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INTRODUCTION

The Rensselaer Polytechnic Institute (RPI) nuclear 
data program utilizes a 60 MeV pulsed electron Linear 
Accelerator (LINAC) to produce short pulses of neutrons 
for nuclear data measurements1. Neutron cross sections 
are measured using the time-of-flight (TOF) technique, 
and the facility is equipped with several neutron and 
gamma detection systems located at flight distances 
ranging from 15m to 250m. In order to achieve high 
energy resolution short LINAC pulses (~6ns) are used 
together with optimized neutron production targets and 
detection systems. The measurement modalities include 
neutron transmission, capture, and scattering that cover 
incident neutron energies from 0.001 eV to 20 MeV. A 
lead slowing down spectrometer that provides a high 
neutron flux is used for measurements of (n,α), (n,p), and 
fission cross sections2,3, and for measurements of fission 
fragment mass and energy distributions3.

Recently several new detection systems were added 
to the facility; they include a neutron scattering array 
located at a 30m flight path4, a large area modular liquid 
scintillator detector located at the 250m flight station used 
for transmission measurements in the energy range from 
0.5 - 20 MeV5, and a large area modular 6Li-Glass
detector located at the 100m flight station used for 
transmission measurement in the energy range from 2 
keV to 620 keV6. Additional capabilities for capture 
measurement in the energy range from 500 eV to 600 keV 
are under development. The detection system will be 
located at a ~45m flight distance and will supplement the 
RPI multiplicity detector1 located at a 25m flight path 
distance that covers the energy range from 0.01-2000 eV. 

All of these experimental setups enable detailed 
measurements of important reaction cross sections used in 
reactor and nuclear criticality safety applications. The 
goal of this program is to provide precise and accurate 
nuclear data to help reduce uncertainties in calculations of 
various systems related to nuclear criticality, neutron 
shielding applications, nuclear reactor design, and to 
better understand the underlying nuclear physics. 

NEW EXPERIMENTAL CAPABILITIES 

The newest addition to the experimental capabilities 
at RPI is a system for capture measurements in the 
resolved and unresolved resonance region. The new 
system utilizes 5” diameter x 3” thick C6D6 gamma 
detectors and entails the use of 4 detectors connected to a 
Struck SIS 3305 10 bit 8 channel A/D board7. In order to 
accommodate the system at the RPI LINAC a new flight 
station was constructed to extend the existing 25m flight 
station and allow positioning of the detector at a flight 
distance of ~45 m. The detector and the surrounding 
system are designed to reduce the neutron sensitivity and 
thus minimize false capture counts due to interaction of 
scattered neutrons with the detector materials and 
surroundings. Tests of a prototype detector and the data 
acquisition system are in progress. 

RECENT MEASUREMENTS 

The Nuclear Criticality Safety Program (NCSP) 
supports evaluations and measurements of nuclear data 
relevant to its mission as outlined in its 5 year plan which 
is updated annually8. In the framework of the NCSP plan 
a new measurement of 56Fe total cross section, 238U
neutron scattering, and capture cross sections of Gd and 
Dy isotopes were performed and will be briefly described 
here. All the measurements described were done using the 
time of flight (TOF) method where the relationship 
between the TOF t and the neutron energy E is given by: 
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where c is the speed of light, m is the rest mass of the 
neutron, t is the TOF and L is the flight path distance. 

Capture measurement of Gd and Dy isotopes 
Gadolinium is an important material for a variety of 

applications because of its very large thermal neutron 
capture cross section and was previously measured at 
RPI9. New capture measurements were done with the RPI 
multiplicity detector10 focusing on extending the resolved 
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resonance region up to 1 keV. The detector is based on 16 
NaI scintillation detectors that form a cylinder that 
surrounds a 5.08 cm (2”) diameter hole along the cylinder 
axis allowing a path for the neutron beam. The sample is 
located at the center of the detector in the beam entry 
hole. The detector has high efficiency (~95%) to detect a 
gamma cascade following neutron capture in the sample. 
A 1 cm thick B4C shell lines the beam hole and absorbs 
neutrons that scatter from the sample preventing them 
from entering the NaI and being captured there. This 
enables measurement with incident neutron energy of up 
to ~2 keV without large corrections for false capture due 
to scattered neutrons. 

