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Abstract: The fixed-energy window scan approach, for both elastic and inelastic modes, is a valuable
tool to discriminate between motions activated when dynamical phase transitions occur in a sample
as a function of time, temperature, pressure, electrical field or illumination. Considering that, on one
hand, such variations can generate a weak signal, and on the other, high data throughput makes
it possible to screen many samples during a beam time, pulse multiplication is an ideal strategy to
optimize the intensity of the analyzed signal. To ensure this capability, a proposal for a future upgrade
of MIRACLES, the neutron time-of-flight backscattering spectrometer at the European Spallation
Source (ESS) under construction in Lund, is reported in this article. The concept for a new chopper
layout relies on the extraction of several elastic pulses, ensuring an increase in the neutron total
elastic intensity hitting the sample. This proposal can be extended to the inelastic counterpart. The
premise is to maintain the original beamline layout without modification, either of the guide sections
or of the current chopper layout of MIRACLES, thereby guaranteeing that minimal changes and
impact will occur during the proposed upgrade. However, this also presents a significant challenge,
namely, to achieve an efficient pulse multiplication within the width and the length of the guide and
within the rising/decay time of the pulses. With the concept presented here, an increase in elastic
intensity by a factor of 2.8 was obtained. This is analogous to performing elastic fixed window (EFW)
measurements with an ESS source operating at 14 MW, widening considerably the performance
capabilities of MIRACLES. The knowledge generated here is also valuable for the design of scientific
instruments for the next generation of low-energy, accelerator-driven neutron sources.

Keywords: neutron instrumentation; inelastic neutron scattering; fixed-energy window scan; neutron
time of flight; pulse multiplication

1. Introduction

In a neutron backscattering experiment, the ability to probe collective dynamics at
the picosecond timescale through inelastic neutron scattering (INS) depends mainly on
the dynamic range delivered by the instrument (Figure 1a). On the other hand, features
characterizing slow dynamics are described by analyzing variations in the quasielastic
neutron scattering (QENS) signal. Experimentally, a QENS dataset is described by a set of
scattering functions, S(Q,ω), depending on the momentum transfer Q and energy transfer
h̄ω, which manifests itself as a series of peaks centered at ω = 0 [1]. The observation of
these microscopic motions depends on the energy resolution offered by the instrument,
and the slowest observation time is set by the width of the resolution of the instrument.

Another type of neutron scattering experiment uses the elastic fixed window (EFW)
approach, where the analysis of the structure factor, S(Q,ω ≈ 0), as a function of Q, provides
a global view of the dynamics. Hence, an indication of motions occurring within or outside
the timescale provided by the instrument resolution can easily be obtained. In other
words, during an EFW scan, all motions faster than the resolution-time can be quantified
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by the loss of elastic scattering intensity [2]. EFW scans resemble a differential scanning
calorimeter (DSC) graph, and are ideal for revealing variations in the dynamics of a system,
e.g., the temperature at which the dynamics under observation ‘enters and exits’ (viz.
is observable) the time window of the neutron spectrometer. This can be significantly
useful when dealing with the dynamics timescale of, e.g., proteins [3], drug delivery [4,5]
or energy materials [6,7]. This approach is also used to perform inelastic fixed window
(IFW) scans to boost the observation of weak inelastic features [8,9], confirming that both
EFW and IFW measurements as a function of temperature are widely used in neutron
spectrometers [10–12].
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Figure 1. (a) Schematic description of an inelastic neutron scattering measurement, highlighting the three regions of interest:
inelastic, quasielastic, and elastic; (b) Time structure diagram and (c) top view beamline layout obtained with the current
chopper cascade of MIRACLES.

