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Abstract: To boost the science case of MIRACLES, the time-of-flight backscattering spectrometer
at the European Spallation Source (ESS), an optimized neutron guide system, is proposed. This
systematic study resulted in an enhancement in the transport of cold neutrons, compared with the
previous conceptual design, with wavelengths ranging from λ = 2 Å to 20 Å along the 162.5-m
distance from source to sample. This maintained the undisturbed main focus of the instrument, viz,
to carry out quasielastic and inelastic neutron scattering (QENS and INS) experiments on a large
dynamic range and for both energy-gain and energy-loss sides. To improve the collection of cold
neutrons from the source and direct them to the sample position, the vertical geometry was adjusted
to an adapted version of a ballistic elliptical profile. Its horizontal geometry was conceived to: (i) keep
the high-resolution performance of the instrument, and (ii) minimize the background originating
from fast and thermal neutrons. To comply with the first requirement, a narrow guide section at the
pulse shaping chopper position has been implemented. To fulfil the second, a curved guide segment
has been chosen to suppress neutrons with wavelengths λ < 2 Å. Subsequent tailoring of the phase
space provided an efficient transport of cold neutrons along the beamline to reach a 3 × 3 cm2 sample.
Finally, additional calculations were performed to present a potential upgrade, with the exchange of
the final segment, to focus on samples of approximately 1 × 1 cm2; the proposal anticipates a flux
increase of 70% in this 1 cm2 sample area.

Keywords: neutron optics; neutron instrumentation; European Spallation Source

1. Introduction

MIRACLES is one of the 15 scientific instruments approved for construction in the
first phase of the European Spallation Source [1], anticipated to be operational before the
end of this decade. MIRACLES is a neutron time-of-flight backscattering spectrometer [2,3]
that will deliver a tunable energy resolution at the elastic peak (from 2 to 45 µeV), with a
dynamic range, when centered around the elastic energy of the reflections of its Si (111)
analyzer (λ = 6.27 Å, E = 2.08 meV) of nearly ∆E ≈ 1.1 meV. The following characteristics
are essential to develop the scientific performance of the instrument:

(i) large dynamical range and variable resolution will allow for the study of complex
phenomena where the understanding of the dynamics at different time scales is crucial
for explaining materials properties [4–6].

(ii) high energy resolution modes will allow for the investigation of slow dynamics in the
order of the nanosecond and subnanosecond, which are displayed, for instance, in
proteins, water in biosystems, polymers or low-lying excitations observed in molecular
magnets, as well as tunneling phenomena.

Quantum Beam Sci. 2022, 6, 3. https://doi.org/10.3390/qubs6010003 https://www.mdpi.com/journal/qubs

https://doi.org/10.3390/qubs6010003
https://doi.org/10.3390/qubs6010003
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/qubs
https://www.mdpi.com
https://orcid.org/0000-0001-7257-9208
https://orcid.org/0000-0002-7322-7682
https://orcid.org/0000-0003-0750-0553
https://doi.org/10.3390/qubs6010003
https://www.mdpi.com/journal/qubs
https://www.mdpi.com/article/10.3390/qubs6010003?type=check_update&version=1


Quantum Beam Sci. 2022, 6, 3 2 of 17

(iii) a high flux will allow handling these main experimental requirements, beyond the
intuitive reduction of measurement times during an experiment.

By combining these unique characteristics, MIRACLES will offer unprecedented
capabilities to groundbreaking science that requires time-resolved in-situ and in-operando
experiments, the observation of dynamics in very diluted systems (a common feature
in biosystems) and the possibility of discovering new phenomena hidden at the current
spectrometer fluxes, such as degradation or features that display a very weak signal [7].

Since MIRACLES original concept was approved [8,9], significant upgrades to its
design have been carried out. In particular, the updated chopper cascade efficiently pro-
vides a versatile performance with a very flexible selection of configuration modes [10].
Additionally, an ambitious upgrade design of the chopper layout that squeezes the time
structure of the beamline may provide a pulse multiplication option for some experimental
modes, e.g., for fixed-energy window scans, delivering an unprecedented flux at the sample
position [11,12]. Moreover, the secondary spectrometer has reached a mature design with
the improvement of the energy resolution through the optimization of the sample-analyzer-
detector configuration, as well as the minimization of the background with the design of
the radial collimator. Finally, to utilize the capacity of this spectrometer, the missing piece
of the puzzle was to develop a detailed design of the neutron beam transport system. This
is the exact scope of this work.

