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Resonant photon scattering from ' ' ' Pb and ' Bi has been measured from 4 MeV to the neutron thresholds
using enriched targets, Ge{Li) detectors and bremsstrahlung beams with end-point energies of 7.0, 7.5, 7.6, 8.0,
8.5, and 10.4 MeV. Energies and values ofgI', '/I". were obtained for many levels not observed in previous photon
experiments. Spins of levels in '"Pb and ' 'Pb were determined from the angular distributions, and ground-state
branching ratios were obtained from self-absorption measurements for seven transitions in '"Pb. The results are
compared with earlier spectroscopic studies and with lower resolution average cross-section measurements. The
spectra of '"Pb and "'Biare discussed in terms of the excitations of the "'Pb core.

NUCLEAR REACTIONS ' 7' Pb, Bi(y, y); enriched targets; resonance
fluorescence with 7.0, 7.5, 7.6, 8.0, 8.5, and 10.4 MeV bremsstrahlung. Mea-

sured E„, I~ at 90' and 127', and self-absorption; deduced gi'02/I', I'0/I', J.

I. INTRODUCTION

Photonuclear reactions have long been important
for spectroscopic studies of low-lying nuclear
states and for measurements of the properties of
the giant dipole resonance. However, experimen-
tal difficulties have limited their applicability to
the study of states lying below the giant dipole.
This region contains important nuclear structure
information. By way of illustration, it is well
known that the elastic scattering of photons is
dominated in heavy nuclei by electric dipole exci-
tations. The distribution of E1 strength, and the
strength and location of the giant resonance are
both explained microscopically by the mixing of
the shell model particle-hole states. Particularly
interesting in this regard is the lead region. Be-
cause of its stable configuration, '"Pb, which it-
self has been the subject of several such shell
model calculations, ' ' is considered as a core to
which valence particles or holes may be added to
describe neighboring nuclei. ' As a result, the lev-
el structure of the neighbors is expected to be
closely linked to that of "'Pb, as is experimen-
tally observed at low excitation energies.

Until recently, studies of photon scattering
from bound states above 5 MeV have been hindered
by a lack of adequate photon sources and detec-
tors. Many results have been obtained using pho-
ton beams produced in nuclear reactions (e.g. ,
neutron capture') but systematic studies have been
difficult due to the discrete nature of these
sources. Bremsstrahlung produced by electron
beams provides a continuous spectrum of photon
energies, but traditionally such beam, s have been
of limited value, either because their energies
were below 5 MeV, or because they were available

only with low duty factors (s0.1%%up) severely limit-
ing the average counting rates obtainable in high
resolution detectors. Such difficulties were over-
come at Illinois with our first superconducting
electron accelerator' MUSL-1, whose beams of
40%% duty cycle were used in nuclear resonance
fluorescence measurements"" to survey strong
photon transitions in the regions of 3 =90 and 208.

With the availability of our second generation
accelerator" MUSL-2, we were able to make a
more detailed and systematic study of the reso-
nant photon scattering above 5 MeV from nuclei in
the lead region. We built on the earlier work
while incorporating major experimental improve-
ments: use of a 100%% duty factor beam of im
proved optical characteristics, an electronics
system capable of handling higher instantaneous
counting rates with better energy resolution, and
expanded computer facilities for improved moni-
toring of experimental conditions and the acquisi-
tion of more extensive spectra. In addition we
have more extensively utilized the continuous en-
ergy variability of the new accelerator to maxi-
mize our experimental sensitivity to weak and un-
resolved peaks, and to remove ambiguities due to
branching. These changes led to a significant im-
provement in the accuracy and sensitivity of our
measurements.

This paper presents the results of resonance
fluorescence measurements on bound states in

Pb and Bj.. After revj. ewj.ng the basj.c
formulas in Sec. II and the experimental procedure
in Sec. III, we present our data on the energies,
decay widths, spins, and branching ratios of lev-
els in these four nuclei. A comparison with ear-
lier experimental and theoretical results is made,
and the spectra of '"Pb and "'Bi are discussed in
terms of the excitatjons of the Pb core.
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where E and 2m% are the energy and wavelength of
the incoming photon, I' is the decay width of the
resonant state at energy E„, and l",. is the partial
width for photon decay to the state i (i = 0 denotes
the ground state}. g is the statistical factor
(24, + I)/(2JO+ 1). The resonant photonuclear ab-
sorption cross section is related to the elastic
scattering by

(2)

These formulas must be generalized" to account
for the Doppler broadening due to thermal motions
of the target nuclei:

(7 (Sc ) g)(E) —(7 (sc )(E~)$(xg f)

g is an integral function" of x= 2(E —E„)/I' and f
= (6/r)', where the Doppler width 6 equals
E(2kT/Mc')' '. At E= 'l MeV and T = 300 K, 6 is
16 eV for "Band 3 6 eV for "'Pb Although

g(x, f) has been derived assuming a Maxwellian
velocity distribution, the effects of lattice binding
in a solid target can be included" "simply by use
of a higher (effective) temperature in the formula
for h.

Taking account of atomic and resonant nuclear
absorption in the target, the number of elastically
scattered photons detected at an angle 8 relative to
the beam axis is given by

x...= x„,(E„)~(E„)w(e)A'(g,r, r„~/r),
with

(4)

~-e(&)

resonance

and

()((E) -=n,a„, ~(E)+ 2 Q(),o„,(E).

In formula (4), N„,(E) is the number of photons
per unit energy incident on the target, &(E) is the
detection efficiency (including a solid angle factor
EQ/4n), and W(8) is the angular distribution func-
tion for the emitted radiation. o„& represents
the atomic absorption cross section for a particu-
lar element in the (symmetrically oriented) target,
while q&(n, ) is the number of such atoms (or reso

II. BASIC CONSIDERATIONS

Nuclear resonance fluorescence" (NRF) refers
to the photoexcitation of a nucleus from its ground
state (spin J'0) to an excited state (spin J,) and the
subsequent photon decay to the final state i. The
cross section is given by

nant scatterers} per unit area along the beam axis.
For a thin target [o.(E„)« I] the analytical re-

sult A'= n, ((')('gr, '/r is independent of the Doppler
width. " In our measurements the absorption ef-
fects were as large as 30%, and the A' integrals
had to be evaluated numerically; nevertheless,
their dependence on the nuclear parameters was
largely unchanged from the thin target proportion-
ality to gr, '/r. The determination of A' required
knowledge of &„,(E„)g(E„). This product was in
turn determined by observation of the scattering
from levels whose nuclear parameters were known

(see Sec. III).
In favorable cases, the excited state spin J, (and

therefore g) can be extracted from angular distri-
bution measurements; additional information is
required for the separate determination of I', and
the branching ratio I',/I'. Since a direct observa-
tion of the inelastic scattering (and hence I',/I') is
difficult with a bremsstrahlung source, we have
performed (in the case of "'Pb) self-absorption
measurements to provide an additional relation-
ship between gr, and gr, '/r. Such measurements
determine the effect on the scattering produced by
a resonant absorber in the incident photon beam.
The experimental result is expressed as a self-
absorption ratio

R = 1 —C„„/C„„,
where C„„(C») is the counting rate for elastic
scattering measured with a resonant (nonresonant)
absorber in place. The use of a nonresonant ab-
sorber is important in that it eliminates effects
not due to the resonant process. For a thin scat-
terer and a thin absorber (with n, resonant nuclei
per unit area} one finds

n, o,„, ~(E)((o, ~(E)dE,gr,

(6)

The integral involving the Doppler function (f) intro-
duces an important dependence on b, /r even in the
thin target limit. If Doppler broadening can be
neglected (b, /r «1), the integral yields a constant
and the self-absorption measurement determines
gr, /r. In the opposite case of extreme Doppler
broadening (b,/r» 1) the integral is proportional
to r/b, . Then, the measurement determines gr, /

In most practical self-absorption experiments
the thin target approximations are not appropriate
and R must be evaluated numerically. Neverthe-
less, for the absorbers and scatterer used in this
experiment, the branching ratio was well deter-
mined by the measurement of R for levels with 6/
l «1. When this extreme condition was not satis-
fied, a combination of the absorption and scatter-
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ing measurements provided restrictions on the
possible values of l', and I'.

