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High-resolution neutron transmission and capture measurements of the nucleus 2*°Pb
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Neutron total and capture reaction cross-section measurements for 2°Pb were performed at the GELINA
neutron time-of-flight facility in the energy range from 1 to 620 keV. The resonance parameters corresponding to
304 excited nuclear levels in 2’Pb were determined from the data using the R-matrix formalism. The results are
compared to existing data. From the capture data photon strength functions have been deduced. No evidence has
been found for a previously reported enhancement of the M1 transition strength, nor for a strong enhancement
of the s-wave doorway state in the photon channel. The neutron capture cross section of 2°°Pb is of importance in
stellar evolution calculations of the formation of the elements by neutron capture. Maxwellian-averaged neutron
capture cross sections have been calculated at different stellar temperatures ranging up to 100 keV and compared
with the results of previous work and evaluated data libraries.
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I. INTRODUCTION

Resonance parameters for neutron-induced reactions on Pb
isotopes are important for the understanding of stellar nuclear
synthesis, for studies of neutron-induced reaction mechanisms,
and for the design of spallation neutron sources.

Capture cross-section data for Pb isotopes are required
in stellar codes for a quantitative assessment of the nuclear
synthesis via the s-process. For a reliable analysis, s-process
abundances should be predicted with an accuracy of about
5% [1]. According to a sensitivity study in the Pb/Bi region
performed by Ratzel ef al. [1], such an accuracy implies
a 5% uncertainty level on the Maxwellian-averaged capture
(MAC) cross section for 2°°Pb. The lack of accurate capture
cross section data for 2°°Pb can be noted in the most recent
compilation of MAC cross sections by Bao er al. [2]. The
MAC cross sections at a thermal energy kT = 30 keV that
they deduced from the data in Refs. [3—5] fluctuate by more
than 5%.

One of the most promising concepts of a neutron source
for Accelerator Driven Systems (ADS) is based on the use
of a lead-bismuth eutectic core as spallation target, coolant,
and moderator. To optimize the design and carry out a safety
assessment of such systems, nuclear data for neutron-induced
reactions for Pb and Bi play an important role. Broeders et al.
[6] investigated the incineration of Pu in ADS with Th-based
fuel. A study of the k¢ as a function of the burn-up indicated
discrepancies in the cross-section data for the lead isotopes.
The ke differed by about 0.3% using the cross-section data
for ™'Pb compared to the value obtained from the data of the
individual Pb isotopes and differences of up to almost 1%
were obtained when using cross-section data from the various
libraries. A sensitivity analysis of neutron cross-section data
relevant for ADS in Ref. [7] indicated a discrepancy of 12%
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between the 2°Pb(n, ) reaction rates obtained with data from
JENDL 3.3 and ENDF/B-VLS.

For most applications nuclear model systematics are re-
quired to predict cross sections in regions were no experimental
data are available. Systematics of level densities, y and
neutron strength functions are important input parameters for
theoretical calculations of nuclear reactions. These quantities
can be obtained from resonance parameters deduced from
high-resolution reaction cross-section measurements in the
resolved resonance region. The data library RIPL2 [8] contains
a major compilation of them.

Resonance parameters for neutron induced reactions for
206ph in the evaluated data libraries are mainly based on
the work of Refs. [3-5,9,10]. Horen et al. [9,10] deduced
the resonance energy, neutron width, spin, and parity of
the resonances from their transmission and elastic-scattering
data measured at the ORELA time-of-flight facility. These
measurements were carried out on samples of radiogenic lead
(88.38% enriched in 2°°Pb). To compensate for the 297-2%8Pb
content in the sample, a combination of a natural lead sample
and a lead sample enriched to 92.4% in >’Pb was used for the
sample out measurements. The capture measurements of Allen
et al. [3], Mizumoto et al. [4] and Musgrove and Macklin [5]
have also been carried out at ORELA. Mizumoto et al. [4] and
Allen et al. [3] used the same setup consisting of C¢F¢ detectors
in a 90° geometry and a radiogenic sample (88.38% enriched
in 2°Pb). Although a 3 and 10% normalization uncertainty
were quoted in Refs. [4] and [3], respectively, the capture area
for the first p-wave resonance at 3.36 keV differed by more
than a factor of 2. The experimental conditions and results of
the measurements performed by Musgrove and Macklin [5]
are accessible only through the EXFOR database [11]. More
recently, a capture measurement has been performed at the
n_TOF facility at CERN [12].

It can be concluded that the experimental capture cross-
section data for 2°°Pb do not meet the required accuracy. To
improve the experimental data for neutron-induced reactions
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of 2%Pb within the requested uncertainty level, high-resolution
total and capture cross-section measurements were performed
at GELINA using metallic lead samples enriched in 2°°Pb. In
addition, measurement conditions and analysis procedures, as
described in Ref. [13], were implemented to reduce as much
as possible bias effects due to the weighting function, normal-
ization, angular correlation effects, and neutron sensitivity of
the capture detection system.
This work is part of a PhD thesis [14].

II. EXPERIMENTAL METHOD

The experiments were carried out at the neutron time-of-
flight facility GELINA of the Institute for Reference Materials
and Measurements (IRMM), Geel, Belgium. A detailed de-
scription of the accelerator and its neutron producing target
can be found in Ref. [15]. The accelerator was operated at
800 Hz with a 70-puA average electron current, providing
electron pulses with 100 MeV average electron energy and
I-ns pulse width. This short burst width was obtained with
a pulse compressing magnet system [16]. High-energy elec-
trons generate Bremsstrahlung in a mercury-cooled rotating
uranium target, where neutrons are produced by (y, n) and
(v, f) reactions. Two water-filled 4-cm-thick Be containers
were used to moderate the fast neutrons and to increase the
neutron flux in the region below a few hundred keV. For
both transmission and capture measurements a shadow bar
made of Pb and Cu was placed close to the uranium target
to reduce the y-ray flash and the fast neutron component.
The samples for the transmission and capture experiments
were made from a batch of metallic lead enriched to 99.82%
n 2°°Pb, on loan from Oak Ridge National Laboratory. The
isotopic composition, which is given in Table I, and impurities
of the metallic lead were verified by prompt y-ray activation
analysis at the cold neutron source of the Budapest Neutron
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TABLE I. The isotopic composition of
the enriched °°Pb samples used for the
transmission and capture measurements.

Isotope Atomic percentage
204pp <0.01

206pp 99.82 £0.03
207ph 0.16 £0.02
208pp 0.02 £ 0.01

Centre [14]. Only y rays resulting from thermal neutron
capture on 2’Pb(n, y) were observed, corresponding to a 0.2
at% relative amount of 2’Pb, and no other impurities were
identified.

A. Transmission measurements

The transmission measurements were performed at a
26-m flight path of GELINA, forming an angle of 99°
with the direction of the electron beam, on two 20 x 20
mm metallic °°Pb samples with a thickness of 0.0160 and
0.0300 atoms/b. The experimental arrangement is shown in
Fig. 1. The moderated neutron beam was collimated by
several annular collimators within an evacuated beam pipe.
The sample changer was placed at a diestance of 9 m from the
neutron-producing target behind a 294-mm-long collimator,
made up of Li-carbonate plus resin and Cu. The aperture of
the last Cu collimator resulted in a 15-mm-diameter neutron
beam at the sample position. Almost halfway between the
neutron target and the sample position, a sample changer for
permanent ("B and S) and black resonance filters was in-
stalled. A 0.013-atoms/b-thick '°B antioverlap filter was used
to eliminate the effect of overlap neutrons from previous
accelerator cycles and a 115-mm-thick sulfur filter was
installed to reduce the influence of the in-beam y rays

FIG. 1. (Color online) Experimental ar-
rangement for the transmission (above) and the
capture (below) measurements performed at the
GELINA neutron time-of-flight facility.
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and to continuously monitor the background at 102.7 keV.
Additional measurements with other black resonance filters
were performed to deduce the contribution of the time-
dependent background. Downstream the filters and the sample,
the neutron beam was further collimated and finally detected
by an NE912 Li-glass scintillator enriched to 95% in °Li,
which was placed at 26.45 m from the neutron-producing
target. The Li glass, with a 110-mm effective diameter
and 12.7-mm thickness, was placed in an Al canning and
viewed by two EMI9823QKB photomultipliers (PMT), placed
perpendicularly to the neutron beam axis. Air-conditioning
was installed at the measurement station to reduce electronic
drifts due to temperature changes and to keep the sample at a
constant temperature. The temperature at the sample position
was continuously monitored. The average temperature was
then used in the resonance shape analysis program to calculate
the Doppler broadening of the resonances. The dead time
of the detection chain was monitored continuously by reg-
istering the time-interval distribution between adjacent events.
The resulting dead time was 1160 ns.

