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Thermal-neutron capture by 208Pb

J. C. Blackmon and S. Raman
Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831

J. K. Dickens
Joint Institute for Heavy Ion Research, Oak Ridge, Tennessee 37831

and Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996

R. M. Lindstrom and R. L. Paul
Analytical Chemistry Division, National Institute of Standards and Technology, Gaithersburg, Maryland 20899

J. E. Lynn
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

~Received 8 November 2001; published 12 March 2002!

We have observed seveng rays following subthermal-neutron capture by208Pb and incorporated them into
a level scheme of209Pb consisting of five excited levels. The measured neutron separation energy of209Pb is
3938.060.5 keV. The thermal-neutron capture cross section of208Pb was determined to be 230612 mb. The
theoretical estimates are 860mb or 550mb, depending on the model used for the compound-nuclear compo-
nent; however, these values are not inconsistent with the data if the statistical distribution of the theoretical
estimates is taken into account. The thermal-neutron capture cross sections for206Pb and 207Pb were also
determined and found to be 26.661.2 mb and 610630 mb, respectively.

DOI: 10.1103/PhysRevC.65.045801 PACS number~s!: 25.40.Lw, 26.20.1f, 27.80.1w
t

an

th

e
s
-
r
e

or
n

n

lt
e

-

he

n
u
s

ents.

this

and

uhe
of
to
u-

ron
rel-

-

on

-
rst

-
he
I. INTRODUCTION

The doubly magic nucleus208Pb has one of the smalles
cross sections for neutron capture of any stable nucleus@1#.
The valueQ53.94 MeV for the208Pb(n,g)209Pb reaction is
the lowest (n,g) Q value for any stable nucleus heavier th
15N @2#. The low density of states in209Pb near the neutron
threshold means that few resonances exist in
208Pb(n,g)209Pb reaction at low neutron energies@3#, and
the direct-capture process@4# is expected to dominate th
capture cross section. While the direct-capture proces
well known in light nuclei@5–12#, there have been few stud
ies in heavier systems. The208Pb isotope is a good target fo
the study of direct capture, but few measurements have b
performed, and the nature of the208Pb(n,g)209Pb cross sec-
tion for En,30 keV remains largely unknown.

The 208Pb(n,g)209Pb cross section is also important f
understanding the nucleosynthesis of the heavy eleme
The lead isotopes are produced by slow-neutron capture~s-
process! nucleosynthesis@13#. The heaviest element that ca
be produced by thes process is209Bi. This isotope may be
produced only weakly by thes process and instead resu
primarily from the alpha decays of heavier nuclei produc
by rapid-neutron capture~r-process! nucleosynthesis@14#.
The abundance of209Bi could provide an important con
straint on the neutron flux in thes process@15,16#. The origin
of 209Bi remains uncertain resulting from uncertainties in t
208Pb(n,g)209Pb cross section.

The resonant208Pb(n,g)209Pb cross section has bee
studied by both neutron capture and transmission meas
ments on208Pb at pulsed neutron sources, and the lowe
energy resonance was reported atEn543.3 keV@16–18#. A
state (J5 3

2 , 5
2 ,or 7

2 ) seen in the208Pb(d,p)209Pb @19# and
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207Pb(t,p)209Pb @20# reactions atEx5394765 keV, which
would correspond to a resonance atEn'9 keV, has not been
observed in neutron capture or transmission measurem
If no significant resonances exist forEn,43 keV, then the
direct-capture process will dominate the cross section in
energy region which is important for thes process@16,21#.

Only three measurements of the total208Pb(n,g)209Pb
cross section have been reported. A value of 6.561.0 mb was
reported from measurements using a natural lead sample
an Sb-Be photoneutron source (En52463 keV) @22#. A
measurement was performed more recently at the Karlsr
3.75-MV Van de Graaff accelerator using a distribution
neutrons from the7Li( p,n)7Be reaction that was designed
closely approximate that of a Maxwell-Boltzmann distrib
tion with a thermal energy ofkT525 keV. A capture cross
section of 0.3160.02 mb was reported@23#.

