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ABSTRACT 
 

Neutrons scattering from a sample of natural iron were measured by the Rensselaer Polytechnic Institute’s 

Neutron Scattering System using the time-of-flight method.  Two experiments were required to obtain 

twelve measurements at seven distinct angles.  Scattered neutrons were detected by liquid scintillators 

(EJ-301), and each event was recorded as a digital waveform and analyzed offline.  The primary objective 

of the experiments was to benchmark iron evaluations such as ENDF, JEFF, and JENDL in the energy 

region between 0.5 and 20.0 MeV using MCNP.   Two techniques that separate the elastic and inelastic 

scattering contributions were developed and implemented.  Both techniques rely on response functions 

developed from in-beam measurements initially performed to measure the neutron flux shape and each 

detector’s efficiency.  The first technique fits two response functions to iron scattering data to determine 

the inelastic-to-elastic scattering ratio for several energy regions.  The second technique eliminates the 

inelastic scattering contribution by adjusting a discriminator level based on a detector’s response function 

and the incident neutron’s time-of-flight.  The results from these techniques provide another means to 

quantify differences between the experimental data and the calculated response from each evaluation. 
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1. INTRODUCTION 
 

Iron, specifically iron-56 (
56

Fe), was identified as an isotope of interest by the Collaborative international 

Evaluated Library Organization (CIELO), or WPEC Subgroup 40 [1].  It primarily serves as a structural 

component for nuclear reactors, particularly the reactor pressure vessel, reactivity control rods, and 

nuclear instrumentation.  There have been numerous measurements of neutron scattering from iron to 

assess reaction rates and/or neutron angular distributions of 
56

Fe including but not limited to Smith, Kiehn 

and Goodman, Loef and Lind, and Day [2-5].  Integral measurements were performed at LLNL to 

quantify physics models and evaluations [6].  At Rensselaer Polytechnic Institute (RPI) a system was 

designed to be a hybrid of differential and integral measurements.  The RPI Neutron Scattering System 

(RPINSS) acts as a quasi-differential benchmark experiment sensitive to the angular distribution of 

neutrons [7].  A detailed model of the RPINSS was developed in MCNP and simulations were performed 

with several evaluated nuclear data libraries such as ENDF/B-VII.1, JEFF-3.2, and JENDL-4.0.  Time-of-

flight (TOF) results simulated with MCNP were compared to the experimental data and each library’s 

performance was assessed.  Previous RPINSS measurements and comparison have included beryllium, 

molybdenum zirconium, uranium-238 (
238

U), and iron [8-11]. 

 

Due to the unique nuclear properties of 
56

Fe and the composition of natural iron (
Nat

Fe) the 
Nat

Fe TOF 

measurements were coupled with two new methods to further assess evaluated nuclear data files.  These 

methods relied on results from a series of in-beam measurements initially performed to quantify each 

detector’s relative intrinsic efficiency [10].  The data collected by each detector was reassessed in order to 

isolate narrow TOF bins corresponding to specific incident neutron energies.  All pulses measured in the 

TOF bin were used to create a distribution of each pulse’s area (integral), or response functions, that were 

unique to each detector and TOF bin.  These response functions were applied to the experimental 
Nat

Fe 

TOF data to quantify the elastic and inelastic scattering contributions. 

 

2. Experimental Setup 
 
The methodology outlined in this paper was the results of two unique experiments: in-beam experiments 

to develop response functions and scattering experiments to separate elastic and inelastic contributions.  

In-beam experiments were performed by cycling detectors into and out of the pulsed neutron beam in 

order to quantify their relative uncertainties.  For scattering experiments detectors are positioned around a 

scattering sample in order to measure neutrons after an elastic scattering, inelastic scattering, or an (n,2n) 

reaction.  The TOF technique was used to calculate the incident neutron energy, 𝐸, as defined by the 

following equation: 

𝐸 =
𝑚𝑛𝑐

2

√1−(𝐿 𝑐∙𝑡⁄ )
2
−𝑚𝑛𝑐

2   (1) 

Where the neutron’s rest mass, 𝑚𝑛𝑐
2, and the speed of light, 𝑐, are constants.  The total flight path, 𝐿, is 

the total distance the neutron travels, specifically from the target to the scattering sample and from the 

scattering sample to the detector.  For scattering experiments the total flight path is 30.57 m. 

