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Model Calculations of VCN intensity of converter/reflector for a VCN source

2  Executive Summary

A comprehensive study of the intensity of Very Cold Neutrons (VCNs) from different moderator and
converter materials was performed by Monte Carlo calculations using MCNP6.2 [1]. The goal of the
study was to investigate the performance of such materials to generate VCNs, and to couple such
materials with a reflector of nanodiamonds (NDs), in view of a possible prototype experiment for an

advanced VCN source.

The choice of candidate VCN converter materials was based on expectations of good performance, and
on the availability of thermal scattering cross sections in ACE format to be used in MCNP. The following
materials were analysed: solid para- and orthodeuterium at 5 K, liquid para- and orthohydrogen at

14 K and solid methane at 22 K.

The calculations were carried out using the MCNP 6.2 code. A cylindrical converter was irradiated by a
collimated cold neutron beam from the side. A sensitivity study was performed varying the height and
diameter of the moderator: the height of the moderator was changed between 1 and 50 cm, the

diameter was changed between 2 and 100 cm.

The cold neutron (CN) source was defined by the description of the beam characteristics of the first
ballistic supermirror neutron guide H113 that feeds the neutron user facility for particle physics PF1B
of the Institute Laue-Langevin, Grenoble (ILL), where a prototype experiment is intended to be

performed.

It can be concluded that the maximum intensity is given by the biggest size solid deuterium converter
(100 cm diameter, 50 cm height). In terms of realistic sizes for an experiment demonstration (3 cm

diameter, 1 cm height) liquid orthohydrogen and solid methane gave the maximum output.

The second part of the analysis consisted in introducing a nanodiamond (ND) reflector in the extraction
system of the converter. For this configuration, we used the small-geometry of the converter (3 cm

diameter, 1 cm height), and the surrounding nanodiamond reflector was 16 cm high.

The gain in the performance of the VCN source was computed at the exit of the ND reflector, in which
case neutrons at all divergences are computed, and also at 1 m distance from the system, to calculate
the gain for low-divergence neutrons, which is of greater interest for applications for neutron

scattering instruments.

This project has received funding from the European Union‘s Horizon 2020
research and innovation programme under grant agreement No. 871072.
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At the exit of the ND reflector an increase by about a factor of 40 was predicted when using the
deuterium converter, an increase by a factor of 13-14 was observed when hydrogen converter was
used, while an increase by a factor of 16 was calculated when the converter material was methane.

These gains were computed considering neutrons with wavelength greater than 40 A.

The angular distribution shows that most of the increase is due to high-divergence neutrons.

Therefore, this increase can be measured only at the exit of the ND reflector.

For low-divergence neutrons, at 1 m from the source an increase by a factor of 3 was computed when
using the paradeuterium converter, an increase by a factor of 4 was observed when orthodeuterium
converter was used, an increase by a factor of 3.5 was predicted when the converter material was
parahydrogen, while an increase by a factor of 2 was calculated when using orthohydrogen or methane
converters. At 1 m from the source, flux was calculated by 5 cm diameter spherical volume detector
tally (the solid angle is 3°). This result is quite interesting because these are low divergence neutrons,
usable in neutron scattering experiments. We would expect to observe such a gain in the prototype

experiment.

As a comparison with NDs, we considered a similar geometry where supermirrors with m=6 replace
the NDs. With a methane converter, an increase by a factor of 9 was computed at 16 cm from the

source, but only 10 % gain was observed at 1 m from the source.

This project has received funding from the European Union‘s Horizon 2020
research and innovation programme under grant agreement No. 871072.
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3  Introduction

Within the EURIZON (European network for developing new horizons for Rls) project [2] in the Work

Package 3 the Task 3.3 is dedicated to develop an advanced Very Cold Neutron (VCN) source.

Cold neutron sources have been used for decades in many research facilities, mostly research reactors
and spallation sources. They are fairly easy to build and generally utilize neutron moderators using
liquid hydrogen or deuterium. The spectral distribution of neutrons from such moderators peaks
between 2 and 3 A, and decreases with the neutron wavelength increase, in agreement with a

Maxwell-Boltzmann distribution. The moderators are at temperatures around 20 K.

There is however interest in sources delivering higher neutron fluxes at longer wavelengths than what
provided by cold sources. We consider Very Cold Neutrons (VCNs), neutrons having energy between

the cold neutron and ultracold neutron energy range, approximately between 10 and 100 A.

At present, there is only one VCN beamline in the world: the PF2 neutron beamline at ILL [3]. The VCN
neutrons are extracted vertically from one of the two cold sources in the reactor core, containing liquid

deuterium [3].
The definition of the wavelength range of VCNs is not unambiguous.

According to Ref. [3], VCNs are in the range of energies that approximately correspond to thermal
equilibrium at the lowest practical moderator temperature, that of superfluid helium, Tc<2.17 Kat 1

atm. The corresponding energy is Even=koT=187peV, VCNs follow the “rule of 2s” [4]:
m o
T = 2K, E = 200 uevV, szOO?.AzZOA

In the same reference, the VCN range is defined between 10 A and 100 A. Another classification of VCN
range depends on their intended use, which can be for fundamental physics experiments, or for
neutron scattering. In the former case, the range of interest starts at about 40 A and extends to the
UCN wavelengths, i.e. about 600 A. In the latter case, VCNs are rather an extension of the cold range,
i.e., between 10 A and 40 A, which is a bandwidth usable for some neutron scattering applications such
as spin echo and SANS, where a measuring also at longer wavelengths than conventionally done could

give significant advantages [5].

In this work we looked at neutrons up to 90 A. This is dictated by a limitation of MCNP, which transports

neutrons down to 0.1 peV.
The main objectives of this deliverable are:

This project has received funding from the European Union‘s Horizon 2020
research and innovation programme under grant agreement No. 871072.
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1. Studyand compare the performance of candidate converter materials to produce a flux of VCN

starting from a beam of cold neutrons.

2. Study of the VCN reflector to be coupled to the converter for an efficient transport of VCNs

This project has received funding from the European Union‘s Horizon 2020
research and innovation programme under grant agreement No. 871072.

Page 70f 75




eurizon

Deliverable no. 3.3

4  Applications of VCN

Very cold neutrons can be used effectively for various applications in fundamental physics [6]. Some

example of applications include:

e Various experiments could be used for phenomenological constraint for extra short range

forces [7].

e Precision measurement of the neutron whispering gallery quantum states [8]. The advantage
compared to using cold neutrons consists in the possibility of selective populating low deeply-
bound quantum states with low tangential momentum. Such quantum states would be
particularly sensitive to extra short-range interactions. The advantage compared to using UCN

consists in significantly larger statistics.

® Precision studies of the neutron B-decay (in-flight measurements of the neutron lifetime and
the asymmetry coefficients in the neutron B-decay). Using slower neutrons increases the

probability of the B-decay [9].

e Measurements of nuclear reactions induced by polarized slow neutrons [10].

In addition to that, there are indications that VCNs can be applied to neutron scattering, for various

applications [5].

This project has received funding from the European Union‘s Horizon 2020
research and innovation programme under grant agreement No. 871072.
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5 Concept fora VCN

The concept for a VCN source investigated in this work consists of two main components: 1) a suitable
converter material that will deliver a high intensity of VCNs, and 2) an advanced reflector to efficiently

transport these VCNs to the experiment. We discuss separately these two components.
5.1 Converter material

Concerning the first component, it is important to make a distinction between moderator and
converter. In a moderator, thermal equilibrium is reached between the neutrons in the moderator and
the moderator medium, and the neutron spectrum has a Maxwell-Boltzmann distribution. One typical
example is the neutron spectrum from a water moderator. Usually there are some deviations from the
Maxwellian distribution, due to effects such as the finite size of the moderator, or a non-negligible

neutron absorption cross section, but the distribution is usually very close.