In transmission measurements the observed quantity is
the fraction of the neutron beam that passes through the
sample without any interaction. The transmission factor Ty,
is obtained from the ratio of a sample-in measurement Cj,
and a sample-out measurement C,,, both corrected for their
dead-time effects and background contributions:

Cin(T)
Coul(Tn) 7

where T, is the time-of-flight of the neutron. The normalization
constant Ny accounts for the ratio of the integrated intensities
of the incident neutron beam during the “in” and “out” cycles of
the sample. Two BF; proportional counters, placed at different
locations around the target hall, were used to monitor the
total neutron output of the accelerator and to deduce the
normalization factor N7. To avoid systematic uncertainties
due to slow variations of the beam profile and/or detector
efficiency as a function of time, alternating sequences of
“in-out” measurements of about 30 min were carried out. Such
aprocedure reduces the uncertainty on the normalization factor
Nr to less than 0.5%. The background was derived from the
counts observed in the minima of the saturated resonance dips
formed by the so-called black resonances of Co, Bi, Na, and S
filters, which remove all neutrons at 132 eV, 800 eV, 2.85 keV,
and 102.7 keV, respectively. The signal-to-background ratio
was 50:1 at 132 eV, 40:1 at 800 eV, 30:1 at 2.85 keV, and 20:1
at 102.7 keV. The background over the whole time range was
approximated by a power function, including a constant term.

Texp(Tn) = Nr (D

B. Capture measurements

The capture measurements were performed at a 58 m
measurement station on a 60-mm-diameter x 1.08-mm-thick
metallic disk, corresponding to 3.546 x 107> atoms/b of
206ph. A vertical cross section of the experimental setup is
shown in Fig. 1. The angle between the flight path and the
direction of the electron beam was —81°. Just outside the
3-m-thick bunker wall, a 0.042-atoms/b-thick °B permanent
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overlap filter was installed together with a sample changer
for black resonance filters. The moderated neutron beam was
collimated to about 75 mm in diameter at the sample position.
An air-conditioning system was installed to keep the sample
at a constant temperature and to reduce electronic drifts.

The y rays originating from the capture reaction in the
sample were detected by four NE230 cylindric C¢Dg liquid
scintillators (10 cm in diameter and 7.5 cm in thickness) that
were oriented at 125° with respect to the direction of the
incoming neutrons. This geometry was chosen to minimize
systematic effects due to the anisotropy in the primary dipole
y-ray emission from resonances with a spin J > 1/2 and
an orbital angular momentum ¢ > 0. This avoids correction
procedures that require the knowledge of the y-ray cascade
after neutron capture. In an attempt to reduce the detection of
scattered neutrons to a minimum, each scintillator was coupled
to an EMI9823QKB quartz-windowed PMT. For each detector
the anode signal from the PMT was used to determine the
arrival time of the neutron and the signal of the ninth dynode
to provide information about the energy E; deposited by
the y-ray in the C¢Dg detector. The discrimination level of the
capture detection system corresponded to 150 keV deposited
energy.

The pulse-height weighting technique was applied to the
detector output pulses to allow for a detection efficiency of a
capture event being proportional to the total y -ray energy emit-
ted when a neutron is captured. Monte Carlo simulations were
used to obtain the weighting functions for the 2°°Pb(n, y) data.
The weighting function was defined for a finite discriminator
level of E; = 150 keV. Such a weighting function directly
accounts for the missing contribution of y rays depositing less
than E, in the detector and avoids a correction procedure for
this missing part that requires information about the y-ray
emission spectrum [13]. Because the macroscopic total cross
section for the 2°Pb sample was small, it was assumed that
the y rays for the 2°°Pb(n, y) measurements were produced
uniformly across the sample and no correction to the y rays
for the attenuation of the neutrons was applied. Because the
lowest y-ray energy in neutron capture by 2°°Pb is 570 keV,
no correction for internal conversion was required. Due to the
low detection efficiency the probability of coincident events
was below 1%. As explained by Wilson et al. [17] the impact
of these events can be neglected.

The shape of the neutron flux below 150 keV was
continuously measured with a '°B ionisation chamber placed
80 cm before the sample. For neutron energies above 150 keV
additional measurements with a 23U fission chamber were
performed. The !°B chamber was a Frisch gridded ionization
chamber with three back-to-back layers of '°B evaporated on
a 30-pum-thick aluminium backing, with a total thickness of
about 1.25 x 107> atoms/b '°B and a diameter of 84 mm. The
235U fission chamber was a parallel plate chamber with a single
100-mm-diameter layer of 2.53 x 107 atoms/b >*U, which
was evaporated on a thin aluminium backing. Both chambers
were operated with a continuous flow of a mixture of argon
(90%) and methane (10%) at atmospheric pressure.

The shape of the neutron flux (in units of lethargy)
as a function of neutron energy is shown in Fig. 2. This
figure illustrates the good agreement between the shape
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FIG. 2. The neutron spectrum at the 58-m capture station,
obtained from '"B(n, «) and *»U(n, f) measurements, with the
accelerator operating at 800 Hz.

obtained from the 'B(n, @) and >>U(n, f) measurements.
The uncertainties for the '°B(n, o) cross section from thermal
to 150 keV is between 0.2 and 1.5% [18] and the uncertainty
for the 2>’U(n, f) cross section between 150 and 600 keV is
1.5% [19]. Based on these values it is assumed that the capture
data have an uncertainty of 1.5% related to the determination
of the incident neutron flux shape.

The time-of-flight and the pulse height of each detected
event were recorded sequentially in list mode. This allowed
a continuous stability check of the detection systems and an
off-line application of the weighting function. The stability
of both the detection systems and the accelerator operating
conditions (i.e., frequency, current, and neutron output) were
verified in cycles of 1 h. The linearity and resolution of
the C¢Dg detectors were monitored on a weekly basis by
measurements of the 661.7 keV and 6.13 MeV y-ray using
a 37Cs and a 2®Pu+'3C source, respectively. In addition,
the 2.2 MeV y-ray from the H(n, y) reaction, which was
present as a background contribution, was used for an off-line
adjustment of the gain. The dead time of the capture and
neutron detection chains were monitored continuously by
registering the distribution of the time-of-flight differences
between consecutive events. For the flux measurements the
dead time was 4180 ns, with a maximum dead-time loss of
0.2%. The dead time of 5330 ns for the capture measurements
resulted in a 0.4% maximum dead-time correction.

The fraction of neutrons interacting in the sample and
creating a signal in the detection system is observed in capture
measurements. This fraction, i.e., the yield Y, is obtained
from the ratio of the counts seen by the capture detector and
the incident neutron flux ¢,,:

Cw(Tn) - Bw(Tn)

on(Ty,)

where C, and B, are the observed dead-time corrected
weighted count rates of the sample and background measure-
ment, respectively. The background contribution B,, can be

Yexp(Tn ) = ’ (2)
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assessed by additional measurements or approximated by an
analytical expression. Because of the very low capture cross
section between the resonances this background component
was determined using the resonance shape fitting program
REFIT described later.

III. DATA REDUCTION AND ANALYSIS

The AGS code [20] was used to derive the transmission
factor defined by Eq. (1) and the experimental yield given
in Eq. (2) from the raw time-of-flight spectra. This package
includes the most important spectra manipulations, such as
dead-time correction, background fitting and subtraction, and
normalization. The code performs the full propagation of
covariance matrix starting from the uncorrelated uncertainties
due to counting statistics.

To parametrize the data in terms of resonance parameters
the resonance shape analysis code REFIT was used [21].
This code is based on the Reich-Moore approximation of
the R-matrix formalism and accounts for self-shielding,
multiple-scattering and Doppler effects, the resolution of the
time-of-flight spectrometer, and the neutron sensitivity of
the capture detection system. The code accommodates both
numerical and analytical resolution functions adapted to a
time-of-flight facility such as GELINA. A detailed description
of the resolution function for time-of-flight measurements
carried out at GELINA, including the results of Monte Carlo
simulations performed by Coceva that were used in this work,
can be found in Refs. [22] and [15]. The REFIT code also
includes a procedure to correct for the influence of the neutron
attenuation in the sample on the weighted response of a capture
measurement as described in Ref. [13]. The code does not
treat full covariance information on the experimental data and
uses only the diagonal term. Therefore, the AGS code was
used to quantify the correlated and uncorrelated uncertainty
components on the transmission factor and experimental yield.
Without accounting for the uncertainty component due to
normalization factors and the shape of the neutron flux for
the capture data, the maximum relative contribution of the
correlated component on both the transmission factor and the
experimental yield was less than 5%. Consequently, the largest
correlated uncertainty component is due to the normalization
factors and shape of the neutron flux. This contribution
was not given in the resonance analysis and is quoted
separately.