 

All experiments used Eljen technologies liquid scintillator (EJ-301) proton recoil fast neutron detectors 

with dimensions of 12.7 cm (5 inch) diameter by 7.62 cm (3 inch) thickness.  Scintillators were coupled 

to Photonis XP4572/B photomultiplier tube (PMT) [12].  The coupled scintillator and PMT will 

henceforth be referred to as EJ-301 detectors.  Detector’s analog signals were saved as digitized pulses, 

converted by an Agilent-Acqiris AP240 8-bit digitizer and analyzed offline with pulse shape 

discrimination [11].  A comprehensive description of the different experimental setups, experimental 

hardware, and analysis software was previously reported [7-11]. 
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2.1. Response Function Development  
 
Response functions are the byproducts of in-beam experiments initially performed to quantify each EJ-

301 detectors’ efficiencies [10].  However, upon reevaluation of the experimental data additional 

information was obtained by limiting the TOF region to smaller energy bins.  In each TOF bin near-

monoenergetic neutrons were incident on the detector’s face.  In order to obtain a statistically significant 

number of neutron counts TOF bins were grouped to represent incident neutron energies of E ± 0.025∙E 

(Figure 1, left).  It was observed that higher energy neutrons have a broader pulse integral distribution as 

shown in (Figure 1, right). 

 

  
Figure 1.  In-beam experimental data featuring two TOF bins corresponding to incident neutrons 

of 1 (blue) and 2 (red) MeV (left).  The distributions of neutron pulse integrals in discrete TOF bins 
were used to develop response functions [11] (right). 

 
Response functions are defined as the distribution of pulse integrals corresponding to incident neutrons of 

a specific energy.  Sixteen response functions were created for incident neutron energies between 0.5 and 

2.0 MeV at intervals of 0.1 MeV.  Furthermore, for a given incident neutron energy the distribution 

measured by two different detectors varied due to several factors including light collection within the 

scintillator, impurities, PMT gain, lower level discriminator setting, etc.  Therefore, each detector has its 

own response function for each associated energy bin.   Additionally, at incident energies below 1.3 MeV 

detectors are not efficient to detect inelastic scattering events.  Therefore, the effective range for response 

functions is from 1.4 MeV to 2.0 MeV. 

 
2.2. Response Function Implementation 
 
The applicability of response functions was demonstrated in two ways on data collected during a 

Nat
Fe 

scattering measurement: inelastic-to-elastic (I/E) ratios and a moving window discriminator (MWD).  The 

difference between the two techniques comes from the information extracted from each, described below. 

 

I/E features the measured ratio of inelastic to elastic contribution that scattered to a detector.  The inelastic 

contribution includes neutrons that undergo a single inelastic scattering event or an inelastic scattering 

followed by one or more elastic collisions.  The elastic contribution consists of neutrons that only scatter 

from elastic collisions.  Response functions were calculated based on TOF and detector position.  In 

Figure 2 (left) the distribution of incident 2 MeV neutrons that scattered from 
Nat

Fe are displayed (black) 

along with response functions representing elastic scattering (red) and inelastic scattering (blue) at 

energies of 1.89 and 1.09 MeV, respectively. 
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Figure 2.  (Left) the I/E method uses three pulse integral distributions; the distribution of incident 2 

± 0.05 MeV neutrons scattered off of NatFe, a response function at 1.89 MeV, and a response 
function at 1.09 MeV with energies corresponding to the energy loss after an elastic or inelastic 

scatter to 130°.  (Right) Only the elastic contribution (solid red line), inelastic discriminator 
(vertical line), and corrected elastic counts (dashed black lines) used for the MWD method.  

 
A linear combination of the two response functions was used to calculate the experimental I/E [11].  