The situation is different in a so-called converter. In this case the neutron spectrum is at a higher
temperature with the medium. The neutron kinetic energy is lost with a different mechanism than
neutron moderation, i.e. in a single inelastic transition which strongly lowers the kinetic energy. The
low temperature of the medium reduces neutron upscattering and thus increases the intensity of CNs
or VCNs. One example is the phonon transition in liquid helium, which converts neutrons of 8.9 A
directly to the UCN regime. In this sense, parahydrogen can be considered a converter, in particular in
a compact geometry of low-dimensional moderators [11]: in fact, in parahydrogen there is typically a
single transition from thermal to cold energy, due to the spin-flip of one of the protons in the hydrogen

molecule, resulting in an energy loss of the neutron of about 14 meV.

The first task in the design of a VCN source is to determine the best material for the
moderator/converter. This includes also determining its dimensions. It is foreseen that a few selected

materials will be chosen as candidates for further studies.

The type of converter depends also on the spectrum of incoming neutrons, which typically can be
either a thermal spectrum (e.g. in a reactor source or a thermal beamline) or a cold spectrum coming
from a cold moderator. In this work we concentrate on the second option, because the goal is to make

a prototype experiment (see Section 6) at the ILL cold beamline [12].
5.2 Reflector material

Once the material is selected, the second stage of the source design consists in coupling the material

with suitable reflectors with the aim to increase the flux of VCNs in the direction where the beamline

is placed.

This project has received funding from the European Union‘s Horizon 2020
research and innovation programme under grant agreement No. 871072.
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A good reflector material should have the property of reflecting VCNs and having a low absorption
cross section. The first candidate material that is considered is formed by diamond nanoparticles. This
material has been studied extensively from the theoretical and experimental sides, in the last 15 years.
It has very interesting properties of high albedo for neutrons in the VCN range, and of quasi-specular

reflection for cold neutrons [13] [14] [15] [16] [17].

The reflector must be coupled to the moderator/converter in order to maximize the performance of

the VCN source. For this optimization, a figure of merit is defined (see chapter 12).

This project has received funding from the European Union‘s Horizon 2020
research and innovation programme under grant agreement No. 871072.
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6 Concept for a VCN prototype experiment

In this paragraph we show a schematic model of a possible prototype experiment that was discussed

at the beginning of the project. The schematic of the experiment is shown in Figure 1 [2].

& Detector
Neutron guide ~Shielding £
/ < VCN velocity selector 3
|4 Reflector -
- EE’. —<€ollimationsystem- — | \ B/ — — — " — " — " — - — - — - T — - — - — - — - — .
Converter
CN velocity
selector Refrigerator
(optional)

Figure 1. Concept for the experiment by E. Lychagin, V. Nesvizhevsky et al. See explanation in the

text

A collimated cold neutron beam impinges a 3 cm diameter cylindrical converter surrounded by a 3 cm
thick ND reflector (VCN source). The converter is at cryogenic temperatures (e.g. 5 K if solid deuterium
is used), while it needs to be defined if the reflector will be at room or cryogenic temperature. The
moderated and scattered neutrons are detected at the top of the converter. A velocity selector is
placed after the VCN source to allow spectral measurements. The distance between the detector and

the VCN source is about 2 m.

This project has received funding from the European Union‘s Horizon 2020
research and innovation programme under grant agreement No. 871072.
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6.1 Source term

The incoming cold neutron spectrum to be used in the simulations was defined based on the spectrum
of the ILL vertical cold neutron source which consists of about 20 litres of liquid deuterium at 25 K (see

Figure 2).

Figure 2 Geometry of the ILL source showing the reactor core, the heavy water vessel, the cold and
hot sources, and beam inserts. The prototype experiment is intended to be performed at the PF1B

beamline which is pointing at the “Vertical Cold Source” [18]

We used the description of the beam characteristics of the first ballistic supermirror neutron guide
H113 that feeds the neutron user facility for particle physics PF1B of the Institute Laue-Langevin in
Grenoble (ILL)] [12]. An analytic approximation to the measured on-axis brightness B¢(A) was given.
Empirically cold neutron wavelength spectra often are better described by an exponential exp(-A/A1),

multiplied by a short-wavelength cut-off function, rather than by a Maxwellian spectrum [12].:

A
P A
A2 1 (Eq. 1)

Bc(/l) =By

7
1+G)P

A1=0.33 nm, A;=0.4 nm, p=3, Bo= 1.3x10** cm?2 sl nm™

This project has received funding from the European Union‘s Horizon 2020
research and innovation programme under grant agreement No. 871072.
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The particle flux is 2.7 times lower than the capture flux density.

The PF1B spectrum is shown in Figure 3. On the figure both the measured spectrum and the fitted

spectrum using Eqg. 1 are shown.

For the source intensity we multiplied the particle flux by the source area (1 cm diameter circle).

FLUX SPECTRUM

IOIO

doc/dr (em? s nm™)

L
..

10 E

Bl e r

-
0.0 04 08 12 1.6 20 24 28 32 36 4.0
WAVELENGTH A (nm)

Figure 3 Neutron spectrum of PF1B neutron beam at ILL: measured and fitted spectrum from Ref.

[12]

This project has received funding from the European Union‘s Horizon 2020 p 130f 75
research and innovation programme under grant agreement No. 871072. age 130
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7 Candidate materials for moderator/converter
In this section we discuss the candidate materials for a VCN source
The list of candidate materials is shown in Table 1.

Table 1 Candidate moderator/converter materials

Material Temperature  Density (g/cm?)
Solid paradeuterium 5K 0.2059

Solid orthodeuterium 5K 0.2059

Liquid parahydrogen 14 K 0.071

Liquid orthohydrogen 14 K 0.071

Solid methane 22K 0.5

For the converter solid deuterium and liquid hydrogen at 14 K were selected, both in para and ortho

state, as well as solid methane at 22 K.

A molecule of dihydrogen contains two atoms, and the nuclei of both atoms have angular momentum.
Depending upon the direction of the spin of the nuclei, the hydrogens are of two types: Orthohydrogen
molecules are those in which the spins of both the nuclei are in the same direction. Molecules of
hydrogen in which the spins of both nuclei are in the opposite direction are called parahydrogen [19].
Similar to the hydrogen molecule, deuterium molecules have separable nuclear spin isomers denoted
as “ortho” and “para.” In short, spin isomers exist in the deuterium molecule due to the parity between
the nuclear spin function and rotational spin function. For simple, isotopic diatomic molecules, the
rotational spin, J, of the two nuclei can either be symmetric (J =0, 2, 4, ...) or antisymmetric(J =1, 3, 5,
...). As deuterium cools to cryogenic temperatures, insufficient energy is available to populate higher-
energy modes. Approaching absolute zero, molecules in the even J states de-excite to J = 0, while
molecules in the odd J states de-excite to J = 1. Deuterium molecules below 50 K in the J = 1 rotational
state are metastable and may take days or weeks to de-excite to the J = O rotational state in the
absence of a suitable catalyst. This parity allows for two separable and interconvertible deuterium
forms. Contrary to hydrogen and tritium, the lower-energy, even-J states are denoted “ortho” for

deuterium, while the higher energy, odd-J states are denoted “para.” [20]

This project has received funding from the European Union‘s Horizon 2020
research and innovation programme under grant agreement No. 871072.
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The criteria for the selection of the materials were based on expected good performance for VCN

production (see e.g. [21]), and availability of thermal scattering cross sections.

