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Neutron-capture yields for several samples of separated lead isotopes were obtained at the
Oak Ridge electron linear accelerator, in the neutron energy range above 2.5 keV, These
were analyzed for resonance-capture areas and parameters. The data are included in a new
evaluation of lead cross-section data.

NUCLEAR REACTIONS ' ' ' Pb(n, y), E„&2. ke, measured o„; e-
duced levels, E&, I', I'&, averages, R. I. , enriched targets, resolution -0.2%.

I ~ INTRODUCTION

The neutron-capture cross sections and reso-
nance parameters of the isotopes of Pb in the
keV neutron energy range are of considerable
interest in studies of neutron physics, nuclear
structure, astrophysics, and shielding applica-
tions.

Resonance-parameter systematics vary strongly
near closed shells and the Pb isotopes present an
opportunity to determine the influence of neutron
shell closure at a closed proton shell. The ob-
servation of an z-wave doorway state in ~Pb
and possibly '"Pb which is based on a resonance
at 500 keV in ' pb indicates the importance of
detailed studies of these isotopes. We have there-
fore obtained parameters for resolved resonances
from neutron capture in all four stable isotopes.

The lead isotopes also present a key to the
chronology and temperature of stellar nucleosyn-
thesis. Three distinct processes contribute to
the observed abundanees of the isotopes of Pb.
Qne of these, the s process, ' results from the
capture of neutrons at keV energies during a low-
intensity, sustained neutron exposure. A correla-
tion between s-process abundanees and Maxwel-
lian-averaged capture cross sections is predicted,
and the data presented here will permit a detailed
analysis of the Pb-U chronology. '

The capture cross sections of the Pb isotopes
together with y-ray decay data permit accurate
estimates of secondary y-ray production cross
sections in lead shields. Such information is of
importance to integral experiments which utilize
large lead detector shields and collimators. Re-
sults reported in this paper satisfy in part several
requests in the RENDA and NCSAC request com-
pilations. 4

The high-resolution measurement of fast-capture
cross sections with small (much less than one

mole) samples of separated isotopes ha, s become
possible with the development of the Oak Ridge
electron linear accelerator (ORE LA). ' ' Fast,
efficient capture detectors such as the total ener-
gy detector (TED)' used in this experiment are
essential together with an on-line computer sys-
tem with high capacity semirandom access disc
storage. ' With a typical neutron energy resolu-
tion of 0.2% at 40 m, running times of the order
of 24 h are sufficient for measurements on many
separated isotopes. Consequently a comprehen-
sive capture program is underway at QRELA to
measure complete sets of isotopic cross sections
for elements throughout the Periodic Table. The
lead isotopes are the first of a series of reports
on this work.

II. ORELA, DETECTORS AND COMPUTERS

Several papers have been published on the ex-
perimental procedure and associated equipment,
and these have been referenced in the Introduc-
tion. ' "Consequently only an outline of the sys-
tem is given in this section. A brief listing of
conditions for runs used in the analysis to follow
is given in Table I.

The capture facility at the 40-m flight station of
ORELA is one of many experiments which operate
on 11 flight paths. Typical running conditions for
the capture measurements are: 140 MeV, 10-amp
peak-pulse current, 8 kW for 5-ns pulses at 800
pulses per second. The flight path is equipped
with a shadow bar (which reduces the sample
scattered y -ray flash to -6 MeV as seen by the
detectors), filters, and a series of copper col-
limators which define the beam to a 5.1-x2.5-cm
cross section at 40 m. With a "B filter the beam
is particularly clean, with a time-dependent back-
ground of less than 0.5/q for neutron energies up
to 35 keV and less than 1% at 105 and 1000 keV.

A major requirement of a neutron-capture de-
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tector is that its efficiency be independent of the
nature of the capture y-ray spectra. Detectors
often used are liquid scintillators (with almost
4a geometry) and Moxon-Rae detectors (with ef-
ficiency proportional to the total energy of exci-
tation). A third type of detector called a total
energy detector (TED) is used in this work. The
application of a computed pulse-height weighting
scheme results in an average response which is
proportional only to the total energy (i.e., binding
energy plus center-of-mass neutron energy). Two
fluorocarbon liquid scintillators (Ne-226)'o each
4 cm thick' 10 cm diameter are mounted on
12.7-cm photomultipliers, and view the capture
sample normal to the beam. The detectors have
an efficiency per capture event of -15% and a time
resolution of better than 2 ns. At the 40-m sta-
tion an energy resolution(inkeV) of Z„/600 at 3 keV
to E„/200 at 2000 keV is obtained for 5-ns pulses.

