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The 235U isotope is an important buildup product that is generated in the 2*°U fuel cycle and influences
reactor neutronic calculations. The aim of the present work is to improve upon the existing neutron total
cross section data for the strong 236U resonance at 5.467 eV.

High accuracy neutron transmission measurements were performed using the time-of-flight tech-
nique at the Rensselaer Polytechnic Institute linear accelerator. An approach was used to fabricate thin
236y samples using liquid, allowing for non-saturated resonances. The transmission measurements were
made at the 15 m flight station with a SLi glass scintillation detector. Methods to characterize the
background and experimental resolution function were developed. The 236U resonance parameters and
their uncertainties at 5.467 eV were determined by fitting the transmission data using a Monte Carlo
approach with the SAMMY multi-level R-matrix Bayesian code.

The resonance parameters determined in this work are: energy, E, equal to 5.467 + 0.005 eV; neutron
width, I';, equal to 2.13 + 0.04 meV; and radiation width, Iy, equal to 27 + 1 meV. The fission width, Iy,
was not fitted and was fixed to the ENDF-7.1 value of 0.290 meV. These parameters gave a neutron
capture resonance integral of 330 + 5 b that is lower than all of the selected evaluations: Mughabghab by

4.7%, ENDF-7.1 by 3.7%, JEFF-3.1 by 4.8%, and JENDL-4.0 by 7.2%.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

236y is a significant buildup product that is produced from
neutron capture in the 23°U fuel used in a majority of nuclear power
reactors. When a 23°U nucleus absorbs a neutron, it forms the 236U"
compound nucleus. This compound nucleus may undergo a fission
reaction or, alternatively, may decay to a 23U nucleus through the
capture (n,y) reaction. The 23U capture-to-fission cross section
ratio at thermal energy (0.0253 eV) is approximately 17 captures
per 100 fissions, or a 17% yield of 23U. This is greater than the yield
given for the most prevalent fission products (Baum et al., 2010).
The buildup of 236U influences the neutron population in a reactor
core and fuel. Therefore, knowledge of the 236U cross section is
important to nuclear reactor design and criticality safety.

Despite its importance, very few total cross section measure-
ments exist for the 236U resonance at 5.467 eV. The extremely large
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peak cross section of this resonance (>13,000 b) results in zero
transmission through thick samples. A transmission resonance that
goes to zero is called “saturated” and much information about the
peak total cross section is lost. Thin samples are difficult to fabricate
to the tight tolerances needed for precision measurements. It is
difficult to fabricate thin oxide powder samples as they may suffer
from voids due to uneven settling and/or clumping. Other types of
measurement, such as capture, self-indication, and activation have
employed thin 23U metal. Such thin metal samples are hard to
manufacture with a uniform thickness. An approach is required
which enables the use of an extremely thin 236U sample to prevent
the transmission from becoming saturated. Historically, such
samples were fabricated using U3Og oxide powder. The 236U
transmission measurements presented in this paper were done
with the use of homogeneous liquid samples. Liquid samples have
the benefit of being uniform and are much less susceptible to voids.
Neutron capture measurements were not performed because they
would not provide any appreciable information for this predomi-
nately capture resonance (Barry, 2003).
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A literature review was performed to find published values for
the 235U 5.467 eV resonance parameters using the Computer Index
of Nuclear Reaction Data (CINDA, 2014). The CINDA results show
the scarcity of total cross section (i.e., transmission) data for the
236 resonance at 5.467 eV. Only the work of McCallum (1958) and
Harvey and Hughes (1958) published resonance parameters
(Table 6) resulting directly from a transmission current nuclear data
evaluations because both experiments were performed prior to
1960 with poor energy resolution fast choppers and oxide powder
samples. Due to the poor energy resolution, area analysis tech-
niques were used to extract resonance parameters from the data.
These experimental conditions and area analysis methods are sub-
optimal by modern standards. In contrast, the measurements pre-
sented in this paper have better energy resolution and do not use
oxide powder samples. In addition, modern resonance shape fitting
analysis techniques are used to extract the resonance parameters.

Other results from CINDA reporting 23U 5.467 eV resonance
parameters (Table 6) include neutron capture and self-indication
measurements by Carlson et al. (1970) and the activation mea-
surements of Baumann et al. (1968).

The 236U 5.467 eV resonance parameters found in the ENDF-7.1
(Chadwick et al.,, 2011), JENDL-4.0 (Shibata et al., 2011), and JEFF-3.2
(Koning et al., 2006) nuclear data evaluations (Table 6) rely heavily
on the evaluation of Mughabghab (1984 ). Because of the deficiency
in 235U total cross section measurements at 5.467 eV, the resonance
parameters of Mughabghab are highly influenced by the work of
Carlson et al. It should be noted that the evaluations do not incor-
porate the most recent values given by Mughabghab (2006).