The only reported measurement of the thermal-neut
capture cross section is by Emery. We reprint here the
evant portions of his report@24#: ‘‘Thermal-Neutron Cross
Sections. — The center hole in the east D2O tank of the Bulk
Shielding Reactor has a thermal-neutron flux of 1.231012

neutrons cm22 sec21. This facility was used to deter
mine the thermal-neutron@capture# cross sections for the
64Ni(n,g)65Ni and 208Pb(n,g)209Pb reactions. Dilute Au-Al
alloy ~0.100% Au! was used to measure the thermal-neutr
flux . . . . Thedisintegration rate of209Pb was determined by
a 4p beta counter . . . . Thethermal-neutron@capture# cross
section of208Pb was determined to be 487630 microbarns.’’
No further experimental details are reported.

We have measured the208Pb(n,g)209Pb cross section us
ing a cold neutron beam. Our experiment provides the fi
measurement of high-resolutiong-ray energy spectra pro
duced from this reaction. Cross sections for t
©2002 The American Physical Society01-1
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J. C. BLACKMON et al. PHYSICAL REVIEW C 65 045801
206Pb(n,g)207Pb and 207Pb(n,g)208Pb reactions were als
measured. At low neutron energies,En,1 keV, the centrifu-
gal barrier suppresses the interaction of neutrons with an
lar momentum other thanl 50. The cross section at thes
energies is expected to have the usual 1/v energy depen-
dence. We deduce thermal-neutron capture cross section
206Pb, 207Pb, and 208Pb from our measurements with co
neutrons under this assumption.

The experimental technique is described in Sec. II. T
results are presented in Sec. III, and the level scheme
209Pb deduced from these measurements is discussed in
IV. The cross sections for the206Pb(n,g)207Pb and
207Pb(n,g)208Pb reactions are presented in Sec. V. T
theory of radiative capture is described briefly in Sec.
Using this theory, we have calculated the cross sections
neutron capture to states in209Pb and have compared them
the measured values. Conclusions and plans for further s
are presented in Sec. VII.

II. EXPERIMENT DESCRIPTION

The 208Pb(n,g)209Pb reaction was studied at the Nation
Institute for Standards and Technology~NIST! Center for
Neutron Research using neutron beams from the Rese
Reactor NBSR. Measurements were performed usin
guided, cold neutron beam extracted from the liquid hyd
gen cold source. A radiogenic lead sample with enhan
208Pb content was placed 41 m from the cold source on
neutron guide NG-7. The neutron beam was filtered thro
12.7 mm of beryllium and a 203-mm-thick single-crystal b
muth filter. For neutron energies less than 5.2 meV, the n
tron energy distribution was approximately that of a Ma
wellian corresponding to a temperature of 20 K~1.7 meV!.
Neutrons with energies greater than 5.2 meV were gre
attenuated by the filters in the beam, and there are essen
no fast neutrons at the sample position.

The lead sample used in these measurements consist
2.318 g ~18 mm diameter by 0.8 mm thick! of radiogenic
lead. The isotopic composition of the sample was determi
by mass spectrometry and is given in Table I. The sam
was held under vacuum in a magnesium alloy chamber w
thin ~0.5-mm-thick! entrance and exit windows. The samp
was oriented at 45° relative to the incident neutron bea
The neutron beam was collimated to 20 mm in diameter b
6Li-glass aperture. The sample was smaller than the neu
beam; therefore, the number of neutron captures was pro
tional to the total number of target atoms and the neut
fluence rate.

Data were collected using a composite sample consis

TABLE I. The isotopic composition of the radiogenic lea
sample used in these measurements.

Isotope Atom %

204 ,0.04
206 26.060.2
207 1.6660.04
208 72.360.2
04580
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of the radiogenic lead with a 0.402-g standard sample
reactor-grade graphite~with the same 18 mm diameter as th
lead sample!. The cross sections for the production ofg rays
from the 208Pb(n,g)209Pb reaction were determined by no
malizing the observed yields attributed to this reaction
those from the 12C(n,g)13C reaction. This normalization
procedure eliminates potential sources of systematic un
tainty; for example, as might result from the neutron fluen
and absolute detection efficiency. Cross sections determ
in this manner depend only upon the yields, the ratio of
number of target atoms, and relative efficiencies forg-ray
detection.

