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Interaction of photons with Pb and neighboring isotopes at energies below the neutron
emission threshold
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Average elastic photon scattering cross sections were measured for ' 'Bi, ' 'Pb, ' 'Pb, ' Pb, Tl and Hg at
excitation energies between 4.5 MeV and the neutron emission threshold, with an energy resolution in the
range between 50 and 150 . keV. This resolution was suAicient to determine the strengths of most of the
strong levels in this energy region for ' Pb; there are concentrations of strength in a few levels near 5.5 and
7 MeV with the sum of B(El)if values equal to about 0.84 and 0.65 e ' fm', respectively; each of these
two groups of levels corresponds to only about 0.63% of the electric dipole sum rule. In the neighboring
isotopes, approximately the same amount'of strength is distributed among many more energy levels;
although this strength is spread in energy more than it is in ' 'Pb, it remains relatively localized.

NUCLEAB BEACTIONS Average Og, y) measured fez. 20 Qi 208pb 207pb 206pb"

Tl and Hg; 8 =135'; E~ bebveen 4.5 Mev and neutron threshold.

I. INTRODUCTION

This paper reports a systematic survey of the
photon interaction cross section below the photo-
neutron threshold for ' 'Pb and its neighboring
isotopes. Variable energy photons, with an energy
resolution of about 100 keV, were obtained by
"tagging" bremsstrahlung photons. This technique
had been used in previously reported photon scat-
tering experiments, ' ' but the Iai ger photon inten-
sity that became available at Illinois made it prac-
tical both to study more isotopes over a wider en-
ergy range and to improve the statistical accuracy
of previous measurements in this part of the peri-
odic table. '

Our increased data acquisition rate was made
possible by a high duty cycle electron accelerator, '
MUSL-1, which recirculated an electron beam
through a 1.3 GHE superconducting linac that oper-
ated with a macroscopic duty cycle of about 5(P/0.

The flux of tagged photons on the targets was
slightiy less than 1 photon/ev sec. We coiiected
data simultaneously in 12 adjacent energy intervals
that covered a total energy range of about 1 MeV.

Our 100 keV resolution results complement, and
can be interpreted unambiguously due to the avail-
ability of, higher resolution elastic scattering
studies that used GeLi detectors. For ' 'Pb, and
for its most neighboring isotopes at lower ener-
gies, the GeLi experiments have identified the
strongest nuclear levels; knowledge of these strong
levels makes it possible to correct our poorer res-
olution, tagged photon measurements for nuclear
absorption. For most of the isotopes we have stu-
&ed, our technique gives a. much more reliable
estimate of the photon interaction cross sections
than can be obtained from the GeLi experiments

because the nuclear levels are too closely spaced
and too weak to have been observed in survey ex-
periments with GeLi detectors.

The nuclear structure implications of photon
scattering are different for '"Pb and for its neigh-
bors. For 'O'Pb, the properties of leveIs strongly
excited by photons provide important guidance for
theoretical calculations which predict the proper-
ties of 1 or 1' states that are mixtures of one-
particle-one-hole excitations. Below 6.7 MeV in
'O'Pb, the only 1 states are believed to be mix-
tures of one-particle-one-hole states, and these
states should therefore be directly comparable with
calculatio'ns which usually include only one-parti-
cle-one-hole excitations. The only multiparticle-
multihole 1 states expected below 7.5 MeV in
O'Pb are the two near 6.69 MeV and 6.93 MeV cor-

responding to the superposition of the 2.61 MeV 3
state and either the 4.08 MeV 2' state or the 4.32
MeV 4' state. In the case of 1' states, the unper-
turbed energies of the h»~, 'h9~, proton state and
the i»~, 'i»&, neutron state are 5.57 MeV and 5.85
MeV, respectively. Multiparticle-multihole 1'
states are expected near 6.08 MeV and 6.67 MeV
from combinations of the 2.61 MeV 3 state, the

. 3.20 MeV 5- state and the 3.47 MeV 4 state.
. The nuclear neighbors of ' 'Pb, in contrast, have

many more energy levels of the correct spin and
parity to be reached by dipole excitations at ener-
gies above 4 MeV. Therefore, a comparison of the
photon scattering in the neighboring nuclei to that
in O'Pb gives information about the energy region
over which the core strength observed in Pb is
spread in neighboring nuclei. This comparison can
also indicate the extent to which the valence nucle-
ons affect the dipole transition strength and its ex-
citation energy.
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Most of the photon interaction strength below 7.4
MeV in ' 'Pb ha, s been identified previously. The
strong levels near 6.7 MeV, 7.07 MeV, and 7.33
MeV were first observed with tagged photons', ex-
periments using GeLi detectors provided more ac-
curate values for the energies' and resolved the
doublet' at 7.064 and 7.084 MeV. Similar high res-
olution experiments also produced the first infor-
mation' ' about photon scattering from levels at
4.84, 5.29, and 5.51 MeV, and from levels near
5.92 and 6.26 MeV. Our new tagged photon data
provide reliable values for the relative and abso-
lute scattering cross sections in the entire energy
regjon below 7.4 MeV jn Pb.

