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Nuclear resonance fluorescence in ' 7' Pb anti Bit
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Using bremsstrahlung produced with 6.6 and 9.7 MeV beams, nuclear resonance fluorescence measurements

were made on targets of ' "'Pb and ' 'Bi. Ground state transition widths for previously unknown energy

levels with widths & 1 eV were obtained. An interpretation of several of these levels in terms of a particle-core

weak coupling model is suggested.

NUCLEAR REACTIONS ' ' Pb, Bih', p); resonance fluorescence with 9.7
and 6.6 MeV bremsstrahlung. Levels measured 8„, I„at 125' (lab); deduced gI'0/I.

I. INTRODUCTION

Photonuclear reactions can provide especially
valuable information about nuclear structure. The
relevant electromagnetic interaction is well under-
stood, amenable to precise calculation, and selec-
tive in the nuclear excitations it induces. Only
dipole and (less probably) quadrupole transitions
can be readily observed below the excitation energy
of the giant dipole photonuclear resonance.

This work surveys lead and bismuth energy lev-
els with the photon scattering techniques of nuc-
lear resonance fluorescence (NRF). ' In our appli-
cation the photon source was bremsstrahlung pro-
duced with electron beams from the University of
Illinois accelerator MUSL-I' (microton using a
superconducting linear accelerator). For the first
time electron beams from a high duty factor (=40%)
accelerator were used to scan an excitation energy
range up through neutron thresholds, previous ef-
forts having been limited either by maximum
available beam energies (e.g. , the Bartol group'),
the discreteness of the photon source energy spec-
trum, "or the duty factor. '

Our experimental arrangement resembles that
used by the Bartol group, ' but our procedure differs
in that in any given run we analyze a much larger
portion of the scattered spectrum. This is feasible
when the transitions are relatively strong and dis-
tinct, as they are in the lead region. It has the vir-
tue of allowing a direct intercomparison of transi-
tions. It is less advantageous in measuring weak
transitions (~1 eV) due to the nature of the brems-
strahlung background. In that case the increased
sensitivity of the Bartol procedure is recommend-
ed. That procedure was not appropriate for the
broad survey we intended.

It is well known that '"Pb serves as a reference'
for neighboring nuclei. To know its excitations
and those of its neighbors is of great importance in
testing shell model calculations, but measurements

upon the bound states of these nuclei have until
recently been restricted to their first few MeV of
excitation. Measurements with particle beams
have been limited both by available beam energies
and overall energy resolutions. Even with the im-
proved resolution provided by magnetic spectro-
meters, it has remained difficult to resolve indi-
vidual levels at high excitations, especially in view
of the nonselective character of the hadronic beams
used. The advent of the Ge(Li) detector largely ob-
viated these difficulties for studies with photon
beams, replacing them with the difficulties of pro-
ducing suitable photon (or electron) beams.

Early photon studies of nuclei in the lead region
of the Periodic Table at energies below their (y, n)
thresholds were made by Reibel and Mann, ' Fuller
and Hayward, ' and Axel et al.' Large variations
of the elastic scattering cross section with photon
energy were observed, being attributed to statis-
tical fluctuations of the ground state transition
strength function. The '"Pb data were consistent
with the existence of a few strongly excited, widely
spaced energy levels having a spin of J=1. In
neighboring "'Pb and '"Bi the elastic scattering
strength seemed to spread over many more levels
than in the doubly magic "'Pb, but the total strength
over similar regions of observation was about the
same.

More recently virtually all of the levels of "'Pb
excited strongly by photons (presumably J= 1
states) have been observed with relatively good en-
ergy resolution. "'" Shell model configurations
for some of these have. been extracted from experi-
ments with charged particle reactions. "" Theor-
etical estimates" "of the electric dipole strength
and its energy distribution fairly well-match the
excitation strength observed in these experiments.
However, information about the near neighbors of

Pb is scarce. Qur present survey is intended
to provide such information in the excitation region
extending up to neutron separation energies.
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After giving some basic experimental formulas
in Sec. II and an accounting of experimental pro-
cedures in Sec. III, we discuss our results in Sec.
IV, presenting energies and excita, tion strengths
of observed levels in terms of a weak coupling of
valence nucleons to a "'Pb core.

