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Abstract — Neutron capture and transmission measurements were carried out from 0.01 to 600 eVon both solid
and liquid samples containing elemental cesium (133Cs). Only s-wave resonances were observed in these
measurements. These data were analyzed for resonance parameters utilizing the SAMMY Bayesian analysis
code to simultaneously fit both the capture and transmission data. Parameters were obtained for 31 cesium
resonances up to 600 eV. The thermal capture cross section and capture resonance integral were determined. The
thermal capture cross section is 10% larger than the ENDF, JENDL, and JEFF evaluated values but lies within the
uncertainty of the most recent measurement by Yoon and Lee [New Phys.: Sae Mulli (Korean Phys. Soc.)., Vol. 61,
p. 7 (2011)]. The capture resonance integral has a statistical 1σ error of 2% and lies 1.4σ above the JENDL value,
5.5σ above the ENDF value, and 3.9σ above the JEFF value. The s-wave strength function was determined.
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I. INTRODUCTION

Elemental cesium consists of a single isotope: 133Cs.
Cesium is abundantly produced in nuclear reactors where
6.7% of the fissions from 235U ultimately produce 133Cs
(Ref. 1). Since neutrons inside a reactor interact with this
large amount of material, it is important to have accurate
cesium neutron cross sections. Total cross-section
measurements2-5 and capture measurements6–8 over the reso-
nance energy region have been reported for cesium as well as
numerous thermal total cross-section7,9 and capture
measurements.10–21

Since almost all of the previous results measured either
total or capture cross section separately, it was decided to
utilize the transmission and capture experimental facilities at
the Rensselaer Polytechnic Institute Gaerttner Linear
Accelerator (LINAC) Center to provide a combined

total-plus-capture measurement and analysis from thermal
energies to 600 eV. Time-of-flight (TOF) transmission
measurements were carried out with transmission detectors
at the 15-m flight station (0.01 to 30 eV) and 25-m flight
station (3 to 600 eV). Capture measurements utilized the
16-section sodium iodide (NaI) multiplicity detector at the
25-m flight station with separate thermal (0.01 to 30 eV) and
epithermal (3 to 600 eV) measurements. The data were
reduced to neutron transmission and capture yield, and the
Bayes analysis code SAMMY (Ref. 22) was used to obtain a
set of resonance parameters that best fit all the data.

II. EXPERIMENTAL CONDITIONS

II.A. Overview of Measurements

Transmission and capture measurements were carried
out using the TOFmethodwith both liquid [cesium carbonate
(Cs2CO3) dissolved in D2O] and solid [cesium fluoride (CsF)
crystals] samples of cesium. The experimental details used
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for data acquisition are listed in Table I. The experimental
method and details are essentially the same as those reported
in detail by Leinweber et al.23 and will be only briefly
described here. The Gaerttner LINAC Center linear
accelerator was used to produce energetic electrons, and
these electrons, in turn, impinged on water-cooled Ta plates
to produce bremsstrahlung photons and then neutrons via the
photoneutron reaction. The thermal transmission and capture
measurements used the enhanced thermal neutron target24,25

whereas the epithermal transmission and capture
measurements used the bare bounce target.26 The thermal
transmission measurements utilized a 0.3-cm-thick 6Li glass
scintillator detector mounted directly on a photomultiplier at
the 15-m flight station. The epithermal transmission
measurements utilized a 1.27-cm-thick 6Li glass detector at
the 25-m flight station with the glass viewed by two
photomultipliers located outside of the neutron beam.27 The
thermal and epithermal capture measurements utilized the
16-section NaI multiplicity detector28 located at the 25-m
flight station.

The neutron intensity from the accelerator was
monitored with moderated fission chambers located at
an ~9-m flight path, a 6Li glass ring detector placed in
the epithermal transmission flight tube, and when
applicable a 6Li glass detector located at the 15-m flight
path. These monitor detectors were used to minimize the
effects of beam intensity fluctuations as well as correct
for different collection times for the various sample and
open positions.

II.B. Sample Information

Two types of sampleswere used for thesemeasurements:
a set of CsF crystals and a set of liquid samples consisting of
Cs2CO3 dissolved in heavy water (D2O). The CsF crystals
provided thick samples while the liquid samples provided
thin samples of uniform thickness. The CsF crystals were
grown at Iowa State University and encapsulated in
0.508-mm-thick aluminum cans with 0.0762-mm-thick
Mylar films between the crystals and aluminum. The liquid
samples were prepared at the Naval Nuclear Laboratory by
dissolving Cs2CO3 powder in D2O and sealing the solution
into cylindrical quartz cells with 3.81-cm inside diameter and
0.1588-cm-thick windows.

