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ABSTRACT

EXPANSE, an EXPanded Angle Neutron Spin Echo instrument, has been proposed and selected as one of the first suite of instruments to
be built at the Second Target Station of the Spallation Neutron Source at the Oak Ridge National Laboratory. This instrument is designed
to address scientific problems that involve high-energy resolution (neV-peV) of dynamic processes in a wide range of materials. The wide-
angle detector banks of EXPANSE provide coverage of nearly two orders of magnitude in scattering wavenumbers, and the wide wavelength
band affords approximately four orders of magnitude in Fourier times. This instrument will offer unique capabilities that are not available
in the currently existing neutron scattering instruments in the United States. Specifically, EXPANSE will enable direct measurements of slow
dynamics in the time domain over wide Q-ranges simultaneously and will also enable time-resolved spectroscopic studies. The instrument
is expected to contribute to a diverse range of science areas, including soft matter, polymers, biological materials, liquids and glasses, energy
materials, unconventional magnets, and quantum materials.
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. INTRODUCTION

Neutron spin echo (NSE) is the highest energy resolution
method among neutron spectroscopy techniques and the only one
that directly measures correlation functions in the time domain.
In fact, it has a very distinct position in neutron scattering meth-
ods by providing simultaneous access to unique time and length
scales. Because of its characteristics, NSE is an essential technique for
understanding atomic-scale dynamics in various systems, including
hard, soft, and biological materials, and it plays an indispensable role
in modern society.] ° However, the data acquisition rate of current
NSE is generally slower than that of other neutron spectrometers, as
a consequence of the relatively small detector coverage and the fact
that one measures polarization. The NSE user community is diverse,
including scientists interested in soft condensed matter, polymers
and biophysics, chemical physics, as well as magnetism. The strong
interest in a new NSE spectrometer from the community is evident
from various workshops and reports in the past decade.””” The sci-
entific community has noted the needs for a new NSE instrument
that can enable faster data collection, a wide measurement range in
both length and time scales, and the use of the smaller volume of
samples.

EXPANSE will incorporate wide-angle detector banks to pro-
vide approximately two orders of magnitude in the exchanged
wavevector, Q-range, and a wavelength band that can provide about
four orders of magnitude in Fourier times. The instrument nat-
urally expands, with a good overlap, the dynamic ranges offered
by BASIS'” and NSE'' at the Spallation Neutron Source (SNS)
and CHESS" at the Second Target Station (STS) in a wide Q
range, toward lower energies (slower dynamics). This instrument
will provide a unique capability that is not presently available. First,
EXPANSE will utilize the wide wavelength bandwidth, AL ~ 4 A,
available from STS combined with wide-angle detector modules to
enable data collection over a wide momentum transfer range from
0.05 to 3.14 A™" and Fourier time range from ~30 ps to ~90 ns in a
typical operation mode (NSE mode). The wide momentum transfer
range (2 orders of magnitude) and Fourier time range (~4 orders of
magnitude when two wavelength settings are combined) will enable
pair distribution function (PDF) type data analysis by obtaining
real space-time correlation function, G(r, t), from Fourier trans-
forming the intermediate scattering function, I(Q, t)."* The length
and time scales covered by EXPANSE are complementary to other
quasi-elastic neutron scattering (QENS) techniques. Second, the sig-
nificantly enhanced source brightness [a factor of ~20 compared to
the First Target Station (FTS)] will enable the possibility of time-
resolved spectroscopic experiments or non-equilibrium dynamic
studies. The high flux of STS will also enable EXPANSE to measure
incoherent dynamics, which is currently challenging because of the
inherently low signal-to-noise ratio in incoherent scattering mea-
surements. Moreover, EXPANSE, with its high detector coverage,
will be able to measure efficiently the incoherent scattering signal,
which is spread over the whole scattering solid angle.

The high estimated count rate will also make studies of small
samples a possibility, which will be a critical improvement for many
scientific communities, especially biology and magnetism, where the
sample quantity is often a severe limiting factor. A highly optimized
beam for such a small volume of samples and the expanded scat-
tering angle coverage are ideal to perform grazing incidence NSE
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experiments,' " which is also expected to broaden the user com-
munity significantly. In addition, EXPANSE will be a hybrid in the
sense that it will be equipped with a fast chopper near the sam-
ple to function as a direct geometry chopper spectrometer (DGS
mode) with polarized neutrons. In this mode, the magnetic field
will be turned off and time-of-flight analysis will be used to expand
the energy window offered by the NSE mode (standard operation
mode) by two orders of magnitude on the high energy transfer side
in the range of yeV-meV while providing approximately one order
of magnitude overlapping time range. This is essential for mak-
ing EXPANSE a true wide-energy-range spectrometer, giving it a
dynamic range of ~6 orders of magnitude if two wavelength settings
are used. Finally, because of the physical principle NSE is built upon,
polarization analysis naturally comes with EXPANSE. This polariza-
tion analysis, together with its wide momentum transfer coverage
and a direct geometry chopper spectrometer mode, will enable the
discrimination of coherent and incoherent scattering at each Q and

TABLE I. Instrument design characteristics of the EXPANSE instrument.