Similar to the long-beamline spectrometers at the ESS, which are specifically designed
to take full advantage of the full pulse period (T = 71.43 ms), MIRACLES’ length is deter-
mined to cover the complete time frame at the sample position (at ~162.5 m) and operate in
the time-of-flight mode. This gives MIRACLES a maximum bandwidth of ∆λ = 1.7 Å. In
addition, long beamlines intuitively yield background minimization and an improvement
of the energy resolution.

However, at first glance, the design of the ESS source poses two main challenges for a
backscattering spectrometer. First, the long-pulse (∆τ = 2.86 ms) concept of the ESS might
be considered as a less ideal feature for high-resolution modes [13–15]. Nevertheless, in
the case of such a long instrument, we have demonstrated that this can be fully explored
to create a versatile neutron instrument. In other words, through clever pulse tailoring,
a flexible and broad range of observation times and dynamics can be selected in one
experimental round [8,10]. Second, the reduced dimensions of the moderator, plus its long
distance from the neutron beam extraction (almost 2 m), inherently reduces MIRACLES’
phase space, and, consequently, its potential brilliance transfer. This paper reports on how
this challenge was cracked.

2. Boundary Conditions and Computational Methods

MIRACLES is allocated in the middle of the West sector, at beamport W5, with an
angle of 126◦ with respect to the proton beam. The neutron guide starts at L = 1.9 m
concerning the instrument coordinate system located at the west center of the ESS Butterfly
cold moderator, with the optics placed within an insert that crosses the monolith wall.
MIRACLES’ primary spectrometer has been designed to transport cold neutrons within
a wavelength ranging from 2 to 20 Å, from the 3 cm tall ESS butterfly moderator [16] to
a sample size of 3 × 3 cm2 located at 162.5 m from the source. This wavelength range
will be employed to carry out QENS and INS measurements in both energy-gain and
energy-loss sides of the inelastic spectrum with respect to the elastic energy of E = 2.08 meV
(λ = 6.27 Å), determined by Si (111) backscattering analyzer reflections. To achieve the
instrument requirements, MIRACLES’ guide system must maximize the extraction and
transport of neutrons along the beamline within the required phase space, suppressing all
unwanted neutrons (i.e., background neutrons located outside the required phase space).
Furthermore, it is important to keep in mind that to minimize reflection losses, the defined
phase space must have low divergence along the beam trajectory. It is also important that
the divergence remains wavelength independent, thus a simple guide with a constant
cross-section cannot be considered.
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As a starting point, the primary spectrometer general layout consists of the parts
depicted in Figure 1 and itemized below:

• Neutron beam extraction (NBEX) system, used to collect and direct the cold neutrons
efficiently from the ESS butterfly moderator.

• Pulse shaping choppers area (around the PWD/PS choppers, pulse width definition
and pulse selection choppers), defining MIRACLES’ high-resolution mode and the
primary energy resolution contribution of the TOF incident beam (at L = 7.7 m from
the cold moderator center). The guide width at this position, as well as the horizontal
profile of the beam extraction system, are limited by the location of the pulse shaping
chopper.

• Curved guide, optimized to the lose direct line of sight of the source well before
the sample. This section shall suppress the prompt fast neutrons and gamma pho-
tons stemming from the spallation process while keeping the cold neutrons with
E . 20 meV (λ ≥ 2 Å).

• Straight section, used to transport the cold neutrons through the long guide hall to the
sample with minimum loss.

• Focusing guide, designed to merge neutrons to the sample position.
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Figure 1. Vertical and horizontal layouts for the preliminary concept of the MIRACLES primary
spectrometer. Inset: McStas illustration of the instrument source coordinate system, which is located
at the west corner of the cold source of the ESS butterfly moderator.

