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Abstract — The electron linear accelerator housed in the Gaerttner Linear Accelerator Center at
Rensselaer Polytechnic Institute was used to generate a pulsed neutron source to measure the neutron
total cross section of tantalum, titanium, and zirconium from 0.4 to 25 MeV. Neutron transmission
measurements were made using the time-of-flight method with neutron flight paths of approximately
100 and 250 m. The long flight paths combined with narrow neutron pulse widths, fast detector responses,
fast electronics, and data collection system provide good energy resolution for the measurements. A high
signal-to-background ratio through much of the energy range combined with low statistical errors resulted
in low uncertainties on cross sections.

The results are presented and compared with the major nuclear data evaluations. Each measurement
identifies regions where the neutron total cross sections could be reevaluated. The total cross-section
measurements presented here can help nuclear data evaluators improve neutron total cross-section data in
future evaluations.
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I. INTRODUCTION

The three materials measured—tantalum, titanium, and
zirconium—have characteristics that are desirable for use in
nuclear systems. As such, a precise knowledge of their
neutron cross sections and uncertainties is essential for
accurate neutron transport calculations. Tantalum is a dense
metal with extremely high melting temperature (3017°C),
only exceeded by osmium, rhenium, and tungsten. Because
of this high melting temperature, as well as good mechanical
properties, it has been investigated for use in fusion
applications as a first-wall and structural material.1

Titanium has a low density and high strength-to-weight
ratio as well as a high resistance to corrosion. These
properties make it desirable for nuclear systems concerned

with transport and storage containers.2 Zirconium and
zirconium alloys possess a mix of good mechanical
properties and low thermal absorption cross section. For
these reasons, they are a common choice for fuel cladding
as well as primary systems structural material in both light
and heavy water reactors.3

II. METHODS

II.A. Experimental Setup

The electron linear accelerator (linac) housed in the
Rensselaer Polytechnic Institute (RPI) Gaerttner Linear
Accelerator Center was used to create short pulses of
neutrons. The L-band linac injects packets of highly
energetic electrons (~55 MeV) onto a neutron producing
target, which consists of several water-cooled tantalum*E-mail: rappm@rpi.edu
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plates in an aluminum housing.4 The high-energy electrons
from the linac generate bremsstrahlung X-rays within the
target, which subsequently interact with the tantalum via
(γ; n) reactions to produce photoneutrons. These interactions
generate a continuous energy neutron source which can
be approximated by an evaporation spectrum with
a temperature of 0.55 MeV (Ref. 5). The neutrons migrate
through evacuated neutron flight path drift tubes to a neutron
detection system. Along the flight path gamma rays are
filtered using depleted uranium and neutrons are collimated
using a series of lead, boron carbide, polyethylene, and iron
collimators. An overview of the experimental setup is shown
in Fig. 1. Due to the pulsed nature of the neutron production,
the energy of the neutrons reaching the detector could be
calculated using a relativistic neutron time-of-flight (TOF)
method.6

The detector was a modular proton recoil detector,
comprised of two custom designed EJ-301 liquid scintillation
detector modules.6 Each of the modules is 17.8 cm high,
35.1 cm wide, and 12.7 cm thick. Two Photonis XP4572B
12.7-cm-diameter photomultiplier tubes were coupled to
each module to optimize light collection. The two modules
were combined to give the detector a neutron beam
measurement cross section of 35.6 × 35.1 cm. The analog
signals from the photomultiplier tubes were conditioned by

collecting the output pulses from the detector and converting
them to logic pulses using an ORTEC 935 constant fraction
discriminator, which allowed for optimizing time resolution
over the wide range of pulse amplitudes. The responses from
the two detectors were then summed in an ORTEC CO4020
logic unit. These electronics were located locally at either the
100-m flight station or the 250-m flight station, depending on
the experiment being performed, to prevent significant signal
degradation through long transmission lines. The logic pulses
were transmitted by fiber optics from the flight station to the
data acquisition system (DAQ) located in the Gaerttner
Center control room. The data were recorded in either
1.6- or 3.2-ns time bins using a FastComTec P7889
multiscaler board. The P7889 is a 10-GHz TOF clock with
no dead time between channels capable of <400 ps full-width
at half-maximum jitter per 100 µs (Ref. 7). An overview of
the electronics is shown in Fig. 2, which presents a signal
flow diagram from the detector to the DAQ.