In conclusion, the combination of the elastic
scattering, self-absorption, and angular distribu-
tion measurements can, under appropriate cir-
cumstances, independently determine the nuclear
level parameters g, I', and l",. An additional po-
larization measurement (see e.g. , Ref. 8) could
determine the parity change associated with the
transition as well.

III. EXPERIMENTAL PROCEDURE

The bremsstrahlung beams used in this experi-
ment were produced by electrons from the Uni-
versity of Illinois accelerator" MUSL-2, shown
in Fig. 1 along with the transport to the experi-
mental area. The electron beam from a 3 MeV
Van de Graaff can be repeatedly passed through
a 6 m superconducting linear accelerator section.
The simple one pass beam, with an energy contin-
uously variable up to 14 MeV, a current of s20
pA, and a macroscopic duty cycle of 100% was
ideally suited for resonance fluorescence mea-
surements. An energy-analysis system in the ex-
traction line was adjusted to allow a momentum
spread of about 0.5% in the transported beam. In
the experimental area, the beam was focused on
a bremsstrahlung converter consisting of a '15 mg/
cm' gold foil followed by a 14.8 g/cm' carbon
beam stop, all mounted inside an insulated Fara-

day cup. The -2 mm diameter beam spot was
centered inside a 4 mm hole in a quartz view-
screen attached to the gold foil. The beam direc-
tion was defined by its position at the converter
and by the requirement that it pass through the
center of a quadrupole doublet 3 m upstream. Due

to multiple scattering of the electrons in the con-
verter, the photon beam was produced in a cone
of half angle -6, resulting in a width [full width at
half maximum (FWHM)] of about 14.5 cm at the
target position 70 cm downstream.

The experimental arrangement is shown in Fig. .

2. Photons scattered by a 10 cm square target
were observed with a 55 cm' Ge(Li) detector at
127' relative to the incident beam. For the self-
absorption measurements absorbers were inserted
directly after the Faraday cup. For the spin de-
terminations, additional scattering data were taken
with the detector at 90'. The detector shielding
was lead and tungsten, faced with copper and iron
to reduce photoneutron production in the shield-
ing."" The target-in to target-out background ra-
tio for photon energies above a few MeV was ty-
pically larger than 15:1 for a 2 g/cm' lead target
and 4:1 for a 8 g/cm' aluminum target. The back-
ground rises sharply at low energies; since the
total counting rate must be limited due to pileup
effects, and since we were operating with surplus
beam intensity, the scattered beam was hardened
with an absorber of copper and lead.

Signals from the detector were accumulated in

MUSL —2
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TRANSPORT
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ISO' MAGNET
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FIG. 1. MUSI 2 and the resonance fluorescence experimental area.
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FIG; 2. Scattering geometry and shielding.

an 8192 channel spectrum in an on-line PDP-15
computer. Low energy events (~2 MeV) were re-
jected by a linear gate to minimize analog-to-di-
gital converter (ADC) dead time, and a pileup re-
jection circuit maintained an acceptable energy
resolution at high counting rates. Pileup losses
and gain and zero shifts in the electronics were
monitored with a precision, thermally stabilized
pulser, triggered at a rate proportional to the
beam intensity. The test pulses passed through
the same linear chain as the photon pulses, but
were identified and stored separately. Drift cor-
rections calculated every five minutes from the
positions of two pulser peaks were applied to the
incoming data. The average counting rate in the
detector was normally about 30000 counts per
second, resulting in pileup losses of about 40%
of the total events The r.esolution was typically
7 keV FWHM at 7 MeV for data accumulated over
a two day run.

In the resulting spectra, full energy and escape
peaks from the resonant scattering rest on a
smooth background due to nonresonant scattering
and Compton tails from higher energy photons.
The peak centroids and areas were extracted from
fits to the data with an empirical line shape and
a smooth background, using the computer pro-
gram 'SAMPO.

The peak centroids were related to energies by
a linear calibration based on levels excited in 'B
at 2.125, 4.445, 5.021, 7.286, and 8.920 MeV, us-
ing the known transition energies" (taking recoil
into account) and the 511 keV spacing between the
peaks in the Ge(Li) response function. Energies
of strong levels were determined to within 1 to 2
keV."

In the extraction of scattering cross sections
from the peak areas [Eq. (4)], N„,(E)e(E) was de-
termined through an extensive calibration proce-
dure" by measuring the scattering from nineteen
levels in "B, "Mg, "Al, "P, "Sr, and "'Pb (see
Table I), whose nuclear parameters had been de-
termined elsewhere. "'"" An additional ten lev-
els in "Al were also used as relative calibration
points. " A complete calibration was performed
for every 2 to 3 day run, with the electron charge
collected in the Faraday cup serving as a relative
monitor of the photon intensity. N„,(E}e(E)was
measured with seven different beam end-point en-
ergies from 7.0 to 11.3 MeV. For purposes of
comparison, the hardener transmission and the
efficiency function measured for a similar detec-
tor" were used to extract the incident photon in-
tensity in each case. A composite of these results
is shown in Fig. 3; a particular curve of 7.65 MeV
end-point energy is displayed in Fig. 4. The data
for each beam energy are well described by a
simple exponential function over a large energy
region (away from the endpoint). In these regions
N„,(E)e(E}was determined to within 15%.

The targets, scattering angles, and beam ener-
gies used in all of the experiments on lead and
bismuth are summarized in Table II. Scattering
measurements at 127' were made for all four nu-
clei. At this backward angle the atomic scatter-
ing background is reduced, while proximity to the
zero of P,(cos8) makes the angular distribution
factor W(8) identical for all dipole transitions (in-
dependent of J, and J',). For the spin zero nuclei
'"Pb and '"Pb, additional data were taken at 90,
the maximum of the quadrupole distribution. Di-
pole and quadrupole transitions were then easily
distinguished on the basis of the relative yields at
90' and 127'. Finally, a self-absorption measure-
ment was made for "'Pb using an enriched scat-
terer, a resonant absorber of the same material,
and a comparison absorber of '"Bi of identical
shape and thickness. The absorbers were inter-
changed every two hours to cancel the effects of
any systematic changes in the resonant and non-
resonant absorber spectra over the 24 h run.
The counting rates and pileup losses were essen-
tially the same in both spectra, and the peaks
were fit with identical line shapes and similar
backgrounds. A check for differences in the atom-
ic absorption using a boron scatterer with the
lead and bismuth absorbers showed no difference
in the yields of the strong "Blevels.

IV. RESULTS AND DISCUSSION

A. ~Pb
The' complete experimental results for ' 'Pb are

summarized in Table III. Values of gi', '/I' for 14



1424 T. CHAPURAN, R. VODHANEL, AND M. K. BRUSSEL 22

TABLE I. Level parameters used in&&„(E)&(&) calibration.

Nucleus

ii B

24Mg

2~A1

3ip

88Sr

208pb

2

p+

5+
2
f+
2

p+

p+

Energy
(MeV)

2.125

4.445

5.021

8.920

9.827

9.965

10.711

2.981

3.134

3.506

7.139

8.209

6.212

6.333

4.842

5.293

5.512

7.063

7.083

Jfl
e

1

2
5"
2

3
2

5
2

3+
2

1+
2

3+
2

1+
'2
3'
2

rp (ev)

0.136+ 0.010

0.61 +0.03

1.85 + 0.18

4.55 +0.46

1.05 + 0.26

] 7+imp

4.50 +0.73

6.2 2'~

16.6 + 1.9
0.11 +0.01

0.062 + 0.004

0.032+ 0.005

1.45 + 0.11

1.4 + 0.1
2.33 +Q.22

3.60 + 0.35

6.9 + 1.4
5.1 + 0.8

7.0 + 1.4
21.4 + 2.2

16.9 + 3.1'
9.0 + 1.6

rp/r

1.0
1.0

0.83 + 0.05

0.95 + 0.01

0.82 + 0.08

0.71 + 0.06

0.81 + 0.04

1.0
0.974+ 0.003

0.62 + 0.04

1.0
0.54

1.0
1.0
1.0

1.0
1.0
1.0
1.0

References

19-21

17,20-22

23, 24

25

23, 24

25

24, 25

24, 26

26-28

29

30

30

Ip = 25 9 + 2 1 from Ref. 31 for the unresolved 7.063-7.083 MeV doublet; the relative
strengths are taken from our measurements.

levels were extracted from scattering measure-
ments at 127' using enriched "'Pb targets and
bremsstrahlung produced by 7.00, 7.53, and 10.37
MeV electrons. The spins of the seven strongest
levels were determined from scattering measure-
ments at 127' and 90' using a 7.65 MeV beam;
branching ratios for these levels were also ob-
tained from self-absorption measurements using
an 8.00 MeV beam.