II. BASIC RELATIONS

By NHF' we mean the photoexcitation from the
ground state of a nucleus to some excited state at
energy E and the subsequent deexcitation by photon
emission either to the ground state or to some
other (excited) state i If I.', represents the partial
decay width of the initially excited state through
photon channel i, and I' is the total decay width
for all processes, then the cross section for res-
onance fluorescence by y rays of wavelength 2m&

is given by

2J~+]. I'ol
g

sc 2(2Z, +1) (E E )a+ I'a.

I', is the energy width corresponding to photon de-
cay from the initially excited state to the ground
state. Z, (Z, ) is the spin of the initially excited
(ground) state. If only photon decay channels are
significantly open, the total absorption cross sec-
tion is given by

c,(z) = g o,',(E) = o',.(E) . (2)

Expressions (1) and (2) predict large peak absorp-
tion cross sections which are not realized in ex-
perimental measurements due to the thermal mo-
tions of the nuclei in the target (Doppler broadening).

If the number of incident photons per unit energy
as a function of energy E is represented by N(E},
then the number of photons scattered into channel
i by a target of thickness N, nuclei/(unit area) is
given by

N(z)e'=N(z) dz (I - exp[uN, c ~,(z) -N, o„(z)]][o,',/(c„, + c „/n)].
resonance

[N(E), evaluated at the resonance energy, is as-
sumed to be constant over the resonance and has
been factored from the integral. ] a represents the
relative abundance in the sample of the particular
nucleus in question. o„represents the total atomic
photon cross section at the energy E. The integral
8', which is closely related to one mell known in
neutron resonance work, '0 can be evaluated analy-
tically only under certain conditions and/or ap-
proximations. In general, and for our purpose, it
was evaluated numerically using the Doppler
broadened cross sections and the assumed values
of the nuclear parameters of Ecis. (1) and (2).

N„ the number of elastically scattered (f =0)-
photons associated with a nuclear level at excita-
tion energy E„, detected in a particular escape
peak of the detector, is given by the expression

N =N(E, )&(z„)8,'W(e),

e( }Eis the detection efficiency for the escape peak
and includes absorptive and geometrical effects.
W(8) is an angular distribution factor.

In order to find the experimental value of 0' and
hence the nuclear energy level width parameters,
the product N(E„)c(E,) must be determined. The
method used is described in Sec. IQ.

The integral 8' for our measurements tends to
determine the value of the parameter combination
gI', '/I' [g-=(2J', + I)/(LTD+ 1)]. Under favorable con-
ditions self-absorption experiments or scattering
experiments using a range of target thicknesses

can be used to determine I', and 1,/I' separately
for a given value of g. Similarly in favorable con-
ditions, an angular distribution measurement can
determine the statistical factor g, and a polariza-
tion measurement can determine the parity change
associated with a transition.

III. EXPERIMENTAL PROCEDURES

A. Apparatus

The bremsstrahlung used was produced from
electron beams coming from MUSI. -1.' 6.6 and
9.V (+0.2) MeV beam energies were used almost
exclusively. Average currents of 5 gA (12.5 gA
during the macroscopic pulse) at 9.'I MeV and 7
pA at 6.6 MeV, with macroscopic duty factors of
40%, were available at a bremsstrahlung convert-
er. The experimental setup is shown in Fig. 1.
An essentially parallel beam of diameter less than
5 mm entered the experimental area. It was de-
fined vertically and horizontally by nonintercepting
slits before entering a doubly focusing 70' bending
magnet. This beam was positioned on a 100 mg/
cm' gold foil bremsstrahlung target by passing it
through a 4 mm diam hole in a quartz viewscreen
immediately preceding the gold foil. The quartz
screen could be viewed with a television monitor
throughout the course of a run to detect any move-
ment of the beam on the converter. The beam was
stopped in a 15 g/cm' thick block of carbon inside
a Faraday cup. The bremsstrahlung intensity was
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FIG. i. The experimental area. The electron beam froxn the accelerator enters at the left and is focused through a
view scrten placed just before the bremsstrahlung converter. The carbon beam stop is part of a Faraday cup used to
monitor the bremsstrahlung intensity.

