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Abstract — Neutron capture and transmission measurements were carried out from thermal to 2000 eV on
both solid and liquid samples containing elemental cesium ("**Cs). This work describes the extension of the
R-matrix analysis of these data from 600 to 2000 eV by correcting the capture data for false capture in the
Nal detector. These false capture—corrected capture and transmission 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 53 cesium resonances over the 600- to 2000-eV energy
range. The s-wave strength function was determined over the energy range from 0 to 1800 eV for both spin

J = 3 and J = 4 resonances.
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I. INTRODUCTION

The isotope '**Cs is abundantly produced in nuclear
reactors. About 7% of all fissions produce '**Cs. Since
neutrons inside a reactor interact with this large amount
of material, it is important to have accurate cesium neu-
tron cross-section data to perform the calculations neces-
sary for the safe and efficient operation of reactors. To
obtain these data, neutron capture and transmission mea-
surements were carried out on Cs over the energy range
from thermal to 2000 eV (Ref. 1). Previously, only the
energy region from 0.01 to 600 ¢V had been analyzed for
resonance parameters because the capture data were con-
taminated with false capture events above this energy
range. This false capture is the result of neutrons scat-
tered by the capture sample penetrating the '°B,C liner of
the capture detector and subsequently being captured in
the Nal of this detector. The capture data from 600 to
2000 eV have now been corrected for false capture, and

*E-mail: blockr@rpi.edu

the transmission and corrected capture data have been
analyzed for resonance parameters over this energy
region.

Il. EXPERIMENTAL CONDITIONS

IlLA. Overview of Measurements

The experimental conditions are described in our
earlier Cs publication' and will be only briefly described
here. Transmission and capture measurements were car-
ried out using the time-of-flight (TOF) method with both
liquid [cesium carbonate (Cs,COj3) dissolved in heavy
water (D,0)] and solid [cesium fluoride (CsF) crystals]
samples containing cesium. The experimental details used
for data acquisition are listed in Table I. The Rensselaer
Polytechnic Institute Gaerttner LINAC Center linear
accelerator was used to produce energetic electrons, and
these electrons, in turn, impinged on water-cooled Ta
plates to produce neutrons via the photoneutron reaction.
The transmission measurements utilized a 1.27-cm-thick
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(0.5-in.~thick) °Li glass detector at the 25-m flight station
with the glass viewed by two photomultipliers located
outside of the neutron beam.” The capture measurements
utilized the 16-section Nal multiplicity detector also
located at the 25-m flight station.® This detector is illu-
strated in Fig. 1, where a neutron beam is incident upon
a capture sample placed in the middle of the detector. The
capture sample is surrounded by the 16 Nal pie-shaped
crystals that detect capture gamma rays. Neutron capture
is defined as an event when the sum of energy deposited
in all 16 sections exceeds a discriminator (bias) level of
1 MeV; multiplicity is defined as the number of sections
that have an energy deposit that exceeds 100 keV.

The neutron intensity from the accelerator was mon-
itored with moderated fission chambers located at an
~9-m flight path; a °Li glass ring detector placed in the
epithermal transmission flight tube; and when applicable,
a SLi 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 in and out
positions.

I1.B. Sample Information

Two types of samples were used for these measure-
ments: a set of CsF crystals and a set of liquid samples
consisting of Cs,CO; dissolved in D,0O. The CsF crystals
provided thick samples while the liquid samples provided
thin samples of uniform thickness. The CsF crystals were
encapsulated in 0.51-mm-thick aluminum cans with
76.2-um-thick Mylar films between the crystals and alu-
minum. The liquid samples were prepared by dissolving

B4C liner
99.5 atom% °B

Neutron
Beam

Cs,CO3; powder into D,O and sealing the solution into
cylindrical quartz cells with windows with 3.81-cm inside
diameter and 0.159-cm thickness.

I.B.1. CsF Samples

Three thicknesses of CsF were used for these mea-
surements with nominal thicknesses of 6.86, 20.1, and
25.2 mm. The samples were not rigid solids but were
rather somewhat jelly-like 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 sub-
tracting the 1.02-mm aluminum and 0.15-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 0.076-mm-thick films of Mylar. Errors in sample
thickness are 1o errors.