The V.O and V.5 MeV spectra are shown in Fig.
5; the strong, well-known levels at 4.842,
5.293, 5.512, 6.720, 7.063, V.083, and V.332 MeV
are easily seen. The weaker levels (I','/I's 3 eV)
at 6.263, 6.312, and 6.363 MeV rise more clearly
a.bove the background in the V.O MeV da.ta, demon-
strating the enhanced sensitivity near the brems-
strahlung end point. The overall sensitivity of
these measurements is indicated by the observa-
tion of levels at 5.948 and "l.243 MeV (I','/I' = 1.0
and 1.7 eV, respectively) which had not been de-
tected in previous photon scattering experiments.

Other levels of this strength may have been
missed, however, because of the complicated "'Pb
spectrum (due to the 26/p target contaminant) seen
emerging from the background. Knowledge of
this spectrum was essential in properly distin-
guishing the Pb and Pb peaks. In particular,
levels in "'pb at energies near 6.720, 7.063, and
V.083 MeV produced approximately 15/0, 6/0, and
4%, respectively, of the resonant scattering ob-
served from the enriched ' Pb target at those en-
ergies. These effects, which have not been pre-
viously reported, would be still larger for the nat-
ural lead targets used in several earlier "'Pb ex-
periments. Measurements using enriched targets
of both isotopes were combined in determining
their respective contributions.

Additional data taken at 90 and 127 with a 7.65
MeV beam were used to determine the spins of
the strongest levels. Table IV shows the mea-
sured ratios of the cross sections at 90' to 127',
the predicted values for dipole and quadrupole
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FIG. 3. Summary of photon intensity measurements
for bremsstrahlung end-point energies of 7.00, 7.65,
8.50, 9.30, 10.37, .and 11.32 MeV. N&n, (E) is the num-
ber of photons per unit energy striking the target, per
unit charge collected from the electron beam. The cali-
bration levels listed in Table I are represented by
squares and triangles; the 2zAl relative calibration lines
{whose widths were measured with the 10.4 MeV beam)
are represented by circles. The error bars include both
statistical and calibration uncertainties. A few points at
low energy or far from the curves are not included.

scattering are O. VS and 2.20 (taking account of the
finite angular acceptance). The listed uncertain-
ties are statistical only', the measurement for the
4.085 MeV level has been included for complete-
ness despite its poor statistics, since it is the only
known quadrupole transition' that we observed.

I

6.0
0.1

I

2.0 5.0 7.0

ENERGY (MeV)

FIG. 4. , Complete photon intensity measurement for
the 7.65 MeV beam. Levels listed, in Table I are repre-
sented by circles and the 2'Al relative calibration points
by tria, ngl'es. The er ror bars include both statistical and
calibration uncertainties.

I

5.0
I

4.0 8.0

The ratios foi the remaining levels are in good
agreement with the dipole prediction, consistent
with earlier measurements of these- spins. '
The transitions at 5.948, 6.262, and 7.278 MeV
were also reported to be dipole. """ A dipole
character for the remaining three excitatioris was
assumed for the purpose of extracting the decay
widths listed in Table III.

The uncertainties in the measured values of r,2/

1 listed in Table III include both statistical errors

TABLE II. Experiments performed on lead arid bismuth isotopes.

Nucleus

20epb

20zpb

20'pb

209B-

-@(v,~)
(MeV)

6.7

7.4

Beam
energy (MeV)

8.50

8.50
7.00

7.65
7.00

7.53
10.37
7.65
7.65
8.00'
7.65

Scattering
angle

127'

90'
127'

127'
127'

127'
127'
127'
90'

127'
127

Target
thickness
{g/em')

2.43

2.43
10.4avg

10.4avg
2.14

1.91
1.91
3.54
3.54
2.14
3.11

Target
isotopic

abundances

88.0% 206
9.0' 207

. 3.0' 208
2.6' 206

84.8' 207
12.6% 208
25.8% 206
1.7% 207

72.5% 208

100fo 209

Hardener was 62.5 g/cm2 copper plus 21.6 g/oman lead for these runs; for all other runs,
62.5 g/cm copper plus 14.4 g/cd lead were used.

Open right circular cylinder: 5.4 cm outer diam&4. 7 cm inner diamx 5.5 cm. Mass
=309 g.

~ Self-absorption experiment using 3.51 g/cm2 enriched 208Pb and 3.52 g/cm to~Bi ab-
sorbera.
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TABLE III. Pb results. The values for IO /F have
been extracted assuming J=1 where not measured (ex-
cept J =2 for the level at 4.085 MeV). The listed un-
certainties for I'0/ I include statistical errors only,
while those for I'02/ I' also include the uncertainty in

N~ (E)e(E).

Energy (keV) rO /F (eV) rO/r

4085.2 + 2.0
4841.6 + 1.0
5292.6+ 2.0
5512.2 + 1.0
5948.0 + 3.0
6263.4 + 3.0
6311.7 + 3.0
6362.8 + 3.0
6720.1+1.5
7063.3 + 1.5
7082.8+ 1.5
7243.0 + 4.0
7277.9+ 4.0
7332.2+ 1.5

0.68
5.0
5.1

22.3
1.0
2.6
3.2
1.6
7.6

15.7
8.8
1.7
1.7

26.9

+ 0.15
+0.8
+0.8
+ 3.4
+0.3
+0.5
+ p.6
+ p.4
+ 1.5
+ 2.6
+ 1.5
+p.6
+ 0.6
+4.8

p 85+0+13

p 78+0.22

p 98+0.02

] pp+0. 00

0 98+002M007

1 pp+OAO

See text for discussion.

and a 15%%uo uncertainty in the value of N„,(E)&(E)
for levels distant from the end-point energy.
Widths of the levels at 7.063, 7.083, and 7.332
MeV are based on the 10.4 MeV data only, since
the photon intensity at these energies was much
less accurately determined with the 7.5 MeV
beam. Where I',/I' was not measured, the listed
widths were extracted from the scattering mea-
surements assuming F,/F = 1. The value of gF, '/F
is nonetheless determined rather accurately in
this way. For example, even for the very strong
level at 5.512 MeV the assumption of a branching
ratio of 0.5 would produce a value of gF, '/F within
11%% of that calculated for I,/1 = 1.

FJF ratios for seven levels were extracted
from the scattering and self-absorption measure-
ments. For the latter the 2.1 g/cm' enriched "'Pb
scatterer was used with 3.5 g/cm' resonant and
nonresonant absorbers. Figure 6 shows a portion
of the spectrum obtained with each of the absorb-
ers; the resonant absorption reduces the peak
areas by about 40%. The results for the branching
ratios in T'able GI are all consistent with nearly
100%%uo decay to the ground state; the listed uncer-
tainties are calculated from statistical errors on-
ly. We believe the total possible systematic error
in the measurements to be less than a few per-
cent, resulting in a possible 10%%uo systematic error
in the extracted branching ratios. Our measure-
ment for the 7.083 MeV level corresponded to a
branching ratio greater than unity (by almost two
standard deviations}. Systematic errors would all
produce effects in the opposite direction. Since
this anomaly appears to be statistical in nature,

we have set I',/I'= 1 for this level.
As an example, the combined results of the scat-

tering and self-absorption experiments for the lev-
el at 4.842 MeV are displayed graphically in Fig.
7. Shown are the regions in the I", vs 1" plane con-
sistent with each measurement, based on numeri-
cal calculations including absorption and Doppler
broadening. The error band for the self-absorp-
tion measurement reflects statistical errors only,
while that for the scattering also includes the

N,.„,(E)&(E) uncertainty. The scattering curves lie
near trajectories of constant I",'/I', with small
deviations caused by absorption in the target. The
self-absorption curves for large values of I' ap-
proach straight lines drawn through the origin
(trajectories of constant I,/I'}, illustrating that
the branching ratio is determined by the absorption
measurement when Doppler broadening is negligi-
ble (b, = 2.5 eV for this level). The shaded region
in Fig. 7 is the locus of points consistent with
both measurements which satisfy the additional re-
quirement that I',/1 ~ 1. Corresponding results
were obtained for the six other levels measured;
several representative cases are shown in Fig. 8.