One meter from the sample position a 2-mm-
thick Li glass, viewed end on by two photomulti-
plier tubes, is used to monitor the incident neu-
tron flux. " A plastic detector at the end of the
beam tube provides a start pulse to a digital
clock on detection of the y flash, while an event
from either TED or the 8Li glass can stop the
clock, the type event indicated by a tag word
transmitted to the acquisition computer. The
original clock designed by Nutt" has now been
replaced with a TDC-100" time digitizer. This
clock is normally operated in the single stop
mode, with a 1024-ns delay, 1-ns time channels,
and a 64-ps range. The pulse-height events from
the TED's are digitized into 128 channels, which

together with the 64000 channels of time-of-flight
data and various tags are sent to the on-line
SEL810B computers for analysis and storage.

. Calibration of the time-of-flight spectrum is
achieved from transmission dips at 5906 keV in

aluminum and higher energy resonances in sul-
phur at 30.4, 203, 274, 290, 375, and 587 keV.
The pulse-height scale is frequently calibrated
with the Compton edge of the 4.43-MeV "C y ray
from a Pu-Be source.

Two SEL810B computers (16 bits, 16000 core)
are available each with fast access disk storage.
Each computer handles up to four separate ex-
periments, accumulating data into a 512-word
buffer before accessing the disk. Count rates of
a few thousand events per second can be handled,
although typical capture rates are only a few hun-

dred events per second.
The 64000 channels of time-of-flight data are

crunched eight times before being loaded into
four files each of 18432 channels. Either the
monitor or detector files are incremented with

each event. In the latter case, a weight QWT

(PH) is assigned to the detector event according
to the observed pulse height (PH), and this weight
is added to the appropriate time channel in the
energy-weighted file. Similarly an uribiased and
consistent estimate of the variance is stored. It
is the QWT data which, after appropriate correc-
tions, is proportional to the total energy emitted
in a given time channel during the experiment
(i.e., number of captures multiplied by excitation
energy per capture). The standard deviation of
the QWT is just the square root of the correspond-
ing cumulative variance. In practice the QWT and
variance files are each divided into four files cor-
responding to y rays with energy above 285, 630,
1650, and 4080 keV. Thus it is possible to set a
crude bias after an experiment by rejecting lower
pulse-height groups. This was done for ' ~Pb to
determine the ground-state y-ray yield from the
41-keV resonance.

A pulse-height spectrum is also accummulated
in 128 channels (double precision) for all time-of-
flight events from the TED's.

III. FLUX MEASUREMENT AND

DETECTOR EFFICIENCY

The 'Li(n, u) cross section has been reviewed
recently by Uttley et al. 3 who specify an accuracy
of 1% to 10 keV, increasing to 2% at 100 keV, 5@
between 150 and 300 keV, and increasing to 10/0
at 500 keV. An accuracy of 15% is recommended
between 700 and 1000 keV, and up to 1.7 MeV.

Earlier discrepencies in the energy of the P-
wave resonance seem attributable to multiple-
scattering effects in thick 'Li glass scintillators.
Thus the 'Li(n, u) cross section is well known and
a a-mm-thick 'Li glass (NE-912) is now used at
39 m as the neutron flux monitor. " The energy
of the p-wave resonance determined with this
glass is -240 keV, in excellent agreement with
the Harwell work. The Uttley formalism is used
to calculate the (n, u) cross section, with an addi-
tional resonance term at 2 MeV to fit the data
above the 0.25-MeV P-wave resonance.

As the glass is upstream from the capture sam-
ple it is necessary to make corrections for flux
perturbations as well as multiple scattering by
the constituents of the glass (See Appendix I).
The correction factors are best seen in Fig. 1,
where the ratio of the efficiency per transmitted
neutron (EFFTR) to the macroscopic cross sec-
tion (XNA) is plotted. Without corrections this
ratio would be unity. 90' scattering by glass con-
stituents results in increased (n, u) yields as
shown. EFFTR and the 8Li(n, u) macroscopic
cross section are shown separately in Fig. 2.

The neutron flux (P) is determined from the
observed 8Li yield (YL, , i.e., Q(E) = YL;(E)/EFFTR
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(E), where E is the neutron kinetic energy in the
laboratory frame of reference. For those mea-
surements made before the installation of the
glass, EFFINC (the efficiency for the incident or
unperturbed beam) is used instead of EFFTR.

Assuming the thin sample approximation (i.e.,
o,*APB ~0.2, where APB is the atoms per barn
of capture sample) and neglecting self-shielding
and multiple-scattering corrections, the capture
cross section (o) is

o(E) = X, (E)/e y(E)APS,

where N, (E) is the number of capture events at
energy E and e the detector efficiency for capture
events. N, is related to the weighted yield accu-
mulated in the GWT spectrum by

lV', (E) =GWT(PH)/[a. z. +Ex/(A+ l)],
where the denominator is the total energy per
capture, and GWT (PH) represents the product of
the number of captures and the total energy per
capture.