Following simple analytical calculations, subsequent systematic Monte Carlo ray-
tracing simulations were carried out using McStas (version 2.4) [17], where the source was
modeled using the ESS_butterfly moderator component [18]. Calculations check the quality
of the overall spectrum, i.e., carried out with the choppers at the park-open position, and
implementing the gaps corresponding to these choppers for more realistic results. For all
explored guide configurations, eight ESS pulses were simulated, using both Guide_gravity
and Elliptic_guide_gravity components. The flux at different positions along the guide was
monitored by placing different monitors components (Monitor_nD, PSD_monitor, L_monitor
and TOF_monitor) at selected positions. Results have been compared to the intensity on the
3 × 3 cm2 sample.
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3. Results and Discussion
3.1. Neutron Beam Extraction (NBEX) and Pulse Shaping Section

The instrument source coordinate system (ISCS, i.e., the origin) for MIRACLES is
located at the west corner center of the cold moderator (as illustrated in the inset of
Figures 1 and 2a). The viewable width of the cold moderator surface in the MIRACLES hor-
izontal layout extraction system is approximately 70 mm [18,19]; this defines the maximum
width of the horizontal aperture. Furthermore, MIRACLES has an additional restriction
related to the consecution of high-resolution modes. To achieve short pulses (down to
60 µs), the pulse-shaping chopper slits need to be narrow, a feature that limits the guide
section at the pulse shaping chopper position (width, w = 54.6 mm) [10]. Accordingly, the
initial phase space volume (defined as the efficiency of the beam extraction system) will
depend on the distance between the source and the guide entrance, their dimensions and
the reflectivity profile of the guide.

Starting from this latter feature, the first constraint for the NBEX is the supermirror
value, which was set to m = 4 (with a reflectivity value close to the critical angle of R = 0.79)
for the horizontal and vertical layouts. Here we note that, from the point of view of optical
performance, no significant improvement in the collection of cold neutrons is expected by
using higher supermirror values in the neutron beam extraction segment.

Several horizontal apertures for the NBEX, from 60 to 70 mm, were tested. Results
revealed that a horizontal aperture larger than 66 mm (Figure 2b) does not increase the
intensity at the exit of the pulse shaping choppers (which defines the exit of the neutron
beam extraction area); hence, a tapered convergent horizontal profile was selected, starting
with a width of 66 mm at the guide entrance (L = 1.9 m) and finishing with a width of
54.6 mm at the pulse shaping chopper position (L = 7.7 m).

The vertical layout can take advantage of a ballistic profile to minimize reflection
losses [20]. However, the vertical dimensions of the beam extraction segment are restricted
by the housing of the monolith insert (named neutron beam port insert, NBPI), imposing a
maximum value for this vertical section at the exit of the insert of 71.5 mm. Considering
this constraint, two main options for the elliptical profile were tested: one with foci located
at f 1 = 0 m and f 2 = 16 m, with the center of the ellipse coinciding approximately with
the pulse-shaping chopper system, and the other with the second focus located at the
sample position, i.e., f 1 = 0 m and f 2 = 162.5 m. The latter option shows a narrower angular
divergence distribution of the transported neutrons (see Figure 3a), which will benefit
their downstream transport throughout the guide. Afterwards, this option was further
optimized during the simulations, as explained below.
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Before we proceed with the optimization of MIRACLES’ NBEX, it should be high-
lighted that the NBEX for all ESS instruments starts quite far from the moderator, at L ≈ 1.9
m. This circumstance reduces the available phase space volume to be transported along
the beamline guide system. For a spectrometer such as MIRACLES, a large phase space
volume can be accepted since divergence is not a critical issue at the sample position, and
guide aperture dimensions can be expanded to somewhat improve the neutron collection
and final flux at the sample. Thus, to extract and transport the desired neutrons, λ ≥ 2 Å,
and assuming the supermirror value of m = 4, the maximum achievable critical angle is 0.8◦,
θC = 0.1 × m × λ. This implies that for a guide located at L = 1.9 m from the cold source,
the required vertical aperture to collect those neutrons is ~53 mm, larger than the entrance
of the elliptic profile when f 2 = 162.5 m, that is ~42 mm. Therefore, there is room for an
increase of the vertical guide aperture at the entrance of the beam extraction to improve the
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collection of neutrons produced at the moderator towards the sample. Accordingly, two
methodologies that relax the pure point-like source approach to defocus the ellipse with
respect to the source have been considered (see Figure 3b), consisting of:

(a) shifting the focus horizontally behind the cold source, or
(b) shifting and splitting the focus vertically into two focal points symmetric to the center

plane of the moderator up and down.

