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Abstract 

Elastic and inelastic neutron scattering cross-sections are determined at the 
University of Kentucky Accelerator Laboratory (UKAL) 1  using time-of-flight 
techniques at incident energies in the fast neutron region. Measurements have 
been completed for scattering from 23Na and for the 23Na(n,n) reaction; similar 
measurements are in progress for 54Fe. Commencing in the summer of 2014, 
measurements will address 56Fe. An overview of the facilities and instrumentation 
at UKAL is given, and our measurement and analysis procedures are outlined.  
Of particular concern are portions of the analysis which limit the accuracy and 
precision of the measurements. We briefly examine detector efficiencies derived 
from the 3H(p,n) cross-sections, attenuation and multiple scattering corrections, 
and neutron and -ray cross-sections standardisations. 

Introduction and recent measurements 

The main component of the applied science programme at the University of Kentucky 
Accelerator Laboratory (UKAL) is the measurement of neutron elastic and inelastic 
scattering differential cross-sections important for fission reactor applications, particularly 
on structural materials like 54,56Fe and coolants like 23Na. A major goal of this experimental 
programme is to verify the accuracy of evaluated cross-sections available for nuclei of 
interest in the nuclear data libraries such as ENDF, JENDL and JEFF. These evaluations are 
based on existing experimental cross-sections which are often sparse in the fast neutron 
energy region and often have uncertainties that are larger than desired or are not well 
documented. 

The laboratory has facilities for the production and detection of neutrons in the fast 
neutron region – a region that is important for both pure and applied nuclear physics. 
The laboratory features a 7 MV HVEC CN Van de Graaff with an rf ion source and terminal 
bunching system that is capable of delivering microamperes of pulsed ion beams, bunched 

                                                            
1. www.pa.uky.edu/accelerator. 
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to a time spread of ~ 1 ns FWHM, onto the neutron production target. Quasi-monoenergetic 
fluences of fast neutrons are produced with the 3H(p,n), 2H(d,n) or 3H(d,n) reactions in a 
gas cell or the 7Li(p,n) reaction with an evaporated target. 

Scattering samples are hung in the neutron fluence about 7 cm from the centre of the 
production target and are usually right-circular cylinders containing 0.1-0.5 mole of the 
enriched isotope of interest. One or more polyethylene samples of similar geometry are 
used for absolute normalisation. 

Neutrons scattered from the sample are detected with a C6D6 scintillation detector 
using neutron TOF techniques. The well-shielded detector is mounted on a carriage 
rotatable about the centre of the scattering sample between angles of 0-150 relative to 
the incident beam direction. Flight paths between 2-4 m are used in most measurements, 
and pulse-shape discrimination is used to eliminate -ray events in the detector. 

De-excitation -rays are detected using a HPGe detector that is surrounded by a BGO 
Compton-suppression annulus. The detector is mounted on the same rotatable carriage 
used for neutron detection, although the flight path used for -ray detection is typically 
about 1.2 m. Unwanted neutron events in the HPGe detector are rejected using TOF 
techniques. Gamma-ray angular distributions are typically performed from 30-150 and 
γ-ray excitation function measurements are performed at 125. 

A three-year project measuring (n,n) and (n,n) differential cross-sections and 
angle-integrated (n,n) cross-sections for scattering from 23Na was recently completed. 
The agreement between these new data and the evaluated data is mixed. Angle-integrated 
23Na(n,n0) cross-sections agree rather well with the ENDF/B-VII.1 (Larson, et al., 2011) and 
JENDL-4.0 (Shibata, et al., 2002] evaluations, while the JEFF-3.1.2 (Fort, et al., 2005; 
Santimarina, et al., 2009) values are significantly higher than experimental data. For 
inelastic scattering, the angle-integrated cross-sections are better described by the JENDL 
evaluation, whereas evaluated cross-sections from ENDF are about 15% too large and 
from JEFF are about 15% too small relative to these new measurements. We observed 
significant deviations in the shapes of the measured differential cross-sections from the 
inelastic levels, especially at forward and back angles where direct coupling can play a 
significant role in the scattering due to deformation in this mass region (Durell, et al., 1972). 

Measurements of 54Fe(n,n) and 54Fe(n,n') cross-sections began in June 2013 and will 
continue through May 2014. Preliminary evaluation of elastic and inelastic scattering 
from 54Fe reveals significant deviations between evaluated data and scattering from 
inelastic levels, but reasonably good agreement for elastic scattering. The analysis of the 
54Fe data continues. An analogous set of experiments will be performed on 56Fe beginning 
in June 2014 to compare scattering from these two isotopes of Fe. 

Adventures in analysis 

Differential cross-sections are extracted from neutron time-of-flight data by standard 
techniques described by Hicks, et al. (1989, 1990, 1994). Relative cross-sections are 
converted to absolute cross-sections by comparison to the neutron scattering standard 
1H(n,n) cross-sections (Carlson, et al., 2009; Hale, 2006). 

Gamma-ray production cross-sections and angle-integrated (n,n) cross-sections are 
extracted from -ray excitation function data measured at a 125 scattering angle. The 
technique is described by Vanhoy, et al. (1992). Cross-section standardisation is typically 
done by comparison to the ENDF values for 56Fe(n,n) (Chadwick, et al., 2006). 