monitored by the Faraday cup electron current.
The bremsstrahlung beam so produced was inter-

cepted by a square target sample, 10 cm on a side,
located about 80 cm from the source. The thick-
nesses and isotopic abundances of the five targets
studied in this experiment are given in Table I.
Scattered photons were detected by a 50 cm'
Ge(Li) detector placed at 135' with respect to the
beam direction, an angle favorable for dipole
scattering but unfavorable for atomic scattering.
Figure 1 shows that tungsten and copper were
used to shield the Ge(Li) detector from brems-
strahlung emanating from the convertex. The cop-
per [(y, s) threshold at 10 MeV] served to reduce
neutron production in the tungsten [(y, n) threshold
at 7.8 MeV] by attenuating the bremsstrahlung sig-
nificantly before it could interact in the tungsten.
This greatly reduced the high energy (R3 MeV) y
background produced by (n, y) processes in the ex-
perimental area, and helped to protect the detec-
tor from neutron damage. Between the Ge(Li) de-
tector and the target was an absorber combination
of copper (7 cm) and lead (1.35 cm), chosen to
emphasize the higher energy part of the scattered
spectrum. ' The target-in target-out ratio of the
counting rate for photon energies greater than a
few MeV was then typically 30:1 for a 3.6 g/cm'
lead target.

Although the instantaneous counting rate from the
Ge(Li) detector was typically 30000 counts/sec,
in the energy region of interest it was often less

TABL E I. Target characteristics.

Target Isotope Abundance
Thickness

(gcm 2)
-q(y, n)

QCeV)

206pb

207pb

20Spb

206
207
208
206
207
208
206
207
208
206
207
208
209

88%
9%
3%
2 6'

84.8%
$2.6%
25.8'
1.7%

72.5%
25.8'
1.7'Po

72.5%
i00%

i 0.4 average ~

8.i
6.7
7.4

~Open right circular cylinder: 5.4 cm outer diameter
~4.7 cm inner diameter ~ 5.5 cm. Mass =309 g.

than a thousand counts/sec. The effects of pileup
were minimized through the use of a gated inte-
grator. " At a counting rate of 30000 counts/sec
the energy resolution obtained in the Ge(Li) for 3
MeV photons was typically 8 keV full width at half
maximum. The pileup losses (which were ac-
counted for) were always less than 3%. The sig-
nals, sorted by pulse height in a 1024 channel
analog-to-digital converter, were processed on line
in a POP-15 computer. A stable, precision pulser
which simulated two energies in the pulse height
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TABLE II. Level vridths used to calibrate photon flux.

Energy
(keV) Nucleus

I'0
(eV) Reference

8920
8209
7332
7139
7083

6721
6333
6212
5513
5293
5021
4842

3ip
208pb
31p
2QSpb

208pb

208r-b
88Sr
ssSr
208pb

2QSpb

11B
208pb

4.5 + 0.5
1.4 +0.1

52+6
1.52+ 0 ~ 15

10.6+ 1.3
17~2
20.2 + 2.5
31+3
16~ 1 +1.6
4.5 + 0.6
3.0+ 0.4

25.5 + 3.4
8.4+ 1.4
1.73+0.14
8.2 + 1.4
5.1 + 0.8
0.5 +0.1

26
27
24
27
24

5
24

5
24
25
25
24
24
26
24
12
12

spectrum (at the low and high ends) was used to
monitor and correct the energy spectrum for zero
and gain shifts as it was being accumulated.

