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ABSTRACT
CHESS, chopper spectrometer examining small samples, is a planned direct geometry neutron chopper spectrometer designed to detect and
analyze weak signals intrinsic to small cross sections (e.g., small mass, small magnetic moments, or neutron absorbing materials) in powders,
liquids, and crystals. CHESS is optimized to enable transformative investigations of quantum materials, spin liquids, thermoelectrics, battery
materials, and liquids. The broad dynamic range of the instrument is also well suited to study relaxation processes and excitations in soft and
biological matter. The 15 Hz repetition rate of the Second Target Station at the Spallation Neutron Source enables the use of multiple incident
energies within a single source pulse, greatly expanding the information gained in a single measurement. Furthermore, the high flux grants
an enhanced capability for polarization analysis. This enables the separation of nuclear from magnetic scattering or coherent from incoherent
scattering in hydrogenous materials over a large range of energy and momentum transfer. This paper presents optimizations and technical
solutions to address the key requirements envisioned in the science case and the anticipated uses of this instrument.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0089740

I. INTRODUCTION
Inelastic neutron scattering (INS) is a powerful experimen-

tal technique to study the dynamical properties of materials as a

function of temperature, electric field, magnetic field, and pressure.
This technique takes advantage of several fundamental proper-
ties of neutrons. The wavelength of moderated neutrons is well
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matched to interatomic distances in many materials; neutron ener-
gies are comparable to characteristic energies of atomic motions
in many materials; neutrons have a magnetic moment allowing
the study of magnetic fluctuations and structures; and the neu-
tron weakly interacts with matter allowing it to penetrate through
complex sample environments. Furthermore, the scattering function
S(Q, ω) derived from neutron scattering measurements is propor-
tional to the imaginary part of a generalized momentum and energy-
dependent susceptibility, which makes a quantitative comparison
between experiment and theory straightforward. Transformative
advances in our understanding of materials for energy, quantum
information, health, and environmental applications require knowl-
edge of the complex physics underlying their dynamical properties.
In condensed matter and biology, new materials are often available
in limited quantities, particularly as single crystals, which often lead
to long experiments and impede progress. Furthermore, spectrome-
ters need to be designed to host complicated sample environments,
such as high field magnets and pressure cells, which pose chal-
lenges due to their intrinsic high background. Thus, increasing
measurement sensitivity to enable studies on smaller samples is con-
sidered one of the highest priorities for the design of a new inelastic
spectrometer at the Second Target Station (STS) of the Spallation
Neutron Source (SNS) at Oak Ridge National Laboratory (ORNL).

The CHESS spectrometer is designed to overcome these issues
by trading high flux (HF) for resolution to meet the requirements of
diverse experiments. The broad wavelength band employed by this
instrument naturally lends itself to performing survey-type experi-
ments and to study materials where dynamic processes exist over a
wide energy and momentum range. The high flux and the possibil-
ity of using Repetition Rate Multiplication (RRM)1–4 will increase
the quality of the dataset and decrease the data collection times. Fur-
thermore, the possibility to employ polarization analysis5 will enrich
the level of information acquired during the measurement, allow-
ing the disentanglement of coherent from incoherent signals and
magnetic from structural features, as well as the ability to better char-
acterize anisotropic magnetization distribution in crystals. CHESS
is expected to impact a broad scientific user community span-
ning quantum and magnetic materials,6–14 superconductors,15–17

thermoelectric materials,18–21 energy and battery materials,22–26 life
sciences,27–34 liquids and complex fluids,35–41 and soft matter.42–46

CHESS is poised to build upon these established user communi-
ties while simultaneously broadening the scope of problems that
can be solved by cold neutron spectroscopy. This additional com-
ponent to the CHESS user community will come from individuals
who considered neutron spectroscopy prohibitive due to sample size
requirements, and it will most likely be composed of groups that
work at the forefront of developing new materials, where large single
crystals are typically not available.

This manuscript is organized as follows: After a brief sum-
mary of the expected performance and engineering layout, we show
the latest developments in guide, chopper, and detector optimiza-
tions. We then conclude by showing some experiment simulations
to demonstrate the capabilities of CHESS.

II. INSTRUMENT PERFORMANCE REQUIREMENTS
CHESS is designed as a cold neutron high flux chopper

spectrometer with a medium-coarse elastic energy resolution of

2% ≤ δE/E ≤ 5%. An energy resolution coarser than δE/E > 5% is
less useful for cold neutron experiments because the elastic line
quickly overshadows the features at low energy transfer that are one
of the primary interest for the CHESS science case.

A direct-geometry spectrometer optimized for the cold neu-
tron energy range usually employs a pair of high-speed choppers
that defines the incident energy, Ei, and the energy resolution δE.
We will refer to these choppers as P- (“pulse-shaping”) and M-
(“monochromator”) choppers. The energy resolution contains three
terms added in quadrature that derive from the source pulse width
ΔtS, the M-chopper burst time ΔtM , and the time-of-flight uncer-
tainty in the secondary spectrometer ΔtD, determined by the detec-
tor pixel and sample sizes. Our simulations show that the P-chopper
mainly controls the resolution profile (by suppressing the so-called
Ikeda tail47) and the overall flux. At the elastic line, the energy
resolution can be well approximated by the following equation:48–50
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where mn is the neutron mass, v is its speed, L1 is the distance from
the source to the M-chopper, L2 is the distance from the M-chopper
to the sample, and L3 is the distance from the sample to the detector
as shown in Fig. 1.

Our goal is to measure inelastic or quasi-elastic neutron scat-
tering (QENS) arising from small samples. Thus, we must be able to
tighten the energy resolution without losing too much intensity. As
described by Ehlers et al.,50 the best trade-off between energy and
resolution is accomplished by matching the three contributions to
the resolution in Eq. (1),

L2 + L3

L1L3
vΔtS =

L1 + L2 + L3

L1L3
vΔtM =

vΔtD

L3
. (2)

These relations can be used to derive boundary conditions for the
three major lengths (Li) during the spectrometer design.

The tube moderator was designed and optimized for time inte-
grated brightness,51 which corresponds to the integral of the pulse
emission-time distribution at the selected wavelength over the emis-
sion time, times the repetition rate of the source, and it is predicted
to deliver a pulse width that can be expressed as vΔtS ≈ 0.23 m in the
wavelength range λi ≃ 2–20 Å. Thus, the contribution of the source
to the energy resolution becomes

δES

E
= 2

L2 + L3

L1L3
vΔtS ≤

0.05
√

3
, (3)

where E = mnv2
/2. Our optimizations using Eqs. (1)–(3) result in

L1 = 30 m, L2 = 1.5 m, and L3 = 2.5 m that provide a resolution of
δE/E = 5% at the peak of the tube moderator spectrum, λ = 3 Å.
A comparison of the simulated energy resolution at the elastic line
for CHESS, vs current worldwide leading chopper spectrometers is
shown in Fig. 2.

