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ABSTRACT

The high-resolution diffractometer is one of the first instruments of the set of 15 priority neutron
scattering instruments to be installed at the Brazilian Multipurpose Reactor (RMB). A basic
project of this instrument consists of the existence of three guides through which neutrons pass
from source to sample to guarantee maximum neutron flux at the sample position. In this study,
we investigate guide geometry performance considering fixed diffractometer geometry and spatial
arrangement. Comparisons between different guide shapes and supermirrors are performed using
software based on the Monte Carlo method, McStas. Our conclusion shows that a better solution is
splitting the initial flux into two different guides to obtain the maximum flux at the sample
position.
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1. INTRODUCTION

The upcoming Brazilian Multipurpose Reactor (RMB) is a new facility designed for radioiso-
tope production and neutron-beam research [1]. The diffraction technique is very important and well
established for our understanding of the solid-state of matter and consequently is one of the priori-
ties of RMB instruments. There are some advantages to studying structures at the atomic scale with
neutrons. They are particles that have spin “2and no electric charge. Thus, their interactions mainly
occur with other atom nuclei instead of electrons as in X-ray interaction. Since neutrons possess
the magnetic moment, they are scattered electrons of atoms with resultant magnetic moments. So,
they can be used to investigate materials with ferromagnetic and antiferromagnetic properties, for
instance. Besides, the neutron-nuclei interaction, which occurs in neutron diffraction, allows dif-
ferent interactions with Periodic Table elements than X-Ray diffraction. Also, such neutron-nuclei
interaction fits well in studying light atoms in the presence of heavy ones, which makes both com-
plementary techniques. [2, 3].

Neutron instruments are generally expensive and require a previous study of components and
performance before being installed or built. In this spirit, McStas software is an available tool fre-
quently used to simulate neutron instruments for reactors and spallation facilities [4, 5]. It provides
components to construct virtual instruments and it uses the Monte Carlo method to produce neu-
tron beams to verify their performance.

In 2010, there was a bilateral agreement between Brazil and Argentina Governments that stipu-
lates the conceptual model of the Australian research reactor OPAL as a base for their new reac-
tors, i.e., RMB and RA10, respectively [6]. On the other hand, OPAL, namely the Open-pool Aus-
tralian Lightwater reactor, is a state-of-the-art multi-purpose and 20MW reactor that was built by
the Argentinian technology company INVAP [7]. According to the 2010 agreement, the same Ar-
gentinian company, INVAP, was set to be responsible for the RMB and RA10 projects [8].

Since the RMB has in OPAL its reference reactor, we consider it plausible to use a powder dif-
fractometer of this facility, called Echidna, as a first approach of the project. According to litera-

ture, and Echidna’s available information, we build a basic diffractometer that mimics OPAL’s
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instrument [9, 10]. Even though instrument design is defined, we need to define the initial neutron
flux profile to perform simulations and test RMB diffractometer performance.

An available and accurate way to describe the neutron flux produced by a reactor core is
through the Monte Carlo simulations. In the RMB project, they were carried out by using MCNP
codes, but other software programs are available according to literature. These simulations are
normally complex and take long computational time and/or powerful computers to be performed.

Nevertheless, there are simplified tools that allow us to reproduce some spectra and intensity
aspects of such fluxes without losing computational time and with no need for a detailed specifica-
tion of the reactor core. Inside the McStas library, some components can reproduce virtual reactor
sources based on Maxwellian distributions depending on reactor temperature and neutron produc-
tion. Another way to circumvent core simulations during instruments and guides simulations con-
sists of saving simulated neutrons in a file to be used later. The McStas also possess a component
that reads the MCNP outputs and converts them into sources to study other optical instruments,
e.g., guides, mirrors, benders, collimators, crystals, etc.

For this first approach to instrument performance, we choose these two different types of
source input, since RMB core MCNP output is still not available. Further analysis using RMB
proper neutron flux input is let for future studies considering present simulation results.

In this present scenario, we perform simulations considering a standard diffractometer based on
Echidna and with sources produced by components Source_gen( ) and Virtual_mcnp_input( )
[11]. Here, we compare results from Institut Laue-Langevin (ILL) thermal source, which is described
by a Maxwellian profile distribution and produced by the component Source_gen() [12], and IEA- R1
source, which corresponds to a neutron flux input file read by the component Virtual_mcnp_input( )
and previously obtained via MCNP simulations [13].