A cpmparispn pf pur Pb widths with thpse pf
other experiments is presented in Table V. Of the
low resolution (-100 keV) photon scattering mea-
surements, only the most recent, by Laszewski
and Axel, are presented"; earlier studies were
made by Reibel and Mann, "Fuller and Hayward, '
and Axel et a/. ' The high resolution data were ob-
tained from scattering and absorption measure-
ments using photons produced by bremsstrah-
Iung, ' ' ' by (n, y) reactions, "4' by the
"F(p, ny)"0 reaction, """and by the "S(p,y)"Cl
reaction. "

The first two columns of Table V show that the
present results for the widths of the strong "'Pb
transitions are- systematically smaller than those
reported in an earlier version of this experiment
by Coope et al." This effect primarily results
from changes in the N, „,(E)e(E) calibration. The
earlier calibration was based partly on prelimin-
ary tagged photon results" "for '"Pb and "Sr,
which were systematically 15-20% higher than
the values used here. Furthermore, because our
measurements are more extensive (using more
calibration levels and beam energies) a more ac-
curate evaluation of the shape and magnitude of
the N,.„(E)e(E) curves was possible. This is re-
flected in the smaller uncertainties here assigned
to widths of strong levels. On the other hand, our
enhanced sensitivity to weaker levels is due to
improved resolution and statistics, and to the con-
tinuously variable beam energy available with
MUSL-2.

The comparison of our widths with recent reso-
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TABLE IV. Pb angular distribution measurements. Listed uncertainties are statistical
only.

Energy (MeV) W(90')/ W(12 7')

4.085
4.842
5.293
5.512
6.720
7.063
7.083
7.332

1.74+ 1.10
0.71+ 0.07
0.74+ 0.12
0.68+ 0.04
0.71+0.07
0.76 + 0.05
0.72 +0.08
0.75 + 0.09

Dipole
Quadrupole

w(8)

1+ 0.500 &&(cos8)
1+ 0.357 &p(cos8) + 1.143 P (cos8)

W(90')/ W(12 7')

0.73
2.28

The experimental ratio for quadrupole scattering is reduced to 2.20 by the finite angular
acceptance of the detector.

nance fluorescence measurements from Giessen"
(shown in the third column of Table V) is reassur-
ing. At Giessen, the shape of the incident photon
spectrum was directly measured from the photo-
disintegration of deuterium. The absolute intensity
was determined by the scattering from the 7.063
MeV level using the width reported by Coope et
g/. " For comparison with our data, we have re-
normalized their flux using the tagged photon re-
sult" for this level (with the relative strengths of
the unresolved 7.063 and 7.083 MeV levels deter-
mined from the high resolution experiments).
Such an adjustment yields widths and relative
strengths for the remaining levels generally in
good agreement with our own, and provides a
check on our measurement of the shape of the in-
cident photon spectrum.

The Illinois tagged photon measurements" listed

in the fourth column of Table V represent the total
photon strength contained within the -100 keV res-
olution of the bremsstrahlung tagging process.
The listed widths for the levels at 4.842, 5.293,
5.512, and 7.063-7.083 MeV (which are in reason-
ably good agreement with nearby calibration levels
in other nuclei) have been used as part of the

N„,(E)e(E) calibration for the present experiment.
However, near the 6.720 and 7.332 MeV transi-
tions, the low resolution measurements indicate
considerably more strength than was observed
with the Ge(Li). This discrepancy may be due to
the presence of additional weak levels in the vi-
cinity of these two energies, levels too small to
be individually seen above the background in our
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FIG. 6. Self-absorption experiment for P Pb. Shown
is a portion of the spectrum obtained with the nonreson-
ant (upper) and the resonant (lower) absorbers in place.
The nonresonant spectrum has been normalized to ac-
count for the different integrated incident photon Qux in
the two runs. The peak areas are reduced in the lower
spectrum due to the resonant absorption. One channel
corresponds to 1.37 keV.
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FIG. 7. Combined results of the self-absorption and
scattering measurements for the 4.842 MeV level in

pb. The dashed curves indicate combinations of I'p

and I' which reprodu. ce the experimental results; the
solid curves represent the error band for each case.
The shaded region contains the values of I'p and I' con-
sistent with both experiments, and with the condition
rp/r & 1.
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measurements but combining to contribute signi-
ficantly to the tagged photon data. In both experi-
ments, the 7 MeV doublet and the 7.332 MeV level
were measured simultaneously, and their relative
strengths should have been accurately determined.
Since our sensitivity in 1','/I' of levels near 'l. 3
MeV is -1.5 eV, a number of small levels are re-
quired to explain the additional strength in this
region.

This pattern of results is well supported by the

Giessen data, and is also reflected in the relative
strengths reported by Knowles et al."(column 5
of Table V) for the levels at 6.V20, 'l. 063, 7.083,
and 7.332 MeV. However, this latter experiment,
along with the work of Swann" and of Yeh and
Lancman (columns 6 and V), indicates much
more strength in the doublet than was observed
with tagged photons or in two other experi-
ments. "46 Our own &„,(E)g(E) calibration mea-
surements ' show that such a large strength for
the doublet is inconsistent with the reported widths
for nearby levels in "P at 7.139 MeV and in "O
at 6.912 and 'l. l1'I MeV (I'0= 0.11 and 0.055 eV,
respectively" ).

The tagged photon work also detected strength
(I','/1" = 4.4 eV) near 5.85 MeV, where we found no

strong levels (weak levels would be obscured by
known '"Pb transitions), and near 6.26 MeV (1 0'/
I'= 8.9 eV), largely explained by the levels at
6.262, 6.312, and 6.363 MeV. The weak transition
which we observed at 7.278 MeV corresponds in
energy to an M1 transition known from scattering
experiments using "Fe(n, y) photon sources43; our
larger value for the width could indicate that we
also excited another nearby level not reached with
the highly monochromatic (n, y) beam. Finally, the
absence of strong peaks in the spectrum at 6.972
and 7.201 MeV is consistent with the recent M2
assignments for levels observed at these ener-
gies" in back angle (e, e'} experiments at Darm-
stadt. M1 transitions with the reported widths
and reasonable branching ratios would be easily
visible in the spectrum shown in Fig. 5.

Table VI summarizes measurements of the
branching ratios. The results listed in the second
column are from a (p, p'y) experiment. ' The
listed errors are statistical; the reported possi-
ble systematic errors are 25%%uo. The extremely
small branching ratio reported here for the 6.720
MeV transition may imply that it is not the same
level excited by photon scattering. The branching
ratio of 0.5 attributed to a level at 7.09 MeV
could correspond to either or both members of
the doublet. The self-absorption measurement by
Swann" of 1"o/1"= 0.8 was based on the combined
scattering from both levels and is inconsistent
with a branching ratio of 0.5, while a ratio of 1.0
cannot be ruled out by the data. The resonance
fluorescence production experiment by Scholz"
does yield a low value for the 7.083 MeV level,
although the ascribed errors are quite large. Our
own self-absorption results indicate branching ra-
tios close to unity for all of the levels observed.

It has been suggested" that the level at 4.842
MeV corresponds to an unresolved doublet of 1
and 1' states (with a spacing of s3 keV}. I',

2.38"~ eV was reported as the weighted aver-
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TABLE V. Comparison of measured level widths for Pb. The listed results from Ref. 35 have been renormalized
from the values originally reported; see text for discussion.

Energy
(MeV)

r, '/r'
(eV)

I 2/rb
(eV)

rp /r
(eV)

r 2/Id
(eV)

r, '/r'
(eV)

r 2/r
(eV)

r, '/r
(eV)

I'p2/r
(eV)

4.0 85
4.842
5.293
5.512
5.948
6.262
6.312
6.363
6.720
7.063
7.083
7.243
7.278
7.332

0.68+ 0.15
5.0 + 0.8
5.1 + 0.8

22.3 + 3.4
1.0 + 0.3
2.6 + 0.5
3.2 + 0.6
1.6 +0.4
7.6 +1.5

15.7 + 2.6
8.8 +1.5
1.7 + Q.6
1.7 + 0.6

26.9 + 4.8

0.51+ 0.20
6.3 + 2.2
8.6 +3.0

28 +10

4.1 + 1.8
pm

5m

15 +6
29 +10
14 +5

38 +13

4.6+ 0.7
19.4 + 1.0

4.4+ 0.9

7.2 + 0.6
(16.9)"

7.4 + 0.8

25.5+ 1.3

6.9+ 1.4
7.0 + 1.4

21.4+ 2.2

13.0+ 1.6
25.9 + 2.1

44.5+ 2.9

6+2
7+ 2

18+3

13+3
24+ 3
15+3

42+ 1

0.49+ 0.05
5.1 + 0.8~

~3h
~2h

29+ 3'
16+3'

18 +3j
9.8

0.78+ 0.06'

This work.
Reference 10.

c Reference 35.
d Reference 31.