Before we obtained these new data, very little
was known about low energy photon interactions
cross sections in the neighbors of ' 'Pb. Earlier
tagged photon experiments' measured photon scat-
tering cross sections for ' 'Pb near 7 MeV and for
'"Bi near both 5.5 MeV and 7 MeV. Some levels
were jdentjfjed jn 2oeBj, VPb, and 6Pb wjth the
aid of GeLi detectors. "'" However, the present
moderate resolution experiments determine the
elastic scattering cross sections much more reli-
ably particularly for nuclei in which the level spac-
ing is too small to make the identification of indi-
vidual levels practical. "'4

The photon strength functions associated with the
ground states of the neighbors of Pb are particu-
larly interesting because so much work has been
done to determine the photon strength functions of
excited states in these nuclei. " The data related
to excited state strength functions were first cited
as evidence for a "pygmy" resonance near 5 MeV;
a more recent interpretation was that the strength
functions fall abruptly just below 5 MeV but are
relatively constant at higher energies. " The
ground state strength functions which we determine
do show a definite concentration in strength near
5.5 MeV for Bi and Pb; for Tl and Hg the strength
is represented well by an extrapolation of the giant
resonance with modest additional strength near
5.8 MeV; in Tl there is also extra strength near
7.3 MeV.

Our experimental procedure is described in Sec.
II and the data analysis is presented in Sec. III.
The discussion and conclusions are given in Sec.
IV.

II. EXPERIMENTAL PROCEDURE

A simplified dia, gram of the experiment is given
in Fig. 1. The energy, E&, of an electron beam
from the University of Illinois superconducting mj-
crotron, MUSL-1, was determined to 0.15%%u~ by a
combination of slits and a 120' dispersion magnet.
Bremsstrahlung produced when the electron beam

MAtN BEAM
ROET

NoI
DETECTOR

ELECTRON BEAM
FROM MICROTRON

FIG. 1. Simplified diagram of the layout of the experi-
ment.

passed through a thin (20 keV) aluminum foil was
collimated to a diameter of 15 cm at the target
position. Photons scattered from the target were
observed by a 15 cm diameter, 22.5 cm thick NaI
detector located at 135 with respect to the direc-
tion of the beam. Scattered radiation due to an in-
cident photon of a particular energy, Ey was
identified with a tagging technique which has been
described previously. ' ~ In the present experi-
ment, twelve 5 cm &5 cm &2.5 cm plastic detectors
were arrayed contiguously along the focal plane of
the spectrometer magnet to detect electrons that
had lost energy during the production of y rays.
The energy of residual electrons associated with
each of these counters was determined. by the field
in the spectrometer magnet. A 10 ns coincidence
between scattered photons detected in the NaI and
a signal from a counter corresponding to a residu-
al electron of energy, E„served to determine the
energy of the photon that produced the scattering,
Ey =E& —E,-4, where 6 is the mean energy loss
associated with the ionization caused by an elec-
tron passing through the bremsstrahlung foil.
Twelve pulse height spectra associated with such
coincidences were accumulated simultaneously us-
ing an on-line PDP 15 computer. In addition,
"chance coincidence" spectra of scattered photons,
delayed by an extra 150 ns with respect to the elec-
tron counters, were accumulated as a measure of
the contribution of accidentals to the coincident
spectra. "True coincidence" spectra were ob-
tained by subtracting the corresponding accident-
als from the observed coincidences.

At the start of each run the target was removed
and the NaI detector was placed directly in a re-
duced intensity bremsstrahlung beam. In this way,
both the photon flux and the response of the NaI
crystal to the monoenergetic photons associated
with each electron counter were determined. The
number of elastically scattered photons was ob-
tained by fitting each "true" spectrum with the
measured response function. As an example, Fig.
2(b) shows the response curve of the NaI detector
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FIG. 2. Data fitting procedure, Pb, 7.28 MeV. (a)
"True" spectrum: coincidence spectrum minus the cor-
responding accfdentals. (b) The TFQe spectrum fit %'lth

the detector's measured response function for 7.28 MeV
photons. (c) Straight line extrapolation of low energy
events. (d) The final fit.

at an energy of 7.28 MeV superimposed on the cor-
responding ' 'Pb true coincidence spectrum. The
final fit, including an arbitrary straight line extra-
polation of lower energy events [Fig. 2(c)f attrib-
utable to a combination of atomic and inelastic nu-
clear scattering from the target, is given in Fig.
2(d).

Our tagged photons have a spread in energy caused
mainly by the 2.5 cm midth of each electron counter

which corresponds to a 2.5P/o spread in the residual
electron energy. Because the energy of the elec-
tron beam from MUSL-1 was conveniently variable
only in steps of about 3.1 MeV, the resolution of
this experiment ranged between about 50 keV and
150 keV.

The incident electron current that could be used
during a scattering run was reduced to nanoamper-
es to decrease "multiple coincidences", i.e., si-
multaneous coincidences between the NaI detector
and more than one electron counter in the array.
Macroscopic electron rates mere of the order of 5
&10' electrons/counter second, which corresponds
to a tagged photon flux, on target, of about 5 &&10'/

counter second. Multiple coincidences mere 10-
20% of the total coincidences. During runs in
which the response function was measured by plac-
ing the NaI detector directly in the photon beam,
pileup limited the total permissible photon flux to
much lower values. During these runs, the un-
tagged photon flux of 10~-10' y/s (E„&0.5 MeV)
typically corresponded to between 10 and 100 elec-
trons/counter second, or to a tagged fiux of 1 to 10
photons per second for each of the 12 y-ray ener-
gies.