Experimental uncertainty associated with I/E values has two components: statistical and systematic.  The 

magnitude of the statistical uncertainty, calculated with counting statistics and standard error propagation 

[13], was based on the number of counts associated with each response function and the measured 

neutrons in a given energy bin for a scattering experiment.  Systematic uncertainty was estimated by 

calculating the differences between a scattering measurement and MCNP calculation using a reference 

graphite sample [10]. 

 

The MWD distinguishes itself from I/E by eliminating the inelastic contribution from the measured data.  

In Figure 2 (right) pulse integrals greater than ≈1000 were the result of only elastic scattering.  Placing a 

discriminator at the maximum pulse integral for inelastic scattering eliminated its contribution.  To 

account for the missing elastic scattering counts a correction factor was calculated at each TOF.  This 

process was repeated resulting in a pulse integral discriminator that varied based on detector location and 

incident neutron energy.  Uncertainty included both statistical and systematic contributions.  Statistical 

uncertainty was calculated based on the number of neutrons remaining above the discriminator for both 

the elastic response function and scattering data.  Systematic uncertainty did not vary between methods.  

A detailed description of the MWD and uncertainty propagation is available in reference 11. 

 

3. Results 
 
The applicability of the two techniques is demonstrated at two scattering angles.  Detector 5, positioned at 

111°, was sensitive to inelastic neutrons. Detector 3, positioned at 153°, was used to verify experimental 

data (this detector was not repositioned between experiments) [11].  The scattering distribution for three 

iron libraries were simulated with MCNP; ENDF/B-VII.1 JEFF-3.2, and JENDL-4.0.  All MCNP 

calculations were performed such that the associated uncertainties were negligible with respect to the 

experimental uncertainties.  Any library whose results were within the experimental uncertainties was 

considered to be in agreement with the experimental data.  Additional results from TOF 
Nat

Fe scattering 

measurements (including I/E and MWD) are available in reference 11. 
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3.1. Inelastic-to-Elastic Results 
 

At 111° the calculated I/E were in agreement in 3 of 7 energy bins.  At 153° each library was in 

agreement in 6 of 7 experimental I/E bins.  The ENDF/B-VII.1 was found to have a higher I/E ratio than 

the experimental data and the other libraries, whereas the JEFF-3.2 and JENDL-4.0 libraries were found 

to underpredict the I/E ratio for these angles.  Regions where disagreements occur suggest that 

improvements can be made to those libraries. 

 

 
Figure 4.  The I/E ratios for detector 5 and detector 3 located at 111° (left) and 153° (right), 

respectively.  For both experiments ENDF/B-VII.1 overpredicted the I/E at 2 MeV.   
 

3.2. Moving Window Discriminator Results 
 

The MWD examines the libraries at each TOF bin for incident energies between 1.4 and 2.0 MeV. And a 

figure-of-merit (FOM) was used to assess each evaluation [10, 11].  The library with the closest 

agreement was considered to be best fitting. 

 

 
Figure 5.  The elastic only data derived using the MWD technique measured at 111° (left) and 153° 

(right).  At 111° the ENDF/B-VII.1 was significantly lower than the experimental data. And 
between 1.5 and 1.6 MeV (both detectors) the ENDF/B-VII.1 library greatly varies from the 

experimental data.  
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At 111° the ENDF/B-VII.1 evaluation significantly underpredicted the elastic only data.  This result was 

closely mirrored by the I/E ratio that indicated a high inelastic scattering contribution.  In general, the 

JEFF-3.2 evaluation showed good agreement with the elastic only experimental data [11].  

 

4. Conclusions 
 

The response functions provided a means to assess the TOF data through two new techniques. I/E ratios 

provided an integral-like result that examined the ratio of neutrons that scatter to a particular angle after 

an inelastic collision relative to the neutrons that scatter from just elastic collisions.  MWD was used to 

calculate elastic-only contribution at each TOF.  Each technique was designed to quantify the differences 

between the experimental data and the nuclear libraries.  These techniques can be used to provide a means 

to constrain models and future evaluations to improve their accuracy. 
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