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Abstract

In contrast to the moderator designs typical of large reactor and spallation sources, high-current accelerator-driven neutron
sources, with smaller source dimensions, necessitate highly efficient and compact moderator solutions. At the High Brilliance
Source (HBS), a hydrogen-rich moderator is required to effectively slow neutrons to the very cold neutron (VCN) energy range
within the limited volume that aligns with the HBS target size. Methane, a well-established and highly efficient neutron mod-
erator is a promising candidate to serve as a VCN moderator since it possesses a desirable low-lying rotor mode at ~1 meV to
facilitate neutron slowing. Liquid parahydrogen (pH;) is a known efficient cold neutron moderator since it is able to convert
thermal neutrons to cold neutrons via a single interaction. A geometrical configuration combining methane, embedded in
pH» has been investigated to harness the complementary properties of both materials as a potential VCN moderator design
for the HBS. Monte Carlo simulations using the Particle and Heavy Ion Transport code System particle transport code were
conducted to evaluate the performance of the combined moderator concept when compared with a pure, low-dimensional

pH; cold source.
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1. Introduction

Very cold neutrons (VCNs) are defined over a wide spectral
range, from 1 meV (9 A) down to a few 100 neV (> several
100 A). They provide an unprecedented opportunity for neu-
tron scientists to probe structures on the nanoscale, and dy-
namics on extended time scales in neutron scattering exper-
iments [1]. For this reason, it has been of great interest to the
global neutron community to develop VCN sources over the
last 20 years [2—4]. At a workshop held at Argonne National
Laboratory in 2005, two key challenges were identified in the
realisation of VCN moderators. Sufficiently high intensities
of VCNs were not achievable hitherto at pre-existing neutron
sources because the Maxwellian spectra produced by conven-
tional cold moderators generate insufficient neutron inten-
sities in the very cold energy spectrum since the neutron in-
tensity falls off with neutron wavelength, A, as 1/A°. Secondly,
the lack of thermal scattering cross sections for potential new
VCN moderator materials precluded the conceptual study of
VCN moderators with the use of Monte Carlo particle trans-
port techniques [2].

The development of VCN sources at spallation neutron fa-
cilities including the Second Target Station at Oak Ridge Na-
tional Laboratory and the European Spallation Source (ESS)
remains to be a top research priority to expand the scientific
capabilities of neutron scattering techniques [3-5]. In the con-
text of high-current accelerator-driven neutron sources (Hi-
CANS), the High Brilliance Source (HBS) stands out as a par-
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ticularly promising candidate for realising a VCN source. This
is primarily due to its planned capability to deliver pulsed
proton beams with a high peak power of 100 kW to a tanta-
lum target [6]. As a HiCANS facility, the HBS offers several ad-
vantages over spallation sources for VCN production. Spalla-
tion sources typically generate higher radiation fields, which
prevent the use of the highly efficient VCN moderator candi-
date material, methane, because it undergoes radiolysis un-
der such conditions [7]. Additionally, spallation sources im-
pose significantly larger heat loads on moderator systems,
and this demands careful consideration of the placement and
design of VCN moderator systems. The conceptual designs de-
veloped for the VCN moderator system for the ESS rely on
the implementation of solid deuterium (s-D;) and deuterated
clathrate hydrates containing molecular O,, which require
very low operating temperatures of 5 and 2.4 K, respectively
[4]. To maintain these operating conditions, the VCN moder-
ators at spallation sources must consequently be positioned
further from the target, which reduces the coupling between
the primary neutron source and the moderator. By contrast,
HiCANS facilities like the HBS allow moderator systems to
be placed much closer to the target, improving the coupling
between the source and the moderator and enhancing neu-
tron production efficiency. Furthermore, the lower radiation
and thermal loads at HICANS relax the performance require-
ments for cryogenic VCN moderator systems, making their
design and operation considerably more feasible.
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When selecting an appropriate VCN moderator material
for the HBS, it is essential to consider that HiCANS are de-
signed on the principle that there is strong coupling be-
tween neutrons generated at the primary source (target), the
moderator-reflector systems, and the neutron scattering in-
struments. Therefore, the VCN moderator must be capable
of efficiently moderating neutrons within a compact modera-
tor volume, which is typically constrained by the footprint of
the neutron generation target. While a VCN moderator con-
cept based on s-D; is a viable solution at the ESS, it is not
at HiCANS because its weak total scattering cross section for
thermal neutrons implies that a large volume of s-D, will be
required to moderate the neutrons to VCN energies, and will
result in deconfinement of the neutron cloud coming from
the primary source and premoderator.

