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The modulated intensity by zero effort small-angle neutron scattering (MI-
SANS) technique is used to measure scattering with a high energy resolution on
samples normally ill-suited for neutron resonance spin echo. The self-diffusion
constant of water is measured over a g—t range of 0.01-0.2 A~"and 70-500 ps. In
addition to demonstrating the methodology of using time-of-flight MI-SANS
instruments to observe diffusion in liquids, the results support previous
measurements on water performed with different methods. This polarized
neutron technique simultaneously measures the intermediate scattering
function for a wide range of time and length scales. Two radio frequency
flippers were used in a spin-echo setup with a 100 kHz frequency difference in
order to create a high-resolution time measurement. The results are compared
with self-diffusion measurements made by other techniques and the general
applicability of MI-SANS at a pulsed source is assessed.

1. Introduction

The dynamics of liquid systems is a complex field where many
mechanisms influence the behaviour. In water (H,O) and
other liquids, short-time-scale dynamics are determined by
molecular rotations and vibrations, while long-time-scale
dynamics are dominated by self-diffusion. These dynamics are
characterized by the intermediate scattering function, S(q, 7).
This is a distribution function containing information on the
length and time scales of the sample dynamics (Mezei, 2003)
such as the self-diffusion constant, D, which is defined by the
stochastic motion of molecules at thermal equilibrium (Price,
2009).

There are several methods for determining the diffusion
constant. Molecular dynamics (MD) simulations can compute
the intermediate scattering function and diffusion constant,
which can be compared with experimental results. Nuclear
magnetic resonance (NMR) is an experimental probe of the
diffusion constant using gradient echo methods. However,
NMR does not give information about the reciprocal-space
dependence (Price, 2009). Scattering methods have long been
applied to the investigation of water diffusion, and for
comprehensive reviews the reader is directed to Price (2009),
Amann-Winkel et al. (2016) and Holz et al. (2000).

In this paper, we present the methodology of using a high-
resolution neutron scattering technique to measure the
intermediate scattering function and diffusion constant, and
apply it to the important case of bulk water at ~300 K. The
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modulated intensity by zero effort small-angle neutron scat-
tering (MI-SANS, also called MIEZE-SANS) technique is a
variant of neutron (resonance) spin echo (Mezei, 1972) (NSE/
NRSE) (Golub & Gihler, 1987; Gihler et al., 1992; Hank et al.,
1997). Both are very high resolution neutron scattering
measurements of dynamics in the picosecond to nanosecond
time regime (Franz, Sdubert et al., 2019; Lebedev & Torok,
1999; Bleuel et al., 2006, 2009). The basis of MI-SANS is that
two radio frequency (RF) flippers are used to create a high-
frequency, but resolvable, time oscillation in a neutron
intensity signal that is scattered by a sample. MI-SANS is
complementary to NRSE and offers several distinct advan-
tages. Most notable for this experiment are that it only
requires two RF flippers (as opposed to four in NRSE),
leading to an easier instrument setup than traditional NRSE,
and that all of the spin manipulations are performed before
the sample, so depolarizing samples and sample environments
do not impede the measurement. For this experiment on
water, the incoherent neutron scattering from hydrogen would
reduce the maximum polarization on a conventional NSE
instrument to one-third. In MI-SANS, because the polariza-
tion does not need to be maintained through the sample, the
incoherent scattering simply creates a larger signal at the
detector. This is the case for any hydrogenous system, and the
insensitivity to depolarization also simplifies the use of sample
environments with high magnetic fields.

(a)

Precession Region

We have set up the MI-SANS instrument on a time-of-flight
beamline with two RF flippers performing 7/2 flips with a
resulting 100 kHz frequency difference, a *He analyser, and a
standard *He tube detector array. Time-of-flight MI-SANS
measures the intermediate scattering function for a range of
scattering angles and wavelengths simultaneously. The
instrument was tuned to measure S(q, T) at time scales of
~50-500 ps and scattering vector magnitudes ranging from
~0.02 to 0.07A", in the domain dominated by self-diffusion
for water. We demonstrate the effectiveness of using a time-of-
flight MI-SANS instrument for studying liquid dynamics.
Additionally, we find a bulk diffusion constant for water of
2454032 x 107" m?s™", in good agreement with the NMR
literature and which sets a standard for comparison of
constrained water samples.

