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Abstract5

Simple and fast analytic method to find optimal combinations of sizes of6

neutron moderator and optical system entrance, allowing for the full sample7

illumination with minimum to none background, is developed. In the case8

of employing low-dimensional para-hydrogen moderators with enhanced neu-9

tron beam brilliance, the method allows to determine the minimum size of10

moderator, which provides the highest sample flux while keeping the sample11

fully illuminated.12

This method can be used during the design of new neutron sources, up-
grades of neutron optical systems and moderator replacements.
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1. Introduction16

In the last decade low-dimensional neutron moderators filled with almost17

pure para-hydrogen have been developed [1, 2]. Thanks to the large difference18

between scattering cross-sections for thermal and cold neutrons, such tube-19

like or disk-like moderators can provide significantly higher brilliance than20

traditional voluminous cold moderators. Investigations carried out at ESS21

showed potential gains of 2–3 times in neutron brilliance when reducing the22

moderator size from 12 cm to 3 cm [1]. However, in many cases the use of such23

small moderator results in the under-illumination of the neutron transport24

system (NTS), i.e. moderator does not provide all neutrons with trajectories,25
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which could be accepted by NTS. Indeed, the full illumination of the NTS26

entrance and the sample is required to reach the maximum sample flux.27

However, if the neutron beam of a too large divergence or a too large size is28

delivered to the sample, then the over-illumination occurs, that is undesirable29

since such “useless” neutrons may lead to increase of background and thus30

worsening experimental conditions. Hence, neutron scattering instrument31

requirements for sample size and angular divergence impose constraints on32

the parameters of the neutron beam leaving the NTS.33

Therefore, the question arises, which combinations of moderator size and34

the entrance size of NTS allow to obtain optimal sample illumination. Un-35

til the present the straightforward approach to this problem has been used,36

involving extensive and time-consuming Monte-Carlo simulations of both,37

moderator and neutron optics [3, 4]. Few attempts have been made to con-38

strain the optimization process by reducing the number of free optimization39

parameters [5, 6].40

In this article we describe the analytic method allowing to quickly find41

combinations of moderator and NTS entrance sizes that are optimal in the42

sense of providing maximum sample flux with minimum background. Only43

basic instrument requirements such as sample size and angular resolution44

are required to calculate the optimal moderator size. The method is based45

on phase space formalism applied both at the entrance and exit of the opti-46

cal system and does not depend on preliminary knowledge of detailed NTS47

design. It is especially well suited for the newly designed neutron sources and48

instruments. While not fully eliminating the need of Monte-Carlo simulations49

for the neutron optics optimization, this method considerably decreases the50

number of free parameters and allows to decouple the optimizations of mod-51

erator and neutron optics.52

The rest of the paper is structured as follows.53

In Sec. 2 the used notations and the phase space terminology are intro-54

duced.55

In Sec. 3 we use phase space formalism to investigate connections between56

the neutron scattering instrument requirements, NTS properties and moder-57

ator size. The result is the simple expression allowing to calculate optimal58

moderator size for any given instrument parameters.59

In Sec. 4 we investigate the influence of deviations from the optimal mod-60

erator size on the sample flux. Special attention is given to the para-hydrogen61

moderators with size-dependent brilliance.62

Finally, in Appendix A we give examples of practical applications of the63
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developed method. The cases of varying instrument parameters according to64

experimental needs, as well as the optimization of a single moderator serving65

multiple instruments are explored.66

2. Notations67

Since our aim is to investigate the sample illumination conditions (under-68

or over-illumination), we consider neutron instrument holistically starting69

with the neutron moderator, ending with the sample and disregarding the70

analyser-detector part. We call the set of all elements situated between71

the moderator and sample the neutron transport system (NTS), which may72

include neutron guides [7–9], focusing mirrors [10–12], nested optics [13–15],73

lenses [16–18], monochromators, entrance and exit slits, Soller collimators,74

etc. The general layout of neutron instrument is shown in Fig. 1. Here Dm is75

the source size, ds is the sample size, Lin is the distance between the source76

and the NTS entrance, and Lout is the distance from the NTS exit to the77

sample. NTS entrance and exit sizes are noted as win and wout, respectively.78

Finally, ϕin is the neutron beam divergence that can be accepted by NTS,79

ϕout is the neutron beam divergence at the NTS exit.80

For a newly designed instrument only ds, Lin and Lout are constrained81

based on instrument’s science case, potential radiation or thermal damage82

to neutron optics and requirements for sample environment size or angular83

resolution, respectively. All other parameters are free to vary: moderator84

Figure 1: Layout of a neutron instrument from the optical point of view.
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size Dm has to be adapted to instrument’s needs; guide shape, coating, win85

and wout have to provide the highest NTS performance, etc.86

To evaluate performance of NTS the phase space diagram technique can87

be employed [6, 19, 20]. The phase space (PS) is a space, where each point88

corresponds to the unique state of the system— a single neutron trajectory in89

the neutron beam in our case. This 5-dimensional PS is built upon two space90

coordinates (i.e. the beam cross-section), two angles defining the direction91

of beam propagation, and wavelength. The ensemble of all points (neutron92

trajectories) in PS is called the phase space volume V and constitutes the93

whole neutron beam.94

The brilliance b of the neutron beam is the the PS density defined as95

the total number Φ of neutron trajectories divided by the PS volume they96

occupy:97

b =
Φ

V
. (1)

Usually the neutron wavelength is not changed during the beam propaga-98

tion through NTS, allowing to exclude this coordinate from further consider-99

ations. Assuming rectangular cross-section of NTS, we can study separately100

two PS projections, horizontal and vertical, each built with one space and101

one angular coordinates. From here on we use the term “phase space” re-102

ferring to one of those projections. Phase space volumes corresponding to103

each of these projection are 2-dimensional, so that brilliance is measured in104

n

s · cm · rad
, rather than in

n

s · cm2 · sr
as usual. Note, the method derived in105

this paper can be easily expanded to account for the 5-dimensional PS as a106

whole, however corresponding formulas become cumbersome.107

According to Liouville theorem brilliance bout at the NTS exit cannot be108

larger than brilliance bin at its entrance :109

bout ≤ bin. (2)

For optical system with no transmission losses (ideal brilliance transfer)110

bout = bin and111

Vout = Vin, (3)

where Vout and Vin are the PS volumes of the beam at the NTS exit and112

entrance, respectively. We use this assumption for the rest of the paper,113

except for Sec. 4.2, where transmission losses are taken into account.114
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3. Choice of optimal sizes of moderator and NTS entrance115

3.1. Instrument requirements116

To achieve the expected instrument performance each point of the sample117

with size ds must be illuminated by a neutron beam with divergence 2αs,118

where αs is required geometric resolution defined by momentum transfer or119

energy resolution.120

Corresponding PS volume Vs has a shape of parallelogram and is equal121

to122

Vs = 2dsαs = ds(α
′
s + α′′

s), (4)

αs =
α′
s + α′′

s

2
, (5)

where α′
s and α′′

s define positions of parallelogram corners (Fig. 2).123

Here we introduce factor n ≥ 1 describing the inclination of the parallel-124

ogram:125

α′
s = nαs. (6)

Taking into account (5) we can write126

α′′
s = (2− n)αs. (7)

Figure 2: Different PS volumes Vs, which can be required by instrument.
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Figure 3: (a) Instrument with double-slit collimation. (b) Instrument with Soller collima-
tion.