An ideal VCN moderator for the HBS would be a hydrogen-
rich material that possesses a strong total scattering cross
section. As the single-phonon contribution to the neutron
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cross section falls off as ~ (%) , and drops off increasingly
bD

faster for higher-order processes, where ®p, is the Debye tem-
perature of the lattice, kg is the Boltzmann constant [8], a
VCN candidate material most possess vacant low-lying energy
states on the scale of a few ~ meV, which are not constrained
by a dispersion relation. Methane is a well-established ma-
terial which matches these requirements. Below 20.4 K, solid
methane has a face-centred cubic crystal structure and is said
to enter phase II in which only a 1/4 of the molecules at the
crystallographic Oy, sites act as free rotors [9]. The free rotor
mode has an inelastic excitation energy of ~1 meV and pro-
vides a mechanism for neutron cooling [9].

This study represents a first step toward the effort to re-
alise a VCN source at the HBS. Already, a low-dimensional
cold parahydrogen (pH;) moderator has been designed and
tested for the HBS and it is known to produce high brilliance,
cold neutron beams [6]. It is classified as a low-dimensional
moderator as a result of the comparably larger dimension
of the moderator along the extraction direction versus the
dimension along which the moderator is fed with thermal
neutrons. The confluence of two unique nuclear properties
of pH,, namely, the efficient conversion of thermal neu-
trons to cold neutrons within a single interaction over 1
cm, alongside the long path length for cold neutrons, of
10 cm in pH;, underscores the low-dimensional moderator
concept. Methane, as a VCN moderator candidate, gener-
ates a colder neutron spectrum when compared with pH,
[10].

The objective of this study is to determine whether it is
possible to leverage the strengths of pH, as a brilliant source
of cold neutrons to feed a volume of methane moderator,
which would be employed as a VCN converter medium. When
conceiving the VCN moderator concept, absorption effects
should also be considered since the rate of neutron absorp-
tion is proportional to 1/v, where v is the neutron velocity. Ab-
sorption is more pronounced for cold neutrons in methane
than in pH, as a consequence of the comparably shorter path
length for cold neutrons, which implies the higher likelihood
of a scattering or absorption event. Therefore, the moderator
dimensions and geometry need to selected wisely, to strike
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Fig. 1. [llustration of the geometrical concept for evaluating
the quantity 53, which is the flux ® per unit solid angle where
® is obtained from the point tally estimate in Particle and
Heavy Ion Transport code System.
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the balance between ensuring proper neutron moderation,
while minimising neutron absorption.

2. Methods

For this study, simulations are performed with the gen-
eral purpose Monte Carlo particle transport simulation code,
Particle and Heavy Ion Transport code System (PHITS) [11,
12] to evaluate the performance of the moderator concept
presented in Fig. 1. This investigation is conducted in two
stages. First, the geometrical parameters defining the com-
bined moderator geometry, which is presented in Fig. 1 are
varied to determine which parameters maximise the VCN in-
tensity below 1 meV. The VCN intensity obtained at P, for
the optimal combinations of the length of the methane and
pH; moderator for each radius considered for the combined
moderator system, are compared against those obtained for
the low-dimensional pH, moderator designed for the HBS.
The specific procedures implemented for the two parts of this
study and corresponding results are described in the follow-
ing two sections.

In both studies, the tantalum target is defined in the same
location and detailed design parameters can be found else-
where [6]. The distance between the tantalum target and the
surface of the water premoderator was set to a distance of
2.7 cm for all simulations. The thickness of the water pre-
moderator between the target and the combined VCN mod-
erator was set to 1.5 cm, as fast neutrons emanating from the
tantalum target can be efficiently moderated to thermal en-
ergies within ~1 cm owing to the high moderation ratio of
water. The depth of the water moderator in all other direc-
tions around the combined VCN moderator was always set to
10 cm. The surrounding water depth was set to 10 cm to en-
courage further slowing of undermoderated neutrons and re-
flection back into the combined moderator geometry. A neu-
tron mask, defined as a —1 region, or particle annihilating
region, was placed on the outside of the moderator geome-
try, as method to restrict the view from the point P to the
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Table 1. A summary of the parameters which were used in
the [Source] card to describe the properties of the artificial
source are presented.

s-type 2
Projectile Neutron
eo (meV/n) 25
dir All
Xmin (CM) —5.0
Xmax (Cm) 5.0
Ymin (M) —10.0
Ymax (cIm) 10.0
Az (cm) 0.25

opening of the extraction channel, and hence the combined
VCN moderator.