MIRACLES, the future neutron time-of-flight backscattering spectrometer at the Euro-
pean Spallation Source under construction in Lund [13], is currently in the detailed design
phase and will have a simple and versatile chopper cascade that allows a flexible selection
of the energy resolution [14–16]. A counter-rotating double-disk (PWD) chopper, with one
slit of aperture of α = 12◦, will act as a pulse-shaping chopper to modulate the long ESS
pulse (∆TESS = 2.857 ms), allowing pulse durations of as little as 60 µs. This will yield a
tunable energy resolution ranging from δ(h̄ω) ~1.5 µeV to almost 50 µeV, thus covering a
wide observation time for the dynamics under study, from the nanosecond to the tens of
picoseconds range. This flexibility will also be extended to the tunability of the incident
energy to carry out inelastic neutron scattering (INS) experiments covering a wide range
of energy transfer, i.e., about 20 meV. Additionally, a pulse selection (PS) chopper, with
one slit opening of α = 15◦, to extract one pulse from every ESS pulse (with a frequency of
14 Hz), and a bandwidth (BW/FO) chopper, with slit aperture of α = 110◦, will give final
shape to the neutron pulse arriving at the sample (Figure 1b,c), rejecting long wavelength
contaminating neutrons in the high-resolution modes and preventing undesirable frame
overlap between pulses at the sample position in the high flux mode.
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With the current chopper cascade, in high resolution modes, MIRACLES will use
only 60/2857 = 2.1% of the suitable neutrons with elastic energy (within the “elastic
band”); the remaining 97.9% are simply filtered out. This makes fixed energy window scan
measurements ineffective. To solve this drawback, we present a detailed analysis of an
upgrade option for MIRACLES, aiming for a significant increase in the total intensity for
fixed-energy window scan measurements, through a pulse multiplication strategy, an idea
firstly outlined by Arai et al. [17] for EFW scans.

In previous works, pulse multiplication applied to a neutron TOF-backscattering
spectrometer was oriented to enlarge its dynamic range for inelastic neutron scattering.
For example, an extension from ~100 µeV to several hundreds of µeV has been proposed
for DNA, the TOF-backscattering spectrometer in J-PARC [18]. However, for MIRACLES,
the long pulse plus the low repetition rate provided by ESS, together with the length of the
instrument (~160 m beamline), already provide a very wide dynamic range, i.e., ∆λ ~1.7 Å
(∆E ≈ 1.1 meV around λ = 6.27 Å). Therefore, the function of a pulse multiplication here
is devoted to enhancing the final elastic flux at the sample position. With this upgrade, a
significant capitalization of the delivered elastic neutrons with a concomitant boost in the
ability to distinguish between motions is granted.

2. Materials and Methods

The main boundary condition of the reported simulation results after introducing the
capability of performing pulse-multiplication in MIRACLES is to minimize the impact
of the proposed upgrade to the current instrument design. Currently (end of 2020), the
neutron beamline of the MIRACLES system is at its detailed design phase; this means that
the conceptual layout is complete, but some minor changes, related to gaps and interfaces,
can still be implemented. Thus, for the proposed upgrade, we have kept in mind that the
implementation of the new choppers should be carried out in existing chopper pits or with
a minimal modification of one short guide unit, in order to maintain the total length of the
beamline. Other considerations are described in the following subsections.

Accordingly, the final goal of this work was to keep the current guide layout and
chopper cascade almost unchanged. To achieve this, we started by performing analytical
calculations to determine the new pulse structure as follows. First, the time of flight (TOF)
structure of the chopper cascade was obtained through analytical calculations, supported
using a Matlab script [19], when complexity increases. Subsequently, Monte Carlo ray-
tracing calculations using McStas (version 2.4) [20] were systematically performed, with
the ESS_butterfly moderator component [21] modelling the source. For all explored config-
urations, eight ESS pulses were simulated. Moreover, based on the previous MIRACLES
model [14], single-disk choppers and counter-rotating, double-disk choppers were intro-
duced along the beam line using the DiskChopper component. The pulse structure was
monitored using different detectors and monitor components (L_monitor and TOF_monitor)
placed before and after every chopper, as well as in additional positions, like the beam ex-
traction and the focusing guide segments, so that information about the TOF structure and
wavelength-energy distribution, respectively, could be accurately examined. All simula-
tions and calculations were carried out applying elastic energy (E = 2.081 meV; λ = 6.27 Å),
but conclusions can be extended to tune any other energy to explore inelastic features.