Property name Characteristics

Available wavelength 4-16 A

Wavelength band ~4 A (15 Hz)

Incident beam divergence <1.5°

Maximum field integral ~0.27 Tm

Detector solid angle 140° x 2.5° array of *He tube detectors
Momentum transfer range 0.05-3.14 A™!

30 ps-90 ns (using 4-12 A)
Energy resolution 10-300 yeV
Incident energy range 0.5-9 meV
Corresponds to 0.1-100 ps

Fourier time range

Direct geometry mode

correlation length (A)
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FIG. 1. Accessible energy and momentum space by EXPANSE for different modes
of operation (NSE-mode and DGS-mode).
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the separation of magnetic from nuclear scattering. The latter is ben-
eficial, and sometimes essential, to the study of both soft and hard
materials. The key instrument parameters of EXPANSE are summa-
rized in Table I, and the accessible energy and momentum space are
described in Fig. 1.

Il. INSTRUMENT DESCRIPTION

We have calculated that the EXPANSE instrument will perform
best with the tube moderator'*"'? that provides a higher time aver-
aged flux for cold neutrons. As a result, beamport ST22 that faces
the tube moderator will be an ideal location for the proposed instru-
ment. The key instrument components are described in Fig. 2 along
with their location information in Table I1. Here, F, M, R, and P for
the choppers stand for frame-overlap, monochromatic, removal, and
pulse shaping, respectively.

A. Chopper system

EXPANSE requires a hybrid chopper system to accommodate
a diffraction-style sawtooth beam at the sample for the NSE mode
as well as a short-pulsed monochromatic beam with Repetition Rate
Multiplication (RRM) for the DGS mode. The switch between the
two modes can be a push-button operation that takes several min-
utes at most. In order to switch from the DGS mode to the NSE
mode, the M chopper will be translated out of the beam whereas the

a T, chopper

Source l
I

ARTICLE scitation.orgljournal/rsi

R chopper will simply be parked in the “open” position. The chopper
system is straightforward to realize and does not present technical
challenges or risks.

1. NSE mode

A time-distance diagram of this mode is shown in Fig. 3(a)
with two pulses with a separation of 66.667 ms (STS will oper-
ate at 15 Hz). Two frame overlap choppers at 7 m (F chop-
per) and 29 m (P chopper) shape the neutron wavelength band
that is used. Because the F chopper is very close to the source,
a third wavelength-defining chopper will not be needed in this
mode. The location of the P chopper is constrained by the M
chopper that is used in the DGS mode. EXPANSE will have a
Ty chopper, which is not shown in Fig. 3 for visual clarity since
it does not influence the determination of the wavelength band.
The To chopper will be in the bunker (at about 12 m from the
source). This chopper will block the very short prompt pulse to
reduce the background but transmit all short-wavelength neutrons
(A > 0.5 A) that may be used for the EXPANSE. Figure 3(a)
shows an example of a wavelength band (4.6 A < A < 8.7 A)
available in this mode without being disturbed by the prompt pulse
even without the T chopper. The prompt pulse is shown with a
length of 5 ms, which is a conservative estimate. The leakage of neu-
trons with 40 A or longer wavelength is observed but considered
tolerable [Fig. 3(b)]. Their effect on the practical measurements as a

Sample position

i
| .
==
i E B Ei
| 1 r f u
I M chopper
F chopper P chopper R chopper H
60 m

Detectors

FIG. 2. Layout of instrument components of the EXPANSE. (a) Side view. (b) Perspective view. The sample area is enlarged. The source to sample distance is proposed to be
60 m. The NSE mode will utilize the frame overlap chopper (F chopper) and the pulse shaping chopper (P chopper). The DGS mode will use a short-pulsed monochromatic
beam with the Repetition Rate Multiplication method, which requires an R chopper and M chopper (Fermi chopper).
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TABLE II. Primary instrument components and their locations. Z is the distance from the source.