It should be mentioned that clathrate hydrates are very promising candidates for VCN moderators,
however they have not been tested in this work because the thermal scattering libraries are still under
development within the HighNESS project [22] . Molecular oxygen with its triplet ground state appears
particularly promising, notably as a guest in fully deuterated O,-clathrate hydrates. Other possibilities

are dry O,-*He van der Waals clusters and O, intercalated in fcc-Ceo [23].

This project has received funding from the European Union‘s Horizon 2020
research and innovation programme under grant agreement No. 871072.
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8 Candidate materials for reflectors

For reflector materials, we considered pure nanodiamond (NDs), see Table 2. with its properties. A

comparison with expected performance from supermirrors was also done.

Table 2 Candidate reflector materials

Material Temperature  Density (g/cm?)
Nanodiamond 296 K 0.6 (bulk density)
104 —a—ND
N —eo— MgH2
1 \A\ Graphite
08 A 10 mm _
A\
A
\ coLD [ THERMAL [T
06 \
J L@ —0—0-—ig. L
04~ L
\ \.
02 A
\ /_\/\\ﬂ“
00 %ﬁf.ﬁ"‘.‘.“.\.—‘.ﬁ“: = SREEH N
1E5 1E-4 1E3 0.01 0.1
E (eV)

Figure 4 Albedo of nanodiamond, magnesium-hydride and graphite [11]

In Figure 4 the reflection of NDs are compared with magnesium hydride [24], which is a good reflector
for cold neutrons, but for the very cold range the NDs have better properties, therefore we did not
consider it for our setup. Other possibilities include conventional reflectors such as beryllium at room

temperature.

This project has received funding from the European Union‘s Horizon 2020
research and innovation programme under grant agreement No. 871072.
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9 Definition of neutron mirror

The reflectivity R of a neutron guide in MCNP is described analogously to the definition used in McStas

[25]:

R=Ry;Q < Qe
R=2{1—tanh (L2211 - a(@ - @)} Q 2 Q. (Eq.2)

with the constant reflectivity R, for values of the scattering vector Q smaller than the critical
momentum transfer Q.. Q. is the largest scattering vector that a single layer of mirror material would
allow. The parameter a describes the declining of the reflectivity between values Q and mQ,. with m
carrying values larger than or equal to unity. This decline is typical for so-called supermirror surfaces
that extend the total reflectivity properties of neutron mirrors to scattering vectors of mQ.. The

parameter W defines the level of smearing at the edge of the reflectivity around mQ..

In MCNP the user is able to specify the parameters of the guide using a so-called REFF card [26]. Here,
Rois set to 0.99, Qc to 2.19 X 102 A-1, mto 6, a t0 6.07 A, and W to 3 X 10 A-* similarly as it was given

in Ref [26].

This project has received funding from the European Union‘s Horizon 2020
research and innovation programme under grant agreement No. 871072.
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10 Thermal scattering cross sections

In this section, we describe the thermal scattering cross sections for the materials used in this work,

starting with a classification of the interactions that are treated.

In the energy range where thermal scattering cross sections need to be considered, i.e., below about
100 meV there are three different possible interactions: inelastic, elastic (Bragg or incoherent) and

small angle neutron scattering (SANS), which is also an elastic scattering.

In inelastic neutron scattering there is an exchange of energy between the material and the neutrons.

This is dependent on the atom bonding and the resulting phonon spectra.

The Bragg scattering is due to interference from the different planes of atoms in the crystal. It has a
cutoff energy, because longer wavelength neutrons than some value cannot satisfy the Bragg condition

given by
2d sinB=n A (Eq.3)

where d is the lattice spacing, 8 is the scattering angle, n is a sequential number n=1,2,,...,, and A is the

wavelength.

The SANS scattering is coming from the interference of the neutron wave with bigger particles, of the

size of tens of angstroms.

Liquid materials only present inelastic scattering. Solid materials present inelastic scattering and elastic

scattering. SANS is only present if the material has structures in the nanometric scale, either particles

or pores.

This project has received funding from the European Union‘s Horizon 2020
research and innovation programme under grant agreement No. 871072.
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10.1 Solid methane

Solid methane in phase | at 22 K was modelled using the evaluation distributed with ENDF/B-VIII.O.
which was based on the Harker-Brugger spectrum [27]. Compared with the libraries distributed with
MCNP, the elastic cross section was rescaled to give the correct asymptotic value at low energies [24].

The scattering cross section of solid methane is shown in Figure 5.

File: smeth, Lib: smeth.80t, Temperature: 22K

102 4 = Inelastic XS
] - Elastic XS
- Scattering XS
10* 4
E ]
C
B
=
(V]
4 100
" 10 3
o
(@]
1071 5

L SRR TR
Energy [eV]
Figure 5 Scattering cross sections of solid methane at 22 K
ENDF/B-VII1.0 evaluation processed with NJOY21 version 1.1.1. [28] The elastic component was

renormalized.

This project has received funding from the European Union‘s Horizon 2020 p 190f 75
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10.2 Nanodiamonds

Diamond nanoparticles (NDs) are in nanosized powder form, and can be produced by detonation and
other methods. Their particle size is typically in the order of 5 nm, which generates significant small
angle neutron scattering effect for neutrons with wavelengths in the 10-100 A range. Since SANS is

elastic, NDs could be used to improve the reflective properties of a system.

In practice, SANS starts to produce a significant reflection effect below 0.1 meV (Fig. 6), which makes

NDs most useful as a VCN / UCN reflector.

Thermal scattering in NDs was represented as a combination of a model for pure bulk diamondin NJOY,
providing coherent elastic and inelastic cross section, and a hard coded SANS model implemented in
MCNP based on experimental data from Teshigawara [29]. The composition of the material used in
MCNP only includes carbon, thus resulting in a model for ideal nanodiamond powder without impurity
effects in absorption or inelastic scattering. Further improvements from fluorination were not

considered [13].

The resulting thermal scattering cross section is shown in Figure 6.

T T LIS lll T T Ty lll T T T T
10° 3
—_ — Nanodiamond total
,% L --- SANS
L --- Diamond total
2 102 --- Inelastic
§ --- Bragg elastic
o 10F R
; i ~ {‘\‘Ws‘:.::::: i
g ~ .
2 10k v
® T — /
2 10'F L y
'2 1 L - lllll L 1 1 Illlll 1 L L llllll L 1 1 L L L Ll
100° 10° 10? 10" 10"
Neutron energy [eV]

Figure 6. Neutron cross sections for NDs

This project has received funding from the European Union‘s Horizon 2020
research and innovation programme under grant agreement No. 871072.
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10.3 Solid deuterium

The thermal scattering library for solid deuterium was developed using NJOY+NCrystal [30]. based on
a model by Granada [31]. The resulting ACE file was prepared in the mixed-elastic format, which

requires a custom version of MCNP6 or PHITS to run.

Figure 7 and 8 show the different components of the scattering cross section for solid ortho- and
paradeuterium, respectively, at 5K. Contrary to other materials that have either an incoherent or

coherent component to the scattering cross section, solid deuterium has a significant contribution

from both coherent and incoherent elastic scattering, which requires using the mixed elastic format

[30].