II.B.1. CsF Samples

Three thicknesses of CsF were used for these
measurements with nominal thicknesses of 6.86, 20.1, and
25.2 mm. The samples were not rigid solids but were rather
somewhat jellylike in consistency. However, they did have

two well-defined parallel faces. The sample thicknesses were
determined by measuring the outer thickness of the CsF-
Mylar-aluminum assembly and subtracting the 1.01-mm
aluminum and 0.152-mm Mylar thicknesses. The CsF
thickness uncertainty is estimated as ±0.25 mm. Table II
lists the atomic number densities of the Cs and F in the
crystals and the C, O, and H in the two 0.0762-mm-thick
films of Mylar.

II.B.2. Liquid Samples

Cesium carbonate powder was dissolved into heavy
water to produce a stock solution, and portions of this
stock solution were further diluted with heavy water to
produce four cesium liquid samples. Chemical analysis of
the powder indicated that it was a mixture of 93.1%
Cs2CO3 and 6.9% cesium bicarbonate (CsHCO3). This
powder also contained 1% water (by weight).

In addition to the Cs samples, two heavy water–filled
quartz cylinders were utilized to provide open samples with
the same physical thickness as the corresponding Cs samples.
The fact that there is more D2O in the open samples than the
Cs samples is taken into account in analyzing these
transmission data for resonance parameters. Table III lists
the nominal thickness of the liquids in each cell and the
atomic number densities of the Cs, C, O, H, and D in these
samples (including the 1% water).

These quartz cells had a wall thickness of 1.59 mm. For
these measurements the neutron beam impinged
perpendicularly on the face of the cylindrically shaped
sample.

III. DATA REDUCTION

Transmission and capture measurements were made
over two neutron energy regions: thermal and epithermal.
The thermal measurements were optimized to take data to
be analyzed in the 0.01- to 30-eV energy range, whereas the
epithermal measurements emphasized the 3- to 600-eV
range. The thermal transmission measurement used all
three CsF samples, while only the 6.86-mm sample was
used for the capture measurement. The epithermal
transmission measurements used all the CsF and liquid
samples, while the capture measurements used all the liquid
samples but only the 6.86-mm CsF sample.

The method for the reduction of the transmission
and capture data was essentially the same as carried
out by Leinweber et al.23 Capture data were reduced
to capture yield and transmission data to transmission.
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III.A. Neutron Energy

The neutron energy at low (nonrelativistic) energies
in TOF channel i is given by

Ei ¼ C L
ti � t0

� �2
; ð1Þ

where

Ei = energy (eV)

L = flight path (m)

(ti � t0) = TOF (μs)

C = conversion factor = 72.29824.

The recorded time of an event in channel i is ti while t0 is
the time when the electron pulse strikes the neutron
target. By measuring the time when the gamma flash is
detected, t0 is obtained by correcting for the flight time of
these gamma rays from the neutron target to the detector.

III.B. Capture Yield

The capture yield Yi in TOF channel i is calculated by

Yi ¼ Ci � Bi

K φr; i
; ð2Þ

where the numerator refers to the net capture counting rate
with the capture sample in the beam and the denominator to
the neutron rate incident upon the capture sample. Ci and Bi

are the dead-time–corrected and beam-monitor–normalized
counting rates with the capture sample in the beam and the
background counting rate with either the equal-thickness
D2O sample (for the liquid sample measurements) or empty
aluminum can in the beam (for the CsF sample measure-
ments), respectively. The relative neutron flux incident upon
the capture sample φr; i was determined from a measurement

with a 10B4C sample placed in the neutron beam. These
counting data were dead-time corrected and background
subtracted. The relative neutron flux is equal to the resulting
net counting data divided by the efficiency for detecting the
gamma ray from the 10B(n;α,γ) reaction. The constant K
normalizes the relative neutron flux to the actual neutron
rate incident upon the capture sample.

The normalization constant K is typically determined
by measuring capture in a region where the capture yield
Y is known. Cesium has a mostly capture resonance at
5.9 eV, which saturates with all the CsF samples and the
thickest liquid sample. This resonance was used to

TABLE II

Atomic Number Densities of the CsF Samples and Mylar Films

Nominal
Thickness (mm) NCs (atom/b) NF (atom/b) NC (atom/b) NO (atom/b) NH (atom/b)

6.86 1.032E–02 1.032E–02 6.860E–04 2.744E–04 5.488E–04
20.1 3.182E–02 3.182E–02 6.860E–04 2.744E–04 5.488E–04
25.2 4.057E–02 4.057E–02 6.860E–04 2.744E–04 5.488E–04