Description
Component Beam delivery Location from moderator
Beam guide Straight guide, m = 3 Z=1-56 m
F chopper 1 disk @ 15 Hz Z =7 m (in bunker)
T, chopper 1 rotor @ 15 Hz 7 =12 m (in bunker)
Operations shutter Primary shutter for daily operations Z=16m
P chopper 2 disks @ 45 Hz Z=29m
Supermirror polarizer Z=53.5m
R chopper 1 disk @ 90 Hz Z=547m
Fermi chopper (M) 240 Hz Z =58 m
Beam line shielding Bunker to cave Z=13.2-55.6 m
Sample location Z=60m
Beam stop Z=66m
Description
Component End station Location from sample
Shield cave Z=-4.8t0+83m
Spin flippers Various, R=2.3m
Two 70° banks of *He tubes with
Detector modules wide-angle polarizing analyzers R=2733m
Coils Sample field coils Various, R =0.5-2.4 m
a b e
0.00 0.0667 0.1333 0.20 50
T ] 40
60 F— ¢ E o f - — — b — —
E 3 20
E E 10 _—
50 F b 0 * . .
E ] — 0 20 40 60 80
s ] E 6
8 40 ¢ ] 5 50
E .
BsF = :‘20_______—__
S E P chopper 1 g 4
° 3 3 g o H ]
O 20 F 3 2 o 20 40 60 80
E O
‘ E 60
E ] 50
10 ¢ E 40
E F chopper E 0t - - - - — —
: ] 20
0 " n " " n 1 " " n " 1 " " n " 1
0.00 0.05 0.10 0.15 0.20 "
Time (seconds) 0 20 40 60 80

Wavelength [A]

FIG. 3. (a) Time—distance diagram of EXPANSE in the NSE mode. The prompt pulse is shown with a length of 5 ms, which is a conservative estimate (yellow). (b) Leakage

test for selected wavelength bands: (top) 1-5.2 A, (middle) 4-8.2 A, and (bottom) 12-16.2 A.

background can be neglected since the flux of these long wavelength
neutrons is several orders of magnitude lower.

Repetition Rate Multiplication (RRM).

2. DGS mode

A time-distance diagram of the DGS mode is shown in Fig. 4.
In this mode, two more choppers are active: the R chopper at 54.7 m

and the M chopper at 58 m. As the name of the mode suggests,
the instrument runs as a direct-geometry inelastic spectrometer with

In order for RRM to work, the M and P choppers need to be
at commensurate distances from the source, and a ratio of 2:1 (58
m:29 m) has been chosen. The M chopper should be as close as rea-
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FIG. 4. Time—distance diagram of EXPANSE in the DGS mode. The prompt
pulse is shown with a length of 5 ms (yellow). Four pulses are demonstrated for
wavelengths 3.96, 4.71, 5.47, and 6.23 A.

sonably achievable to the sample, and a distance of 2 m has been
assumed considering the available spaces constrained by the coils.
This is because the short burst time of the M chopper, ~50 us for
2%-3% energy resolution with cold neutrons, needs to be effective
at the sample position and not smeared out. Because of the beam
size at the M chopper position, ~5 cm across, this chopper must be
a Fermi chopper. Disk choppers will not be able to reach such burst
times with this beam size. With an aspect ratio of the slit package (slit
separation over length along the beam) in the range of 1:10-1:20, this
chopper will have to run at 180-240 Hz to achieve the desired burst
time. We evaluated that it is not necessary to push for higher energy
resolution in the DGS mode because the NSE mode will provide a
good resolution. It is desirable to have a reasonable overlap between
the two modes in terms of the energy resolution they offer. Since the
M chopper is not needed in the NSE mode, and as a Fermi chop-

ARTICLE scitation.orgljournal/rsi

the beam via horizontal or vertical translation. Technical solutions
for such a motion exist at ARCS, SEQUOIA, or CNCS at the FTS.

The R chopper will be a pulse removal chopper and will select
one out of 4-6 pulses that the M chopper allows. This pulse suppres-
sion factor will depend on the wavelength chosen and on how much
energy loss one will want to cover in time of flight. In this regard,
Fig. 4 assumes a rather short lead wavelength of 4 A and that, for
each pulse, 90% energy loss is desired. In this situation, the R chop-
per will need to open six times per source pulse, making it a 90 Hz
chopper with a single slit. Two of the six pulses, as shown in Fig. 4,
are removed by the F chopper in the front. The R chopper does not
have to provide sharp pulse edges, as it will only remove pulses. For
this reason, it can be a slow (90 Hz) disk chopper. However, it cannot
be arbitrarily far away from the M chopper because it still needs to
run synchronously. This effect is illustrated in Fig. 4 as the R chopper
opening is well centered for the 3.96 A pulse but not for the 6.23 A
pulse. It is estimated that the distance between the M and R choppers
can be increased to 4 m without a loss of functionality.