File: sod2-05K.ace, Lib: sod2.05t, Temperature: 5K

101 4
— 10°4
2
s —— Inelastic XS
s ——— Coh. el. XS
& — Inc. el. XS
8 —— Scattering XS
510714

1072 4
\
1073 10~ 1073 1072 107! 10°
Energy [eV]

Figure 7. Scattering cross sections of solid orthodeuterium at 5K

File: spd2-05K.ace, Lib: spd2.05t, Temperature: 5K

10! {4 = Inelastic XS
—— Coh. el. XS
—— Inc. el. XS
— Scattering XS

100 -

Cross section [b]

1072 4

107> 10~ 1073 1072 107! 10°
Energy [eV]

Figure 8 Scattering cross sections of solid paradeuterium at 5K
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10.4 Liquid hydrogen and deuterium

Libraries for liquid hydrogen at 14K were obtained from JEFF 3.3 library [32] which includes an
improved version of the model developed at evaluation from Centro Atomico Bariloche [33]. The

libraries were processed on a fine angular and energy grid [34] with NJOY21 version 1.1.1.

Figure 9 and 10 show plots of the scattering cross section for liquid para- and orthohydrogen

respectively, at 14K.

File: ph-j33.14, Lib: ph-j33.14t, Temperature: 14K
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Figure 9 Scattering cross sections of liquid parahydrogen at 14 K (it has only inelastic part)

File: oh-j33.14, Lib: oh-j33.14t, Temperature: 14K

= |nelastic XS
== Scattering XS

102 _

Cross section [b]
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Energy [eV]

Figure 10 Scattering cross sections of liquid orthohydrogen at 14 K (it has only inelastic part)
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10.5 Neutron mean free path in different materials

Figures 11 and 12 show the neutron mean free path in different converters. The mean free path of
VCN is the mm range in solid methane and liquid orthohydrogen, they work in cm scale as VCN
converters. In liquid parahydrogen and solid deuterium (both ortho and para), the mean free path of

VCN is in dm scale, which implies larger size for VCN converters.

Methane @ 22 K
Para-H2 @ 14 K
~———— Ortho-H2 @ 14 K
Para-D @ 5 K
———— Ortho-D @ 5 K

10° 5

Mean Free Path [cm)]

0 20 40 60 80 100
Wavelength [A]

Figure 11. Neutron mean free path as a function of neutron wavelength for different moderators

20

Methane @ 22 K
Para-H2 @ 14 K
15 —— Ortho-H2 @ 14 K
- Para-D @ 5 K
—— Ortho-D @ 5K

Mean Free Path [cm]

10° 1x107° 1x10° 1x10° 1x10° 1x10°
Energy [eV]

Figure 12. Neutron mean free path as a function of energy for different moderators
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11 Monte Carlo methodology

The calculations were carried out by using the MCNP6 code, version 6.2. [35]. The MCNP6 code,
developed and maintained by Los Alamos National Laboratory, is an internationally recognized code
for calculating the transport of particles by the Monte Carlo method. MCNP6 treats geometry
problems primarily in terms of regions or volumes bounded by first and second-degree surfaces. Cells
are defined by intersections, unions, and complements of the region, and contain user defined
materials. The characteristics of the source (particle type, energy distribution, geometry) are also
defined by the user MCNP6 uses estimator methods to calculate particle fluxes and reaction rates. The

formalism of estimators is called tallies.

The ENDF/B-VIII.0 data library was used except for the thermal scattering libraries as referenced in

Section 10.
11.1 Geometry for neutron intensity of bare converter

To calculate the neutron intensity from a bare converter, we modelled a cylindrical converter. The
source term consisted of a neutron beam with the energy spectrum defined from Section 6.1. The
beam footprint was circular with 1 cm diameter, hitting the cylinder from the side (Figure 13). A
sensitivity study was performed varying the height and diameter of the moderator: the height of the
moderator was changed between 1 and 50 cm, while the diameter was changed between 2 and 100
cm. The converter is placed in a 1 mm thick aluminium holder. In the case of deuterium, a 30 um thick

aluminium holder and 1 mm beryllium holder were also studied.

The outcoming neutron flux was calculated at 1 m distance from the converter using point detector
(F5) tallies and 5 cm diameter sphere volume detector(F4) tallies at 1 m (Figure 13). The angular
distribution of the outcoming neutrons is measured at 16 cm and 1 m distance from the source beam

by surface detector (F1) tally.
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'
:
J
, Point detector at 1 m distance from the source beam
1

1 mm thick Aléminium holder

Height = 1cm..50 cm

Diameter =1 cm.. 50 cm

Figure 13. Geometry for the calculation of the intensity of a bare converter, showing position of
the tallies, the height of the moderator is varied between 1 and 50 cm, the diameter is varied

between 2 and 100 cm.
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11.2 Geometry of converter/reflector
This geometry is a simplification of the experiment intended to be performed at PF1B.

A 3 cm diameter, 1 cm height cylindrical converter placed into a 1 mm thick aluminium holder in case
of hydrogen and methane, and 30 um thick aluminium holder in case of deuterium. It is surrounded
by a 3 cm thick nanodiamond reflector. The nanodiamond is not placed in an additional holder. The
converter is impinged by neutrons from the side. The neutron source is a 1 cm diameter cylindrical
cold neutron source (Figure 14). The outcoming neutron flux is measured at 1 m distance from the
source beam by volume detector (F4) tally. The angular distribution of the outcoming neutrons is

measured at 16 cm and 1 m distance from the source beam by surface detector (F1) tally (Figure 15).

3cm
Nanodiamond reflector
15cm
20cm
Neutron source
=)
lcm \ Converter —
I Aluminium holder” 10 cm
Neutron source 1 mm thickness
Figure 14. Geometry of the converter-reflector system.
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Volume

(% detector,

5 cm diameter
sphere

Surface detector
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1m distance from
the source
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=

Figure 15. Geometry showing position of the tallies.
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12 Figure or merit (FOM)

To define the neutron intensity [1] we start with the population of neutrons, which is described by
qguantity called the neutron angular density denoted by :

N(r,0,E,t) (Ea. 4)
and defined as the probable (or expected) number of neutrons at the position ( r) with direction and
energy E and at time t, per unit volume per unit solid angle per unit energy, e.g., per cm? per steradian
per MeV. Thus

N(r,Q,E,t)dVdQdE (Eq.5))
is the expected number of neutrons in the volume element dV about r, having directions within dQ
about Q and energies in dE about E at time t. Such a number of neutrons in an infinitesimal volume is
sometimes referred to as a packet of neutrons.

Neutron angular flux which is equal to brightness in units of [n/cm?/s/sr/eV] is defined as:
d(r,QE,t) =v-N(,QE,t) (Eq. 6)

Neutron intensity is equal to the neutron beam current:

Iy(E,02,t) = [, v-N(r,Q,E,t)da (Eq. 7)

The following quantities were calculated:

e Neutron flux spectra, calculated using F5 point detector tallies and F4 volume detector tallies

at 1 m from the source
o Neutron flux spectra using F1 surface detector tally at 16 cm from the source

e Integrated fluxes in the following wavelength ranges: between 4- 10 A, 10-20 A, 20-40 A, and
above 40 A were calculated. The fluxes are normalized per source intensity (total number of

source neutrons integrated through the given energy range).

e The angular distribution of the outcoming neutrons is measured at 16 cm and 1 m distance

from the source beam by surface detector (F1) tally.

The intensity of the converter is proportional to the calculated flux, therefore the flux results can be

used as a comparison of the different materials and geometries.
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13 Results: Intensity from a bare converter

In Table 3, 4 and 5 the fluxes per source neutrons are reported. To get intensity in neutrons/source
neutrons/sr, the fluxes in neutrons/source neutrons/cm? need to me multiplied by the area of the
emission surface, and divided by the solid angle. E.g. in case of 3 cm diameter the emission surface is
n-1.5%, and in case of 1 m distance the solid angle is t-1.52/100%. Therefore the factor to convert the

fluxes in Tables 3,4 and 5 to intensity in neutrons/source neutrons/sr is 10%.