To improve the efficiency of the simulations, the point tally
estimator is invoked in PHITS with the [T-Point| card to calcu-
late the flux, ® at a point P which was always set at a distance
L =100 cm from the exit surface of the extraction channel.
Care should be taken to note that the flux, ¢, evaluated with
the point tally is reported in units of n/cm?/pr and we adopt
this convention in this paper. Strictly speaking, the proper
flux is defined in units of njcm?/s. The flux per solid angle, 3,
can be extracted since the view of P is restricted to the exit
of the extraction channel with the neutron mask. The quan-
tity B can be estimated from the neutron intensity ® by the
relation,

B=ao/Q (1)
where the solid angle Q2 is

7 - R?

Q= 2

(2)

and R represents the radius of the combined VCN modera-
tor/extraction channel. As the quantity B is proportional to
the neutron brilliance, we shall refer to it as the neutron bril-
liance, henceforth, because it is an indicator of the variation
of the neutron brilliance when the performance of the com-
bined moderator geometry is being evaluated. The proper
definition of the neutron brilliance can be found in ref. [13].
The JENDL5.0 thermal scattering libraries were utilised for
pH; at 20 K and methane at 20 K [14].

3. Geometrical optimisation

For the geometrical optimisation calculations, an addi-
tional method was implemented to reduce the computation
time. An artificial, rectangular monoenergetic thermal neu-
tron source with parameters outlined in Table 1 was embed-
ded in the water premoderator as seen in Fig. 1.

It is appropriate to use an artificial source in lieu of the
true source for a few reasons. The first is that fast neutrons
coming from the tantalum target are efficiently moderated
to thermal neutron energy scales after travelling 1 cm in the
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Fig. 2. A plot of three cases of the geometry considered in the
study of optimal position of the methane moderator. Selected
cases with the methane moderator at the top, middle, and
bottom of the tube are illustrated from left to right.
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water premoderator by virtue of its high moderation ratio.
The artificial source was also deemed an appropriate substi-
tution after comparing the spatial extent of the thermal neu-
tron field it produces in the water premoderator with that
which is produced when the fast neutrons from the tanta-
lum target are moderated in the premoderator. The artificial
source dimensions produce a thermal neutron cloud with di-
mensions which reflect most importantly, the extent of the
thermal neutron cloud along the y direction, from y = —10
to +10 cm. This detail ensures that the pH, portion of the
moderator is properly fed along the entirety of its length.

3.1. Vary methane position

In the first part of the optimisation study, where the op-
timal position, y, of methane within the pH, volume was
carried out, the combined length of the pH, and methane
moderator system was fixed to I = 12 cm. The length of the
methane moderator was set to I, = 1.0 cm. The position of
the methane moderator section was varied from y; = —6 cm
toy, = +6 cm in 2 cm steps. y; and y, represent the position
of the methane disk at the extreme ends of the combined
moderator tube, which are furthest and closest from the ex-
traction channel, respectively, as shown in Fig. 2.

Figure 3 shows the neutron spectrum calculated with the
point tally estimate for various positions of the methane disk
in the combined moderator. The neutron intensity is high-
est below 1 meV when the methane disk is placed furthest
away from the extraction channel. This shows that the ex-
traction depth is the dominating contribution to the per-
formance of the cryogenic moderator. The reduced scatter-
ing cross section of pH, permits low-energy neutrons to pass
straight through a thick layer of the material. The absorption
remains low, as the path of the neutron is minimized. If the
neutron passes through a layer of methane, the neutron path
follows a random walk that is much longer, and hence leads
to a stronger absorption. Therefore, the volume below the
methane layer contributes only weakly.

The cold neutrons which travel toward the methane mod-
erator also do so unhindered, and can undergo further mod-
eration when they eventually interact with the methane disk
and are subsequently scattered back into the pH, section of
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Fig. 3. The neutron flux (n/cm?/pr) which is obtained at point
P is plotted as a function of neutron energy in meV for the
combined moderator geometry in which all parameters, ex-
cept for the position of the methane disk y, are fixed.
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the combined moderator system. As a result, the best posi-
tion of the methane disk is realised when the entire length
of the pH, volume is directly fed thermal neutrons for effi-
cient thermal to cold neutron conversion, and methane is
placed opposite to the extraction channel, so that it scat-
ters moderated neutrons back into the pH, medium, which
are subsequently able to travel into the extraction chan-
nel without undergoing subsequent interactions in the pH;
moderator.