The P chopper will be at half the distance from the source as the
M chopper. In the DGS mode, the P chopper will open twice as often
as the R chopper. Figure 4 illustrates a situation where the P chop-
per opens 12 times per source pulse, which is probably the highest
opening frequency ever needed. The P chopper can be a disk chop-
per because, much like the R chopper, it removes pulses but does
not have to provide sharp pulse edges. In the NSE mode, this chop-
per opens only once per pulse for half the time. Figure 5 shows how
this double functionality (DGS mode and NSE mode) can be tech-
nically achieved. The P chopper can be a double disk chopper with
two identical disks that run in the same rotational sense (for exam-
ple, clockwise). By re-phasing the disks relative to each other, one
can achieve openings of equal length either four times per revolution
or two times per revolution. Together with the additional degree of
freedom of the chopper speed, all desired modes of operation can be
configured. The F chopper at ~7 m is a single-disk working at 15 Hz.
The single opening of the disk should be around 40° wide.

3. Energy resolution in DGS mode

The energy resolution of the instrument is given by three terms
as follows:'>'**

per, it cannot be parked open, this chopper will be removed from Ohw = my - [V% LV V3 V3 05 - 51’%]5, (1)
a / b
AR / o]
2 \ / 18 2 \ / 18
AN U /s N dJ /
3 17 3 17
o~ - ~ e
4 16 4 16 q
— — — _ FIG. 5. P chopper in the DGS mode at
5 15 5 15 45 Hz (a) and in the NSE mode at 7.5 Hz
_ — _ — (b). The red square is the beam. The
6 14 6 14 numbered sectors are for reference only.
~ ~ ~ ~
7 13 7 13
7 8 12\ 7’ 8 12\
/ 9 / 10 \ 11 \ / 9 / 10 \ 11 \
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a Wavelength (A) b Wavelength (A)
1211109 8 7 6 5 4 3 121110 9 8 7 6 5 4 3
10°
— 1071
3 w FIG. 6. Estimated energy resolution of
> 10° 4 / the elastic scattering line. (a) dE and (b)
L
Y - dEJE.
10! T
1072
10° 10° 10! 10° 10t
Energy (meV) Energy (meV)
where average,'>”’ (2) a Fermi chopper slit package capable of 8t, = 50 us,
, P and (3) 1 cm distance uncertainty for 83 = 1(cm)/V. The estima-
262 = vi Vi 2 o8 2) tion shows that the DGS mode will provide energy resolution of
LR Ly LiLs b 10-300 peV that corresponds to dE/E = 1.8%-5%.
2 B. Beam transport system
2 o2 Vi Vi‘ (L1 + L) 2 P y
vi-Ovy = — 2 (3 In order to understand the beam characteristics of the instru-
L LiLs R . . . 21,22
ment, simulations were performed using McStas version 2.6.1.
Dimensions of the neutron guides are optimized using a few con-
A\ straints as described in Fig. 7. First, the source-to-sample distance
V30 = (f) of (4) was fixed to be 60 m considering the potential location of the
Ls instrument. Second, a square guide cross section was assumed as

Here, v; s are the incident and final velocities, respectively, and
my is the mass of a neutron. The distance and timing uncertainties
can be interpreted in two ways, depending on where the pulse is
initially defined: in the source or in the first of two high-speed chop-
pers. In the first case, L; is the distance between the source and the
M chopper, and 6t is the pulse length at the source. In the sec-
ond case, the P chopper is considered the source, L, is the distance
between the two choppers (P to M), and dt; is the opening time of
the first (P) chopper. Furthermore, L, is the distance from the second
(M) chopper to the sample, L3 is the distance from the sample to the
detector, 81, is the opening time of the second chopper, and 6t is the
uncertainty in time-of-flight between the sample and the detector.
The last term can be further broken down, into contributions from
the timing resolution of the detector, and the effects of sample size
and pixel size. The instrument design will aim for these three terms
to be roughly of the same size, as this will result in optimal resolution
vs intensity in the detector. In Fig. 6, energy resolution for the elastic
scattering line is estimated based on the following three assump-
tions. (1) A pulse width of STS can be expressed as vdt; ~ 0.23 m on

Wy x Wy
Wy x W,
50mmx50mm l l

l Sample

N | |‘

4m

FIG. 7. Guide configuration considered for the simulation.

a first approximation. Third, the initial opening dimension facing
the source was fixed to be 50 x 50 mm? following the description of
monolith optics described in the technical document of the STS.” >
The monolith guide ends at about 5.5 m from the source. The cross
section of the guide within the monolith expands slightly to W;. A
tapered guide continues for a length D; whose exit dimension is W.
The rest of the guide was assumed to be straight with a square cross
section. These dimensions (W, W5, Dj, and D,) were obtained to
provide the best flux at the sample that is assumed to be 1 x 1 cm?.
Notably, this sample size that the EXPANSE instrument is aiming
to achieve is much smaller than the conventional NSE sample size
(3 x 3 cm?). The large sample volume, which is often required for
conventional NSE, has been a long-standing barrier for some areas
of science to use NSE techniques. Therefore, the EXPANSE will
open new opportunities for research areas where sample volumes
are limited.