The first option shows good results by locating the f 1 point 1 m behind the center
of the cold moderator’s west corner. This layout provides an increase in the collection of
useful neutrons as a result of a larger guide entrance (up to 15% with a vertical aperture of
~49 mm). The second option was tested considering several offset values and assuming
the mechanical restrictions previously mentioned. A convenient trade-off between flux
and beam divergence distribution at the NBEX exit was obtained with a vertical offset of
7.5 mm, yielding an aperture of ~49 mm at the guide entrance and a similar increase in
the neutron collection. A higher offset displays a bimodal and larger vertical divergence
distribution at the exit of the NBEX. This becomes clear when we compare, for example,
the divergence distribution for vertical offsets of 7.5 and 15 mm above and below the guide
axis (Figure 3a).

Finally, it has been observed that the rotation of the NBEX to negative angles yields a
significant increase of the total surface of the cold moderator “viewed” by the extraction
system and subsequently a considerable increase of the total neutron flux (see Figure 4).
As construction constraints impose a limit for the rotation angle to ϕ = −1.0◦ (a higher
deviation will exceed the allocated monolith beam port space dedicated to MIRACLES),
the final angle of the MIRACLES beamline with respect to the proton beam was reduced
and fixed at 125◦.
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Figure 4. Spectra profile at the exit of the NBEX (7.7 m from the moderator) and at the exit of the
curved guide (37 m from the moderator, assuming a curve with radius R = 1400 m) for different
rotation angles.

3.2. Curved Guide Section

After the pulse shaping or pulse width definition (PWD) chopper, located at L = 7.7 m,
the horizontal guide dimensions are expanded until the horizontal curved guide section,
which was designed to avoid the direct line of sight of the source [21]. The selection of a
horizontal curvature instead of a vertical one is based on two reasons: (i) this approach is
less complex, simply because by progressively changing the height of the guide, different
guide supports would need to be manufactured; (ii) horizontal curving is less sensitive to
floor movements.
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The curvature acts as a filter that rejects all thermal and fast neutrons with wavelength
λ < 2 Å stemming from the source, thus minimizing the arrival of background neutrons
to the sample and detectors. However, the concept of loss of direct line of sight of the
source must be extended to components with a direct view of the source (choppers, fission
chamber). These components are illuminated with high energy hadrons from the source
that may generate showers of secondary particles, subproducts and scattered thermal
neutrons; thus, avoiding direct view of these “secondary sources”. Starting the calculation
of the loss of the direct line of sight from this point and not from the moderator is a
convenient strategy [19].

The final consideration of this guide section results from a trade-off between the
optimization of outgoing flux at the exit of the curved guide and the final cost of the
instrument due to beamline shielding and supermirror coating of the guides. In addition,
to reduce the final cost of the beamline shielding, it is intended that all or most of the
curve length should lie within the bunker, defined as the common shielding area for all
instruments in their area close to the monolith, where the density of instrumentation is
significant. However, this should not be at the expense of a significant reduction of the
total outgoing flux caused by the selection of a small radius of curvature.

The optimization was carried out as follows. The m-value from the exterior lateral
supermirror of the curve was fixed to mext = 2.5; additional calculations performed using
mext = 3 gave no significant improvement in the outgoing flux. For the inner lateral guide
wall and the top and bottom ones, a supermirror value of m = 2 is more than enough to
ensure an efficient neutron transport. The cut-off wavelength (λC = 2 Å) and the supermirror
value (mext = 2.5) are input values for the characteristic angle of a curved guide, γC, that
defines its capability to lose direct line of sight from the source:

λC =
4π

mQc,Ni
γC =

574
m

√
2w
R

(1)

where Qc,Ni = 0.218 Å−1 is the momentum transferred in the reflection of a neutron by a
nickel layer (m = 1), m the supermirror value, and R and w define the radius and width of the
guide, respectively. Thus, the loss of direct line of sight is then observed at a distance Lcurve:

Lcurve = 2RγC =
√

8wR (2)

Focusing the impact of Lcurve and radius of curvature, R, in the performance and
layout of the spectrometer, while considering construction restrictions within the ESS
facility, several combinations have been tested:

(a) Entire curve within the bunker (Lcurve = 16 m, R = 775 m and w = 52.5 mm).
(b) Curve mostly within the bunker and slightly extended through the bunker wall and

guide hall (Lcurve = 26 m, R = 1400 m and w = 60 mm).
(c) Half of the curve within the bunker + half in the guide hall (Lcurve = 36 m, R = 2025 m

and w = 80 mm).