Table 3. Neutron flux for different bare converter materials. Neutron flux/cm?/source neutron at 1
m from the source detected by F5 point detector tally. Two sets of data are presented:flux for best
configuration, which is chosen from the color maps of flux shown in the Appendix, and flux from a
small converter size with 3 cm diameter, 1 cm high converter (most likely dimension for the

prototype experiment)

Best configuration Neutron flux/source neutrons [neutrons/source neutrons/cm?]

material 2-4 A 4-10 A 10-20 A 20-40 A >40 A

Solid paradeuterium

( D=100 cm, h=50 cm) 2.44E-06 | 3.90E-06 5.99E-07 7.84E-08 1.04E-08

Solid orthodeuterium

(D=100 cm, h=50 cm) 5.94E-07 | 3.64E-06 6.32E-07 8.44E-08 1.19E-08

Liquid parahydrogen

(D=30 cm, h=1cm) 2.98E-06 | 3.00E-06 1.20E-07 1.41E-08 1.94E-09

Liquid orthohydrogen

(D=10 cm, h=1 cm) 4.87E-06 | 5.52E-06 4.85E-07 2.95E-08 1.43E-09

Solid methane

(D=14 cm, h=1 cm) 3.44E-06 | 5.35E-06 4.28E-07 2.32E-08 1.3E-09

3 cm diameter, 1 cm height 2-4 A 4-10A 10-20 A 20-40 40 A<

Solid paradeuterium 7.33E-07 | 4.88E-07 4.37E-08 4.94E-09 6.05E-10

Solid orthodeuterium 6.77E-07 5.21E-07 4.82E-08 5.49E-09 6.89E-10

Liquid parahydrogen 6.67E-07 | 9.56E-07 4.47E-08 4.99E-09 5.96E-10

Liquid orthohydrogen 4.27E-06 | 5.00E-06 4.51E-07 2.53E-08 1.60E-09

Solid methane 3.20E-06 | 4.93E-06 3.98E-07 2.10E-08 1.57E-09

Statistical uncertainty <1% <1% <1% <1% <1%
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Table 3 summarizes the most important results of flux from bare converters. The results are extracted
from the color maps showing in Figure 18-22 and in the Appendix. We have summarized the results in
two groups: results from the best configuration, i.e. for the dimensions of the converter that gives the
highest intensity, and results for a small converter, of 3 cm diameter, 1 cm height. This is intended to

give an idea of the expected performance if a small converter is used in the ILL experiment.

Table 4 The effect of the holder material and thickness on the results

Neutron flux/source neutrons

3 cm diameter, 1 cm height [neutrons/source neutrons/cm?]
material 2-4 A 4-10 A 10-20 A 20-40 A >40A
Solid orthodeuterium, 1 mm 6.77E-07 5.21E-07 4.82E-08 5.49E-09 6.89E-10

Solid orthodeuterium, 30 um

aluminium holder 6.44E-07 4.61E-07 4.10E-08 5.12E-09 7.57E-10

Solid orthodeuterium, 1 mm

beryllium holder at 20 K 8.69E-07 4.42E-07 4.01E-08 5.03E-09 7.43E-10

Solid paradeuterium, 1 mm

aluminium holder 7.48E-07 4.23E-07 3.59E-08 4.45E-09 6.30E-10

Solid paradeuterium, 30 um

aluminium holder 7.00E-07 4.27E-07 3.65E-08 4.56E-09 6.69E-10

Solid paradeuterium, 1 mm

beryllium holder at 20 K 9.26E-07 4.11E-07 3.57E-08 4.47E-09 6.67E-10

Statistical uncertainty <1% <1% <1% <1% <1%

Most of the calculations were carried out by using 1 mm aluminium holder. As shown in Table 4, we
compared the flux for a small converter, for a 30 mm Al holder and 1 mm cold holder. This has an

effect of about 10% increase in the very cold neutron range.

Therefore, in the following calculations 30 um aluminium holder was used in case of deuterium.
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Figure 16. Spectra of best configuration as defined in Table 3.

1 m from the source detected by F5 point detector tally
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Figure 17. Spectra of 3 cm diameter, 1 cm height converter,

at 1 m from the source detected by F5 point detector tally

In Figure 16 the spectra for “ideal” size converters are shown, while in Figure 17 the spectra for the
small converter size are shown. The spectra are calculated above the converter as shown in Figure 13.
It is interesting to see the shift in the spectra maxima. One interesting feature is the peak at about 4 A
for parahydrogen. which is not observed in typical parahydrogen spectra from moderators at spallation
sources, see for instance [36]. Such shift is due to the different incoming spectrum on the converter,

which is a cold spectrum, as opposed to a thermal spectrum in spallation sources or reactors.

For a VCN source, the interesting part of the spectrum is the part above 10 A. The intensity from solid
deuterium is about 1 order of magnitude higher than from the other materials, for large sizes of
converters. However in the case of the small converter the hydrogen and methane converters has

bigger gain in the VCN range.
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13.1 Solid orthodeuterium at 5 K

In Figure 18, and in the following figures up to Figure 22, 2-dimensional maps of integrated neutron

flux above 40 A, for different converter materials, as a function of the converter diameter and height,

are shown.

Tally value, max= 1.35e-08 at H = 50.0, D = 100.0
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Figure 18. Neutron flux map for solid orthodeuterium, for neutrons above 40 A, at 1 m from the

source detected by F5 point detector tally

[neutrons/source neutrons/cm?]

In the case of orthodeuterium, the maximum gain was given by the largest sized converter (see Figure

18), due to its long neutron mean free path in the very cold neutron energy range (see Figure 11 and

12).
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13.2 Solid paradeuterium at 5 K

Tally value, max= 1.12e-08 at H = 40.0, D = 100.0
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Figure 19. Neutron flux map for solid paradeuterium, for neutrons above 40 A, at 1 m from the
source detected by F5 point detector tally

[neutrons/source neutrons/cm?]

Similarly to the orthodeuterium, in the case of paradeuterium, the maximum gain was given by the

largest sized converter (see Figure 19), due to its long neutron mean free path in the very cold neutron

energy range (see Figure 11 and 12).
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13.3 Liquid Parahydrogen at 20 K
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Figure 20. Neutron flux map for liquid parahydrogen, for neutrons above 40 A, at 1 m from the
source detected by F5 point detector tally

[neutrons/source neutrons/cm?]

In case of parahydrogen, the maximum gain was given by a 30 cm diameter converter (see Figure 20).

The parahydrogen has around 1 centimeter mean free path in the very cold neutron energy range (see

Figure 11 and 12).
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13.4 Liquid orthohydrogen at 20 K
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Figure 21. Neutron flux map for liquid orthohydrogen, for neutrons above 40 A, at 1 m from the
source detected by F5 point detector tally

[neutrons/source neutrons/cm?]

In the case of orthohydrogen, the maximum gain was given by a 10 cm diameter converter (see Figure

21). The orthohydrogen has about 1 mm mean free path in the very cold neutron energy range (see

Figure 12).
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13.5 Solid methane at 22 K
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Figure 22. Neutron flux map for solid methane, for neutrons above 40 A, at 1 m from the source
detected by F5 point detector tally

[neutrons/source neutrons/cm?]