Due to the lack of available total cross section data for the
resonance at 5.467 eV and the importance of this isotope in the
fuel cycle, we performed a new measurement at the linear accel-
erator (LINAC) located at Rensselaer Polytechnic Institute (RPI). This
paper uses an approach to fabricate thin 23U samples using liquids,
allowing us to accurately determine the transmission through the
5.467 eV resonance for the first time since 1958.

236U
235U

2. Material and methods

As incident neutrons pass through a uniform thickness of ma-
terial they may be transmitted through the sample and be detected
or may undergo an interaction with the sample, such as elastic
scattering or capture, preventing it from being detected. By
measuring the ratio of counting rates in the detector with and
without the sample in the beam the transmission can be calculated.

The transmission is related to the total cross section by the
following equation:

T(E) = e "(®) (M

where n is the number density of the target material (units of
atoms/barn) and o4(E) is the total cross section at energy E in units
of barns (10724 cm?).

A measurement of the 23U resonance at 5.467 eV presents a
significant challenge since this resonance has a very large peak
cross section that can easily cause the transmission to be zero if the
sample thickness (i.e., number density) is too large, rendering
Equation (1) unusable when solving for the total cross section.

2.1. Liquid samples

For convenience in discussion and comparison, the experiment
and results are described as “RPI-2014”. The RPI-2014 transmission
experiment used three liquid samples containing different con-
centrations (i.e., thickness) of 236U. The thickness for each sample
was chosen to produce a non-saturated transmission resonance at

5.467 eV. The thickest sample provided a minimum transmission of
approximately 0.1. The liquid samples were prepared by Oak Ridge
National Laboratory (ORNL, 2013) by dissolving U30g oxide powder
(89% enriched in 236U) into deuterated nitric acid (DNOs) to form a
nitrate solution. The DNO3; was chosen due to its low and flat
neutron total cross section in the energy region of interest. The
nitrate solution was then diluted with heavy water (D,0) until the
desired concentration of 23U was achieved for each sample.

Each liquid sample was contained inside of a spectroscopic
quartz cell (Starna, 2014). Quartz was chosen over Pyrex or glass as
it contains no boron. Additionally, quartz is inert to most chemicals.
The cell characteristics are shown in Table 1. The cells were slightly
modified by replacing the original Teflon stoppers with glass
stoppers to prevent leakage. Additionally, the stem was covered
with paraffin wax to seal the glass stopper in place, thus reducing
the chance for leakage. Finally, a rubber finger cut was placed over
the paraffin and stem as a tertiary seal.

A 10 mm length of D0 has a neutron transmission of approxi-
mately 0.67 that does not excessively attenuate the incident
neutron beam. The diameter of the quartz cell was a third larger
than the diameter of collimated neutron beam, eliminating any
concern for the neutron beam impinging upon the inner diameter
walls of the cell.

Mass spectrometry was performed at ORNL to determine the
sample compositions. The atom percent of each isotope is shown in
Table 2. The 23U concentration was quoted with a 1% uncertainty in
the mass spectroscopy analysis.

The number density for each isotope in the liquid samples is
presented for the thick (Table 3), medium (Table 4), and thin
(Table 5) liquid samples.

2.2. Experimental setup

The RPI LINAC produces a high energy pulsed neutron source
(up to 60 MeV) by accelerating electrons and colliding them with a
tantalum neutron production target, generating bremsstrahlung
radiation and photoneutrons. The time-of-flight (TOF) technique
was used to measure the neutron counting rate as a function of
neutron flight time.

The neutron producing target used in this experiment is known
as the Enhanced Thermal Target (ETT) (Danon, 1990). This target
was selected to optimize the number of neutrons interacting in the
236 resonance at 5.467 eV, thereby reducing the run time required
to minimize statistical uncertainty on the collected data and
improve the signal-to-background ratio.

Evacuated drift tubes were employed for a majority of the
neutron flight path to the detector in order to reduce air scattering.
The neutron beam was collimated to a 3.49 cm (1.375 inch) diam-
eter beam at the sample location.

The neutron transmission experiment was performed at the
15 m flight station. The neutron detector is a 7.62 cm (3 in.)
diameter, 0.3 cm thick NE-905 loaded scintillator glass (6.6%
lithium, enriched in SLi to 95%) and optically coupled to a photo-
multiplier tube. This detector was placed directly in the beam
14.973 + 0.005 m from the neutron production target. This detector
was housed inside of a 10.16 cm (4.0 inch) thick lead shield to

Table 1
Quartz cell specifications. The cell length and inner diameter were quoted (Starna,
2014) to have an uncertainty of 0.01 mm and 0.02 mm, respectively.