I.B.2. Liquid Samples

Cesium carbonate powder was dissolved into D,O to
produce a stock solution, and portions of this stock solu-
tion were further diluted with D,O to produce the three
cesium liquid samples. Chemical analysis of the powder
indicated that it was a mixture of 93.1% Cs,CO5; and
6.9% cesium bicarbonate. This powder also contained
1% water (by weight). In addition to the Cs samples, two
D,0-filled quartz cylinders were utilized to provide sam-
ples with the same thickness of D,O as the thickness of
the Cs liquid samples. Table III lists the thickness of the
liquids in each cell and the atomic number densities of

16 Nal(TI)
Segments

Fig. 1. The capture gamma-ray multiplicity detector. A neutron beam is shown incident upon a sample placed at the center of the
detector. Capture gamma rays are detected in the 16 optically isolated Nal segments. The B4C liner is designed to minimize
neutrons scattered by the sample from penetrating to the Nal detectors. (This figure was obtained from Ref. 4.)
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the Cs, C, O, H, and D in these cells (including the 1%
water).

The quartz cells had a wall thickness of 1.59 mm. For
these measurements the neutron beam impinged perpen-
dicularly on the face of the cylindrically shaped samples.

[1l. DATA REDUCTION

lILLA. Neutron Energy

In the nonrelativistic approximation, the incident
neutron energy (in units of electron volt) measured at
TOF channel i is

72.298241.12
o

ti—1o

where

E; = energy (eV)
L = flight path (m)

(t; — tp) = neutron TOF (us).

The recorded time of an event in channel i is ¢
while 7y is the time when the electron pulse strikes the
neutron target. By measuring the time when the gamma
flash is detected, 7, is obtained by correcting for the

flight time of these gamma rays from the neutron target
to the detector.

l11.B. Capture Yield

The experimental capture yield Y., ; in TOF chan-
nel 7 is

v _ Capture Rate . Cif;cBi
YEPL T Incident Neutron Rate _f Qi
_GB @)
K(pr,i ,

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

C; = dead-time—corrected and beam-monitor—-nor-
malized counting rate with the capture sample
in the beam

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 195 - JULY 2021

B; = background counting rate with either the equal-
thickness D,O sample or empty aluminum can
in the beam

M. = constant that is the capture detector efficiency
and converts the capture counting rate to the
capture rate.

The relative neutron flux incident upon the capture
sample ¢, ; was determined from a measurement with a 10
B4C sample placed in the neutron beam inside the multi-
plicity detector. These neutron 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 '’B(n;0,y) reaction. The constant / normalizes
the relative flux to the actual neutron flux incident upon
the capture sample. The normalization constant K is equal
to the product nf.

The normalization constant K is typically determined
by measuring capture in a region where the capture yield
Y, is known, typically near a saturated resonance that is
mostly the result of neutron capture. The liquid sample
and CsF capture yields were normalized to the saturated
capture level at the energy of 22.5 eV.

l1I.C. Correction for False Capture

A simplified sketch of the capture multiplicity
detector’ is shown in Fig. 2, where a neutron (dashed
horizontal line) is scattered by the capture sample (dashed
slanted line), passes through the '’B4C liner, and is sub-
sequently captured in the Nal of this detector with the
production of capture gamma rays (dotted curved lines).
This capture in Nal is called false capture, and it occurs at
some time after the neutron scatters from the sample.

False capture is calculated by transporting the scat-
tered neutrons into the multiplicity detector and determin-
ing how many are subsequently captured in the Nal
(mostly in iodine). This is done in the following four
steps for neutrons with TOF ¢; incident upon the sample:

1. Measure the number of false capture counts in
channel i by placing a pure scattering sample into the
detector and dividing these counts by the detector effi-
ciency to obtain the number of false captures in channel i.
These false captures per channel are then divided by the
number of scattered neutrons in channel i. This will be
called FCSN;, the false capture per scattered neutron at
TOF ¢,.

@ANS
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Capture Sample

N

Fig. 2. Sketch of the Nal multiplicity detector. The '°B4C liner is 1 cm thick enriched to 99.46% in '°B. A neutron (dashed
horizontal line) strikes the capture sample, is scattered by the capture sample, passes through the '°B,C liner into the Nal (dashed
slanted line), and is captured in the Nal to produce false capture gamma rays (dotted curved lines).