In the case of methane, the maximum gain was given by a 14 cm diameter converter (see Figure 22).
The methane has about 1 mm mean free path in the very cold neutron energy range (see Figure 11

and 12).
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14 Results: Intensity from a moderator/reflector system

The geometry for this case is shown in Figure 14. Table 5 summarizes the most important results from

different converter materials surrounded by a nanodiamond reflector. Integral fluxes below 10 A,

above 10 A, above 20 A, and above 40 A were calculated. The fluxes are normalized per source intensity

(total number of source neutrons integrated through the given energy range). The solid deuterium

converter surrounded by NDs gave the best flux, therefore the best intensity. For this geometry, a 5

cm diameter spherical volume detector tally (F4) was used to calculate the flux, because the F5 point

detector tally was not available for calculations with nanodiamond.

Table 5 Neutron flux (neutrons/source neutrons/cm?) for different converter materials, 3 cm

diameter, 1 cm height (Tally type F4, 1 meter distance from the source)

Neutron flux/source neutrons

[neutrons/source neutrons/cm?]

Material
2-4A 4-10 A 10-20 A 20-40 A >40A

Liquid parahydrogen+NDs 1.72E-06 1.43E-06 7.64E-08 1.17E-08 1.92E-09
Liquid orthohydrogen+NDs 5.11E-06 6.34E-06 4.03E-07 2.42E-08 1.81E-09
Solid paradeuterium+NDs 2.95E-06 2.84E-06 4.94E-08 8.14E-09 2.63E-09
Solid orthodeuterium+NDs 3.15E-06 3.09E-06 1.21E-07 1.22E-08 3.16E-09
Solid methane+NDs 4.31E-06 6.38E-06 3.45E-07 2.23E-08 2.14E-09
Solid methane+mirror 3.75E-06 4.30E-06 2.57E-07 1.56E-08 1.18E-09

Statistical uncertainty 0.30% 1% 3% 10% 25%
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Table 6 Gain from nanodiamond reflector for different converter materials, 3 cm diameter, 1 cm

height (Tally type F4, 1 meter distance from the source)

Gain from . . . . .
2-4A 4-10 A 10-20 A 20-40 A >40A
nanodiamond/mirror

Liquid parahydrogen+NDs 1.4 1.4 1.4 0.8 3.5
Liquid orthohydrogen+NDs 1.3 1.4 1.1 1.2 2.0
Solid paradeuterium+NDs 1.8 3.2 2.5 1.8 3.1
Solid orthodeuterium+NDs 1.1 1.5 14 2.1 4.0
Solid methane+NDs 1.2 1.5 14 1.5 2.0
Solid methane+mirror 1.0 1.1 1.1 11 1.1

Table 7 Neutron counts (neutrons/source neutrons) for different converter materials, 3 cm diameter,

1 cm height (Tally type F1, 16 cm distance from the source)

Neutron counts/ source neutrons
Material [neutrons/source neutrons]
4-10 A 10-20 A 20-40 A 40A<

Liquid parahydrogen+NDs 5.79E-04 6.06E-05 1.67E-05 6.04E-06
Liquid orthohydrogen+NDs 2.82E-03 4.23E-04 4.63E-05 7.39E-06
Solid paradeuterium+NDs 1.35E-03 6.95E-05 2.26E-05 1.53E-05
Solid orthodeuterium+NDs 1.43E-03 1.46E-04 2.53E-05 1.61E-05
Solid methane+NDs 2.81E-03 3.66E-04 4.35E-05 8.51E-06
Solid methane+mirror 2.30E-03 1.76E-04 2.73E-05 5.81E-06

Statistical uncertainty 0.1% <0.2% <1% <2%
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Table 8 Gain from nanodiamond reflector for different converter materials, 3 cm diameter, 1 cm

height (Tally type F1, 16 cm distance from the source)

Gain from nanodiamond/mirror 4-10 A 10-20 A 20-40 A >40A
Liquid parahydrogen+NDs 1.1 2.1 4.7 13.8
Liquid orthohydrogen+NDs 1.2 2.7 4.8 12.7
Solid paradeuterium+NDs 5.6 3.8 9.2 44.2
Solid orthodeuterium+NDs 1.2 3.1 9.7 44.2

Solid methane+NDs 1.2 2.7 5.1 14.1
Solid methane+mirror 1.0 1.3 3.2 9.6

At the exit of the ND reflector an increase by a factor of 44 was computed when using the deuterium
converter, an increase by a factor of 13-14 was observed when hydrogen converter was used, while
an increase by a factor of 14 was calculated when the converter material was methane. These gains

were computed considering neutrons 40 A <. Most of this gain is due to high-divergence neutrons.

The angular distribution show that most of the increase is due to high-divergence neutrons. Therefore,

this increase can be measured only at the exit of the nanodiamond reflector.

For low-divergence neutrons, at 1 m from the source an increase by a factor of 3 was predicted when
using the paradeuterium converter, an increase by a factor of 4 was observed when orthodeuterium
converter was used, an increase by a factor of 3.5 was computed when the converter material was
parahydrogen, while an increase by a factor of 2 was calculated when using orthohydrogen or methane
converters. At 1 m from the source, the neutron flux was calculated inside a 5 cm diameter spherical
volume detector tally (the solid angle is 3 degree). This result is quite interesting because these are
low divergence neutrons, usable in neutron scattering experiments. We would expect to observe such

a gain in the prototype experiment.

As a comparison with NDs, we considered a similar geometry where supermirrors with m=6 replace

the NDs. With a methane converter, an increase by a factor of 10 was predicted at 16 cm from the
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source, but only 10 % gain was observed at 1 m from the source. It is because neutron mirrors work

well in different geometries, e.g. as a neutron guide.
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15 Differential cross section of para- and othodeuterium

The difference between ortho- and paradeuterium is due to upscattering in paradeuterium. To test
this we simulated the same geometry (Figure 14-15), replacing the beam by a 40 A monoenergetic
neutron beam (Figure 23). This additional upscattering can be observed (Figure 24) in the energy
differential cross section for 40 A, which shows the same features at low energy, with an additional

scattering probability for outgoing energies in the 1-10 meV range for paradeuterium.
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Figure 23. Neutron spectra at 1 m F4 volume detector tally, 5 cm diameter sphere for a
monoenergetic 40 A beam.
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Figure 24 Differential cross section of para- and orthodeuterium at 40 A
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16 Effect of elastic and inelastic cross section

Since the incident spectrum at PF1B is already cold, there is a VCN tail that would be dispersed by the
elastic cross section of solid converter materials, in addition to the inelastic downscattering effect. To
quantify this we computed the in-scattering probability from an incident energy E; to an outgoing
energy Er< 0.05 meV (equivalent to 40 A), and multiplied it by the inelastic cross section at E; to obtain
the cross section of VCN production by single scattering. This cross section, integrated over the incident

spectrum, gives the VCN production rate from single scattering events.

Rinet = [, dE; ®(E)Oine1(E)p(E; > Ef < 0.05 meV) (Eq.4)
This can be compared to the dispersion of VCNs, computed as the integral over the spectrum for E; <
0.05 meV times the elastic cross section at E;.

f0.0S meV

R€l= 0

dE; ®(E;)o (E;) (Eq.5)

The results, normalized to the total number of events, are shown in Table 8.

Table 9 Elastic and inelastic scattering part in different converters

Inelastic part Elastic part
Solid orthodeuterium 88% 12%
Solid paradeuterium 75% 25%
Solid methane 66% 34%

Although the contribution of neutrons dispersed by elastic scattering is not negligible, the majority of
the VCN neutrons are produced by inelastic events. It is important to note that this analysis is simplified

because it does not include the production of VCNs by multiple scattering events.