Other options with a larger radius (such as the one shown in Figure 5, with R = 3150 m,
or the one proposed in the original concept, R = 5000 m) [8] were ruled out because of
the excessive shielding cost required to obtain a small flux improvement (Figure 5) and
construction issues (i.e., the beamline exceeds the space assigned for the instrument).

The best choice, in terms of flux at the exit of the curve and cost optimization, was
found to be option (c), with R = 2025 m, w = 80 mm and L = 36 m. Reducing the radius
of curvature to get out of the direct line of sight into the bunker results in a significant
decrease of the total flux, mainly near the maximum of the cold moderator spectral range (at
λ ~ 3.2 Å, Figure 5), which is a region of particular interest for MIRACLES to perform INS
measurements and QENS measurements at higher energies envisioned in future upgrades.
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3.3. Long Straight Guide Section

The compression in the horizontal guide section at the neutron beam extraction down
to the pulse shaping chopper position, due to compliance with the high-resolution char-
acteristics of MIRACLES, in addition to the curved guide, causes an unavoidably large
horizontal divergence distribution at the exit of the curve (see Figure 6a). This affects the
transmission of the cold neutrons between the exit of the curve and the sample (separated
by ~115 m).

A divergent tapered guide segment (expander) implemented after the curve will de-
compress the spatial dimensions progressively in the horizontal layout (see Figure 6b),
resulting in the concomitant narrowing of the horizontal divergence distribution ∆φH . This
fully agrees with Liouville’s theorem, which suggests an invariant phase space volume in
the transport process, defined as:

I ∼ ∆A∆φ∆λ = ∆x∆y∆φH∆φV∆λ (3)

where ∆A = ∆x∆y is the beam dimension, ∆φH and ∆φV are horizontal and vertical
angular divergence distributions, respectively, and ∆λ is the wavelength bandwidth.

To transport efficiently cold neutrons with λ ≥ 2 Å using a maximum supermirror
value for the long straight segment of m = 1.5, we must have ∆φH = ±0.3◦. This can be
achieved by expanding the guide width from w = 80 mm to w = 130 mm in a guide segment
of L = 15 m (thus a tilt angle of the horizontal guide walls to provide the expansion of
0.1◦, lower than the divergence distribution width, in both left and right guide walls). This
reduces the horizontal divergence distribution width from ∆φH

FWHM = ±0.5◦ to ∆φH
FWHM

= ±0.3◦, also displaying a wavelength-independent profile in the horizontal and vertical
directions, as shown in Figure 6. A small increase in the vertical dimensions, which has an
intrinsic narrow vertical divergence distribution, from w = 100 mm to w = 110 mm, results
in slightly higher flux. The consequence of this tailoring of the divergence distribution is an
efficient transport of neutrons, with an overall transmission of more than 90% of neutrons
from the end of the curved guide to the entrance of the focusing guide along the nearly
100 m of this straight guide segment (see Figure 7).
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As mentioned above, MIRACLES’ optics are optimized to transmit neutrons within
a wavelength range of 2 to 20 Å. However, with the current design, even if MIRACLES’
chopper cascade removes most of the previously reported long-wavelength contaminant
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pulse at λ ~ 35–42 Å [10], very low-intensity tails of this unwanted feature are still present.
To remove such neutrons, a frame overlap mirror (FOM) was conceptually designed, located
at the end of the long straight section, with an inclination of α ~ 3.75◦ and a coating of
m = 1.5, ensuring a cut-off wavelength at approximately λ ~ 25 Å [10]. A frame overlap
mirror has been chosen over an additional chopper since (i) it is cheaper and (ii) it requires
low or no maintenance. Monte Carlo calculations (using the mirror component in the McStas
code) confirm a reduction of the long-wavelength neutron flux at λ ~ 35–42 Å by three
orders of magnitude (Figure 8a). This results in a major suppression of the contaminant
pulse at λ ~ 35–42 Å when the chopper cascade selects the elastic wavelength of λ = 6.27 Å
at its high-resolution mode (Figure 8b).
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3.4. Focusing Guide Section

MIRACLES, as most neutron spectrometers, can take advantage of a relaxed diver-
gence and consequent increase of the final flux at the sample position. As a result of this
strategy, the focusing guide must extend to as close as possible to the sample. Nevertheless,
due to the dimensions of the sample environment equipment and the implementation of
slits and a normalization beam monitor between the guide and sample environment, the
guide must end at about 30 cm before the 3 × 3 cm2 sample.