Additional neutron detectors were installed in an
independent beam line at the linac facility, at a flight
path of approximately 9 m, and were used to monitor
the neutron flux emitted from the target. Two moderated
fission chambers were used for the 100-m experiments,
a Reuter-Stokes RS-P6-2403-121 and Amperex B300D.
Three moderated fission chambers were installed for the
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Fig. 1. Experimental setup showing the neutron-producing target, neutron flight paths, uranium filter location, sample position,
and detector locations (not to scale).

EJ-301 
Detector

EJ-301 
Detector

ORTEC 935 
Constant 
Fraction 

Discriminator

ORTEC CO4020
Logic Unit

LuxLink DX7201
Fiber Optic TTL
Transmission System

LuxLink DX7201
Fiber Optic TTL
Transmission System

Phillips Scientific
7126

Level Translator

Fast ComTec
P7889 10 GHz

Multiscaler

Ch. A

Ch. B

Fig. 2. Flow diagram of electronics used for data collection showing the signal path from detector to data collection at the TOF
clock. The break between the two DX7201 transmission system units represents where the signal travels a long distance from the
detector location at 100 or 250 m to the Gaerttner Center control room where data are collected.
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250-m experiments, two Westinghouse WL6149A and
one Amperex B300D.

Transmission measurements were conducted using the
sample-in divided by sample-out method. Data for each
material of interest (sample-in), open beam (sample-out),
and carbon data were collected during each individual
experiment. The carbon sample was a reference sample,
used during each experiment to benchmark the system and
verify the TOF-to-energy calibration. Carbon was selected
as a reference due to the agreement between the major
nuclear data libraries as well as sharp cross-section
structure to align energy with. Data were typically
collected over 50 to 80 h during each experiment. The
time each sample and the open were measured was chosen
to minimize the experiment time required to achieve
reasonable statistics.8 The basic experimental parameters
for each material are outlined in Table I. The flight path
represents the distance traveled by the neutrons from
generation in the target to detection in the detector system.
The uncertainty in the flight path is estimated from the
ability to accurately replicate the energies of the structure
seen in the carbon reference measurement. The channel
width represents the time bins into which the P7889 clock
records the data and is set in the clock options. The pulse
width was the width of the neutron burst from the target
recorded at the beginning of the TOF spectrum. A small
burst width was prioritized when tuning the linac for each
experiment and was generally the smallest achievable.
The linac repetition rate was the frequency of electron
pulses produced by the linac in pulses per second (pps).
The beam time represents the total time that good data
were being collected by the detector system.

For each experiment, data from both sample thicknesses
listed in Table II, carbon, and open beam were collected into
100 to 200 individual data files. Each data file represented
approximately 30 min of in-beam time. This was done to
avoid the loss of large amounts of data in the event that
corrupted data were generated during any single run, as

well as enabling more accurate correction for instabilities in
electron beam conditions. The data were reduced to
transmission and converted to neutron total cross section.

II.B. Samples

The tantalum experiment was conducted using
cylindrical samples of 99.95% pure tantalum. The two
tantalum samples measured were 4 and 5.5 cm thick. The
titanium experiment was conducted using two cylindrical
samples of 99.99% pure titanium. The two titanium samples
measured were 8 and 12 cm thick. The zirconium experiment
was conducted using two cylindrical samples of 99.9%
pure zirconium. The two zirconium samples measured were
6 and 10 cm thick. Each of the experiments used the same
13-cm-thick carbon reference sample, which was taken from
99.9% pure carbon stock.9 All samples were machined to
cylinders with diameters �7.5 cm to ensure neutron beam
coverage at the sample changer location and maintain good
experimental sample geometry. The sample characteristics
are summarized in Table II.