In the REFIT code the experimental transmission Ty, is
expressed as a function of the total cross section o, and the
sample thickness n in atoms per barn by:

Ten(T) = / Re(Ty, En)e " EdE, 3)

where Ry(T,, E,) is due to the resolution of the time-of-flight
spectrometer and expresses the probability that a neutron
with an energy E, will result in an event at time 7,,. The
experimental yield Yy, obtained from capture measurements
is expressed as a function of the theoretical capture yield Y,
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and scattering yield Y,, [13,21]:

Ye(Th) = Nc/RT(Tn,En)[écw(En)Yc(En)
+ €nw(En)Y,(En)]dE,, “

where N, is a normalization factor. The efficiency of the
weighted response to detect a capture event or a scattered
neutron is denoted by €.y and €y, respectively. Neglecting
the internal conversion process, the detection efficiency €.y, is
directly proportional to the total excitation energy, which is the
sum of the neutron binding energy and the neutron energy in
the center-of-mass system. The efficiency €, is the probability
that a scattered neutron creates a detectable signal. The second
component, denoted by Yy,, originates from neutrons that
are scattered in the sample and subsequently captured in the
detector environment:

Ybn(Tn) = Nc / RT(T;lv En)enW(En)Yn(En)dErw (5)

For a nonfissionable nucleus and energies below the first
inelastic scattering level, the capture and scattering yield are
expressed as a function of the total (o;), capture (o, ), and
scattering (o,,) cross section by:

—no O-V
Yc(En) = (1 —e r); + Yy (6)
t
and
—no; On
Yo(Ey) =(1—e")— =Yy, )
Oy

where Y), accounts for the contribution of capture events after
at least one neutron scattering in the sample. Full analytical
expressions for both the capture and scattering yield, which are
also valid for fissionable nuclei, are implemented in the REFIT
code and can be found in Ref. [21]. A more detailed discussion
on the calculation, validation, and application of the weighting
function and the neutron sensitivity of the detection system can
be found in Ref. [13].

The position of the y-ray flash was used to deduce the
zero point of the time scale with an uncertainty of 1 ns and
the overall time resolution due to the electron burst and the
detection chain. The effective flight path length of the capture
setup 58.576 + 0.002 m was deduced from an analysis of the
58.771- and 129.19-eV resonances obtained from 2>’ Th(n, y)
measurements in the same geometry. These energies were
determined previously relative to 2¥U from transmission
measurements at a 50-m station of GELINA [23]. The flight
path length of the transmission setup 26.452 + 0.001 m
resulted from a simultaneous analysis of the 2°°Pb capture and
transmission data. The normalization factor N, for the capture
data was determined from measurements on "Fe samples and
sandwiched samples of "'Fe-"*Pb and ""Fe->"Pb, using the
1.15-keV resonance of *°Fe as a reference [24]. The resonance
shape analysis was performed in the region around the
1.15-keV resonance, fitting only the normalization and back-
ground level and assuming a neutron width I';;, = 61.7 meV
and a radiation width I",, = 574 meV. The final normalization
factor based on the average value from the three samples agreed
within 0.6% with the value obtained from measurements with
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FIG. 3. The transmission factor for the 0.030-atoms/b-thick
sample. The insert shows the result of an analysis with REFIT around
the s-wave resonance at 66 keV.

a "™'Ag sample using the saturated resonance at 5.2 eV. For
the "™ Ag(n, y) measurements the accelerator was operated at
100 Hz.

IV. RESULTS

A. Total cross-section data

With the available amount of material the resonance energy
and gI',, values for the 17 most intense resonances up to
80 keV were determined from the transmission data. The
quantity g = (2J + 1)/2(21 + 1) is the statistical factor
for a total angular momentum J and target spin /. The
effective scattering radius R’ for s-wave neutrons was fitted
from the asymmetric pattern arising from the interference
between potential and resonance scattering of the 16.43- and
66.00-keV s-wave resonances, as illustrated in Fig. 3. In the
analysis the distant level parameter R* was set to zero. The
resulting radius R’ = 9.54 + 0.02 fm deviates from the value
R = 8.04 fm used by Horen et al. [9]. Our value is in
good agreement with the value R" = 9.46 + 0.15 fm adopted
by Mughabghab [25]. The low uncertainty on the scattering
radius deduced in this work is primarily due to the use of an
isotopically pure 2°Pb sample and the good resolution of the
time-of-flight spectrometer. From a simultaneous analysis of
the thin and thick sample data the statistical factors for the
strong resonances at 25.4, 36.2, and 47.5 keV were confirmed
[14]. In Ref. [26] the results deduced from an analysis of the
transmission data are compared with those reported by Horen
et al. [9] and Mizumoto et al. [4]. A comparison with the data
of Mizumoto et al. [4] shows deviations of up to a factor of
2. The resonance parameters of Horen et al. [9] are in good
agreement with our data.

B. Capture cross-section data

InFig. 4 theyield (C,,/¢,) is compared with the background
component (B, /¢,) and the contribution due to the neutron
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FIG. 4. The yield (C, /¢,) as function of neutron energy together
with the background contribution (B,,/¢,) and the contribution due
to scattered neutrons (Yy,). The bottom figure shows the result of
an analysis around the 27- and 35-keV resonances of '°F and >’ Al,
respectively.

sensitivity of the detection system Yp,. In the REFIT code
the total background Y; can be described by a sum of two
components:

b —binT,
by + b T + Zizlsbie 1
on(Ty)

The first component, which includes an analytical expression
for the contribution B, in Eq. (2), is the main source of
background and depends on the measurement conditions. Its
contribution can be adjusted through the parameters b;, which
can be defined as free-fitting parameters. The efficiency €y,
in Eq. (5) was deduced from Monte Carlo simulations with
the code MCNP, version 4C3 [27], applying the weighting
function that was used for the calculation of the experimental
yield. Figure 4 shows the impact of the neutron sensitivity
on the structures observed in the experimental yield. The

Yb(Tn) =

+Yon. (&)
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structures around neutron energies 27 and 35 keV are due to
resonances in '°F and 2’ Al, respectively. The good agreement
between the calculated and experimental yields in this region
demonstrates that the magnitude of the neutron sensitivity
correction that is applied in this work is well described. For
resonances below 200 keV, the largest influence due to the
neutron sensitivity was observed for the 160.2-keV resonance
and resulted in a 3% contribution to the total resonance area.
Not all analysis codes include a direct correction for the
neutron sensitivity in the description of the experimental yield
as in Eq. (4). In such a case (see, e.g., Ref. [28]) a correction
is applied to the observed radiation width, which is deduced
from a resonance analysis without accounting for the neutron
sensitivity. When the contribution due to neutron sensitivity
is not included in the resonance shape analysis, the radiation
width of the 160.2-keV resonance is underestimated by almost
10% [13].

In Fig. 5 the capture kernels K, = ¢I',I", /(I', +T'})) for
the most important resonances below 200 keV are compared
with the data of Mizumoto et al. [4] and Allen et al. [3]. The
results of Ref. [4] have been corrected for the factor quoted
by Macklin and Winters [29]. When the doublet at 47.5 keV
is neglected our data are on average about 10% lower than
those of Mizumoto et al. [4], with fluctuations around 7%.
A comparison with the data of Allen et al. [3] shows larger
discrepancies. The capture kernel for the resonances at 3.3
and 14.2 keV obtained in this work deviate significantly from
the data of Allen et al. [3] and are in much better agreement
with those of Ref. [4]. Mizumoto et al. [4] pointed already
out that the data in Ref. [3] were taken with a relatively thick
sample and suffer from systematic effects due to the correction
for self-shielding and multiple scattering. Borella et al. [26]
compared the capture area obtained with the detector placed at
125° and 90° with respect to the incoming neutron beam with
the results of Mizumoto et al. [4] and concluded that the data
of Refs. [4] and [3] suffer from a systematic uncertainty due to
the anisotropy effects for resonances with a spin J > 1/2 and
£ > 0. Additional systematic differences can be explained by
the fact that in Refs. [4] and [3] the applied weighting functions
did not account for the y-ray transport in the sample.