The simulations for the CHESS energy resolution curves shown
in Fig. 2 used purely monochromatic beams (no RRM included)
for two possible configurations of the M-chopper that represent
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FIG. 1. Diagram of the CHESS beamline. The diagram of the CHESS beamline is showing the location of the main components: tube moderator, choppers, operations
shutter (blue dashed box), sample, and detectors. We also highlight the three lengths of the instruments, Li , which determine the elastic energy resolution shown in Eq. (1).

a High Flux (HF) and a High Resolution (HR) mode of oper-
ation. The HF mode was simulated using an 8○ opening of the
M-chopper, whereas the HR mode used a 6○ opening. Simulations
were done employing McStas55 and MCViNE.56,57 A cylindrical
vanadium sample with the same characteristics (Ø = 6.1 mm, 50 mm
tall) as the standard calibration sample used at the Cold Neu-
tron Chopper Spectrometer (CNCS)52 was created for the scattering
kernel. We performed a series of simulations using the same incident
energies as the experimental dataset collected at CNCS in 2018. Our
simulated data were reduced and analyzed using Mantid58 to extract
the profile at the elastic line. Finally, this profile was fit with a Gaus-
sian function and the full width at half maximum (FWHM) was used

FIG. 2. Energy resolution (δE) at the elastic line. The comparison of the CHESS
simulated energy resolution for a monochromatic beam for two configurations High
Flux (HF) and High Resolution (HR), further described in the text, shows an excel-
lent agreement with our expectations, matching the data collected at CNCS52 in
HF, LET,53 and AMATERAS54 in HR mode. The green band corresponds to the
resolution range 1% ≤ δE/E ≤ 5%.

for the comparisons in Fig. 2. Equivalent datasets measured at LET53

and AMATERAS54 were retrieved from their respective websites
with agreement of the respective instrument scientists. CHESS wave-
length dependent energy resolution is in good agreement with the
Ikeda–Carpenter resolution function in Eq. (1), shown as a dashed
black line in Fig. 2. The energy resolution of the CHESS HF config-
uration is similar to the CNCS HF configuration (green curve). The
LET (blue curve) and AMATERAS (purple curve) instruments have
better energy resolution in their standard mode of operation when
compared to the CHESS HF mode. However, the CHESS HR mode
provides similar resolution. The chopper configuration proposed for
CHESS allows for flexibility in operation trading energy resolution
for flux during measurements.

Due to the rather compact length of CHESS, the resulting band-
width (i.e., the difference between the longest and shortest incident
wavelengths available for use) at a fS = 15 Hz source frequency will
effectively be ∼7–8 Å wide in the first frame. This wide bandwidth,
which naturally favors the use of the RRM mode, will be very bene-
ficial for the study of materials where the intrinsic energy scales are
widespread or unknown. The CHESS key performance parameters
are presented in Table I.

TABLE I. CHESS key performance parameters.

Parameter Description

Beam size at sample Round, 1 ≤ Ø ≤22 mm
Detector coverage Ω = 2π sr
Incident energy range 0.2 ≤ Ei ≤ 80 meV
Incident wavelength range 1 ≤ λi ≤ 20 Å
Elastic energy resolution (δE) 2% ≤ δE/E ≤ 5%
Total bandwidth (Δλ) 7–8 Å
Q-range 0.025 ≤ Q ≤ 10 Å−1

Q-resolution 0.02 ≤ ΔQ/Q ≤ 0.05
Polarization XYZ polarization analysis
Beam divergence at sample FWHM = 2○
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TABLE II. CHESS chopper specifications. The symbol ∗ is used to denote double-
disk choppers, and the symbol † for horizontal-axis choppers. z represents the
distance from the tube moderator.

Name z: (m) Disk: (m) Apertures f : (Hz)

F-chopper∗ 7.5 Ø = 1.24 1 15
P-chopper∗ 15.0 Ø = 0.6 2 300
T0-chopper† 18.5 Ø = 1.24 N/A 15
H-chopper∗ 29.3(3) Ø = 0.7 9–10 15
M-chopper∗ 30.0 Ø = 0.6 1 300

III. ENGINEERING OUTLINE
Due to space constraints, the current layout of the CHESS

instrument is shown in Figs. 13 and 14. CHESS has a total flight-
path of 34 m from moderator to detectors. The two fast ( f ≥ 300
Hz) double disks choppers: P-chopper and M-chopper are located
at the pinch points of the guide system at LP = 15 and LM = 30
m, respectively. The frame-overlap (F-chopper), T-zero (T0),59 and
hand (H-chopper) choppers are placed at LF = 7.5, LT0 = 18.5, and
LH = 29.3 m, respectively. Table II summarizes the chopper char-
acteristics whose respective roles are discussed further in the
text.

The backend of the instrument has been designed as a three
floor building, housing: a utility room for the detector vacuum sys-
tem and control racks on the first floor, the instrument control
center and a sample preparation laboratory for non-irradiated mate-
rials on the second floor, and the sample environment storage area
with direct access to the instrument on the third floor. An elevator to
transport materials and equipment will serve all three floors, while a
bridge and a staircase will allow users and personnel to move across
the floors and onto the STS mezzanine.

A. Detector vacuum vessel
Following successful instruments such as SEQUOIA,60

ARCS,61 LET,62 and AMATERAS,63 CHESS will have its detectors
in high vacuum (≤10−8 mbar) to reduce the background due to
air-scattering. The current design, shown in Fig. 3, uses flange
mounts to secure sample environments to the instrument, sealing
the detector tank before pulling vacuum. The sample pit has
a diameter of 1.5 m and can host large sample environments
including those with ancillary equipment attached, such as col-
limators or 3He analyzers. This solution is similar to that used
on ARCS and SEQUOIA.64 However, there will not be a gate
valve that physically separates the sample space from the detector
space.