II.C. Data Analysis

The individual experimental data files were summed,
dead-time corrected, and written to a file useful for
subsequent data analysis using an in-house analysis
program, RPIXDR (Ref. 10). The code also produced an
output file containing the neutron monitor data, integrated
detector data, and various other data used for verification
of run integrity for use in another custom code, MONCHK
(Ref. 11). The MONCHK code performed statistical
checks between sample data sets and monitor data sets,
and reported any abnormalities for further examination.

The transmission T in each TOF channel was
calculated from the measured sample-in and sample-out
detector counts C S and C O, respectively, and the
associated background B S and B O, as shown in Eq. (1):

TABLE I

Experimental Parameters for Each Transmission Measurement

TOF linac linac linac

Sample Flight Path Channel Width Pulse Width Repetition Rate Beam Time

Material (m) (ns) (ns) (pps) (h)

Ta 99.95 � 0.01 1.6 9.8 400 70.4
Ti 99.95 � 0.01 1.6 9.2 400 75.9
Ti 249.74 � 0.01 3.2 5.1 400 48.8
Zr 99.95 � 0.01 1.6 8.0 400 78.4
Zr 249.74 � 0.01 3.2 8.9 400 49.9
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T ¼ CS � BS

CO � BO

� �
monO

monS
; ð1Þ

where the ratio of background subtracted counts was
normalized using the sample-in and sample-out neutron
beam monitor counts, monS and monO. The beam monitor
counts used for normalization accounted for differences in
neutron beam intensity between the sample and open
experimental runs. The sample and open run summed
data as well as monitor data were taken directly from the
RPIXDR output files, while the background information
had to be inferred from the data using the method
described in Ref. 6.

The background is typically themost difficult parameter
to accurately define in a transmission analysis. A constant
background and a time-dependent portion are the two
components that generally determine the background. The
constant background is generated from natural radiation in
the environment, such as earthen and building materials and
cosmic radiation. This component was determined from the
time recorded prior to the generation of neutrons and was
consistent with recorded measurements taken without the
linac in operation. The time-dependent portion was
determined to originate primarily from neutron capture
events in the EJ-301 detector volume.6 As the neutrons
enter the volume and interact with the hydrocarbon liquid
scintillator and generate the luminescence that is used to
detect the presence of the neutron, they also lose energy.
When the neutrons slow to thermal energy they can be
captured by the hydrogen and release gamma radiation.
These gamma rays are then recorded by the system as
a background. The spectrum quickly builds while neutrons
are impinging on the detector and then exponentially decays
in time. To determine this time-dependent portion of the
background, simulations were run utilizing the Monte
Carlo code MCNP (Ref. 12). The MCNP results were used

to obtain the background shape and were then normalized to
long TOFs, where essentially no primary neutrons
originating from the neutron-producing target are detected.
Figure 3 shows an example of the constant background, also
known as room background, and the exponentially decaying
portion of the neutron data and how the MCNP-simulated
background connects the two regions under the peak of the
primary neutron collection.

The uncertainty in the transmission was determined
by propagating the individual uncertainties for each of
the components in Eq. (1). Assuming uncorrelated
errors, the uncertainty is given by

ΔTð Þ2 ¼ qT
qCS

ΔCS

� �2

þ qT
qCO

ΔCO

� �2

þ qT
qBS

ΔBS

� �2

þ qT
qBO

ΔBO

� �2

þ qT
qmonS

ΔmonS
� �2

þ qT
qmonO

ΔmonO
� �2

; ð2Þ

where

ΔT = 1σ uncertainty in the transmission

ΔCS , ΔCO = statistical uncertainties in the sample
and open measurements, respectively

ΔBS , ΔBO = uncertainties in the sample and open
backgrounds, respectively

ΔmonS , ΔmonO = uncertainties in the sample and open
monitor counts, respectively.

