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ABSTRACT

A new method for the simultaneous measurement of the
neutron capture and fission cross sections of 235U has been
developed at the Gaerttner LINAC Laboratory located at
Rensselaer Polytechnic Institute. This method uses a 16 seg-
ment γ-multiplicity NaI(Tl) detector. The prompt γ rays
from a neutron interaction with the highly-enriched 235U
sample are detected and categorized based on the total en-
ergy deposited and the multiplicity (number of γ rays de-
tected). Spectra of the events are recorded using the time-of-
flight method and grouped based on γ energy and observed
multiplicity. Above the resolved resonance region for 235U
(2.25 keV), the cross sections are presented as averaged val-
ues. The results of this research can be used to improve the
accuracy of the capture-to-fission ratio for 235U in the re-
solved resonance region and to provide additional capture
cross section data to the limited amount that currently exists
for 235U in the unresolved resonance region.

I. INTRODUCTION

With the continued improvement of computing capabili-
ties, the accuracy of nuclear data has become a primary fac-
tor impacting the accuracy of numerical Monte Carlo meth-
ods for nuclear systems. This limitation was recently reit-
erated by Forest Brown, one of the developers of MCNP at
Los Alamos National Laboratory, during a colloquium pre-
sentation at Rensselaer Polytechnic Institute.1 A specific ex-
ample of the need for more accurate experimental data is
235U in the unresolved resonance region, which begins at
a neutron energy of 2.25 keV. According to Otuka et al.,2

the most important physical constants in nuclear energy ap-
plications are the neutron cross sections of 235U. Addition-
ally the authors specify that the characteristics of fast reac-
tor cores, analyzed through critical experiments using the
Bystrye Fisicheskie Stendy (BFS) test core assemblies, are
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sensitive to the neutron capture cross section of 235U in the
keV region. In the unresolved resonance region for the neu-
tron capture cross section for 235U discrepancies of up to
10% exist between some of the evaluated libraries. While
the JEFF-3.1.1 (Ref 3) and ENDF/B-VII.0 (Ref 4) libraries
are nearly identical for 235U in this region, they are gener-
ally lower than the JENDL-4.0 (Ref 5) library for energies
between 2.5 and 5.5 keV and generally higher for energies
between 5.5 and 10 keV. The data currently available varies
in the keV region and is not accurate enough to resolve the
discrepancies between the libraries. The neutron cross sec-
tion is related to the yield of an experimental sample by
Equation (1) where Yx is the yield (number of events per
incident neutron) for reaction x, typically capture, fission,
or scattering.

Yx(E) = (1− e−nσt(E))
σx(E)

σt(E)
(1)

The remaining variables in Equation (1) are the number den-
sity in atoms per barn, n, the total microscopic cross section,
σt, and the microscopic cross section of the particular reac-
tion, σx.

As seen in Figure 1, the discrepancy between the differ-
ent experiments would translate to a relative uncertainty of
up to 30% on the ENDF/B-VII.0 values. One of the objec-
tives for the development of this technique and subsequent
measurement is to address the need for a more accurate mea-
surement of 235U cross sections in the unresolved resonance
region. Due to the accuracy of previous measurements of
the total and fission cross sections, the observed variations
in the capture yield Yγ for 235U can be attributed to the cap-
ture and scattering cross sections.

II. EXPERIMENTAL CONDITIONS

This experiment was conducted using the time-of-flight
(TOF) method with the electron linear accelerator (LINAC)
at the Gaerttner LINAC Laboratory located at Rensse-
laer Polytechnic Institute as the source of neutrons. The
Williams et al. 1
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Figure 1: This graph demonstrates the spread of experimen-
tal values for the capture yield of 235U and the discrepan-
cies between the evaluated libraries of ENDF/B-VII.0 and
JENDL 4.0. The experimental data was retrieved from EX-
FOR6 and converted to capture yield for comparison with
this experimental measurement.

60 MeV LINAC is a nine-section, radio frequency acceler-
ator producing approximately 4x1013 neutrons/sec isotropi-
cally emitted from a water-cooled tantalum target.7 Located
at the 25 meter experimental station, a 16-segment NaI(Tl)
γ multiplicity detector configured in a cylindrical geometry
was used for the measurement.