The optimized guide with W; = 65 mm, W, = 90 mm,
D; = 19 m, and D, = 31.5 m provided ~314% increase in total
flux (4-16 A) and 353% in the long wavelength flux (12-16 A)
compared to the flux expected from the fully straight guide with
50 x 50 mm? cross section. For this geometrical optimization, all
guide m-values are assumed to be 8. Here, m-value refers to the mul-
tiplicative increase in the critical angle over that of the Ni-coated
neutron guide. However, after the geometrical optimization, the m-
value was varied and the flux was predicted to be practically the same
for all m-values greater than 3. The time-averaged flux expected at
the sample is shown in Fig. 8(a). Blue markers indicate the theoreti-
cal flux at the sample using the guide configuration described above.
For a comparison, flux profiles from the First Target Station neutron
spin echo instrument (FTS-NSE) are shown together.!" According

Rev. Sci. Instrum. 93, 075107 (2022); doi: 10.1063/5.0089349
© Author(s) 2022

93, 075107-6


https://scitation.org/journal/rsi

Review of

Scientific Instruments

ARTICLE scitation.orgljournal/rsi

FIG. 8. (a) Comparison of the flux at
the sample position: as simulated (blue
markers) from the McStas simulation and
after multiplying several attenuation fac-

tors (orange). Fluxes from SNS-NSE'!
are shown for comparison (green and
red solid lines). (b) Divergence of the
neutrons arriving at the sample position
(1 x 1cmd).
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to the reference, the SNS-NSE calculated flux was multiplied by
several attenuation factors, such as 0.5 to account for polarization,
0.85 to account for geometrical shadowing in the bender, 0.9 for
bender reflectivity, and 0.98 to account for chopper gaps in the neu-
tron guide. While the geometrical shadowing factor and the bender
reflectivity may not be applicable to the EXPANSE, the same factors
have been multiplied to the ideal flux (blue markers) to obtain the
effective flux, in a conservative way, for the EXPANSE (orange solid
line). Overall, the proposed guide configuration provides ~2-10
times neutron flux of the SNS-NSE depending on the wavelength,
which properly reflects the increased time-averaged flux of the STS
source (700 kW, 15 Hz) compared to that of the FTS (1.4 MW,
60 Hz). The divergence profiles of neutrons arriving at the sam-
ple position (1 x 1 cm? area) satisfy the small divergence condition
(<1°), required for a neutron spin-echo instrument [Fig. 8(b)].

C. Coils and magnetic field

The design of the wide-angle spin echo instrument requires
four sets of coils shown in Fig. 9, main precession coils, compensa-
tion coils 1 (ccl), compensation coils 2 (cc2), and sample field coils.
These coils are not connected to the moving parts of the spectrome-
ter and are designed to provide stable and steady magnetic fields for
NSE operation. Each coil pair is mounted in a co-axial fashion, sit-
uated symmetrically relative to the horizontal scattering plane. The
direction of the current for each coil pair is described in Fig. 9(b)
with plus and minus signs. This setup ensures the symmetry in the
magnetic field so that it does not change with the scattering angle.

0.0

0

X-divergence (degree)

Therefore, the condition for simultaneous NSE measurements over
a wide angular range is satisfied.

The main precession coils have anti-parallel electric currents.
As a result, the magnetic field along the scattering plane is horizon-
tal and becomes zero at the sample position. The shape and size of
the main precession coils and the field generated by them determine
the maximum field integral for the NSE operation. Here, we aim
to have maximum field integral of 0.25 Tem, which corresponds to
the longest Fourier time [7(ns) = 0.186 358¢A°, ¢ is the field integral
(T m) and A is the wavelength (A)] of 80 ns with 12 A and 3 ns with
4 A wavelength neutrons. The sample field coils have small paral-
lel electric currents and produce a weak and homogeneous vertical
field at the sample position, which maintains the axial symmetry
required in the magnetic configuration. The pairs of compensation
coils (ccl, near the precession coils) have anti-parallel electric cur-
rents and provide a counter field against the main precession field.
The major role of these coils is to reduce the radial field around the
sample and n-flipper, and around the outer n/2-flipper coils. The
outer compensation coils (cc2) fine tune the radial magnetic field at
the position of the n/2-flipper. While Fresnel coils are omitted for
visual clarity in Fig. 9, they will be required to correct field inhomo-
geneities away from the central beam axis. Two rings of Fresnel coils
will be used to provide a quadratic correction field located near the
inner and outer diameter of the precession coil.