The way to connect any source to an instrument is a crucial task to distribute available flux
properly. An interesting example occurs at OPAL, where the Echidna monochromator neutron flux
comes from the Wombat high-intensity diffractometer by the same guide [10]. Then, the uses and
delivering definition of available neutron flux (neutron guides definition) to any instrument is nec-

essary to avoid losing performance and optimize the neutron transportation system.
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In this study, we intend to investigate those guide configurations that provide maximum flux at
the sample position. We focus on simulating a basic diffractometer configuration inspired on
Echidna with different neutron guide systems (different guide length and supermirrors) to identify
worthwhile scenarios. In the next section, we describe the diffraction technique, McStas
simulations, and virtual diffractometer components. The last section contains the final remarks and
conclusions. Aspects as guide coating, configuration, and geometry are valuable for defining the

RMB guide system and instrument arrangement in future works.

2. DIFFRACTION TECHNIQUE AND MCSTAS SIMULATIONS

The powder high-resolution diffractometer combined with the Rietveld refinement method is ap-
plied in distinguishing different Bragg peaks, which is necessary for material structure and sample
phases determination [14, 15]. In such a scenario, any optimization consists of increasing resolution
with no expense of intensity. There are a lot of studies in the literature that discuss many aspects of
diffractometer in order to achieve fine resolution without losing intensity or to try to increase inten-
sity in real facilities high-resolution instruments [16, 17, 18, 19].

The paper of Caglioti and collaborators is a milestone in a diffractometer setting and optimization
[20]. Consequently, current instrument optimizations have in Caglioti’s assembly the first step to
obtain a fine resolution. In short, almost all modifications in components of the Caglioti diffractom-
eter are based on instrument geometry and the use of horizontal or vertical focusing monochroma-
tor. Vertical focusing is an example of a process that allows a gain factor between 2 and 10 at the
sample position with no change in instrument resolution [21].

However, before analyzing collimator and monochromator properties it is necessary to guarantee a
maximum flux delivery to the sample position. Consequently, we decide to first ensure guide system
efficiency before studying instrument optimization like geometry, components, and samples.

The diffractometer configuration is shown in Figure 1. Transportation components of simulations
consist of a funnel guide, main guide, and secondary guide that is between monochromator and
sample position. Other McStas components form a simple version of the Echidna high-resolution

diffractometer. Such an instrument has a vertical focusing monochromator [14, 15]. Collimation is
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provided by a primary Soller collimator, a secondary Soller collimator, a radial collimator, which
follows the Caglioti fundamental configuration [20, 22]. The Neutron flux source consists, as al-

ready mentioned, of two different kinds of McStas components, namely Source_gen( ) and Virtu-

al_mcnp_input( ), which correspond in present simulations on an ILL thermal source and the IEA-
R1 BH3 source.

Figure 1: A top-view sketch of simulated diffractometer with a close spotlight on both guide
connection. The diffractometer consists of a Caglioti assemble with primary, secondary, and radial
collimators, monochromator, sample, and radial detector. The guide system is composed
sequentially by a Neutron flux source (virtual or MCNP McStas source), a funnel and main guides,
and a secondary guide between monochromator and secondary collimator.
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Input values of McStas simulation components are described in Tables 1 and 2. In Table 1, we

present fixed values of monochromator height (h) and mosaicity (B), takeoff angle (6u), reflected

wavelength (1) and collimation primary, secondary and radial divergence (o, a and as, respec-
tively). Notwithstanding, these fixed values correspond to real parameters of the Echidna high-

resolution diffractometer [9,10]. On the other hand, Table 2 contains simulation cases a different

funnel and main guide lengths (Lrg and Lwmg, respectively) and supermirrors (m value, where
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mb." is the critical angle of supermirror and 6. is the critical angle of reflection of Ni*®). It is
worth noting that values of guide length already include collimator length, namely 70 cm for pri-
mary collimator and 30 cm for secondary collimator.

The source that was obtained by MCNP code consists of simulations of the IEA-R1 Brazilian reac-
tor at the Instituto de Pesquisas Energéticas e Nucleares — IPEN. This profile corresponds to Beam
Hole Number 3 (BH3) flux and was used previously for Boron Neutron Capture Therapy (BNCT)
facility shielding simulations and further studies [23, 24]. The IEA-R1 source mimics the real flux of
the Brazilian reactor and consequently possesses the reactor geometry and the beam hole aperture.
In this scenario, neutrons are being produced in a circular area with aradius of about 8.5 cm.