TABLE III

Liquid Thickness and Atomic Number Densities of the Cesium Solution and Heavy Water–Filled Cells

Cell Number

Nominal
Liquid

Thickness
(mm)

NCs

(atom/b)
NC

(atom/b)
NO

(atom/b)
NH

(atom/b)
ND

(atom/b)

Cs-L-3 3.18 7.308E–05 4.865E–05 1.053E–02 3.848E–05 2.076E–02
Cs-L-4 3.18 2.526E–04 1.681E–04 1.093E–02 1.330E–04 2.079E–02
Cs-L-5 3.18 8.711E–04 5.799E–04 1.084E–02 4.586E–04 1.803E–02
Cs-L-7 6.35 2.963E–03 1.972E–03 2.080E–02 1.560E–03 2.919E–02
Cs-L-6 3.18 1.073E–02 2.145E–02
Cs-L-8 6.35 2.107E–02 4.214E–02
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normalize the CsF sample capture yield in the thermal
measurement and the epithermal liquid sample yield in
the energy region from 3 to 15 eV. Above 15 eV both the
liquid and CsF capture yields were normalized to
saturated capture in the 22.5-eV resonance.

Monte Carlo calculations indicated that the presence
of Mylar in the CsF capture sample introduced an error in
the capture yield that was much smaller than the overall
error in the yield. The presence of Mylar also leads to an
increase in the thermal capture cross section that is
considerably smaller than the overall error in this cross
section. Thus, the effect of Mylar upon the capture yield
of CsF was ignored in analyzing the CsF capture data.

III.C. Transmission

The neutron transmission Ti in TOF channel i is
given by

Ti ¼ C S
i � KSBi � BS

C O
i � KOBi � BO

; ð3Þ

where

C S
i ; C O

i = dead-time–corrected andmonitor-normalized
counting rates for the sample and open
measurements, respectively

Bi = unnormalized time-dependent background
counting rate

BS;BO = steady-state background counting rates for
the sample and open measurements,
respectively

KS;KO = time-dependent background normalization
factors for the sample and open
measurements, respectively.

Note that the open sample for the liquid sample measure-
ments is the equal-thickness D2O sample, and the empty
aluminum container is the open for the CsF sample
measurements.

The determination of the time-dependent background is
one of the more difficult tasks to accomplish. This back-
ground was determined by inserting into the beam a set of
samples, called “notches,” containing blacked-out resonances
and then extrapolating to the sample and open conditions
without the notch samples in the beam.29 For the epithermal
transmission measurements, a 0.635-cm-thick metallic Na
sample was left in the beam to provide a permanent notch
near 2.8 keV. Samples of Ag, W, and Co were cycled in the
beam during the notch measurements with liquid samples to

produce notches near 5.2, 18.6, and 132 eV, respectively. For
the thermal measurements a 0.0178-cm-thick Ag sample was
left permanently in the beam to produce a notch near 5.2 eV,
and a package of Cd, In, and Ag samples was cycled into the
beam to provide notches below 0.3 eV, near 1.45 eV, and near
5.2 eV, respectively.

For the CsF samples the transmission is that of the CsF
and two sheets of Mylar. For the liquid samples the
transmission is that of the Cs-containing liquid sample
counting rate divided by the D2O compensator sample
counting rate.

IV. RESULTS

The transmission and capture data were analyzed for
resonance parameters using the R-matrix Bayesian code
SAMMY version 8 (Ref. 22). The analysis employed the
experimental resolution, Doppler broadening, self-shielding,
multiple scattering, and Reich-Moore approximation
features of SAMMY. This code takes into account the
statistical fluctuations in the experimental data points and
known uncertainties in experimental parameters such as
sample thickness, detector efficiency, flight path length,
etc. Both the transmission and capture yield data were fitted,
and a final set of resonance parameters was obtained for the
best overall fit to all of the data. Only s-wave (ℓ = 0)
resonances were observed in this experiment, and thus, all
results in this paper refer to s-wave resonances.

IV.A. Capture Yield and Transmission Plots

The capture and transmission thermal data are plotted
in Figs. 1 and 2, and the epithermal data are plotted in
Figs. 3 through 6. Figures 1 through 6 show the
experimental capture yield and transmission data points,
the SAMMY fit to all the data, and the corresponding
ENDF/B-VIII.0 (Ref. 30) values. The SAMMY fit is
shown as a solid line with the same color as the data
points whereas the ENDF curves are shown as a dashed
gray line.