In particular, the following considerations, related to the pulse shape and to the design
of the chopper cascade, were also carefully taken into account:

1. Pulse shape: Triangular (where the chopper slit opening angle, α, is of the same
dimensions as the guide opening angle, γ; thus, α = γ) and trapezoidal (where α > γ)
pulse shapes were considered in the calculations; see Figure 2. We note that in the
latter case, the chopper must run faster to keep the same full width at half-maximum
(FWHM) of the pulse and reduce its rise/decay time.

2. Guide opening angle: the angular projection of the guide with respect to the center of
the choppers in the straight section (downstream from the curve) ranges from γ = 17◦
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(in the position of the BW/FO chopper) to γ = 21◦ (in the 90-m straight section before
the focusing guide).

3. Single chopper opening times: For single disks, the total opening time is given by

∆τtot = (α + γ)
ω , while for trapezoidal pulses, the rise/decay time is: ∆τR/D = γ

ω .
4. Double chopper configuration opening times: For counter-rotating double disk chop-

pers, the energy resolution is determined by the FWHM opening times ∆τFWHM = α
2ω ,

where ω = 2π f angular velocity, in rad/s, and f is in Hz.
5. Energy resolution: In a neutron TOF-backscattering spectrometer, the contributions to

the final energy resolution from the primary spectrometer, δEP, are mostly determined
by the beam divergence, yielding a distribution of flight pathway lengths, ∆L, and a
pulse size of ∆τ: [22,23]

δEp = 2E

√(
∆L
L

)2
+

(
∆τ

tTOF

)2
(1)

where E is the energy selected, L is the length of the primary spectrometer from source
to sample, and τ is its neutron flight time.
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Figure 2. Schematic illustration of the (a) triangular pulse shape, where the chopper slit opening is equal to the guide
opening; and (b) trapezoidal pulse shape, where the chopper slit opening is larger than the guide opening, showing the
rise/decay process and how the relationship between α and γ determines the pulse shape.

3. Results and Discussion

The strategy followed to obtain pulse multiplication has two main aspects. Firstly,
preliminary simulations shall ensure a clean propagation of the “elastic energy band” from
the source to the sample. This “elastic energy band” width is that of the ESS pulse duration
(∆TESS = 2.86 ms).

After that, the second step consisted of the multiplication of the pulses to obtain
shorter pulses of the same neutron energy to qualitatively increase the total flux at the
selected neutron energy while maintaining the high energy resolution capability of the
instrument.

It should be highlighted that the calculations, carried out using elastic energy, can be
extrapolated to select any energy in the cold neutron range.