Cat. No.
35-Q-10

Inner diameter Volume

47 + 0.02 mm 17 ml

Length
10 + 0.01 mm
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Table 2
Isotopic analysis of uranium in the liquid samples by mass spectroscopy. The analysis
was performed at ORNL.

Isotope Atom % Uncertainty

234y 0.1182 0.0024

235y 9.3498 0.1870

236y 89.1480 0.8915

238y 1.3827 0.0277
Table 3

Details for the thick liquid sample containing the highest concentration of 26U from
Reference (ORNL, 2013). The number density (second column) and the associated
uncertainty (third column) shown for all isotopes (first column) were used in the
analysis. The total number density for this sample is also included in the last row.

Thick liquid sample

Highest concentration of 236U

Isotope Number density (atoms/barn) Uncertainty (atoms/barn)
234y 24728 x 1077 4.9555 x 1078
235y 1.9472 x 107> 3.1411 x 1077
236y 1.8497 x 1074 2.9837 x 1076
238y 2.8333 x 107° 6.7210 x 1078
H 3.0800 x 10~/ 43844 x 107°
D 6.2100 x 1072 8.8400 x 104
N 1.3300 x 1073 1.8933 x 10>
0 3.4400 x 102 4.8969 x 10~4
Total 0.098 0.001
Table 4

Details for the medium liquid sample containing the medium concentration of 236U
from Reference (ORNL, 2013). The number density (second column) and the asso-
ciated uncertainty (third column) shown for all isotopes (first column) were used in
the analysis. The total number density for this sample is also included in the last row.

Medium liquid sample

Medium concentration of 236U

Isotope Number density (atoms/barn) Uncertainty (atoms/barn)
234y 1.6211 x 1077 3.2487 x 1078
235y 1.2785 x 107> 2.0624 x 1077
236y 12118 x 10°# 1.9548 x 1076
238y 1.8644 x 107 44227 x 108
H 3.0800 x 107 43844 x 107°
D 6.2200 x 1072 8.8543 x 1074
N 1.3300 x 1073 1.8933 x 107°
0 3.4500 x 1072 49111 x 1074
Total 0.098 0.001
Table 5

Details for the thin liquid sample containing the lowest concentration of 23U from
Reference (ORNL, 2013). The number density (second column) and the associated
uncertainty (third column) shown for all isotopes (first column) were used in the
analysis. The total number density for this sample is also included in the last row.

Thin liquid sample

Lowest concentration of 236U

Isotope Number density (atoms/barn) Uncertainty (atoms/barn)
234y 1.0884 x 1077 2.1812 x 1078

235y 8.5575 x 107° 1.3804 x 1077

236y 8.1385 x 107° 1.3128 x 10°©

238y 1.2522 x 1076 29704 x 1078

H 3.1000 x 1077 44129 x 107°

D 6.2400 x 1072 8.8827 x 1074

N 1.3400 x 1073 1.9075 x 10>

0 3.4500 x 1072 49111 x 1074

Total 0.098 0.001

reduce ambient background counts.

All of the liquid samples were mounted on a computer
controlled sample changer located approximately 12 m from the
neutron production target. An empty quartz cell was also placed on
the sample changer to measure the “open” beam count rate. A data
run consisted of one complete cycle through all of the samples,
with a predetermined number of LINAC bursts for each sample
position. A series of 34 experimental runs of 50 min duration were
performed, with time optimized for each sample to reduce statis-
tical uncertainty in the resulting cross section.

The accelerator parameters for this experiment were an electron
pulse rate of 225 pulses per second, an average current on target of
30 pA, and a beam energy of approximately 55 MeV.

A 0.159 cm (1/16 inch) thick cadmium filter was placed in the
beam to minimize overlap of lower energy neutrons onto subse-
quent LINAC pulses. Also, a 3.493 cm (1.375 inch) thick lead filter
was used throughout the experiment to attenuate gamma ray
background emanating from the neutron production target (i.e.,
gamma flash).

A FastComTec P7889 multiscaler board was used to collect the
TOF data into 51.2 ns time bins. The width of the stop pulse sent to
the P7889 multiscaler was set equal to the 250 ns dead time of the
detector system. During the experiment the dead time correction
factor near the energy 5.467 eV was negligible («1%).