The capture efficiency of the TED's was deter-
mined by the application of the saturated reso-
nance method to the 4.9-eV resonance of gold. As
I"&» I'„ for this resonance, the observed saturated
capture yield for a 0.0030-atom-per-barn sample
is proportional to the incident neutron flux be-
cause virtually all neutrons are captured. The
weighted detector efficiency is thus e =N, (E)/P(E)
where Q(E) =1~,. (E)/EFFTR(E). A correction of
2.4% is calculated to account for the transmission
on resonance and especially the backscattering
from the gold foil.

A value of e =0.98+0.05 was determined. This

result is dependent on the discriminator settings
of the associated glass electronics, and is peri-
odically reevaluated. The neutron flux is also
checked by the capture yield from a 0.05-cm gold
foil sample used as a secondary standard. In ad-
dition, each run is monitored by a time-gated
communal fission detector which can be used for
normalization. Intercomparison of these methods
suggests a reliability of flux measurement of
+9% [2 standard deviations (S.D.)] for the earliest
runs (which include the '"Pb and '"Pb) and + 5%
(2 S.D. ) for the past year.

IV. DATA REDUCTION AND ANALYSIS

At the completion of a capture measurement the
data are dumped onto magnetic tape for off-line
reduction and analysis at the IBM-360 system. A
dead-time correction is made to all data, based
on combined count rate in the time-of-flight and
monitor spectra. This correction utilizes the
total number of beam bursts in a run. Time-in-
dependent background corrections are made for
both the TED's (GWT) and glass (MON) and are
based on beam-off count rates.

The time-dependent background is a more dif-
ficult correction to make. Part of this is related
to the macroscopic potential scattering cross sec-
tion. The '"Pb spectrum exhibits few resonances
and after these are removed a smooth yield curve
is obtained which represents the background con-
tribution from potential scattering. Structures at
6 and 27.5 keV (Fig. 3) are clearly observed which
relate to sample scattered neutrons which are
captured in the 5.906-keV resonance in the alumi-
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FIG. 1. Scattering, self-absorption, and resonance-structure effects for a 0.05-cm 6Li glass scintillator; correc-
tions calculated per transmitted neutron for use in determining neutron beam flux downstream from the scintillator.
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FIG. 2. Neutron efficiency for 0.05-cm 6Li glass as a function of energy, per transmitted nwutron, using Uttley's 6Li

resonance parameters as modified (see text). The upper curve includes the corrections shown in Fig. 1, the lower is
just proportional to the GLi(n, Q.) cross section used.

num beam tube and detector assembly and in the
27.07-keV resonance in the fluorine of the scintil-
lator. After appropriate normalization of the
macroscopic cross sections of the other lead iso-
topes relative to 208, the modified 208 yield is
subtracted. For samples of light mass, the struc-
ture is shifted and spread to correspond to the
analytic energy losses on elastic scattering. This
method is validated by the elimination of the Al
and F bumps from the isotopic yields. The re-
mainder of the time-dependent background is
present with no sample inserted in the beam and
is measured in a separate run. The total back-
ground subtraction is typically 8 or 9%.

The time-of-flight spectra are converted to 12
linear energy groups from 2.5 keV to 2.5 Mev, by
an interpolative procedure, and then normalized
relative to the 'Li(n, o.) cross section. The final
result is seen in Figs. 4-7 where the uncorrected
cross sections for all four isotopes are compared
as a function of energy. It is immediately appar-
ent which resonances can be assigned as isotopic
impurities. For many low-energy resonances the
multiple-scattering events, appearing at higher
calculated energies (shorter flight times) because
of recoil-energy losses, are clearly resolved from
primary-capture yield.

At higher energies in 204 and 206, where reso-
nances become unresolved, the 208 correction is
still assumed to be valid. Measurements with a
5-cm sulphur filter at 105 keV show that this as-
sumption is justified to -20$.

In addition to the background due to the non-
resonant scattering from the sample, there also
is associated with each resonance, a y yield de-
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FIG. 3. Time-dependent backgrounds as seen with
thick (6-mm) samples. Prominent features near 6, 27,
and 35 keV are associated with capture in Al and F in
and around the detectors after elastic scattering from
the sample. The Qux shape is closely proportional to
E 0'7 over the energy range 3-150 keV, implying an
appreciable E ~ or 1/v component in the background.

rived from neutrons scattered at the sample, reso-
nance and subsequently captured in the detector or
housing. This scattered neutron sensitivity is
typically a few parts in ten thousand. '4 It has
been evaluated as a function of energy from the
nonresonant Pb scattering as indicated above.
For narrow resonances it is negligible but can be
appreciable for broad s-wave resonances.