B. Flux calibration

The product of the photon flux and the detector
efficiency, N(E)e(E), was measured in this experi-

ment by observing nuclear levels with known cross
sections and solving Eg. (4) for N(E)e(E). In the
energy range above 4.0 MeV few accurately mea-
sured level widths could be found in the literature.
For this reason we used the University of Dlinois
tagged photon facility ' to determine cross sec-
tions for those strong levels whose nearest neigh-
bors were presumed not to lie within the tagged
photon energy resolution. Since the energy levels
in "'Pb have large widths and are widely spaced
between4. 8 and 7.4 MeV, such average cross sec-
tion measurements can be used to determine their
level widths. The results of such determinations
for "'Pb" and "Sr"as well as data from the lit-
erature"""'" are given in Table II. The listed
values of I', were used to calculate values of
N(E)e(E) for both our 6.6 and 9.7 MeV bremsstrah-
lung beams. The detector efficiency" and the ef-
fect of the absorber were then removed from
N(E)e(E) and the photon flux was expressed as a
function of the energy interval E' =E efldpojnt

N(E') = N(Eendp-ojgt E). For simplicity only, and
consistent with the precision of the results, these
points were fitted by an exponential functidn of F',
as shown in Fig. 2. This curve for N(E') was then
used to calculate the decay widths. Fortunately,
only three small transitions in "'Pb gt 6.357,
6.305, and 6.262 MeV are affected by the poor fit
in Fig. 2 below 8 ' = 0.7 Me V.

IOO

50

20

IO-
C3
E

UJ N(E') /mC eV
OPEN = 9.7 MeV ENDPOINT
SOLID = 6.6MeV ENDPOiNT

1

5.0 4.0 5.0
E (Mev)

2.0 I.O 0.0

ZIG. 2. The photon flux (per mc eV) versus E'=—E~&,&-E. Solid (open) symbols refer to measurements made with
6.6 (9.7) MeV electron beams. The error bars indicate uncertainties in the assumed values of gI'0 /I' (see Tab].e II).
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TABLE III. The estimated smallest values of gI'0 /I
that could have been determined for isolated levels at
5.5 and 7 MeV in this experiment.

Isotope
gI'0 /I' (eV)

5.5 MeV 7.0 MeV

208pb
20fpb
208pb
209'.

IV. RESULTS AND DISCUSSION

The energies of those peaks that were clearly
observed in our spectra are listed with their
strengths in Table IV. Since "'Pb (12.5%) was
present in our ' 'Pb target, some "'Pb levels may
have been missed if they occurred at energies cor-
responding to "'Pb levels. For example, the level
at 5.513 MeV in Fig. 4 is statistically consistent
wi. th an assignment of Pb. For all the transi-
tions listed in Table IV we have assumed a dipole
character and I',/I'=1. Thus, gl', /I'=3 for '~Pb
and "'Pb; for ~'Pb and "'Bi, we assume that
gi' JI'= 1. Except for the level at 6.753 MeV in
~o'Pb, for which an 8 MeV beam was used, all the
peaks listed were observed using either 6.6 or 9.7
MeV electron beams. Criteria used for the identi-
fication of peaks were (1) that the full energy,
first, and second escape peaks be visible, and (2)
that the relative number of counts in each escape
peak be appropriate for the yield of the associated
full energy peak. The energies listed in Table IV
are accurate to +3 keV for ' 'Pb and +5 keV for the
other isotopes. Percentage uncertainties in values
of gI', '/I' are also listed, having been estimated
from the counting statistics and the uncertainty in
our knowledge of N(E)e (E).

Spectra for 6.6 and 9.7 MeV bremsstrahlung
scattering from an enriched '"Pb target are shown
in Fig. 3. Prominent peaks are seen below the
neutron threshold (7.37 MeV) at 7.332, 7.083,
7.063, 6.721, 5.513, 5.293, and 4.842 MeV. The
level at 4.842 MeV has been reported in a photon

C. Peak identification sensitivity

Table III shows the approximate value of gI', '/I"
for the smallest peak that could have been dis-
cerned at two excitation energies, 5.5 and 7 MeV,
for each isotope we have studied. The quoted
sensitivity is specific to the length of our runs,
the size of our targets, and our experimental ar-
rangement.

scattering experiment by &vann" to be J'= 1', but
more recent work" favors instead J= 1 . I indgren
et a/. "have reported Ml strength at -6.2 MeV
from 180 inelastic electron scattering data, prob-
ably corresponding to one or more of the small
levels seen in our measurements in that energy
region. We obtain a value of gl'0'/I' of 12+ 5.5 eV
for the largest of these at 6.262 MeV. Peaks at
5.902 and 5.039 MeV are caused by scattering from
"'Pb in the sample.