Three moderated fission chambers located =9 m away from the
production target were used to monitor the neutron beam in-
tensity. Two of the fission chambers were Westinghouse WL6149A
and the other was an Amperex B300D. These beam monitors were
used to normalize the data to correct for any variations in the
neutron beam intensity.

A gamma flash measurement was taken to establish the zero
time for neutron time-of-flight and neutron burst width. The zero
time was found to be 3.257 + 0.007 pus (after correcting for the
gamma ray flight time to the detector). The neutron burst width
was found to be 240 + 20 ns.

2.3. Background shape

Three fixed notches were included for all data runs, allowing for
the determination of the time dependent background. A fixed
notch is a material with a strong saturated resonance at an energy
of interest and present for the entire measurement. The three fixed
notches had saturated resonances at 1.5 eV (In), 18.6 eV (W), and
120 eV (Co). These three notch resonances were called “distant
notches” since they are relatively far from the 236U resonance at
5.467 eV. The distant notches were used to obtain the shape of the
time dependent background. Additionally, a 238U fixed notch was
used which had a saturated resonance at 6.6 eV. This 233U notch
was called the “local notch” since it is close to the 236U resonance at
5.467 eV 238U was included in the experiment to be representative
of the background magnitude at the 23U resonance. The intended
method was to use the In, W, and Co distant notches to fit the shape
of the background and then normalize this shape to the 238U local
notch.

The distant notch data points for In, W, and Co were fitted with
the RPI thermal transmission function (Danon, 1990) as seen in
Fig. 1. This figure also shows the background shape normalized to
the 238U local notch at 6.6 eV. The background shape represents the
contribution of both neutron and gamma rays. However, at this
relatively low energy, the contribution from gamma rays
(emanating from the neutron production target) is expected to be
small. The background function is increasing with energy.

For all samples, the 238U local notch data point was significantly
higher than the other surrounding distant notches. A possible
explanation is that the In, W, and Co distant notch resonances are
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Fig. 1. Data used to determine the background for the resonance at 5.467 eV in the
thick 23U sample. Three fixed “distant” notches were placed in the neutron beam
along with the thick 236U sample. The distant notches with black resonances at 1.5 eV
(In), 18.6 eV (W), and 120 eV (Co) were used to obtain the shape of the time dependent
background. Additionally, a 233U fixed “local” notch was placed in the neutron beam
along with the thick 2*U sample and the “distant” notches. The local notch had a
saturated resonance at 6.6 eV and was included to be representative of the background
magnitude at the 23°U resonance. The local and distant backgrounds represent
bounding values. Any background between the local and distant backgrounds was
considered possible.

significantly more saturated (i.e., wider) than the 238U local notch
resonance.

The experiment was designed to balance two competing effects.
If the fixed notch is too thick it will attenuate not only the beam, but
also the background, creating a local depression in the background.
Using these data would systematically lower the estimated back-
ground at the 236U resonance. Conversely, if a fixed notch is too thin
some small but significant fraction of the open beam is mixed with
the background in the counts underneath the notch. No notch is
ever fully saturated due to the exponential nature of the neutron
attenuation with notch thickness. Since the signal is approximately
25 times larger than the background even a small fraction of open
beam passing uncollided through the notch would introduce a
systematic increase in the estimated background at the 23U reso-
nance. An optimized measurement would have a fixed notch with
visible evidence that the resonance is saturated, i.e. a flat region at
the bottom of the resonance, but not so saturated as to create a local
depression in the background. The best fit (lowest x?) to the 236U
data occurred using a background close to midway between the
local 238U notch and the distant In and W notches. Therefore, the
local and distant backgrounds represent bounding values. Any
background between the local and distant backgrounds was
considered possible. The difference between the distant notch
background and the local notch background was considered the
uncertainty in the overall background.

2.4. Transmission data

A TOF spectrum was collected for each 236U liquid sample used
in the transmission measurement. All of the TOF data were statis-
tically checked to ensure that all samples experienced the same
beam conditions. This statistical check was designed to identify
LINAC malfunctions and any other problem that would lead to a loss
of counts relative to the neutron beam monitors. Any data set that

did not pass the integrity test was eliminated. The TOF data were
then dead time corrected, normalized to beam monitors, and
summed for each sample. Finally, the data were grouped into
409.6 ns width TOF bins to improve the point wise statistical un-
certainties of the 236U resonance at 5.467 eV.

The transmission in time-of-flight channel i is expressed as:

S S
T — C§ — ksBf — B @)
C? — koB? — B,

where T; is the transmission, G and C} are the sample and open
beam count rates, B{ and B} are the sample and open time-
dependent backgrounds, ks and k, are normalization factors for
the sample and open beam time dependent backgrounds, and Bg
and B, are the steady-state background counting rates for sample
and open measurements.

