

B. DWBA Treatment

The theoretical angular distributions shown in
Fig. 2 were obtained from first-order distorted-
wave analysis using the code DwWuck.” This analy-
sis used a collective-model [8/87(U+:W)] form
factor for the interaction, as has been success~
fully applied to the (p, p’) reaction at lower (<40-
MeV) proton energies® as well as higher ener-
gies.> 10

The optical-model parameters considered in
this analysis are those deduced at 62,° 55, and
40 MeV,® all on 2%Pb or *®Bi. The 55-MeV set
was somewhat different in that the imaginary
volume was more than twice as deep as for the
40- or 60-MeV set. This set accentuated the
maxima and minima in the predicted inelastic
angular distributions well beyond those which we

TABLE 1. Optical-model parameters used in the
DWBA treatment of the present data (conventional nota-
tion); see text for discussion of the parameters. (Units:
MeV, fm.)
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measured. We believe the 40- and 62-MeV sets
are consistent although their parameters re-
sulted from slightly different analyses. The 40-
MeV set yields similar in phase, but somewhat
less structured, inelastic angular distributions
than the 62-MeV set. The set adopted for this
analysis is an interpolation to 55 MeV between
the 40- and 62-MeV sets. This set is shown in
Table I in which the parameters correspond to a
potential of the Woods-Saxon form given in Ref. 9.
The nonlocality correction (8=0.85) incorporated
in the DWUCK code has the effect of reducing the
predicted cross section (~15%). Coulomb excita-
tion corrections were also included for all L val-
ues but were significant for only L=1and L=2
angular distributions. These latter curves were
computed with 75 partial waves and an integrated
radius of 60 fm. The effects of the Coulomb ex-
citation were important for 6 <20°. Inthe L=2
case the Coulomb and nuclear fields interfered
destructively, and damping of the forward-angle
cross section resulted. In the L =1 case the Cou-
lomb effects were large enough to enhance the for-
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FIG. 2. DWBA predictions for 2%Ph(p, p’) reaction for
cases applicable to the present measurements. See text
for discussions of parameters.

ward-angle predictions beyond the purely nuclear
predictions.

The predictions for the angular distributions
shown in Fig. 2 illustrate the unique characteristic
shape of each L transfer when the bombarding en-
ergy is as high as 54 MeV. We noted that the dif-
ferences in shape between predicted angular dis-
tributions for neighboring L values for heavy tar-
gets became considerably more pronounced for
E, =40 MeV.

4. EXPERIMENTAL RESULTS

The level energies in ?®*Pb determined in this
experiment are shown in the first column of Table
II. The uncertainty in the excitation energy for an
isolated peak was dominated by the uncertainty in
peak location which we estimated to be no more
than 15 keV. Peaks which are weak or poorly re-
solved have greater uncertainty as shown in Table
II. Our objective was to study the entire bound-
state region of 2®Pb, and the levels shown repre-
sent all peaks in the spectra (up to ~7 MeV) which
were strong enough to be analyzed. Certainly lev-
els other than those shown are excited in the high-
energy region of 2°Pb; however, within the statis-
tics and energy resolution available in our experi-
ment, no other peaks were analyzable.

The determination of L values was accomplished
by assuming the excited states were of natural
parity (no L mixtures) and by finding the best fit
to each experimental curve. Since states with
known L=2, 3, 4, 5, 6, and 8 are clearly ob-
served, the quality of the calculation could be
carefully determined, and the empirical angular
distribution could be compared, if needed, to
made an L-transfer determination.

For most of the levels excited, a deformation
or coupling strength parameter 8,2 was calculated
by the usual relation 8,® =0,,,(6)/0py(6). The re-
sults for L and B;? determinations for each level
are given in Table II. Fits to the angular distribu-
tions of individual levels are given in Fig. 3 and
discussed below.

5. SUMMARY OF THE COLLECTIVE
LEVEL PROPERTIES

2" Levels

The only quadrupole state found in the present
measurements is the well-known 4.086-MeV level.
Other 2* levels in 2®Pb excited by two-nucleon
transfer reactions’? at 4.934, 5.550, 5.629, 5.801,
5.973, and 6.172 MeV appear to have negligible
collective strength, although the region near 6.2
MeV, in which 2* strength has been reported,®
contains an unresolved multiplet.
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3" Levels

As expected from the fact that 3~ states can be
formed by a plethora of particle-hole excitations
across the 82 and 126 shell closures, we find the
inelastic proton spectra are dominated by octupole
transitions. As can be seen in Fig. 3(b), several
collective fragments of the octupole strength were
found in levels at 4.696, 5.235, 5.342, 5.515,
5.808, and 5.988 MeV. The 4.696-MeV level had
previously been assigned 10" (Ref. 5) but appears
to have properties® of the (2d;,,3p,,, ") neutron
and (1k,,,2d,,, ") proton configurations. The 5.342-
and 5.515-MeV levels may correspond to levels
excited but not resolved in *®*Bi(d, *He) measure-
ments'® which excite proton particle-hole states.
The L-value determination for the 5.988-MeV lev-
el is uncertain and an L =4 assignment cannot be
rejected.