III. DATA ANALYSIS

Elastic photon scattering was measured in the
energy range from neutron emission threshold
domn to about 4.5 MeV for samples of enriched

'Pb, 2 'Pb, 8Pb, and natural Bi, Tl, and Hg.
The targets, their isotopic composition, and other
relevant parameters are listed in Table I.

The quantity determined by the experiment was
N, /N„, the ratio of the number of elastically scat-
tered photons detected at 135' to the number of in-

TABI,K I. Target parameters.

Target

Bi
208PbC03

208Pb

Hg

Isotope

209
208
.207
206
207
208
206
206
207
208
205
203
196
198
199
200
201
202
204

Abundance

100%
72.6%
1.6%

25.8%
84.8%%uo

12.6%
2.6%

88.3%
9.0%
2.7%

70,5%
29.5%
0.2%

1$.0%
16.8%
23.1%
13.2%
29.8Vo

6.9%

(y, n) threshold (MeV)

7.5
7.4
6,7
8.1
6.7
7.4
8.1
8.1
6.7
7.4
7.5
7.7
8.8
8.3
6.6
8.0
6.2.
7.8
7.5

n (atoms/b)

0.0292
0.0110

0.0327

0.0234

0.0298

0.0420
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cident photons of energy E„,averaged over the
resolution, ~E. This ratio is related to the dif-
ferential elastic cross section at 135'.

Using Eq. (2) and the relation between the elastic
scattering cross section, gy y, and the total absorp-
tion cross section, o„Eq.(1) can be rewritten as

cog

hE ~ 135

—exp[ (-2a. +Po, )N) ~N I(g, 1 0, F) = ~ SGAE,
N

where

(4)

G is a number that depends only on the geometry
of the experiment and the efficiency of the detec-
tor. The factor within large square brackets is the
effective sample thickness, corrected for photon
absorption in the sample; 0, and g, are the cross
sections for atomic and nuclear absorption, re-
spectively, and pg is the target thickness perpendic-
ular to the beam. The quantity, P, is the fractional
abundance of the isotope responsible for the nu-
clear absorption. Because the nuclear absorption,
g„hasa complicated energy dependence, it is dif-
ficult to extract do/dQ from Eq. (1) unless special
simplifying assumptions are justifiable.

In some of the neighbors of 'O'Pb, where the level
density is high, it can be assumed that individual
nuclear levels contributing to the scattering in the
excitation interval AE have small enough natural
linewidths so that the Doppler-broadened nuclear
self-absorption is negligible. Equation (1) then
yields an expression for the average differential
cross section in gE:

I' I', 1 —exp[ (2-o, +Pc,4')n] ~

60

55—

50—
208@~

For a given target, the value of the integral de-
pends only on g, 10, and 1"; therefore, either
knowledge of or assumptions about g and the ground
state branching ratio make it possible to determine
I"0 from the measured scattering.

When the average cross section data contain con-
tributions from levels that are not individually
resolvable with tagged photons, but yet have a
large enough nuclear self-absorption to require
correction, the results of high resolution nuclear

dg & dg
AQ y35o 4E ~ cfO y35o N

(2)
40-

The effects of atomic absorption are incorporated
in A, which is equal to 1/z for small absorption.

The further assumption that only dipole transitions
contribute makes it possible to infer the average
total cross section, g„,from the average 135
differential cross section:

do (11.1V) J=0
S=—g

(-12.2) Z=x or am.

In those cases where individual nuclear levels
can be resolved, it is possible to correct for nu-
clear self-absorption by numerically evaluating the
integral in Eq. (1). For an isolated level at ener-
gy, E„,having a total width, I', and a ground state
width, 1 0, the nuclear absorption cross section
can be expressed in terms of 4, the Doppler-
broadened line shape which depends on E, E„,and
1" as well as the mass of the target nucleus and the
absolute temperature. '6

u, (E) = —g 4' =- gP .2~ r,

~0-

b 25-

20—

l5-

IO-

4.0 4.5 5.0 5.5 6.0 6.5 7.0 Y.5 8.0
Ey(MeV)

FlG. 3. 2@Pb (enriched to 73% 208 isotope): experi-
mental average elastic photon scattering cross sections.
The solid curve is a low energy extrapolation of the
giant dipole resonance Lorentzian. Note that because the
large pgaks are dominated by very strong levels, the
average "cross section" is governed by the tagged pho-
ton resolution; nuclear absorption effects distort the re-
lative intensities.
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FIG. 4. Pb (enriched to 88% 206 isotope): experi-
mental average elastic photon scattering cross sections.
The solid curve is a low energy extrapolation oj the
Lorentz line which fits the giant dipole resonance.

resonance fluorescence experiments using GeLi
detectors can sometimes be used to determine the
appropriate correction to the average measure-
ments. Because experiments with GeLi detectors
are most sensitive to the largest levels, the con-
tributions of these levels to the poor resolution,
average, cross section can be corrected for self
absorption effects.