In the TOF method the energy of the neutrons in each
TOF channel collected by the P7889 clock is determined
by relating the neutron energy to the neutron velocity. The
velocity is calculated from the neutron generation time
(zero time), the neutron detection time, and the flight

TABLE II

Sample Characteristics

Nominal Areal

Sample Thickness Diameter Mass Number Density

(cm) (cm) (g) (atoms/barn)

Tantalum 4 7.624 � 0.001 3041.8 � 0.1 0.22174 � 0.00006
Tantalum 5.5 7.630 � 0.001 4215 � 1 0.3068 � 0.0001
Titanium 8 7.693 � 0.001 1728.5 � 0.1 0.4679 � 0.0001
Titanium 12 7.696 � 0.001 2585.3 � 0.1 0.6993 � 0.0002
Zirconium 6 7.621 � 0.001 1783.4 � 0.1 0.25812 � 0.00007
Zirconium 10 7.619 � 0.001 2967.2 � 0.1 0.4296 � 0.0001
Carbon 13 7.498 � 0.002 968.8 � 0.1 1.1001 � 0.0004
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path distance. The neutron generation time can be
calculated using the nearly instantaneous burst of gamma
radiation emitted from the neutron target during neutron
production, the gamma flash. The relation of the gamma
flash to the neutrons detected can be seen in Fig. 3. Since
the gamma radiation travels at the speed of light, the
generation time can be calculated using the flight path
distance. With neutron energies being recorded in the
mega-electron-volt range, relativistic velocities were used
in the TOF conversion as shown in Eq. (3):

E tð Þ ¼ m0c
2 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� d2

c2t2

� �s � 1

0
BBBB@

1
CCCCA; ð3Þ

where

E tð Þ = energy for TOF t

m0c 2 = rest mass energy of a neutron

d = flight path distance

t = neutron TOF

c = speed of light in vacuum.

The uncertainty in the energy, defined as the ability
to resolve the energy about a single TOF channel, was

determined by propagating the uncertainties in each of
the components in Eq. (3). This results in Eq. (4):

ΔEð Þ2 ¼ qE
qt

Δtpw

� �2

þ qE
qt

Δtcw

� �2

þ qE
qd

Δddet

� �2

þ qE
qd

Δdtar

� �2

; ð4Þ

where

ΔE = uncertainty in the energy

Δtpw, Δtcw = uncertainty in time caused by the distribu-
tion of the linac pulse widths and the TOF
clock channel width, respectively

Δddet, Δdtar = uncertainties in distance from the detector
and target thickness, respectively.

The relation between the neutron transmission and
the experimental total cross section is given by

σtðEÞ ¼ � 1

N
ln TðEÞð Þ ; ð5Þ

where σtðEÞ is the microscopic neutron total cross section
of the sample and N is the sample areal number density in
atoms/barn (1 barn = 10�24 cm2). The uncertainty in the

Fig. 3. The run-summed counting rate (data) and the MCNP-calculated background (solid red line). The red dashed line
represents the constant room background. As shown, the calculated time-dependent background approaches the room background
at long TOF.
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experimental neutron total cross section ΔσtðEÞ was
calculated using Eq. (6):

ΔσtðEÞ ¼ 1

N

� �
ΔTðEÞ
TðEÞ

� �
: ð6Þ

The uncertainty in N for such thick samples is very small
compared to the statistical uncertainty associated with T
and was therefore ignored.