4" Levels

In addition to the well-known hexadecapole state
at 4.324 MeV, three other fragments of the
strength were found at 4.937, 5.205, and 5.690 MeV
and the angular distributions are shown in Fig.
3(c). The 4.937-MeV level has not been previously
reported. Levels at 5.205 and 5.690 MeV may
again correspond to unresolved particle-hole lev-

TABLE II. Level energies, L transfers, and strengths
observed in ?®Ph(p, p’), E, =54 MeV,

E*(MeV) B2 E*(MeV)
£#20keV2e L (W.u.) +20 keV L (W.u.)
(2.615 P 3 (32)¢ 4847 @MY =o0.2
(3.198)® 5 9.3 4,897 ~10 =2
3.475)° (3) 9 <0.2 4,937  (4) 2.0
(3.7099> 5 3.8 4,983  (6) 1.6
3.922? 5.079 ~10 ~4
3.959 39 =0.6 5,110
4,028 =6 5.205 4,3  3.0,2.2
(4.086)> 2 8.9 5.235  (3) 3.4
4.150 5.342 3 4.2
4,24020 5  0.86 5.515¢ (3) 8.2¢
4,32412 4 13,7 5.690 4 7.5
442012 6 13.5 5.808° (3) 1.8¢
4.50 5.988 3,4 5.2,6.6
4.606 15 (8) 5.8 6.245°¢ ~T7 ~5©
469615 3 3.8 6.525 ~T7 ~4
4.749 6.675 =6

2 Unless noted,

b Adopted from Ref, 1 in order to normalize energy

scale.

¢ Adopted from Ref, 1 in order to normalize DWBA,

d Assumed from other work in order to assign a limit
for collective strength.

¢ Unresolved doublet; BLZ value refers to sum of both

members assuming same L,
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els™ seen in *®Bi(d, *He). A possible L=3 assign-
ment cannot be rejected for the 5.205-MeV level
[see Fig. 3(c)].

5 Levels

Angular distributions for 5~ levels are shown
in Fig. 3(a). In addition to the well-known 5~ lev-
els at 3.198 and 3.709 MeV, we report an L=5
angular distribution for a level at 4.240 MeV
which is weakly excited and could be of unnatural
parity. This level may correspond to one at 4.258
MeV in Ref. 1.

>6" Levels

At the bottom of Fig. 3(a) and on Fig. 3(d) are
shown measured angular distributions for the
relatively high angular momentum transfers.
Levels of J=6"% at 4.420 and J=8" at 4.606 MeV
were first reported in the 24-MeV (p, p’) study.®
Our angular distributions corroborate the earlier
assignments but display an inconsistency with the
forward-angle predictions of DWBA. (The forward-
angle discrepancy becomes noticeable for the L=5
angular distribution comparisons.) The underesti-
mate of the theory for 6 < 30° becomes more severe
with increasing L transfer. Levels reported here
at £=4.897 and 5.079 MeV show little angular dis-
tribution structure and correspond to expected high-
spin states® seen in *®Bi(d, *He) spectra. These
levels probably correspond to the (1%g,,1%,,,™%)
proton particle-hole states in which J may be as
high as 10*. Levels at 6.245, 6.525, and 6.675
MeV have angular distributions indicative of L
transfers ~6-8, but these assignments should be
considered tentative.