The vessel itself is cylindrical, 7.3 m tall including the ribbing
skeleton with a diameter of 6.8 m. The total volume is 200 m3.
An airtight hatch at the back will grant access to the detector
tank and seal the structure. A stainless-steel (SS) ribbing skele-
ton surrounds the vacuum vessel and provides structural support.
Vacuum ports are positioned between the ribbing around the ves-
sel and the intra spaces can also be used to place trenches for pipes
and cables. Borated polyethylene will be placed around the out-
side of the vacuum vessel, and ZHIP65 mix panels will be used
inside for neutronic shielding. Additional biological shielding will

FIG. 3. CHESS vacuum vessel layout. The vessel itself is cylindrical, 7.3 m tall
including the ribbing skeleton with a diameter of 6.8 m. The sample pit, Ø = 1.5 m,
is designed to host large sample environments with ancillary equipment. An airtight
hatch grants access to the detector tank and seals it. Vacuum ports and trenches
for pipes and cables are embedded in the stainless steel ribbing. Radiation shields
will be integrated in the design of the structure after neutronics analysis.

be placed on the outside of the vessel to maintain a radiation level of
≤0.25 mrem/h.

B. Sample environment
CHESS will have a dedicated bridge crane at the beamline

to move heavy sample environment equipment around the third
floor and secure them to the flange mount. Details about sample
environment and polarization devices will be provided in following
publications. CHESS is designed to be compatible with the following
sample environments:

● A bottom loading Closed-Cycle Refrigerator (CCR), 5 ≤ T
≤ 800 K, with the potential for powder sample changers over
a narrower temperature range.

● An orange cryostat (liquid Helium cryostat), 1.7 ≤ T
≤ 323 K, with the possibility to couple a 3He or dilution
refrigerator inserts.

● A 3He insert, 0.3 ≤ T ≤ 10 K.
● A dilution refrigerator insert, 20 mK ≤ T ≤ 1 K.
● A compensated vertical field cryo-magnet, H > 8 T,

1.7 ≤ T ≤ 400 K, with the possibility to couple an 3He or
dilution refrigerator inserts.

● A non-compensated vertical field cryo-magnet, Hmax ≈ 18 T,
1.7 ≤ T ≤ 400 K, with the possibility to couple a 3He or
dilution refrigerator inserts.

● A horizontal field 5 T magnet.
● A furnace with a niobium or vanadium shield and with

option for quartz gas flow insert, 300 ≤ T ≤ 1900 K.
● A high temperature neutron electrostatic levitator66 (NESL),

300 ≤ T ≤ 3000 K.

Auxiliary systems, such as pressure cells, or laser illumination
are currently being evaluated.
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IV. NEUTRON OPTICS
In order to fully utilize the high brightness of the STS tube mod-

erator, the CHESS neutron optics (i.e., guide, choppers, collimators,
and slits) have been re-optimized from the original concept paper.67

In this section, we first make a detailed comparison between tradi-
tional square cross section guides vs the new octagonal guides, and
then we discuss choppers and radial collimators.

A. Comparison of the octagonal and square
guide systems

Neutron transport from the moderator to the sample has always
been one of the biggest challenges during the design and optimiza-
tion phase of a neutron scattering instrument. This is primarily due
to the large number of parameters involved in the analysis. Quan-
tities, such as resolution and flux, are the standard figure of merit
(FoM) to describe the performance of the instrument, but they
are insufficient to provide a full optimization. A brilliance transfer
(BT) calculation is more suited to study the neutron beam phase
space, but the analytical approximations can be misleading, espe-
cially when shapes more complex than rectangular, straight guides
are considered.

The original CHESS guide system leveraged the optical prop-
erty of an ellipse (or ellipsoid in three dimensions) that a neutron
passing through one of the ellipse focal points is naturally reflected
toward the other. Building a guide system having a perfect ellipsoidal
shape is not feasible with current technology, but we can approxi-
mate this shape with an octagonal cross section guide that mimics
the basic property of the ellipsoid (see Fig. 11). The overall shape of
the guide can be thought of an array of super-mirrors, coated with
layers of Ni/Ti representing specific m-values,68 that reflect any inci-
dent neutron toward one of the focal points where, for example, a
chopper or the sample is located. However, it has been shown that
placing the focal point behind the moderator leads to a better guide
gain for a broader range of wavelengths.69

We highlight that the elliptic geometry has been already exten-
sively studied, especially with regards to the neutron transport in
very long instruments (L ≥ 100 m) for the European Spallation
Source (ESS).70 These studies confirmed that an elliptic geometry is
superior to a common straight guide, especially to transport thermal
neutrons, and we now report the main conclusions of these analyses.

Previous investigations of guides included four shapes: elliptic,
parabolic, ballistic, and straight.70 The primary findings are that the
elliptic and parabolic geometries perform almost equally well and are
considerably superior to the other two geometries, except for low-
divergence, cold neutrons, where the performances were found to
be similar. In addition, the authors observed that it was possible to
transport thermal neutrons more than 100 m using elliptic guides
with only a 10% loss in the phase space density for divergences
up to ±0.5○.

Despite the benefits of elliptic or parabolic guides for neutron
transport, these geometries are affected by aberrations (e.g., “coma”)
that need to be taken into account during design. For our initial
refinement of the CHESS guide system, we refer to the analysis done
by Bentley et al.,71 which represents an excellent first step toward
the understanding/correction of optical aberrations in elliptic neu-
tron guides. In short, the authors show that coma aberration results
from extended sources where the off-axis rays have a different focal

length from on-axis rays, leading to multiple reflections in the guide
system. This also produces uneven distributions in the neutron beam
divergence, which complicates the resolution function. To solve
these problems, the authors proposed a hybrid elliptic–parabolic
guide geometry. Using this new kind of neutron guide shape, it is
possible to condition the neutron beam and remove almost all aber-
rations, while providing comparable performances in beam flux as a
standard elliptic neutron guide.

Furthermore, in our guide design, we need to consider host-
ing a T0-chopper or a curved section that removes the direct line
of sight to the source like at CNCS and AMATERAS. The latter
choice may present an incompatibility with the elliptic shape of our
guides and, as such, was disregarded. A recent study72 argues that
it is also possible to integrate a kinked double-elliptic solution for
neutron transport from a small source to a small sample. This guide
system consists of two elliptical parts connected by a linear kinked
section, and it is shown to deliver a high brilliance transfer as well
as a homogeneous divergence distribution while avoiding the direct
line of sight of the source.

Our results also showed that the best neutron transport is
achieved using a hybrid guide profile, consisting of two ellipses with
different semi-major axes that meet exactly at the mid-point. This
profile was benchmarked using a combination of polynomial func-
tions, hyperbolic tangents, and parabolas. The final optimizations
for these three curves were akin to ellipsoid shapes, consistent with
Refs. 71 and 72, which were then selected as final functions for the
guide profile optimization (see Appendix A for more details).