Except for the three peaks near 6.3 MeV, all of
these levels in "'Pb have been previously ob-
served. Charged particle scattering"' and trans-
fer reaction" "experiments have been used to de-
termine the neutron particle-hole (p-h) configura-
tion strengths of some of these excitations. These
experiments have indicated that:

(1) The 5.293 MeV state contains almost all of the

Isi~~p~y2 ') neutron configuration strength not in-
cluded in the giant dipole resonance (GDR).
(2) The 5.513 MeV state is mixed in its neutron
p-h character 's

(3) Most of the ~d,~,P,&, ') neutron configuration
strength is located at 5.94 MeV"" and has the as-
signment J"= 1 "; it has been seen neither in our
measurements nor in those of Knowles et al."
(4) The states observed in photon scattering ex-
periments" at 6.721, 7.063, 7.083, and 7.332 MeV
do not contain significant admixtures of the
[s,~,P,~, '), ~d,~,P,~, '), or ~d,&,P,&,

') neutron
configurations. "'"'" This concentration of (pre-
sumably E 1) photon excitation strength near 7
MeV in "'Pb might therefore be composed largely
of proton lp-lh configurations in agreement with
predictions of Harvey and Khanna. "
It is interesting to note that whereas the 5.94 MeV
~d,&„P,&, ') neutron state is not strongly excited
in photon transitions, the 5.293 MeV neutron
~s,&„P,&,

') state is appreciably excited. However,
the most strongly excited states observed by us
appear to have mixed configurations.

Theoretical explanations of the distribution of
electric dipole excitation strength in "'Pb have
had only qualitative success. A particle-hole cal-
culation by Gillet, Green, and Sanderson" using
25 1k' single particle states has described well
the general nature of the GDR. These calculations
predict most of the dipole strength to be pushed up
in energy to form the GDR, only a few percent re-
maining near the unperturbed 1p-lh configuration
energies between 5 and 7 MeV. However, the en-
ergy of the predicted GDR is centered 2 or 3 MeV
lower than the experimental value. Harvey and
Khanna" have also reproduced the gross features
of the experimentaIly observed electric dipole
strength distribution. Their predicted giant dipole
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resonance is similarly centered 2 MeV too low in
energy, but reproduces the observed collection of
low lying strength in two "miniresonances" about
3.5 MeV apart. These two resonances are charac-
terized as highly mixed neutron or proton particle-
hole states, no one state having more than 15/p of
any one configuration. The neutron miniresonanee
is located at 4.5 MeV, the proton resonance at 7

MeV. A similar calculation by True, Ma, and
Pinkston" does not predict this degree of configu-
ration mixing.

The predicted energies and transition rates of
all the above caleula. tions"'" differ enough quanti-
tatively from our measured values sothatadetailed
comparison would not be meaningful. On the other
hand, inferences about the p-h character of the

TABLE IV. Observed ieveis snd their strengths. The value for 10 assumes gI'QI'=o for
Pb and Pb, and gI'0/I" =1for ~Pb end ~Bi. Values in parentheses have uncertainties

in excess of 50%. Statistical uncertainties are given for well-defined peaks. Total uncertain-
ties include uncertainties in flux calibration. Energy values are believed to be accurate to
+3 keV for the starred (+) 08Pb levels and to +5 keV for the other levels.

Energy
(Mev)

6.84
6.73
5.902
5.854
5.798
5.689
5.615
5.577
5.039
4.974

Nucleus

(Pb) 2O6

I 0

(ev)

7.4
5.5

(3.o)
(i.o)
(o.5)
(i.o)
(o.5)
1.6
0.8

15

40
40
40

Uncertainty (%}
Statistical Total References

Other measurements
r,

(eV)

6.753
5.716
5.600
5.490
5.223
5.209
4.980
4.875
4.847

7.332+
083*

7.063*
6.721*
6.357
6.305
6.262
5.513*
5.293+
4.842*
4.O85+

5.522
5.509
5.498
5.422
5 ~ 293
4.845
4.808
4.771
4.501
4.228

(Pb) 208

(Bi) 209

(&10)
(3)
(8)