6. CONCLUSIONS

We have measured angular distributions for
collective states in *®Pb in inelastic proton scat-
tering. The results indicate that the collective 3~
and 4* strengths are considerably fragmented but
2" strengths are much less so. Shell-model cal-
culations for **Pb include those of Gillet, Green,
and Sanderson' and the recent work of True, Ma,
and Pinkston.’® Both calculations utilize the full
17w configuration space for negative-parity states.
The former calculation includes grouud-state cor-
relations [random-phase-approximation (RPA)
corrections] but does not introduce effective
charges, while the latter calculations does not
correct for ground-state correlations but makes
use of phenomenological nuclear forces and effec-
tive charges. Since only the calculations of Ref.
14 include positive- as well as negative-parity
states, we show in Fig. 4 the comparison between
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Ref. 14 and our experimental results. While there For example, the predicted low-lying 2* state at
appears to be fair agreement between the pre- 4.46 MeV absorbs only a small fraction of the total
dicted'*!® and measured energy levels, the pre- quadrupole strength predicted in the bound-state
dicted strengths' ! for many of the 3~ fragments spectra.
are nearly an order of magnitude smaller than An energy-weighted sum of each multipole
those measured. This discrepancy emphasizes the strength in this work is given in Table III. When
importance of the effective charge for neutrons in compared to the isoscalar sum rule,'®” we find
the inelastic scattering form factor. There ap- that only the octupole vibration contributes a large
pears to be little if any correspondence between part of its sum-rule strength in the bound-state
the measured and calculated positive-parity states. spectra of 2%Pb. This is reasonable since most
POSITIVE PARITY C3-g% W) NEGATIVE PARITY
7.0 EXPERIMENT CALCULATION - EXPERIMENT CALCULATION
- Ls
’ J
2+ [1.65] 6.82
d, double!
4+ C1.653 6.62 L
X7 (Rou.3 6.525
4+ [0.877] 6.32 4 -
X7 (a¢5.3 6.245 | J
S- (0.836] 6.14
.ok o 00,2033 5.4 3 5.23 5.988
* = 3- _C0.5733 5.90
L 3 r1.e3 45 gog | 3-C0.1093 5.83
= Y+ C1.175] S.75
4 C7.5] 5.690
(3 _£8.21 d5.515
3 __C4.23 5.342
M €3.00 5.205 L C3.9] 5.235 3- [0.383] S.19
S-_C0.143 S.12
10 ER94. 3 S.079
- ®) C£1.6]. 4.983 -
5.0 @) [2.0] 4.937 §- E?;E;” 2;3?
RO [Re0] 48971 .. 4 yes3 4.83 IF_10<0.23 4.847 [T- EE.Z&] 4,86
S- £0.168] 4.75
3 3.8 4.696 |
-8 C5.8] 4508 3- (0.268) .57
)‘ s  [13.51 4,420 2+ C0.334] 4.46
Yy C13.7] 4.324 S-_£0.3641 4,31
S _C0.86] 4.240 |s5- [0.16] 4.23
2 r8.93 4.086
4,0t 3- 1143 3.99
5 (3.8 3.708
S5- £2.85] 3.50
|s_£9.30  3.198
S- C2.48] 3.12
3.0t
3- C17.9] 2.4
L 3__CB2al 2.615
208
BZPB426

FIG. 4. Comparison of measured levels and corresponding collective strengths to those predicted by RPA shell-model
calculations. The spectra are separated into positive- and negative-parity levels.
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TABLE III. A summary of the total transition strength
to bound-state levels in 2®Pb as measured in the 2%®Ph-
(p,p’) reaction, Column 1 is L transfer; column 2 the
energy-weighted strength for each L transfer; column
3 the theoretical isoscalar (or uniform distribution) en-
ergy-weighted sum rule; and column 4 is the percent
of column 3 as given in column 2 for each L value,

DE B’ 2 EiBLAT =0)
measured sum rule Percent of (7 =0)
L (MeV W.u.) (MeV W.,u.) sum rule measured
2 36 224 16%
3 229 487 47%
4 127 882 14%
5 48 1425 3.3%
6 68 2160 3.1%
7 ~57 3128 ~1.8%
8 ~55 (L= 8) 4380 ~1.3%

of the configuration space (17w particle-hole) is
associated with energies of the order 3—6 MeV
and can form J ™ =3 states. Positive-parity
states require at least 2%w particle-hole excita-
tions to utilize large configuration spaces and this

requirement implies excitation energies in the
continuum region. Evidence that the giant iso-
scalar-quadrupole (exhausting the remaining sum
rule) can be identified in the continuum (E*=11.0
+0.5 MeV) near the excitation energy predicted'®
by Mottelson has recently been reported.*®
Finally, we note that the conventional direct-
reaction inelastic scattering analysis appears to
be inadequate for high L transfers in (p,p’). Two
explanations which present themselves are: (a)
Two-step processes become competitive with
weakly excited high L transfers (especially at
very forward angles) and coupled-channel analysis
becomes imperative; (b) the large L transfers
sample the extremity form factor tail, the mag-
nitude of which is sensitive to various nuclear
potential interactions and nuclear distributions.
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