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Abstract

Neutron transport computations employ thermal scattering laws (TSLs) to account for the influence of
material structure and collective excitations at low energy (< 10 eV). Recent work has been undertaken to
improve TSL accuracy and expand the number of available materials in the Evaluated Nuclear Data File
(ENDF). However, comparison of T'SL to measured data is often sparse. We present a method to evaluate
TSL accuracy in the Monte Carlo N-Particle (MCNP) code by simulating inelastic neutron scattering (INS)
measurement and comparing to data. The method is briefly described with example application to the
recently released ENDF-VIII TSL library for polyethylene as well as a cryogenic PE TSL we are separately
developing.

Keywords: Thermal neutron, Scattering Law, TSL, ultra-cold neutron, neutron, electric dipole moment

1. Introduction [7, 12, 13] ENDF-VIII's TSL library benefits from

these efforts.

Neutron transport simulation requires accurate ” Modern INS measurements provide a rich data

data in order 'to achie've accurate res'ults. Low en- source for evaluating TSLs. [6, 7, 12] In this paper
ergy neutron interaction (< 10 eV) is strongly af- we suggest a simple means to compare TSLs and
fected by the atomic structure and collective excita- INS data. The intent is to provide global test of

tions O.f the medium. [1] A modification to nuclear the TSL, including the probability tables derived
scattering by the dynamic structure factor, §(Q,w), s from the condensed matter physics and its sam-

accoun?s for these eﬂects. ) pling, here specialized to the MCNP code. The
The 1mplementa‘?1on of S(Q,w) in the context of method is demonstrated using polyethylene (PE)
neutron transport is referred to as a thermal scat- TSLs from the ENDF VILI and ENDF-VIII li

terin.g law (TSL). [2’. 33 4] The Monte Carlo' N- braries [7] and a 5 K PE model we have separately
Particle (MCNP) radiation transport code [5] is a s developed. An earlier measurement campaign pro-

tf)Ol of choice f(?r trar}sport com.pu‘Fat.ion, but the vides the INS dataset. [8] We expect the method
library of materials with a TSL is limited. Recent

work improved upon earlier TSLs [6] and expanded
the list of available materials for the Evaluated Nu-
clear Data File (ENDF) VIII release. [7]

A number of experimental and computational
techniques have applied to TSL development, in-
cluding inelastic neutron scattering (INS) measure-

to be of interest to workers engaged in TSL devel-
opment and evaluation.

2. Incoherent Inelastic Neutron Scattering

ment [8, 9, 10], total cross-section measurement The dynamic structure factor is related to the
[11], and condensed matter modeling techniques. double differential scattering cross-section as
d?o op k'
*corresponding author: chris.lavelle@jhuapl.edu dQdE = E?S(QWJ) (1)
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where o} is the bound atom cross-section and k& and
k' are the initial and final state wave vector, respec-
tively.

TSLs within MCNP use the incoherent approxi-
mation for isotropic media. All dynamics are con-
sidered incoherently, and elastic scattering is as-
sumed to be entirely incoherent for a strong inco-
herent scattering atom such as H. The parameters
are energy transfer, fw,

hw=FE—FE (2)

and wave vector transfer, @,

Q= [k — k| 3)
where E and E’ are the initial and final state ener-
gies respectively. Energy and momentum transfer,
hQ, are related to each other by cosine of the scat-
tering angle, u, as

ﬁQQQ

=F +E—-2uVEFE'
2m

(4)
where m is the neutron mass.

2.1. TSL Preparation with NJOY

MCNP TSLs are usually created by the NJOY
code, a series of modules run sequentially to gen-
erate formatted data for MCNP. [14] Briefly, the
process is as follows.

The LEAPR module uses a series of user input
parameters such as the generalized density of states
(GDOS), temperature, and scattering length to cal-
culate a dimensionless version of S(Q,w). [15] In
this work, we rely on incoherent scattering only.
However, the LEAPR module is flexible, and can
also create TSLs to represent the scattering from
diffusion in liquids, the relative motions in gases,
coherent elastic scattering (diffraction) in solids,
and ortho- and para- hydrogen and deuterium spin-
dependent interactions.

A second module, THERMR, prepares an
energy-angle probability table based the results of
the LEAPR module. Finally, the ACER module
prepares this table in an MCNP compatible format.