III. RESULTS

III.A. Tantalum

Data were collected for two thicknesses of tantalum
at a flight path distance of approximately 100 m.
A 250-m flight path experiment was not performed
for tantalum. The smooth cross section observed in
the data did not warrant the separate measurement
with the improved energy resolution of the longer flight
path. The experimental neutron total cross section for
the 5.5-cm thickness of tantalum is shown in Fig. 4; the
two sample thicknesses generally agree to within 1%
and are indistinguishable if plotted together at the scale
shown. Although the data were recorded in 1.6-ns time
bins, Fig. 4 presents the data grouped into bins of

51.2 ns/channel to decrease the statistical noise.
Grouping the data causes a reduction in the statistical
uncertainty by averaging the cross section over
a number of data points. This reduction in statistical
uncertainty introduces a reduction in energy resolution
by increasing the time bins Δtcw in Eq. (4). The three
major nuclear data libraries, ENDF-8.0 (Ref. 13),
JEFF-3.3 (Ref. 14), and JENDL-4.0 (Ref. 15), are
shown for comparison.

A comparison to recent measurements pulled from the
EXFOR database16 is shown in Fig. 5. The Naval Nuclear
Laboratory (NNL) and RPI data lie systematically below
the data presented by Hannaske et al.17 but largely within
the measurement uncertainty in the energy range from 0.4
to 10 MeV. The NNL/RPI data agree within uncertainties
with the work by Finlay et al.18 for energies above 5 MeV.

For incident neutron energies of 0.4 to 2.0 MeV the
ENDF-8.0 evaluation is above both the data presented in
this work (NNL/RPI) and the evaluations of JEFF-3.3
and JENDL-4.0, with the JEFF-3.3 evaluation providing
the best comparison to the data. For incident neutron
energies between 2 and 7 MeV the ENDF-8.0 evaluation
provides the best agreement with the NNL/RPI data
where JEFF-3.3 and JENDL-4.0 trend low. For incident
neutron energies greater than 7 MeV all three evaluations
are generally below the NNL/RPI data with the JEFF-3.3
evaluation showing the best agreement. JEFF-3.3 is the

(a)

(b)

(c)

Fig. 4. The NNL/RPI neutron total cross section for tantalum data grouped to a TOF channel width of 51.2 ns/channel: (a) energy
uncertainty, (b) uncertainty in the NNL/RPI data, and (c) compared with the ENDF-8.0, JEFF-3.3, and JENDL-4.0 nuclear data
libraries over the energy range 0.4 to 25 MeV.
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only library that continues for neutron energies greater
than 20 MeV.

III.B. Titanium

Data were collected for two thicknesses of titanium at
flight path distances of approximately 100 and 250 m.
Preliminary experiments were run at a flight path of
100 m. However, due to the observed structure in cross
section below neutron energies of 5 MeV, 250-m data were
collected to take advantage of the higher resolution at
longer flight paths. Only the 250-m results are shown in
Figs. 6 and 7. The measured cross sections for the two
sample thicknesses for each of the flight paths agree within
uncertainties, generally to within 1%. Titanium contains
a large amount of structure in the neutron total cross section
below 5 MeV. This structure is represented in the three
nuclear data libraries shown in Figs. 6 and 7; however, the
magnitude of the structure is greater in the NNL/RPI data
than in any of the libraries. The ENDF-8.0 and JENDL-4.0
libraries provide resonance parameters for 50Ti up to
587 keV, but below the measurement range of this work
for all other isotopes. The resolved resonance region (RRR)
ends below 300 keV for all isotopes in the JEFF-3.3 library.
None of the libraries provide unresolved resonance
parameters above the RRR for any isotope.

A comparison to measurements downloaded from the
EXFOR database is shown in Fig. 8. The NNL/RPI data are
in good agreement with Barnard et al.19 for energies below
1.5 MeVand Cabe and Cance20 for energies below 4 MeV;
only a portion of this range is shown in Fig. 8 for image
clarity. The NNL/RPI data provide better energy resolution
and uncertainties than either measurement, as is evidenced
by the sharper structure seen in the NNL/RPI cross section
in Fig. 8. The NNL/RPI data also agree within uncertainty
with the Abfalterer et al.21 data for energies above 5 MeV.