The experimentally observed average photoelas-
tic cross sections' for the three isotopically en-
riched Pb targets, Bi, Tl, and Hg are presented
graphically in Figs. 3-8. These results do not in-
clude nuclear self-absorption corrections. The er-
ror bars indicate statistical uncertainties only. In
calculating the cross sections, we assumed that
isotopes in a target did not contribute to elastic
scattering at energies above their respective neu-
tron thresholds. In each figure, the Lorentz line
extrapolation" ""of the giant dipole resonance is
shown superimposed on the data; the parameters
are listed in Table II.' 'Pb was the only nucleus among those examined

1

—0.5
5— o

0 I I I' I I

4,0 4.5 5.0 5.5 6.0 6.5 7.0 7.5$ 8.0
Ey(MeV)

FIG. 6. ~Bi: See Caption of Fig. 4.

for which the level spacing was large enough so
that most strong individual nuclear levels were un-
ambiguously resolved with the tagged photons. This
conclusion was reached by comparing our results
to those of high resolution GeLi experiments con-
ducted"' at this laboratory. The ground state
widths, I'0, for the observed levels in ' 'Pb are
listed in Table III. They were obtained by using
Eq. (4) to correct for nuclear self-absorption, by
assuming that g=3 (as it would for dipole scatter-
ing from a 0' ground state), and that I'o/I'=1. The
measured cross sections for the enriched ' 'Pb and' 'Pb targets were used to determine the fraction
of the scattering from the enriched ' Pb targe)
that was due to ' 'Pb. The energies of the lines
given in Table III are those determined using GeLi
detectors. Table III also gives the transition
strengths of the various'levels in terms of the re-
duced transition probability, B(E1)t.

The assumption of negligible nuclear self-absorp-
tion that was made in obtaining g

&
for most targets

would be correct if the individual contributing lev-
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FIG. 5. 207Pb |enriched to 85% 207 isotope): See cap-
tion of Fig. 4.

FIG. 7. Natural Tl (71% 205 isotope, 29% 203 isotope):
See caption of Fig. 4.
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20—

2.0 TABLE IQ. Nuclear levels in Pb (assuming gl &/I'
= 3).

15—

E
&lo-

b

Hg

1.5

E
1.5

b4a "U

1.0

E„(Mev)'

7.332
7.083
7.063
6.721
5.513
5.293
4.842

I, (eV)

44.5 + 2.9
25.9 + 2.1
13.0+ 1.6
21.4+ 2.2
7,0+ 1.4
6.9+ 1.4

&(E1)f (e2 fm2)

0.322 + 0.021

0.209+ 0.017

0.122 + 0.015
0.366 + 0.038
0.135+ 0.027
0.174+ 0.035

~References 14, 19-21.

0
4.0
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4.5
I

5.0
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I

6.0
I

6.5 70

FIG. 8. Natural. Hg: See caption of Fig. 4.

TABLE II. Giant dipole resonance parameters.

els have midths that are less than a few tenths of
an eV. Nuclear self-absorption effects mould in-
crease the inferred widths of very strong levels,
such as those in'0'Pb, by almost 30%%uc. Therefore,
the average elastic scattering cross sections for
the neighbors of ' 'Pb are a lower limit. They are
the actual elastic cross section if the nuclear lev-
els involved have small midths; but if there are
very strong levels, the true elastic cross sections
will be larger.

The total photon absorption cross section, o„
can be deduced from the average elastic cross sec-
tion Oyy if reasonable estimates can be made of
the level spacing, D, and the average total midth,
(I'). The total cross section is inferred' by assum-
ing that the ground state partial widths, I"0, follow
a Porter-Thomas distribution, and that the total
width, I', is related by I =I', +I'„where I', is
constant. The inferred total cross section for Tl
and Hg are given in Figs. 9 and 10. The Lorentz
line extrapolations of the giant dipole resonance
are again superimposed on the data to simplify
comparison of different targets; Table IV sum-
marizes the parameters used to obtain g, from
o . Changing either I", or D by a factor of 2
would result in only about a 25% change in the in-

Tl INFERRFD TOTAL
ABSORPTION CROSS SECTION

20—

E 15—I-
b

o

10—

ferred values of 0,; 0, is increased either uy in-
creasing I', or by decreasing D.

The errors listed for both the calculated cross
sections and the ' 'Pb level midths include only
statistical uncertainties. In addition to these sta-
tistical uncertainties there is a possible error due
to the uncertainty in the photon flux. Experiments
indicated that the maximum systematic error in
the photon flux could be as large as 8%%uo, however,
measurements of the photon flux before and after
each scattering run never differed by more than
F/~. Uncertainties in the values of the parameters
involved in deriving g and 10 from N, /N„are not
large. G is probably known to better than 8//p, 4
to better than 3%%ua, and E to better than 1%. The
energy calibration is accurate to between 10 and
20 keV over the entire range of energies examined
in this experiment. Thus, the systematic contri-
bution to the error in the tabulated values of the
average scattering cross sections, gyy, is prob-
ably not more than about B%%uo, and the error in the
values of 1'0 is not more than about 1(Pq.

Nucleus o& (mb) I'& (MeV) E& (MeV) Ref.