As previously discussed in Section 2.3, there were two bounding
background shapes. Each background shape led to a different
transmission data set that was used in the Monte Carlo method
explained in Section 2.6.

2.5. Resolution function

Equation (1) assumes ideal experimental conditions. The spec-
trometer system (LINAC, target, detector, etc.) has a finite resolving
power such that the experimentally observed transmission, Texp(E),
will be:

E2
Te(E) = [ Re(E ~ E)T(E)dE 3)
E1l

where T(E') is the ideal transmission (Equation (1)) at energy E’ and
Ri(E — E') is the experiment resolution function, normalized to have
an area of unity. The resolution function represents the probability
of detecting a neutron with energy E’ at the same time as expected
energy E. Equation (3) shows that the experimentally observed
transmission is a convolution of the ideal transmission and the
experimental resolution function. This convolution will result in a
broadening of the measured transmission data and change the
shape of the resonance.

The experimental transmission data were fitted with the R-
matrix Bayesian statistics code SAMMY (Larson, 2008), which uses
a shape analysis procedure to extract the resonance parameters.
Since the effects of the resolution function may lead to changes in
the shape of the resonance, it is crucial to know the resolution
function and minimize its influence when possible. Inaccuracy in
the resolution function would lead to incorrect resonance
parameters.

The resolution function was found with SAMMY by fitting the
RPI resolution function parameters (Appendix A) to the 238U
transmission data at 6.6 eV. This resonance has both the benefit of
having repeated measurements in agreement which give confi-
dence in the accuracy of the existing resonance parameters and is
in close proximity to the 23U resonance at 5.467 eV. This is ad-
vantageous since the resolution function varies slowly with energy.
This resolution function fitting procedure has been used success-
fully and documented in prior work (Leinweber et al., 2010; Barry,
2003; Moretti, 1996; Danon, 1990).

The 238U fixed notch, obtained in the open beam 236y trans-
mission experiment, was used as the 23U sample-in data. This
sample was natural uranium (99.27% 23%U) with a thickness of
0.5131 mm (0.0202 inches, 0.002336 a/b). The sample-out data was
found by repeating the open beam 236U transmission experiment
without the 238U fixed notch. The transmission (Equation (2)) was
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found for the 6.6 eV >3%U resonance by taking a ratio of the 233U

sample-in data to the 238U sample-out data.

The background shape for the resolution function measurement
was determined in the same manner as described in Section 2.3.
Once again, the distant notches were used to obtain the background
shape. With respect to the local notch background shape, the same
sample-in and sample-out normalization values from Section 2.3
were used. It was assumed that the magnitude of the background
in this resolution function measurement was also bounded by the
distant background and local background shapes. This process
resulted in two bounding resolution functions, one for each back-
ground shape, which are tabulated in Appendix A.

2.6. Monte Carlo method

For the past several years nuclear data scientists have been
applying Monte Carlo methods to propagate uncertainties in nu-
clear data (Rochman et al., 2014; Smith, 2008). In particular, the
work of Koning and Rochman (2008) used the Total Monte Carlo
(TMC) method to propagate uncertainties in nuclear data to large
scale nuclear reactor systems in order to obtain uncertainties on ke
in criticality benchmarks. The TMC is a brute force method that
performs the same simulation repeatedly while sampling all pa-
rameters of interest from probability distributions for each
simulation.

The following SAMMY input values were randomly sampled
within uncertainty from probability distributions: flight path
(Gaussian), zero time (Gaussian), magnitude of each experimental
data point (Gaussian), background normalization factors (uniform),
temperature (Gaussian), sample thicknesses (Gaussian), burst
width (Gaussian), resolution function parameters (uniform), energy
range of fit (uniform), and order of the samples in the sequential
calculation (uniform).

Although the TMC can be computationally expensive, this
method was chosen since it is relatively easy to perform and in-
corporates non-linear effects.