The transmission data are not shown below
0.1 eV in Fig. 1 because the SAMMY code could
not reproduce the large crystalline scattering effects
in CsF below 0.1 eV. However, as can be seen in
Fig. 1, the capture yield shows little crystalline
effects and thus was analyzed by SAMMY down to
0.01 eV. In Fig. 2 there are no transmission data
points near 5 eV. There is a silver fixed notch filter
in the beam, which has a black resonance near 5 eV,
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so data near 5 eV were excluded from the SAMMY
analysis.

The epithermal results from 3 to 600 eV are plotted in
Fig. 3. The resonances appear to be well separated from each
other and thus should provide a good estimate of the average
level spacing. Figure 4 shows the data near the 5.9-eV
resonance. This is the lowest-energy s-wave resonance in

Cs and is thus a major contributor to the Cs thermal capture
cross section and resonance integral. Note that the new data
show a resonance that lies at slightly lower energy than the
ENDF resonance. Figures 5 and 6 illustrate the quality of the
fits to the data where resonances are close together.

IV.B. Resonance Parameters

Table IV lists the resonance parameters obtained from
the analysis of all the thermal and epithermal transmission
and capture data. The SAMMY analysis accounted for the
presence of fluorine in the CsF samples; the presence of
Mylar in the CsF transmission samples; the presence of
carbon, hydrogen, and oxygen in the Cs liquid samples; and
the excess D2O in the compensator samples used for the open
beam transmission measurement of the liquid samples. For
resonances below ~10 eV, where the resolution width is small
or comparable to the total width, the radiation width can be
obtained from the SAMMY fit to the resonances. Above
~10 eV, radiation widths were determined whenever a reso-
nance included a significant quantity of scattering. The cri-
terion of Γγ/Γn < 5 was adopted from Barry27 to reflect the
sensitivity for determining the radiation width from a
SAMMY analysis of the resonance data. For resonances
occurring above ~10 eV that produced an initial fit resulting
in Γγ/Γn > 5, the radiation widths were set equal to their
weighted average value for each spin state; the weighted
average was determined from the radiation widths measured
in this experiment. The resonance energies and radiation
widths of the negative-energy resonances at −35.33 and
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−13.63 eV were set equal to their ENDF (Ref. 30) values.
The first two negative-energy resonances listed in Table IV
were introduced to fit the transmission between resonances, a
region dominated by potential scattering while keeping the

effective radius Rʹ equal to the ENDF value. This is based on
the method introduced by Fröhner and Bouland.31

Table IV lists the SAMMY resonance energy Eo,
radiation width Γγ, and neutron width Γn in columns 1, 5,
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and 9, respectively. The corresponding ENDF resonance
parameters Eo,endf, Γγ,endf, and Γn,endf are listed in columns
4, 8, and 12, respectively. The SAMMY (Bayesian)

absolute uncertainties in the resonance parameters ΔEo,B,
ΔΓγ,B, and ΔΓn,B are listed in columns 2, 6, and 10,
respectively. The external uncertainties ΔEo,ext, ΔΓγ,ext,
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labels refer to the CsF sample thicknesses. The L3, L4, L5, and L7 labels refer to the liquid samples (see Table III). The ENDF
label refers to ENDF/B-VIII.0.
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and ΔΓn,ext are listed in columns 3, 7, and 11, respectively.
Column 13 lists the total angular momentum J of the
resonances.

External uncertainties are a measure of the fluctuations
in the resonance parameters when each of the 4 thermal
measurements and each of the 12 epithermal measurements
are individually solved by SAMMY with the same input
parameters. For the combined thermal and epithermal
analysis, the ENDF parameters were used as the starting
point for each calculation.

The external uncertainty in Eo, Γγ, or Γn is
determined from the mean-square deviation, Eq. (4):

ΔXext ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

1

Xi � hX ið Þ2
ΔXB;i

� �2
( ),

n� 1ð Þ
Xn
1

1

ΔXB;i

� �2
( )vuut ;

ð4Þ

where

X = Eo, Γγ, or Γn

n = number of measurements (4 thermal and 12
epithermal)

ΔXB,i = Bayesian SAMMY uncertainty in Eo, Γγ, or
Γn for each sample i.

The weighted-average parameter hX i in Eq. (4) is
determined from Eq. (5):

hX i ¼
Pn
1

Xi

ΔXB; ið Þ2
,Pn

1

1

ΔXB; ið Þ2
: ð5Þ

The deviations between samples, or external errors, are
typically larger than those based on counting statistics,
i.e., Bayesian errors. It is recommended that the larger of
these two errors be used in applying these results.