2. Calculate the neutron yield Y, ;, which is the
number of neutrons scattered per neutron incident on
the sample at ¢;.

3. Multiply Y,; by FCSN; to obtain the total
amount of false capture produced by neutrons scattered at
t;. This will be called the total false capture yield Yecyor ;.

4. Tttakes time for the neutrons scattered by the sample
to be transported into the detector and subsequently be cap-
tured. To account for this time, distribute Yrcy,,; Over times
following the time at which the neutron strikes the sample.

The ratio of false capture to capture in an isolated reso-
nance is a useful measure of the importance of false
capture in a resonance. An approximate value of this
ratio is derived in the Appendix.

111.C.1. Number of False Captures per Scattered
Neutron FCSN;

The number of false captures per scattered neutron
FCSN; is determined by placing a pure scattering sample
into the multiplicity capture detector and observing the false
capture counts. For a measurement over the 600- to 2000-eV
energy range, a lead sample provides an almost pure scatter-
ing sample with no resonance structure. Figure 3 shows the
measured total number of false capture counts per scattered
neutron (labeled “f.” in Fig. 3) by a sample of lead in the
multiplicity detector.* Note that this function varies smoothly
over this energy range and that it is only near 3 keV where the
influence of the Na resonance in the Nal crystals exhibits any
significant resonance structure.

@ANS
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Fig. 3. The false capture counts per scattered neutron f;
for neutrons scattered by a 2.72-mm-thick sample of lead
with a 2-MeV detector total deposited energy discrimina-
tion. These data were obtained by smoothing the incident
neutron spectrum.

The false capture counts per scattered neutron data in
Fig. 3 were measured with a detector bias of 2 MeV.
Therefore, the total number of false captures per neutron
scattered at energy £, FCSN(E), is equal to £, divided by the
detection efficiency for false capture at a 2-MeV detector
total deposited energy discrimination.

l11.C.2. Number of Scattered Neutrons per Incident
Neutron: Y,

For a beam of monoenergetic neutrons incident upon
a uniform thickness sample, such as shown in Fig. 2, the
total number of interactions per incident neutron is equal
to (1 —T7), where T is the transmission through the

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 195 - JULY 2021
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sample. For nonfissile nuclei the number of scatters per
incident neutron is equal to

No. scatters per incident neutron =Y,
=1-7)-Y, , (3)

where Y, is the neutron yield (scatters per incident neu-
tron) and Y, is the capture yield (captures per incident
neutron).

The neutron yield Y, can be calculated from the
sample’s resonance parameters and experimental condi-
tions (such as resolution broadening, sample temperature,
etc.). For this Cs analysis the Bayesian code SAMMY
(Ref. 5) was used to calculate the transmission and cap-
ture yield.

111.C.3. Time-Distributed False Capture per Scattered
Neutron

The total number of false captures per incident neu-
tron with energy E, Yrc,AE), is distributed over times
from when the neutron strikes the sample until the last
false capture event occurs. This time-distributed false
capture was calculated using the MCNP-PoliMi Monte
Carlo code® with a CsF sample.

For TOF experiments such as this measurement,
data are taken in sequential TOF intervals with each
interval designated as a channel. At TOF channel i the
time-distributed false capture from all preceding chan-
nels is summed to provide the total time-distributed
false capture yield in channel i. This is designated as
Yrcaisi.i- To correct the experimental capture yield data
in channel i, Y., ;, for false capture, the following is
applied:

YyJ = erxp,i - YFCdist,i ; (4>

where Y ; is the false capture—corrected capture yield. It
is this yield that is used in the SAMMY analysis.

I11.D. Transmission

Transmission is defined as the ratio of the detector
counting rate with a sample in the beam to the counting
rate with the sample out of the beam. The neutron
transmission 7; in TOF channel i is given by

CS — KsB; — Bs
CP? —KoBi—Bo '

T = (5)

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 195 - JULY 2021

where

C%, CY = dead-time—corrected and monitor-normalized
counting rates for the sample and open mea-
surements, respectively

B; = unnormalized time-dependent background
counting rate

Bg, Bo = steady-state background counting rates for the
sample and open measurements, respectively

Ks, Ko = background normalization factors for the
sample and open measurements, respectively.