For energies below 5 MeV all three nuclear data
libraries show similar structure and have good agreement
with the NNL/RPI data, although all three provide lower
peak cross sections. For incident neutron energies
between 5 and 12 MeV the JEFF-3.3 and JENDL-4.0
libraries show the best agreement and ENDF-8.0 and
JEFF-3.3 have the best agreement for energies above
12 MeV. JEFF-3.3 is the only library that continues for
neutron energies greater than 20 MeV.

III.C. Zirconium

Data were collected for two thicknesses of zirconium at
flight path distances of approximately 100 and 250 m. The
data show that zirconium contains a large amount of
structure in the total cross section below 2.5 MeV, a region

Fig. 5. The NNL/RPI neutron total cross section for tantalum data grouped to a TOF channel width of 51.2 ns/channel and
compared to recent measurements (Hannaske, et al.17 and Finlay et al.18) downloaded from the EXFOR database.16
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of this (0.75 to 1.75 MeV) is shown in Fig. 9. This structure
is not represented in the three nuclear data libraries;
however, the ENDF-8.0 library provides unresolved

resonance parameters for the isotopes of zirconium up to
approximately 1.7 MeV for 90Zr and 96Zr, and 1 MeV for
91Zr, 92Zr, and 94Zr. The measured cross section for the two

(a)

(b)

(c)

Fig. 6. The NNL/RPI neutron total cross section for titanium data grouped to a TOF channel width of 12.8 ns/channel: (a) energy
uncertainty, (b) uncertainty in the NNL/RPI data, and (c) compared to the ENDF-8.0, JEFF-3.3, and JENDL-4.0 nuclear data
libraries over the energy range 0.4 to 5 MeV.

(a)

(b)

(c)

Fig. 7. The NNL/RPI neutron total cross section for titanium data grouped to a TOF channel width of 51.2 ns/channel: (a) energy
uncertainty, (b) uncertainty in the NNL/RPI data, and (c) compared to the ENDF-8.0, JEFF-3.3, and JENDL-4.0 nuclear data
libraries over the energy range 5 to 25 MeV.
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sample thicknesses for each of the flight paths generally
agree to within 1%. Due to the large amount of structure
seen in the cross section and the smooth cross section

observed in the evaluations an investigation into the
resolution self-shielding effect described by Fröhner et al.22

was undertaken. This method utilizes two sample

Fig. 8. The NNL/RPI neutron total cross section for titanium data compared to measurements downloaded from the EXFOR
database16: Abfalterer et al.,21 Barnard et al.,19 and Cabe and Cance.20

(b) (c)

(a)

Fig. 9. The NNL/RPI neutron total cross section for zirconium data compared to the nuclear data libraries over the energy range 0.75
to 1.75 MeV. (a) The top figure compares data collected at 250 m in 3.2 ns/channel, showing agreement between the 10- and 6-cm Zr
samples. (b) Comparison of data collected at 250 m in 51.2 ns/channel and 100 m in 3.2 ns/channel, showing agreement between the
250- and 100-m measurements. (c) The NNL/RPI data corrected for sample self-shielding using the Fröhner et al. method.22
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thicknesses to correct for resolution effects in energy-
averaged cross section, where the energy averaging smooths
many large fluctuations in cross sections. The conclusion
was an increase in the smoothed cross section below
1.75 MeV on the order of 1% to 2%, which places the
Fröhner-corrected NNL/RPI data above the ENDF-8.0 and
JENDL-4.0 libraries and close to the JEFF-3.3 library.

None of the natural zirconium data pulled from the
EXFOR database presented the structure seen in the
NNL/RPI data; however, the smoothed NNL/RPI data
agree with the Poenitz and Whalen23 data throughout
the measured energy range within the measurement
uncertainties. Measurements conducted on the primary
isotope of zirconium, 90Zr (51.5%), by Musgrove et al.24

and Green and Mitchell25 provide some information on
the structure seen in the cross section with the NNL/RPI
data showing structure at common energies as in their
data. The comparison is shown in Fig. 10.