Therefore, we standardize the ILL simulations with this same source area of IEA-R1 simula-
tions and both source simulations types, i.e., for IEA-R1 and ILL, are performed with the same
neutron transportation system, which is based on thermal guide dimensions of TG1, where Echid-
na is located at OPAL. Thus, the main guide has 5 cm width and 30 cm height with the variable
length depending on the simulation case, as described in Table 2. Since tesource area (16.8 x 16.8
cm?) is larger than the guide entrance (30 x 5 cm?), we propose a funnel guide to concentrate neu-
tron flux into the main guide in an attempt to use all available neutrons. In this assembly, funnel
guides are designed to have 16.8 cm width and 16.8 cm height at the guide entry and 5 cm width and
30 cm height at the guide exit, where it connects itself with the main guide, as shown in Figure 1.

Divergence of neutron source and supermirrors is important to determine the fraction of initial
flux that reaches the sample. Besides, the simulation results of Table 2 allow us to define guides.
Within such results, we can decide if it is worth to split source flux between two or three guides to
supply neutron flux for different instruments or to keep just a single guide to feed one or two in-
struments (like in TG1 at OPAL). Gilles et al. found that a secondary guide between monochroma-
tor and sample position deteriorate profile quality [25]. Here we also propose to check if this sec-
ondary guide is important to keep flux at the sample position. In this sense, initial cases of Table 2
were proposed to investigate this role of secondary guide. There are sets of configurations that
possess the same guide lengths, but with different values of supermirror index m. By analyzing
these configurations, we can test the guide performance. In this scenario, we observe that guides

with m=0 correspond to no guide configurations since surfaces absorb all incident neutrons.
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Table 1: Simulation technical data of diffractometer. The fixed value parameters consist of
monochromator slab number, mosaicity () and height (h), takeoff angle (6y), main diffracted
wavelength (1) and primary, secondary and radial collimator divergences (o, az and o,
respectively)

Components and

Instrument Adopted Values

Characteristics

23 slabs
Monochromator =33
h =300 mm
Takeoff Angle Om = 140°
Wavelength A=162A
ap =10’
Collimation a =10’
o3=5

The simulated monochromator was constructed based on literature, where a vertical focusing mono-
chromator is provided by a curved assembly of monocrystal wafers also known as a finger. Its cur-

vature is linked to diffractometer geometry by the following equation:

1_ 1 (1+1)
R, 2sin@, \L, Ly/ (1)

1

where Rv is monochromator curvature radius, Oy is takeoff angle, L; = Lrg+Lmg and L; is the mon-
ochromator-sample distance [25]. Following this relation, we ensure maximum flux at the sample
position. However, there are in literature other ways to maximize incoming flux in the curved detec-
tor besides monochromator vertical focusing. Horizontal focusing monochromator and sample size
adjustment are available possibilities, which are let to be analyzed in detail in future studies [25,
26].

Inside simulation McStas codes, we have placed four virtual detectors between the main com-

ponents of the diffractometer to study flux behavior through different proposed guide systems.



Souza A. P. S. etal. e Braz.J. Rad. Sci. e 2021 8

These virtual detectors are described by component Monitor_nD( ) and do not interfere with neu-
tron flux, but only check neutron flux, i.e., neutrons per square centimeter per second (n/cm?s) [11].
They are settled up between the source and the guide entrance, the primary collimator and the mon-
ochromator, the monochromator and the secondary guide entrance, and between the secondary col-
limator and the sample position. These four detectors are positioned exactly after source, primary
collimator, monochromator, and secondary collimator and for this reason, they possess the same
areas of these component neutron exits, i.e., 16.8 x 16.8, 30 x 5, 30 x 5 and 12.8 x 5 cm?, respec-
tively. It is worth noting that the detector area after the secondary collimator is smaller due to the

focusing process imposed on neutron flux by the monochromator.

Table 2: McStas simulation cases that are defined for different combinations of funnel guide length
(Lrc), main guide length (Lug), and supermirror coating index (m). Letters A and B in the case
label stand for simulations with the IEA-R1 and the ILL source, respectively.

Simulation Lrg (M) Lme (M) m
1 (A/B) @ @ 7]
2 (A/B) 58 0 0
3 (A/B) 58 0 1
4 (A/B) 58 0 2
5 (A/B) 58 0 3
6 (A/B) 0 58 0
7 (A/B) 0 58 1
8 (A/B) 0 58 2
9 (A/B) 0 58 3
10 (A/B) 3 55 2
11 (A/B) 3 5 2
12 (A/B) 5 5 2
13 (A/B) 10 5 2
14 (A/B) 15 5 2

In these terms, each detector returns flux values for all simulations, and this data is presented

in Tables 3 and 4. The fluxes of these detectors are represented namely by variables Fs, Fc1, F,
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and Fc,, which correspond to detectors after the source, the primary collimator, the monochroma-
tor, and the secondary collimator, respectively. All proposed simulations are shown in Table 2,
they were carried out through McStas codes with 102 neutron rays and final flux values were ana-
lyzed. Results for IEA-R1 and ILL simulations, which are labeled respectively with letters A and
B, are presented in Tables 3 and 4, respectively and each column corresponds to a specific detec-

tor neutron flux.