In order to obtain resonance parameters the re-
solved resonances are analyzed by an automatic
peak finding and Gaussian fitting computer code.
The area, full width at half maximum, and Gaus-
sian centroid are calculated, and these data are
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fed into a code which calculates energies, widths,
and capture areas relative to the 'Li(n, n) cross
section. For many s-wave resonances the ob-
served width is greater than the experimental
resolution and it is therefore possible to obtain
the neutron width directly. Again the thin sample
approximation is used to obtain capture areas,
using the equations already discussed. The radia-
tive width I' can thus be obtained as'y

W, =2r2X'gr„r, /r =-,'wo, r, ,

where g=(28+I)/2(2I+I) and o, is the peak total
cross section. In the case considered above
r-1„» rz and gI" =4&/2n'f('.
With estimates of I'& and F„, self-protection and
multiple-scattering corrections can be obtained
using a resonance self-protection and average
path-length code. If the observed resonance width
is comparable to the experimental resolution,
then gr r„/I' is obtained from the area analysis.
In these cases, a somewhat more subjective
judgement is necessary to obtain further results.

If gI'„ I'„/r-(gr&), then it can be assumed that
I'. & ry, but r. ( resolution which allows the cal
culation of I'„ for assumed values of gl"z. Alter-
nately if gr&r„/r«(gr&) then gI'„ is obtained.
Thus only approximate corrections can be made
to the capture area under these conditions.

In the case of '"Pb, where I'& -I'&„, Porter-
Thomas fluctuations are expected and it is not
really possible to distinguish between I"„and I

&

unless I'& resolution.
Reduced neutron widths are calculated and

strength functions and distributions of resonance
parameters are obtained. The Maxwellian aver-
age capture cross section is determined as this
is an important astrophysical quantity. The res-
onance integral is also given (see Table II).

For a number of low-energy resonances Monte
Carlo calculations" have been made to fit the ob-
served primary- and secondary-capture yields
which are clearly resolved. These calculations
serve as a check on the RSPAPL analytical correc-
tions and permit estimates (not necessarily unique)
of the resonance parameters to be made.
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FIG. 4. Neutron capture yields of the lead isotope targets from 2.5—12 keV. Self-absorption in the peaks is correct-
ed for in deriving resonance capture areas and parameters. Multiple scattering by the nonresonant cross section into
the narrow peaks is seen as a small satellite centered at 1%% higher incident energy, corresponding to the 90' neutron
elastic scattering energy loss for these nuclear masses.
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V. DISTRIBUTION OF RESONANCE PARAMETERS

Because of fluctuations in parameters from res-
onance to resonance, it is the dependence on neutron
energy and distribution of parameters relative to
their meanvalues which are of interest. Thus I'&

should exhibit little spread, except in the case
of '~Pb where one decay channel dominates most
resonances. I'„however is expected to fluctuate
markedly though two cutoffs in the distribution
will be apparent when for large I"„, I'„approaches
the resolution limit, and for sma. ll gI'„(derived
from the area analysis) when capture areas are a,

few BeV. s-, p-, and possibly d-wave resonances
will be observed and it is not possible from cap-
ture alone to determine the / value. However, if
the neutron widths are considered to be of a pre-
dominant value then the average energy depen-
dence of the /-reduced neutron widths allow a
general t -wave assignment. Thus if the largest
I „show an E'~ dependence, then a general s-
wave assignment is indicated. Similarly if the
E' ' dependence is apparent for the smallest I'„,

group, a p-wave assignment is suggested. How-

ever, only if total cross-section data are avail-
able can individual l -wave assignments be made.

The data are further analyzed by plotting X/(X),
where cutoffs and deviations from the expected
X' distributions suggest incorrect assignments.

It should be emphasized that the analysis does
not, in general, produce a unique set of param-
eters, except in the resolved-width case when the
total width I is greater than the experimental re-
solution.

The quality of the resonance data is best deter-
mined from a staircase plot of the cumulative
number of resonances vs energy. If the staircase
deviates substantially from linearity (Fig. 8), then
many small resonances have been missed or pairs
of resonances have not been resolved. Thus res-
onance analysis is best restricted to the linear
region. This upper limit for the linear region is
therefore noted in tables of resonance parameters.

With the exception of "'Pb a large number of
I'„are expected to contribute to I'&, such that
I'& j(I'&) exhibits a y' distribution with several
degrees of freedom for resolved width resonances
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TABLE I, Sample and accelerator data for the runs
used in the analysis. APB is atoms of isotope per barn.
DT corr is dead-time correction at -50 ps after the y
flash. 204 206 207 208

TABLE II. Average parameters for the resonances
seen in neutron capture by the stable lead isotopes.