Reference 42.
Reference 36.

g Reference 32.
"Reference 37.
' Reference 44.
~ Reference 46.

Reference 45; r=26 &3~2 eV, I'0=16+4~ eV.
~ Reference 43.

Uncertainties "in excess of 50%."
"Value used for normalization of incident photon spectrum.

1

TABLE VI. Comparison of measured branching ratios for Pb.

Energy
(MeV)

4.842

5.293

5.512

6.720

7.063

7.083

7.332

r /ra

p 85+013

p 78+pe22

p gs+p p2

1 pp+0.00

p gs+0.02

1.0 8

1 Op+0.00

ro/r

0.80 + 0.08

0.78 + 0.07

0.067+ 0.008

0.50 + 0.04 g

rp/ I'

10h

1 ph

1 ph

p 9+0.1

0.8 0'3
+0.2

rp/r'

0.62'

This work; listed uncertainties are statistical only.
Reference 50.

c Reference 37.
Reference 52.

~ Reference 44.
f Reference 45.
g See text for discussion.

Uncertainties reported as 20-4Q %.
' l'= 26+&352 eV, I'p= 16+6 eV.
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age of the values of 1",determined in three self-
absorption measurements (including one using a
heated absorber, T = 300' C, n = 8.4 eV), com-
pared with the scattering measurement value of
I','/I'=4. 9+0.5 eV. The argument made was that
since these results are inconsistent for a single,
level with I',/I' ~ 1, the existence of two levels
with 1,= 2.5 eV is indicated. Our own results for
the 4.842 MeV level (at room temperature, d

= 2.5 eV), shown graphically in Fig. l, do not re-
quire such an assumption. A large range of
ground state decay widths are consistent with both
the scattering and the self-absorption measure-
ments. As indicated in Fig. 7 one cannot extract
a value of 1 p from the absorption measurement
alone (i.e. , we are not in the regime b,/I'» 1). If
we assume I'JI'= 1, our absorption results yield
Zp 2 8+p 5 which indeed does not agree with the
scattering measurement. However, there is a
range of consistent solutions for 1 p corresponding
to values of 0.'39&1'Jl"&0.98.

A number of other experiments have been per-
formed which yield complementary information
about the levels excited in photon scattering from
"'Pb. Assignments of natural parity have been
made for almost all of the strongly excited lev-
els" "" including the state at 7.063 MeV, sus-
pected until recently of being an important part
of the M1 giant resonance. Several conflicting
measurements exist for the parity of the level at
4.842 MeV. Originally reported to be a 1 state
on the basis of photon scattering polarization mea-
surements. at Bartol, "a J'= 1 assignment was
favored by (n, o. ') measurements. " Later Bartol
photon scattering results" were inconsistent with
either a pure E1 or M1 assignment and, as noted
above, suggested the possibility of a J'= 1,1'
doublet. However, no evidence for such a 1' state
has been found in recent 180 electron scattering
measurements by Raman et aL" The weak transi-
tion at 7.279 MeV remains the only unchallenged
M1 excitation ' below the neutron threshold. Fur-
thermore, although some dipole strength (Zl, '/I"
s 20 eV) may remain unresolved within 1 MeV be-
low the threshold, our data places an upper limit
of I','/I" & 1.5 eV on any individual Ml or E1 tran-
sition yet to be found in this region. The existing
evidence for M1 strength above the neutron thresh-
old has been recently reviewed. "

Charged particle scattering' ""and transfer
reactions"" "have been used to excite single
particle and single hole states in the neighbors of

'Pb and to identi. fy the particle-hole configura-
tions involved in particular excited states of the
core. The levels most strongly excited in photon
scattering, such as the state at 5.512 MeV, ap-
pear to have strongly mixed configurations. On

the other hand, the 5.293 MeV state contains a
large ~s, &,p, &, ') neutron component, and most
of the Id, &,p, &, ') neutron strength has been lo-
cated"" at about 5.94 MeV. This latter state
may correspond to the excitation we observe at
5.948 MeV, which was too weak to be detected in
previous photon scattering experiments.

A number of calculations have been performed
which predict the location of electric dipole
strength in "~Pb. The pioneering work of Brown
and Bolsterli" demonstrated with a simple
"schematic" model that a giant resonance con-
taining all of the dipole strength could be formed
from a superposition of the simple particle-hole
states mixed by the residual interaction. More
realistic calculations' ' indicate that a few percent
of the E1 strength remains in the region of the un-
perturbed particle-hole states (-5-9 MeV).

An interesting study by Harvey and Khanna~

identified some of the elements of the calculations
which are important in determining the predicted
distribution of strength. In the schematic model,
it is the approximation that all of the radial inte-
grals (over the various particle-hole states) are
identical which causes all of the dipole strength to
be concentrated in the giant resonance; the more
realistic approximations allow some strength to
remain near the energies of the unperturbed exci-
tations. In '"Pb, the -2 MeV difference in the
mean energies of the proton and neutron particle-
hole states can lead to a grouping of strength into
two "mini resonances" made up of highly mixed
proton and neutron particle-hole excitations, which
could correspond to the concentrations of strength
observed experimentally" in the lead region near
5 and 7 MeV. None of the strong states of Ref. 4
have more than 15% of any particular particle-hole
component. Unfortunately, the position of the giant
resonance and the distribution of strength at lower
energies is also sensitive to the range of the Gaussian
function used to describe the residual interaction.

P

Comparisons of several sets of calculational re-
sults with each other gad with experimental data
have been made, " ' and will not be repeated here.
The calculations do'not yet appear to warrant a
quantitative corn arison with the data in the energy
region from 5- 0 MeV. Nonetheless, it is clear
that the detailed distribution of photon strength in
this energy region in ' 'Pb provides a difficult and
sensitive teyt for calculations yet to be developed.

B. 7Pb and Bi

The ex'perimental results for '"Pb and "'Bi are
summarized and compared with previous measure-
ments in Tables VII and VIII. Measurements were
made at 127' on both nuclei using a 7.65 MeV elec-
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TABLE VII. Comparison of measured level widths for
~Pb. Values of gl'0~/ I' were extracted from the present

experiment assuming dipole angular distributions. Un-
certainties include statistical and calibration errors.

Energy'
(MeV+ keV)

ZI'p'/I
(eV)

gZ '/Z~
(eV)

gl'/r'
(eV)

4.871+2
4.981+2
5.489+ 2

5.596~ 2
5.611+ 2d

5.690+2
~ 5.714+2

5.734+ 2
5.794+ 4
6.179+ 2d

6.542 + 4
6.735+ 4
6.749+ 4
6.818+4
7.306+ 4

7.1+1.1
6.1+1.2

11.4 + 1.9
9.0 ~1.4
5.5+0.9
3.0 + 0.6
6.2 + 1.2
5.1+ 1.1
2.4+ 1.0
3.3+0.7
2.3 + 0.6
2.7+ 0.7
7.2 + 1.4
5.1+0.9
3.0 + 0.8

13e,f
7f

8'

3.6+ 0.5
4.0+ 0.5

This work.
Reference 10.
Reference 36.
Possible inelastic transitions; see text for discussion.' Contains contribution from an additional level; see

text for discussion.
Uncertainties "in excess of 50%."

tron beam. In addition a 7.00 MeV beam measure-
ment was made for '~Pb. The values of gI', '/I'
were extracted assuming a dipole angular distribu-
tion.

We report fifteen levels in '"Pb, including three
above the (y, n) threshold at 6.738 MeV. Figure 9
shows the ' 'Pb spectra. The strong peaks. ob-
served at the energies of "'Pb transitions are con-
sistent with the 13% "'Pb contaminant in the en-
riched '"Pb target. The (-7 keV) energy resolu-
tion achieved is indicated by the essentially com-
plete separation of the two levels at 5.596 and
5.611 MeV.