Finally, we also considered guide illumination in the CHESS
design. Traditional moderators are rectangular in shape, which
tends to favor a rectangular/square guide cross section. However,
the CHESS tube moderator has a circular surface, and a square
guide cross section may result in an under(over) illumination of
the guides, depending on the relative size of the source and guide
entrance. Based upon these noted considerations, we chose to opti-
mize the CHESS guide design through a parameterization that
allows for a numerical optimization of neutron transport, brilliance
transfer, and flux on sample with a minimization of beam diver-
gence. Monte Carlo ray tracing programs, such as McStas73–75 and
McStasScript,76,77 were used with standard numerical optimization
libraries to perform these calculations.

Our new algorithm is based on the following workflow:

1. A McStas instrument file containing the STS source descrip-
tion for the CHESS tube moderator, a set of guide any-
shape component(s), and several monitors is generated for the
simulation.

2. A set of real engineering constraints within STS (e.g., guide
window dimensions, bunker location, gaps in the guide sys-
tem, etc.) is added in the function that will generate the guide
profiles. This function can model any curve, such as ellipses,
parabolas, hyperbolic tangents, or hybrid curves, to study
many possible profiles.

3. At the pinch points of the guide system—which for CHESS
corresponds to the positions of the P-chopper, M-chopper,
and sample—a series of monitors are placed to detect flux,
divergence, and beam profile.

4. At each cycle, the code generates a new 1D-guide profile that
is then rotated n-times, where n is a parameter representing
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the number of sides for a guide section, i.e., n = 4 for square
guides, along the beam axis (ẑ-axis) to get the desired guide
cross section. Slits located at each guide entrance avoid leaking
neutrons to propagate in the system.

5. Finally, the “lmfit” library78 is used to minimize a cost func-
tion, which contains our figure of merit (FoM) for this refine-
ment, and find the best set of parameters fed to our model
function at step 2 to generate our guide system.

Notice that gravity has not been taken into consideration in this
optimization and it will be included in the future.

Considering the flexibility of this approach within the frame-
work of the guide illumination problem, we also decided to inves-
tigate what type of guide cross section provides the best neutron
transport for the instrument. Thus, we varied the parameter n in
the above step 4 to analyze square, hexagonal, octagonal, decago-
nal, and dodecagonal guide cross sections. Hexagonal and decagonal
cross sections will make the horizontal(vertical) divergence asym-
metric, while there is barely any difference in performances between
an octagonal and dodecagonal guide, but the former is easier and
less expensive to manufacture. Square guide cross sections can still
be used for CHESS, but the guide needs to be over-illuminated to
avoid holes in the transported phase space.

A comparison of the main results between the square and
octagonal cross section is shown in Figs. 4–6.

Our guide system has been optimized to focus the highest beam
intensity on a 1 cm2 monitor at the sample location. Figure 4 shows a
comparison of the predicted phase space simulated for an octagonal

FIG. 4. Predicted phase space at the sample position. (Left) The comparison of the
phase space measured at the sample position shows the absence of gaps for the
octagonal guide system. The vertical(horizontal) divergence profile is completely
filled and it is confined between ±0.9○. (Right) The higher beam divergence of
the square guide ±1.5○ is severely limited in transporting short wavelengths and
contains gaps in the phase space.

FIG. 5. Square guide performances. (a) The beam profile recorded at the sample
position shows an irregular profile made of eight peaks, resulting in a non-
homogeneous illumination of the sample. (b) This guide shows high neutron
transport efficiency, around 70% above 6 Å. (c) 3D monitor analyzing the diver-
gence profile as a function of the wavelength. (d) The square guide shows a
wavelength dependent divergence profile.

cross section (left) and a square cross section (right). The octago-
nal guide system is clearly superior and shows a continuously filled
phase space, confined in ±0.9○ (consistent with Ref. 70). A bigger
divergence can be achieved with this guide system by tuning the
profile of the closest guide to the sample, immediately after the M-
chopper. This optimization will provide more flux, but it will also
delocalize the beam around the center, with the risk of increasing

FIG. 6. Octagonal guide performances. (a) The beam profile recorded at the sam-
ple position shows a very homogeneous beam focused on ≈1 cm2 area. (b) The
guide has a high neutron transport efficiency around 72.5% above 2.5 Å. This is
outstanding considering that it is obtained with a highly collimated beam diver-
gence of ±1○ and results in a wavelength independent divergence profile shown
in (c) and (d).
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the amount of neutrons missing the sample. The possibility of hav-
ing an inter-changeable last guide section will be re-evaluated in the
future within the framework of sample environments. Indeed, due
to the small size of this final guide piece, we are considering the idea
of customizing several of them according to the sample environment
in use at the beamline.

Illuminating a square guide entrance with a circular source is
akin to the proverbial “fitting a round peg into a square hole.” Either
the size of the guide entrance is reduced to assure perfect illumina-
tion, which might mean losing intensity due to over-illumination,
or one matches the width and height of the guide to the diameter
of the moderator surface, which results in under-illumination in
the corner regions of the guide. The optimization algorithm result
is somewhere in between these two cases, and some holes in the
phase space are clearly visible at the sample position. This has two
effects visible in Fig. 5: (1) the beam profile at the sample position
is very irregular and made of eight peaks. (2) The divergence pro-
file is also non-homogeneous and wavelength dependent, and since
CHESS is being designed for maximum flux on small samples, any
ripples in the beam profile may be problematic during the course
of the measurements. This guide can transport neutrons with a pre-
dicted efficiency around 70%, as calculated by dividing the neutrons
measured at the sample location by those at the entrance of the first
guide.

The octagonal guide system, previously considered in Ref. 79,
reaches similar neutron transport efficiency peaked around 72.5%
with a beam divergence of less than ±1○. This guide also results in a
homogeneous beam profile [see Fig. 6(a)] and a wavelength indepen-
dent divergence profile. Further comparisons of these guide systems
are reported in Appendix A 1.