Pulse
A width

A ('Ift) A PB (ns)

208 99.75 0.0231 8
207 92.4 0.0013 40

0.0282 5
206 88.38 0.0136 5
204 71.41 0,0067 5

1.08
1.07
1~ 08
1.05
1.24

500
500
800
500
800

82.2
283.6

24.1
48.4
43.5

5
20

9
5
7.5

Burst
rate Bursts Power

DT corr (sec f) (x106) (kW)

Linear range (keV)

(F„) (eV)
$ 8

$0 (adopted)
SI
No.
No. analyzed
D (keV)

(vv)
Vg

60
0.5+ 0.05

&1,9x 10
2.2x 10 4

149
22

0.4+ 0.04

74+ 5

240
1~ 6+ 0.2

&1,4xl0 4

0.8x 10

56
20

4.3 + 0.5

14+ 1

125
0.6+ 0.15

&0,9x10 4

0,9x 10
&1.8x lo '

26
18

4.8 + 0.6

1050
2.2 + 0.7

&0,3x 10 4

0.35x 10 4

37
9

28+ 6

11.3 + 0.7 0.75+ 0.09

BI (Inb) 726+22 c 86+6 381+23 2 ~ 8+ 0.3

(with I'&res. ). Consequently those values of
gI' r /I' obtained for unresolved resonances
which lie within the obtained I' distribution are
t&en to be a measure of ry For these reso-
nances I'„ is presumed to be &I but less than
the experimental resolution. Values of gI'„ I' /I'
which lie below the I' distribution are assumed
to be a measure of gI „. These values are plotted
as the reduced widths gI"„' to determine the most
probable l assignment. As g is generally unknown
the variation in g complicates the gI"„/(gI'z) anal-

E2

~s =Jr ~/lz, -z, ).

"v =(2k''/m)i for kT =30 keV and m the reduced'V a-
mass.' The resonance at 1.69 keV was estimated to contrib-
ute 28 mb.

ysis. If the energy dependence of the resolved
widths supports an s-wave assignment g= 1 for
the even isotopes and ~, 4 for ' 'Pb. If P-wave
assignments are also probable then the possible
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spread in g increases and results in a lower value
for the degrees of freedom of the observed distri-
bution. Various aspects of the data are now con-
sidered for each isotope:

A number of low-energy resonances ob-
served in the capture yield are assigned to minor
isotopic impurities while structure observed at
6 and 27.5 keV is the result of the detector sensi-
tivity to scattered neutrons. Resonance parame-
ters are given in Table III. An effort was made
to extend the data above 1 MeV for comparison
with earlier Van de Graff results. "" However,
the y-ray yield of the TED system may not have
been entirely reliable in this energy range be-
cause of electronic recovery from y flash effects.
Further uncertainty results from a lack of know-
ledge of the shape c& the background which in-
creases above 1050 keV because of inelastic scat-
tering in the aluminum housing. However, agree-
ment in energies and neutron widths is satisfac-
tory. Our capture data show an unusual group of
eight resonances in the energy range 700-800 keV
which contain most of the radiative strength below
1 MeV (total capture area 220 beV). Fowler" "
has determined the spins and parities of some of
these resonances to be d3~„d,~„and p3~, . Others
are very weak in the total cross section or have
not been resolved. While this envelope of radiative
strength is suggestive of a doorway interaction
the presence of at least three different types of
resonances negates such a simple explanation.
Further, there is no obvious correlation between
gI'& and I'„, or J. The y-ray decay from these
resonances is limited to only a few final states
(i.e., three d, y, at 1.5't, four s, y, at 2.03, and
three d, ~, at 2.54 MeV) and it might be expected
that the valence model should be applicable here
for strong single-particle E1 and M1 transitions.
However, this is not observed as I

y
for the P3/p

resonance (El transitions to d, ~„s,~„d,~,)
remains comparable to that for the d, ~, (Mltrans-
itions) although its strength is expected to be
strongly dependent on the El/Ml ratio (& 5).

The strong s-wave resonance at 500 keV is not
observed in the capture data. Because I'„-60 keV
for this resonance, the capture area (=gi'„) is
spread out over too large an energy range and
lost in the statistics. ' 'Pb represents a classical
example of the ability of capture measurements to
detect higher l -wave resonances which are not
observed in the total cross section, while a strong
s-wave resonance is effectively hidden.

Pb. Two measurements were made with dif-
ferent sample thicknesses and pulse widths (see
Table I). Energies and widths were obtained from
the high-resolution run and capture areas (with
smaller self-shielding and multiple-scattering
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corrections) were obtained from the thin sample
run. Resonance parameters are given in Table
III where older (n, y) and total cross-section data
are also given for comparison.