Prompt captureg rays were detected by the NIST Promp
Gamma Activation Analysis~PGAA! Spectrometer, a 26%
high-purity germanium detector with a surrounding bismu
germanate~BGO! Compton-suppression detector@25,26#.
The detector was completely shielded, except for the line
sight to the sample, by a 10-cm-thick layer of lead and
layer of 6Li-loaded plastic. A conical lead collimator be
tween the detector and sample restricted the detector’s
of view to an area slightly larger than the sample size. T
photopeak efficiency of the detector was determined at
g-ray energies between 122 and 8579 keV by measuring
yields ofg rays from a calibrated152Eu source@27# and from
the standard35Cl(n,g)36Cl reaction@28#. For studying the
latter reaction, a polyvinyl chloride sample with the sam
diameter as the lead sample was used.

III. RESULTS

A g-ray energy spectrum was collected for a period
69.6 h using the composite sample of radiogenic lead
graphite. A portion of this spectrum is shown in Fig. 1~a!.
Spectra were also collected using the graphite sample
and with the radiogenic lead sample only. The spectr
taken with the carbon sample is also shown in Fig. 1~a! ~with
an arbitrary normalization!. The spectrum taken with the ca
bon sample was normalized to the spectrum taken with
composite sample using the yields of the 1262- and 36
keV g rays from the12C(n,g)13C reaction, and subtracted t
obtain a net spectrum attributed to interaction of the neut
beam with the radiogenic lead sample. A portion of this n
spectrum is shown in Fig. 1~c!. Seven peaks were observe
at energies that correspond to either primary transitions
known levels in 209Pb or secondary transitions betwee
known levels in209Pb below the neutron threshold. No pea
were observed in the carbon spectrum at these energies
the peaks assigned to209Pb could not be associated with an
likely background source@29,30#.

The energies of the g rays attributed to the
208Pb(n,g)209Pb reaction are summarized in the first colum
of Table II. The cross sections for the production of theseg
rays, I g , were determined by normalizing the observ
yields, Y(Eg) to that of the 1262-keVg ray from the
12C(n,g)13C reaction by

I g54.11
Y~Eg!

Y~1262 keV!

e~1262 keV!

e~Eg!
I 1262, ~3.1!
1-2
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THERMAL-NEUTRON CAPTURE BY 208Pb PHYSICAL REVIEW C 65 045801
FIG. 1. ~a! g-ray energy spectra collected using the composite sample of radiogenic lead and reactor-grade graphite~solid line! and using
the graphite sample only~dashed line! are shown. The spectrum collected using the graphite has been multiplied by an arbitrary n
ization.~b! g-ray energy spectra collected using the radiogenic lead sample~solid line! and with no sample in place~dashed line! are shown.
The background spectrum collected with no sample has been multiplied by an arbitrary normalization.~c! The net spectrum obtained b
subtracting the spectrum taken with the graphite sample from the spectrum taken with the composite sample@normalized to the12C(n,g)13C
reaction# is shown. The origins of the most prominent lines are indicated.~d! The net spectrum obtained by subtracting the spectrum ta
with no sample from the spectrum taken with the radiogenic lead sample~normalized by the ratio of the collection times! is shown.
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wheree(Eg) is the photopeak efficiency of the detector f
detecting ag ray of energyEg , and 4.11 is the ratio of12C
to 208Pb atoms in the composite sample. T
208Pb(n,g)209Pb cross sections were also normalized to
3684-keVg ray from the 12C(n,g)13C reaction in a similar
manner.

TABLE II. The cross sections for production ofg rays from the
208Pb(n,g)209Pb reaction with thermal neutrons.