2. Methods

The experiment was conducted on the Larmor instrument at
the ISIS pulsed neutron and muon source (ISIS DOI 10.5286/
ISIS.E.RB1920600). The instrument configuration is shown
schematically in Fig. 1. The incident beam polarization is
selected to be in the + or — z direction using a polarizer
consisting of a v-cavity and a gradient RF flipper (not shown).
The neutron precesses in a region with two RF flippers, RF1
and RF2. Before the sample is a spin-polarized *He cell in a

Polarizer RF1 Focusing RF2 3He Analyser Detector
(w,) Field (o,)
Sample
,— B I
A I 1 1 1 I sample :
(b) T dRF dPrecsssion dRF focus
& R
E’ E, + ho, .¢_ i
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£ t t I
¥4 H H H
Ax, =0 Ax, Ax, Ax, Ax;

Figure 1

Instrument setup and separation of the neutron states. (a) A side view of the magnetic components of the MI-SANS instrument. The beam travels in the
x direction through the polarizer, RF flipper 1 (with angular frequency w;), the focusing field (a static z-direction guide field of length dp,..) and RF
flipper 2 (with frequency w, > w,). Both RF flippers are of length drpand set to perform 77/2 spin flips, which creates a superposition of up and down spin
states. The beam passes through a *He analyser which absorbs the spin down neutron states. The neutron then scatters from the sample and is measured
by the two-dimensional detector, which is placed Lyocys away from RF2 and Lg,mpie away from the sample. (b) The kinetic energy and separation of the
spin states are shown along the instrument. The beam is initially polarized in the z direction. The 7/2 flip in RF1 creates a superposition of the up and
down spin states, with the flipped spin state gaining an energy of /i, from the flipper. In the focusing field, the spin states’ kinetic energy is lowered or
raised by the Zeeman term. The difference in kinetic energy creates a spatial separation, as shown by Ax,. RF2 is set to a larger frequency (w,) and hence
will cause a larger change in energy of the flipped neutron spin. RF2 also creates a superposition of up and down states for the two states entering it, but
the *He analyser is set to filter the down state, leaving two different spatially separated (Axs) energy states with the same spin. Because the kinetic energy
is different, the spatial separation decreases as the states continue along the beamline. The two energy states pass through the sample with separation
Ax, before reaching the detector with separation Axs.
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magnetostatic cavity for polarization analysis. The polarizer,
flippers and analyser are in a vertical guide field (focusing
field) of 8 gauss (1G = 107*T) to maintain the neutron
polarization. The beam stays within evacuated flight tubes,
with the exception of a ~1 m region in the sample and *He
analyser area. Collimation is achieved with a 15 mm pinhole at
the sample position and a 25 x 25 mm aperture located
approximately 5 m before the sample position.

The longitudinal RF flippers RF1 and RF2 consist of a
vertical (z direction) static field and a horizontal RF field. The
static field strength is tuned to By = w;(2)/y, Where By(y) is the
resonance field for RF1 (RF2), w,(,) is the RF frequency and y
is the neutron gyromagnetic ratio. The flippers were separated
by 1.57 m and run in 1/¢, 7/2 mode, meaning that the RF field
strength is ramped to produce a 71/2 spin flip for each neutron
wavelength A, similar to the setups reported by Zhao et al
(2015) and Brandl et al. (2012).

The RF flippers in this experiment were tuned to /2 mode
in order to simplify the setup of the instrument. In a tradi-
tional MI-SANS experiment, the RF flippers perform a r flip,
meaning that the initial and final neutron polarization direc-
tions must be reoriented with a v-coil (Geerits et al., 2019). In
7/2 mode, the v-coil is not required, which saves approxi-
mately 1 day of setup time but reduces the accessible Fourier
time by a factor of two.