Figure 5 shows that even larger discrepancies are noticed
when comparing our data with the data of Musgrove and
Macklin [5]. The ratio of their capture area relative to the
one obtained in this work increases with energy. Due to the
limited resolution for the measurements in Ref. [5] not all
resonances were separated and the observed capture area was
overestimated. Figure 5 also suggests a different behavior
for two groups of resonances. This might be related to the
fact that part of the results in Ref. [5] were obtained from
area analysis and another part from resonance shape analysis.
It is thought that the discrepancies with the data of Allen
et al. [3], Mizumoto et al. [4], and Musgrove and Macklin [5]
are due to various reasons such as the difference in resolution
of the time-of-flight spectrometer, the correction for multiple
scattering and self-shielding correction, the use of weighting
functions not accounting for the y-ray transport in the sample,
angular correlation effects, and the neutron sensitivity of the
detection systems and its correction.
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C. Primary y-ray intensities

Partial capture cross sections were already reported by
Biggerstaff ef al. [30] and Mizumoto et al. [4]. From mea-
surements with a Ge detector, Mizumoto et al. [4] concluded
that the y-ray spectra of nine resonances between 3.36 and
42.07 keV are composed of fewer than five discrete y-
ray cascades. To verify these results, the C¢Dg spectra of
some resonances were unfolded using response functions
corresponding to given y-ray cascades.

In total the spectra for 22 resonances below 70 keV were
obtained. The contributions of the cascade with a primary
transition to the ground state and to the first and second excited
state, with £, — Ey = 6738, 6169, and 5841 keV, respectively,
were determined by a linear least-squares fit to the spectra
using the expression:

2
.2 Z[C(Ew—zilAkYk(Ed)] ©

i o(Eq)
where C(E,;) is the experimental spectrum of the energy
E,, 0*(E,) is the variance due to counting statistics, and Ej is
the resonance energy. The normalized response corresponding
to the y-ray cascades with primary transitions E, — Eq =
6738, 6169, and 5841 keV are expressed as Y with k = 1, 2,
and 3, respectively, and their intensities are given by Ay. The

Resonance Energy (keV)

responses Y; were determined by Monte Carlo simulations
using the y-ray transition data of Ref. [31]. The x?2 is
minimized, including only events with an energy deposition
above 3500 keV, aregion that is dominated by the contributions
of the three aforementioned transitions. The complete C¢Dg
spectrum could be described by a weighted sum of these three
transitions for only the 11.29-, 16.42-, 19.74-, and 65.99-keV
resonances. For the 16.42-keV resonance this is illustrated
in Fig. 6. For the other resonances, the CgDg spectrum
cannot be reproduced by contributions of these cascades alone.
For example, for the 3.36-keV resonance about 40% of the
response results from cascades with a primary energy smaller
than 5.8 MeV. The structure of the C¢Dg response functions
does not allow differentiation between the contributions of
other cascades, such as the transitions to the levels at 2623 and
3299 keV, respectively. The result of the fitting procedure for
the 3.36 keV is shown in Fig. 6.

The relative intensities /,, in Table II were normalized to the
total content of the C¢Dg response. Table II also shows the total
contribution of other cascades, which cannot be neglected.
Our data confirm the results of Ref. [4] only for the 11.29-
and 16.42-keV resonances. The y-ray resolving power of the
Ge(Li) detector used by Mizumoto et al. [4] is far superior
compared to the resolving power of the C¢Dg detectors used
in this work. However, due to both the bad time resolution and
the high neutron sensitivity of the Ge(Li) detector, the y-ray

10°
E, =336 keV Exp.
—Fit

E, = 16.4 keV

Response (1/keV)

10

Exp.
—Fit

FIG. 6. The measured and fitted C¢Dg pulse
height spectra for the 2%Pb resonances at
3.36 keV (left) and 16.4 keV (right). The latter
ones are the sum of the contributions Y, =
1,2,3.

0 2000 4000 6000 0 2000 4000
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6000
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TABLE II. Relative emission probabilities /,, of primary y rays from the
20Ph(n, ) reaction for resonances below 70 ke V.

Ey (keV) Is738 Is169 Isgar Totner

3.358 0.4040.02 0.0540.02 0.154£0.02 0.40
10.864 0.85+0.04 0.15
11.296 1.0040.03 0.00
14.218 0.124+0.02 0.58+0.04 0.30
16.426 0.75+0.04 0.254+0.03 0.00
19.741 0.254+0.03 0.70£0.05 0.05
19.806 0.65 +0.04 0.35
21.879 0.08 +0.02 0.474+0.03 0.45
25.109 0.524+0.02 0.08 £0.02 0.40
25.424 0.10£+0.02 0.65+0.03 0.25
32.199 0.054+0.02 0.15+£0.05 0.80
36.211 0.08 0.01 0.70 £ 0.04 0.07 +£0.02 0.15
37.464 0.254+0.02 0.5040.03 0.25
39.037 0.03£+0.01 0.27 £0.04 0.48 £0.04 0.22
40.647 0.224+0.03 0.60+0.03 0.18
42.071 0.154+0.02 0.60£0.03 0.25
47.502 0.08 +0.02 0.554+0.04 0.15+£0.03 0.22
53.905 0.104+0.02 0.304+0.03 0.354+0.03 0.25
59.221 0.08 £0.02 0.54 4+0.02 0.38
63.952 0.454+0.03 0.10£0.03 0.45
65.996 1.00£+0.02 <0.04
66.584 0.034+0.01 0.5040.05 0.37+£0.05 0.10

spectra of Ref. [4] can be contaminated by the contribution of
neighboring resonances and neutrons scattered by the sample.
For example, Mizumoto et al. [4] were not able to resolve the
resonance doublets around 19.8 and 25.2 keV.

V. DISCUSSION

A. Resonance parameters

The final resonance parameters deduced from a simulta-
neous analysis of the capture and transmission data below
620 keV are listed in Table III and in the EXFOR data file [32].
In the analysis resonances above 620 keV were included
taking the parameters of ENDF/B-VIL.8. The channel radius
was taken identical to the effective scattering radius R' =
9.54 fm and one negative resonance was included to adjust the
thermal scattering cross section at 0.0253 eV to 10.68 b and the
capture cross section to 27 mb. The former is deduced from the
coherent scattering length 9.22 + 0.07 fm obtained by loffe
et al. [33] and 9.23 + 0.05 fm by Koester and Knopf [34].
The latter results from a combination of the value 26.6 +
1.2 mb quoted by Blackmon et al. [35] and the value 27.3 &
0.8 mb recently obtained at the Budapest Neutron Center [14].
Because our transmission data are limited to an energy up
to 80 keV, only the neutron widths for resonances below
80 keV were adjusted. The neutron widths for resonances
above 80 keV were kept fixed at the values listed in the
ENDF/B-VIL.8 library, which are mainly based on the data
of Horen et al. [9]. Because the REFIT code is based on a least-
squares adjustment, all parameters quoted with an uncertainty

result directly from our measurement data. Therefore, they are
independent from any prior information on these values.

In the region up to 620 keV, 304 resonances were observed
and analyzed compared to only 234 resonances by Horen
et al. [9], 156 by Musgrove and Macklin [5], and 221 listed
in the ENDF/B-VIL.8 library. No evidence was found for the
resonances at 269.77, 283.13, and 589.22 keV, which were
previously reported by Horen et al. [9]. For the resonances
not observed by Horen ef al. [9,10] only the resonance energy
and the capture area resulting from our capture measurements
are given. For 24 resonances the capture area is not reported
because the uncertainty due to counting statistics was too high.
For the resonances at 10.9, 11.3, and 32.2, only the neutron
width and the capture area are given. For these resonances
I'h « T'y, and the capture data do not provide additional
information with respect to the transmission data. For these
resonances the total observed width is dominated by the
resolution broadening and hence the radiation width cannot
be deduced from a resonance shape analysis of the capture
data.

The given uncertainties on the resonance parameters result
only from counting statistics and spectra manipulations such
as dead time and background corrections. They do not include
the common uncertainty component on the capture data due
to the normalization, the weighting function and the shape
of the neutron flux. These effects together result in a 2%
total correlated uncertainty for the capture data. The correlated
uncertainty component of the total cross section data is 0.5%,
mainly due to the normalization.

For the 3.35-keV p-wave resonance the simultaneous
analysis of the capture and transmission data results in a
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TABLE III. Resonance parameters for 2°°Pb-+n. The quoted uncertainties are due to counting statistics
and do not include correlated components due to the flight path length and normalization. For the resonances

marked with an asterisk only the capture kernel was deduced.