The design of the focusing part of the guide follows the design principles outlined in
Ref. [22]. This work shows how the beam characteristics change depending on the shape
of the focusing ellipse and the incoming beam’s divergence. As the phase space of the
beam before the focusing guide section is square in both dimensions and wavelength-
independent, we ensured that the beam characteristics after the focusing beam would be
the desired ones independent of the wavelength chosen for the experiment.

Elliptic guides focused on, or near, the sample position is the preferred choice, and
several options were considered here (illustrative images of the focusing guide profiles are
shown in Figure 9):

(a) 1st option, elliptic profile, with focus f 2 at the sample, with a semiaxis value of
a = 17 m (length of the focusing guide).

(b) 2nd option, elliptic profile with foci at the sample and the cold source (a = 162.5 m).
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(c) 3rd option, using the same elliptic profile as the 2nd option (a = 162.5 m), but shifting
the focusing guide by displacing the geometrical focal point behind the sample
position, assuming that the geometrical focal point and the effective focal point
(defined as the point where the neutron flux is higher) are not the same, (i.e., thus
aimed to a correction of coma aberration) [22]. This option is similar to the horizontal
defocusing proposed for the NBEX.

(d) 4th option, using the same elliptic profile as the 2nd option (a = 162.5 m), but with
vertical shift and split of the focal points for top and bottom guide walls to open the
guide and provide a more uniform flux at the extension of the sample (3 × 3 cm2). This
option is similar to the vertical defocusing proposed for the neutron beam extraction.
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Figure 9. Beamspots and acceptance diagrams (position-divergence plots) for the four focusing guide
options described in the text. For all configurations, the range of the divergence axes is ±5◦, the
position axes ±5 cm, and [0, 5]·108 n/s and [0, 7]·108 n/s for the color scale of the horizontal and
vertical diagrams, respectively.

All the preliminary calculations were carried out using a homogeneous supermirror
value for the focusing guide with m = 4 and a focusing guide within a length ranging
from 9 to 17 m, depending on the option proposed. Further optimizations give the same
intensity at the sample with a gradual distribution of the m-value, from 2 to 4, with m = 5
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in the last segment of the focusing guide (see Table 1). Results presented in Figure 9 reveal
a very homogeneous spatial distribution of the neutron beam spot with a full width at
half maximum of ~ 3 cm diameter for all options. Moreover, the acceptance diagrams at
the sample position reveal that approximately 99% of the neutrons are confined within a
divergence range of ∆φ ~ ±2.5◦. In the first three options, the direct view and reflected
parts in the phase space are not overlapped, which leads to gaps in the phase space. This is
a usual feature in elliptical focusing guides [23]. In the fourth option, however, there are no
gaps, and both contributions overlap, giving a smoother divergence distribution.

Table 1. Coating for the focusing system (both 3 × 3 cm2 sample size, option 1, and 1 × 1 cm2 sample
size), distance is measured from the end of the long straight section.

Start Distance (m) End Distance (m) m Top/Bottom m Left/Right

0 8.0 2 2
8.0 13.0 2 2

13.0 14.5 2.5 2.5
14.5 15.5 3 3
15.5 16.0 4 4
16.0 16.8 5 5

Even if the guide system has been optimized for the large sample size of 3 × 3 cm2,
the capability to focus on a smaller sample size of 1 × 1 cm2 is already foreseen as a future
upgrade. Hence, the feasibility of having two different focusing noses on the MIRACLES
guide system for two different sample sizes was analyzed. The exchangeable guide cannot
be implemented to the total length of this focusing section. An alternative consists of the
design of an aggressive option for the last meters where the guide segment is embedded
within the scattering vessel (see Figure 10a).