Capture cross- section measurements normally
determine total radiative widths when I'z «I'„.
However, in this particular case it was also pos-
sible to extract ground-state partial radiative
widths by setting a bias at 4080 keV on the pulse-
height spectrum, such that only the ground-state
(g.s.) yield is observed. The results so obtained
can be normalized to the 41.2-keV resonance
where I'& =F& . The ground-state branching ratio

0
(Bo = I'„ji' ) can be used to assign resonance

,~0
spins in some cases. Only 1' or 1 resonances
can reach the 0+ ground state by M1 or E1 transi-
tions, with very little strength to the 3 low-lying
excited states. Transitions from 0~ resonances
to the g.s. are forbidden while those from reso-
nances with 4 ~2' would be very weak. Conse-
quently when Bo-1, a 1' assignment is indicated.
Such assignments confirm the observation of Bow-
man et al."of the near exhaustion of the Ml giant
resonance below 1 MeV. The total y width of p-

wave resonances found up to E„=640keV was
36-53 eV. This was based on 12 resonances iden-
tified as 1+, 14 assigned 2', and half of the 16 with
unassigned parity. "

Estimates of s- and P-wave strength functions
are also obtained (see Table II).

The analysis of this isotope above the inelastic
neutron threshold at 570 keV is complicated as

570 keV
70bs 1 "inel [QQ+ (J!I/P y I)g ]

Consequently parameter distributions are only
considered up to 570 keV. Figure 8 shows clearly
the onset of (n, n'y) where the level density is ob-
served to suddenly increase. A similar effect is
observed in the y energy yield which increases
rapidly above the threshold. The plot number of
resonances vs energy shows that few resonances
are missed up to 125 keV, but from 1&0-570 keV
there is an unusual dearth of resonances, but not
of radiative strength. A careful examination of
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FIG. 7. Neutron capture yields from 160—600 keV. The structure in Pb+n is clearly too dense for single reso-
nance analysis. Some of the structure in Pb+n has been analyzed (Ref. 18) for its interest to s-wave doorway-state
observations.



A LLEN, MA CKLIN, WINTERS, AND FU

the experimental data shows that this effect is
real, although the onset of a high-level density
above 570 keV indicates that small resonances
have been missed and are now observed because
of their inelastic scattering component. Only
resonances with J"=1', 2', 3 should lead to
prominent scattering to the 570-keV first excited
state in the first 100 keV or so above its thresh-
old because of the outgoing neutron's angular mo-
mentum barrier for l„~ 2.

Analysis of the shape of the 41.17-keV resonance,
important to an evaluation of nonresonant capture,
has been reported separately. " The distribution
of radiative widths (Fig. 9) is quite broad as ex-
pected from the dominance of ground-state transi-
tions. A X' fit with one degree of freedom fits the
distribution well [v(I' j(1'&))=- I in Table II] .

Pb. The stronger analyzed resonances below
200 keV are included in Table III. The question
of an s, ~, doorway-state enhancement in the higher
(incompletely resolved) energy region is discussed
separately. "

The over-all distribution of the radiative widths
for resolved resonances follows a g' distribution
with approximately two degrees of freedom (see
Table II), indicating that in general only two de-
cay modes dominate —presumably to the —,

' g.s.
and ~ second excited state. Area analysis yields
gi' I'„/I' which is largely energy-independent,

y n

suggesting that I'„»1"„. Thus the distribution of

gry for all resonances has v-1 5, in close agree-
ment with that obtained for the resolved width

resonances only.
Pb. Because of the high level density, reso-

nances appear to be missed in '"Pb above 60 keV,
where the gN(E„) staircase plot deviates sub-
stantially from linearity. The spacing distribu-

tion shows a decreasing component of small values
as the upper energy cutoff is reduced. The distri-
bution observed for the broader resonances below
60 keV is found to fit quite well that expected for
a Wigner distribution of a population of a single
spin state. This result is in keeping with the ex-
pected s-wave character of the larger resonances.

ComParison of resonance Parameters In. gen-
eral there is little published data of comparable
resolution on the Pb isotopes available for com-
parison. High-resolution measurements of ' 'Pb-
(y, n) give ground-state radiative widths which
can be compared with our high bias "'Pb(n, y) re-
sults. " QRELA total cross-section measure-
ments for natural Pb are also available. As it is
the resonance parameters of natural Pb which are
of interest in shielding applications, isotopic cap-
ture results normalized to isotopic abundances
are compared with total cross-section results in
Table III. An evaluation of the data is also given
(see Sec. VII).