B. Optimization of the chopper cascade for repetition
rate multiplication (RRM)

The chopper locations at STS have physical constraints due
to radiation level requirements and walls that must be taken into
account when building an instrument. As mentioned earlier, CHESS
will employ a T0-chopper to suppress the prompt-pulse neutrons.
This chopper allows for a large wavelength band of neutrons at the
instrument and will likely be a horizontal axis T0-chopper operating
in multiples of the source frequency. As shown in Ref. 80, it is nec-
essary to place the P- and M-choppers at commensurate positions
relative to the source in order for RRM to work. Possible distance
ratios to the source (P-:M-) are 1 : 2, 1 : 4, or 2 : 3. Other options,
such as 1 : 3, cannot be employed at CHESS without the chopper
clashing with one of the wall of STS. If we follow the optimization
procedure suggested in Ref. 80, we can identify the best location of
the P-chopper, which will set our instrument length. Specifically, the
energy resolution can be calculated from the burst times ΔtP and
ΔtM at the P-chopper and the M-chopper, respectively. While these
two contributions to the energy resolution are experimentally con-
trolled by the chopper system, flight path uncertainties (ΔtD) due to
the spatial extent of the neutron beam, the spatial extent of the sam-
ple, and due to uncertainties in the time and the position of neutron
detection have to be taken into account. Therefore, we have

δE =
h3

m2
n

√

A2
+ B2
+ C2

(λ′)3L3LPM
, (4)

where

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪
⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪
⎩

A = ΔtM(LPM + L2 + (λ′/λ)3L3),

B = ΔtP(L2 + (λ′/λ)3L3),

C =
mn

h
LPMλ′vΔtD,

ΔtP = ΔtM(
LPM

L2 + (λ′/λ)3L3
+ 1).

(5)

mn is the neutron mass, h is Planck’s constant, λ, λ′ represent
the neutron wavelength before and after scattering at the sample,
respectively, and LPM is the distance between P- and M-choppers.

From our analysis, the two best ratios to place the P-chopper
are at 1 : 2 or 2 : 3 from the M-chopper, right outside the bunker
wall of STS. The RRM mode has to be linked by the distance from
the source to the respective P- and M-choppers to transmit the same
wavelength periodically with the source frequency,

fP =
LM

LP
fM. (6)

Considering our two possible ratios in Eq. (6) and assuming fM
= 300 Hz leads to fP = 600 or 450 Hz. The former fP frequency
can easily be achieved by spinning the P-chopper at fP = 300 Hz
and doubling the number of apertures compared to the M-chopper,
while achieving the latter is more complicated and our analysis
showed that it could introduce some spurious energies. Thus, the
2 : 3 option was rejected. The resulting characteristics of the chopper
cascade are provided in Table II.

CHESS will adopt a set of two counter-rotating double-disk
high-speed choppers running at 300 Hz (P-, M-choppers) and two
rotating double-disk medium-speed choppers running at 15 Hz
(frame overlap F-, and hand H-choppers). We anticipate borated
carbon-fiber disks with standard diameter (60 ≤ Ø ≤124 cm) for the
F-, P-, M-choppers, and two borated carbon-fiber disks customized
(Ø = 70 cm) for the H-chopper, whose proposed design is shown in
Figs. 7(a) and 7(b).

C. H-chopper configurations for the repetition rate
multiplication mode

The Repetition Rate Multiplication (RRM) mode of operation
enables improved efficiency for measuring large regions in energy
and momentum transfer space. The H-chopper disk apertures have
been revised since Ref. 67 and provide more flexibility and configu-
rations for future experiments. Our approach is based on three key
points: (1) provide the maximum number of RRM energies compati-
ble with the fS = 15 Hz of the STS source, (2) avoid overlaps between
subsequent incident energies (Ei) within an energy transfer range
−2.1Ei ≤ ΔE ≤ 0.9Ei, and (3) spread the energies homogeneously
across the bandwidth to provide flexibility in measurements.

Taking as a reference [Figs. 1, 7(c), and 7(d)], we color coded
our chopper system for an easy visualization of the RRM mode. The
F-chopper is the crimson line, the opening of the P- and M-choppers
is shown with black and green markers, respectively, while the H-
chopper is visualized with a cyan line. Only the incident energies
that will arrive at the sample (magenta line) are shown in black.

Assuming as a starting point that the H- and M-choppers
will never rotate below fH = 15 Hz and fM = 300 Hz, respectively,
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FIG. 7. H-disk chopper configurations. (a) and (b) Preliminary design of the H-
chopper disks. The center of each 8○ aperture is located at a multiple integer of
18○ along the disks. The combinatorial analysis allows only 1 ≤ Ei ≤ 8 to reach
the sample with a flexible scheme when the disks are overlapped. The space–time
diagrams are showing two out of 90 possible configurations of the H-chopper: (c)
8 Ei are hitting the sample granting no overlap in energy transfer up to −2.1Ei
≤ ΔE ≤ 0.9Ei (blue and red sectors). (d) 6 Ei are hitting the sample in the energy
transfer ΔE = ±0.5Ei . The FTS and STS pulses are shown with purple and orange
vertical lines.

the natural choice to select the apertures in the H-chopper disks
is to divide each of them in 300/15 = 20 slots. This problem can
be mapped into a combinatorial one if we assume that each aper-
ture(closure) is represented by 0(1). In this way, each disk can be

uniquely identified by a 20-digit binary number, and the problem
is reduced to generate all possible combinations of the two disks to
find the one that best matches our three RRM criteria. Specifically,
once the code has gone through all the 220 possible combinations, it
rules out all the ones that have more than eight apertures and those
that contain zero apertures. Then, it classifies the remaining ones
based on our three criteria and as a function of nominal incident
wavelength. Results are reported into a matrix for easy visualization
and statistically analyzed to find the best configuration. In practice,
once the correct apertures of the two disks are identified, we will
simply phase one with respect to the other to obtain a different set of
configurations based on the experiment performed.

Our preliminary optimized disks are shown in Figs. 7(a)
and 7(b); both disks will rotate clockwise at fH = 15 Hz, and the
center of each aperture is located at a multiple integer of 18○ along
the disks. Theoretically, the H-chopper should be placed as close
as possible to the M-chopper to efficiently suppress unwanted Ei.
In practice, there are engineering constraints due to the size of
the motors of these two choppers. Thus, we analyzed two possible
locations for this chopper: the current one at 29.3 m with 8○ wide
apertures, and a second one at 29 m with 9○ wide apertures due to
the wider guide profile at that location. The H-chopper will perform
equally well at these positions, and it will not affect the flux or the
resolution.

Figures 7(c) and 7(d) show space–time diagrams that represent
two out of 90 possible configurations for the RRM mode. One shows
the H-chopper phased to obtain eight incident energies, Ei, hitting
the sample without any overlaps in our selected energy transfer
range. The second shows the H-chopper phased for a longer wave-
length to obtain 6Ei hitting the sample without overlap in the energy
transfer ΔE = ±0.5Ei. This could be a very useful configuration for
QENS measurements. With the chosen chopper configuration and
the fS = 15 Hz of the STS source, CHESS will be able to employ a
maximum of eight RRM energies with no overlap between them.