Practically αs is defined by the collimation system of the instrument. In127

the case of the double-slit collimation, the first slit s1 is the exit aperture of128

NTS, so that s1 = wout. If the second slit is placed at the sample s2 = ds, then129

α′
s and α′′

s correspond to the angles shown in Fig. 3a and can be calculated130

as follows:131

α′
s =

s1 + s2
2Lout

, (8)

132

α′′
s =

s1 − s2
2Lout

. (9)

From here on all equations are given in the small angle approximation, which133

is usually appropriate for neutron optics. Note that α′′
s can be negative,134

corresponding to the case of the sample being larger than the exit of NTS.135

The case of double-slit collimation demonstrates the physical meaning of136

n as an indicator of the relative size of collimation slits. If the first slit is x137

times larger than the second one, then138

α′
s =

(x+ 1)s2
2Lout

, (10)

139

α′′
s =

(x− 1)s2
2Lout

, (11)

140

αs =
(x+ 1)s2 + (x− 1)s2

4Lout

=
xs2
2Lout

. (12)

Taking into account Eq. (6) we get141
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n(x) =
x+ 1

x
. (13)

In reflectometry slits of equal sizes are mostly used, meaning x = 1 and α′′
s =142

0, what corresponds to n(1) = 2 (see Fig. 2a). For small-angle scattering143

experiments x = 2 is considered to be optimal what corresponds to n(2) = 1.5144

(Fig. 2b).145

In case of double-slit collimation Lout is the distance between the slits146

and is not constrained by instrument requirements. Instead, each particular147

scattering technique requires a certain value n. Based on geometric resolution148

requirement αs, one can calculate collimation base using Eqs. (6,8):149

α′
s = nαs =

x+ 1

x
αs, (14)

α′
s =

s1 + s2
2Lout

=
(x+ 1)ds
2Lout

, (15)

Lout =
ds

2αs(n− 1)
. (16)

Note that in some cases it is not possible to place the second collimation150

slit directly at the sample. If that happens, in the following considerations151

we will consider this slit as the “sample”, since optimally the sample should152

accept all neutrons going through the second slit. The size of this slit should153

be chosen to provide the full illumination of the real sample.154

An alternative way to collimate the neutron beam is to use Soller col-155

limator (Fig. 3b). In this case divergence at any point of the sample is156

equal to the collimation angle and PS volume Vs has the rectangular shape:157

α′′
s = α′

s = αs and n = 1 (see Fig. 2c). Lout is constrained by geometrical158

restrictions around the sample, e.g. the size of bulky sample environment.159

If neutron instrument does not use any collimation device, then geometric160

resolution is defined by the natural divergence of neutron beam leaving the161

NTS (e.g. determined by the critical angle of mirror coating). Since Soller162

collimator is an integral part of NTS, there is no difference when compared163

to the previous case: PS volume Vs still has the rectangular shape and n = 1164

(Fig. 2c).165

For instruments using the beam focusing on the detector (see e.g. [10])166

the detector pixel can be considered as the “sample”, while the real sample167

can be placed anywhere between the detector and the NTS exit.168
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3.2. Sample illumination169

Let us consider the shape of PS volume of the neutron beam Vout at the170

NTS exit (Fig. 4). Two extreme cases can be distinguished:171

1. Phase space non-focusing (PS NF) exit of NTS, when there is no corre-172

lation between angle and position of each neutron trajectory (Fig. 4a);173

2. Phase space focusing (PS F) exit of NTS: PS volume V F
out at the NTS174

exit has a special shape (position-angle correlation), so that after prop-175

agation to the sample position the shape of V F
out matches Vs (Figs. 4d,f).176

Note that we speak of focusing in phase space, not in real one. Focusing177

here and further on refers to matching of two PS volumes shapes.178

Consider case 1 in more details. PS volume at the PS non-focusing exit179

of the NTS has rectangular shape (Fig. 4a) and can be calculated as180

V NF
out = 2woutϕout. (17)

In other words neutron trajectories going through a given point at the181

NTS exit may have any angle with the NTS axis within the divergence ϕout.182

Figs. 4a–c show the transformation of PS volume shape between the NTS exit183

and sample. As neutrons are moving along trajectories with a given angle,184

their space coordinates are changed proportionally to this angle (see dark185

blue arrows) and the length of their trajectory. Neutrons with trajectories186

with higher angles shift laterally, so that the rectangular shaped PS volume is187

transformed into the parallelogram shaped one. In agreement with Liouville188

theorem the volume itself is conserved, only its shape is transformed.189

The PS volume Vs required by the instrument is shown in Fig. 4c by red190

dashed line (see also Fig. 2). Optimal instrument performance is reached if191

Vs is fully inscribed in the transformed V NF
out , and the excess volume V NF

out −Vs192

is minimal. In other words, these conditions correspond to the full sample193

illumination and minimum of background and can be written as (see Fig. 4c194

as a guide for geometric calculation)195

ϕout = α′
s, (18)

196

wout = 2Loutα
′′
s + ds. (19)

Using (6) and (7) we can rewrite:197

ϕout = nαs, (20)
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Figure 4: Evolution of the shape of beam PS volume between NTS exit and sample
position for non-focusing case (upper row (a–c)) and focusing case (lower row (d–f)).
Dark blue arrows in panels (a) and (d) show the direction where points move when the
beam propagates, length of arrows corresponds to the speed of this movement. The PS
volume required by the instrument (shown with red line) is similar to one depicted in
Fig. 2b.

wout = 2Lout(2− n)αs + ds. (21)

These two conditions are important for further discussion and we will198

refer to them as Optimal and Full Sample Illumination (OFSI) conditions.199

Practically these conditions allow one to minimise the over-illumination of200

the sample. The over-illumination can lead to following consequences:201

1. Neutrons with too high angles hit the sample, that worsens the resolu-202

tion and violates basic instrument requirements. This is prevented by203
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condition (20).204