VI. AVERAGE CAPTURE CROSS SECTIONS

Because of the high resolution of the ORELA
capture cross-section measurements comparison
with earlier results is not readily achieved. By
averaging the data over broad energy intervals"
results are obtained which are effectively inde-
pendent of energy resolution. It is also possible
to check the types of analysis used in this work in
the resolved resonance region.

The resonance analysis discussed in the pre-
ceding section is based solely on peak fits on
slowly varying backgrounds. However, to obtain
cross sections in the unresolved resonance region
it is necessary to make accurate estimates of the

80 16 )
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~o48
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LLI 32

~24
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FIG. 8. Cumulative distribution of the analyzed reso-
nances for ~07pb+n.
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FIG. 9. Distribution of radiative widths for VPb+n
below 190 keV where Fig. 8 indicates that few reso-
nances were missed. The dominance of the ground-
state transition from pb* leads to an unusually wide
range (see Sec. V).



NEUTRON CAPTURE CROSS SECTIONS OF THE STABLE. . .
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Maxeellian Averaged Capture Cross Sections.

FIG. 10. Neutron capture cross sections for the stable
lead isotopes averaged over Maxwellian flux distribu-
tions typical of the temperatures inside stars. Natural

Pb is calculated to have been produced only by slow
neutron capture in stare whereas t'he heavier lead iso-
tope abundances have been augmented by o. (and P) de-
cay of transbismuth isotopes and by P decay of neutron-
rich supernova ejecta.

time-dependent backgrounds as a function of neu-
tron energy (see Sec. IV). Typically as reso-
nances are Inissed the cross sections deduced
from the resolved resonance analysis mill de-
crease. On the other hand the background sub-
traction must be accurate (and retain negative as
well as positive residuals) in order to obtain near-
zero cross sections between resonances.

In order to calculate resonance self-shielding
and multiple-scattering correction for the average
cross-section analysis in 204 and 206, the param-
eters (I"&), D, S„and 8, are required for input

for the code. The resolved resonance analysis
provides estimates of these parameters except
for 8, which is obtained from strength function
systematics.

The average cross sections of the lead isotopes
are given elsewhere. " Two specialized average
cross sections are included in Table II. The di-
lute resonance integral J odE/E above the cadmi-
um cutoff is useful in strongly moderated neutron

populations, typically thermal reactors where the
flux shape (above thermal energies) approximates
a 1/E dependence. For astrophysical nucleosyn-
thesis applications the cross sections are aver-
aged over the "thermal" neutron-flux distributions
typical of the interior zones of a star. A Maxwel-
lian with kT = 30 keV is convenient as the cross
sections for many isotopes scale similarly with
kT. For the stable lead isotopes the sparse level
population near A = 208 leads to an appreciable
departure from the usual case as shown in Fig.
10. As the nucleosynthetic s-process is recycled
by o, decay just above' =209 (bismuth) this tem-
perature dependence has not led to a unique stel-
lar thermometer as originally hoped.

VII. EVALUATION

Table III displays some results analyzed from
a cross-section evaluator's viewpoint. The ENDF/
8-111 cross-section file for material 1136 (natural
lead) has been evaluated and maintained at Oak
Ridge National Laboratory. " The present mea-
surement of capture cross sections should en-
hance the capture cross-section file substantially
in view of the sparseness of the previously avail-
able data. At present it is not practical to repre-
sent all the capture resonances (numbering more
than 500) explicitly in the cross-section file.
Table III lists only those capture resonances
which could be correlated with the observed
resonances in the total cross section, and
those having areas greater than 5 BeV in terms
of natural lead. All areas in Table III are given
in terms of natural lead using isotopic abundances
of 0.0124, 0.236, 0.226, and 0.523 for the isotopes
204, 206, 207, and 208, respectively. It is desir-
able to represent these capture resonances in the
same energies and widths as the total resonances
such that, upon subtracting the former from the
latter, elastic scattering resonances mill be rea-
sonably represented. The remainder of the cap-
ture resonances, together with the I/v compo-
nent, were averaged to form a smooth back-
ground "To.tal widths (I') and resonance areas
(A „) in the total cross section were calculated
from the resonance parameters (2gl'„or equiv-
alent) compiled in BNI -32522 and are compared
in Table III with those derived from an ORELA
measurement by Good" (the parameters shown
there %'el e der1ved from pre11mlnary transmis-
sion data by Fu and Percy. Good has since ob-
tained further data to be published separately).
The adopted E, 1", and A.~ are averages of the
available data with the following exceptions.
Below approximately 50 keV, the areas of
Good's measurements are on the average 5(@
lower than those taken from BNL-325, We
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adopted the total areas from BNL-325 where
available and increased by 50% the areas of the
other resonances in Good's data. Most of the
total widthis from the capture measurement are
given as upper limits. Because the capture mea-
surement has the better energy resolution, these
limits should not be violated. Thus if the total
widths from BNL-325 and from Good's measure-
ment are greater than these upper limits, these
limits were adopted as the total widths. For the
capture resonances which have areas greater
than 5 BeV but which could not be correlated with
the total, we used'. ~ =A.