(Note that the open sample refers to either the equal-
thickness D,O sample for the liquid sample or the empty
aluminum container for the CsF sample measurements.)

The determination of the time-dependent background
is one of the more difficult tasks to accomplish. This
background was determined by cycling 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. For
these transmission measurements, a 0.635-cm-thick
metallic Na sample was placed in the beam to provide
a permanent notch near a neutron energy of 2.8 keV. The
2.8-keV notch lies well above the 2-keV upper limit for
the data analyzed in this paper. 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. The shape of the background, in
TOF, is determined with all these notches in the beam;
this shape is then normalized to the 2.8-keV notch present
in all the open and transmission sample measurements.

For the CsF samples the transmission is that of the
CsF and two sheets of 0.15-mm-thick Mylar. For the
liquid samples the transmission is that of the Cs-
containing-liquid sample counting rate divided by the
corresponding D>O 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. 5). The analysis employed the
experimental resolution, Doppler broadening, self-
shielding, multiple scattering, and Reich-Moore approx-
imation features of SAMMY. This code takes into
account the statistical fluctuations in the experimental
data points and known uncertainties in experimental para-
meters 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

@ANS
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parameters was obtained for the best overall fit to all of
the data. Both s-wave (1 = 0) and p-wave (I = 1) reso-
nances were observed in this experiment.

IV.A. Capture Yield and Transmission Plots

The capture yield and transmission data are plotted in
Figs. 4 through 7. These plots show the capture and
transmission data and the SAMMY fits to these data
and to data derived from the ENDF/B-VIIL.O (Ref. 7)
evaluated Cs resonance parameters. The plots show

- NEUTRON TRANSMISSION AND CAPTURE MEASUREMENTS OF '3Cs

1. the Cs capture yield, corrected for false capture,
and transmission data plotted as solid colored
circles, each color corresponding to a given
sample

2. the SAMMY fits to the data plotted as solid
colored lines with the colors corresponding to
the samples

3. the ENDF evaluated yield and transmission
plotted as dashed lines.

An overall view of these results is plotted in Figs.
4 and 5 for the energy ranges 600 to 1300 eV and 1300
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Energy (eV)

Fig. 4. Capture yield and transmission from 600 to 1300 eV for liquid and solid Cs samples. The labels 6.86 mm, 20.1 mm, and
25.2 mm refer to the CsF sample thicknesses. The ENDF labels refer to ENDF/B-VIIIL.O.
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Fig. 5. Capture yield and transmission from 1300 to 2000 eV for liquid and solid Cs samples. The labels 6.86 mm, 20.1 mm, and
25.2 mm refer to the CsF sample thicknesses. The ENDF labels refer to ENDF/B-VIIIL.0.
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Transmission

T T T T
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T
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T T T T 1
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Fig. 6. Capture yield and transmission from 640 to 760 eV for liquid and solid Cs samples. The labels 6.86 mm, 20.1 mm, and
25.2 mm refer to the CsF sample thicknesses. The ENDF labels refer to ENDF/B-VIIL.O0.
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Fig. 7. Capture yield and transmission from 1200 to 1450 eV for liquid and solid Cs samples. The labels 6.86 mm, 20.1 mm, and
25.2 mm refer to the CsF sample thicknesses. The ENDF labels refer to ENDF/B-VIIL.O.

to 2000 eV, respectively. The resonances appear to be
well separated from each other and thus should provide
a good estimate of the average level spacing. To illus-
trate a more detailed view of these results, Figs. 6 and
7 show a limited energy range of 640 to 760 eV and
1200 to 1450 eV, respectively.

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 195 - JULY 2021

IV.B. Resonance Parameters

Table IV lists the resonance parameters obtained
from the analysis of these transmission and capture
data. The SAMMY analyses of the measured yield
and transmission data started with the ENDF/B-VIII.0
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(Ref. 7) resonance parameters as input parameters.
A major objective of these measurements is to deter-
mine the neutron and radiation width for each reso-
nance. The neutron width can be obtained for all the
resonances, but the radiation width can be obtained
only from resonances that have a large amount of
scattering. The criterion of I',/I', < 5 was adopted
from Barry” to reflect the sensitivity for determining
the radiation width from a SAMMY analysis of the
resonance data. For resonances with I',/I, > 5, the
radiation widths were initially set equal to the ENDF
value of 120 meV to obtain preliminary values of the
radiation widths. Finally, these ENDF starting values
were replaced by the average radiation widths of 105
and 116 meV for spin 3 and 4 resonances, respectively.