Eo (eV) J ¢ gl (eV) gT, (V) gl T, /T (eV)
—10000.0 0.5 0 76.5 0.53

3357.6 1.5 1 0.570 & 0.004 0.146 £ 0.001 0.116 0.001
10863.7 1.5 1 0.065 & 0.006 0.05540.007
11295.7 0.5 1 0.042 4 0.001 0.04140.001
14218.0 0.5 1 1.559+0.026 0.13540.002 0.124 £ 0.001
16426.4 0.5 0 0.788 & 0.005 0.597 £0.006
19741.1 L5 1 2.58440.057 0.140 £ 0.002 0.13340.002
19805.5 1.5 1 0.161 4 0.003 0.130 £ 0.002
21879.1 1.5 1 1.749 4+ 0.056 0.27140.004 0.23540.003
25108.8 L5 1 1.240 +0.061 0.568 £0.016 0.390£0.010
254242 0.5 1 48.860 +0.102 0.291 4 0.002 0.289 £ 0.002
32199.1 1.5 1 0.053 & 0.002 0.049 £ 0.002
36210.9 0.5 1 35.71040.178 0.280 4 0.003 0.278 +0.003
37464.4 1.5 1 1.779 £0.133 0.460+0.011 0.365 & 0.009
39036.8 1.5 1 0.12140.004 0.103 40.003
40647.3 0.5 1 0.884 £0.125 0.158 0.005 0.134 £0.005
42071.1 1.5 1 1.966 +0.163 1.171 £0.082 0.734 4 0.039
47501.8 0.5 1 83.160 +0.286 0.11140.002 0.11140.002
47544.0% 0.10240.007
53905.3 1.5 1 13.132 +£0.327 0.159 4 0.003 0.158 +0.003
59220.7x 0.644 £0.015
63951.6 25 2 3.330+£0.328 0.680+0.017 0.56540.015
65996.0 0.5 0 82.210+0.414 1.398 +£0.018 1.3754+0.017
66584.3 1.5 1 19.062 +0.475 0.363 £ 0.006 0.356 & 0.006
67493.2x 0.029 4 0.003
70283.4 0.5 1 10.780 +0.386 0.086 4 0.003 0.085 4 0.003
78009.2 1.5 1 6.656 4 0.523 0.058 £ 0.005 0.057 £ 0.005
80173.1x 0.16740.116
80366.7 1.5 2 14.000 2.52640.022 2.1414£0.016
80887.8x 0.050
82714.0% 0.201 £0.117
82913.2 1.5 2 16.000 0.23340.007 0.230 4 0.007
83613.5% 0.55340.285
86122.4 0.5 1 16.000 0.070 £ 0.006 0.070 £ 0.005
88444.2 25 2 24.000 1.21440.014 1.156 £0.013
90124.5 1.5 1 150.000 0.102 4 0.008 0.102 4 0.008
91733.1x 0.553+0.114
92612.0 0.5 0 32.000 1.503+0.017 1.436+0.016
94742.9 1.5 2 14.000 0.578 & 0.008 0.55540.008
99721.0% 0.044
101209.2 25 2 24.000 0.280 & 0.004 0.277 +0.003
104252.3 0.5 1 65.000 0.15140.002 0.150 £ 0.002
105149.7x 0.047
109216.6% 0.072 & 0.008
111139.3 1.5 1 60.000 0.15540.002 0.15540.002
113028.3x 0.053
114359.1 1.5 1 5.000 1.148 £0.123 0.934 4 0.081
114525.1 2.5 2 16.800 1.21140.021 1.13040.018
115728.0 L5 1 11.400 0.169 £ 0.009 0.167 £ 0.009
117978.3 25 2 15.300 1.090 +0.017 1.01740.015
123119.4 0.5 1 35.000 0.1294£0.010 0.1294£0.010
123684.7x 0.242 +£0.018
124596.1 1.5 2 300.000 3.678 £ 0.040 3.383£0.033
124774.0% 0.091
125235.6 L5 2 42.000 8.726 +0.061 7.225 +£0.042
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Ey (eV) J 14 gl (eV) g, (eV) gl /T (eV)
126038.3x% 0.390

127884.5x% 0.073 £0.015
140060.9x 0.155£0.072
140540.9 1.5 2 206.000 3.038£0.032 2.994 £0.032
140910.0 1.5 1 56.000 0.132£0.003 0.132£0.003
141947 .4x 0.107

142312.8 0.5 1 12.000 0.142£0.013 0.140£0.012
144709.4 1.5 2 6.200 0.284 £0.017 0.272£0.015
146272.3 0.5 0 176.000 5.128 £0.044 4.983 £0.042
149896.2 1.5 1 1194.200 0.095 £0.025 0.095 £0.025
150622.0 0.5 1 4.400 0.263 £0.016 0.248 £0.014
151052.3 2.5 2 57.000 1.579£0.025 1.537+£0.023
152097.9 2.5 2 1.500 0.254 £0.016 0.217£0.012
153199.8 0.5 1 10.000 0.229£0.016 0.224 £0.016
153458.2x% 0.168 £0.014
155272.4x% 0.318 £0.028
159973.3 1.5 1 136.000 0.107£0.013 0.107£0.013
161569.0 2.5 2 1.800 0.325£0.017 0.275£0.012
169431.7x% 0.815£0.054
172712.1 1.5 1 146.000 0.280£0.016 0.280£0.016
173705.4 1.5 2 94.000 0.705 £0.021 0.700 £0.020
175597.6 1.5 1 26.000 0.262£0.033 0.260 £0.032
175920.0x 0.315

177551.2x% 0.688 £0.023
181121.7 1.5 1 54.000 0.233 £0.016 0.232£0.015
183285.6x% 0.186

185275.4x 0.159

189457.2 1.5 1 400.000 0.470£0.023 0.470£0.023
189793.5x% 0.043 £0.034
191242.9 0.5 1 97.000 0.671 £0.024 0.667 £0.024
193416.8x% 0.114£0.016
196879.3 0.5 1 64.000 0.128 £0.019 0.128 £0.019
196904.7x 0.127£0.021
198445.0 1.5 2 264.000 6.106 £0.059 5.965£0.056
199677.4x% 0.249

200638.6 1.5 1 24.000 1.708 £0.035 1.595+£0.030
202965.2x 0.140

204152.5 1.5 2 470.000 1.288 £0.030 1.284 £0.030
209508.7 0.5 0 2173.000 1.230£0.021 1.2294+0.021
209946.1 0.847

211794.0% 0.026

213789.8 1.5 2 44.000 0.910£0.026 0.892 £0.025
217197.2% 0.212£0.039
217215.5 1.5 1 20.000 0.171 £0.020 0.169 £0.020
217554.2 0.5 1 22.000 0.124 +0.020 0.123 £0.020
218053.5 0.5 1 6.200 0.092£0.018 0.091£0.017
220804.0 0.5 0 1407.000 0.698 £0.048 0.698 £0.048
223253.6% 0.062

226036.6x 0.330£0.050
227951.3% 0.720£0.037
229011.2 1.5 1 70.000 0.083 £0.020 0.083 £0.020
230248.4 2.5 2 120.000 0.520£0.025 0.518 £0.024
231212.4% 0.471 £0.040
233143.6% 0.249 £0.026
235422.0 1.5 2 214.000 2.740£0.048 2.706 £0.046
239627.4x 0.135£0.021
240746.3x 0.378 £0.033
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Ey (eV) J 14 gl (eV) g, (eV) g, /T (eV)
241445.0 1.5 1 78.000 1.485+£0.037 1.458 £0.035
243208.2x 0.763 £0.035
244987.1x 0.225£0.023
250818.3 2.5 2 156.000 0.528 £0.028 0.526 £0.028
253716.0% 0.141

254703.3% 0.139£0.029
257429.8 0.5 0 1427.000 0.889 £0.059 0.889 £0.059
260674.5% 0.982 £0.405
263092.5 1.5 1 108.000 0.238 £0.028 0.237£0.028
265563.3 1.5 2 80.000 1.703 £0.044 1.667 £0.042
268387.3 1.5 1 212.000 0.123 £0.028 0.123 £0.028
269637.9 1.5 2 106.000 0.109 £0.027 0.109 £0.027
271508.7 0.117£0.022
273603.1x 0.155

274391.3 0.5 1 32.000 0.554 £0.033 0.545£0.032
276567.1 1.5 2 224.000 6.540+0.083 6.355+£0.079
278374.4 2.5 2 299.900 0.902 £0.041 0.899 £0.041
280579.2 0.5 1 171.000 1.139£0.046 1.132£0.046
289501.9x 1.320£0.052
292044.6x 0.337£0.036
293878.3 1.5 1 220.000 0.112£0.032 0.112£0.032
295193.5% 0.200

297684.5 0.5 0 113.000 1.282 £ 0.046 1.268 £0.045
298593.7x 0.216

299689.5 0.5 1 62.000 1.028 £0.047 1.011£0.045
299736.1x 0.184

303828.2x 1.909

306399.9 0.5 1 73.000 0.154 £0.031 0.154 £0.031
311404.9 2.5 2 6.600 0.168 £0.032 0.164 £0.031
313281.8 1.5 2 44.000 2.502 £0.065 2.367£0.058
314263.4 2.5 2 536.700 2.525+0.063 2.513 £0.062
317082.6x 0.150