Calibration of 1/t, m/2 mode is performed one flipper at a
time. The first step is the tuning of the static field of the flipper,
which is accomplished by measuring the beam polarization
while scanning the static field in small (~0.2 G) increments.
This field is very sensitive to detuning since the RF coils are
quite long. In this step the RF coil is driven using a constant-
amplitude sinusoidal waveform (continuous waveform, CW).
The beam polarization can be described as a sine function in
this mode. At the optimal static field setting the amplitude of
this function is maximal. Once the static field is calibrated, the
1/t envelope is calculated using the wavelength at which the
first w flip occurs in CW mode and the flipper-to-source
separation. Next, the beam polarization is measured with 1/¢
ramping to confirm all wavelengths are being flipped. Finally,
the flipper is switched from 7 flip mode to 7/2 mode by halving
the current in the RF coil. This current is monitored using a
pickup coil which is part of a feedback loop controlling the RF
amplifier gain setting. Whether the flipper has been
adequately tuned to m/2 mode or not can be gauged by
measuring the beam polarization, which should be zero for all
wavelengths. Once the tuning has been confirmed, the RF coil
can be switched off so that the second flipper can be tuned.
After tuning both flippers both RF coils can be switched back
on to begin n/2 MIEZE measurements. In 7/2 MIEZE the
magnetic precession region begins at the first RF flipper, tuned
to 533.4 kHz, and ends at the second RF flipper, tuned to
633.4 kHz, producing a frequency difference of 100 kHz.

The MI-SANS focusing condition can be explained as the
spatial recombination of two neutron spin states with different
group velocities. In the 7/2 MI-SANS setup, the incoming
neutrons are polarized in the z direction before entering RF1,
which is calibrated to perform a /2 flip of the neutrons. This

yields a superposition of two neutron spin states in the *z
directions with different energies. The difference in energies
corresponds to a difference in velocities and hence a long-
itudinal spatial separation between the two spin states. RF2 is
set to a higher frequency than RF1, leading to the neutron spin
state that was spatially behind having a larger energy (higher
velocity) than the spin state that was spatially ahead, as
depicted in Fig. 1(b). This difference in energies persists
through the *He analyser, which filters spins in the negative z
direction. Thus, after the analyser, there are two spatially
separated neutron states with the same spin direction but
different velocities. The relative velocity after the flipper is
tuned so that the states will overlap at the desired focal length
Lyocus Where the detector is placed,

d
W, dp... — [ wpp(x) dx
L[OCHS — 1%Prec fga) FF( ) + dRF‘ (1)

Here, dgrr is the RF flipper length, dp... is the separation
between the two RF flippers, w; is the frequency of the first RF
flipper, Aw = w, — w,; is the difference in the RF flipper
frequencies and wgg >~ YBgg, Where Bgg is the focusing field
strength. This term will also include any stray field from the
RF flippers (Geerits et al., 2019). When the detector is placed
at Lgoeyus, it Will measure an oscillating intensity due to the
interference between the energy states (Keller et al., 2002).
Thus, the signal can be interpreted as coming from the self-
interference of single neutrons. This is shown by the fact that
the spin-echo group can be described using the longitudinal
autocorrelation of the wavefunction (Golub & Lamoreaux,
1992). Naturally, if the beam contains neutrons described by
different wavepackets, the spin-echo group is given by the sum
of all possible wavepacket autocorrelations.

In the case of the RF flippers being in 7/2 mode, the
difference frequency is the same as the MI-SANS frequency
(Keller et al., 2002; Zhao et al., 2015). In this experiment, the
approximately 8 G guide field also served as the focusing field
Bgr between the RF flippers (Jochum et al., 2020). The setup is
designed in such a way that the flippers are always situated in a
guide field. Hence the range of focusing field values is limited
by the constraint that we must not reduce the guide field to a
point where the beam depolarizes.

The spatial separation of the neutron spin states is repre-
sented in Fig. 1(b) by Ax. At the entrance of RF1 (Ax,), the
neutron spin states are split into up and down with different
kinetic energies, but there is not yet any spatial separation.
Before RF2 (Ax,), the higher kinetic energy spin state has
moved spatially in front of the lower kinetic energy state.
Because of the spin flip in RF2, after the *He analyser (Axs;),
the spin state with the higher kinetic energy is behind the
other state. When the states pass through the sample (Ax,),
they have moved closer together than Ax;. The focus length
Lioeus 1s tuned so that, if there is no sample in the beam, the
states will exactly recombine at the detector as there is no
spatial separation (Axs = 0). The spatial separation can be
related to the time separation by At >~ Axh/(2 1 Ey), where E,
is the neutron energy.
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A “*He analyser acts as a neutron spin filter to allow through
neutrons polarized in the z direction. The efficiency is wave-
length dependent, and characterization of this was performed
using transmission measurements (Boag et al., 2007). This gave
a “He polarization of 65-70% on each cell change. The *He
cell used was a double silicon-window cell with a quartz body,
the single-crystal silicon windows being chosen to eliminate
the small-angle scattering that occurs with glass cells (Babcock
et al., 2013). The cell is 10 cm long along the beam direction,
was pressurized to 1 bar (1 bar = 100 000 Pa) and had an on-
beam lifetime [exponential decay constant (77)] of
~100 hours. The cell was mounted in a magnetostatic cavity
similar to the one described by Parnell et al (2009) and
monitored using a free induction decay NMR system similar to
that described by Parnell ef al. (2008). The cell was changed
each day to maintain a high polarization. The resulting
analyser power was ~90% across the neutron wavelength
band used.