In Table IV the SAMMY resonance energy E,,
radiation width I'y, and neutron width I, are listed in
columns 1, 5, and 9, respectively. The corresponding
ENDF resonance parameters E,,enap Iy engs and Ipengr
are listed in columns 4, 8, and 12, respectively. The
SAMMY (Bayesian) absolute uncertainties in the reso-
nance parameters AE,,z, Al'y 5, and AT, are listed in
columns 2, 6, and 10, respectively. The external uncer-
tainties AE,,cy;, Ay .y, and AL, are listed in col-
umns 3, 7, and 11, respectively. Column 13 lists the
total angular momentum J of the resonances, and col-
umn 14 lists the orbital angular momentum 1. All
uncertainties are lo.

As a check on the effect of false capture on the
SAMMY analysis, a SAMMY calculation was done
with the raw capture data, i.e., capture data not corrected
for false capture. The false capture correction resulted in
an average radiation width that was 10% smaller than that
obtained without the correction. The average neutron
width was 2.7% smaller with the false capture correction.
Thus, for this experiment false capture correction affects
the radiation widths more than the neutron widths.

External uncertainties are a measure of the fluctua-
tions in the resonance parameters (E,, Iy, I',)) when each
of the ten epithermal measurements is individually solved
by SAMMY with the same input parameters (in this
analysis the ENDF parameters were used as the common
input parameters).

The external uncertainty in E,, I',, or I, is deter-
mined from the mean square deviation Eq. (6):

R T
M = {Z (a%5,)° }/{( ”Zm&oz}’

@ANS

where X stands for E,, Iy, or I, and n is the number
of measurements (four capture and six transmission).
The value AXp, in Eq. (6) is the Bayesian SAMMY
uncertainty in E, I, or [, for each sample i.

The weighted-average parameter <X > in Eq. (6) is
determined from Eq. (7):

<X> = 2iTo g ,
t IW‘“)/ X ey 7

It is recommended that the larger of these two errors, the
Bayesian or the external error, be used in applying these
results.

IV.C. Strength Function

The strength function is defined in Eq. (8) as the
average reduced neutron width <TI > divided by the
average level spacing (D):

SF=<T%> /(D) . (8)

The reduced neutron width I')) is equal to the neutron width
I',, divided by the square root of the resonance energy E,,.

Using the method of Liou and Rainwater,® the aver-
age reduced neutron width is

1 N
<I9> =— Te. 9
n NZ nit ()

where N is the number of levels and the average level
spacing is

<D> = (Emax _Emin)/(N . 1) , (1())
where E,,,. and E,,;, are the energies of the highest-
and lowest-energy resonances of the N levels,
respectively.

To obtain the Cs strength function, we can combine
the resonance parameters up to 600 eV (Ref. 1) with these
data from 600 to 2000 eV. Figure 8 is a plot of the
cumulative sum of positive energy Cs resonances up to
2000 eV. For a constant level spacing, the cumulative
sum will be linear with energy. The cumulative sum in
Fig. 8 is approximately linear until about 1800 eV; above
this energy the sum appears to be “falling off” linearity,
probably the result of missing levels. Thus, only data
below 1800 eV will be used in determining the strength
function.
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Cumulative Sum of Reduced Neutron Widths
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Fig. 8. The cumulative sum of Cs reduced neutron
widths for all positive energy s-wave resonances up to
2000 eV.

The Cs strength functions for J = 3, J =4, and all the
resonances are listed in Table V. These strength functions
are for resonances below 1800 eV. The errors are based
on the AI',,5 values listed in Table IV.