The TMC method was used with the SAMMY code to find the
RPI-2014 values and uncertainties on the 236U resonance parame-
ters at 5.467 eV (Table 6). This method repeats a SAMMY calculation
N times, while randomly sampling input values to the code from
probability distributions. Each probability distribution represents
the level of uncertainty in the randomly sampled value. The process
yields a solution vector of length N for each fitted parameter: E, 'y,
I',,, and normalization. The normalization was varied in the simu-
lations to account for an offset in the baseline transmission in the
potential scattering region. The final result for each fitted param-
eter is the arithmetic mean and standard deviation of each solution
vector. The value of N was set equal to 1250 and was selected to

Table 6

ensure that the change in the standard deviation as a function of N
converged to less than 0.2% for all solution vectors. The resonance
parameter results of this method are presented in Table 6. The
normalization was found to be 0.979 + 0.004, reflecting a 2%
correction in transmission which may be attributed to hydrogen
introduced during sample manufacture. The fission width, I';, was
not fitted since it makes a negligible contribution to the RPI-2014
results but was included for completeness. In addition the RPI-
2014 transmission measurement is not particularly sensitive to I'y
since it only contributes =1% to the total cross section. The ENDF-
7.1 value of I'rwas used for the RPI-2014 results and reported with
no uncertainty. Recent measurements by Sarmento et al. (2011)
confirmed the value of I'r in JENDL-4.0 that is lower than ENDF-
7.1 by an order of magnitude. However, utilizing the JENDL-4.0
value of I'r made no significant difference in our results.

The contribution to the overall uncertainty from each randomly
sampled input value was investigated. The background, resolution
function, and sample thickness were found to be the dominant
contributors.

2.7. Neutron capture resonance integral

The 236U resonance at 5.467 eV makes a large contribution to the
thermal cross section point at 0.0253 eV. Therefore, the RPI-2014
resonance parameters for 236U presented in this paper (Table 6)
would imply a change in the thermal cross sections values relative
to what is currently found in the nuclear data evaluations. However,
the RPI-2014 transmission measurement data is not appropriate to
recommend changes to the 236U thermal values since the Cd filter
removes a majority of the neutron flux below =0.5 eV. Therefore,
the thermal values used in ENDF-7.1 were preserved to within 0.5%
by fitting the negative resonance parameters with SAMMY, while
keeping the RPI-2014 35U resonance parameters at 5.467 eV
(Table 6) constant. All parameters from higher energy resonances
were taken from ENDF-7.1. The resulting negative energy level
parameters are found in Table 7.

Table 7

The RPI-2014 negative resonance parameter values for 2>6U were fitted with SAMMY
while keeping the resonance parameters for the 5.467 eV resonance fixed to the RPI-
2014 resonance values given in Table 6. All resonance parameters from higher en-
ergy were taken from ENDF-7.1. This method preserved the thermal cross section
values of ENDF-7.1 to within 0.5%.

E (eV) I’y (meV) T, (meV)
-9.7 214 4.909 0.08

I’y (meV)

Summary of the 235U resonance parameters at 5.467 eV and the resulting peak total neutron cross sections. The RPI-2014 resonance parameters were calculated with the Total
Monte Carlo method described in Section 2.6. The RPI-2014 fission width, I';, was fixed at the ENDF-7.1 value without any uncertainty. The NJOY code (MacFarLane and Muir,
1994) was used to calculate the peak cross section of 236U at 5.467 eV, Doppler broadened to 300 K. When calculating the peak cross section for Harvey and Hughes, the Carlson

et al. value for 'y was used.

Reference E (eV) T’y (meV) I, (meV) I’y (meV) o’;"“" (barns)
RPI-2014 (current work) 5.467 = 0.005 27 +1 2.13 +£0.04 0.290 13571
Mughabghab (2006) 5.45 + 0.03 24.7 + 0.6 2.19 + 0.08 0.290 + 0.073 14316
ENDF-7.1 (Chadwick et al., 2011) 5.45 24.5 2.24 0.290 14665
JEFF-3.2 (Koning et al., 2006) 5.45 245 2.16 0.290 14152
JENDL-4.0 (Shibata et al., 2011) 5.456 245 2.30 0.018 15070
Carlson et al. (1970) 5.45 + 0.03 245+ 1 2.16 + 0.08 Not reported 14192
Baumann et al. (1968) 5.48 325+35 24 +0.25 Not reported 14478
McCallum (1958) 5.48 + 0.06 29+7 195+ 04 Not reported 12207
Harvey and Hughes (1958) 5.49 + 0.049 Not reported 1.76 + 0.21 Not reported 11495
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The infinitely dilute neutron capture resonance integral (RIy)
was calculated as follows:

~20 MeV dE
RI, = / ov(E)F (4)
0.5eV

where oy(E) is the neutron capture cross section in barns,
Doppler broadened to a temperature of 300 K, at energy E in
eV. The RPI-2014 calculation used the ENDF-7.1 resonance
parameters for 236U, substituting the RPI-2014 values shown in
Table 6 for the 5.467 eV resonance and the values in Table 7
for the negative energy resonance. The results for RPI-2014
and several evaluation libraries are shown in Table 8. The
neutron capture resonance integral was calculated using a
combination of the NJOY (MacFarLane and Muir, 1994) and
INTER (Dunford, 2001) codes. The uncertainty on the reso-
nance integral was found by application of the TMC method.
The NJOY and INTER calculations were performed repeatedly
while randomly sampling each of the RPI-2014 %3®U resonance
parameters from a Gaussian distribution. The width of each
Gaussian distribution was defined as the uncertainty on the
resonance parameter of interest. The reported uncertainty on
the capture resonance integral is the standard deviation of the
results. The calculations were repeated 2000 times to ensure
that the standard deviation of the capture resonance integral
converged to less than 0.1%.