3.1. First Step: Propagating the Neutron Elastic Band

The first idea for obtaining a clean pulse multiplication profile was to use the MIR-
ACLES high-flux mode, i.e., with one of the PWD disks parked and the other running at
14 Hz, which delivered a symmetric triangular pulse with ∆τ ~ 2.4 ms, that almost equaled
the ESS pulse duration. After that, additional slow bandwidth choppers distributed along
the beamline were integrated to maintain the elastic energy bandwidth with a filtering
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functionality (i.e., reducing the transmission of neutrons with different energies). The first
of these choppers was the bandwidth BW/FO chopper, already in the current design. Since
this Al chopper can run faster, an opening time of approximately the ESS pulse duration
can be achieved (see Figure 3a). At f = 70 Hz and with a guide projection of γ = 17◦, an
opening time of ∆τFWHM = 2.5 ms was obtained.
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Then, a second bandwidth chopper (named monochromating chopper, MC1; see
Figure 3a) was required to select the main pulse that delivers the “elastic energy band” and
suppress the unwanted neutrons. This chopper had to be located right after the BW/FO
chopper at LBW/FO = 54.5 m, but before the position where the pulses delivered by this
BW/FO bandwidth chopper overlapped, i.e., Loverlap = 62.3 m. The eventual position
used in the Monte Carlo calculations was just downstream of the BW/FO chopper, at
LMC1 = 54.9 m. Afterwards, the selected band width propagated and expanded along the
rest of the beamline. When the expansion became much larger than the elastic bandwidth,
a second monochromating chopper (MC2 chopper) was required. In this case and for
practical purposes, MC2 was placed between the frame overlap mirror and the focusing
guide (LMC2 = 145.3 m, see Figure 3a,b). We chose trapezoidal pulses for MC2 with a total
opening time of ~2.8 ms by selecting slits of α = 45◦ with choppers running at f = 70 Hz;
larger openings would increase the burst time and maximize flux, but at the expense of also
releasing unwanted contaminant neutrons. Furthermore, the large width of the MIRACLES
guide, mainly in the long straight section, resulted in large guide opening angles, γ (see
Figure 2), and thus, the rise/decay times before and after the maximum flux plateau in such
a trapezoidal version were not sufficiently abrupt, making a reduction in the transmission
of the elastic neutrons unavoidable.

3.2. Second Step: Rationale for Pulse Multiplication

In addition, to extract high-resolution pulses from the elastic energy bandwidth, we
needed at least two rapidly counter-rotating double-disk choppers, PM1 and PM2. The
principle is the same as the double chopper spectrometer configuration [24], where these



Quantum Beam Sci. 2021, 5, 2 6 of 13

two choppers are appropriately phased with respect to each other to select the energy of
the pulses (in this case, the elastic energy).

As a first approach, it was possible to extract two pulses in a long instrument
like MIRACLES (~160 m). For instance, when the pulse shaping chopper was run at
f ≥ 252 Hz, two slits allowed for a distance between pulses close to the ESS pulse width,
i.e., ∆T ≤ 1.99 ms. In this case (Figure 4a), assuming a distance between the two fast PM
choppers of L12 ~ 150 m, contamination pulses were transmitted at the same opening slots
(Figure 4b), with an opening time of t ≤ 60 µs, energy resolution of δE ≤ 2 µeV, making
them difficult to separate. This resulted in extra contributions to the elastic band (Figure 4c).
However, the energy difference of those extra neutrons from the main elastic energy was
about ±35 µeV, and the actual contamination after scattering by a typical sample, like water,
was only 1/100 in comparison to the main elastic intensity. This was also distinguishable
at a relaxed resolution (e.g., δE > 10 µeV). These results are compelling; however, the total
elastic flux must be optimized in terms of intensity. Thus, to obtain an efficient yield from
the pulse multiplication concept, more pulses ought to be extracted out of the elastic energy
band. To do that, the number of slits had to be increased in the PM fast choppers, as
discussed below.
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The available energy resolution (as well as the final intensity at the sample posi-
tion) [24] was then determined by the opening time of the choppers, the distance between
the two fast choppers, L12 = LPM − LPM1, and the distance between the last chopper LPM2
and the sample, L2S [25–27]. The PM2 chopper, acting as a resolution defining chopper,
will be located at LPM2 ≈ 153 m, the closest possible place to the sample but before the start
of the elliptical focusing guide. This was done because choppers occupy a space of several
centimeters, leaving a gap in the guide that hampers the confinement of the neutrons;
hence, the presence of choppers in places with high divergence (i.e., the final meters of
a focusing guide) should be avoided. Moreover, installing a chopper module within the
vessel is problematic, and no significant gain was observed.
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As PM1 can be located at several positions, we selected two positions in order to make
a comparison (see also a description of the proposed chopper cascades in Table 1):

(a) Option A: LPM1a = 55 m and L12 ~ 100 m, with the PWD pulse shaping chopper
working as a bandwidth chopper and running as mentioned above (one disk parked,
the other at f = 14 Hz, thus ∆τ ~ 2.4 ms), PM1 was placed after the MC1 chopper. This
was the most feasible option, since the MIRACLES current chopper cascade would
not be modified, and installation of the PM1 chopper would take place outside the
ESS bunker.