The spectra were examined for evidence of
branching from the observed resonances to low-
lying levels in ' Pb. Only two excited states be-
low 2 MeV can be reached by dipole or quadrupole
transitions from levels excited in this experiment,
the —,

' state at 570 keV and the & state at 898 keV.
Two cases of possible branching were observed,
both involving the first excited state (4'=-,' ) at
570 keV. Decay of the resonance at 6.749 MeV to
this state would produce an inelastic peak at 6.179
MeV. Comparison of the relative counting rates
yields a branching ratio for the 6.749 MeV level of
I',/I'= 0.53 +0.03 if other branching can be ignored.
An alternative possibility is that the peak at 5.611
MeV is produced by decay of a resonance at 6.179
MeV to the first excited state. This would imply

TABLE VIII. Comparison of measured level widths
for Bi. Values of gI'p /I' were extracted from the
present experiment assuming dipole angular distribu-
tions; uncertainties include statistical and calibration
errors. Parentheses indicate tentative assignments;
levels in brackets are probably unresolved multiplets.

Energy
(MeV + keV)

gI' 2/Z'
(eV)

gI' ~/I ~

(eV)
g Ip2/ I c

(eV)

3.980 + 4
4.757+ 2
4.797+ 2
4.831+2
(5.183+4)
5.236+ 2
5.281+ 2
5.293+ 2
5.314+ 2
5.354+ 4

{5.410}
(5.424 + 4)
5.440 + 4
5.462 + 4
5.485+ 2
5.497+ 2

{5.5os}
{5.536}
5.554+ 2
5.573+ 4
5.590 + 2
5.662+ 2

(6.911+ 4)
(6.945+ 4)
6.983+ 4

(7.106+ 4)
7.171+4
7.246 + 4
7.264+ 4
7.287+ 4
7.360+ 4

0.88+ 0.31
2.7 + 0.7
3.5 + 0.9
1.5 + 0.3
0.9 + 0.3
1.4 + 0.3
5.5 + 1.1
2.2 + 0.6
3.0 + 0.9
3.3 + 0.8
3.3 +0.8
1.7 +0.5
1.6 + 0.5
1.4 +0.4
4.0 +0.8
4.8 + 0.9
6.8 + 1.2
4.4 +1.0
2.6 + 0.8
1.7 +1.0
3.2 + 0.9
1.6 + 0.4
2.4 + 0.5
2.1 + 0.6
2.6 +0.5
1.0 + 0.3
4.7 +1.0
3.7 + 0.8
2.4 + 0.9
2.6 +0.7
4.3 + 1.1

]0d

12 +5

8.3+ 3.7

17 +6

6.6 + 2.6

0.82 + 0.08
2.9 + 0.5
2.7 + 0.5
1.4 + 0.3

~ This work.
Reference 10.

c Reference 36.
Uncertainty reported "in excess of 50%."

a branching ratio for the 6.179 MeV level of I',/I'
= 0.29 + 0.03.

The comparison in Table VII of the present re-
sults with those from the earlier (MUSL-1) work
of Coope et gl."shows reasonable agreement in
most cases, in view of the increased sensitivity
and precision of the newer measurements. The
strength reported by Coope near 4.871 MeV in-
cluded contributions from two partially resolved
levels at 4.847 and 4.875 MeV. The lower of these
is actually consistent in our data (both in energy
and counting rate) with the 4.842 MeV transition in
the "'Pb target contaminant. Coope reported ad-
ditional levels at 5.209 and 5.223 MeV, each with
gI', '/I'= 8 eV. We find no evidence. for a transition
at 5.209 MeV, while most of the yield at 5.223
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MeV is due to an escape peak from a newly re-
solved transition at 5.734 MeV. The spectrum
does appear to show a level at 5.223 MeV (based
on an apparent double escape peak) with gl', '/I'
- 2.5 eV, but a definite assignment has not been
made due to inconsistencies in the escape peak ra-
tios, mhich probably imply contributions from ad-
ditional unidentified levels. Similar effects pre-
vent extraction of reliable strengths for the ap-
parent weak-coupling doublet observed by Swann"
at 4.104 and 4.140 MeV (near the "'Pb 4.085 MeV
2' state); the widths assigned to the 4.871 and
4.981 MeV levels in that experiment are smaller
than our results (see Table VII).

Three levels have been observed above neutron
threshold (6.738 MeV). Two, at 6.749 MeV
(gl', '/I'= 7.2 eV) and 6.818 MeV (gl', '/I' = 5.1 eV),
may correspond to small neutron resonances on
'"Pb observed" at 11.3 and 80.4 keV, respective-
ly. The third, at 7.306 MeV (E„=571+4 keV) is
close to neutron resonances observed at 570.8 and
572.4 keV. The former has the spin-parity as-
signment J'=-,", the latter —,''. Only —', + would be
viable for a photon transition to the ground state
of "'Pb( —,

' ). No evidence was found for the exis-
tence of levels reported by Swann" at 7.186 and
7.206 MeV with@I', '/I'=15 and 25 eV, respective-
ly (refer to Fig. 9).

Results from the more complicated "'Bi spec-
trum are presented in Table VIII. Widths are giv-
en for 31 levels. As indicated, three appear to be
unresolved multiplets, and another five are given
tentative assignments because of insufficient yields
or resolution. The spectrum obtained (in 48 hours)
with a 7.6 MeV beam is shown in Fig. 10, where
only some of the more prominent. peaks are la-
beled. A high density of rather weak levels (gl', '/
I'-3 eV) is found in the region from 5.2 to 5.6
MeV, while another grouping of states above 7

MeV is barely observable above the background.
Since a large concentration of strength is known
to be present near 7 MeV from the tagged photon
measurements" (see Sec. IVD), this strength
must be shared among a very large number of
weak levels.

A search was made for branching of the observed
resonances to low-lying levels. Only two states in
"'Bi below 2.5 MeV of excitation have the proper
spin and parity to be reached by dipole or quadru-
pole decays. These are the first two excited
states, at 896 keV (J'= -', ) and at 1.608 MeV (j'
= —", '}. No evidence of inelastic transitions to these
states was found.

The present results are compared with the mea-
surements of Coope et al."and of Swann" in Table
VIII. The energies originally reported by Swann
for the three levels near 4.8 MeV mere later in-

creased by ll keV (Ref. 64); these values agree
well with our measurements. However, all of our
energies (which have been checked and remea-
sured) are systematically -12 keV lower than those
reported by Coope et al. All three experiments
are in good agreement for the widths of the levels
listed below 5 MeV. Swann reports five additional
levels near 4 MeV with gl', '/I'-0. 3 eV, which are
too meak to have been distinguished by us. Addi-
tional levels seen by C oope at 4.228 and 4.501
MeV with gl', '/I'- 3 eV were not reported by Swann
and are not supported by our data. At higher en-
ergies, the present results are generally consis-
tent with the older measurements within the ex-
perimental errors.

Swann has also reported levels in '"Bi at 7.179
and 7.202 MeV with gl', '/I' = 24 and 30 eV, re-
spectively. " The first of these could correspond
to our level at 7.171 MeV (particularly since en-
ergies measured for the nearby '"Pb doublet in
the same experiment are -7 keV higher than our
values). However, we measure gl', '/I'=4. 7 eV
for this level and find no evidence of a strong lev-
el near 7.20 MeV, as seen in Fig. 10. Wolf et
aL,"using neutron capture photons, report an M1
transition at 7.168 MeV with a branching ratio of
1 and I', = 0.82+ 0.04 eV. This only accounts for
part of the strength me observe at 7.171 MeV,
perhaps indicating contributions from another lev-
el not excited within the -10 eV energy spread of
the (n, y) photon beam.

The results for Pb and ' Bi are summarized
in Fig. 11, along with the widths determined for
"'Pb and "'Pb (to be discussed in Sec. IVC). Both
the '"Pb and the '"Bi spectra show a considerably
greater density of (weaker) levels than is observed in
' 'Pb, a feature interpretable as a fragmentation
of the strength resident in the '"Pb core by the
additional hole or particle.