The desired uncertainties for both the 23Na and the 54,56Fe cross-sections are on the 
order of 10% or less (Aliberti, et al., 2004, 2006). However, the goal of the programme is to 
determine absolute cross-sections with as much precision and accuracy as possible 
within the limitation of the challenging experiments and analysis involved with neutron 
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production and detection. Many contributors to uncertainties in cross-sections are easily 
controlled, for example, counting statistics and dead time, but other contributors such as 
source reaction uncertainties are outside the scope of these current measurements.  
We consider three issues which limit performance in the following subsections. 

Ambiguities in neutron detection efficiency 

The general energy dependence of the main neutron detector efficiency is describable 
analytically (Drosg, 1972; Kellerman and Langkau, 1971). Different mechanisms, however, 
such as sub-threshold pulse pile-up and sub-MeV thresholds complicate the evaluation 
of the energy dependence of the neutron detection efficiency. Above En = 4.4 MeV, carbon 
inelastic scattering further complicates detector response evaluation (Kellerman and 
Langkau, 1971). Rather than attempting to model the detector efficiency with Monte Carlo 
simulations or closed-form expressions, it is measured experimentally for these (n,n) and 
(n,n) experiments by measuring the angular distribution of the source neutrons. 

The detector carriage is positioned to rotate about a point directly under the centre of 
the gas cell with the main detector looking directly at the cell’s centre. The relative 
neutron detector efficiency as a function of En is defined as: 
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where YMain () is main detector yield of source neutrons at lab angle , YFM is the forward 
monitor yield for the measurement at angle  and d/dTpn is the 3H(p,n) cross-section at 
angle . The forward monitor is a scintillation detector used for relative normalisation by 
detecting source neutrons from a fixed location in the laboratory. Uncertainties in the 
3H(p,n) cross-sections are the largest contributing factors to the eff (En) and one of the 
biggest contributors to the overall uncertainties in the neutron scattering cross-sections. 

Existing d/dTpn cross-sections can be taken from three recommended sources: 
i) Liskien and Paulsen (LP) (1973); ii) the DROSG-2000 program series (2003); iii) the 
evaluated ENDF database (ENDF) (Hale, 2006). LP and DROSG values are based on 3H(p,n) 
experimental measurements, where the data exist. Absolute uncertainties in LP and 
DROSG cross-sections are given as ~3%. LP values are an evaluation of information 
available as of December 1972. DROSG values contain updated information current as of 
January 2000. ENDF values are produced through the nuclear data evaluation process on 
the 4He compound nucleus system, the description of which is constrained by many 
types of experimental measurements (Brune, et al., 1999; Drosg, 1980; Hoffman and Hale, 
1997, 2008). Absolute uncertainties in ENDF appear to be ~5%. 

Two comparisons of the differential cross-sections from these references are shown 
in Figures 1 and 2, along with % differences between LP and Drosg and between ENDF and 
Drosg cross-sections in red and blue, respectively, in the lower panels. Variations of 10% 
are observed, with the largest differences observed at forward and back angles. 

Efficiency curves utilised during the analysis of the En = 4.0 data sets are shown in 
Figure 3. The downturn in the ENDF curve above En = 3.5 MeV is not compatible with the 
anticipated detector response. 

Absolute cross-sections are not impacted by the overall scale of the C6D6 efficiency, 
but they are sensitive to the energy dependence because the scattered neutron energies 
change considerably as a function of scattering sample and detection angle. The deviations 
shown in Figure 3 are the worst case observed in the 23Na data sets. Below Ep = 4.0 MeV,  
there is no basis to choose one set of cross-sections (LP, Drosg or ENDF) over the other. 
Above Ep = 4.0 MeV, however, the LP and Drosg descriptions provide an energy dependence 
which more closely matches the anticipated shape of the C6D6 detector efficiency. 
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Figure 1: T(p,n) cross-section comparison at Ep = 4.0 MeV 

 

Figure 2: T(p,n) cross-section at Ep = 5.0 MeV 

 

Figure 3: Comparison of efficiency curves  
calculated with ENDF and Drosg T(p,n) cross-sections 

In the right-hand figure, the ENDF curve has been rescaled  
to accentuate the differences. Our technique does not require the  
absolute detector efficiency, but the energy variation is important. 
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Challenges in normalising (n,n) cross-sections 

For the 23Na(n,n) measurements, we chose to make a comparison to the 56Fe(n,n) 
inelastic cross-sections from the ENDF evaluation (Chadwick, et al., 2006). The 56Fe 
inelastic cross-sections are not considered an absolute standard, but are one of the better 
known choices and span a large energy range. The conversion of yield for the ith -ray to 
cross-section Na,-ray i is performed by forming a ratio to the 56Fe cross-section as in: 
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Yields have been corrected for HPGe detector efficiency, neutron and -ray 
attenuation in the sample, and neutron multiple scattering in the sample. The symbols N 
are the number of atoms in the indicated sample. The numerator inside …, jjkbr  , is the 