Using the coil geometry given in Fig. 9(b), the magnetic
field profile has been calculated using the Biot-Savart law. With
810000 A turn current, a field integral of 0.256 T m is estimated
starting from the position of the m/2-flipper position until the

5 L Mie L
-3 2 7 5 3 m
I Ini:: ';I I + %

2 flipper coll Main precession coil FIG. 9. Details of the coil arrangement
) , for the EXPANSE. (a) 3D engineering
2 fipper ool model. (b) Schematics of side and top
Neutron Sample field ol views of the key components of the

— EXPANSE.

Phase current coil

Compensation coil 1 (cc1)

 flipper coil

Compensation coil 2 (cc2)
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n-flipper. This corresponds to an 800 A current with wires that have
a2 x 2 cm? cross section. For comparison, a similar instrument built
at ILL (WASP) used wires with a 2.5 x 2.5 cm? cross section with
800 A at a tension of 500 V, which is produced by commercially
available standard magnet power supplies. Figure 10(a) shows the
overall field for this field integral setting. The field profile around the
sample is shown in Fig. 10(b). The n-flipper can be placed at around
10 cm from the sample where the field is vertical and weak enough.
Assuming that the lowest field integral that can be practically used
is 0.0025 T m, the accessible Fourier time range is expected to be
29 ps < 7 < 3 ns with 4 A neutrons, 239 ps < T < 24 ns with 8 A
neutrons, and 800 ps < 7 < 82 ns with 12 A neutrons.

One of the biggest potential sources of depolarization in a
wide-angle NSE spectrometer is the turning of the magnetic field
direction from a horizontal to a vertical direction in the sample area
of the instrument. Polarization can be lost when the direction of the
magnetic field changes quicker than the Larmor frequency of the
neutron spins.”*”’ A typical guiding figure for determining the like-
lihood of depolarization due to such nonadiabatic field changes is
the adiabaticity parameter A,

wB wp

wy yB

>

0.5

—— z=0cm
0.4 z = 3cm
—— z =-3cm

0.3

0.2

0.1

Adiabaticity, A

0.0

-0.1 T T T : .
-30 =20 -10 0 10 20 30
Distance from the sample (cm)

FIG. 11. Adiabaticity calculated with the maximum field integral condition assuming
neutron wavelength of 4 A. Different heights of the neutron path deviating from the
center of the scattering plane have been considered.

Distance from the sample (cm)

TABLE lll. Accessible Fourier time ranges for representative selections of the
wavelength band and the field integral.

Wavelength band (A)  Field integral (T m)  Fourier time range
4-8 0.0025 29 ps < T < 238 ps
0.256 3ns<7<24ns
8-12 0.0025 238 ps < 7 < 805 ps
0.256 24ns< 1< 82ns
12-16 0.0025 0.8ns<71<19ns
0.256 82ns< 1< 195ns

where wp is the rate of change of the direction of the B field and
wr, is the Larmor frequency of the neutron spin. It is suggested that
the polarization losses will be small if A is below 0.2. In Fig. 11,
the adiabaticity parameter has been calculated with 4 A wavelength,
which is likely the fastest neutron wavelength used for the spin-echo
operation. If the adiabaticity condition is satisfied with a short wave-
length neutron, the same is guaranteed for the slower neutrons. To
consider the finite sizes of the beam and the sample, different dis-
tances of the neutron path to the beam axis have been considered. As
the calculation indicates, the maximum adiabaticity value does not
exceed 0.15 even for the neutrons traveling +3 cm away vertically
from the scattering plane. In Table III, the accessible Fourier times
with selected wavelength bands are summarized. The unique advan-
tage of the EXPANSE over the existing wide-angle neutron spin echo
instrument (WASP) is that ranges of Fourier times can be accessed
simultaneously by using neutrons with different energies. Since the
Fourier time is proportional to 1°, the widest dynamic range in the
time-domain can be obtained from the short wavelength band, 4-8
A. With this wavelength band, approximately an order of magnitude
of dynamic ratio (% = % = 8) can be expected at given field inte-
gral setting. This suggests that potential kinetic studies can be done,
for the first time with neutron spin echo, if a small window of Fourier
time range is suitable.