In order to test this device, we have already 3D-printed mock-
up disks of Figs. 7(a) and 7(b) at the 1:5 scale. Such flexible con-
figurations are achieved in reality in two steps: (1) we first phase
the second disk with respect to the first one to select the maximum
number of openings. (2) Once locked, the two disks will rotate like
a single body and we will phase them based on the nominal incident
energy we want to measure and how we want to spread the energy
across our bandwidth. Software will take care of cropping and reduc-
ing the final dataset based on our chopper settings. Possible other
H-chopper layouts will be also considered as CHESS progresses.

D. Optimization of the fast P- and M-choppers
Using McStas and MCViNE software, we were able to optimize

our fast P- and M-chopper apertures to suppress some of the artifacts
affecting the elastic line. Specifically, we optimized the width of each
aperture in these choppers to avoid the Ikeda tail47 in the neutron
energy gain side of the spectrum. This will provide a more sym-
metric energy resolution function and help facilitate the analysis of
QENS measurements. Using a similar workflow as the one described
in Sec. IV A, we fit the calculated elastic line as a function of incident
energies and angular opening for these two choppers. Our results
showed that the P-chopper and M-chopper must have a maximum
opening angle of 40○ and 8○, respectively. We observed that the

Rev. Sci. Instrum. 93, 065109 (2022); doi: 10.1063/5.0089740 93, 065109-8

© Author(s) 2022

 18 June 2024 15:00:42

https://scitation.org/journal/rsi


Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

P-chopper is most responsible for causing the Ikeda tail, and its
openings greatly affect the flux, whereas the M-chopper configura-
tion has less impact on the shape and the extent of the tail but greatly
affects both flux and resolution. For this reason, we concluded that
it is in the best interest of the science case to have the possibil-
ity to re-phase the M-chopper to increase the energy resolution.
We refer to this mode of operation as High Resolution (HR), and
it can be efficiently realized by decreasing the M-chopper opening
angle to 6○.

The blind chopper solution proposed by the Versatile Optimal
Resolution (VOR) instrument81,82 was also taken into account in this
analysis, despite the shorter pulse of STS when compared to ESS.83

Our simulations did not give us meaningful results to justify the cost
and space requirements in the guide system for this technique, so it
was discarded.

E. 3D-printed radial collimator, slits, and shields
Incident and scattered beam collimation have been prelimi-

nary considered for the CHESS instrument. Details of collimation
choices will be presented in future publications. Considering the
different size of each sample environment proposed in Sec. III B,
we are proposing that scattered beam radial collimators are made
for each sample environment used at the instrument. This allows
for customization of the blade spacing and collimator inner and
outer radii for each particular sample environment. This is the same
solution currently used at AMATERAS,84,85 where the radial colli-
mator is mounted directly on sample environments. In our design,
we also included the possibility to swap the collimators between
different instruments to match different detector geometries. This
optimization will be based on the works done in Refs. 86–91.

The octagonal guide cross section and the resulting circular
beam cross section are not well matched to current off-the-shelf
slit packages. For CHESS, the beam size needs to be changed
1 ≤ Ø ≤22 mm. Solutions being studied range from circular aper-
tures translated into the beam to an iris mechanism92 inspired by
circular camera shutters.

V. ANALYSIS OF THE DETECTOR SYSTEM
The CHESS detector array will reach a solid angle coverage of

Ω = 2π sr. This is achieved by placing the detectors on a spheri-
cal frame as shown in Fig. 8(a). Compared to the more traditional
cylindrical arrangement, the spherical configuration is more com-
pact, and it can reach higher out of plane coverage with a smaller
number of detectors. As the instrument is currently in the prelimi-
nary design phase, we are also evaluating a cylindrical configuration.
Specifically, we are comparing resolution ellipsoids93 as a function
of sample shape, incident energy, and different chopper configura-
tions and comparing the two geometries when symmetry operations
are applied to the resulting data. Regardless of the final detector
configuration, the CHESS detectors consist of 3He Linear-Position-
Sensitive-Detectors (LPSD) arranged in the standard ORNL eight-
pack configurations. Details are provided in Table III. These detec-
tors are commercially produced as tubes with a circular cross section
or with a more custom design.94

Each eight-pack consists of an ensemble of 8, 1.5 m long,
2.54 cm (1 in.) diameter tubes, filled with 8 bar of 3He that will grant

FIG. 8. CHESS detector layout and frame. (a) Spherical arrangement of the
95 eight-pack detectors. (b) FEA analysis of the detector frame showing the points
with maximum deflection along the vertical ŷ-axis. Based on the material, the
maximum deflection is estimated to be 0.4 ≤ y ≤ 0.9 mm.

an efficiency >90% for the energy range in use at CHESS. A tube
longer than 1.5 m may result in a deformation that will change the
pixel distance from the sample and would not fit in the tank. Cross-
talk between detectors on the opposite sides of the frame and among
neighboring tubes is a potential concern, and it will be evaluated with
future simulations. The spherical geometry can host 95 detectors
divided in seven major arcs: the mid-plane arc grants an in-plane
coverage −140○ ≤ 2θ ≤ 140○ and an out-of-plane −16○ ≤ ϕ ≤ 16○.
The out-of-plane coverage is then extended with six (three top and
three bottom) arcs located at 2θ = 0○ and ±90○ to −55○ ≤ ϕ ≤ 55○.
The cylindrical configuration consists of a repetition of the main in-
plane arc for the top and bottom ones. This configuration can host a
total of 171 8-packs, with a similar solid angle coverage.

LPSD are characterized by high reliability, with a high signal-
to-noise ratio and very low sensitivity to gamma rays95 and fast
neutrons.96 A possible drawback is related to the significant charge
collection time that limits the ability to adequately process mul-
tiple simultaneous events detected across the tube.97 This should
not present an issue for the spectrometer since the saturation will
probably be reached only for high intensity features, such as Bragg
reflections. Incident beam attenuators will be available on motorized
stages in order to mitigate this issue when a quantitative measure of
Bragg peak intensity is required.

TABLE III. CHESS detector specifications. LPSD: linear position sensitive detector.