Bi
208Pb
20zPb
~«pb

Tl
Hg~

521
491
481
514
490
405

3.97
3.90
3.96
3.85
3.70
4.5

13.5
13.5
13.6
13.6
14,1
14.0

17
17
17
17
18
15

~Values obtained from the sum rule and interpolation.

I -I 1 I I I 1

4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0
Ey{Mev}

FIG. 9. Tl: inferred total photon absorption cross
section.
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o rdE =28.1 MeV mb
l B(E1)4

JI o rdE=0. 311MeVmb, . (10)
E B(Ml) t

7 MeV p, o

(9)

The reduced electric dipole transition probability
dominates over the magnetic dipole transition
probability. This dominance is reflected in the
conventional units used; B(El) is usually expressed
in units of e' fm', which is about 90 times larger
than the unit used for B(1I41), which is (ek/2Mc)'

Numerically convenient expressions for the
integrated cross sections are given in Eqs. (9) and

(10),

0
4.0

1

4.5
I I l

5.0 5.5 6.0
Ey(Mev}

I

6.5 7.0

FIG. 10. Hg: inferred total photon absorption cross
section.

The nuclear transition matrix element can be ob-
tained from the total photon interaction cross sec-.
tion, o r(E), integrated over the level of interest.
The integrated cross section for a level excited by
a y ray whose energy is E =lfkc =@c/A is usually
expressed in terms of the ground state width, I', .

J/o dE=m'4' ' ~1" (I, -& )., , 21, +1&
2I +1] (6)

For a ground state spin I =0 and for an excited
state at E=7 MeV with I, =1 and X', =10 eV, the in-
tegrated cross section is 2.35 MeVmb.

The matrix element of interest can be related to
the integrated cross section more directly by re-
writing Eq. (6) in terms of the reduced transition
probability for a dipole transition from the ground
state to the excited state. We call this reduced
transition probability Bk; the more common nota-
tion is B(E1)t and B(M1)t for electric and magnetic
dipole transitions. '~ '

sy„dE=rr'4'(2 '
I)( g

)O'Bk

The classical E1 sum rule can be used to estimate
both the sum of B(E1)t and the total integrated
cross section. '4

g E,B&(E1)k=14.8 e2 fm'MeV,

E,B,(E1)0 = 735 e' fm' MeV for '"Pb .

This is equivalent to a total integrated cross sec-
tion of about 3000 MeV mb; if the average energy
of the unperturbed strongly excited one-particle-
one-hole states is at 7 MeV, g, B,(E1)4= 105 e' fm'.
The total Ml strength expected for '"Pb can be
obtained from Bohr and Mottelson's estimate'4':

E,B,(Ml )t = 290 MeV go' = 3.21 e fm' MeV .

(12)

Note that this sum is only about 0.4%%u~ of the cor-
responding electric dipole sum in Eq. (11). This
estimate implies a total integrated absorption due
to Ml whichis only 13 MeV mb; if the average en-
ergy of the magnetic dipole strength in ' 'Pb is &

MeV, Q, B((M1)$=36po .
The integrated cross section for E2 can be ob-

tained by substituting the appropriate relation be-
tween B(E2) and I'(E2) in Eq. (6).

For E2,

2~4@
oyz, dE = A%75 k'B'(E. 2) t

=3.10&10 'E'B(E2)t MeV mb. (13)
= 0.402E (8) E is in MeV and B(E2) is in e' fm . The classical

TABLE gf. Parameters used in inferring cr~ from o~. (Level spacing is assumed to be of
the form D~ e-+~~.)

Nucleus

Hg
Tl

Do (ev)

83
430

Z, (MeV)

8.03
6.54

V (MeV)

0.86
0.90

r (eV)

0.12
0.12

15,22, 23
15,22, 23
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sum rule'4" can be used to estimate EB(E2)4,

QE,a, (E2)C = — Ze'(r'),50

(14)

IV. DISCUSSION AND CONCLUSIONS

A 208pb

l. Observed level widths

E,E,(E 2) 0 = 2.05 && 10' e' fm~ MeV for ~"Pb

If the fraction (Z/A) of this sum is used to estimate
the strength in the isoscalar E2 resonance, the
corresponding integrated cross section would be
0.25 E' MeV mb. Thus, if the isoscalar E2 strength
is at 10 MeV, as expected, the integrated photon
cross section for exciting the resonance would be
25 MeV mb; if the entire isoscalar strength were
at 7 MeV, the integrated E2 cross section would
be only 12 MeV mb.

7.08, and 7.33 MeV levels in the GeLi spectra"'~
and our results indicate that 45 eV of width we
report near 7.33 MeV may not all be associated
with the one strong level at 7.332 MeV, but may al-
so include contributions from several unidentified
neighboring levels. The widths listed in Table V
at 5.85 MeV and 6.26 MeV also probably include
contributions from more than one level at each
energy. Some of the strength we see near 5.85
MeV may correspond to states identified as having

p,~, 'd,~, neutron configuration from 'O'Pb(d, p)
experiments. 5'9 The 8 eV of ground state width we
report near 6.26 MeV probably is associated with
more than the 6.262 MeV level reported'~; we ob-
serve somewhat more strength, and other weaker
levels were noticed. '4 The peak observed near
6.2 MeV in backward electron scattering would
correspond to about 10 eV of ground state width if
it were M1, but there is no definite evidence on
which to base an M1 assignment. "