2.2. INS Measurement

Measurements were carried out at the Spallation
Neutron Source (SNS) Wide Angle Chopper Spec-
trometer (ARCS) instrument. [16] ARCS employs
a chopper system to create a mono-energetic neu-
tron beam from a pulsed, water moderated neutron
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Final state energy information is deter-
mined from time of flight (ToF) and the scattering
angle is registered by cylindrical array of position
sensitive detectors subtending a wide solid angle.
A single scatter in the material is assumed, and a
multiple scattering correction may be required for
thick samples. [17]

source.

This measurement technique can be analogously
created within MCNP using a simple tally. The
source is a monoenergetic neutron beam of zero
extent (pencil beam) directly incident on a small
spherical sample. A particle current tally across
a spherical surface centered on the sample, illus-
trated in Fig. 1, “measures” the inelastic neutron
scattering predicted by the TSL. The tally is the
integrated particle current, ®(E, ), over a discrete
region of phase space, AE and Apu. These terms
are related to S(Q,w) as,

1 ©(E, p)

The method requires the TSL to be prepared in
the continuous format as described in Ref. [18].
Previous TSLs only scatter into discrete secondary
energies and angles. [19] In that sense, this work is
enabled by the advancements in INS, MCNP sam-
pling methods, and the recent TSL development.

(5)

The tally shown in Fig. 1 is an F1l-type current
tally where the beam direction as the reference vec-
tor for cosine determination. A fixed reference vec-
tor for cosine determination is the FRV special tally
option in the syntax of MCNP. The simulated sam-
ple is small (thickness < 1 mean free path) to en-
sure the single scattering limit.

The simulation is run to high numerical precision
with 1000 energy bins and 100 cosine bins. The
value of the tally at each (E, 1) point’s correspond-
ing (Q,w) coordinate is then interpolated onto the
measurement’s (Q,w) coordinates for comparison.
The INS measurements are not on an absolute scale
and the H cross-section is dominated by incoherent
scattering (80 b) compared to coherent scattering
(1.8 b). Simulation and measurement are therefore
normalized by the sum rule assuming purely inco-
herent scattering,

/_00 S(Q,w)dw = 1. (6)
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Figie 1: Inelastic neutron scattering simulation tally gepom-
etry. incident neutron of energy E strikes the
and scatters_to energy E’. The scattered neutr
is recorded as tt~crosses the spherical tally
is recorded in histogrammbi 0 E' + AE’. Cosine
binning of the scattering angle relative to the beam direction
is recorded in bins from p to p + Ap, as indicated by the
gray band.

3. Measurements

3.1. Data Collection and Assessment

We demonstrate the technique using MCNP v6.1,
employing the ENDF TSLs for 294 K PE [20] and a
PE TSL we have developed at 294 K and 5 K. The
sample is a 10 pm thick high density PE (HDPE)
film of high polymer crystallinity.

Multiple scattering corrections have not been ap-
plied to the presented measurements. These correc-
tions are most necessary in such a thin film when
the secondary neutron energy is small, such as when
hw ~ E. At 1 meV, for example, the HDPE total
scattering cross-section gives a mean free path, A, of
1.0 mm assuming density of 0.95 ¢ cm~3. [8] In this
case, the probability to multiple scatter rises to 10%
only for scattering angles into the plane of the sam-
ple, |u| < 0.08. Such in plane scattering would be
somewhat attenuated by the cadmium lined sample
frame. Furthermore, a multiple scattered neutron
would be registered in a broad angular distribution
[17], further diluting its contribution. We therefore
reasonably expect single scatter to dominate.

Instrumental energy resolution broadens the
S(Q,w) measurement. This is particularly appar-
ent for the elastic peak, which is exactly hw = 0 in
simulation but instrumentally broadened in mea-
surement. The TSL can only be evaluated within
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this measurement resolution, despite the simulation
having ideal energy resolution. Simulation results
are therefore shown convoluted with energy resolu-
tion.

4. Results

4.1. ENDF PE at Ambient Temperature

4.1.1. General S(Q,w) comparison

An example contour plot of S(Q,w) for am-
bient temperature PE simulation and measure-
ment is shown in Fig. 2. Incident neutron energy
is 250 meV. Measurement temperature is uncon-
trolled ambient conditions, and simulation is the
the ENDF-VIII model at 294 K.