It is interesting to consider whether the weak
coupling model' gives a viable explanation for the
levels which we observe. ~ '3 ' Bj. and Pb
are represented in this model as a "'Pb core plus
a proton or a neutron hole. One then expects ex-
cited states in these nuclei from excitations of the
core and of the valence particle (or hole). For ex-
ample, a 1 core excitation coupled to the valence
particle in its lowest energy orbit would produce
a doublet in '"Pb (p, &,$1 - -', , -', ) and a triplet in
"'Bi (h, &,61 - -'', —'', —", "). The energy splitting
of the multiplet and any shift of its centroid would
depend on the strength of the coupling of the parti-
cle to the core excitation. The cross section for
exciting a member of the multiplet would be re-
lated to its spin I according to the (2f+ 1}rule;
the total strength+pl', in the multiplet would

equal that in the core transition.
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This simple scheme has been successful in ex-
plaining the properties of the doublet in ' Pb and
the septuplet in "'Bi corresponding to the first
excited state of the "'Pb core (the 2.614 MeV octu-
pole vibration), and has also been applied to other
collectjve core excitatjons above 4 MeV. ' How-
ever, there are various instances in which such
a simple pattern might not occur. For example,
if the wave function of the excited core contained
significant components which overlapped with the
valence particle (hole) orbit, then the coupling
would not in general be weak. Also, if there were
nearby levels of the same spin and parity, a mix-
ing of these states with the weak coupling multi-
plets would be expected. Such circumstances

could alter the spacing or energy centroid of the
multiplet, reduce the strength observed in one or
more members, or distort the simple pattern
completely.

Looking at the summary of the levels drawn in
Fig. 11, one can see obvious candidates for weak
coupling multiplets near the lowest 1 transition
jn Pb at 4.842 MeV. The levels jn Pb at
4.8'l1 and 4.981 MeV have a combined gI', '/I' of
13.2 eV compared to 15 eV for the core transition.
The three levels in "'Bi at 4.757, 4.797, and
4.831 MeV are rather weaker, comprising a total
gl, '/1' of V. 'f eV. Of course, the branching ratios
for the states in "'Pb and '"Bi have not been sen-
sitively measured, preventing a direct comparison
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FIG. 11. Summary of the values of gI'0~/~ for levels in
Pb and Bi measured in this experiment.

of the strengths (gI', ). The spins and parities of
the levels in these supposed multiplets are also
not known. Nevertheless, these data suggest a
weak coupling interpretation.

Near the next strong 1 cere transition at 5.293
MeV, no levels are observed in '"Pb; the p, &,
neutron hole should not be expected to couple
weakly to the core transition, which contains a
large ~s, &,p, &, ') component. In '"Bi a closely
spaced triplet is found centered at this energy
(5.281, 5.293, and 5.314 MeV) with a combined
gl', '/I' of 10.7 eV, or about 70/0 of that measured
for the core transition.

Near the energy of the "'Pb transition at 5.512
MeV, a number of levels are observed in both
'~Pb and '"Bi, but no strong doublet or triplet
stands out. In fact, no more than 30/0 of the core
strength is evident in any two levels in '~Pb or in
any three levels in ' 'Bi near this energy. At
higher energies in '"Pb, a closely spaced doublet
is observed at 6.735 and 6.749 MeV with gl'0'/I'
about 40% as large as that for the 6.720 MeV core
transition; the other '"Pb levels are above the' 'Pb(y, n) threshold. In '~Bi there are no strong
triplets near any of the core states above 5 MeV.

The absence of a simple multiplet structure in
the spectra of ' Pb and '"Bi corresponding to the
higher energy ' 'Pb transitions may indicate the
mixing of weak coupling configurations with other
levels. The weak coupling model itself predicts

C Pb

The experimental results for "'Pb are sum-
marized in Table IX. Spins of 29 levels were
determined by measurements at 90 and 127 using
an 8.50 MeV electron beam. Values of I', '/I for
38 levels were extracted from the 127 data, as-
suming dipole transitions for levels whose spins
were not measured. As noted in Table IX, five
of these levels appear to be unresolved multiplets,
two are given tentative assignments and the re-
ported widths for three others may include con-
tributions from additional transitions which could
not be identified. The 127' spectrum is shown in
Fig. 12 and the 90' spectrum in Fig. 13. Figure
12 shows the high density of weak levels between
5.5 and 6.0 MeV; the strongest level observed be-
low 6 MeV is at 5.903 MeV, with I','/I" = 3 eV.
Nearby, at 5.512 MeV, a peak due to the strong
"'Pb transition is clearly visible, despite the fact
that the "'Pb contaminant comprises only 3/o of
the target. On the other hand, most of the yields
at 6.724., 7.062, and 7.078 MeV are due to transi-
tions in '"Pb rather than "'Pb.

The results of the angular distribution measure-
ments are presented in Table X; the quoted errors
are statistical only. The ratio determined for the
known quadrupole transition ' at 4.115 MeV is just
consistent with the solid angle averaged quadrupole
ratio of 2.20, and is much higher than the other
measurements, which are all consistent with the
dipole ratio of 0.73.

A search was made for inelastic peaks produced
by branching of the observed resonances to the
five levels of appropriate spin and parity below 2
MeV in 'o6Pb [0.803(J'= 2'), 1.165(0'), 1.460(2'),
1.704(1'), and 1.784(2') MeV]. The results are
summarized in Table XI. Four transitions below
5 MeV not reported in earlier elastic scattering
experiments by Swann" coincide in energy with
the inelastic decays indicated. Corresponding
branching ratios of the resonances were calculated
assuming no other channels were significant. The
listed uncertainties are statistical only; systemat-
ic errors may be significant, particularly due to
the large background at these energies. Three
additional lines above 6.5 MeV (not observed pre-
viously) are possible inelastic transitions, al-
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Energy a

(MeV + keV) J~
Io /I'

(eV)

I" 2/Zb

(eV)
/ I'c

(eV)

4.115+2
4.329+ 4
4.604+ 4
4.972 + 2

. 5.038+2
5.470 + 4
5.580+ 2
5.615+2
5.692+ 4
5.732 + 2
5.760 + 4
5.798+ 4
5.816+ 4
5.846+ 2
5.857+ 2
5.903+2
6.509+ 2
6.724+ 4
6.820+ 2
7.062+ 4
7.078+ 4

(7.127+ 2)
(7.202+4)'
{7.8XO}
7.423 + 4
7.464 + 4
7.487+4'
7.506+ 2
7.543+ 2
7.570 + 4

{7.815}
{7;848}
7.880+2
7.891+4
7.903+ 4
7.972+ 4

{8.000}
{8.040}

(1)
1
1

1
1
1
1
1
1

0.58+ 0.15
0.48+ 0.11
0.58+ 0.16
0.95+ 0.23
2.6 + 0.4
0.7 + 0.2
1.7 + 0.3
1.8 + p.4
0.8 + 0.2
1.3 + 0.3
0.9 +0.2
1.1 + 0.3
0.5 + 0.2
1.1 + 0.2
2.0 + 0.4
3.0 + 0.6
1.9 +0.4
3.4 +0.6
4.7 +0.9
2.5 + 0.6
0.9 + 0.3
1.0 + 0.2
1.8 +0.4
3.7 +0.9
1.6 + 0.4'

0.9 + 0.4
1.7 + 0.4
1.2 + 0.4
2.3 +0.6
1.1 + 0.5
p.8 + 0.2
1.9 +0.4
1.1 +0.3
1.6 + 0.4
2.2 + 0.5
1.0 + 0.3
1.6 + 0.4
0.27+ 0.09

0.8+ 0.3
1.6+ 0.6

0.5'
1.0'
p 5f

1.0'

3 P f

4.4+ 1.8

5.5+ 2.2
7.4+ 3.0

0.30+ 0.06
0.90 + 0.09
0.23 + 0.03
0.8 +0.2
2.3 +0.5

This work.
b Reference 10.
cReference 36

May include contribution from an additional level.
May be an inelastic transition; see text and Table XI.
Uncertainty reported "in excess of 50%."

though the resulting branching ratios are quite
small in all but one case. They are listed in
Table XI, but have also been analyzed as elastic
peaks and listed in Table IX. Finally, an addi-
tional eight transitions known to be elastic (from

TABLE IX. Comparison of measured level widths
for Pb. Values of I"0 /I" were extracted from the
present experiment assuming dipole transitions for
levels whose spins were not measured; uncertainties
include statistical and calibration errors. Parentheses
indicate tentative assignments; levels in brackets are
probably unresolved multiplets.

preliminary data with a 7.6 MeV beam, and from
the results of Swann and Coope et al. } coincide in
energy with possible inelastic decays from higher
excitations which could affect the widths quoted
for these levels in Table IX.