2. Some neutrons reach the sample position outside of the sample. They205

can be scattered at the sample holder that results in unwanted back-206

ground at the detector and reduce the signal-to-background ratio. The207

number of such neutrons is minimised by condition (21), while still208

providing full sample illumination.209

A non-optimal situation, where both OFSI conditions are violated, is210

shown in Fig. 4c. The sample is under-illuminated since ϕout < α′
s, that211

provides better than required resolution however with decreased sample flux.212

Simultaneously wout is larger than required, leading to a high proportion of213

“useless” neutrons at the sample position.214

If both OFSI conditions (20) and (21) are met, we can write215

V NF
out = 2(2Lout(2− n)αs + ds)nαs (22)

Thus, the optimal instrument performance can be achieved, only if this equa-216

tion for PS volume at the NTS exit holds true.217

Another extreme case of the NTS exit is the PS focusing one (PS F), which218

brings to the sample the exact PS volume, required by the instrument, and219

this volume depends neither on Lout nor on n:220

V F
out = Vs = 2dsαs. (23)

In this case the OFSI conditions (20) and (21) are also held, despite they221

were initially derived for the case of PS non-focusing case.222

Figs. 4d–f show the evolution of the shape of PS volume provided by such223

NTS exit and allow to reconstruct what type of position-angle correlation is224

required at the NTS exit.225

The great diversity of modern NTSs does not allow for an immediate226

answer which of them have PS focusing or non-focusing exits. As an obvious227

example of NTS with phase space NF exit one can consider a straight neutron228

guide. An optimized elliptic focusing guide could be NTS with phase space229

F exit. One should check the PS volume of the beam at the sample position230

to determine precisely the NTS exit type. Certainly, the shape of PS volume231

from a realistic NTS is constrained by two extreme cases described above in232

Eqs. (22,23).233
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(a)
(b)

Figure 5: (a) NTS entrance illumination scheme. (b) PS volume Vm provided by the
moderator given the distance Lin and NTS entrance size win.

3.3. NTS entrance illumination234

NTS entrance illumination scheme is shown in Fig. 5a. A homogeneous235

and isotropic neutron source of size Dm is separated from the NTS entrance236

of size win by the distance Lin. While the moderator emits neutrons in237

all directions we are only concerned with those hitting the NTS entrance.238

Geometry shown in Fig. 5a defines the collimation of the incident neutron239

beam. At the distance Lin from the moderator surface the PS volume Vm,240

which can be potentially accepted by the NTS entrance, has a shape of241

parallelogram, as shown in Fig. 5b.242

Angles α′
m and α′′

m are defined as follows:243

α′
m =

Dm + win

2Lin

, (24)

α′′
m =

Dm − win

2Lin

. (25)

Then PS volume Vm can be calculated as244

Vm = win(α
′
m + α′′

m) = win
Dm

Lin

. (26)

Depending on e.g. the shape and coating of the neutron guide the NTS245

can accept this PS volume either fully or partially. As in the previous sec-246

tion, one can consider two extreme cases: with or without PS focusing. The247
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latter corresponds to the NTS entrance, which accepts rectangular PS vol-248

ume without any position-angle correlations, while the former corresponds249

to a specific NTS entrance with the acceptance exactly matching PS volume250

shown in Fig. 5b.251

Figure 6: Evolution of the PS volume Vm shape between the moderator (a,d) and the NTS
entrance (c,f). First row a–c shows non-focusing case, second row d–f shows focusing case.
Shown with red dashed line is the PS volume accepted by the NTS.

The evolution of the PS volume Vm between the moderator and the NTS252

entrance is shown in Fig. 6. The shape of the PS volume delivered to the253

NTS entrance is the same for both PS NF and PS F cases, however the shape254

of accepted PS volumes is different as shown by red dashed lines in Fig. 6c255

and Fig. 6f, respectively.256
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PS non-focusing NTS entrance only accepts PS volume (see Fig. 6c):257

V NF
in = 2winϕin. (27)

If there is excessive incident PS volume, which comprises neutron trajectories258

entering the NTS under angles exceeding the critical angle of the guide walls259

coating for corresponding wavelengths, it will be absorbed in the coating of260

the neutron guide walls creating a high-energy gamma-background, so that261

quite bulky and rather expensive radioactive shielding around the NTS will262

be required. This background can be minimized by imposing the condition263

(28) that still allows for the full illumination of the NTS entrance (see Fig. 6c):264

ϕin = α′′
m. (28)

Then from Eq. (25), we can obtain the optimal moderator size Dopt:265

Dopt = win + 2Linϕin. (29)

If the actual source size deviates from this value, then either the NTS entrance266

is over-illuminated leading to an additional background along the transport267

system, or it is under-illuminated leading to reduced instrument performance.268

Now it is possible to rewrite the expression (27) for PS volume:269

V NF
in = win

Dopt − win

Lin

. (30)

Note that in the case of PS non-focusing NTS entrance the optimal moderator270

size Dopt is always larger than the NTS entrance size win.271

Another extreme case is that of the PS focusing NTS entrance (Fig. 6f),272

for which273

V F
in = Vm. (31)

The optimal moderator size then can be calculated from Eq. (26). In this274

case optimal moderator can be of any size relative to the NTS entrance,275

including smaller than that.276

In practice, all known to us modern NTSs have the PS non-focusing277

entrance, where ϕin is determined by critical momentum transfer of guide278

walls. At the moment, we don’t have any suggestions for the construction of279

optical system with such position–angle correlation at its finite size entrance280

as shown in Fig. 6f.281
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3.4. Moderator size for optimal and full sample illumination282

A NTS with PS focusing properties at the entrance does not necessarily283

possess them at the exit. One can distinguish four extreme cases that are284

the combinations of PS focusing/non-focusing properties at the entrance and285

exit of the NTS. We notate them with two symbols, referring to the entrance286

and the exit, respectively: NF–F, NF–NF, F–NF and F–F. For example, the287

NTS of the NF–F type possess PS non-focusing entrance and PS focusing288

exit.289

In case of ideal transport Vin = Vout (see Eq. (3)). Then we can tie290

together instrument parameters and the optimal moderator size. Collecting291

corresponding expressions from previous subsections we obtain:292

a) for NF–NF type NTS293

win
Dopt − win

Lin

= V NF
in = V NF

out = 2nαs(2Loutαs(2− n) + ds); (32)

b) for F–NF294

win
Dopt

Lin

= Vm = V F
in = V NF

out = 2nαs(2Loutαs(2− n) + ds); (33)

c) for NF–F295

win
Dopt − win

Lin

= V NF
in = V F

out = Vs = 2dsαs; (34)

d) for F–F296

win
Dopt

Lin

= Vm = V F
in = V F

out = Vs = 2dsαs. (35)