PbC sample Pb samplea Adopted
Eg ~keV!b I g (mb)b I g (mb)b I g(mb)b Placement

465.3~3! 188 ~17! 166 ~14! 175 ~12! 2032→1567
970.5~5! 21 ~9! 25 ~10! 23 ~7! 2538→1567

1400.3~3! 21~4! @42 ~10!#c 25 ~5! C→2538
1567.1~3! 230 ~12! 230 ~12! 1567→0
1621.5~7! 21 ~13! 34 ~12! 28 ~9! C→2319
1788.3~4! 54 ~11! 42 ~15! 51 ~9! C→2149
1905.7~4! 78 ~13! 79 ~14! 78 ~10! C→2032

aThe cross sections were determined relative to the 1567-keVg ray.
bIn this notation 465.3~3![465.360.3, 188~17![188617, etc. The
uncertainties refer to one standard deviation.
cContaminated by neutron capture on the cadmium between
sample and detector.
04580
e

We assume that the ratios of the208Pb(n,g)209Pb cross
sections to the12C(n,g)13C cross sections at the cold ne
tron energies used in our measurement are the same a
ratios at thermal energies. Therefore, thethermalcross sec-
tions for the208Pb(n,g)209Pb reaction were determined from
Eq. ~3.1! by setting the12C(n,g)13C cross sections to the
measured values using a thermal-neutron beam,I 126251.09
60.02 mb andI 368451.0860.02 mb @31#. The cross sec-
tions obtained using these twog rays for normalization were
consistent within statistical uncertainty, and the average
the two values is provided in the second column of Table
The uncertainties in the relativeg-ray efficiencies~2–3 %!
and in the12C capture cross sections~2%! have been added
in quadrature to the statistical uncertainties to arrive at
uncertainties given in Table II, but these are insignifica
compared to the statistical uncertainties except for the st
gestg ray. The uncertainty in the number of target atoms
negligible.

Several of the observed transitions are weak~less than 3s
observations!, and additional measurements were perform
to improve the sensitivity. The high-purity germanium dete
tor in the PGAA spectrometer suffered some damage fr
neutron irradiation and was replaced with a detector w
improved resolution. A thin piece of cadmium was add
between the sample and the detector to reduce backgro
from neutrons scattered from the sample.

he
1-3
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TABLE III. Level scheme of209Pb as determined from this work.

Ex
a Ex ~Ref. @32#! SI g(in) SI g(out) SI g ~in–out!

~keV! ~keV! Jp Deexcitingg rays ~mb! ~mb! ~mb!

0.0 0.0 9
2

1 230 ~12! 230 ~12!

1567.1~3! 1567.09~3! 5
2

1 1567.1 198~14! 230 ~12! 232~19!

2032.4~4! 2032.22~4! 1
2

1 465.3 157~17! 175 ~12! 218~21!

2149.7~7! 2149.43~4! 1
2

2 117b 51 ~9! 51 ~9! 0 ~13!

2316.5~9! 2319 ~2! ( 3
2

2) 284b 28 ~9! 28 ~9! 0 ~13!

2537.7~5! 2538 ~2! 3
2

1 970.5 25~5! 23 ~7! 2 ~9!

3938.0~5! 3936.8~1.4! 1
2

1 1400.3, 1621.5, 182~17! 2182~17!

1788.3, 1905.7

aIn this notation 1567.1~3![1567.160.3.
bUnobserved because of the large background at lowg-ray energies. The intensity is inferred from the know
decay scheme@32#.
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A portion of ag-ray energy spectrum collected for 109.5
using the radiogenic lead sample is shown in Fig. 1~b!. A
background spectrum was also collected with no sampl
place. The background spectrum, divided by an arbitrary n
malization, is also shown in Fig. 1~b!. The background spec
trum was normalized to the spectrum collected using
radiogenic lead sample by the ratio of the collection tim
and subtracted from the lead spectrum. The same energ
gion of this background-subtracted spectrum is shown in F
1~d!. No additionalg rays from the208Pb(n,g)209Pb reaction
were observed in this measurement. The cross section
the 208Pb(n,g)209Pb reaction are given in column 3 of Tab
II, where the cross sections have been normalized to tha
strongestg ray, the 1567-keV ground-state transition. T
yields of all of the observed transitions agree with those
the previous measurement except for the peak at 1400
which was contaminated by a background peak arising fr
the capture of scattered neutrons by the cadmium placed
tween the sample and the detector. We adopt a weig
average of the values from the two measurements whic
shown in column 4 of Table II.