Therefore, the focusing section was split into three components, first the main elliptic
section connects to the long straight guide and continues to the exchangeable section. The
exchangeable section was then simulated with two different components with independent
geometrical parameters. Both exchangeable elements are required to have the same dimen-
sions at the crossover to the main ellipse so that the guide is continuous regardless of which
focusing element is chosen. In the simulation, each neutron selects a random focusing
element to activate, i.e., each neutron randomly chooses between the two noses with a 50%
probability for each; in this way, each is weighted the same in the figure of merit and, both
are simulated in a single McStas run. In the calculations, the focusing layout labeled as
Option 1 was chosen for the 3 × 3 cm2 focusing nose. The same coating distribution from
this version is used on the 1 × 1 cm2 elliptic guide elements and is described in Table 1.
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Figure 10. (a) Schematic image illustrating the exchangeable focusing guide concept; (b) Integrated
intensity at sample position using a focusing guide for 3 × 3 cm2 beam spot with slits aperture of
1 × 1 cm2 (black dots), compared with the intensity using an exchangeable focusing nose with vari-
able length for 1 × 1 cm2 beam spot (red dots); (c) Beamspots (spatial distributions) and horizontal
divergence distributions at the sample position for different exchangeable focusing guide lengths
(from 0.5 to 2 m). The vertical divergence distributions are not shown since the profile is similar to
the horizontal counterparts.

Figure 10b show the total flux as a function of the length of the exchangeable part
for the two configurations: (i) focusing guide for 3 × 3 cm2 samples, with slits opened by
1 × 1 cm2, and (ii) focusing nose for 1 × 1 cm2. Results confirm a significant increase of
flux when compared to the option of exchange only the last 1 m of the 17 m long elliptical
focusing guide. Moreover, a longer exchangeable element does not provide further benefit.
This is a very convenient result from the point of view of mechanical design since the
exchangeable focusing guide cartridge can fit inside the scattering vessel. The beam
spots (Figure 10c) are smooth and homogeneous in all cases. As expected, the horizontal
divergence distributions are slightly broader than for the 3 × 3 cm2 case. The exchangeable
versions with perfect elliptic mirrors are smoother but show a spike at 0 divergences in the
vertical and horizontal profiles.

Figure 11a show the spectra at the sample position for the two configurations, (i) the
focusing guide for 3 × 3 cm2 samples with slits opened by 1 × 1 cm2, and (ii) focusing
nose for 1 × 1 cm2. The ratio between both spectra (Figure 11b) reveals a superior (and
wavelength-dependent) performance of the second option, displaying a gain of approxi-
mately 70% at the 6.27 Å wavelength for the focusing nose for 1 × 1 cm2 with respect to
the first one.
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3.5. Final Remark: Beam Transport Efficiency

A figure of merit that characterizes a good neutron transport is the brilliance transfer
(BT), defined as the neutron flux integrated over an area, wavelength and solid angle
(n·s−1·cm−2·Å−1·sr−1) normalized to the same quantity close to the source [24]. Liouville’s
theorem states that BT ≤ 1 in every passive optics system.

Figure 12 show the brilliance transfer, BT, as a function of wavelength from moderator
to sample, defined by the ratio between the brilliance at the sample position and the
brilliance at the source, B, in the same divergence range and spatial area [19]. Thus:

Φ/∆Ω = B× BT (4)

where Φ is the flux at the sample position and ∆Ω is the solid angle transported from
source to sample.

An adequate approach consists of assuming that the guided transport is perfect, the
source solid angle transported to the sample ∆Ω can be approximated as the product of the
vertical (±2.5◦) and horizontal (±2.5◦) full width and a half maximum of the divergence
distributions at the sample position (i.e., ∆Ω = 7.62 msr), yielding a maximum BT achievable
of approximately ~16%.

However, using the brilliance transfer to evaluate the goodness of a neutron transport
system must be considered wisely. The estimated beam extraction efficiency, as such,
tends to yield low values of this figure of merit when dealing with a source of small
dimensions [25,26]. In this case, MIRACLES does not have a strict requirement in terms of
beam divergence, and hence maximizing the phase space volume to collect more “useful”
neutrons at the NBEX (thus to increase the final flux at the expense of a brilliance reduction)
as well as improving the flux at the sample through beam focusing (at the expense of
increasing the beam divergence) is a convenient strategy.
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4. Conclusions

An updated conceptual design of the neutron delivery optics for MIRACLES, the
time-of-flight backscattering instrument of the European Spallation Source, is presented.
Calculation efforts aimed to efficiently transport cold neutrons of energy E . 20 meV
(wavelength ranging from λ = 2 to λ = 20 Å) from the ESS Butterfly moderator to the
sample, through a distance of 162.5 m. The new guide design also accounted for general
engineering restrictions associated mainly with construction constraints and integration
into the ESS facility. This factor primarily affects the beamline position and the dimensions
of the beamline feedthroughs when crossing the shielding walls.