From here it is possible to derive functions Dopt(win), linking optimal297

moderator size and NTS entrance size via instrument parameters. We call298

these functions Curves of Optimal and Full Sample Illumination (COFSIs),299

where “optimal” refers to minimal background and “full” refers to maximal300

sample flux. Table 1 contains expressions for COFSIs obtained for different301

types of NTSs and types of collimation before the sample: for the double-slit302

collimator (using Eq. (16)) and for Soller or natural collimation (n = 1).303

As an example, four extreme cases of COFSIs for the instrument with304

following parameters: ds = 10 mm, αs = 0.5°, n = 1, Lin = 2000 mm and305

Lout = 500 mm are shown in Fig. 7.306
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Dopt =
NTS entrance

F NF

N
T
S
ex
it

F
2dsαsLin

win

2dsαsLin

win

+ win

NF
double-slit

2dsαsLin

win

· n

n− 1

2dsαsLin

win

· n

n− 1
+ win

NF
Soller or natural

2dsαsLin

win

+
4α2

sLinLout

win

2dsαsLin

win

+
4α2

sLinLout

win

+ win

Table 1: COFSIs for four extreme cases of NTS.
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Figure 7: Example of COFSIs for the particular neutron instrument (see parameters in
the text) for four extreme cases of NTS.

For any particular type of NTS one can calculate COFSIs basing only307

upon instrument parameters and nothing else. COFSIs allow to find optimal308

moderator size for any NTS entrance size. Such moderator provides three309

important advantages for the instrument:310

1. full sample illumination (in all cases), allowing to achieve maximal311

sample flux for given instrument parameters and moderator brilliance;312

15



2. minimal (for PS NF exit) or none (for PS F exit) background at the313

sample position, allowing to improve signal-to-noise ratio and detect314

weak signals;315

3. minimal (for PS NF entrance) or none (for PS F entrance) background316

along the NTS, thus reducing the shielding cost.317

For each of NTS types there is only one optimal moderator size for given318

NTS entrance size. Any deviation from the optimal moderator size leads319

to the loss of above mentioned advantages (this is considered in details in320

Sec. 4).321

As shown in Fig. 7 for the NTSs with PS focusing entrance COFSIs are322

hyperbolas (red and blue curves) and for the NTSs with PS non-focusing323

entrance they are the sum of hyperbolic and linear functions (yellow and324

violet curves). One can see that PS F entrance allows for the optimal use325

of very small moderators (in the range of tenths of mm) with very high326

brilliance, such as narrow para-H2 moderators.327

Consider NTSs with PS non-focusing entrance. Corresponding COFSIs328

define the minimal optimal moderator size Dmin
opt , which is obtained for NTS329

entrance size wmin
in . For any smaller moderator it is impossible to achieve full330

and optimal sample illumination. It will be shown in Sec. 4.3 that this size331

should be as small as possible for an efficient use of para-H2 moderators.332

NTS with PS non-focusing entrance may have either PS focusing or non-333

focusing exit. In case of NF–F NTS the minimum is reached when (see334

Table 1)335

wmin
in =

√
2dsαsLin. (36)

In case of NF–NF NTS with double-slit collimation336

wmin
in =

√
2dsαsLin

n

n− 1
(37)

and for NF–NF NTS with Soller or natural collimation337

wmin
in =

√
2dsαsLin + 4α2

sLinLout. (38)

Substituting wmin
in from Eqs. (36–38) into corresponding expressions in338

Table 1 we obtain that in all cases:339

Dmin
opt = 2wmin

in . (39)

16



0 20 40 60 80 100

NTS entrance size w
in

, mm

0

10

20

30

40

50

60

70

80

90

100

M
o

d
e

ra
to

r 
s
iz

e
 D

o
p

t, 
m

m

COFSI

d
s
 = 1 mm

d
s
 = 10 mm

d
s
 = 30 mm

(a)

0 20 40 60 80 100

NTS entrance size w
in

, mm

0

10

20

30

40

50

60

70

80

90

100

M
o

d
e

ra
to

r 
s
iz

e
 D

o
p

t, 
m

m

COFSI

s
 = 0.1

o

s
 = 0.5

o

s
 = 1

o

(b)

Figure 8: COFSIs for NF-NF NTS of the instrument with Lin = 2000 mm, Lout = 500 mm:
(a) with αs = 0.5° and varied ds; (b) with ds = 10 mm and varied αs. Dashed line
corresponds to Dopt = 2win, on which all COFSI minima are located.

COFSIs for different values of sample size ds and required resolution αs340

are presented in Fig. 8. All COFSIs minima are on one line corresponding341

to Dopt = 2win (shown as dashed line). Neutron instruments with smaller ds342

or αs perform optimally with smaller moderators.343

Distance Lin between moderator and NTS entrance also can be minimised344

to reduce minimal optimal moderator size. At high-flux sources Lin is about345

1.5–2 m because of the potential radiation or thermal damage to neutron346

optics. Much smaller Lin are accessible at compact neutron sources.347

4. Deviations from the optimal size of moderator348

4.1. Analytic calculations of sample flux349

Let us now discuss the case when the point corresponding to any given350

combination of moderator and NTS entrance sizes is above or below COFSI.351

Optimal and full sample illumination conditions (20) and (21) applied at the352

sample position are still hold, but the requirement of the optimal moderator353

size (see Table 1) is violated.354

We start with consideration of the NTS entrance illumination (see Fig. 9).355

For the PS non-focusing entrance the truly accepted PS volume Vin ∩ Vm is356

the intersection of the PS volume Vm (shown in blue) illuminating the NTS357

entrance and PS volume Vin (inside red dashed line) potentially acceptable358

by NTS.359
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Figure 9: Comparison of phase volume Vm provided by the moderator (shown in blue)
and phase volume Vin potentially acceptable by the NTS entrance (inside red dashed
line). Only the intersection of those two is accepted by the NTS. Shown in panels
are different cases: (a) α′′

m < α′
m < ϕin; (b) α′

m ≥ ϕin and α′′
m > ϕin; (c) α′

m ≥ ϕin and
−ϕin ≤ α′′

m ≤ ϕin; (d) α
′
m > ϕin and α′′

m < −ϕin. See text for detailed discussion of each
of the cases.