(b) Option B: LPM1b ≡ LPWD = 7.7 m and L12 ~ 150 m) consisted of rendering the largest
possible distance between the fast choppers, using the PWD pulse shaping chopper as
the first pulse multiplication chopper (PWD≡PM1). This solution implies exchanging
the single-slit PWD chopper for a multislit chopper within the bunker, resulting in
pulse multiplication from the pulse shaping.

Table 1. Main parameters (location, L, slit size, a, frequency, f, and whether the chopper is a
counter rotating double disk (CR) or single disk (SD)) for the proposed chopper layouts for pulse
multiplication in MIRACLES using two fast choppers. PWD, PS, and BW/FO choppers correspond
to the current chopper cascade of MIRACLES.

Option A (L12 ~ 100 m)

PWD PS BW/FO MC1 PM1 MC2 PM2

L (m) 7.7 8.3 54.5 54.9 55 145 153

α (◦) 12 15 110 45 27 45 27

f (Hz) 0–14 14 70 70 280 70 280

CR/SD CR SD SD SD CR SD CR

Option B (L12 ~ 150 m)

PWD≡PM1 PS BW/FO MC1 MC2 PM2

L (m) 7.7 8.3 54.5 54.9 145 153

α (◦) 12 15 110 45 45 27

f (Hz) 252 14 70 70 70 252

CR/SD CR SD SD SD SD CR

3.3. Third Step: Multislit Approach with Five Pulses

As a test bench for the multislit approach, the chopper layout of Option A (L12 ~ 100 m)
could be used. To extract five pulses out of a band of ∆τ ≈ 2.5 ms, a double-disk counter
rotating chopper running at f = 280 Hz with eight equidistant slits of α = 27◦ was needed.
The result was the delivery of five pulses with duration ∆τFWHM = 134 µs, and an equivalent
frequency of f = 280 × 8 = 2240 Hz, thus, a period of T = 446 µs. A priori, a convenient
phasing between PM1 and PM2 resulted in the efficient transmission of pulses through their
adequate opening slots (see TOF graph in Figure 5a). However, the increasing number of
slots also allowed the transmission of neutrons to occur with energies other than the elastic
one that go through the same slot in PM1 but are transmitted by PM2 using the adjacent
opening slots, giving a multichromatic quantized spectrum (see wavelength spectrum in
Figure 5a).

These unwanted neutrons can be suppressed by introducing an intermediate chopper,
labeled PMx, in phase with the other two fast choppers and capable of cutting out these
narrow neutron bands. When the PMx chopper was placed equidistantly between both
fast PM choppers (LPMx ~ 104 m), neutrons transmitted by the adjacent slot outside of the
elastic energy resolution could be removed (see Figure 5b); however, contamination from
the second adjacent slot persisted, caused by the slower neutrons that went through PM2
with opening times that were two slots after the elastic neutron slot (Figure 5b).

A strategy to maximize the rejection of contaminant neutrons consisted of displacing
the middle chopper, PMx, to a position where both slower and faster neutrons could be cut.
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This implied that the filtering function of PMx should be maximized when this chopper
was placed at LPMx ≈ LPM1 + 2/3·L12 ~ 123 m (see Table 2). This configuration resulted in
an enhancement of the elastic intensity by a factor 2 when compared with the current wide
spectrum (see Figure 6a) and a FWHM of δEFWHM ~ 4 µeV.
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illustrating only the pulse multiplication (PM) chopper cascade for Option A. (a) using two fast choppers and (b) after
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Table 2. Main parameters (location, L, slit size, a, frequency, f, and whether the chopper is counter ro-
tating double disk (CR) or single disk (SD)) for the proposed chopper layouts for pulse multiplication
in MIRACLES, using three fast choppers.