Metallic samples of 155,156,157,158,160,natGd and 
161,162,163,164,natDy were used to perform capture 
measurements. The Gd samples had enrichments ranging 
from 90-98%. A sample of 238U was also measured and 
used as reference for determination of the flight path 
length and the energy resolution. The data were taken 
with the capture detector at a flight path distance of 
25.569 ± 0.006 m. The neutron flux shape was measured 
using a B4C sample placed at the sample position10. The 
data for multiple runs were corrected for the system dead 
time of 1.125 μs, summed, and then reduced to capture 
yield according to equation 2: 
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where Y(t) is the capture yield and represents the fraction 
of neutrons with TOF t that were captured in the sample, 
C(t), B(t) and φ(t) are the capture, background, and 
background subtracted flux count rates at TOF t. The 
constant k is used to normalize the yield to a strong 
(black) resonance where the yield is unity or to match an 
isolated strong resonance for which accurate transmission 
data is available at RPI9. The data were reduced to capture 
yields and fitted using the SAMMY11 code to obtain 
resonance parameters. The new data extend the resolved 
resonance region for 155Gd from 180 eV to 1 keV and 
157Gd from 306 eV to 1 keV. New resonance parameters 
were obtained for all isotopes. Some of the experimental 
data and SAMMY fits are shown in Figure 1. Notice that 
the fits plotted for 155,157Gd were obtained from new 
resonance parameters fitted to the new data. Previous 
evaluations did not have any resonance data in this energy 
range. Similar data were obtained for the Dy isotopes.  

56Fe total cross section measurements  
Total cross section measurements of iron enriched to 

99.87 w% 56Fe were done at a flight path distance of 
249.74 ± 0.01 m using a large area modular EJ301 liquid 
scintillator detector described in reference 5. Three 
metallic samples with thicknesses of 3.220 ± 0.001 cm, 
7.698 ± 0.001 cm and 10.918 ± 0.001 cm were used. 

Figure 1 - Capture yields and SAMMY fits for Gd 
isotopes showing the experimental data and SAMMY 
calculations using the ENDF/B-VII.012 and using new 
resonance parameters fitted to the experimental data.  

A total of 65 hours of data were collected including 
the sample and open beam. The background is mostly due 
to neutrons of different energies being captured in the 
liquid scintillator and producing gammas that were 
recorded as a valid event. The treatment of the 
background involved MCNP simulation of the 
experimental setup and was described in detail in 
reference 5. A signal-to-background ratio of about 100:1 
was obtained between 0.8 and 4 MeV and was lower 
above and below this energy range. The data for multiple 
runs was corrected for the 90 ns system dead time, 
summed, and reduced to transmission T(t) using equation 
3: 
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where Rs(t) and Ro(t) are the monitor normalized sample 
and open count rates at TOF t and Bs(t) and Bo(t) are the 
sample and open monitor normalized background count 
rates at TOF t. The measured transmission was converted 
to total cross section using equation 4: 

( ) ( )( )tT
N
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where N is the number density of the sample. 
The total cross section of 56Fe is plotted in Figure 2 

together with other experimental data13,14,15 and the most 
recent nuclear data evaluations. In the low energy region 
the RPI data are lower than the Cornelis data13 which has 
slightly better resolution than the new data. However, 
between resonances the evaluations follow the RPI data 
closer than the other experiments which could indicate 
background problems in the previous experiments. The 
Cornelis data used Fe2O3 which requires a correction for 
the oxygen. At neutron energies above 5 MeV the RPI 
data have much smaller error bars compared to the other 
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experiments and are in good agreement with the 
evaluations. The new data can be used to extend the 
unresolved resonance region to above 1 MeV and to 
resolve small energy shifts between previous experiments. 