NTS entrance over- or under-illumination is determined solely by how360

large moderator size Dm is in comparison to NTS entrance size win, that361

in turn defines divergences α′
m and α′′

m (see Fig. 5a). Four cases can be362

distinguished:363

a) α′′
m < α′

m < ϕin (Fig. 9a). This case corresponds to the moderator364

being significantly smaller than optimal. NTS accepts the whole beam365

(blue area), however is still under-illuminated because the incoming366

beam divergence is too low:367

Vin ∩ Vm = Vm = win(α
′
m + α′′

m). (40)

b) α′
m ≥ ϕin and α′′

m > ϕin (Fig. 9b). This case corresponds to optimal368

(or larger than optimal) moderator providing high enough beam diver-369
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gence. NTS accepts the whole potentially acceptable beam (red dashed370

line) and is fully illuminated (or even over-illuminated):371

Vin ∩ Vm = Vin = 2winϕin. (41)

c) α′
m ≥ ϕin and −ϕin ≤ α′′

m ≤ ϕin (Fig. 9c). This is the intermediate372

case that corresponds to the moderator being slightly less than opti-373

mal. NTS accepts only a part of the incident beam because of its too374

high divergence, however at the same time remains under-illuminated.375

Given that the parallelogram inclination is equal to
win

α′
m − α′′

m

, PS vol-376

ume accepted by the NTS can be defined as377

Vin ∩ Vm = 2winϕin −
(ϕin − α′′

m)
2win

(α′
m − α′′

m)
. (42)

d) α′
m > ϕin and α′′

m < −ϕin (Fig. 9d). This is the case of even smaller378

moderator than in previous case:379

Vin ∩ Vm = 2ϕin(α
′
m + α′′

m)
win

α′
m − α′′

m

. (43)

Similarly, we investigate the case of the PS focusing NTS entrance. Note380

that if the moderator size is optimal Vm = Vin. If the NTS entrance is381

under-illuminated (moderator is smaller than optimal), no parts of Vm can382

be outside of Vin and if the NTS entrance is over-illuminated (moderator383

is larger than optimal), there are no parts of Vin not filled with Vm. This384

considerably simplifies the answer for the accepted PS volume:385

Vin ∩ Vm =

{
Vm, D < Dopt

Vm,opt, D ≥ Dopt,
(44)

where Vm,opt is PS volume provided by the moderator of optimal size.386

If the sample is fully illuminated then according to Eq. (1) sample flux387

Φs is the product of the PS volume Vs required by the instrument and the388

brilliance bout of the delivered neutron beam:389

Φs = boutVs. (45)

Note that here the brilliance bout is averaged over the PS volume Vs; this390

is important if the PS volume is not filled uniformly. In our model of the391
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ideal lossless NTS the reason for that can only be under-illumination of its392

entrance. Any lacuna in potentially accepted PS volume at the NTS entrance393

is reproduced in some form at its exit. Inhomogeneities in Vout are in turn394

reproduced at the sample position. Only in rare cases these inhomogeneities395

are not presented in Vs, e.g. for the straight neutron guide. Disregarding396

such cases, one can write:397

bout
B

=
Vin ∩ Vm

Vin

, (46)

where B is the moderator brilliance.398

It is possible now to create colour maps depicting sample flux Φs (Fig. 10).399

Here instrument parameters are ds = 10 mm, αs = 0.5 °, Lin = 2000 mm and400

Lout = 500 mm. All points lying on the COFSI (red line) are equivalent in401

the sense that they provide maximal possible sample flux and minimal back-402

ground both at the sample position and along the NTS. For points above403

the COFSI sample flux is still maximal, however there is an increased back-404

ground along the NTS, that may require an additional shielding. Note that405

since OFSI conditions are true no additional “useless” are brought to the406

sample position. For points below the COFSI sample flux is reduced due to407

the under-illumination of NTS entrance. The COFSI is actually the curve408

enveloping the region of maximal flux.409

(a) (b)

Figure 10: Colour maps of sample flux: (a) for NTS with PS focusing entrance; (b) for
NTS with PS non-focusing entrance. COFSI is shown in red thick line. Sample flux is
normalized on its maximal value independently for both panels.
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4.2. Monte-Carlo simulations of sample flux410

As we defined the NTS as all optical elements positioned between mod-411

erator and sample, some of them, like non-ideal neutron guides, crystal412

monochromators, etc., may introduce transmission losses. Such realistic NTS413

with brilliance transfer less than unity reduces brilliance at the sample bout414

compared to the moderator brilliance B.415

Furthermore, in practice it is not known a priori what type of PS focusing416

possesses particular NTS, for example F–F or NF–F. COFSI for such NTS417

is somewhere between COFSIs for extreme cases (see Fig. 7).418

To find COFSI for a realistic NTS and corresponding sample flux map it419

is required to perform Monte-Carlo simulations that allow us to determine420

the neutron beam brilliance at the sample position for different combinations421

(win, Dm). This can be done in two steps:422

1. For each NTS entrance size win we select the geometric parameters of423

the NTS (e.g. elliptic guide foci positions or the mosaicity of crystal424

monochromator) in such way that the divergence of the beam leaving425

the NTS is equal to required instrument resolution (condition (20))426

and beam size at the sample position is just enough to illuminate the427

sample (condition (21)).428

2. For each win (i.e. the NTS geometry) the series of Monte-Carlo cal-429

culations is performed to obtain sample flux while varying moderator430

size Dm.431

We have implemented this algorithm using VITESS simulation pack-432

age [21] and calculated sample flux maps for the instrument with following433

parameters: Lin = 2000 mm, Lout = 500 mm, ds = 10 mm and αs = 1°. 100434

m long neutron guide has elliptic shape and constant m = 3 wall coating.435

Neutron source brilliance is kept constant in all simulations. Calculations are436

performed for different neutron wavelengths λ, which define critical angles of437

reflection from the guide walls. Since the divergence at the exit of the guide438

ϕout is fixed for all wavelengths to provide optimal sample illumination, the439

guide wall inclination depends on λ. In other words the guide geometry is440

different not only for each guide entrance size win, but also for each neutron441

wavelength λ.442

Consider simulated sample flux maps shown in Fig. 11. They are in a good443

agreement with our analytical calculations presented earlier in Fig. 10b. As444

mentioned above in Sec. 4.1 the COFSI envelops the region of maximal flux445
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(a) (b)

(c) (d)

Figure 11: Sample flux maps (resolution 5 mm, relative error ≤ 5%) obtained using MC
calculations for different neutron wavelengths: (a) λ = 1 Å; (b) λ = 2 Å; (c) λ = 3 Å; (d)
λ = 3.2 Å. Sample flux is normalized on the calculated value when bout = B. Colour lines
depict COFSIs for extreme cases of NTS.