Option A (L12 ~ 100 m)

PWD PS BW/FO MC1 PM1 PMx MC2 PM2

L (m) 7.7 8.3 54.5 54.9 55 123 145 153

α (◦) 12 15 110 45 27 27 45 27

f (Hz) 0–14 14 70 70 280 280 70 280

CR/SD CR SD SD SD CR CR SD CR

Option B (L12 ~ 150 m)

PWD≡PM1 PS BW/FO MC1 PMx MC2 PM2

L (m) 7.7 8.3 54.5 54.9 55 145 153

α (◦) 12 15 110 45 27 45 27

f (Hz) 252 14 70–112 70 252 70 252

CR/SD CR SD SD SD CR SD CR
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However, obtaining a clean elastic peak is challenging. Due to the large width of the
MIRACLES guide (13 cm in the straight section) and assuming α ≥ γ, the apertures of the
PM choppers in Option A were also large (α = 27◦ for trapezoidal pulses), and the use of
eight slits resulted in a total opening time of 27 × 8/360 = 60%. A possible solution for a
more efficient contaminant rejection consisted of using the double trumpet arrangement,
with tapered guides, similar to NEAT [28] and LET [29], or using a needle-eye option with
parabolic-elliptic guide profiles. Both strategies seek to reduce the guide section at the
chopper position, and thus facilitate the implementation of a smaller slit width.
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Additional calculations were carried out with a further displacement of the PMx chop-
per, to a position which represents a noninteger denominator (not LPMx ≈ LPM1 + 2/3·L12,
but, e.g., LPMx ≈ LPM1 + 2/3.4·L12). With this subtle modification, it was analytically pre-
dicted that the PMx chopper would be able to block all contaminant neutrons, i.e., neutrons
that do not have the elastic energy. However, we found that it was the case only if the slots
were sufficiently small (i.e., sufficiently narrow), and therefore, that this modification was
not simply applicable to the current geometry with the large aperture of the guide system.

A similar rationale was applied to Option B, utilizing a middle chopper introduced at
LPMx ≈ LPM1 + 1/3·L12, viz. at the same position as PM1 in Option A, LPMx = LPM1a = 55 m.
The chopper layout for both options is described in Table 2. Fast choppers in Option B
were run at f = 252 Hz, yielding a FWHM of the elastic peak below δEFWHM ~ 2 µeV.

The results showed a 2.8× enhancement of the elastic flux at the sample, with respect
to the current spectrum at λ = 6.27 Å (Figure 6b). Again, the satellite contaminant peaks
that corresponded to neutrons passing through the third adjacent slot before or after
corresponding to the elastic neutrons were at a sufficient distance (±27 µeV), with respect
to the elastic energy, to be distinguishable, following the same argument stated in the
previous subsection.

3.4. Fourth Step: Multislit Approach with Three Pulses

The use of six slits (thus delivering three main pulses every ESS pulse) for Option
A reduced the available opening time of the choppers, bringing about a reduction in the
transmission of the contaminant neutrons, and simultaneously separating the satellite
contaminant peaks from the elastic one.

This is shown in Option A (Figure 6a), in which the satellite peaks, estimated at
±47 µeV, practically disappeared from the spectrum, with only residual contributions
from the incomplete rejection of the satellites being present, attributed to the large slit
width of the multiplication choppers discussed in the previous section. Similarly, Option B
(Figure 6b) had an increased separation of the satellites (±36 µeV); in this case, rejection
was more efficient, due to the fact that the first multiplication chopper (PM1 = PWD) had
much narrower slits (α = 12◦).