(12)
(8)
(8)
(7)

(133

38
14
29
15

(o.5)
(1.0)
4.1
28

8.6
6.3
0.51

8.3
12

(3)

10
10
10
20

35
35
35
40

45
35
35
35
40

40

35

4 ~ 0 I"0/r = 1

3.6 I'0/I' =1

gg 1+

Jr=2

1.4
2.7
2.9

35, 41
15, 17 +2
15,31+3
15, 14

15
5
5.1 +0.8
0.5+ 0.1

12
12
12

11,10
11,5
11,5
ii, 10

11

12
12
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FIG. 3. Spectra for 6.6 MeV (upper figure) and 9.7 MeV power figure) bremsstrahlung scattered from enriched Pb

targets, The values of gI'0/I' for each of the peaks identified are listed in Table IV. F, S, and 0 refer to the full

energy, single, and double escape peaks, respectively. {a) (upper figure) The sensitivity of these measurements may
be inferred from the sizes of the peaks at 6.305 and 4.085 Me+ which have values of gI'0 /I' of approximately 3 and i.5
eV, respectively. The peaks at 5.902 and 5.039 MeV are from Pb in the target. (b) Qower figure) The peak in this
spectrum at 5.293 MeV has gI'0 /I'=26 eV. Most of the events above 7.4 MeV are due to atomic scattering, since the
neutron threshold for Pb is at 7.4 MeV.

Pb states can be drawn from our data on ~'Pb
and ~e9i. In particular, it is tempting to apply thd
particle-core-vreak-coupling model'3 to these nu-
clei, since it can explain the presence of multiplet
levels at about the same excitation energies as the
strongly excited levels in ~SPb.

Figure 4 displays spectra for 6.6 MeV brems-
strahlung scattered from samples of ~ovpb and bis-
muth. Although these spectra seem complex, ob-
vious levels appear near 4.842, 5.293, and 5.513
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200—
} L

I
I
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soo lj,' zo7pb

l05 mC
' 4).

x ~ 529$
e~ I

I

600 — 'o.

"'Bi is not inconsistent with the strength associ-
ated with the core excitation.

We emphasize that our assignment of peaks (Fig.
4) to a particular multiplet related to the lead core
is more suggestive than definitive. Numerous
peaks exist in each of these spectra. Without a
firm knowledge of their spins and yarities it is
risky to infer their parentages. However, weak
coupling has been much invoked for lower lying
states. In addition to its success in connection
with the particle-octupole vibration at 2.614 MeV
in "'Pb, Bertrand and Lewis" have observed that
it persists up to 4.3 MeV in' Bi, and Swann' has
suggested weak-coupling levels at 4.1 and 4.8 MeV
in O'Pb and 'Bi. Our data would suggest that this
model retains validity up to 5.5 MeV. On the other
hand, it is natural to expect that as the nuclear ex-

400— wO&

0
500 I

Is i,
400—

206 pb

P 43 g/cm

6,6 MeV ENDPT, ENERGY

I20 mC

5.0
ENERGY (MeV)

FIG. 4. The spectra for 6.6 MeV bremsstrahlung scat-
tered from a Pb target (upper) and a Bi target
dower). Not all single escape peaks Oabeled 8) and/or
double escape peaks (D) are indicated. E refers to the
full energy peak. The dashed lines at 4.842, 5.293, and
5.553 MeV indicate energies where the large levels are
observed in 08Pb. The 07Pb target contains i2.6'lo 08Pb.

The peak in the Pb target spectrum at 5.513 MeV is
probably due to this SPb contaminant.

l00—

l200

l

4.0
I

5.0

MeV in "'Bi and near 4.842 and 5.513 MeV in
"'Pb, precisely the energies of the '"Pb core
states. A weak-coupling model would predict a
triplet of levels in 'Bi(h9~, $ 1 &2',&~', ~2+) and a
doublet in "'Pb(P,&,$1 -2', ~') for each aZ" =1
core excitation. Just what the magnitude of the en-
ergy splittings in these multiplets should be de-
pends upon the nature of the particle-core coupling.
However, each multiplet seen does seem to have
its center of strength near the appropriate ' 'Pb
core energy. The weak-coupling model prediction
that the amount of strength (gl,) in the multiplet
should equal the strength in the core state is dif-
ficult for us to check since what we determine is
gI', '/1, and the branching ratios (I',/I') are not
known. Table IV shows that the strength we
observe in a particular multiplet of '"Pb or