IV. PLACEMENT OF THE OBSERVED
TRANSITIONS IN 209Pb

The placement of the seven observedg rays in the209Pb
level scheme is summarized in the last column of Table
The energies of three of the observedg rays correspond to
previously reported transitions among known levels in209Pb
@32#. These areEg51567.160.3 keV, corresponding to th
ground-state transition from the52

1 level atEx51567 keV;
Eg5465.360.3 keV, the transition from the12

1 level atEx
52032 keV to the5

2
1 level at Ex51567 keV; Eg5970.5

60.5 keV, the transition from the3
2

1 level at Ex
52538 keV also populating the52

1 level atEx51567 keV.
The other four observedg rays, Eg51400.360.3, 1621.5
60.7, 1788.360.4, and 1905.760.4 keV, were identified as
primary transitions from the capturing state to excit
states in209Pb atEx52538, 2319, 2149, and 2032 keV, r
spectively.
04580
in
r-

e
s
re-
g.

for

of

f
V,

m
e-

ed
is

I.

The level scheme of209Pb deduced from our work is sum
marized in Table III. The energies determined from ea
level are consistent with the adopted value from the literat
@32#; however, we have obtained more precise energies
the levels at 2316.560.9 and 2537.760.5 keV. In addition,
we determined the neutron-separation energy (Sn) of 209Pb
to be 3938.060.5 keV. Our placements are also summariz
in Fig. 2.

We have established a nearly complete picture of the n
tron capture spectrum of208Pb. The observed cross sectio
populating each level,SI g(in), and the observed cross se
tion from the deexcitation of each level,SI g(out), are shown
in the fifth and sixth columns of Table III. If the level schem

FIG. 2. A partial level scheme of209Pb is shown. The observe
g rays from the208Pb(n,g)209Pb reaction are indicated. The width
of the lines~and the included numbers! show the relative strength
of the transitions normalized to the 1567-keV ground-st
transition.
1-4
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THERMAL-NEUTRON CAPTURE BY 208Pb PHYSICAL REVIEW C 65 045801
is complete, the observed cross sections populating and
populating each level should be equal. The 117- and 284-
g rays from the decays of the 2149- and 2317-keV levels
the 2032-keV level were not observed because of the la
background at lowg ray energies, but we infer the strengt
of these transitions from the known decay branchings
these levels@32#. Given the inferred strengths of these tw
low-energyg rays, SI g(in) is generally well balanced by
SI g(out). A small missing contribution,I g'30 mb, captur-
ing into levels with Ex.2032 and cascading through th
Ex51567 keV level, i.e.,C→Ex→1567→0, would balance
the intensities for all observed levels, including the inten
ties of the primary and ground-state transitions. This sm
remaining strength could be fractionated, making it too we
to be observed in these measurements.

The experimental spectra were carefully studied for ot
possible primary and ground-state transitions. None w
found exceeding the experimental sensitivity of about 10mb.
We conclude that all of the capture strength cascades thro

the Ex51567 keV (52
1) state, and that the total therm

cross section for the208Pb(n,g)209Pb reaction is essentiall
equal to the cross section for production of the 1567-keVg
ray, i.e.,s2085230612 mb.

V. OTHER LEAD ISOTOPES

The 6739- and 7368-keVg rays from neutron capture o
206Pb and207Pb were also observed in these measureme
From our work and from previous measurements@33,34# it
can be shown that these transitions represent greater
99% of the capture by these isotopes. A direct measurem
of the capture cross section for these transitions has not
previously reported. The ratio of these cross secti
(I 6739/I 7368) was previously measured to be 0.04360.001 by
Jurney and Motz @35#. We find (I 6739/I 7368)50.0435
60.0013, in good agreement with the previous measu
ment. Normalizing the yields of the 6739- and 7368-keVg
rays to those from the12C(n,g)13C reaction, we also find
I 6739526.361.2 mb andI 73685600630 mb. The previously
reported values for the206Pb and207Pb neutron capture cros
sections were determined from a measurement of the c
section for neutron absorption on natural lead using a

TABLE IV. The measured total capture cross sections for
lead isotopes are compared to the values determined from prev
measurements.