319233.9 1.5 2 328.000 1.791£0.056 1.782£0.056
320657.0% 0.272

324391.9 1.5 1 109.900 0.505 £0.040 0.503 £0.039
325567.6 0.5 1 49.000 0.155£0.036 0.155£0.035
328189.8 1.5 1 88.100 1.092 £0.052 1.078 £0.051
328424.0 2.5 2 18.900 0.723 £0.053 0.697 £0.049
330412.1x 0.20240.061
333062.8x 1.597 £0.057
335563.8x 0.271

336631.9 1.5 2 255.800 0.374£0.043 0.374 £0.042
339209.1 2.5 2 47.900 0.720 £0.047 0.710£0.045
340130.5 0.5 0 10870.000 4.670 £0.048 4.668 £0.048
340204.7 2.5 2 48.000 0.291 £0.044 0.289 4+0.043
341779.5 1.5 2 347.800 1.354 £0.060 1.349 £ 0.060
343969.5 1.5 2 169.900 0.273 £0.047 0.273 £0.047
345286.3 2.5 2 227.900 1.142 £0.053 1.136 £0.052
346588.0x 0.241£0.077
348017.8x 0.183 £0.045
350810.5 1.5 2 423.800 4.010£0.087 3.972+£0.085
355634.2 0.5 0 5302.000 5.870£0.170 5.865+0.170
356688.9 2.5 2 92.900 1.707 £0.069 1.676 £0.067
357730.4 1.5 2 909.400 1.900 4+ 0.081 1.896 £ 0.081
361692.4 0.5 1 80.000 0.518 £0.056 0.515£0.055
362440.7 1.5 2 195.900 1.292 £0.063 1.283 £0.062
362956.8 1.5 1 72.000 0.533 £0.056 0.530£0.055
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Ey (eV) J 14 gl (eV) g, (eV) gl /T (eV)
363764.0 1.5 1 67.900 0.283 £0.045 0.282£0.045
368380.1x 0.450£0.128
370277.4 1.5 2 90.000 0.959 £0.059 0.949 £0.058
371089.3 0.5 1 40.000 0.151£0.047 0.151£0.047
374553.0% 0.498 £0.062
376643.9 2.5 2 572.700 0.522 £0.058 0.522£0.058
378157.9 0.5 0 4419.000 2.870£0.047 2.869 £0.047
378196.2x 0.478

383981.9 2.5 2 843.000 1.295 £ 0.069 1.293 £0.069
385451.0 0.5 1 157.100 0.466 £0.056 0.464 £0.056
386782.4 1.5 2 158.000 1.996 £ 0.082 1.971£0.080
389555.5 0.5 0 4365.000 2.443£0.135 2.442£0.135
393351.7x 0.657£0.115
396766.0x 1.933£0.108
400101.6 2.5 2 414.900 2.036 £0.076 2.026 £0.075
403848.7 0.5 1 173.000 0.565 £0.061 0.564 £0.061
405751.7 2.5 2 306.000 5.619+£0.111 5.515£0.107
407142.6 1.5 2 141.900 5448 £0.114 5.245£0.106
408039.2 0.5 1 44.000 0.548 £0.065 0.542 £0.064
412273.7 0.5 1 126.000 0.456 £0.059 0.454 £0.058
414769.4 1.5 2 99.900 1.832+£0.082 1.799 £0.079
416248.9 2.5 2 920.700 6.150£0.123 6.110£0.121
417032.9 0.5 0 6341.000 5.125£0.229 5.120£0.229
420076.2 2.5 2 102.000 0.950 £0.072 0.942 £0.071
421560.7x% 0.244£0.171
425900.0 1.5 2 1043.000 5.170£0.132 5.145£0.131
426498.4 2.5 2 50.900 1.093 £0.092 1.070£0.088
427947.2 0.5 1 127.800 0.435£0.065 0.433 £0.065
429864.4 0.5 0 129.000 0.772 £0.065 0.767 £0.064
433258.7 2.5 2 140.900 8.022+£0.147 7.590£0.132
433849.5 1.5 2 116.100 2.104 £0.120 2.067£0.116
435429.9x% 1.640£0.311
438150.6% 0.357£0.227
439366.3 0.5 1 36.000 0.516 £0.065 0.509 £0.063
4411419 1.5 2 218.000 0.936 £0.082 0.933 £0.082
442013.2 2.5 2 42.000 3.252+£0.105 3.019+£0.091
444269.1 2.5 2 32.900 0.397 £0.058 0.392 £0.057
445441.3 1.5 1 353.400 0.232£0.063 0.232£0.063
446326.5 2.5 2 35.900 0.616+0.074 0.606 +0.072
448619.2x% 0.197£0.156
452003.3 2.5 2 108.100 1.541£0.094 1.519£0.091
452194.9 1.5 2 87.900 0.390£0.129 0.388 £0.128
452602.2 2.5 2 16.500 1.996 £0.122 1.781£0.097
453413.4 0.5 1 59.000 0.394 £0.070 0.391 £0.069
454507.7 1.5 1 50.000 0.224 +£0.022 0.223 £0.022
455470.8 0.5 0 42.000 1.980+£0.091 1.891+£0.083
458225.4 0.5 1 43.000 0.305£0.059 0.302 £0.059
459949.8 2.5 2 48.000 0.341 £0.059 0.338 £0.058
461730.6 1.5 1 30.000 0.100 £ 0.060
462155.3 2.5 2 27.000 0.486 £0.054 0.478 £0.052
466008.9x 171.500 +3.788
467507.4 1.5 1 180.000 12.316 +1.848 11.525+1.619
470955.1 1.5 2 321.800 5.848 £0.130 5.745£0.125
471787.1 1.5 1 124.000 0.044

472764.7 2.5 3 123.000 1.157£0.074 1.147+£0.072
474874.0% 1.425

476608.1 0.5 0 373.700 2.7514+0.107 2.7314+0.105

014605-12



HIGH RESOLUTION NEUTRON TRANSMISSION AND ...

TABLE IIlI. (Continued.)

PHYSICAL REVIEW C 76, 014605 (2007)

Ey (eV) J 14 gl (eV) gy, (eV) gl /T (eV)
478304.6x% 0.775 £0.164
481346.7 0.5 0 9061.000 1.781£0.518 1.781£0.518
481720.0x 0.517
483732.4 0.5 1 101.900 0.835£0.077 0.828 £0.076
485487.6 2.5 2 98.900 2.699 £ 0.099 2.627+0.094
488593.4x% 0.355£0.152
489497.6 2.5 2 42.100 0.868 £0.629
490504.2 1.5 2 147.900 6.654+0.184 6.370£0.168
493561.5 2.5 2 86.900 1.053 £0.077 1.040£0.076
495962.0 1.5 2 38.000 1.539+£0.092 1.479 £0.085
498024.5 0.5 1 289.400 1.151£0.084 1.147£0.083
501377.6 1.5 1 52.100 1.387£0.121 1.351£0.115
501990.9 2.5 2 456.000 3.717+£0.136 3.687+£0.134
503105.1 1.5 2 64.100 1.397£0.100 1.368 £0.095
504224.1% 0.716 £0.118
506718.5% 1.344£0.177
510006.5 2.5 2 267.000 1.834+£0.126 1.821£0.124
510619.1 1.5 2 171.900 2.784£0.149 2.740+0.144
511396.1 2.5 2 47.900 2.607 £1.429
511396.8 1.5 1 246.000 0.414
511780.5 0.5 0 160.000 2.626 £0.152 2.584£0.147
513593.4 0.5 1 4.200 0.512£0.094 0.456 £0.075
515548.2 2.5 2 20.400 0.586 £0.081 0.570£0.076
517677.1 0.5 1 110.200 1.069 £0.091 1.059 £ 0.089
519140.0 2.5 2 65.900 0.658 £0.069 0.652 £0.068
520483.1 2.5 2 562.800 0.521 £0.094 0.520 £0.094
521695.8 0.5 0 55.000 3.177+£0.132 3.003+£0.118
523729.4 1.5 2 321.800 3.212+0.121 3.181+£0.118
529837.5 2.5 2 53.800 0.307 £0.084 0.305£0.083
530769.4 0.5 0 390.500 0.979 £0.106 0.977£0.106
532054.4 2.5 2 101.800 1.475+£0.105 1.454+£0.102
533729.7 2.5 2 179.900 3.168 £0.120 3.113+£0.116
535613.8 0.5 1 62.100 0.558 £0.084 0.554 £0.083
537403.8 1.5 1 126.200 0.486£0.083 0.484 £0.082
539133.6 2.5 2 92.400 0.769 £ 0.060 0.763 £0.059
541301.4 1.5 2 1032.600 1.396 £0.110 1.395+£0.110
544008.3x 1.401+£0.180
546997.4 2.5 2 22.000 0.608 £ 0.054 0.592 £0.051
548171.3 0.5 0 3096.000 3.121£0.196 3.118£0.195
549940.4 1.5 1 63.900 0.305£0.091 0.304 £0.090
551677.9 2.5 2 155.800 1.622£0.102 1.606 £ 0.100
555776.3 1.5 2 26.100 0.612 £0.090 0.599 £0.086
557642.0 0.5 1 120.100 1.646 £0.103 1.624 £0.100
559460.8 0.540£0.108
561436.7x 0.534£0.103
563623.7 1.5 1 506.400 2.118 £0.119 2.110£0.118
564809.3 0.5 1 14.000 1.113£0.124 1.031£0.106
566293.6 2.5 2 30.000 2.887+0.141 2.634£0.117
568559.4x 0.780£0.248
570745.7 1.5 2 112.000 0.852£0.162 0.846 £0.160
572598.5 2.5 2 2382.000 13.938 +0.269 13.855+0.266
577460.6 2.5 2 86.900 0.360 £0.108 0.358 £0.107
578533.4 1.5 2 71.900 0.588 £0.095 0.583 £0.094
579662.4 1.5 2 46.000 1.730£0.135 1.668 £0.125
580626.7 2.5 2 623.100 1.662 £0.127 1.658 £0.127
582205.6 1.5 1 222.000 0.691£0.103 0.689 £0.102
584282.9x 1.551£0.142
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TABLE IIl. (Continued.)