The level widths we inferred are listed in Table
V together with previously reported values. All of
the widths in Table V are based on the assumption
that the ground state branch of all of the observed
levels is 100%. For six of the nine levels
listed in Table V (i.e., those at 4.84, 5.29, 5.51,
6.72, 7.06, and V.08), there is no indication in the
higher resolution experiments' ' of neighboring
weak states. If there are neighboring states that
do contribute weakly to elastic scattering, . our re-
ported widths include their contribution. A com-
parison between the relative strengths of the 7.06,

2. Comparsion with theory

The interpretation of the photon interaction cross
section depends on the multipolarity of the transi-
tions. The amount of strength we see is large
enough to make it clear that most of it is E1. The
integrated cross section centered at 5.5 MeV (i.e.,
from 5.0 MeV to 6.0 MeV) is 15 MeV mb; there is
also about 24 MeV mb between 6.5 MeV and 7.5
MeV. If all of this strength were El, it would cor
respond to only about 1.8)0 of the classical sum
rule prediction of. Eq. (11). Because the pattern of

TABLE V. Comparison of measured level widths.

Energy
{Mev)

r ~
p

{ev}
r b

{ev)
C

{ev)
d

{ev)
Ip

{eV)

4.842
5.293
5.513
5.85
6.262
6.721
7.063

7.083
7 332

6.9+ 1.4
7.0 ~ 1.4

21,4+ 2.2
4.4y ] ]&

89pl 1
13.0+ 1.6

25.9+ 2,1

44.5 + 2.9~

6.3
8.6

28

4.1
15
29

14
38

5.7
6.8

18
5.6'

14+ 7

30+ 13

41+ 10

5 ]e

31',18 + 3'

17g 16'

~This work.
~ Reference 14.
c Reference 19.
d Reference 3.' Reference 10.
f Reference 21.
~Reference 11.
"Reference 20.

Possibly contains the strength of neighboring weaker levels.
~ Reported in Ref. 19 for a level at 5.919 Mev.
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strength would not change if one or two levels were
reassigned as Ml or E2, our data could serve as a
guide to E1 strength even if no definite spin-parity
assignments were available.

In contrast, almost any of the levels we see
would be an important part of either the magnetic
dipole or electric quadrupole giant resonance. In-
asmuch as the E2 isoscalar giant resonance is ex-
pected near 10 MeV, and considering that the entire
giant would contribute only 12 MeV mb if it were at
7 MeV, it would be surprising indeed if any of the
levels were other than dipole. We obtained enough
data at 9C' to be sure that none of the strong levels
is quadrupole. Because the ratio of 90' to 135'
scattering is -,'for dipole and 2 for quadrupole, the
relative intensity of a quadrupole level would ap-
pear three times larger at 90' than at 135', and
this change would have been apparent in our data if
any of the strong levels were not excited by dipole
excitation.

There have been interesting reports about the
giant magnetic dipole resonance in 'Pb. Freed-
man et g)."reported a possible 1' assignment for
the 7.064 MeV level. Using the strength we find
for the 7.06-7.08 MeV doublet, and a, value of 2 for
the ratio of the 7.06 to 7.08 MeV strength, '4 we as-
sign for the 7.06 MeV line a width I'0 =17 eV which
corresponds to B(MI)0=12.7p, o'. This is equivalent
to an integrated cross section of 3.9 MeV mb, which
is 3(F/0 of the estimated magnetic dipole sum in Eq.
(12}. Much of the remaining expected Ml strength
may be located above the neutron threshold.

In the discussion to follow, we shall assume that
all the strength we observe below 7.4 MeV in Pb
is E1. Definite E1 assignments have been made""
for the levels at 4.84, 5.29, 5.51, 6.26, 6.72, and

7.08 MeV from. measured hadronic inelastic scat-
tering in coincidence with ground state decay y
rays; the levels near 5.85 MeV and 7.33 MeV were
not seen in those experiments.

The theoretical implications of the El strength
we observe at low energy are not clear. Previous
calculations have concentrated mainly on obtaining
a satisfactory description of the energy and
strength of the giant E1 resonance. These calcu-
lations start with zero-order pure one-particle-
one-hole states which have about two orders of
magnitude more strength at low energy than we ob-
serve. The introduction of the particl. e-hole inter-
action shifts most of the strength to energies near
the observed giant resonance, but leaves a small
fraction of the strength at low energy The results.
of three calculations of.' Pb for which we have the
wave functions and B(E1)4 values are shown in Fig.
11. The larger residual strength at low energy in
the earlier calculations"'" may be associated with
the fact that only Harvey and Khanna~ properly
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FIG. 11. Comparison of the results of three calcula-
tions of the distribution of dipole strength in Pb The
arrow indicates the energy at which the giant dipole re-
sonance is observed experimentally.