Whilst vertical layout takes advantage of the ballistic approach, the horizontal profile is
determined by the high-energy resolution of the instrument and the selective transmission
of cold neutrons. From here, calculations and design were optimized to maximize flux
at the sample with a relaxed divergence distribution, rather than trying to reach high
brilliance in small samples with low divergence. The results from these calculations can be
summarized as follows:

• The vertical geometry of the neutron beam extraction section presents a strategy to
improve the guide collection by modifying the elliptic profile of the neutron beam
extraction, shifting the focus with respect to the cold center of the source, either
horizontally or vertically. Both approaches yield an efficient larger aperture that
conveys an improvement of the collection and transport of useful neutrons with
respect to the use of standard elliptic profiles focused on such cold center. On the
other hand, the horizontal geometry of the neutron beam extraction must comply
with reduced dimensions at the pulse shaping chopper needed by the high-resolution
performance of MIRACLES.

• The design of the curved section, needed to remove the background from high-energy
neutrons, is based on a trade-off between the feasibility to include its whole length
within the ESS common shielding area (bunker) and the maximization of the flux
of cold neutrons at all the operational wavelength range. Such range includes not
only the elastic wavelength/energy (λ = 6.27 Å; E = 2.08 meV) but also higher energy
neutrons (e.g., λ ~ 3 Å), for which incident flux must be maximized for inelastic
measurements (as well as quasielastic measurements using potentially Si(311) crystals
in the future).

• Once the horizontal layout has dealt with the burden of high-resolution performance
and high-energy neutron filtering, the guide geometry is modified to reduce the
horizontal divergence distribution and its dependence on the neutron wavelength by
means of a smooth expansion of the guide dimensions. This facilitates an efficient
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transport of the cold neutrons throughout the rest of the long beamline from the curve
to the focusing guide sections (~100 m).

• The focusing guide has been designed to efficiently focus the neutron beam for the
whole operational wavelength band.

• Finally, a potential upgrade of the focusing guide has been proposed, consisting of
an exchangeable final section allowed to reduce the beam footprint to close to 1 cm2,
with a significant increase of the areal flux of up to 70%.

With this new guide design that results in an overall optimization of the neutron flux
throughout the selected cold wavelength range of interest, the MIRACLES beamline will
be manufactured and integrated into the ESS facility. The work conducted here can be
considered a benchmark for the more general optimization of beam transport systems for
future ESS cold neutron spectrometers.

Author Contributions: Conceptualization, F.J.V. and D.M.R.; methodology, F.J.V., D.M.R., M.B. and
H.N.B.; validation, F.J.V., D.M.R. and M.B.; formal analysis and investigation, all; writing—original
draft preparation, F.J.V.; writing—review and editing, D.M.R., M.B. and H.N.B. All authors have read
and agreed to the published version of the manuscript.

Funding: This research is partially funded by the Next Generation EU–Recovery and Resilience
Facility (RRF).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Andersen, K.H.; Argyriou, D.; Jackson, A.; Houston, J.; Henry, P.; Deen, P.; Toft-Petersen, R.; Beran, P.; Strobl, M.; Arnold, T.; et al.

The instrument suite of the European Spallation Source. Nucl. Instrum. Methods Phys. Res. Sect. A 2020, 957, 163402. [CrossRef]
2. Mamontov, E.; Herwig, K.W. A time-of-flight backscattering spectrometer at the Spallation Neutron Source, BASIS. Rev. Sci.

Instrum. 2011, 82, 085109. [CrossRef]
3. Shibata, K.; Takahashi, N.; Kawakita, Y.; Matsuura, M.; Yamada, T.; Tominaga, T.; Kambara, W.; Kobayashi, M.; Inamura, Y.;

Nakatani, T.; et al. The Performance of TOF near Backscattering Spectrometer DNA in MLF, J-PARC. JPS Conf. Proc. 2015, 8,
036022.

4. Lechner, R.E. Observation-time dependent structural information from quasielastic neutron scattering. Physica B 2001, 301, 83–93.
[CrossRef]
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