3. Results and discussion

The methods described in this paper yielded the parameters of
the 235U resonance at 5.467 eV. The values of the RPI-2014 reso-
nance parameters are shown in the first row of Table 6. The use of
liquid samples allowed for non-saturated resonances. The quality of
the RPI-2014 resonance parameters is demonstrated by their ability
to accurately fit the shape of the neutron transmission resonance
data for all three samples as shown in Fig. 2.

Table 6 also includes the nuclear data evaluations of
Mughabghab (2006), ENDF-7.1 (Chadwick et al., 2011), JEFF-3.2
(Koning et al., 2006), and JENDL-4.0 (Shibata et al., 2011)
along with the previous experimental results of Carlson et al.
(1970), Baumann et al. (1968), Harvey and Hughes (1958), and
McCallum (1958). The RPI-2014 value of I', for the 5.467 eV
resonance in 23U is lower than all values presently found in the
selected nuclear data evaluations. The RPI-2014 value of T, is
lower than Mughabghab by 2.8%, lower than ENDF-7.1 by 5.2%,

Table 8

Comparison of the 23U neutron capture resonance in-
tegral (RI,) for RPI-2014 and selected nuclear data eval-
uations. The RPI-2014 value was calculated using ENDF-
7.1 resonance parameters for 236U, while substituting the
RPI-2014 values shown in Table 6 for the 5.467 eV
resonance and the values in Table 7 for the negative
energy resonance. The neutron capture resonance inte-
gral was calculated using a combination of the NJOY
(MacFarLane and Muir, 1994) and INTER (Dunford, 2001)
codes. The value for Mughabghab was taken from the
Atlas of Neutron Resonances (Mughabghab, 2006).

Data source RI, (barns)

RPI-2014 3305
Mughabghab 345 + 15
ENDF-7.1 342
JEFF-3.2 346
JENDL-4.0 353

1.0 T T T T
—— SAMMY fit
I RPI-2014 data

0.8 R

0.6

0.4

Neutron Transmission

medium
0.2f
thick

0.0 ! L ! L
5.2 5.3 5.4 5.5 5.6 5.7

Energy (eV)

Fig. 2. RPI-2014 data from the 23U transmission measurement at 5.467 eV. The
symbols are the error bars for the RPI-2014 data points determined from the counting
statistics from the measurement. Three enriched 2*®U liquid samples were used and
designated as thin, medium, and thick (Section 2.1). The solid lines for all samples were
calculated from the RPI-2014 resonance parameters, which were found with the Total
Monte Carlo method (Section 2.6) using the SAMMY code. The ability of the RPI-2014
parameters to accurately fit the shape of all three samples shows the quality of the
results.

lower than JEFF-3.2 by 1.4%, and lower than JENDL-4.0 by 8.0%.
However, the current RPI-2014 value of I', agrees with Mugh-
abghab and JEFF-3.2 to within uncertainties. When compared to
previous experimental results, the RPI-2014 value of I'j; is lower
than Carlson et al. by 1.4%, lower than Baumann et al. by 12.7%,
greater than Harvey and Hughes by 21%, and greater than

16000 T T T T

14000

12000

(barns)

10000

8000

6000

Total Cross Section

4000

2000

0 . . . .
5.35 5.40 5.45 5.50 5.55 5.60

Energy (eV)

Fig. 3. The total cross section for the 5.467 eV resonance in 22U using the parameters
for each reference in Table 6 is shown. The NJOY code was used to construct and
Doppler broaden (300 K) each plot. The peak total cross section for RPI-2014 (@) is
lower than Mughabghab (¢), ENDF-7.1 (0), JEFF-3.2 (O), JENDL-4.0 (M), Carlson et al.
(#), and Baumann et al. (A). Conversely, the peak total cross section for RPI-2014 is
greater than McCallum () and Harvey et al. (v). The energy of the RPI-2014 total cross
section resonance at 5.467 eV is noticeably different when compared the other total
cross section data but is within previously reported uncertainties. The solid lines are
meant to serve as eye guides between the data points. The total cross section of
Mughabghab, Carlson et al., and JEFF-3.2 are indistinguishable since their resonance
parameters are almost identical.
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McCallum by 9.2%. With the exception of Harvey and Hughes,
the RPI-2014 result for I';, agrees with the previous experimental
data within uncertainties.