3.2. Optimisation of moderator dimensions

As it was determined that the methane disk is best placed
at the bottom of the moderator tube, the appropriate opti-
misation parameters were determined to be the radius of the
combined moderator, R, the length of the pH, cylinder, Iyra,
and the length of the methane I, disk as illustrated in right
panel of Fig. 2. R was varied from 1.0 to 2.5 cm in 0.5 cm in-
crements, and the case R = 5.0 cm was also run to further
investigate the effect of increasing the methane-pH, contact
area. The cylindrical methane moderator height, lyem, was
varied from 0.8 to 1.6 cm in 0.4 cm steps, while the height of
the pH, moderator, lyara, Was varied from 6 to 20 cm in steps
of 2 cm. From this study, the best performing combinations
Of Imerh and lyaa, with respect to the VCN flux and brilliance
obtained at point P for each moderator radius R case studied
were determined. Unsurprisingly, the VCN flux is maximised
for geometries where the radius is set to R = 5.0 cm, while
the VCN brilliance is maximised for the geometries in which
the radius is set to 1.0 cm.

We describe the results presented for the optimisation of
the VCN flux at point P as a function of R, lyeth, and lpara.
Each panel presented in Fig. 4 corresponds to the results for
a single case R. The x and y axes correspond to the length
of the methane disk I, and the length of the pH, mod-
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Fig. 4. The relative intensity of the very cold neutron flux, ®,
at point detector position is presented for the cases (a) R =
1.0 cm and (b)) R = 5.0 cm.
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erator. The relative intensity values are rescaled by the in-
tensity achieved by the optimal selection of lnemn and Ilpara
for a given R. From panel (Fig. 4a), or R = 1.0 cm case,
the VCN flux is observed to increase by a negligible mar-
gin, ~4% with the addition of methane at the base of the
tube. The increase of the VCN flux when the pH, cylinder
is increased from 6 to 16 cm is expected for two major rea-
sons. On one hand, increasing the length of pH, increases
the volume that is populated with cold neutrons from by
the pre-moderator, and from which cold neutrons can be ex-
tracted without significant absorption. When we consider the
R = 5.0 cm case as shown in Fig. 4b, similar trends are ob-
served, except the VCN yield increases by 11%. The results
are not affected if we plot the brilliance in the same man-
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Table 2. A summary of the parameters which were used in
the [Source] card to generate the real source characteristics
of the triple-layer High Brilliance Source tantalum target
are presented.

s-type 2

Projectile Proton
eo (MeV/u) 70

dir 1

Xmin (CM) —-5.0
Xmax (Cm) 5.0
Ymin (Cl‘l‘l) —5.0
Ymax (cm) 5.0
Zmin (cm) —-3.0
Zmax (cm) —3.0

ner, as each dataset would be rescaled by exactly the same
value, ”'L—fz.

4. Comparison with low-dimensional
parahydrogen moderator

For the final part of this study, the performance of the best
moderator solutions from the optimisation study are com-
pared against the performance of the low-dimensional pH,
moderator with respect to the VCN flux and brilliance ob-
tained at point P. However, additional simulations employ-
ing the proper HBS source were run for each optimised geom-
etry obtained for each radius R, and for the low-dimensional
HBS pH, moderator.

These simulations were performed in a two-step process.
The first simulation was conducted to generate a neutron
source file that can describe the HBS source characteristics
and be utilised for subsequent simulations on a real source.
The parameters utilised in the [Source] card in PHITS are sum-
marised in Table 2. A [T-Cross] tally card with dump option
was employed in PHITS to record all neutrons exiting the tar-
get surface and into the surrounding vacuum region, where
it was assumed that any neutron leaving the target surface
does not re-enter the target. The dump function writes the
10 variables characterising the neutrons exiting the target
into an MCPL file [15], which is later used as the source file.
Simulations performed for the optimised geometries and the
low-dimensional pH, moderator were run using the MCPL
source file. The radius and length of the low-dimensional
pH, moderator were set to R = 1.0 cm and I = 16.0 cm,
respectively.