Eo (eV) J ¢ gl (eV) gl (V) ¢, /T (eV)
586909.0x% 0.52240.207
591153.1 25 2 303.000 1.8854+0.122 1.87440.120
592703.6x% 1.464 +0.209
595426.3 2.5 2 33.000 2.26440.140 2.11940.123
596042.8 0.5 1 84.000 0.71540.138 0.709 £0.136
597325.8 1.5 1 221.800 2.760 £ 0.148 2.727 +£0.144
598130.5 25 2 86.900 2.030£0.122 1.98440.116
600060.4 1.5 1 44.000 0.748 £ 0.109 0.736 £0.106
601679.8 25 2 10.500 0.716+0.118 0.670 +0.103
603143.9 1.5 2 84.000 1.1624+0.114 1.1474£0.111
605642.5 0.5 1 75.000 1.20540.116 1.186 £0.112
608557.3 15 2 653.600 4.406 +0.178 4.37740.175
609877.4 0.5 0 3144.000 3.79340.165 3.788 £0.165
611420.1 1.5 2 399.200 4.72240.198 4.66740.193
612276.6 15 1 224.000 0.751

612286.8 1.5 2 420.200 3.98240.208 3.945+£0.204
614093.1 2.5 2 383.400 1.877 £0.157 1.869 £0.156
615481.4 25 2 1127.700 3.525+0.204 3.514 +0.203
615938.1 1.5 2 249.800 2.626+0.189 2.599 +0.185
616864.1 1.5 1 142.100 1.08140.154 1.073£0.151
618408.7 25 2 18.900 1.590 +0.146 1.467 £0.124
618541.0 1.5 2 37.800 0.5524£0.132 0.54440.128
623000.0 2.5 2 1263.000 3.576 3.566

623900.0 0.5 1 232.000 0.340 0.339

resonance energy Ey = 3357.6 & 0.5 eV. The uncertainty
includes the uncertainty on the flight path length. This value
is in good agreement with the energy E, = 33574 =+
0.4 eV, which is considered as a neutron energy standard for
time-of-flight measurements [36].

Figure 7 shows a comparison between the experimental
capture yield with the calculated yield using the parameters
deduced in this work and the ENDF/B-VIL8 resonance pa-

rameters, which are also used for the latest ENDF/B-VIL.O
version [37]. Due to the lack of capture cross-section data
above 200 keV, significant discrepancies in the radiation
widths are observed. Similar discrepancies are observed when
comparing the experimental yield with the yield obtained from
other data libraries, such as JEFF 3.1 and JENDL 3.3. Our
results have been partly included in the latest compilation of
Mughabghab [38].

100 X.10° g x10° 4x10°
—— This work, REFIT
ENDF/B-VI.8
«  This work, Exp.
o
2 sof 4t 2t
p 0 0 ), & .
3.34 3.35 3.36 3.37 19.6 199 63 64 65 66 67
. -3
1 0x10° 0.2 X10° 1.0210

Yield

0.1+

0.0

0.5F

0.0

450

190

200 210 220 320 330

340

350 360 400 425 475 500
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FIG. 7. The experimental yield, Y, as a function of neutron energy is compared with the yield obtained using the ENDF/B-VI.8 parameters

and the parameters deduced in this work.
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B. Average resonance parameters and strength functions

In this work only neutron widths up to a neutron energy of
80 keV were obtained. For the additional resonances, which
were observed only in our capture data, not enough information
is available to assign a spin and parity. Therefore, our data do
not provide sufficient information to improve existing neutron
strength functions and level densities. A detailed discussion
on these parameters is given by Horen et al. [9,10].

Previous studies of the neutron-induced reactions
206,207.208ph 1 5 demonstrated an intermediate structure in the
energy region between 400 and 500 keV, which arises from a
doorway state common to the 2°7-208.209Ph compound systems
[10]. The single resonance for 2®®Pb+n at 506 keV appears to
break up into a number of levels for 2°°Pb+n and 2’Pb+n.
Therefore, all three nuclei show a doorway state with the
same escape width and spreading width that increases as one
moves farther away from the doubly closed core nucleus 2**Pb.
Measurements on 2**Pb show a constant reduced neutron
strength function [39] with no evidence of a intermediate
structure. Horen et al. [39] also noted the proportionality
between the spreading width and the number of s-wave
resonances. Divadeenam and Beres [40] showed that the
s-wave doorway state for 206207208 Pb ; could be described in
terms of a particle-vibration weak-coupling model involving
the 2%Pb core (i.e., the vgy,» neutron single-particle state
coupled to the 4T vibrational state, 4 ® vgy,»). They arrived at
a good quantitative agreement between the theoretical estimate
and the experimentally observed energy and escape width of
the doorway state for 2°6207.208Pb 45 Using a quasiparticle-
phonon nuclear model Soloviev et al. [41] obtained neutron
strength functions for 2°°Pb-+n and 2°Pb+-n that are in very
good agreement with experimental data.

A doorway mechanism common to both the neutron
and photon channel has been clearly observed for p-wave
resonances of the Pb compound system by Kohler et al.
[42]. Baglan et al. [43] studied the photonuclear reaction
207Pb(y, n) and suggested that also for the 2*’Pb compound
system a correlation between the neutron and radiation width
exists for s-wave resonances. Allen ef al. [3,44] and Medsker
and Jackson [45] performed 2%Pb(n,y) and 2“Pb(y, n)
measurements, respectively, and found no evidence for the
s-wave doorway state in the ground-state photon channel. Due
to the doorway state in the neutron channel the reduced neutron
widths for s-wave neutrons show an envelope structure as
shown in Fig. 8. The radiation widths of primary transitions
to the ground state for the 10 1/2% states observed in the
207Pb(y, n) measurements performed by Baglan et al. [43]
show a similar structure. However, the s-wave radiation widths
obtained from our capture data, which are given in Fig. 8, do
not reveal such an envelope structure. A comparison of the
widths obtained by Baglan et al. [43] with our data indicates
that the widths obtained from the photonuclear measurements
are overestimated. Allen et al. [44] and Medsker and Jackson
[45] already suggested that due to the limited energy resolution
a major part of the radiative strength attributed by Baglan
et al. [43] to s-wave resonances in reality results from the
background of much narrower resonances with £ > 1. In
addition, Baglan et al. [43] observed only 50% of the s-wave
resonances below 600 keV.
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FIG. 8. The reduced neutron widths and the radiation widths for
s-wave resonances in the 2°’Pb compound system as a function of the
resonance energy.

The unfolding of the C¢D¢ spectra (see Table II) shows
that the y-ray spectrum of the 66.0 keV s-wave resonance is
completely dominated by an E1 transition to the ground state.
Because the s-wave resonances contribute 30% of the thermal
capture cross section and the y -ray spectrum at thermal energy
is dominated by the E'1 transition to the ground state [14,35] it
can be assumed that the radiation width for s-wave resonances
results mainly from this E'1 transition. Therefore, the radiation
width for s-wave resonances of 2°°Pb can be used to calculate
the electrical dipole strength function using:

1 [Txi(E,)
FalEy) =& <;L$L+f> (10)

with D the average level spacing. Using Eq. (10) a strength
function fr; < (255 £5) x 10~ MeV 3 for resonances up
to 620 keV is obtained. This value is in good agreement with
the value fz; = 228 x 10~ MeV 3 for a y-ray transition
from the capture state at the neutron threshold to the ground
state obtained with the giant dipole parameters determined by
Harvey et al. [46]. Our value deviates from the recommended
value fg; = (109.8 & 7.8) x 10~ MeV~3, which is based
on systematics, and the value fr; = (366.1 £+ 26.1) x 107°
MeV~ resulting from a compilation of experimental (pho-
tonuclear) data. These values were taken from RIPL2 [8]. From
the relative transition probabilities in Table II together with the
total radiation width of the p-wave resonances, the strength
function for the magnetic dipole transition to the ground state,
to the 570 keV 5/2~ first excited state and to the 897 keV
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TABLEIV. The magnetic dipole strength function resulting from
the p-wave resonances below 25 and 70 keV obtained in this work
compared with the results from Mizumoto ez al. [4]. The uncertainties
on our data are in the order of 30%.