n-flipper. Using the gyromagnetic ratio of the neutron
(2916 Hz/G), the field strength required for 7 precession turn can
be estimated. For example, 17 G cm flipper field integral is needed
to achieve a complete 7-flip for 4 A neutrons. The n-flipper will
be located near the sample where the horizontal field is minimal.
The vertical guide field will be compensated inside the flipper to be
zero. The flipper field will be tuned according to the wavelength.
Figure 12(a) shows the required field to perform a perfect n-flip
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FIG. 12. (a) Flipper field required for a
complete 7-turn as a function of wave-
length. (b) Guide fields around the 7/2-
flipper position that have been tuned for
72 spinflip of 8 A neutrons with a 1 cm
flipper coil thickness.
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using a flipper of 1 cm thickness. In practice, the current of the flip-
per coil will have a time-dependent profile to satisfy the flipper field
requirement. The time-dependent current profile will be synchro-
nized with the source pulse so that the appropriate flipper field is
prepared for neutrons with different wavelengths.

n/2-flipper. In the 7/2-flip, the spin essentially precesses one-
half turn around an inclined axis (45° relative to the outer field
direction). Therefore, the outer guide field (horizontal field) needs
to be tuned first using the outer compensation coils (cc2) in Fig. 9.
The ideal guide field for this 1/2-flip should have a flat constant hor-
izontal field component By over the thickness of the flipper (~1 cm),
and \/2B, should satisfy the one-half turn precession condition. For
example, for the 8 A neutrons, 8.48 G flipper field is needed for
the one-half turn during 1 cm travel. Therefore, /2By = 8.48, B, = 6
gauss, horizontal guide field is required. Figure 12(b) shows that the
horizontal guide field (By) can be tuned using the compensation coils
(cc2) to match the required field strength at the n/2-flipper posi-
tion (x = 230 cm). In practice, incident neutrons will go through
a dedicated 7/2-flipper and the scattered neutrons will go through
arc shaped 7/2-flippers covering a 70° scattering angle each. The arc
shape 7/2-flippers will be part of the 70 analyzer/detector bank so
that they will move together if needed [Fig. 9(b)].

Range of the stray field. Since a strong magnetic field will be
constantly used for the operation of the EXPANSE instrument, the

—— horizontal field
4 vertical field

Field (gauss)
N

6 8 10 12 14 16 18 20
Distance from the sample (m)

FIG. 13. Magnetic field profile over a long distance generated from the EXPANSE
instrument at the maximum field integral setting.

220
Distance from the sample (cm)

230 240 250

potential influence on the nearby instruments or equipment that are
sensitive to the magnetic field has been considered. According to
the calculation, the highest field integral setting will generate a hor-
izontal field strength of 1 G at about 8 m distance from the sample
(Fig. 13). At a 10 m distance from the sample, it is expected that
the field strength will be reduced to the level of the earth’s mag-
netic field (0.25-0.65 G).”* Therefore, the interference to the nearby
beamlines will be negligible if the EXPANSE spectrometer is built
at the proposed ST22 location, which is already well separated from
other instruments.

D. Analyzers and detectors

The analyzer design will follow the demonstrated precedent
that is based on Schérpf-type C-shaped benders and used at the
WASP instrument (ILL, France).”**"" The supermirror of selected
m-values (Co/Ti with m = 2.8 is assumed at present) are double-
side coated and mounted into cassettes that will hold the mirrors
with a required bending radius (8 m, targeting cutoff wavelength of
about 3.5 A). Each cassette of 260 x 160 x 50 mm?> size will hold
40 mirrors of about 254 x 145 mm? area and cover roughly 1° of
scattering angle at about 2.7 m from the sample (Fig. 14). Approx-
imately 65 of these cassettes will be mounted in one bank of the
analyzer-detector module to cover 70° of scattering angle. Therefore,
the total supermirror coating area will be roughly 380 m*. At the
end of the analyzers, position sensitive >He detector tubes of 15 cm
length will be arrayed in a single-layer configuration. Each detector
tube has a diameter of 25.4 mm, and the center-to-center distance
will be kept at 27 mm. This allows 2 detector tubes to face one cas-
sette, and a total of at least 260 detector tubes will be required to
cover two 70° scattering angles. The analyzer modules will be placed

Sample |850mm

To analyzer cassette 2.74 m /

Analyzer cassette 3He detector tubes

FIG. 14. Schematic showing the analyzer cassette and detector tube arrays.
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FIG. 15. MCVINE simulation results for heavy water in (a) NSE mode for 6 seconds measurement time using 4-8 A neutron beam, and (b) DGS mode for 1 h measurement
time using a 4 A beam with a 50 us time-of-flight width at the Fermi chopper position. The neutron beam size at the sample was 1 x 1 cm?. A cylindrical sample geometry

with a 1 cm diameter annulus with 0.5 mm thickness and 3 cm height was used.

on a vertical stage so that they can be moved out of the scattering
plane for DGS mode, if needed.