Parameter Description

Tube length 1.5 m
Tube diameter 2.54 cm
Tube material Stainless steel
Tube thickness 0.5 mm
L3 distance 2.5 m
Detector type 3He LPSD
Detector arrangement 8-pack, linear
3He pressure 8 bar
Number of pixels 128 × 8 = 1024
Number of 8-packs 95
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Figure 8(b) shows the outcome of the Finite Element Analy-
sis (FEA) performed on the structure to identify deformations due
to gravity, which may change the detector(pixel) positions. The cal-
culation has been performed with the software CREO Parametric
assuming an Al6061 detector frame and a total weight for each
individual 8-pack of 50 lb (≈23 Kg) that accounts for electronics
and shielding material. Most of the deformation is present in the
upper arcs (red area) along the vertical direction ŷ, and it is close
to 0.89 mm. Changing the material of the detector frame from Al
to non-magnetic stainless steel (SS) 304 reduces the shift down to
0.45 mm. Monte Carlo simulations analyzing the effects of these
shifts and other random pixel misalignments are currently ongo-
ing. Detector positions in the as-built instrument will be refined
based upon measurements of standard samples at the start of each
measurement cycle.

A. Monitors
A set of beam monitors98 will be installed across the 34 m of the

beamline to study and track the behavior of the instrument during
operations. The collected data will be used for diagnostic purposes.
The beam monitors will also be used to refine the incident energies
of the instrument assisting in the parallel reduction of the RRM data.

CHESS will be equipped with at least five time of flight (ToF)
monitors: three movable monitors located right after the F-, P-,
and H-chopper for diagnostic measurements, and two fixed right
after the M-chopper and in the beam-stop to measure accurately the
incident energies. Details related to the monitor type are currently
being evaluated, and R & Ds are already in place to evaluate different
technologies.

For instrument commissioning and calibrations, there will be
another monitor installed at the sample position to measure neu-
tron flux. This measurement will also serve to compare our Monte
Carlo simulations for both tube moderator performances and guide
efficiency with reality. An area monitor in this position will be espe-
cially useful to measure beam homogeneity under different chopper
and aperture conditions.

CHESS is designed to target measurements of very small sam-
ples, ≈1 mm3; thus, mechanisms must be in place to both tailor and
monitor the beam size and the sample position. A transmission cam-
era will be telescoped into position to allow one to accurately set
the beam aperture. The sample position will need to be able to be
adjusted vertically as well as in the horizontal plane. Vertical trans-
lation is regularly achieved in current sample environments, while
horizontal translation will likely be performed with piezo-motors.
Smaller samples can instead be aligned using a laser beam simi-
lar to what the Spallation Neutrons and Pressure Diffractometer
(SNAP) beamline is currently achieving. The choice of these devices
is entangled with the sample environment geometry, so it will be
investigated carefully at a later stage of the project.

VI. VIRTUAL EXPERIMENTS
The CHESS performance has been investigated with a series

of Monte Carlo simulations employing MCViNE. Several science
cases have been simulated using both a monochromatic beam and
in RRM mode, and the data have been analyzed with standard Man-
tid algorithms. For this preliminary design phase, we did not include

FIG. 9. RRM mode applied to poly-crystalline graphite. Comparison of a simu-
lated poly-crystalline graphite sample (bottom) using RRM mode with five energies
and the real dataset measured at ARCS. CHESS can measure simultaneously
five dataset with increasing energy resolution that can be combined together and
analyzed with super-resolution techniques.

multiple scattering or other background effects in our scattering
kernels.

Figure 9 shows the comparison of a simulated poly-crystalline
graphite in the RRM mode (bottom), compared with real data col-
lected at ARCS (top) at Ei = 30 meV.99 Our simulation captures the
phonon dispersion of the graphite with similar energy resolution to
the ARCS instrument. However, in a single measurement, CHESS
is able to capture four more incident energies with increasingly bet-
ter resolution as the wavelength increases. These data can then be
analyzed individually or merged in order to use super-resolution
analysis techniques.100

A similar result is shown in Fig. 10 where we simulated a
m = 1 mg single crystal sample of K2V3O8, phasing the H-chopper
for two energies Ei = 5.11 and 1.05 meV. Details on the physics of
this system can be viewed in Ref. 101. This simulation highlights the
versatility and capabilities of CHESS; by virtue of the RRM mode,
CHESS is able to simultaneously measure the entire bandwidth of
the excitation and to resolve a 81 μeV gap in the spectrum (inset).
The calculated spectrum also illustrates that CHESS does have a
finite energy and wave-vector resolution that varies and tilts across
the large detector array. This can be seen in the filled portion of
the measured scattering intensity near the (100) and (300) wave-
vectors. This four-dimensional resolution ellipsoid is intrinsic to all
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FIG. 10. Simulated single crystal data of K2V3O8. The simulation of m = 1 mg
sample of K2V3O8 clearly demonstrates that CHESS resolution is able to measure
the 81 μeV gap along (100) at the same time as the main dataset. Results also
highlight the effect of a non-focusing resolution ellipsoid on the spin wave branch
along (300).

neutron spectrometers, and the ability to characterize it with numer-
ical calculations will allow future measurements to more accurately
be compared to theoretical models.

VII. SUMMARY
Combining several innovative computational techniques, we

were able to optimize the performance of the CHESS instrument.
Its ability to measure up to eight energies simultaneously in the
RRM mode without significant overlaps in one frame, coupled with
the possibility to trade flux for resolution by appropriate phasing
the fast double disk choppers, will aid in the rapid characterization
of emergent materials. The high flux will also be fundamental for
polarization analysis, which is currently a difficult and very time
consuming technique to employ. Indeed, polarization capabilities
are currently being evaluated, and they will be the subject of a future
publication.

CHESS is poised to be the next flagship cold neutron spectrom-
eter in the world, and it will leverage on the experience of all his older
siblings to manipulate flux for highly customized measurements.
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APPENDIX A: MATHEMATICAL FORMALISM USED
FOR GUIDE OPTIMIZATIONS

We report here the three main functions used to generate the
guide profiles of the CHESS instrument. The 31 m of guide system
can be divided into three distinct sections that can be optimized sep-
arately or simultaneously: (1) a 14.2 m guide from the moderator
window to the P-chopper, (2) a 14.9 m guide from the P-chopper
to the M-chopper, and (3) a 1 m guide from the M-chopper until
50 cm before the sample as shown in Fig. 11. Those 50 cm are left
to account for the biggest radius of our sample environments, but
future optimizations may bring the guide even closer or inside these
devices. The three ellipsoids that represent the guide system are
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FIG. 11. CHESS guide layout. A projection on the YZ-plane showing the profiles of the three guide sections. Color matches the m-value of the super-mirror at that location.
Vertical dashed lines are guides to the eye showing the location of the P- and M-chopper where the guides are pinched. The third section (∣z∣ ≥ 30 m) can be switched
based on the sample environment in use as explained in the main text.

f (z) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪
⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪
⎩

b1

√

1 − (
7.5 − z

a1
)

2
for 0.75 ≤ ∣z∣ ≤ 15 m,

b2

√

1 − (
22.5 − z

a2
)

2
for 15 ≤ ∣z∣ ≤ 30 m,

b3

√

1 − (
30.2 − z

a3
)

2
for ∣z∣ ≥ 30 m,

(A1)

where ai and bi correspond to the semi-major(minor) axes of the
ellipses, respectively, and ẑ-axis is along the beam. Each one of these
curve can be separated at the mid-point to account for hybrid pro-
files. Furthermore, since the guide_anyshape component in McStas
handles “.off” files, which are arrays of points, our program can also
include gaps for Al windows, chopper housing, shutters, etc., when
generating the profiles.