Of the three nuclear data libraries shown, the ENDF-8.0
library generally shows the best agreement with the
NNL/RPI data throughout the measured range. The
ENDF-8.0 library shows some deviation from the flat
cross section seen in the other libraries below 1 MeV,
which follows the smoothed NNL/RPI data with the TOF
channels binned to 204.8 ns/channel as shown in Fig. 11.

Below 2.5 MeV the ENDF-8.0 library does not provide the
magnitude of structure seen in the NNL/RPI data but does
represent the trend in cross section, in addition to providing
unresolved resonance parameters below 1.7 MeV. The
JEFF-3.3 library provides an accurate representation of the
cross section if the NNL/RPI data were further smoothed
below 2.5MeV, but is low compared to the NNL/RPI data in
the range of 5 to 10 MeV. The JENDL-4.0 library is below
the NNL/RPI data less than 2.5 MeV, even when smoothed,
and is above the NNL/RPI data for neutron energies
between 2.5 and 7 MeV. The JEFF-3.3 library ends the
unresolved resonance region (URR) at 100 keV and the
JENDL-4.0 library ends the URR less than 400 keV for all
isotopes of zirconium. JEFF-3.3 is the only library that
continues for neutron energies greater than 20 MeV.

IV. CONCLUSIONS

This paper presents new high-resolution measurements
of tantalum, titanium, and zirconium, and compares the
measured data to commonly used nuclear data evaluations
for neutron total cross sections. Each of the measurements
provided indicate that improvements can be made in the
nuclear data evaluations. Figure 12 provides an overall

(b) (c)

(a)

Fig. 10. The NNL/RPI neutron total cross section for zirconium compared to measurements downloaded from the EXFOR
database16: Musgrove et al.,24 Green and Mitchell,25 and Poenitz and Whalen.23 (a) The data from Poenitz and Whalen are from
natural samples, while the data from (b) Green and Mitchell and (c) Musgrove et al. are from 90Zr measurements.
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view of the differences between the total neutron cross
section in energy regions of 1 MeV, with the exception of
the first bin (0.5 to 1 MeV), between the NNL/RPI data and

the nuclear data libraries by using a ratio of the calculated
(NNL/RPI data) and expected (nuclear data library) for each
of the materials measured. The tantalum measurement

(a)

(b)

(c)

Fig. 11. The NNL/RPI neutron total cross section for zirconium data grouped to a TOF channel width of 204.8 ns/channel: (a)
energy uncertainty, (b) uncertainty in the NNL/RPI data, and (c) compared to the ENDF-8.0, JEFF-3.3, and JENDL-4.0 nuclear
data libraries over the energy range 0.4 to 5 MeV.

(a)

(b)

(c)

Fig. 12. The ratio of calculated (NNL/RPI data) to expected (ENDF-8.0, JEFF-3.3, and JENDL-4.0 nuclear data libraries) for (a)
tantalum, (b) titanium, and (c) zirconium.
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showed a large discrepancy with the current ENDF-8.0
evaluation below 2 MeV and with JENDL-4.0 above
15 MeV. The JEFF-3.3 evaluation generally showed good
agreement with the NNL/RPI data through the measured
energy range. The titanium measurement generally agreed
with the current neutron total cross-section evaluations
through the energy range measured. However, some
discrepancies were noted in the structure seen in the cross
section in the 0.4- to 4-MeVenergy range. Measurements of
the zirconium neutron total cross section are generally higher
than the evaluations in the 2- through 7-MeVrange. Structure
was also seen in the zirconium neutron total cross section that
is not addressed in the JEFF-3.3 and JENDL-4.0 libraries,
while the ENDF-8.0 library extends the URR to between 1
and 1.7 MeV for the isotopes of zirconium. The presented
work identifies regions where neutron total cross sections
could be improved in future evaluations. As such, the neutron
total cross-section measurements presented here could help
nuclear data evaluators improve neutron total cross-section
data in future evaluations.
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