&
for the sole purpose of

explicitly representing these large capture reso-
nances in the ENDF/8 file. For some of the res-
onances for which A~ and I appear reasonably
certain, one can extract I'„values, which are
listed in the last column of Table III.

APPENDIX I.

TABLE IV. Besonances contributing to enchancement
of sensitivity and to transmission loss in a 0.05-cm Li
glass scintillator flux monitor (see Fig. 1).

Isotope (kev)
0'p r/2

(keV)

'4pCe

"si
28si

6Li, VLi
i6p
28Si
i6p
"p
i6p

1.30
55.5

187
250
442
570

1000
1312
1651

2000
47
15
10.1
11,8
8.4
5.2
4.0
6,3

0,020
0.36 ~

20b
~45

23
12
50
21
2a

Instrumental broadening significant.
Besonance-potential interference was included.

While a thin (& l-mm) Li glass scintillator in-
serted in a neutron beam produces only a minor
flux perturbation, the departure from transpar-
ency is not quite small enough to ignore. When
the light pulses from the glass are used to mea-
sure the flux as well [via the 'Li(n, o. T) cross sec-
tion], processes wherein a neutron is first scat-
tered in the glass before capture by 6Li produce
even larger effects through enhancement of the
efficiency. Well away from resonances, the scat-
tering cross sections of the glass constituents
(Si, 0, Li, and a little Ce activator) are slowly
varying and the only effect included beyond expo-
nential transmission and average capture proba-
bility after scattering is the average energy loss
(90' elastic scattering) before capture. Resonances
considered significant with approximate parame-
ters are shown in the accompanying Table IV.

Those which are very narrow are marked with
an a, indicating that experimental resolution
broadening should be included. This was done by
root-mean-square addition of moderation time
and neutron burst duration contributions for a
particular flight-path length.

The broad "Si resonance at 187 keV shows sub-
stantial resonance-potential interferenee which
should be included. The asymmetric lithium res-
onance-scattering cross section near 250 keV
was conveniently approximated as a linearly in-
creasing fraction of the 6Li(n, uT) cross section
from 140 to 240 keV and a constant 60% thereof
from 240 to 880 keV. The 'Li(n, a. T) cross section,
of course, was computed carefully from Uttley's
parameters, to which a term 0.20/[l. + [E-2000./
860.)~/E]} b was added to better reproduce the
cross section from 550 to 2000 keV. The rapid
energy change of the 'Li(n, nT) cross section over
the 250-keV resonance and the large energy loss
on scattering from Li necessitated a second eall
to the cross-section routine for the scattered com-
ponents in this region whereas at lower energies
the (s, ~T) cross section could be taken as propor-
tional to E ' ' or flat over na. rrow intervals.

APPENDIX II.

The total y-ray energy weighting technique also
permits the ready calculation of an average y en-
ergy. As the excitation energy is dependent on
the incident neutron energy as well as the binding
energy, it is convenient to form the ratio

v=E„/E& .

This quantity is closely analagous to the average
multiplicity traditionally measured by coincidence
techniques and may, in favorable cases, correlate
with compound-state spin values. "

The average total y-energy weighting function
calculated from the data gives the energy per y
ray actually detected and must be corrected for
the detector efficiency and solid angle. These
quantities are computed from the geometry and
composition of the scintillator cells and the pho-
ton cross sections (primarily the Compton cross
section) in the computer code that generates the
weighting function. The average efficiency for a
particular nuclide and resonance is approximated
by the efficiency for a single y ray having the
average energy found. For compound states de-
caying only to the ground state this is trivially
exact. At the opposite extreme with high level
densities and no high-energy y-ray enhancement,
the distribution of y energies approximates a
Maxwellian with kT=1.0 MeV, cutoff at the bind-
ing energy, and the multiplicity may be high



NEUTRON-CAPTURE CROSS SECTIONS OF THE STABLE. . .

[v =3.8 for BE=5 "I.MeV for ("4Dy+n)]. The cor-
relation factor was parametrized to +2% as

Z =02046'"'
y

over the energy range 0.85-10 MeV and the effect

of using the efficiency at E& to approximate the
efficiency averaged over the extreme case of the
Maxwellian distribution was evaluated. The aver-
age energy was estimated to + 390 standard devia-
tion.
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