Isotope
Cross section

~mb! Reference
This work

~mb!

204Pb 661670 Ref.@38# –
206Pb 30.560.7 Refs.@35,36# 26.661.2
207Pb 709610 Refs.@35,36# 610630
208Pb 0.48760.030 Ref.@24# 0.23060.012

Natural Pb 17162 Ref. @36# ~15167!a

aThe cross section for neutron capture by204Pb was taken to be
661670 mb from Jurney, Motz, and Vegors@38#.
04580
e-
V
o
e

f

i-
ll
k

r
re

gh

ts.

an
nt
en
s

e-

ss
le

oscillator@36# and from the measured ratios of the204Pb and
206Pb cross sections to that of207Pb @35#. @The
208Pb(n,g)209Pb cross section was taken to be negligibl#
Our cross sections for206Pb and207Pb are compared to th
previous values in Table IV and are found to be about 1
lower. The source of this discrepancy is not known; howev
the total capture cross section for many elements~magne-
sium @10# and copper@37#, for example! has been found to
be about 7% lower than determined by the pile oscilla
measurements of Ref.@36#. This could explain much of the
observed discrepancy.

VI. THEORETICAL CONSIDERATIONS

Because 208Pb is a double closed-shell nucleus, it
possible to calculate neutron capture cross sections
reasonable accuracy. Two contributions need to be con
ered. The first is the compound-nuclear contribution, g
erned by a nearby resonance or bound state. The seco
direct capture.

Two consequences of the shell nature of208Pb are that the
neutron separation energy of the compound nucleus209Pb is
low, only 3.938 MeV, and so is the level density. Thus, it
believed that most of the levels below the neutron separa
energy are known. Certainly, there is not an order of mag
tude change in the level spacing of theJp5 1

2
2 and 3

2
2 levels

between those found in reactions such as (d,p) below the
neutron separation energy and those found by the m
higher resolution technique of neutron cross-section m
surements above that energy.

There is only one known1
2

1 level below the neutron
separation energy. This level is at 2.032 MeV, and it ha
(d,p) spectroscopic factor of 0.98. Thus, we identify it as t
4s1/2 single-particle neutron level. The next known1

2
1 level

is thes-wave resonance at 0.507 MeV. This resonance ha
neutron width of 53 keV, giving a reduced width that is 3
of a nominal single-particle value. Because the sensitivity
the (d,p) work done on this nucleus is such that leve
with spectroscopic factors of the order of 0.001 have be
detected, it is unlikely that there are any other bound1

2
1

levels approaching the neutron strength of the 0.507-M
resonance apart from the 2.032-MeV state. Being a ne
pure single-particle state, the latter will have its main effe
on the thermal-neutron cross sections through its effect
the neutron scattering length and hence on the direct-cap
cross section. It follows that the only state we need to c
sider in computing the magnitude of the compound-nucl
capture is the 0.507-MeV resonance.~The nexts-wave reso-
nance is at 1.735 MeV and has a similar reduced neu
width!.

We show in column 5 of Table V the expected values
the thermal-neutron capture cross sections from the 0.5
MeV resonance state to the known1

2
2 and 3

2
2 bound states

of 209Pb. The model for theE1 transition strength is the
Weisskopf estimate modified by using a sampling of realis
calculations of the radial dipole integrals@39#. The formula
for the radiation width is

Gg52.531029Eg
3A1/2D, ~6.1!

e
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1-5



he
to

e

J. C. BLACKMON et al. PHYSICAL REVIEW C 65 045801
TABLE V. Properties of allJ5
1
2 or 3

2 states in209Pb below the neutron threshold, including both t
measured and calculated@compound-nuclear~CN! and direct# cross sections for thermal-neutron capture
these states.

CN Direct Measured

Ex ~keV! Jp S Eg ~keV! I g ~mb! I g ~mb! I g ~mb!