projected out the spurious state corresponding to
the motion of the center of mass. Harvey and
Khanna's preferred calculation predicts the lowest
1 state at 4.49 MeV with a, B(E1)0 of 1.28 e fm',
seven 1 states from 5.04 MeV to 6.42 MeV with a
combined B(E 1)0 of 0.25 e fm', and six 1 states
from 6.54 MeV to 7.42 MeV with a combined
B(E1)j of 1.72 e' fm'. Our experimental results in
Table V show a combined B(EI)4 of 0.84 e fm2

from 4.84 MeV to 6.26 MeV with the largest value
0.37 e' fm associated with the 5.51 MeV state. The
E1 states between 6.72 MeV and 7.33 MeV have a
combined B(E 1)0 =0.65 e' fm . It remains to be
seen whether with our results for the strongest 1
states in hand, theorists can refine their calcula-
tions enough to match the energies and photon
strengths of these states.

our experimental results are in agreement with
the prediction~ that the states with the largest
B(E1)0 values are mixtures of many one-particle-
one-hole configurations. In the calculations, the
states with B(E1)0 values equal to or greater than
0.3 e fmn did not have more than 15% probability
of any single one-particle-one-hole configuration.
Stripping reactions ' and analog state reactions"
indicate that the 5.29 MeV state has a large
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FIG. 12. Comparison of the measured cross sections
of, respectively, from the top Pb, 6Pb 0 Pb Qi,
Tl» and Hg.

p1/g s1/g neutron conf igu ration, whil e s tate s near
5.85 MeV have large p,~, 'd, ~, neutron strength;
our values of E(EI)t for these levels are only 0.14
e'fm' and 0.06 e fm', respectively.

B. Photon strength in the neighbors of SPb

The comparison of the observed elastic scatter-
ing cross sections for the Pb isotopes Bi, Tl, and

Hg is presented in Fig. 12, and a summary of re-
solved individual lines from QeLi experiments"'
is given in Fig. 13.

The near equality of the photon interaction cross
sections of the isotopes that were studied is indi-

cated by the comparison made in Table VI. The
values of the integrated scattering cross section,
J o„„dE,are compared in two energy regions; the
lower energy region is 5.0 to 6.0 MeV, while the
upper energy region is 6.5-7.5 MeV. The values
given in Table VI are corrected for nuclear ab-
sorption, and would be proportional to B(EI)4 if
the branching ratio for de-excitation to the ground
state, I'0/I', were 1. All of the variations between
isotopes in Table VI might well be explained by the
smaller values of I'o/I' expected for the isotopes
with larger level density.

The data for the Pb isotopes and Bi strongly sug-
gest that the Pb core strength dominates all of
these cross sections. The absence of py/2 neutrons
in 'O'Pb and 'O'Pb appears to shift the strength near
5.5 MeV to slightly higher energy, but the total
strength below 6.3 MeV is not much changed. In
'098i the low energy strength is centered at 5.5
MeV with a full width at half maximum of about
250 keV. Above 6.7 NeV, the ' Pb cross section
is consistent with the 20'Pb core strength being
spread by only about 100 keV; this core strength
is not shifted in energy by more than 50 keV unless
the 7.45 NeV peak in Pb is related to the Pb
strength at 7.33 MeV. [The energy in MeV of
strongest levels in 'Pb up to an energy of 8 MeV,
with the ground state widths in parentheses, 36 are
V.41 (5 eV), 7.55, (9.9 eV), 7.62 (16.4 eV), 7.68
(10.2 eV), 7.91 (12.4 eV), 7.98 (19.7 eV), and 8.02
(11.8 eV). ] The concentration of strength between
6.7 NeV and 7.4 NeV is also clearly evident in

Bi, but no substructure is evident; the pattern
is consistent with a spreading width of about 500
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TABLE VI. Transition strength comparison at 5.5 and 7 MeV.

Nucleus
5.0-6.0 MeV

fo~dE(MeV mb) Pot Pb strength
6.5-7.5 MeV

fo~dE(MeV mb) /o Pb strength

Bi
208Pb
2OZPb

206Pb

Tl
Hg

10.4
15.2
12.6
15.8
8.8

11.6

68%
100%
83%

104%
55%
76%

10.7
24.4

20.2-.

7,8

44%
100%

~ ~ I

83%
32%

keV superimposed on the '"Pb core strength.
Indications of some concentrated strength are al-

so evident in Tl (near 5.8 MeV and 7.3 MeV) and

Hg (near 5.8 MeV), but in these elements which
have both neutron and proton holes, the total
strength is more evenly distributed. The inferred
total reaction cross sections of Tl and Hg shown
in Figs. 9 and IO indicate modest concentrations
of strength superimposed on an extrapolation to
low energy of the giant dipole resonance. (Because
the giant dipole resonance parameters listed in
Table II correspond to about the classical sum
rule, whereas the consensus of more recent mea-
surements" on heavy elements imply about 1.3
times the classical sum, the inferred total cross
sections are somewhat belom a modern best esti-
mate of the extrapolation of the giant resonance. )

.The elastic scattering we measured and the total
photon interaction cross section we inferred are
quite consistent with the corresponding quantities
obtained" for ' 'Tl.