IOOO

800 —
I~

0
9.7 MeV ENDPT. ENERGY

47.5 mC

400

I

5.0
I I

6.0 6.5 7.0

ENERGY (MeV)
Fla. 5. Spectra for 6.6 and 9.7 MeV bremsstrahlung

scattered from a Pb target. F, 8, and D refer to the
full energy, single, and double escape peaks, but not all
such peaks are labeled.
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citation energy increases the probability of weak
coupling will decrease; the greater density of other
excitations of the same spin and parity would be
expected to couple to the weak-coupling modes and
so perturb their identification. A measurement of
the total strength of the supposed rnultiplets would
check this idea.

Notably absent from the ' 'Pb data is a doublet
corresponding to the 5.293 MeV level in ' 'Pb,
which has been characterized as predominantly
)s,&~P,~, ') in its neutron particle-hole composi-
tion. This state corresponds to the "'Pb ground.
state plus an s,&, neutron. In view of the strong
pairing interaction between two P,/, neutron parti-
cles (or holes), one would not expect weak coupling
to apply here. The state corresponding to the

(s,~,P,&,
') hole state in 'O'Pb has been reported at

an energy of 4.63 MeV in "'Pb." The 5.513 and
4.842 MeV states in 'O'Pb, which have a more
mixed character, ' do exhibit weak coupling to
"'Ib.

Above an excitation energy of 6.8 MeV in "'Pb
and 6 MeV in "'Bi no well defined peaks appear in
our spectra. Above 6.8 MeV in "'Pb, no such
peaks are expected in view of the threshold for
neutron emission at 6.7 MeV. In "'Bi this thres-
hold is at 7.4 MeV. %ith our experimental sensi-
tivity (Table III), transitions having gl', '/P = 5 eV
ought to have been seen. After looking with con-
siderable care we could adduce no evidence for
levels reported by &vann' near 7.2 MeV in both

Pb and Bl having gl 0 /I —20 eV. That no
peaks were seen in '09Bi above 6 MeV might have
been the result of competing inelastic transitions,
for example to the first excited state of "'Bi at
897 keV (J'" =+ ), but we did not observe such
branching. Even a large level, one with gI'0= 20
eV, might in this instance have a value of gl', '/I"
well below 20 eV. Recent data of I.aszewski"
show that a concentration of photon elastic scat-

tering strength equal to about 180 eV does exist be-
tween 6.4 and V.4 MeV in ~ Bi. %e infer that in
"'Bi the corresponding "'Pb strength is shared
among a large number of levels which we could
not distinguish from the background.

206pb

%e have observed ten previously unreported lev-
els of '"Pb (Table IV). Concentrations of levels
at 5.0, 5.5, 5.8, and 6.8 MeV are seen in Pig. 5.
It is apparent that the decreasing level spacing in
O'Pb above 6 MeV makes individual transitions

difficult to discern. The elastic scattering cross
section data of I.aszewski" show a large bump at
7.9 MeV in "'Pb, while we did not distinguish any
peaks there. These combined data indicate that
the average level spacing corresponding to E1 ex-
citations at 8 MeV is less than 20 keV'.

Summary

The energies and, in many cases, the ground
state decay widths of newly identified states have
been determined by photon scattering from '"Pb,
"'Pb, "'Pb, and ' 'Bi. The widths of previously
observed large levels in ' 'Pb were all determined,
some for the first time. The absence of detectable
levels at energies greater than 6.8 MeV in "'Pb
and 6 MeV in "'Bi is noted. Some levels in "'Pb
and Bi appear highly correlated in energy with
states of the "'Pb core and suggest a weak-cou-
pling picture. A quantitative explanation of these
levels awaits additional theoretical and experi-
rnental efforts, which would appear especially war-
ranted in view of the similarities between the pho-
ton scattering spectra for these nuclei and for the

Pb core.
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