and such an envelope can now be compared to analytically calculated COFSIs446

for four extreme cases of neutron optics (shown in solid lines in Fig. 11). We447
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can conclude that elliptic guides considered for the simulation are very close448

to the NTSs of NF–F type.449

Thus, the Monte-Carlo analysis allows rather easy classification of realis-450

tic NTSs with respect to their phase space focusing properties.451

In the region of large win the inclination of the guide exit wall can be so452

large that it is impossible to satisfy OFSI conditions (20) and (21). Since453

beam divergence at the guide exit depends both on the wall inclination and454

wavelength, this problem should be more pronounced for larger wavelengths.455

Indeed, for λ = 1–2 Å OFSI-compliant guides exist and provide some sample456

flux for each pair (win, Dm) for all win ≤ 150 mm as shown in Figs. 11a,b.457

For increased wavelength of λ = 3 Å the region where OFSI-compliant458

guides exist shrinks (limited by the purple stripe in Fig. 11c). With increase459

of wavelength up to λ = 3.2 Å this region shrinks further (Fig. 11d), and for460

λ ≥ 3.5 Å disappears, i.e. there are no OFSI-compliant guide solutions at461

all.462

Another deviation from analytical predictions lies in the region of small463

win. Here the guide must capture relatively large beam divergence and that is464

the reason why all analytically calculated COFSIs rise up fast here. However,465

accepted beam divergence for short wavelengths can be too small due to466

limited critical angle. Comparing sample flux maps for λ = 3 Å and λ = 1 Å467

(Figs. 11c and a), one can see that for large wavelength sample flux quickly468

rises with increase of the guide entrance size and reaches maximal value469

Φmax
s = 1, while for shorter wavelength sample flux rises much slower and its470

maximal value is about Φmax
s = 0.6. Fig. 11b depicts the intermediate case471

for λ = 2 Å.472

These Monte-Carlo simulations highlight the fact that COFSIs solutions473

are chromatic. Though the expressions in Table 1 are derived in a purely474

geometric way, in practice ϕout usually depends on neutron wavelength. It475

means that both optimal moderator size and optimal guide geometry are476

actually different for different wavelengths.477

To sum up, Monte-Carlo simulations allow for the generalization of the478

developed COFSI method by taking into account realistic reflectivity losses479

(non-ideal neutron transport) and practical guide geometries with various480

PS focusing properties. Well-designed NTS with minimal transmission losses481

and high enough reflection angle at its entrance, provides sample flux map482

very close to analytical predictions from Sec. 4.1.483
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Figure 12: Dependence of the brilliance for
para-H2 moderator on its size.

4.3. Sample flux in case of low-dimensional para-hydrogen moderator484

Sample flux maps shown in Figs. 10,11 are obtained under the assumption485

of size-independent moderator brilliance B. In practice this corresponds well486

to large deuterium moderators at research reactors.487

However, rather different situation occurs for para-H2 moderators, which488

exhibit the strong size dependence of brilliance: smaller moderators provide489

significantly higher brilliance than larger ones [1]. For our further considera-490

tions we use data from [22], Fig. 18, normalized for 100 mm large moderator.491

We fitted the brilliance with the function492

Bfit(Dm) =
p1Dm + p2

D2
m + q1Dm + q2

, (47)

where Dm is measured in cm, p1 = 10.4271, p2 = 38.3069, q1 = 3.7588 and493

q2 = 4.9990. This function is shown in Fig. 12.494

Now let us consider the same instrument as described in Sec. 4.1 but495

employing the above-mentioned para-H2 moderator. To account for its bril-496

liance we multiply the sample flux maps obtained above (Fig. 10) by function497

in Eq. (47). Obtained sample flux maps are shown in Fig. 13.498

While all pairs (win, Dm) belonging to the COFSI (shown in red) are still499

equivalent from the illumination point of view as they provide full sample500

illumination and minimal over-illumination, the sample flux is however dif-501

ferent for each pair. While 100 mm moderator provides sample flux Φs = 1,502

smaller moderator allows to achieve even higher flux at the sample. In case of503
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(a) (b)

Figure 13: Sample flux maps in case of employing para-H2 moderator for F–F and NF-NF
neutron transport systems. COFSIs are shown in red. Flux scales for (a) and (b) are
different to keep a high colour contrast. Sample flux is normalized on the value when
B = 1.
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Figure 14: Cross-section of sample flux map shown in Fig. 13b.

F–F type NTS it is possible to achieve very large sample flux of Φs = 6.5 for504

this particular instrument. This result highlights the importance of potential505

future search for NTSs with PS focusing entrances.506

In case of NF–NF type NTS COFSI has a minimum at wmin
in = 25.5 mm,507

Dmin
m = 51 mm, where sample flux reaches a value of Φs = 1.8. Competing508

trends of sample under-illumination and increasing moderator brilliance pro-509

vide maximal sample flux somewhere directly below the COFSI minimum as510

can be seen in Fig. 14. For this particular instrument maximal sample flux511

is Φs = 2.3, a gain of 1.28 over one reached with full sample illumination.512

Since maximal sample flux is reached below the COFSI, it means the sam-513
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ple is under-illuminated. Then PS volume Vs is not filled homogeneously,514

that usually results in an irregular beam divergence profile with multiple515

dips and peaks (see details in Sec. 4.1 before Eq. (46), also see [23], Fig.516

1). For low-resolution instruments, which integrate flux over large beam di-517

vergence, this “gothic”-like structure is not problematic. For high-resolution518

instruments, when αs is comparable to peaks (dips) width and the angu-519

lar precision of optical elements positioning, it could prove to be disastrous.520

The choice whether to work with the under-illuminated sample should be521

carefully considered in each particular case. Alternative “safe” option is to522

choose moderator size equal to COFSI minimum, which provides full sample523

illumination with slightly reduced sample flux.524

5. Conclusion525

We have developed a simple analytic method to find out optimal combi-526

nations of sizes of moderator and entrance of the neutron transport system527

(NTS), that provides the full illumination of the sample with minimum to528

none over-illumination (as well as minimum to none background along the529

NTS) for any neutron scattering instrument. Only the knowledge of basic530

instrument parameters — sample size, angular resolution, distances from the531

NTS to moderator and sample, is required for calculations. When employing532

the low dimensional para-hydrogen moderators this method allows to find533

out the unique optimal solution, which provides the maximum sample flux.534

One of the important advantages of this method is that extensive time-535

consuming Monte-Carlo simulations, usually employed to tackle such prob-536

lems, are not required. The optimizations of moderator and NTS are effec-537

tively decoupled and the number of free parameters for the neutron optics538

optimization is reduced. Monte-Carlo analysis can be used as a complimen-539

tary technique taking into account the non-ideal neutron transport and phase540

space focusing properties of a particular NTS.541

This method can be used at initial steps of neutron sources/instrument542

design, for upgrades of NTS in the case of fixed moderator size or during543

the exchange/upgrade of neutron moderators to adapt them to parameters544

of existing neutron guides delivering neutrons from moderator to sample.545

We have also shown that by means of the phase space focusing (F–F)546

type NTS it is principally possible to make use of very small para-hydrogen547

moderators with significantly enhanced brilliance even for neutron scattering548

instruments with a large sample and coarse angular resolution.549
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Appendix A. Practical applications of the developed method553