Figure 2: Cutaway image of the multiplicity detector show-
ing the B4C liner positioned between the neutron beam path
and the 16 NaI(Tl) segments. The liner actually extends for
the full length of the NaI(Tl) crystals. The sample location
is in the center of the detector creating a 4π geometry.

A cylindrical hole centered on the axis of the detector
allows the neutron beam to interact with the sample at the
AccApp‘11 Preprint

AccApp ’11 Knoxville, Tennessee, April 3-7, 2011
Table 1: The conditions describing the experimental setup
are summarized for the two categories of measurements:
thermal and epithermal. Both the Enhanced Thermal Tar-
get and the Bare Bounce Target are based on the same tan-
talum plate design, but they moderate the neutron spectrum
differently to achieve an increased flux in the desired energy
range as indicated in the table. The conditions are chosen to
enhance the quality of the data for the neutron energy region
of interest in the designed experiment.

center of the detector. Between the central beam hole and
the NaI(Tl) segments, there is a cylindrical B4C liner 1.0 cm
thick and enriched to 99.5% in 10B designed to prevent scat-
tered neutrons from interacting with the detector segments.
The details of the multiplicity detector have been previously
published.8, 9 Detected events are categorized based on the
total γ energy deposited in the detector and the observed
multiplicity. Each event in the data is recorded with the
following tags: time-of-flight channel, multiplicity (1-15)∗,
and total γ energy group (up to four groups). A cutaway
view of the multiplicity detector displaying the NaI(Tl) seg-
ments, boron liner, and sample location is shown in Figure 2.

The experimental configuration was optimized for the
desired energy range of the measurement, designated as ther-
mal or epithermal. Elements considered in the design of
the experiment include desired neutron flux, neutron overlap
between LINAC pulses, and width of the resonances being
measured. The configuration for each type of measurement
is summarized in Table 1.

The sample consisted of multiple 0.5” diameter metallic
uranium disks enriched to 93.33 ± 0.03 % in 235U. The
enrichment was determined by isotopic analysis conducted
on three representative disks. The total mass of the sample
ranged from 2.2 g for the thermal measurement to 20 g for
the epithermal measurement. The motivation for increasing
the mass of the sample for the epithermal measurement was
to increase the interaction rate and thus the measured yield.

III. DATA REDUCTION

A typical simultaneous measurement of the neutron cap-
ture and fission cross sections or their ratio, α, involves the
identification of a capture versus a fission interaction on an
event-by-event basis by the use of an in beam fission tag-

∗While there are 16 NaI(Tl) segments, the limit of the observed multi-
plicity is 15 due to the configuration of the data acquisition system.
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ging detector or detecting the prompt neutrons emitted from
fission. In this experiment the events are categorized into
three groups based on the total γ energy deposited in the
detector. Within these γ energy groups, the observed multi-
plicity of each event is also recorded, allowing for a range of
multiplicity to be chosen during the post experiment analy-
sis. The three groups and their respective total γ energies are
as follows: scattering group (350 - 620 keV), capture-fission
group (2 - 8 MeV), and fission group (> 8 MeV). The fission
group is limited to fission events because the γ energy re-
leased from neutron capture in 235U will not exceed 8 MeV
since its neutron separation energy is only 6.53 MeV. The
capture-fission group contains a mixture of capture and fis-
sion events. The scattering group contains events primarily
resulting from scattered neutrons interacting with the B4C
liner and the subsequent detection of the 477 keV γ ray
emitted from the 10B(n,α)7Li∗ reaction. This reaction oc-
curs 94% of the time, while the reaction leaving the lithium
nucleus in the ground state happens only 6% of the time.

The expression for calculating the experimental yield,
Y exp, of a particular reaction for a given energy is shown
in Equation (2), where RS and RB are the dead-time-
corrected, monitor-normalized count rates for the sample
and background respectively and ϕ is the smoothed flux with
the background subtracted. There are monitors, two fission
chambers and one 6Li glass detector, used to account for any
neutron beam fluctuations during the experiment. The neu-
tron flux shape is determined experimentally with a 10B4C
sample and the multiplicity detector.

Y exp =
RS −RB

ϕ
(2)

The fission yield is determined by using the data from the
fission group and normalizing it to an accepted value from
ENDF/B-VII.0 at a particular energy or resonance, where
the microscopic cross section from the evaluated library is
converted to yield by using Equation (1). The fission yield,
Yf , is given by Equation (3) where k1 is a constant that in-
cludes the flux normalization and detection efficiency.