Reference AE fuio Sui,570 Sui807
(keV) 107°MeV> 10" MeV> 107° MeV3
Ref. [4] 25 >60 >73 >25
This work 25 >33 >29 >27
This work 70 >17 >25 >20

3/2~ second excited state can also be deduced. The resulting
strength functions fj;; for the energy interval AE = 70 keV,
which are given in Table IV, are consistent with the value
deduced from systematics fy;; = 20 x 107 MeV~—3 [8].
Therefore, our data do not confirm the strong M 1 enhancement
suggested by Medsker and Jackson [45] and Mizumoto et al.
[4]. To compare our data with those of Mizumoto et al.
[4], the M1 strengths obtained for the resonances below
25 keV are also included in Table IV. Our data for resonances
below 25 keV are a factor of 2 lower compared to the
data of Mizumoto et al. [4]. Their strength functions were
systematically overestimated because they supposed that the
total radiation width resulted from four y -ray cascades without
accounting for other possible cascades. Due to the better time
resolution of our capture measurements, the doublet around
25 keV, which has an important contribution to the strength
function below 25 keV, has been resolved. In the data of
Mizumoto et al. [4] these resonances were not resolved and the
M1 y-ray strength was overestimated by a factor of 2 because
a part of the observed y rays are E2 transitions. Indeed, for
the p-wave resonances at 25.42,36.21, and 47.50 keV a strong
contribution of the primary y-ray transition to the 569.7 keV
5/27 level is observed. Because these resonances have a spin
and parity J* = 1/27, the most prominent primary y rays
for these resonances are E2 transitions. Although limited in
number, the E2 transitions that were observed together with
their radiation widths can be used to improve the systematic
study of the average behavior of the electric quadrupole
strength function fgz,. The partial radiation widths and the
reduced transition probabilities B(E2) | (downward) of these
transitions (as defined in Ref. [47]) are listed in Table V. In
the literature only a limited number of E2 primary transitions
following neutron capture have been reported [48—50].

TABLE V. The total radiation width for the 25.4-, 36.2-, and
47.5-keV resonance together with the partial radiation width and
reduced transition probability for the E£2 transition to the first excited
state. The quoted uncertainties result from counting statistics only.

Ey (keV) I, (eV) Iy 570 (€V) B(E2) | (* fm*)
254 0.291£0.002  0.189 +0.008 25.7+1.1
36.2 0.280+£0.003  0.196 +0.008 26.4+1.1
47.5 0.111£0.002  0.061 4=0.005 8.1+0.7
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C. Stellar average capture cross sections

In stellar nuclear synthesis the relative velocities v between
the neutrons and the nuclei have a Maxwell-Boltzman distri-
bution at temperature 7. Therefore, the neutron capture rates
are proportional to the Maxwellian averaged capture (MAC)
cross section:

2 o E
oy it = «/W/o o, (E)E exp <_kT> dE. (11)

This quantity can be calculated numerically from the capture
cross section. The energy range in which the cross section
contributes to the integrand is, for 206ppy, entirely in the
resolved resonance region. For some resonances the radiation
and neutron width could not be determined and only the
capture area has been deduced. Therefore, the MAC cross
sections obtained from the microscopic cross sections based on
the resonance parameters will be underestimated. To calculate
the Maxwellian-averaged capture cross sections the approxi-
mation proposed by Macklin and Gibbons [51] was applied:

E 2 1
(o = o =+ —=—
N T Uz e
N

Ey,;
X ZAJ,,,-EOJ exp (— k;; ) , (12)

i=1

where ¢! is the capture cross section at the thermal energy
Eq = 0.0253 eV, N the number of observed resonances,
Ey; the resonance energy, and A, ; the capture area, which is
directly related to the capture kernel and the resonance energy.
A detailed discussion about the limitations of this expression
is given by Beer et al. [52]. The first term results in an upper
limit for the combined effect of all distant s-wave resonances,
including bound states, and the contribution due to direct
s-wave capture. The second term represents the contribution of
all observed resonances. The uncertainty on the MAC obtained
by this approach is completely dominated by the 2% common
uncertainty component. In Fig. 9 the resulting MAC cross
sections using 03 = 27 mb are given as a function of the

30

\ — This work
i O Baoetal

o — — JENDL-33
~~~~~~~~ ENDF/B - V1.8

MAC (mb)

0 25 50 75 100
KT (keV)

FIG. 9. The MAC cross section obtained in this work is compared
with the one in Bao et al. [2] and the one deduced from the data in
JENDL-3.3 and ENDF/B-VLS.
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FIG. 10. The relative contribution to the MAC cross section of (1)
the resonances listed in ENDF/B-VL.S, (2) the additional resonances
for which the capture areas were deduced in this work and (3) the
first term in Eq. (12).

energy kT. In Fig. 10 the relative contribution of the first term
is shown together with the contribution of the resonances listed
in ENDF/B-VI.8 using the capture area in Table III and the con-
tribution of the 83 additional resonances that were observed in
this work and not listed in ENDF/B-VL.8. The results in Fig. 10
show that the contribution due to the first term can be neglected.

However, the contribution at kT = 30 keV due the
additional resonances is 8% and hence more than the required
accuracy. For values of kT > 80 keV this contribution even
amounts to 15%. Figure 9 compares our results with the data
quoted in the most recent compilation of Bao et al. [2] and
the MAC cross sections based on the microscopic data in
JENDL 3.3 [53] and ENDF/B-VI.8. At an average temperature
kT = 30 keV, the MAC cross section deduced in this work is
about 8% smaller than the one compiled by Bao et al. [2] and 8
and 20% larger than the one in ENDF/B-VI.8 and JENDL-3.3,
respectively. According to the sensitivity study performed by
Ratzel et al. [1], one can conclude that the >Pb s-process
abundance using the data of Bao et al. [2] is underestimated
by 7%. The results in Fig. 10 indicate an overestimation of
about 8% when the capture areas of the resonances that were
observed in this work but not listed in ENDF/B-VI.8 are not
included in the calculation.

VI. CONCLUSIONS

An accurate resonance parameter file for 2°°Pb4-n has been
determined from high-resolution capture and transmission

PHYSICAL REVIEW C 76, 014605 (2007)

measurements at GELINA for resonances up to 620 keV. The
use of an isotopically pure 2°°Pb (99.82%) sample enabled
an accurate determination of the effective scattering radius
of 9.54 + 0.02 fm for >°°Pb. From the transmission data the
neutron width I, for resonances up to 80 keV were deduced.
The results from the actual transmission data agreed with the
data of Horen et al. [9], which covered the energy region up to
900 keV. For the capture measurements special experimental
conditions and data analysis procedures were implemented
to reduce systematic bias effects as much as possible and to
avoid correction factors requiring knowledge about the y-ray
emission cascade. Due to these precautions the correlated
uncertainty component on the capture data was reduced to
2%. From the capture data, accurate total radiation widths were
extracted. A comparison with data in the literature indicates
that capture data previously reported suffer from systematic
bias effects.

From the radiation width of the s-wave resonances observed
below 620 keV a fg; photon strength function was deduced.
This strength function is consistent with the value deduced
from GDR parameters obtained from photonuclear reactions.
The f)s strength function, derived from an unfolding of the
CgDg capture data, is consistent with the systematic behavior
obtained from compiled data. It does not indicate any M1
enhancement as previously reported by other authors based
on photonuclear data in the resonance region. Moreover, the
presence of primary E?2 transitions for 2°°Pb was observed and
their reduced radiation strength deduced. From an analysis of
the reduced neutron width and radiation width, the existence
of a doorway state in the photon channel, common to
the doorway state in the neutron channel, could not be
confirmed.

From the experimental observed capture areas up to
620 keV the MAC cross sections as function of temperature
were derived with an accuracy better than the required 5%.
The MACs obtained in this work are systematically lower
than the values compiled by Bao et al. [2] and higher than
the ones deduced from cross-section data in the evaluated data
libraries. It is shown that the resonances, which were observed
in this work and not reported in ENDF/B-VI.8, contribute for
more than 8% to the MAC cross sections for energies above
kT = 30 keV.
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