Here we focus on comparing flux values of source and primary collimator and also mono-
chromator and sample since monochromator parameters were fixed during simulations. After
comparing fluxes of the source (first column) and primary collimator (second column) for differ-
ent supermirrors in Table 3, we observe, as expected, a continuous increase of incoming flux at
monochromator according to m values (from m = 0 to m = 3). Besides, simulations 1A and 1B in
Table 2 correspond to cases with no guides (@) and a distance of 8 m between source and primary
collimator, and as already indicated, they are used to investigate secondary guide role in saving

neutron flux between monochromator and sample.

We verify cases where there is an enhance in flux between monochromator and sample due to
monochromator focusing. In other words, the neutron stream is passing throw a smaller area in
the sample position than in the monochromator without losing many neutrons. According to the
results (last column of Tables 3 and 4) and considering that the monochromator area is about
60% larger than the detector area at the sample position, it is possible to guarantee that there are
no significant neutron flux loss corresponding to secondary guide. In Table 3, the minimum loss

is about 10% (simulation 7A), and a maximum of about 60% (simulation 14A).

There is another interesting result in Table 3. By checking simulations 1A and 11A, we observe
that both fluxes after primary collimator (Fc1) do not vary more than 2%. This happens because
distances with and without guides are equivalent (8 m). This result shows, at least for this diffrac-
tometer assembly, that for short distances the use of the guide is not crucial. This justifies the use
of beam tubes instead of neutron guides in facilities where thermal neutron instruments are located

near to reactor face like in HZB, for instance.
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Table 3: Simulation Results with IEA-R1 Source.

Source: IEA-R1
Neutron Flux Detection
Simulation ~ Detector Source Primary Collimator ~ Monochromator ~ Stcondary Collimator
Case Position: (Sample)
Detector 16.8 x 16.8 30 x 5 30 x5 12.8 x5
Area (cm):
m Fs (x10™n/cm®s) Fc1 (x10'n/cm?s) Fum (x10°n/cm®s) Fcz (x10°n/cm?s)
1A ) 2.504 40.75 34.10 30.57
2A 0 2.504 6.912 1.628 2.536
3A 1 2.504 9.766 1.731 2.677
4A 2 2.504 13.89 1.792 2.747
5A 3 2.504 16.19 1.834 2.715
6A 0 2.504 7.034 1.752 2.860
7A 1 2.504 8.675 1.078 2.306
8A 2 2.504 12.54 1.132 2.133
9A 3 2.504 16.05 1.138 2.131
10A 2 2.504 12.67 1.165 2.211
11A 2 2.504 39.99 31.54 27.96
12A 2 2.504 34.08 24.44 23.36
13A 2 2.504 27.78 22.55 19.62
14A 2 2.504 23.73 18.20 17.76
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Table 4: Simulation Results with ILL Source

Source: ILL
Neutron Flux Detection
Simulation  Detector Source Primary Collimator ~ Monochromator ~ >¢condary Collimator
Case Position: (Sample)
A?ee;e(it;g): 16.8 x 16.8 30 x 5 30 x5 128 x5
m Fs (x10°n/cm?s) Fci (x10'n/cm?s) Fum (x10°n/cm?s) Fcz (x10*n/cm?s)
1B )] 133.0 115.7 32.60 111.0
2B 0 2.106 9.605 2.491 7.712
3B 1 2.107 11.61 3.083 9.791
4B 2 2.108 11.67 3.216 10.98
5B 3 2.107 11.67 3.223 10.91
6B 0 2.159 9.258 2.554 8.512
7B 1 2.159 10.84 2.942 10.01
8B 2 2.158 11.02 2.994 10.13
9B 3 2.159 11.02 3.050 9.489
10B 2 786.4 50.83 11.68 37.90
11B 2 786.3 180.2 51.25 169.3
12B 2 283.4 138.3 37.16 128.6
13B 2 70.86 82.66 22.83 75.38
14B 2 3151 55.07 15.25 49.83
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We observe the same behavior of no use of guides when fluxes after monochromator and sec-
ondary collimator are compared, i.e., Fy and Fc,. The comparison of these values is slightly dif-
ferent from the last one because previous fluxes are not equal. That is, we have the same value of
Fs for all IEA-R1 simulations, but values of Fy, are different for cases 1A and 11A. The way to
circumvent this problem and compare each performance is to analyze neutrons per second trans-
mission percentage instead of simply checking fluxes. In this scenario, the tax of neutrons is, for
values of Fy and Fc;, 5.115x10°% and 1.956x10"n/s for case 1A, and 4.731x10°% and 1.789x10"n/s
for case 11A. By dividing both pairs of taxes, we obtain the neutron transmission efficiency of
38,25% and 37,82% for cases 1A and 11A, respectively. From this comparison we observe that a
secondary guide, at least for these cases, is not necessary, which is coherent to Gilles et. al. study
[25]. We observe a similar behavior by checking such efficiency for B cases and we found that
all transmissions between about 13% and 15%, which also is plausible according to the work of
Gilles.