Even though the interaction cross section does
not increase monotonically with energy, it is use-
ful to cite some values for the strength function,
I'o/D, to facilitate comparisons with neutron cap-
ture y-ray studies. The extrapolation of the giant
resonance shown in Fig. 9 for Tl corresponds to
10'I'o/D=1. 4, 3.3, and 7.0, respectively, for 5.2,
6.2, and 7.2 MeV. The corresponding values for
ks -=(I'o/D)/E'A' ' are approximately 10'ks =3, 4,
and 5.4. The quantity k~ would be energy inde-
pendent if the sum of B(El)0 strength per unit en-
ergy were independent of energy, and k~, mould be
independent of A if the B(EI)t strength at low ex-
citation energy (where neutron capture data are
available) were independent of A. As Eq, (11) in-
dicates, the crudest shell model prediction would
be for B(E1)t to increase approximately in propor-
tion to A~~' because the typical particle-hole ener-
gy would be proportional to the oscillator spacing
which is 40A ' '. Because there is no theoretical
guidance about what fraction of B(E1)remains at
lorn energy the particle-hole interaction shifts the
unperturbed e?ectric dipole strength up to the giant
dipole resonance, and because the terms "single-

TAB@ VII. The average elastic transition strength
(I/EE+gI'o2/I'= (k2/vt) gyy in eV of strength Per 100 keV
interval of excitation for the nuclei neighborirg Pb.

8 yreV) 209Bi "zpb 206Pb Hg

4,5
4.6
4.7
4.8
4.9
5.0
5.1
5.2
5.3
5.4
5.5
5.6
5.7
5.8
5.9
6.0
6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
7.0
7.1
7.2
7e3
7.4
7.5
7.6
7.7
7.8
7.9
8.0
8J.
8.2
8.3
8.4
8.5

0.38
1.40
2.13
2.86
0.22
0.78
2.35
3.92
6.22

10.3
14.4
7.37
3.56
2,96
2.28
3.63
1.86
2.17
2.62
2.40
3.12
4.93
7.61
8.46
7.82

13.1
15.27
24.9
30.7
25.5
4.99

0.06
0.14
2.13
5.37
2.37
1.77
1.17
2.54
1.28
6.89

12.5
9.37

12.6
4.21
3.63
1.15
1.15
4.54
3.53
3.83
0.96
3.62
2.39
6.55

1.46
3.84
0.53
0.56
0.89
2.76
4.63
4.56
8.81

11.8
6.17
1.58
1.85
1.29
1.24
6,58
6.21
2.76

13.1
13.7
5.4

10.7
10.5
11.5
20.9
12.0
19.2
11.3
10.7
27.8
23.7
18.1
12.4
0.37
0.42
0.86
1.30

1.46
0.18
1.33
1.84
2.34
2.64
1.88
1.25
1.86
2.47
2.77
8.08
5.87
6.44
5.20
3.32

2.47
2.93
3.59
2.38
1.66
1.75
3.89
6.76
6.26
9.24

11.1
11.1
9.98
8.24

1.49
2.11
2.25
2.71
2.23
1.74
2.98
2.81
4.50
6.18
7.73
4.80
6.59
3.31
4.11
2.36
4,16
3.73
3.81
4.85
3.51
4.43

particle estimate" or 'Vifeisskopf estimate" are
misused as though they imply that k~ is a nuclear
constant, values of IO'k~ equal to 1 or 2 have been

1
quoted frequently in analyses of some neutron cap-
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ture y-ray data.
The dependence of k~ on energy and P has im-

1
portant nuclear structure implications which tend
to be lost because of the units in which 4~ is usu-l
ally expressed. The convenient nuclear unit for
the reduced electric dipole transition probability
is'4' the Weisskopf unit Bv(E1):

(El ) = —/2~3 e2 fm2(1.2)' 9
4~ 16

MeV, respectively, the amount of B(E1)4 per MeV
is about 0.045, 0.06, and 0.08 Weisskopf units.

The correspondingly popular parameter quoted
for magnetic dipole transitions is k„,=f'c/DE . A

value of k„=10' MeV ' corresponds to 4.82 &10 '
1

Weisskopf units of B(M1)k per MeV.

The development and operation of MUSL-1 and its
experimental areas was supported by a grant from
the National Science Foundation.

APPENDIX

= 2.26 — e' fm'. (15) This appendix presents Table VII, which tabu-
lates the average elastic transition strength

is proportional to the number of Weisskopf
units per energy. For example, a value of k~

. 1
=10 ' MeV ' corresponds to 1.48 ~10 ' Weisskopf
units of B(E1)4 strength per MeV or about 3.34
&10 ' e' fm' per MeV. Values of I"o/D obtained
in neutron capture studies divided by E'A, ' ' would
be much more informative if the results were
quoted in terms of Weisskopf units of B(E1)4 per
MeV rather than in terms of A w'ith units of 10
MeV '. Many neutron capture data seem to imply
0.015 to 0.030 Weisskopf units of B(E1)4 per MeV,
whereas the extrapolation of the giant dipole reso-
nance for Tl, which is compared to our results in
Fig. 9, suggest that at 5.2 MeV, 6.2 MeV, and 7

in eV of strength per 100 keV interval of excitation
for the nuclei neighboring 'Pb. The average is
listed for uniform increments of the excitation en-
ergy to facilitate comparisons among the various
nuclei. A Weisskopf unit is about 500 eV at 6 MeV,
so that 3 eV/100 keV would be 0.06 Weisskopf units

per MeV. The errors to be assigned to these num-
bers correspond to the errors in 0 as discussed
in the paper. They are typically 10 to 20%%u& except
on the smallest numbers tabulated, for which the
errors are no more than about 1.5 eV/100 keV.
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