Figure 5 shows the (a) VCN flux and (b) VCN brilliance plot-
ted as a function of energy, for the optimal combination of
parameters obtained for lyara and Iy for each radius R con-
sidered. The performance of the low-dimensional pH, mod-
erator is overplotted in both panels. Table 3 summarizes the
cumulative VCN flux and brilliance obtained in each scenario.
The R = 1.0 cm case shows a negligible improvement in the
VCN flux and VCN brilliance over the low-dimensional pH,
moderator. Figure 5 illustrates that the shape of the neutron
spectra are also similar, indicating that the introduction of
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Fig. 5. Cross comparison of concept #1 geometries and the
cold parahydrogen pencil moderator, with respect to (a) Point
tally flux per Lethargy, ¢ and (b) Point tally flux per Lethargy
per unit solid angle, B. The radius and length of the low-
dimensional pH, moderator were selected as R = 1.0 cm and
R = 16.0 cm, respectively.
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methane does not significantly reduce the neutron tempera-
ture when combined with the parahydrogen moderator. This
indicates that the pH, moderator volume is the primary con-
tributor to the neutron moderation process in the combined
moderator geometry. From Table 3 we note that increasing
the radius of the combined moderator fromR=1.0cmtoR =
5.0 cm leads to a reduction in the VCN brilliance by a factor of
73%. This is expected in the current scenario where pH; dom-
inates the cold neutron moderation process. Most of the cold
neutron moderation occurs within a small moderator volume
because the water premoderator and pH, efficiently moder-
ate neutrons coming from the target. While increasing the
neutron extraction volume (equivalently, the moderator vol-
ume) in geometries with larger radii leads to an improvement
in moderation of undermoderated neutrons coming from the
target, the VCN cloud in parahydrogen loses phase space den-
sity at larger depths, leading to a reduction in the VCN bril-

Can. J. Phys. 103: 1200-1206 (2025) | dx.doi.org/10.1139/cjp-2025-0093



http://dx.doi.org/10.1139/cjp-2025-0093

Can. J. Phys. Downloaded from cdnsciencepub.com by Forschungszentrum Juelich Zentralbibliothek on 12/09/25

‘Canadian Science Publishing

Table 3. A summary of the cumulative very cold neutron flux and brilliance obtained for each
optimal combination of I e and Iy, for each R studied.

Flux, ® Relative Ratio Brilliance, B Ratio
R (m/ cm? [pr) Error @/ Ppencil (m cm? [st/pr) B/Bpencil
1.0 1.69E-09 0.004 1.04 5.38E-06 1.03
2.0 5.68E-09 0.002 3.48 4.52E-06 0.87
2.5 7.80E-09 0.002 4.79 3.97E-06 0.76
5.0 1.16E-08 0.001 10.31 1.48E-06 0.28
Pencil 1.63E-09 0.004 1.0 5.19E-06 1.0

liance. There is an increase in the total VCN flux by a factor
7 when comparing the low-dimensional pH, moderator per-
formance with that of the R = 5.0 cm combined moderator
geometry, due to the aforementioned increase in moderation
volume and in part, due to introduction of methane in the
moderator geometry.

5. Conclusion

In this work, a combination methane and pH, moderator
concept is explored for implementation at the HBS, wherein
methane is employed as a VCN converter for neutrons ema-
nating from a cold, liquid pH; moderator. It was determined
that minimal gains of 4% are realised when the moderator
geometry is optimised for brilliance, with R = 1.0 cm. How-
ever, increased gains of up to 11% are realised in the VCN in-
tensity when the moderator geometry is optimised for over-
all intensity. The combined moderator spectrum is not sig-
nificantly shifted from the pure pH, case, encouraging the
further study of other geometrical concepts for a combined
pH; and methane geometry. This study importantly points to
an important design consideration for methane moderators.
Methane would ideally be designed to optimise overall in-
tensity, and therefore, larger surface areas, within the target
footprint, should be considered in the future. A next concept
for exploration could consider the role of methane as the pri-
mary VCN moderator, placed directly behind the target with
neutron extraction along the same direction of the imping-
ing proton beam. Beyond methane and pH,, cross sections for
candidate VCN moderator materials at HICANS facilities are
limited. With the recent emergence of open-source tools like
NCrystal [16] and the development of test moderator facilities
around the world [17], the development of thermal scattering
kernels for exotic materials has become more viable. Already,
potential candidate advanced cold moderator materials have
been proposed [18] and should be explored. Therefore, con-
certed effort geared toward the study of these materials and
search for new materials, and experimental and theoretical
work on materials for HICANS would prove to further ad-
vance this field of study.
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