Yf = k1Y
exp
f (3)

The key to this measurement technique is determining the
amount of fission to remove from the capture-fission group.
This is accomplished by considering the data in the capture-
fission group as a linear combination of the two interactions.
Thus the capture yield, Yγ , is expressed as shown in Equa-
tion (4) where k2 and k3 are the coefficients for the linear
combination.

Yγ = k2Y
exp
γf − k3k1Y

exp
f (4)

The coefficients, k2 and k3, are found by normalizing the
capture-fission group data to accepted ENDF/B-VII.0 val-
ues at two particular energies or resonances (one of the en-
ergies can be the same as used for fission) resulting in a set
AccApp‘11 Preprint
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of two equations with two unknowns. The energies chosen
for normalization depend on the desired energy range of the
experiment. In either case, thermal or epithermal, the cross
section values at the chosen energy should be well-known
and accepted as precise. This technique for the simultaneous
measurement of the neutron capture and fission cross section
has been tested by applying it to a thermal measurement of
235U where the experimental data and the evaluations have
lower uncertainty.

In the energy range of the thermal experiment, the B4C
liner is highly effective at preventing scattered neutrons from
reaching the NaI(Tl) segments. As the incident neutron en-
ergy increases, the liner’s attenuation of scattered neutrons
decreases. With the decreasing effectiveness of the boron
liner, the likelihood of a neutron penetrating the liner and
subsequently being captured in the NaI(Tl) crystals increases.
When a scattered neutron penetrates through the boron liner,
is captured in the NaI(Tl), and the γ energy deposited in
the detector exceeds 2 MeV, these events result in a scatter-
ing interaction being recorded in the capture-fission energy
group. Such events have been labeled with the term “false
capture” and are treated as a background to the capture spec-
tra. This background can be represented as a third term in
the expression for the capture yield as shown in Equation
(5), where fc is the false capture fraction and Ys is the scat-
tering yield.

Yγ = k2Y
exp
γf − k3k1Y

exp
f − (fc)Ys (5)

 Exp Capture
 Sammy Capture
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Figure 3: This graph shows the comparison of the cap-
ture yield between the epithermal measurement and the
SAMMY calculation for a 30 mil (0.030 in) thick sample of
238U. The increase in the capture yield of the measurement
is due to the contribution from false capture. The impact
of false capture in the 238U measurement is large since this
material has a high scattering cross section.

The impact of the false capture fraction on a measure-
Williams et al. 3
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ment of a material with a large scattering cross section is
demonstrated with the capture spectra recorded for a 238U
sample as shown in Figure 3. For this nucleus the fis-
sion cross section is almost zero so that only capture and
scattering reactions take place. As the neutron energy in-
creases above 600 eV the measured yield separates from the
yield calculated with the shape fitting code SAMMY10 us-
ing ENDF/B-VII.0 parameters. The SAMMY code is used
because it accounts for multiple scattering in the sample and
includes the experimental resolution function.

The false capture fraction has been simulated with
MCNP-Polimi11 in order to track the γ ray production and
energy deposition on a particle by particle basis. A graph of
the simulated false capture fraction versus the incident neu-
tron energy is shown in Figure 4 using the ENDF/B-VII.0
and JEFF-3.1 libraries.
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Figure 4: MCNP-Polimi was used to simulate the false cap-
ture fraction, fc, of scattered neutrons from a natural lead
sample 27 cm thick. The capture of the neutron by the
NaI(Tl) crystal at energies above 3 keV is sensitive to the
capture cross section of iodine as seen by the discrepancy
between the ENDF/B-VII.0 and JEFF-3.1 simulations. The
structure appearing near 3 keV is due to a large scattering
resonance of iodine at about 2.8 keV.

The simulated false capture fraction based on the
ENDF/B-VII.0 library was used to correct the 238U experi-
mental data and is presented in Figure 5. A point-by-point
false capture correction is a challenge in the resolved reso-
nance region which extends up to 20 keV for 238U.