This project has received funding from the European Union‘s Horizon 2020
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17 Results: Angular distribution of a moderator/reflector system

The angular distribution of the outcoming neutrons is calculated at 16 cm (at the exit of the reflector)
and 1 m distance from the source beam by surface detector (F1) tally shown in Figure 25-28. The gain
from the nanodiamond converter is more visible at high angles, while most of the gain is lost at 1 m

distance, where only small angle neutrons arrive.
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Figure 25. Angular distribution of neutrons, 40 A <neutron wavelength, at 16 cm from the source,

12.5x12.5 cm? detector surface, F1 tally

Figure 25 shows the angular distribution of neutrons for different converter materials, at 16 cm from

the source. It is well visible that most of the gain by the nanodiamond is due to high angle neutrons.
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Figure 26. Angular distribution of neutrons,, 40 A <neutron wavelength, at 16 cm from the source,

12.5x12.5 cm? detector surface, F1 tally

Figure 26 shows the angular distribution of neutrons for bare methane converter, methane converter
surrounded by nanodiamond reflector, and methane converter surrounded by neutron mirror, at 16
cm from the source. Most of the gain by both the nanodiamond and neutron mirror is due to high

angle neutrons.

This project has received funding from the European Union‘s Horizon 2020
research and innovation programme under grant agreement No. 871072.

Page 450f 75




eurizon

Deliverable no. 3.3

— 3-2E-5 ——— Parahydrogen

< Orthohydrogen

8 s Paradeuterium

g Orthodeuterium
S 2 ESE0 —— Methane
g % 2 OE-5 Parahydrogen+ND
5 0 —— Orthohydrogen+ND
n C :
D o 16E-5 Paradeuterium+ND
8 £ —— Orthodeuterium+ND
§> S 1.2E-5 Methane+ND
< &

S 8.0E-6

3 i

Z 4.0E-6 ——

0OE+0L— 1 .+ 1+ o 1 1 I

0 2 4 6 8 10 12 14 16 18 20
Angular binning (degree)

Figure 27. Angular distribution of neutrons, 40 A <neutron wavelength, at 1 m, 25x25 cm? detector

surface, F1 tally

Figure 27 shows the angular distribution of neutrons for different converter materials, at 1 m from the

source.

S This project has received funding from the European Union‘s Horizon 2020
b . proj g P Page 460f 75

« - research and innovation programme under grant agreement No. 871072.



eurizon

Deliverable no. 3.3

3.2E-5 |
2.8E-5 |
2.4E-5
-Methane
2 0E-5 Methane+mirror
—— Methane+ND

1.6E-5

1.2E-5

Angular distribution
[neutrons/(source neutrons-A(cos0))]

8.0E-6

0_0E+0.1.1.1.1.El_.11.1

0 2 4 6 8 10 12 14 16 18 20
Angular binning (degree)

N
o
n
(o))
1

Figure 28. Angular distribution of neutrons, 40 A < neutron wavelength, at 1 m, 25x25 cm? detector

surface, F1 tally

Figure 28 shows the angular distribution of neutrons for bare methane converter, methane converter
surrounded by nanodiamond reflector, and methane converter surrounded by neutron mirror, at 1 m

from the source.
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Figure 29. Neutron spectra at 16 cm, 12.5x12.5 cm? detector surface, F1 surface detector tally

Figure 29 shows the neutron spectra at 16 cm for different converters, the gain from nanodiamond is

well visible above 20 A.
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Figure 30. Neutron spectra at 16 cm, 12.5x12.5 cm? detector surface, F1 surface detector tally

Figure 30 shows for bare methane converter, methane converter surrounded by nanodiamond
reflector, and methane converter surrounded by neutron mirror, at 16 cm from the source. Similarly

to nanodiamond, the gain from neutron mirror is also well visible above 20 A.
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Figure 31. Neutron spectra at 1 m F4 volume detector tally

Figure 31 shows the neutron spectra at 1 m from the source for different converters, the gain from

nanodiamond is less pronounced than closer to the converter.
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Figure 32. Neutron spectra at 1 m F4 volume detector tally

Figure 32 shows the neutron spectra at 1 m from the source for bare methane converter, methane
converter surrounded by nanodiamond reflector, and methane converter surrounded by neutron

mirror. Comparing with Figure 28, the effect of neutron mirror is not significant.
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Figures 33-34 show the neutron intensity decreases by distance from the source. Figure 31 shows
results with different converter materials and neutrons above 40 A, while Figure 32 shows only
orthodeuterium at different energy ranges. The expected inverse square decrease in flux is well visible

in all graphs.
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Figure 33. Neutron counts (neutrons/source neutrons) for different converter materials at different

distances (3 cm diameter, 1 cm height converter, Tally type F1), neutrons above 40 A
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Figure 34. Neutron counts for solid orthodeuterium converter at different distances (3 cm

diameter, 1 cm height converter, Tally type F1)
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18 Expected count rates for prototype experiment

The neutron capture flux density of H113 is ®c= 2-10'° n/(cm?s). The particle flux is 2.7 times lower
than the capture flux density. The PF1B spectrum is shown in Figure 3. For the source intensity we

multiplied the particle flux by the source area (1 cm diameter circle).

The neutron counts were calculated by a 25 cm x 25 cm surface detector tally (F1), at 1 m from the

neutron source.
We considered that the velocity selector transmits about 8% of the initial beam.

The tally results were multiplied by 4.65-108 n/s neutron intensity in order to get the expected count

rates.

Table 10 Expected count rates at 1 m from the source, 25 cm x 25 cm surface detector

4-10 A 10-20 A 20-40 A >40A

Material Neutron counts/second

Liquid parahydrogen+ND 3.70E+05 1.37E+04 2.00E+03 3.79E+02
Liquid orthohydrogen+ND | 1.98E+06 1.11E+05 6.64E+03 5.31E+02
Solid paradeuterium+ND 8.90E+05 1.43E+04 2.46E+03 8.52E+02
Solid orthodeuterium+ND | 9.40E+05 3.08E+04 2.74E+03 8.83E+02
Solid methane+ND 1.80E+06 9.08E+04 5.58E+03 6.27E+02
Statistical uncertainty 0.1% 0.3% 1% 2%

Based on our calculations, at 1 m from the neutron source, at the end of the reflector, the expected
count rate of very cold neutrons above 40 A is about 400 neutron per second (nps) in case of
parahydrogen surrounded by nanodiamond, and about 500 nps in case of orthohydrogen surrounded
by nanodiamond. The expected count rate is about 900 nps in case of deuterium surrounded by

nanodiamond, and 600 nps in case of methane surrounded by nanodiamond.
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19 Conclusions

A comprehensive study of the intensity of Very Cold Neutrons (VCNs) from different moderator and
converter materials was performed by Monte Carlo calculations using MCNP6.2. The goal of the study
was to investigate the performance of such materials to generate VCNs, and to couple such materials
with a reflector of nanodiamonds, in view of a possible prototype experiment for an advanced VCN

source.

The choice of candidate VCN converters was based on expectations of good performance, and on the
availability of thermal scattering cross sections in ACE format to be used in MCNP. The following
materials were analyzed: solid para- and orthodeuterium at 5 K, liquid para- and orthohydrogen at 14

K and solid methane at 22 K.

The calculations were carried out using the MCNP 6.2. code. A cylindrical converter was irradiated by
a collimated cold neutron beam from the side. A sensitivity study was performed varying the height
and diameter of the moderator: the height of the moderator was changed between 1 and 50 cm, the

diameter was changed between 2 and 100 cm.