4.2. Instrumental Resolution

A more qualitative assessment of agreement can
be made by plotting the resolution-broadened sim-
ulation of S(Q,w) at fixed values of @, rather than
the general contour shown in Fig. 2. The resolu-
tion function is asymmetric, as described in Ref.
[16], and its width varies with both incident neu-
tron energy and the measured momentum and en-
ergy transfers. The resolution function was com-
puted by the instrument science team and convo-
luted with the MCNP simulated S(Q, w) terms. [21]
1 The effect of broadening the simulation by the
ARCS resolution function is shown in Figure 3 as
an example. The MCNP output shows the sharp
elastic peak and high resolution over spectral fea-
tures, whereas the resolution broadened functions
show the asymmetric elastic peak in addition to
the expected broadening of the dynamical features.
It should be noted that the 675 meV incident en-
ergy measurement employed protocols for the in-
strument which are no longer in use, such that reso-
lution function in present application will vary from
that shown here.

4.8. Detailed Comparison

Simulation and measurement at fixed @ values
are shown in Fig. 4. Simulation is shown broad-
ened by instrumental resolution. Similar values of
energy and momentum transfer can result from dif-
ferent values of E, E’, and p, such that we include
Q. = 5 A~! for each incident energy. Results at
increasing @ are offset by powers of 10 for clarity.

The reader may note the deviation between TSL
simulation and measurement is significant in many
cases. A deficiency of this comparison method is
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Figure 2: Comparison of ARCS measurement of 300 K HDPE at 250 meV incident neutron energy (left) to simulation with
MCNP6.1 and the ENDF-VIII TSL (right). Measurement is overlaid as the light grey lines on the simulation. Contours are

S(Q,w) in units of meV~! in logarithmic powers of 10.

that it cannot tell which aspect of the TSL de-
velopment is responsible for the discrepancy, be it
the incoherent approximation, the NJOY code, the
user’s choice of inputs to NJOY, or the TSL sam-
pling methods. For our purposes, the comparisons
remain largely qualitative. However, the method
provides a means for feedback between the NJOY
adjustments and measured data.

We note general trends. In most cases we ob-
serve that scattering into large energy transfers
(where secondary neutron energy is small) is overes-
timated. Secondly, scattering at small energy trans-
fers near the elastic peak appear underestimated
by the simulation. This underestimation is larger
than can be attributed to instrumental resolution
in the measurement. The deficiency in scattering
at small energy transfer becomes more pronounced
as at larger values of Q). Comparing ENDF VII.1 to
ENDF VIII, we note the discrepancy is still present
though at a slightly lower amount. The dispersion-
less excitation at ~ 100 meV in measurement is
shown at a slightly higher value in the Q = 5.0 A~1
measurement 250 meV. This misplacement can be
traced to the dynamics used to create the model.
20]

ENDF VIII appears to produce improved agree-
ment compared to ENDF-VIIL.1, particularly at
lower values of (). Nevertheless, there are system-
atic differences between simulation and measure-
ment at large energy transfer which we will see re-
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peated in the development of our own TSL.

4.4. PE TSL under development at 294 K

A GDOS was selected from the literature [22]
which closely matched the INS data at 5 K and a
TSL was prepared using NJOY21. [23] This model
is compared with measurement in Fig. 5.

One of the major differences between this model
and ENDF is the low energy (hiw < 70 meV) GDOS.

This deviation likely results from the ENDF-VIII
model degree of crystallinity, reported in the range
of 70% to 90% [24], while the model employed in
our TSL development assumes 100% crystallinity.
[22] The sample is 95% crystalline.

The low energy change does not appear to greatly
improve agreement for 50 meV incident energy
compared to ENDF-VIII for energy loss scattering
(hw > 0). However, slightly improved agreement
for energy gain scattering is observed. Overestima-
tion at large @ is slightly less severe in the 50 meV
measurement compared to ENDF-VIII. We see sim-
ilar levels of agreement elsewhere, however there is
less underestimation at small energy transfer.

4.5. Cryogenic PE

We next apply the method to cryogenic PE TSL,
recomputing within NJOY at 5 K. The result is
compared to simulation in Fig. 6.