E. Performance prediction

In order to estimate the performance of the proposed instru-
ment, a virtual experiment, for a heavy water sample using both
the NSE mode and the DGS mode, has been performed using
the MCVINE software.’"”> The instrument optics simulations fol-
low the standard EXPANSE neutron optics model (Fig. 7), and a
1 x 1 cm?® beam is focused on the sample position. In the NSE mode,
the neutrons with a wavelength band of 4-8 A are considered. In
the DGS mode, a 4 A beam was used with a 50 s time-of-flight
width at the Fermi chopper position. The neutron flux reduction
caused by the polarizer is considered to be 50%, while that of the
analyzer is modeled by a phenomenological model of the HYSPEC
(SNS) polarization analyzer for its transmission and, in addition,
by a ray-tracing component for its acceptance angle correction.’
The sample is a 1 cm diameter annulus with 0.5 mm thickness and
3 cm height. The sample scattering kernel considers both the inco-
herent and coherent scattering, in which vibrational and diffusional
contributions are included.” The detector in the simulation is in a
cylindrical configuration with a radius of 3 m from the sample. The
detectors are 15 cm high, and the angular spacing between them is
defined by 25.4 mm/3 m ~ 0.0085 rad. The data collected by these
detectors are then reduced to I(Q) for the NSE mode measurement
and I(Q, E) for the DGS mode measurement (Fig. 15). The elastic
scattering data for the NSE mode represent a dataset collected for
6 s. The diffraction scan shown in Fig. 15(a) is often performed in
the traditional high-resolution NSE instruments before echo mea-
surements and provides a good referent to determine data collection
time. Because the solid angle covered by the detectors of EXPANSE
is ~20 times more than that is covered by a single configuration of
high-resolution NSE, the efficiency of such a diffraction measure-
ment is significantly improved as compared to the order of minutes.
This also suggests that the echo measurements will be compara-
bly more efficient than those from the traditional high-resolution
NSE. The I(Q, E) data for the DGS mode are simulated to demon-
strate measurements for 1 h long data collection at the EXPANSE
using a single pulse of a 4 A beam at 15 Hz source frequency. In

practice, as shown in Fig. 4, four pulses of neutron beams with dif-
ferent wavelengths can be used via a RRM method per a source pulse
at 15 Hz. Therefore, the actual efficiency of measurements can be
further increased.

F. Sample environment

Samples will be located at the center of the coils. The instru-
ment will be designed to adapt to standard STS sample environments
of a cylindrical type such as the standard orange cryostat as long as
their components are non-magnetic. Therefore, the accessible tem-
perature range will be ~1.5-1300 K covering temperature ranges
desired for wide ranges of materials. The cage and the mezzanine
of the EXPANSE instrument have openings that have access to the
sample position. The facility crane will be available to deliver sam-
ple equipment through this opening (Fig. 16). A standard sample
environment will be developed along with the instrument focusing
on multiple sample loading capability. It is expected that at least
five samples can be accommodated simultaneously in vertical arrays,
where quartz, Nb, or Al cells with temperature variation capabil-
ity that ranges from —20 to 300 °C, will be loaded from the top. A
trench is designed to provide access to the sample areas from the

Access to the sample from the ground

FIG. 16. Engineering model showing the opening for loading sample equipment
and the access pathway to the sample from the ground level.
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floor level. For the standard sample environment, users will be able
to swap samples quickly by accessing the sample area through this
trench.

. SUMMARY

The first time-of-flight wide-angle neutron spin echo spectrom-
eter on a Spallation Neutron Source in the world will be built at
the ST22 beamport of the Second Target Station (STS) at the Oak
Ridge National Lab. The spectrometer will combine high neutron
flux, wide wavelength bandwidth, and wide scattering angle cover-
age that will enable fast measurements for NSE experiments over
wide length and time scales, even allowing the possibility of explor-
ing dynamics in nonequilibrium systems. The proposed instrument
characteristics of ~0.25 T m field integral and a solid angle for detec-
tors of 0.12 sr will achieve ~20 times the solid angle of the NSE at
the First Target Station (FTS, BL-15). Multiplying this with 20 times
increased source brightness over the FTS leads to a gain factor of
400 over the existing NSE at the FTS, if the same amount of infor-
mation is obtained over all scattering angles. Overall, EXPANSE will
be a work-horse wide-angle neutron spin-echo spectrometer, and it
will take a unique position in the neutron spectroscopy instrument
suite in the North America.
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