Indeed, as shown in Ref. 70, having a single perfect ellipse
does not provide the best neutron transport, so we investigated
many different hybrid functions during the early design of the guide
system. The final guide profile is shown in Fig. 11, where we high-
light the ellipsoidal shape of the guide, wider at the center than
the extremes, and the pinch point at the P- and M-chopper loca-
tions (dashed black line). The projection in the YZ-plane is also
color coded based on the optimized m-value of each super-mirror as
explained in Appendix A 1. Our simulations showed that the profile
of the third guide section, ∣z∣ ≥ 30 m, affects dramatically the beam
divergence profile hence the flux. For this reason, we are considering
the possibility to swap and optimize this guide based on the sample
environment used.

Overall, the first section focal points are located behind the tube
moderator and almost at the midpoint of the second guide, while
the second section is more similar to a perfect ellipse. These shapes
can take care of aberrations like coma very efficiently, resulting in a
filled phase space and a wavelength independent divergence (see the
main text).
1. Preliminary analysis on the guide coating

An important parameter that defines the guide efficiency and
its cost is the number of reflective coating layers, expressed as

m-values,68 assigned to each super-mirror in the guide. Our prelim-
inary analysis is done using a tally component in McStas102 that can
keep track of the number of neutron bounces along the guide system
as well as the reflection characteristics of each bounce. Theoretically,
the lower the number of bounces, the higher the flux and hence the
efficiency in the neutron transport.

Once fully optimized, both the square and octagonal cross
section guides have been analyzed using this tally component.
Figure 12 reports histograms showing the distribution of the number
of neutron bounces for an octagonal (left) and a square (right) guide
system. Once again the octagonal cross section is far superior to the
square one. In the former case, on average, neutrons just bounce
3–4 times maximum before reaching the sample, while the latter case
requires at least 7–8 bounces. Based on these data, we estimated that
the octagonal guide system should have on average an m = 2, while
the square guide an average m = 3 as shown in Fig. 12. These results
are still preliminary and require further simulations.

FIG. 12. Analysis of neutron trajectories. Top: Histograms comparing the number
of neutron bounces for octagonal and square guide cross sections. The average
bounces from the moderator to sample are 4 and 7, respectively. Bottom: Esti-
mated m-values for each guide element across the full instrument. Vertical dashed
lines represent the locations of the choppers.
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APPENDIX B: CALCULATION OF THE CHOPPER
OPENING TIMES

We report here the mathematical formalism used to develop the
H-chopper analysis described in Sec. IV C.

As stated in the main text, we uniquely identify the 20 possible
apertures or closures on the H-chopper disk with a 0 or 1, respec-
tively. Mapping this combinatorial problem on a simple 20-digit
integer array helps to speed up the calculation and allow us to use
basic functions to generate all the possible combinations that repre-
sent the disk overlap. For example, we can rotate the disk by an angle
θ = n × 18○ (counter)clockwise by cycling the elements of our array
n position to the left(right). Furthermore, given two 20-digit integer
arrays representing our disks, Υ1,2, their overlap and final number of
apertures can be calculated as

Υ1 + Υ2 = Ceiling(
Υ1 + Υ2

2
), (B1)

where the ceiling function returns the smallest integer greater than
or equal to x. This function makes sure that only when two zeros
(apertures) in the arrays are summed the result is always a zero or
one in all the other cases.

The energy and the wavelength of the neutron are related as

Ei =
81.7452

λ2
i

, (B2)

with Ei in meV and λi in Å. Once a final subset of combinations is
identified based on our criteria, we can then calculate the opening
time of the chopper for the nominal wavelength as

topen = d/v, (B3)

where d is the chopper distance from the moderator and
v =
√

2Ei/mn the velocity of the neutron. The chopper velocity is
given by

ω = 2πR f ndisk, (B4)

where R is the chopper radius, f its frequency, and ndisk the number
of disks.

The total full opening time depends on the chopper typology
according to

tfull =
w(α)aperture +w(z)guide

ω
, (B5)

where w(α)aperture = 2πR(α/360) and w(z)guide are the width of the
chopper aperture (α in degree), and the guide width at that loca-
tion (z), respectively. Note that, for counter-rotating double disk
choppers, Eq. (B5) needs to be divided by two.

Finally, the minimum(maximum) opening time of the chopper
used to generate our space–time diagrams is

tmin, tmax = topen ∓
tfull

2
. (B6)

The cross-talking between the two pairs of rotating disks can be
studied following the formalism in Refs. 103–105.

APPENDIX C: LAYOUT OF THE CHESS
SPECTROMETER AND ITS BACK-END

Figures 13 and 14 show the full engineering layout of the
CHESS spectrometer.

FIG. 13. CHESS engineering layout. CHESS has a total flight-path of 34 m from moderator to detectors. The double disks choppers, P-chopper and M-chopper, are located
at the pinch points of the guide system at 15 and 30 m, respectively, while the frame-overlap (F-chopper), T-zero (T0), and hand (H-chopper, controlling RRM) choppers are
placed at 7.5, 18.5, and 29.3 m, respectively. Sample is located at 31.5 m. CHESS is located in the 50 m wing of STS, overlooking the tube moderator beam-port ST17.
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FIG. 14. CHESS back-end engineering
layout. The back-end of the instrument
is designed as a three floor building,
housing: a utility room for the detector
vacuum system and control racks on the
first floor, the instrument control center
and a sample preparation laboratory for
non-irradiated materials on the second
floor, the sample environment storage
area, and the access to the instrument
on the third floor. An elevator to trans-
port materials and equipment will serve
all the three floors, while a bridge (not
shown) and a staircase will allow users
and ORNL staff to move across the floors
and onto the STS mezzanine.
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