IV.B.1. Parameter Distributions and Strength Function

The distributions of the widths of the fitted parameters
were plotted. Sensitive radiation widths were plotted and
fitted to a χ2 distribution with 843 deg of freedom. This
number of degrees of freedom was obtained through a
least-squares error search. Neutron widths were converted
into reduced neutron widths, which are defined in Ref. 32,
and plotted alongside a distribution predicted by Porter-
Thomas theory,33 which claims neutron reduced widths are
distributed via a χ2 distribution with one degree of freedom.
The radiation width distribution plot is given in Fig. 7, and
the reduced neutron width distribution plot is given in Fig. 8.

Also included in Fig. 8 is the distribution of reduced neutron
widths from ENDF-B/VIII.0.

In addition to the distributions of widths, the
strength function for the newly fitted parameters was
computed and compared with the strength function
computed from the parameters in ENDF/B-VIII.0 in
the same energy range. The method used to calculate
these values is the one given in Appendix A of Ref. 34,
where plots of cumulative reduced neutron widths ver-
sus energy were made and the strength function was
determined as the slope of the best-fit line of the plot.
This plot is given in Fig. 9. Only the best-fit line for
the parameters resultant from this measurement is
shown in Fig. 9. In units of 10−4, the strength function
for ENDF parameters was 1.0 ± 0.3, and the strength
function for the parameters from this measurement was
1.3 ± 0.4. This higher value of strength function is due
to the increase in neutron widths obtained in this mea-
surement relative to the ENDF widths.

IV.C. Thermal Capture Cross Section and Resonance
Integral

The SAMMY-fit Bayesian resonance parameters
listed in Table IV and ENDF parameters for resonances
above 600 eV (including p-waves) were input to the
NJOY nuclear data processing code35 to obtain
Doppler-broadened cross sections and the thermal cap-
ture cross section. From these cross sections, the cap-
ture resonance integral RIγ was calculated from Eq. (6)
utilizing the INTER utility code36:

RIγ ¼
ð20MeV

0:5eV

σγ Eð Þ dE
E

: ð6Þ

Uncertainties of thermal cross section and resonance inte-
gral were determined via a Monte Carlo method where
the fitted resonance parameters were sampled from
Gaussian distributions centered on the fitted resonance
parameter values with standard deviations equal to the
uncertainty of the fitted values. The thermal cross section
and resonance integral were computed with each set of
sampled resonance parameters. The mean values of the
calculations were taken to be the thermal cross section
and resonance integral, and the standard deviations of the
calculation results were taken to be the uncertainties on
these values.

These results, the corresponding ENDF values,
and other published experimental values are listed in
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Table V for the 133Cs thermal capture cross section
and capture resonance integral. The 32.1 ± 0.9 b
thermal capture cross section is higher than most of
the other experimental values and lies about 3σ above
the JENDL (Ref. 37) and ENDF and JEFF (Ref. 38)
values. However, the thermal capture cross section

from this measurement is within 1σ of the recent
Yoon and Lee8 value of 31.2 ± 0.3 b. The 460 ± 10
b capture resonance integral agrees within uncertain-
ties with the Baerg and Bartholomew14 and Steinnes19

values. The evaluations have no stated uncertainties,
but the present measurement’s capture resonance inte-
gral is slightly more than 1σ from JENDL and differs
by almost 6σ from ENDF and 4σ from JEFF.

V. CONCLUSIONS

Capture and transmission measurements were car-
ried out with liquid and solid samples of Cs from 0.01
to 600 eV. Resonance parameters were obtained for 4
negative-energy and 27 positive-energy resonances.
The radiation width distribution from this measure-
ment fits a χ2 distribution with 843 deg of freedom.
The cumulative reduced neutron width distribution
compared favorably to a Porter-Thomas distribution.

The thermal capture cross section and capture
resonance integral were determined from this measure-
ment. The thermal capture cross section lies about 3σ
above the ENDF, JENDL, and JEFF values. The cap-
ture resonance integral lies 1.4σ above the JENDL
value, 5.5σ above the ENDF value, and 3.9σ above
the JEFF value. An s-wave strength function of
(1.3 ± 0.4) × 10−4 was obtained for resonances below
600 eV.

Fig. 9. Cumulative reduced neutron width versus energy
for the parameters from ENDF and this measurement. In
the plot the reduced neutron widths are scaled by the
statistical weight factor g.

Fig. 7. Cumulative radiation width distribution for 133Cs
parameters from this measurement compared with a χ2

distribution with 843 deg of freedom. The radiation
widths in each spin state were normalized to the average
radiation width for that spin state.

Fig. 8. Cumulative reduced neutron width distributions
for 133Cs parameters for this measurement and ENDF.
These are plotted along with a Porter-Thomas distribution.
The reduced neutron widths were normalized to the
average for each spin state.
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