Additionally, both options maintained one of the most powerful features of MIR-
ACLES, i.e., its flexibility in the selection of the energy resolution. This is depicted in
Figure 7. The proposed designs yielded a tunable energy resolution that could reach high
resolution modes, if necessary. In fact, by reducing the speed of the fast choppers (with the
concomitant relaxed resolution), the small, unwanted neutrons could be fully suppressed.

The combination of flexible energy resolution and increasing final intensity at sample
position is expected to have further implications in the design of future neutron scattering
instrumentation. For instance, for accelerator-driven neutron sources, in which neutrons
are obtained by low-energy nuclear reactions between the pulsed proton beam and light
elements, like Be or Li [30], the main challenge for instrument performance is the estimated
moderate flux delivered to the beamlines, which can be enormously improved by using
concepts such as the one discussed in the paper [31].

Accelerator-driven neutron sources can opt for short or long pulses. When dealing
with long pulses, pulse multiplication strategies can be utilized to increase the dynamic
range (i.e., the energy scanned at every measurement) or to multiply the incident flux
to the sample while keeping the required energy resolution for an optimum instrument
performance. Pulse shaping choppers at the beginning of the beamline, or monochromatic
choppers near the end of the beamline, can help in achieving this objective. To some extent,
this work can also serve as a test bed for pulse multiplication in future scientific instruments
using low-energy neutron sources that require maximal optimization of the pulse time
structure to enhance the neutron yield at the sample.
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4. Conclusions

In this report, an upgrade proposal to extend the capabilities of the MIRACLES
spectrometer—the TOF-backscattering instrument of the ESS which is expected to be opera-
tional in 2026—is presented. The goal is to apply pulse multiplication strategies to enhance
the elastic intensity and allow very rapid surveys to be made of the dynamical processes
occurring in a material by means of elastic window scan experiments. This approach is
suitable to differentiate various dynamical processes occurring in a sample as a function
of external stimuli, as well as to optimize quasielastic neutron scattering experiments.
Additionally, applications encompass inelastic fixed window scan experiments, aiming at
an increase of the intensity of weak inelastic features.

The concept presented here comprises the adoption of a new chopper cascade with
minimal impact to the current beamline layout (that is, keeping the same guide design
and chopper positions). This general concept suggests the implementation of two slow
monochromating (MC) choppers, to propagate a clean “elastic band” throughout the
160 m of the beamline, and two fast choppers to act as pulse multiplication (PM) choppers.
A third chopper is needed to remove spurious unwanted neutrons. Two options were
analyzed and gave encouraging results: (i) Option A, in which the distance between the
two PM choppers was L12 ~ 100 m; this allows for all the additional choppers to be installed
outside the bunker, and after the curved guide; (ii) Option B, in which L12 ~ 150 m; here, the
maximization of the distance between the choppers was achievable by replacing the current
one-slit pulse shaping PWD chopper located in the bunker with a multislit one. The main
challenges in obtaining a successful pulse multiplication were as follows: (i) concerning
the instrument length (LMIRACLES = 162.5 m), choppers were added to avoid frame overlap;
and (ii) concerning the width of the guide, choppers with large openings were required,
resulting in the transmission of unwanted neutrons. Taking all of this into account, we
conclude that, for the fast PM choppers, eight slits can provide a clean elastic peak with
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five pulses out of every ESS pulse. This gives a 2.8× increase of the elastic peak intensity,
which is analogous to carrying out experiments in EFW scan mode at a 14 MW ESS source.

This achievement is expected to further boost the performance of MIRACLES and
broaden its scientific purpose. The proposed upgrade will complement the machine’s exist-
ing capabilities while maintaining the flexibility in the selection of the energy resolution.
Moreover, the results of this study may also provide ideas for potential developments in
the conceptual design of future low-energy accelerator-driven neutron sources, in order to
squeeze the pulse time structure and enhance the final neutron flux at the sample.
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