Appendix A.1. Case of an instrument with variable parameters554

The optimization method described in this paper allows to choose the555

moderator size basing on predefined instrument parameters, however quite556

often instruments operate in several modes with varied parameters.557

Consider, for example, small-angle scattering instrument (SANS) per-558

forming an experiment over a wide range of the momentum transfer. Variable559

collimation base must be used to cover the whole required range, meaning560

that angular resolution is changed during the experiment. Other parameters561

like ds and n = 1.5 (first collimation slit is twice as large as the sample) are562

constant and NF–NF type NTS is used.563

The instrument optics and moderator size can be optimized only for one564

specific value α∗
s. We define all other possible resolutions αs = kα∗

s, which565

corresponds to the required PS volume Vs = 2dsαs.566

Fig. A.15 shows PS representation of neutron beam at the sample posi-567

tion. PS volume Vout (shown in blue) is optimized for optimal (i.e. minimal568

flux of undesirable neutron, see Sec. 3.2 for details) and full sample illumi-569

nation (k = 1). This optimization graphically corresponds to equal slopes of570

Vout and Vs (shown with red dashed line) sides. Since different collimation571

bases are used for k ̸= 1, the shape of Vout is also different: its skewness di-572

rectly depends on the distance between the optics exit and sample. Note that573

slopes of both volumes sides are equal in all cases, since they both depend574

linearly on k.575

If k < 1, then Vs is fully filled (Fig. A.15a):576

Vs ∩ Vout = 2kdsα
∗
s. (A.1)

Indeed, the sample is fully illuminated, however not optimally since too577

much of excessive PS volume Vout is presented at the sample position, mean-578

ing relatively high flux of undesirable neutrons. For optimal sample illumi-579

nation divergence ϕout should have been smaller by a factor k.580

If k > 1, then Vs is not fully filled (Fig. A.15c). Using that n = 1.5 and581

ϕout = nαs as in Eq. (20), we obtain:582
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Figure A.15: PS representation of the neutron beam at the sample (shown in blue) and
instrument requirements (shown with red dashed line) for different values k.

Vs ∩ Vout =

3dsα
∗
s − dsα

∗
s

(3− k)2

4
, 1 < k ≤ 3

3dsα
∗
s, k > 3.

(A.2)

Thus, in this case sample is under-illuminated and effectively the instrument583

operates with better than required resolution.584

Sample flux can be calculated according to Eq. (1) as585

Φs = bout × (Vs ∩ Vout), (A.3)

where bout is the brilliance of the delivered neutron beam. This equation can586

be rewritten as587

Φs =


2Bkdsα

∗
s, k ≤ 1

3Bdsα
∗
s −Bdsα

∗
s

(3− k)2

4
, 1 < k ≤ 3

3Bdsα
∗
s, k > 3,

(A.4)

where B = bout is the moderator brilliance.588
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Consider an instrument with parameters ds = 10 mm, Lin = 2000 mm,589

n = 1.5 and varied angular resolution 0.001o ≤ αs ≤ 1o. The NTS and590

moderator can be optimized only for one chosen resolution α∗
s. Results of591

sample flux calculations for different angular resolutions α∗
s are presented in592

Fig. A.16.593

Let us again consider two types of moderators employed for the illu-594

mination of NTS. In case of large liquid deuterium moderator with size-595

independent brilliance (Fig. A.16a) it is always beneficial in terms of sample596

flux to optimize the NTS for the largest α∗
s, i.e. for the coarse resolution,597

thus achieving maximal possible flux at the sample. Then for finer resolution,598

that corresponds to k < 1, the sample flux is reduced proportionally to k, as599

expected for a tightened resolution.600

In case of para-H2 moderator brilliance B depends on its size. If the601

instrument was optimized for a specific α∗
s, then the optimal moderator size602

is determined using Eqs. (37,39). Corresponding moderator brilliance can be603

calculated using Eq. (47).604

If the instrument employs such para-H2 moderator, then it may be benefi-605

cial to optimize the NTS and the moderator size for small α∗
s (see Fig. A.16b).606

In the region of small αs the optimization for small α∗
s (blue line) provides607

the sample flux gain of about 4 compared to the optimization for large α∗
s608

(yellow line). However, in the region of large αs we get a loss of about 25.609

Hence, optimal solution for large α∗
s leads to losses for small αs mode and610

vice versa. Optimization of the NTS and moderator for intermediate α∗
s (red611

line) can be seen as an option for compromise.612

In a similar way it is possible to analyse other instruments performing613

experiments with variable αs or ds, e.g. reflectometers performing θ–2θ scans.614
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Figure A.16: Sample flux for different angular resolutions of the SANS instrument in the
case of using (a) deuterium moderator and (b) para-hydrogen moderator. Inclined lines
in panel (a) are slightly offset vertically for better presentation.

Appendix A.2. Case of time-of-flight instrument615

Many neutron instruments operate in time-of-flight mode, measuring616

scattering of neutrons with different wavelengths in the neutron pulse almost617

simultaneously. However, the geometry of NTS remains the same during618

the pulse and since the critical angle of reflection of the guide walls’ coat-619

ing is proportional to wavelength, the beam divergence ϕout at the NTS exit620

changes during the experiment.621

According to Eq. (20) optimal and full sample illumination can be achieved622

only for unique value of ϕ∗
out and, indeed, only for unique neutron wavelength623

λ∗, that in turn determines the optimal moderator size Dopt. For other wave-624

lengths λ = pλ∗, ϕout = pϕ∗
out and the chosen moderator size is not optimal.625

For simplicity, we consider the case of NF–NF type NTS and instrument626

with Soller collimator (n = 1), which corresponds to the rectangular phase627

space volume Vs. Expressions for other types of NTSs or for n > 1 can be628

derived in a similar way, however are more cumbersome.629

The PS volume Vout of the beam at the NTS exit is different from the630

optimal one by factor p:631

Vout = pV ∗
out. (A.5)

The shape of Vout at the sample position is shown in Fig. A.17.632
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Figure A.17: PS volume Vout at the sample position. Different shades of blue correspond
to different values of p. Shown with red dashed line is Vs.