On the other hand, we verify some values that are not equivalent when comparing A and B
simulations. These discrepancies are noticed on all simulations with 58 m long guides, for the
funnel or even the main guides, i.e., by comparing 2A to 9A cases with their correspondent con-
figurations 2B to 9B. We observe that values of F¢; for A simulations are being improved (higher
fluxes) as the index m of supermirror coating is increasing. Here the values of Fc; of cases 2A
and 6A are 42,69% and 43,82% of cases 5A and 9A, respectively. Notwithstanding, the compari-
son of the same ILL cases, i.e., 2B with 5B, and 6B and 9B, results in 82,30% and 84,01%. In
addition, we observe no difference between in B simulations for using m=2 and m=3, which cor-
respond to cases 4B and 5B, and 8B and 9B.

We believe that this behavior is due to an internal characteristic of McStas compo-
nent Source_gen( ), which is used to produce ILL source. Such a component is efficient to repro-
duce intensity and wavelength profile, by not the source divergence, which has to be defined ac-
cording to virtual source area and distance to guide system entrance, for instance. Then, we con-
clude that the IEA-R1 source possesses higher angles of divergence than the ILL source. The lat-

ter source consequently possesses a source-primary collimator distance in a way that neutrons
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have no divergence enough to hit guide walls. In these terms, define properly this distance of aim
is crucial for using these virtual sources to mimic real ones.

By comparing fluxes after primary collimator (of column F¢;) of simulation 2A to 5A with 6A
to 9A of Table 3 and simulation 2B to 5B with 6B to 9B of Table 4, we confirm that the use of
funnel guide is not significant in flux gain. Consequently, a better way to use available neutrons is,
at least to this scenario, to split the main neutron source area into two instruments. Another possi-
ble way to “save” neutron flux is by using transmitted upstream of monochromator as well as
Wombatand Echidnadiffractometerat OPAL [10].

The comparison of flux values of cases 10A/B and 11A/B, and 11A/B until 14A/B simply
show us how flux decays according to final system length. However, such a scenario is not deep-
ly analyzed since the RMB project contains a guide system and configurations similar to the
OPAL reactor.

3. CONCLUSION

We verify a weak dependence on supermirror variety (m) in ILL results. In this study, we pro-
pose an initial assembly of a high-resolution powder diffractometer for the RMB project. OPAL’s
correspondent diffractometer Echidna is taken as a very first project configuration. Initial simula-
tions were carried out to investigate the neutron flux of this basic diffractometer. We analyze flux at
four different parts of the instrument stream to compare guide performances. Initial results show
that there is just a subtle variance of flux for the instrument close to the face reactor (about 8 m).
According to our results, we also verified that the secondary guide between monochromator and

sample position is not necessary for this diffractometer configuration.

We also find that the funnel guide should be long enough to diminish the flux divergence, but
results with long funnel guides (58 m) do not show significant variation next to normal straight
guides (main guide) with the same length. In these terms, a better solution would be splitting initial
flux in two different guides instead of using a funnel guide to focus and “save” neutrons from a
source with a larger area than the main guide. Availing transmission neutron flux of monochroma-
tor in the same way as OPAL’s Wombat and Echidna instruments is also a possibility to maximize

neutron use.
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The analysis of the RMB guide system and instrument properties are still in progress. We are
studying characteristics of fluxes along different sections of the system and curved guides are being
taken into account to avoid epithermal neutrons and gamma rays. Our present results confirm that
secondary guides are not crucial, since there is no significant flux loss when they are used or not.
Besides, we observe that a long guide system, such as in the RMB project (about 58 m long), needs
proper supermirror indexes when fluxes are not already collimated (low divergence) to increase
system neutron transport efficiency. All new simulations will be performed with a proper MCNP

RMB input and diffractometer elements, based on Echidna, will be maintained.
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