The cryogenic TSL shows agreement with the
detailed structure of the INS result is obtained
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Figure 3: Comparison of simulation and simulation broad-
ened by instrumental resolution. Note the asymmetric reso-
lution line shape apparent at the elastic peak. The ENDF-
VIII simulation model at 294 K is used.

for 50 meV and 250 meV incident neutron en-
ergy. Scattering at larger values of fiw remains over-
estimated, and the quasi-elastic scattering remains
underestimated. Low energy transfer behavior ap-
pears to be in good agreement for the 250 meV

10
=
E 10
3
8
-
=
3
- 107
S
t’) ..'..- 4
Simulation (ENDF VIII)
Simulation (ENDF VII.1)
1074 {  Measurement q

-50 -40 -30 -20 -10 O 10 20 30 40 50
hw (meV)

E:25d meV ‘

100 [ g "m‘u,’n“‘"nuu‘nmwmu“ e 4
= - Q=11pA-"
g g
= QAU
2
E 107 ]
3
S
3

10 1
-200 -100 O 100 200 300 400 500 600
hw (meV)

Figure 4: HDPE at 294 K compared to inelastic neutron

scattering measurement at fixed @ = @, and various inci-
dent neutron energies. Results for increasing Q, are offset by
powers of 10 for clarity. The earlier ENDF VII.1 and more
recent ENDF VIII TSLs for different incident energies are
shown. Simulation broadened by instrumental resolution.
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Figure 5: HDPE at 294 K using dynamics derived from
literature by close comparison with measurement. [8] Re-
sults for increasing @, are offset by powers of 10 for clarity.
Simulation broadened by instrumental resolution.
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Figure 7: HDPE measurement at 5 K and E = 675 meV inci-
dent neutron energy compared to tuned TSL model. Agree-
ment is satisfactory until flat regions occur at large Q. The
onset energy of this region increases with temperature, dis-
appearing entirely at 20 K. See text for discussion, the is-
sue appears to originate within NJOY for large values of
8= E-E'
kT
tion is not broadened by instrumental resolution.

Each curve is offset by 10x for clarity. Simula-

measurement, both at very low energy transfer and
the higher values of ). The region from 100 meV
to 200 meV is also closely reproduced.

The method revealed unphysical flat regions for
low temperature PE at high incident energy, shown
in Fig. 7. The effect appears to be related to a nu-
merical problem within NJOY for low temperatures
and presently under investigation. [12] NJOY em-
ploys dimensionless variables in its approach to the
multiphonon expansion, including terms e~ where
8= %;;TE [15] It is noted in Ref. [15] that numer-
ical issues may occur when ( is large. In this case
we see the onset of the flat region for £ = 675 meV
when 8 2 360 (150 meV at 5 K and 300 meV at
10 K). It follows then that no artifacts are observed
for 20 K, where g = 360 is outside the dynamic
range.

5. Conclusion

A tally which can be used to compare INS data
with MCNP simulation for TSL evaluation is pre-
sented. The tally recreates the S(Q,w) as sam-
pled by MCNP for comparison with data. We
note a similar approach could be used to simu-
late transmission and obtain the MCNP model for
total cross-section. We found this to be of less
value than the dynamical analysis as the MCNP

255

260

265

270

275

280

285

290

295

sampled model for total cross-section closely repro-
duced the NJOY ACER module’s output. Further-
more, NJOY derived PE models have been shown
elsewhere [7] to agree with ambient temperature PE
total cross-section data. In that sense, the com-
puted mean free path is acceptable in these models
despite the deviations in dynamics observed in some
regions.

All models for PE show underestimation of scat-
tering in the near-elastic region as well as in the
elastic region at higher incident energy and higher
@. NJOY has no means to include quasi-elastic
dynamics in solids at present, enforcing a debye-
like density of states at low energy, which may play
a role in this deviation. Scattering into high @
at large energy transfer, essentially back-scattered
neutrons with low secondary energy, is consistently
over estimated in simulation.

Finally, we note that this method is a single col-
lision benchmark and the purpose of Monte Carlo
is to track particles through many collisions. We
can also expect neutrons to transport through re-
gions of phase space that may not be represented in
the benchmarking measurements. It may therefore
be of use to consider measuring and modeling sam-
ples of varying thickness and geometry. Compari-
son can be made more directly to the measurement,
perhaps as a function of sample geometries which
could benchmark multiple collisions. In this case,
the comparison would be the time of flight scat-
tering into each angle rather than the final state
energy after processing to S(Q,w).
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