2032 1
2

1 0.98 (4s1/2) 1904 ~59! a 66 78610

2149 1
2

2 0.0036~if 4 p1/2) 1787 240 62 5169

2319 ( 3
2

2) 0.0045~if 4 p3/2) 1617 180 151 2869

2538 3
2

1 1.09 (3d3/2) 1398 ~23! a 0 2564

2904 3
2

2 1032 47 ,10

3031 ( 1
2

2, 3
2

2) 0.0012~if 4 p3/2) 905 31 32 ,14

3076 3
2

2 860 27 ,10

3524 3
2

2 412 3

3562 3
2

2 374 2

3637 3
2

2 299 1

3681 ( 1
2

2, 3
2

2) 0.0029~if 4 p1/2) 255 1 15

3831 3
2

2 105

aThis is unlikely to be a typical compound-nuclear transition~see text! and is therefore not included in th
total cross section for the contribution from the compound-nuclear mechanism.
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where Eg is the energy of the transition in MeV,A is the
nuclear mass number andD is the initial state level spacing
for which we have used the value of;1 MeV. Only a few
transitions contribute to the expected total compound-nuc
capture cross section of 0.53 mb. Because the individ
transition cross sections are subject to Porter-Thomas
tuations, there is a large variance associated with this ex
tation value. The distribution of likely total cross-section va
ues about the expectation value will be approximat
exponential, giving only about one-third chance for the
tual cross section being greater than the expectation valu
widely used empirical version of the Weisskopf model
Cameron’s formula@40#:

Gg50.3331029Eg
3A1/2D. ~6.2!

This formula gives cross-section estimates about 40%
those given by Eq.~6.1!.

Another important experimental observation is thatM1
transitions in resonance neutron capture are, on aver
about one fifth of the strength of theE1 transitions. On this
basis, the transitions to the two even-parity states at 2.
MeV and 2.538 MeV will contribute an expected addition
15% to the total capture cross section. These are both alm
pure single-particle states, however, and this fact sho
greatly reduce the transition strength, the typical compou
nuclear component going only to the small residue of
final state that is not of single-particle character. This asp
is considered further in the next paragraph.

Thermal-neutron direct capture@4# has been shown quan
titatively through a series of papers@6–10# to be the prepon-
derant mechanism forE1 transitions over a broad range
light nuclei. Only a few nuclei with strong resonances fai
04580
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c-
c-
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of
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2
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close to thermal-neutron energy are exceptions to this r
Nuclei that are near to closed shells are also expected t
candidates for exhibiting the direct mechanism, because
too are likely to have final states with strong single-parti
admixtures. In the case of209Pb, however, the 3p1/2 and
3p3/2 neutron states are already occupied with the shell c
sure of 208Pb, and the 4p states are expected to lie muc
higher in the continuum. In the spectrum below the neut
separation energy, there are several1

2
2 and 3

2
2 states, as

shown in Table V, but their spectroscopic factors are cons
erably less than 1%. These states could be small resid
from the 3p states or weak fragments well out on the low
wings of the fractionated 4p states. However, if these single
particle strengths are used to evaluate the direct-capture c
sections with the method described in Ref.@41#, the results
shown in column 5 of Table V are obtained, giving a totalE1
direct-capture cross section of 0.26 mb. The spectrosc
factors are not available for several states; presuma
they are too small to be measured reliably, and we there
assume the corresponding direct-capture cross sec
to be negligible. The direct-capture components can inter
constructively or destructively with the compound-nucle
~CN! components, but on average the two sets should
added. Using the CN cross sections given in Table V,
obtain a total capture cross section of 0.79 mb, or 0.47
if the Cameron model is used for the CN component. T
measured cross sections for individual transitions differ
most by an order of magnitude from the estimated C
strengths, and these differences are not inconsistent with
expected Porter-Thomas fluctuations in the individu
strengths.

Direct M1 capture is very weak; convincing evidence
it has only been found in a few very light nuclei@42#. The
1-6
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single-particle nature of the two final states to whichM1
transitions are allowed suggests, however, that it should
considered. Direct capture to the 2.538-MeV3

2
1 state is

ruled out by its single-particled3/2 character. The direct
capture cross section to the 2.032-MeV1

2
1 state ~single-

particle character 4s1/2) is calculated to be 0.066 mb. Th
value is about the same, as would be estimated from the
model, ignoring the single-particle character of the fin
state. It can be concluded, therefore, thatM1 transitions
contribute no more than 10–15 % to the208Pb capture cross
section.