If p > 1, then PS volume Vs required by the instrument is fully inscribed633

in Vout. Otherwise it is filled only partially, meaning that PS volume Vs∩Vout634

actually available to the instrument is reduced:635

Vs ∩ Vout =

{
Vs, p ≥ 1

pVs, p < 1.
(A.6)

Excessive PS volume Vout − Vs ∩ Vout at the sample position may pro-636

vide undesirable background. The ratio of “useful” to “useless” neutrons is637

independent from p for p < 1 and decreases inversely proportional to p for638

p ≥ 1.639

Consider now the situation at NTS entrance. The beam divergence ϕin =640

pϕ∗
in, that can be accepted by NTS, also changes proportionally to neutron641

wavelength, meaning that potentially acceptable PS volume is Vin = pV ∗
in,642

where V ∗
in — PS volume accepted by the NTS when λ = λ∗ (see Fig. A.18643

and compare to Fig. 9).644

If p < 1 the NTS entrance is over-illuminated and brilliance bout at the645

sample position is equal to moderator brilliance B.646

If p > 1 the NTS entrance is under-illuminated and according to Eq. (46)647

brilliance bout at the sample position is reduced compared to B:648

31



Figure A.18: PS volume Vin (shown with dashed line) at the NTS entrance. Different
colors of dashed lines correspond to different values of p. Shown in blue is Vm.

bout = B
Vin ∩ Vm

Vin

=


Vm

Vin

B, p >
α′
m

ϕ∗
in

,

B −B
win(ϕ

∗
in)

2

Vin

(p− 1)2

α′
m − ϕ∗

in

, 1 < p ≤ α′
m

ϕ∗
in

,

B, p ≤ 1.

(A.7)

Taking into account Eqs. (24)–(26) and (28) we can rewrite Eq. (A.7) as:649

bout =


B

Dopt

p(Dopt − win)
, p ≥ Dopt + win

Dopt − win

,

B

(
1− (p− 1)2(Dopt − win)

4pwin

)
, 1 < p ≤ Dopt + win

Dopt − win

,

B, p ≤ 1.

(A.8)

Sample flux for any given λ can be calculated according to Eq. (1) as650

Φs = bout × (Vs ∩ Vout). (A.9)

Substituting expressions (A.6) and (A.8) in Eq. (A.9) we obtain651
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Φs =


BVs

Dopt

p(Dopt − win)
, p ≥ Dopt + win

Dopt − win

,

BVs

(
1− (p− 1)2(Dopt − win)

4pwin

)
, 1 ≤ p <

Dopt + win

Dopt − win

,

BVsp, p < 1.

(A.10)

Consider an instrument working in the range λ = 2−20 Å. The NTS and652

the moderator size are optimized for one specific λ∗. Fig. A.19 demonstrates653

the λ-dependence of sample flux. Sample flux rises linearly up to this wave-654

length and then falls afterwards. For λ∗ on the border of the λ range only655

half of this curve is presented. There are two ways to proceed to choose λ∗
656

for which to optimize the NTS and moderator size.657

1. If some particular neutron wavelength is of most interest, then it should658

be chosen as λ∗. In this case sample flux reaches maximum exactly659

when λ = λ∗.660

2. Alternatively, one can aim for maximal integrated sample flux in single661

neutron pulse. From three options shown in Fig. A.19 the best one662

would be λ∗ = 11 Å.663
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Figure A.19: Sample flux as a function of neutron wavelength for the NTS and moderator
size optimized for particular neutron wavelengths.

In practice, additional factors should be additionally taken into account in664

Eq. (A.10). First, neutron beam brilliance depends on wavelength because665

of wavelength dependence of moderator spectrum and NTS transmission.666
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Exact expression for this dependence is different for different instruments.667

Second, if the constant relative resolution
∆λ

λ
is employed, then flux at668

longer wavelengths is relatively higher than at shorter wavelengths. Finally,669

the sample scattering power may depend on λ as well. Taken all together,670

these factors will change the shape of curves shown in Fig. A.19, however the671

general conclusion about optimization options will not be affected.672

The considerations in this section are related to the choice of the opti-673

mal wavelength for a time-of-flight instrument. We have provided a way to674

choose the wavelength to optimize the instrument for in case of time-of-flight675

technique is employed. Similar arguments may be applied to monochromatic676

instruments, using several selected wavelengths for different tasks.677

Appendix A.3. Case of two instruments sharing the same moderator678

Let us consider two instruments both using NF–NF type NTSs and shar-679

ing the same para-H2 moderator. Moderator size should be chosen to provide680

the best performance for both instruments. For simplicity, both instruments681

have the same parameters: ds = 10 mm, Lin = 2000 mm and Lout = 500 mm.682

The only difference are requirements for angular resolution: one instrument683

is a high-resolution (HR) one with αs = 0.1°, while another is a low-resolution684

(LR) one with αs = 0.5°.685

(a) (b)

Figure A.20: Sample flux maps in case of using para-H2 moderator for two instruments.
COFSIs are shown in red. Flux scales for (a) and (b) are different to keep high colour
contrast.

Sample flux maps corresponding to both these instruments are shown686

in Figs. A.20a,b, respectively. Different optimal sizes of moderator corre-687
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spond to these instruments (Table A.2). For each of them there are two688

optimal solutions are provided: one for the case of optimal and full sam-689

ple illumination (COFSI minimum in Fig. A.20) and one for the case of690

under-illuminated sample with highest possible sample flux (yellow spot be-691

low COFSI in Fig. A.20). Detailed comparison of these two options is given692

in Sec. 4.3. Note that despite a 5-times better resolution, the sample flux693

for high-resolution instrument (if optimised) is only 2.4–2.8 times less than694

sample flux for a low-resolution instrument, thanks to the increased brilliance695

of para-H2 moderator.696

HR instrument LR instrument
Optimally and fully
illuminated sample

Dopt = 18 mm
Φs = 3.8

Dopt = 51 mm
Φs = 9

Under-illuminated sample;
maximal sample flux

Dopt = 13 mm
Φs = 4.1

Dopt = 25 mm
Φs = 11.5

Table A.2: Optimal moderator sizes and corresponding sample fluxes for HR and LR
instruments.

There are two possibilities for the choice of the moderator size, suitable697

for both instruments:698

1. To optimize the moderator size for the best performance of low-resolution699

instrument. Moderator size Dm = 51 mm is optimal if homogeneous700

sample illumination is required. For high-resolution instrument this701

choice means the sample flux of ΦHR
s = 1.8. However, this value is702

significantly lower than the maximally achievable flux of 4.1.703

2. To optimize the moderator size for the best performance of high-resolution704

instrument. The moderator size Dm = 18 mm is optimal and allows705

for homogeneous sample illumination. With such moderator the sam-706

ple flux at low-resolution instrument is ΦLR
s = 11, which is slightly707

less than the maximally achievable flux of 11.5. Note, that for such708

choice of moderator size, the low-resolution instrument operates with709

under-illuminated sample.710

Particularly, for this pair of instruments we would suggest to optimize the711

moderator size for the best performance of high-resolution instrument allow-712

ing to obtain high sample flux for both instruments, because low-resolution713
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instrument probably can perform reasonably well also with under-illuminated714

sample.715

Similar considerations can be applied to instrument suits including many716

versatile instruments.717
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