Table IX also compares the present results
with earlier work (Refs. 10 and 36). The new re-
sults are in very good agreement with the widths
reported by Swann for levels at 4.972 and 5.038
MeV, but there are large and rather erratic dis-
crepancies for the three lower energy levels. In
the case of the 4.115 MeV transition this could be
due to an inelastic contribution as discussed
above, but the discrepancy for the 4.329 MeV lev-
el is in the opposite direction. At higher energies,
the new results generally agree within the experi-
mental errors with the widths reported by Coope
et al.

D. Distribution of photon strength in the lead region

Our measurements of gI', '/I' for discrete levels
in all four nuclei have been summarized in Fig.
11. For a more complete description of the- dis-
tribution of photon strength, we can combine our
results with the complementary low resolution
measurements of Laszewski and Axel." The latter
experiment employed tagged photon beams (with
energy resolution from 50 to 150 keV} to measure
the energy-averaged elastic scattering cross sec-
tions. . The tagged photon data include contributions
from small levels not visible above our back-
grounds, while the higher resolution experiment
provides a more detailed account of the distribu-
tion of strength among the stronger levels.

The integral of the elastic scattering cross sec-
tion over an E1 resonance can be related to the
ground state decay width and the reduced transition
probability as follows (for a thin target}:

()
The classical E1 sum rule for '"Pb gives
QE,B,.(E1%)= V35 e'fm. 'MeV, corresponding to an
integrated total cross section of about 3000 MeV
mb." Figure 14 compares the values of gl', '/I' 1/
E' determined in the present experiment with the
corresponding average photon scattering cross
sections" (which, except for "'Pb, have not been
corrected for target resonant absorption).

Figure 14 shows that the photon strength below
neutron threshold in all four nuclei is concentrated
into two energy regions near 5.5 and 7.0 MeV. As
an estimate of the El strength in each region, the
integrated elastic scattering cross sections" from
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5.0 to 6.0 MeV and from 6.5 to 7.5 MeV are listed
in Table XII; these results have been corrected
for nuclear absorption, and each would be propor-
tional to B(Elf) if all levels were E1 having ground
state branching ratios of one. The integrated
cross section for "'Pb is 15 MeVmb near 5.5
MeV and 24 MeV mb near 7.0 MeV, corresponding
to a total of about 1.3/g of the dipole sum rule.
The photon strength in '"Pb is dominated by the
strong transitions found in the present experi-
ment; 86% and I6/p of the integrated cross sections
near 5.5 and 7.0 MeV, respectively, is ex-
plained by the levels which we observed. Most of

the discrepancy near 7.0 MeV comes from addi-
tional strength observed in the low resolution work
near the 6.720 and 7.332 MeV states.

The integrated cross sections are quite similar
for all four nuclei in these two regions; the differ-
ences (shown in Table XII) may be due simply to
an expected increase in branching in nuclei away
from the doubly closed shell. In the ' ~Pb iso-
topes, the strength near 5.5 MeV is shifted to
slightly higher energy and fragmented into a num-
ber of levels. In both cases, about 50/p of the total
strength is contained in levels with gl', '/I & 1 eV;
seven such levels are found in '~Pb and 11 in
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2«pb. in 'O'Bi almost 80% of the strength near
5.5 MeV was resolved, split into a relatively uni-
form distribution of 17 levels spread over -350
keV, with strengths from 1 to 7 eV.

No levels at all are distinguished in bismuth
over an interval of more than one MeV between
the two major concentrations of strength. Near
7 MeV, the average cross section shows a rather
featureless bump corresponding to a large number
of very weak levels. Only about 23% of the inte-
grated cross section in this region is explained by
the 9 levels which we observed. Assuming a Por-
ter-Thomas distribution of level widths' and an

experimental sensitivity of 1 eV, these results
indicate that the average level spacing for E1 ex-
citations near V MeV in bismuth is approximately
2 keV. In the same energy region, the ' Pb cross
section exhibits considerable structure, including
peaks correlated in energy with the concentrations
of strength in the ' 'Pb core. The discrete levels
observed in the present experiment tend to cluster
near the corresponding energies; about 35/g of the
"'Pb strength in this region is resolved into 25
levels with X'p& 1 eV. These results along with an
estimate of 1 eV for the experimental sensitivity
imply an average spacing of about 4.5 keV for E1
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Energy (MeV) RT(90')/ W(127')

TABLE X. Pb angular distribution measurements.
Listed uncertainties are statistical only.

2.0

l.5—
I 0—

0.5—

206pb

40
—30
—20
—IO

4.115
4.329
4.972
5.038
5.580
5.615
5.692
5.732
5.760
5.846
5.857
5.903
6.509
6.724
6.820
7.062
7.078
7.202
7.310
7.423
7.506
7.543
7.570
7.846
7.880
7.891
7.903
7.972
8.000

1.76+ 0.44
0.69+ 0.17
0.60+ 0.16
0.69 + 0.06
0.67+ 0.14
0.81 + 0.13
0.65 + 0.19
0.81+ 0.15
0.69+ 0.18
0.73 + 0.22
0.66+ 0.09
0.67+ 0.09
0.74 + 0.17
0.76 + 0.13
0.81+ 0.16
0.80 + 0.19
0.90+0.25
0.70+ 0.22
0.69+ 0.19
0.84+ 0.26
1.11+0.54
0.73+ 0.21
0.82 + 0.53
0.85 + 0.20
0.88+ 0.37
0.84+ 0.23
0.79 + 0.19
0.92 + 0.45
0.91+ 0.26

2
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

(1)
1
1
1
1

1

1

0, '

I.5—
I.O—

0.5
0,

2.0—

I.O—

I, O

0.5

207pb

208 p I

j
209 8 I

5.0 6.0 7.0
ENERGY (Mev)

8.0

,0
/—30

—20
—IO

0
—70 ~

E—60
—50 b

—40
—30
—20
—10

,0
—30
—20
—10

FIG. 14. Comparison of the present results with aver-
age elastic scattering cross section measurements.
Bars whose heights represent the values of (1/E2)
x (gI'0 /I') for levels observed in this experiment are
superimposed on the low resolution (tagged photon) mea-
surements of Laszewski and Axel {Ref.31).

transitions in '"Pb near 7 MeV.
This work was based on a Ph.D. thesis submitted

to the University of Illinois by T. Chapuran. A
preliminary account of some of the results ap-

TABLE XI. Possible branching in 6Pb. See text for discussion. All uncertainties are
statistical only.

Energy (MeV}

4.196
4.235

4.272
4.356

Possible branch

or

Apparent inelastic peaks

5.903 1.704(1+)
5.038 0.803(2 )
5.692 1.460 (2+)
5.732 1.460 (2+)
5.816 1.460 (2+)

0.76+ 0.06
0.80+ 0.05
0.53+0.09
0.68+ 0.07
0.42 + 0.14

Other possible inelastic peaks

6.509

7.078
7.202

or
7.31O —0.803(2')
7.972 1.460(2+)
7.880 0.803 (2+)
8.ooo -o.8o3(2')

0.56+ 0.06
0.18+0.04
0.36 + 0.06
0.32+0.05

Inelastic transitions which coincide in energy with known elastic peaks

4.115
4.329
5.O36
5.615
5.693
5.760
5.798
6.724

5.816
5.490
6.82O

7.078
7.423
7.464
7.506
7.891

-1.704(1')-1.165(O')~1.784(2+)-1.46O(2+)—1.46O(2')-1.704(1+)
~1.704(1+)

1.165(0+)
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TABLE XII. Transition strength comparison near 5.5 and 7 MeV. The average cross sec-
tion measurements are from Ref. 31. See text for discussion.

Nucleus

208pb
2ovPb

"'Pb
209Bi

f&~dE (MeV mh)

15.8
12.6
15.2
10.4

% 208Pb strength

5.0-6.0 MeV

104%
83%

100%
68%

% resolved

52%
52%
86%
79%

"'Pb
20VPb

208Pb

209Bi

20.2

24.4
10.7

6.5-7.5 MeV

83%

100%
44

35%

75%
23%

peared in Ref. V1, which is superseded by the
present report.
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