The distribution of reduced neutron widths of s-wave
resonances below the neutron energy 2000 eV is plotted in
Fig. 9. Figure 9 shows the distribution for the widths deter-
mined in this experiment, the ENDF widths, and a Porter-
Thomas distribution.” The measured and ENDF reduced
neutron widths lie above the Porter-Thomas distribution
below x = 1 and below the Porter-Thomas distribution
above x = 1. The measured and ENDF reduced widths are
approximately equal to each other above x ~ 0.5 whereas the
measured reduced widths are slightly smaller than the
ENDF values below x = 0.5.

V. CONCLUSIONS

The combined analysis of capture and transmission
measurements in '>*Cs has been extended from 600 to
2000 eV. Resonance parameters have been determined for
52 s-wave and 1 p-wave resonances in this energy range.
The s-wave strength function for all the resonances in the 0-
to 2000-eV neutron energy range is (1.626 £ 0.008) x 107,

1.0

—— Porter-Thomas Distribution
O  This Measurement
% ENDF/B-VIILO

o
©

o
o

=]
S
L

Fraction of Resonances > x

i
[N}

Ry

0.0 - - - — :
0.0 0.5 1.0 1.5 2.0 2.5 3.0

x=1/9gr%gro

Fig. 9. Cumulative reduced width distributions for
133Cs parameters for this measurement and ENDF
parameters. These are plotted along with a Porter-
Thomas distribution.

The reduced neutron width distribution for these resonances
in the 0- to 2000-eV neutron energy range is similar to the
Porter-Thomas distribution. The correction for false capture
in the multiplicity detector now enables this detector to be
extended to energies well above 600 eV.

APPENDIX

RATIO OF FALSE CAPTURE TO CAPTURE
IN A SINGLE RESONANCE

The ratio of false capture to capture in an isolated reso-
nance is a useful measure of the importance of false capture.
The following analysis ignores multiple scattering in the
sample and is thus only an approximate measure of false
capture.

The capture yield times the differential energy Y,(E)
dE from a sample at neutron energy E is

Gt(E) (A.l)

Y((E)E = [1— e8]

The capture yield integrated over the resonance is

TABLE V

Cesium Strength Functions for Spin 3, Spin 4, and All Resonances Combined for s-Wave Resonances Below 1800 eV

SF

SF =4

SF, all resonances

(0.683 + 0.004) x 10°*

(0.920 + 0.003) x 10°*

(1.626 + 0.008) x 10°*
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[Y,(E)dE = I[l - e‘Nm(Eﬂ crg)) dE
~ % J [1 - e‘N"'<E)]dE : (A2)

where the ratio of cross sections inside the integral has
been replaced by the ratio of radiation to total widths
outside the integral. This is possible because over the
region where the resonance cross section is significant,
the approximation is reasonably accurate.

The neutron yield times the differential energy Y,.(E)
dE is

o.(E)
o,(E)

Y,(E)dE = [1 - e*NGKE)} dE . (A.3)

The total false capture produced at energy E times the
differential energy Yrc (o(E)dE is

YrcdE = FCSN(E) x Y,(E)dE
o,(E)

— FCSN(E) [1 - e*Nf’f(Eﬂ 5

dE |

(A.4)

where FCSN(E) is the number of false captures produced
per scattered neutron per unit energy at neutron energy E.
Integrating the total false capture over the resonance
yields

[ YrcmdE = | FCSN (E) [1 - e—zvo,(m} %CE

T, .
~ FCSN(EO)?I[I s N"'<E>]dE :
(A.5)

where the ratio of widths outside the integral has been
substituted for the ratio of cross sections inside the inte-
gral and the number of false captures per scattered neu-
tron has been pulled out of the integral and evaluated at
the resonance energy E,,.

To obtain the ratio of false captures in a resonance to
captures in a resonance, we divide Eq. (A.5) by Eq. (A.2)
to obtain the expression

Ratio of false captures to captures in aresonance
r
~ FCSN(E,) =".
Iy
(A.6)

@ANS

The integrals and total widths have divided out, and we
have a simple expression that contains the neutron and
radiation widths of the resonance and the number of false
captures per scattered neutron evaluated at the resonance
energy E,.

Equation (A.6) was applied to the Cs resonances from
600 to 2000 eV using ENDF resonance widths and the false
capture per scattered neutron obtained from the lead scatter-
ing measurement (see Sec. III.C and Fig. 3). The largest
ratio was 11% for one resonance, and only 16% of the
resonances had a ratio greater than 4%.
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