To make an assessment of the degree to which theory
agreement with experiment, it is necessary to know the pr
ability distribution of the theoretical estimates. In Table

FIG. 3. ~a! Frequency functions for the total capture cross s
tion of 208Pb calculated by combining direct capture with either t
modified Weisskopf or Cameron model of compound-nuclear c
ture are shown.~b! The probability distributions for the total captur
cross section of208Pb are shown.
04580
e

N
l

in
b-

the direct-capture estimates are precise, whereas
compound-nuclear components will have Porter-Thomas
tributions. So even for a single transition, the analytical fo
of the frequency function is quite complicated, ranging fro
a narrow Gaussian whensCN(g)!sdir(g) to a Porter-Thomas
form at the opposite extreme. For the convolution of t
several transitions in Table V, we have resorted to a Mo
Carlo numerical method. The total capture cross section
the form

s i5(
i

~s i (CN)
1/2 1s i (dir)

1/2 !2. ~6.3!

The values of the direct components are the square roo
the entries in Table V and are taken to have positive defi
sign. The CN components are drawn from a Gaussian di
bution with zero mean and dispersion equal toA(2^s i (CN)&).
The resulting frequency function and probability distributio
for the values given in Table V are shown in Fig. 3. T
mean value is 0.86 mb and the variance is 0.36 mb2. The
frequency function and probability distribution for the Cam
eron model of CN capture are also shown in Fig. 3. T
mean value is 0.55 mb and the variance is 0.10 mb2.

The measured value of the cross section is 0.23060.012
mb. The probability of the cross section being 0.230 mb
less on the modified Weisskopf model is 6.8%. On the Ca
eron model it is about 14%. With the expected compou
nuclear contribution being an order of magnitude less th
that used for the modified Weisskopf model above, the pr
ability is only about 13%. These probabilities are sufficien
high to suggest that the model of CN capture interfering w
a smaller but still significant component of direct capture i
reasonable one.

VII. CONCLUSION

We have measured the thermal-neutron capture cross
tions for the 206Pb, 207Pb, and208Pb isotopes. Seveng rays

-

-

FIG. 4. The three previously reported measurements of the t
208Pb(n,g)209Pb cross section are shown with the results of t
measurement.
1-7
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from the 208Pb(n,g)209Pb reaction were observed, and
level scheme in209Pb was constructed which establishes
nearly complete picture of the capture spectrum. T
thermal-neutron capture cross section for208Pb was found to
be 0.23060.012 mb. Our result is plotted in Fig. 4 with th
other reported measurements of the total208Pb(n,g)209Pb
cross section. We find the thermal-neutron capture cross
tion to be about a factor of 2 smaller than reported by Em
@24#. The source of this discrepancy is not clear.

The 208Pb(n,g)209Pb cross section extrapolated as a fun
tion of energy from our measurement is shown in Fig
~dashed line!. This extrapolation is accurate for low neutro
energies, where the centrifugal barrier restricts capture
only s-wave neutrons. In the energy region that is import
for thes process,En55230 keV, resonances and capture
p-wave neutrons can contribute significantly to the cross s
tion. Also shown in Fig. 4 is the Maxwellian-averaged cro
section resulting from known resonances~solid line! @16#.
The known resonances and thes-wave contribution to the
cross section do not account for the reported total cross
tions at 25 keV. The differing flux distributions of inciden
neutrons might be a reason why the two measured va
near 25 keV~see Fig. 4! are widely discrepant because
strong resonances atEn.40 keV. It has been proposed@16#
that ap-wave direct-capture contribution could account f
s

,
B

cl

Re

.E

.

Re

.E

n

.
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the difference between the cross section due to known r
nances and the total cross section measurement of R
@23#. A measurement of the208Pb(n,g)209Pb capture cross
section and energy spectrum at neutron energies around
10 keV, where both thes-wave and resonant contribution
to the cross section are expected to be small, would be
ticularly desirable to test calculations of thisp-wave com-
ponent and to reduce the uncertainty that remains in the c
section in the energy region that is important for thes
process.
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