The cold neutron source was defined by the description of the beam characteristics of the first ballistic
supermirror neutron guide H113 that feeds the neutron user facility for particle physics PF1B of the

Institute Laue-Langevin, Grenoble (ILL), where a prototype experiment is intended to be performed.
Several important findings resulted from this work:
Results from simulation of bare converter:

1. Size of the converter: It can be concluded that the maximum gain is given by the biggest size
solid deuterium converter (100 cm diameter, 50 cm height). In case of parahydrogen, the
maximum gain is given by the 30 cm diameter converter. In case of orthohydrogen, the
maximum gain is given by the 10 cm diameter converter. In case of methane, the maximum
gain is given by the 14 cm diameter converter.

2. Difference between ortho- and paradeuterium: About 20 % higher gain is predicted by
orthodeuterium converter compared to paradeuterium using the small geometry converter
and 30 um thickness aluminium holder. Orthodeuterium performs better because of its lower
upscattering cross section, which increases conversion, and its higher elastic cross section
which redirects VCNs already present in the incident beam.

3. Difference between converter materials: There is a clear higher output for solid deuterium,

about 1 order of magnitude higher than for the other materials, for the ideal sizes of VCN
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sources. Neutrons have smaller mean free path in methane and hydrogen, so their intensity
cannot be increased significantly by increasing the volume of the converter.

4. In terms of the experiment configuration (3 cm diameter, 1 cm height) the liquid
orthohydrogen and the solid methane converters gave higher output by a factor of 4 compared

to the liquid parahydrogen and the solid deuterium converters.
Converter with reflector:

5. At the exit of the ND reflector an increase by a factor of 44 was computed when using the
deuterium converter, an increase by a factor of 13-14 was observed when hydrogen converter
was used, while an increase by a factor of 16 was calculated when the converter material was
methane. These gains were computed considering neutrons 40 A <. Although hydrogen and
methane converters produce a higher intensity, solid deuterium produces a higher fraction of
long wavelength neutrons (see Figure 17), which are most affected by the utilisation of
nanodiamond.

6. The angular distribution at the exit of the ND reflector shows that most of the increase is due
to high-divergence neutrons.

7. Forlow-divergence neutrons, at 1 m from the source an increase by a factor of 3 was predicted
when using the paradeuterium converter, an increase by a factor of 4 was observed when
orthodeuterium converter was used, an increase by a factor of 3.5 was computed when the
converter material was parahydrogen, while an increase by a factor of 2 was calculated when
using orthohydrogen or methane converters. At 1 m from the source, flux was calculated by 5
cm diameter spherical volume detector tally (the solid angle is 3 degree). This result is quite
interesting because these are low divergence neutrons, usable in neutron scattering
experiments. We would expect to observe such a gain in the prototype experiment.

8. As a comparison with NDs, we considered a similar geometry where supermirrors with m=6
replace the NDs. With a methane converter, a 9 times increase was predicted at 16 cm from
the source, but only 10 % gain was observed at 1 m from the source.
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20 Appendix A: neutron intensity from bare converters

In the Appendix intensity for different bare converter materials are shown. The tally values show the
neutron flux/source neutron at 1 m from the source detected by F5 point detector tally. Each plot
corresponds to different converter material and different neutron energy range. Table 3 summarizes
the most important results of intensity from bare converters. The results in that table are extracted

from the color maps showing in Figure 18-22 and in the Appendix.

In general it can be concluded that the maximum gain for neutrons above 4 A was given by the biggest
size solid deuterium converter (100 cm diameter, 50 cm height). In case of liquid hydrogen and solid

methane, the maximum gain was given by the smallest possible height (1 cm) and by a certain diameter

in dm range.
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a. Solid orthodeuterium at 5 K
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Figure 20-1 Neutron flux map for solid orthodeuterium, for neutrons between 2-4 A
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Figure 20-2 Neutron flux map for solid orthodeuterium, for neutrons between 4-10 A

[neutrons/source neutrons/cm?]
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Figure 20-3 Neutron flux map for solid orthodeuterium, for neutrons between 10-20 A
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Figure 20-4 Neutron flux map for solid orthodeuterium, for neutrons between 20-40

[neutrons/source neutrons/ cm?]
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Figure 20-5 Neutron flux map for solid orthodeuterium, for neutrons above 40 A
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b. Solid paradeuterium at 5 K
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Figure 20-6 Neutron flux map for solid paradeuterium, neutrons between 2-4 A
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Figure 20-7 Neutron flux map for solid paradeuterium, neutrons between 4- 10 A
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Figure 20-8 Neutron flux map for solid paradeuterium, neutrons between 10- 20 A
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Figure 20-9 Neutron flux map for solid paradeuterium, neutrons between 20- 40 A
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Figure 20-10 Neutron flux map for solid paradeuterium, neutrons above 40 A

[neutrons/source neutrons/ cm?]
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c. Liquid Orthohydrogen at 20 K
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Figure 20-11 Neutron flux map for liquid orthohydrogen, neutrons between 2- 4 A
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Figure 20-12 Neutron flux map for liquid orthohydrogen, neutrons between 4- 10 A

[neutrons/source neutrons/ cm?]
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Figure 20-13 Neutron flux map for liquid orthohydrogen, neutrons between 10- 20 A
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Figure 20-14 Neutron flux map for liquid orthohydrogen, neutrons between 20- 40 A

[neutrons/source neutrons/ cm?]
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Figure 20-15 Neutron flux map for liquid orthohydrogen, neutrons. above 40 A
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d. Liquid Parahydrogen at 20 K
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Figure 20-16 Neutron flux map for liquid parahydrogen, neutrons between 2- 4 A
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Figur 20-17 Neutron flux map for liquid parahydrogen, neutrons between 4-10 A
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Tally value, max= 1.20e-07 atH = 1.0, D = 40.0
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Figure 20-18 Neutron flux map for liquid parahydrogen, neutrons between 10-20 A
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Figure 20-19 Neutron flux map for liquid parahydrogen, neutrons between 20-40 A
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Tally value, max= 1.94e-09 at H = 1.0, D = 30.0
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Figure 20-20 Neutron flux map for liquid parahydrogen, neutrons above 40 A

[neutrons/source neutrons/ cm?]

This project has received funding from the European Union‘s Horizon 2020 p 690f 75
research and innovation programme under grant agreement No. 871072. age bJo




eurizon

Deliverable no. 3.3

e. Solid methane at 22 K
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Figure 20-21 Neutron flux map for solid methane, neutrons between 2-4 A

[neutrons/source neutrons/ cm?]

Tally value, max= 5.35e-06 at H = 1.0, D = 14.0

4.0

w
o

Height [cm]
Tally values

N
o
L

1.0

0.0
0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0

Diameter[cm]

Figure 20-22 Neutron flux map for solid methane, neutrons between 4-10 A
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Tally value, max= 4.28e-07 atH = 1.0, D = 16.0
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Figure 20-23 Neutron flux map for solid methane, neutrons between 10-20 A

[neutrons/source neutrons/ cm?]

Tally value, max= 2.32e-08 atH = 1.0, D = 16.0

4.0

L 10—8

w
o

Height [cm]
Tally values

N
o

1.0

0.0
0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0

Diameter[cm]

Figure 20-24 Neutron flux map for solid methane, neutrons between 20-40 A
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Tally value, max= 1.56e-09 atH = 1.0, D = 8.0
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Figure 20-25 Neutron flux map for solid methane, neutrons above 40 A
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