-ray production cross-section for transition k. It is calculated from the inelastic 
scattering cross-section and the branching ratio. Subscript j denotes the particular final 
state in the 56Fe(n,nj) reaction. Subscripts k and i refer to particular -ray transitions. The 
symbol jlevelFe,  denotes the energy-averaged level cross-section for 56Fe(n,nj) – averaged 

over the incident neutron energy spread across the sample. The symbol br denotes the 
branching ratio for transition k of level j. To obtain a reliable value for the averaging 
bracket … we considered 13 measurements of jjkbr   derived from four j-levels at eight 

incident neutron energies. The levels and energies chosen are free from -ray feeding 
effects. These 13 points are shown in Figure 4 below. The points are distributed on the 
horizontal axis by a label constructed as “(Level j).(2 * En)”. Thus cross-sections for the 56Fe 
levels j = 1, 2, 3, and 5 were utilised. 

Figure 4: Values used in determining the conversion  
factor, …, for the 23Na measurements 

Lines represent the weighted average and its uncertainty 
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The bars on each point in Figure 4 are the root-mean-square variations in the ENDF 
56Fe cross-sections over the energy-averaging interval and dominate the uncertainty in 
determining …. The best value of the conversion factor was calculated as: 
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where xi is the value of the point and wi is 2
1

i
, with i the rms variation in the 56Fe 

cross-section over the averaging interval. This method was thought to give the most 
realistic estimate for the conversion factor and its uncertainty. 

The procedure discussed above produced excellent agreement with -ray production 
cross-sections recently measured by Rouki, et al. (2012) at the GELINA facility. 

The UKAL group began 54Fe measurements in June 2013 and will begin 56Fe 
measurements in June 2014. In these cases, it is not appropriate to use previous 56Fe -ray 
production cross-sections to perform the cross-section conversion. Because no other 
single high quality -ray production cross-section exists for the En = 1 to 5 MeV region, we 
intend to employ a set of targets to determine the conversion factor …, among which 
are 48Ti, 27Al, 52Cr, 12C, 28Si and 51V. 

Attenuation and multiple scattering corrections 

Attenuation and multiple scattering corrections are accomplished with the code 
MULCAT, developed at the University of Kentucky (Velkey, et al., 1975; Lilley, 1980). The 
code performs iterative Monte Carlo calculations, taking as input the normalised 
experimental angular distribution as determined from the data analysis, first for scattering 
from hydrogen in the polyethylene sample. The magnitudes of the corrections are then 
known. The Kentucky group has years of experience with MULCAT on medium-mass 
single-element samples (Hicks, et al., 1987; Hicks and McEllistrem, 1987, 1988; Mirzza, 
et al., 1985). 

In comparing results to CSISRS data and ENDF model calculations, there is suspicion 
that the code produces slightly higher differential cross-sections at forward angles and 
slightly deeper minima. This suspicion is difficult to evaluate because the data tend to 
originate in the late 1960s and early 1970s and the ability to evaluate data corrections was 
severely limited at that time. Information obtained from the ENDF databases are model 
calculations and not always directly related to data. 

To evaluate the performance, a consistency-check technique is adopted. A modelling 
experiment is designed using MCNPX to describe the experimental set-up. Starting from 
the ENDF databases, neutrons are scattered from a cylindrical carbon target and counted 
in a large array of detectors. The counts throughout the detector array are converted into 
a perturbed “measured cross-section”. This “measured cross-section” is then fed through 
MULCAT to generate the unperturbed cross-section. If all goes well, this unperturbed 
cross-section should be identical to the original ENDF database values. 

Our first attempt at the consistency check uses the differential cross-section of 
En = 4.0 MeV neutrons on 12C. 

Figure 5 reveals that the agreement is adequate for a first attempt and that MULCAT 
is likely to perform much better than its own Monte Carlo-predicted calculational 
uncertainties (~10-13%). Differences at angles greater than 90o are < 4%. The significant 
differences occur in the region 50-90 and are as large as 23%. These differences may be 
due to our first approximations relating to the beam uniformity and divergence:  
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 The MCNPX beam was assumed to uniformly illuminate the 8.2o sample size. 

 To convert detector counts to cross-section, the beam was assumed to be planar, 
not divergent as from the actual gas cell. 

 MULCAT uses a realistic Liskien and Paulsen beam profile and includes the actual 
gas cell dimensions – this is a different treatment than the MCNPX calculation. 

To learn more about the sensitivity of results to the geometric details, the next steps 
are to: 

 construct a realistic MCNPX neutron source description using the IRMM code 
NeuSDesc (Birgersson and Lövestam, 2009); 

 improve the MCNPX result statistics; 

 improve our conversion of detector counts  cross-section. 

Figure 5: Preliminary MCNPX-MULCAT consistency check 

 

Summary 

Analysis of neutron scattering data is an adventure. Many corrections are required 
and the analysis utilises information from many other data sets and model calculations. 
Exploring and understanding the limitations of the foundational information is important 
for controlling the accuracy of the cross-section results. We have considered the 
limitations in neutron detection efficiency, the normalisation of (n,n) cross-sections, 
and attenuation and multiple scattering corrections. 
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