IV. RESULTS

The first step used to test the newly developed measure-
ment technique was to apply it to the 235U data obtained
from a thermal measurement. This region provided two ad-
vantages: the cross sections are well known and the boron
liner is very effective so the contribution from false capture
AccApp‘11 Preprint
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Figure 5: This graph shows the corrected experimental cap-
ture yield in comparison with the non-corrected experimen-
tal capture yield and the SAMMY calculation. The cor-
rected capture yield has a much improved agreement with
the SAMMY calculation. The resonance structure in the re-
solved resonance region and the large scattering cross sec-
tion for 238U present challenges to applying a point wise
correction on a fine energy grid.

is negligible. The fission group was normalized at the accu-
rate thermal energy (0.0253 eV) to determine the constant,
k1. Based on this normalization, the measured fission data
and the SAMMY calculation agree very well from the ther-
mal point up to 40 eV as shown in Figures 6 and 7.
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Figure 6: The graph depicts the excellent agreement be-
tween experiment and calculation for 235U in the thermal
region. The thermal point was used for the normalization of
the measured values.
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After the fission group data were normalized, the ther-
mal point and the 11.7 eV resonance were chosen as the
normalization points in order to determine the constants, k2
and k3. A comparison of the measured yield to the calcu-
lated yield determined from SAMMY for both capture and
fission show very good agreement as demonstrated in Fig-
ures 6 and 7.
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Figure 7: The graph shows excellent agreement between
experiment and calculation for 235U in the neutron energy
range from 5 to 40 eV. The 11.7 eV resonance was used
as the second normalization point for the measured capture
yield.

After verification in the thermal region, the new tech-
nique was applied to an epithermal measurement of 235U.
For the analysis, the fission group with a multiplicity range
of 3-11 was used along with the capture-fission group with
a multiplicity range of 2-8. The scattering group was not
used in this analysis. The normalization points for the ep-
ithermal measurement were 11.7 eV and 19.3 eV. These
resonances were chosen because they are accurately known
based on many experiments and agreement among the eval-
uated libraries. Using these low energy calibration points al-
lows this measurement to accurately determine the capture
yield at higher energies within the resonance region and the
unresolved resonance region. The variations in the evalu-
ated libraries and previous measurements indicate that the
values at higher energies are not accurately known. Al-
though the determination of the false capture fraction re-
quires further refinement, a measurement of the neutron cap-
ture yield in the unresolved resonance region was conducted
using the false capture correction found from the MCNP-
Polimi simulation with a conservative estimate of 20% un-
certainty on the correction. The results from the current
measurement are consistent with previous experiments as
well as the ENDF/B-VII.0 evaluation and the JEFF-3.1 eval-
uation as shown in Figure 8. In order to remove the de-
AccApp‘11 Preprint
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pendence of the false capture correction on the simulations
and the evaluated databases, the determination of the false
capture fraction is also being investigated experimentally
with carbon and lead samples. These materials provide an
opportunity to measure the false capture contribution since
their dominant neutron cross section, scattering, is orders
of magnitude above capture and their cross section is ef-
fectively flat† in the energy range of the epithermal mea-
surements. The planned outcome of investigating the false
capture fraction through simulation and experiment is an
energy-dependent correction factor with its associated un-
certainty. As the false capture correction and the uncertainty
analysis are refined, the uncertainty in the measurement is
expected to approach 5% along with possible adjustments
to the values of the yield. The current results will be final-
ized after the refinement is completed.
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Figure 8: Within the estimated uncertainty, the results for the
current 235U measurement of the capture yield are consis-
tent with both evaluated libraries and previously measured
values. Based on the spread of the existing data, an accurate
measurement is needed to address the discrepancies. The
data presented was retrieved from EXFOR.6

V. CONCLUSIONS

The new technique for the simultaneous measurement of
the neutron capture and fission cross sections that has been
developed at Rensselaer Polytechnic Institute has shown
promising results. The results from applying the method
to 235U in the thermal region compare very well to calcula-
tions for the capture and fission yield. The results of the ep-
ithermal measurement for capture are of comparable accu-
racy to previously measured data for 235U in the unresolved
resonance region. Through improvements in the determina-
tion of the false capture correction, which are being obtained
with measurements of carbon and lead, along with a refined

†Except for two resonances near 3 keV.
Williams et al. 5
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quantification of the uncertainty in the measurement, this
technique has the potential for much better accuracy of the
235U capture measurement.
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