Figure 2 – The measured total cross section of 56Fe
compared with other measurements13,14,15 and the most 
recent evaluations. The top plot shows the low energy 
region and the lower plot shows the high energy region. 
Some of the evaluation lines are hidden behind the data 
points. 

Neutron scattering and fission in 238U
The RPI scattering detector array4,16 was used to 

measure scattered and fission neutrons from a 238U sample 
for the incident neutron energy range from 0.5 - 20 MeV. 
The sample was placed at a distance of 30.1 m from the 
neutron source. Eight detectors surround the sample, each 
is positioned at a different angle, and all are at a distance 
of 0.5 m from the sample. The neutron time of flight 
method records the neutrons that scatter off the sample or 
neutrons from fission induced by the incident neutron 
beam. Because of the use of a continuous energy neutron 
source this experiment provides a quasi-differential 
measurement of the scattered neutrons and can be used as 
a benchmark to evaluate cross section libraries. The 238U
sample diameter was 7.62 cm (3”) and two thicknesses 
0.953 cm and 0.476 cm of depleted U (0.2 at% 235U) were 
used. 

The data were compared to detailed MCNP17

simulations of the experimental setup. The simulation 
included the neutron flux, all the materials along the 
neutron flight path, and the sample itself. The detector 
response was modeled with a point detector flux tally that 
was convoluted with the energy-dependent neutron 
detector efficiency. The neutron flux was determined 
from measurements with a 235U fission chamber placed at 
the sample position and the ENDF/B-VII.1 235U fission 
cross section18. The efficiencies of the eight detectors 
were not identical and were determined by placing each 
of the detectors in the neutron beam and using the count 

rate and the known incident flux shape to solve for the 
shape of the efficiency curve as a function of energy. 

Measurement of a 7 cm thick graphite sample was 
used as a standard to quantify the agreement between the 
measurements and simulations. As shown in the upper 
plot of Figure 3, the data for graphite are in excellent 
agreement with the simulations, which provide 
verification of the neutron flux shape, detector efficiency, 
data reduction, and the simulation. 

The graphite and 238U data shown in the lower plot of 
Figure 3 correspond to a detector at a scattering angle of 
130 degrees relative to the incident beam together with 
simulations using different cross section libraries. The 
238U plot shows differences between the evaluations and 
the experimental data. None of the evaluations has a level 
of agreement similar to the graphite. Over the energy 
range from 0.5-20 MeV the ratio of the calculation to 
experiment (C/E) for carbon was 1.02. Because carbon 
was treated as a reference the deviation of carbon C/E 
from unity (0.02) can be used to estimate a systematic 
error in the C/E of 238U. In addition there was a 0.7% 
systematic error due to normalization. The C/E for 
ENDF/B-VII.0 was 0.911 ± 0.001 and the best C/E was 
calculated with ENDF/B-VI.8 to be 0.992 ± 0.001. The 
C/E calculated for smaller energy regions and more 
detailed results on 238U are given in reference 19. This 
type of experimental data can be used to improve the 
scattering angular distributions and help benchmark the 
inelastic scattering cross section. 

Figure 3 – Spectrum of the neutron scattering measured at 
130 deg for a graphite sample (top) and for 238U sample 
(bottom). The 238U measured spectrum also included 
fission neutrons. 

CONCLUSIONS  
The Gaerttner LINAC Center at RPI is conducting 

research in nuclear data that is important to a variety of 
applications including nuclear reactors and criticality 
safety. New high resolution measurements of 56Fe total 
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cross section, capture in Gd and Dy isotopes, and 238U
neutron scattering that are relevant to the NCSP mission 
were completed. The new experimental data can be used 
to improve cross section evaluations and to improve the 
accuracy of existing nuclear data. Accurate nuclear data is 
a key ingredient to accurate and safe design of nuclear 
systems. 
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