Table 6 shows that the RPI-2014 value of I'y for the 5.467 eV
resonance in 23U is higher than the nuclear data evaluations and
Carlson et al. The RPI-2014 value of Ty is greater than Mughabghab
by 9.3% and greater than ENDF-7.1, JEFF-3.2, JENDL-4.0 and Carlson
et al. by 10.2%. The RPI-2014 value of T’y is less than the previous
experimental results of Baumann et al. by 20.4% and less than
McCallum by 7.4%. The RPI-2014 result for I'y is within the quoted
uncertainty of McCallum.

The RPI-2014 value of 5.467 eV for the 236U resonance energy in
Table 6 is higher than all of the selected nuclear data evaluations
and Carlson et al. by about 0.3% and less than the remaining
experimental results by about 0.2—0.4%. The RPI-2014 result for the
energy value is within previously reported uncertainties.

The 23%U resonance parameters at 5.467 eV were used to
construct the total cross section (Fig. 3) using the NJOY code. The
cross section was Doppler broadened to a temperature of 300 K and
the peak value was obtained. The total cross section of plots of
Mughabghab, Carlson et al., and JEFF-3.2 are indistinguishable since
their resonance parameters are almost identical. The peak total
cross section values are included in the last column of Table 6. The
Carlson et al. value for I'y was used in the case of Harvey and
Hughes.

Table 7 shows the negative energy resonance parameters in
that were fitted with the SAMMY code in order to preserve the
thermal cross section values to within 0.5% of ENDF-7.1. The RPI-
2014 negative energy parameters are very close to the original
ENDF-7.1 parameters.

The NJOY and INTER codes were used to calculate the 236U
capture resonance integral using the RPI-2014 parameters for the
negative energy (Table 7) and the 5.467 eV resonance (Table 6). The
resulting RPI-2014 capture resonance integral is compared to the
selected nuclear data libraries in Table 8. The results show that the
RPI-2014 capture resonance integral is lower than all of the selected
nuclear data evaluations: Mughabghab by 4.7%, ENDF-7.1 by 3.7%,
JEFF-3.1 by 4.8% and JENDL-4.0 by 7.2%.

236U

4. Conclusions

High accuracy transmission measurements were performed at
the RPI LINAC to determine the resonance parameters of the 236U
resonance at 5.467 eV. The resonance parameters determined in
this work show a decrease in the peak total cross section for the
236y resonance at 5.467 eV when compared with the current
evaluations of Mughabghab, ENDF-7.1, JEFF-3.2, and JENDL-4.0.
These parameters result in a lower neutron capture resonance in-
tegral with respect to the current evaluations.

Appendix A. Resolution function

The SAMMY code allows the user to choose from several
different predefined resolution functions. This paper utilized the
RPI resolution function, which represents the combined effects of
the neutron producing target moderator and the detector system
using a chi-squared function plus two exponential terms. The
mathematical form of the RPI resolution function is explicitly
defined in the SAMMY manual (Larson, 2008). The fitted RPI res-
olution function parameters used in this paper are shown in
Table (A.1) for the local and distant background shapes as discussed
in Section 2.5.

Table A.1

The RPI Resolution Function parameters used in SAMMY (Larson, 2008). The local
(column 2) and distant (column 3) parameters represent the resolution function
when using the local and distant background shapes explained in Section 2.3.

Parameter Local Distant units
T1 234.67178 277.50783 ns
T 2.5346E-02 2.5925E-02 1/eV
T3 237.72025 280.84240 ns
Ta 3.0740E-02 3.1504E-02 1/eV
Ts 176.81659 196.48548 ns
Ao 529.04249 391.45612 ns
A4 —215.32856 —-162.51178 ns
Ay 21.89386 24.09497 ns
a; —4.2708E-04 —2.6777E-04 1/ns
a; 2.4076E-02 2.4076E-02 1/ev
as —6.3000E-04 —6.3000E-04 1/ns
as 3.53100 3.53100 1/ev
as 1.5368E-03 1.7303E-03 1/ns
to 931.88413 929.11081 ns
A —70.52550 —71.89694 none
As 4.9918E-03 4.9825E-03 1/ns
Ay 0.39671 0.39818 none
As 7.2725E-04 6.4313E-04 1/ns
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