The samples were a 1 mm thick cell of deionized water
(H,O) and a glassy carbon standard (Cappelletti et al., 2018).
Measurements alternated between the water and the standard
to correct for the time-dependent decay of the *He gas
polarization. The water sample was measured at ~300 K,
which was kept constant by water-bath cooling. The beam size
was defined by a 15 mm circular aperture, which gave a
detected intensity of 200 neutrons per second. Data were
recorded in event mode by a 60 x 60 cm *He tube array with
0.4 x 0.8 cm pixel size, placed 4.45 m from the sample position
and 6.45m from the second RF flipper. Each tube has a
thickness of 0.8 cm. The timing resolution of the data acqui-
sition electronics was set to 1 ps, though we note that the
effective time resolution also depends on the tube diameter,
neutron wavelength and filling pressure. Using Monte Carlo
simulations we estimated the expected visibility at various
wavelengths. The lower time resolution leads to a simple
reduction factor in the visibility, which can be removed
through normalization. A discussion of the detector optimi-
zation is included below. A beamstop masked the direct beam
in order to reduce the background signal, leading to a
measurable angle range of 0.7-5.5°.

3. Results

Time-dependent MI-SANS scattering was measured for solid
glassy carbon (which acts as a standard) and for water. The
glassy carbon data are useful both as a known standard to
prove the functionality of MI-SANS and as a way of
measuring the instrument resolution function for normal-
ization, since its scattering is purely elastic. The water data can
be reduced to obtain the diffusion constant, D.

MI-SANS characterizes a sample by measuring its visibility.
The visibility (also called the contrast) is defined as the
intensity difference between the two polarization states
divided by their sum: V= (I, — I_)/(I, + I_), where I, and I__
are the intensities of the initially up (positive z) and down
(negative z) polarized beams, respectively. MI-SANS
measures the visibility for a range of wavelengths and scat-

tering angles. The visibility of the glassy carbon is shown in
Fig. 2(a). At large angles the statistics are low due to only the
corners of the detector being used. On the detector, the visi-
bility V is measured with time binning set to 1 ps and an
angular binning of 0.2°. This angular binning corresponds to
the highest angular resolution with sufficient statistics to
obtain good fits. Each pixel within Fig. 2(a) contains 2000 of
these time bins. The visibility of each pixel is determined by
fitting the amplitude of the time-oscillating polarization signal
to a cosine function.

Fig. 2(b) shows a subset of the pixel at 0.9-1.1° and 4.3
4.5 A, and the cosine fit used to determine the visibility. The
wavelength corresponds directly to the detector time. For
clarity, only a portion of the time bins in the pixel are shown.
The visibility of the glassy carbon is not corrected for the *He
analyser transmission and background counts were found to
be negligible compared with the signal.

(a) Visibility
0.3 0.2 0.1
[ |

Wavelength (A)

1 2 3 4 5
Scattering Angle (°)

b) Time (us)
10 20 30 40 50
=
o
T
N
g
o
a
04r % [0.9-1.1°, 4.3 - 4.5 A pixel |
4.311 4.313 4.315 4.317
. Wavelength (A)
Figure 2

(a) The visibility of glassy carbon versus angle and wavelength. (b) The
polarization versus wavelength for part of a single pixel of scattering
angle 0.9-1.1°. On the Larmor time-of-flight instrument, wavelength
corresponds to the detector measurement time (top x axis). Error bars
represent the statistical counting error. The modulation is fitted using a
cosine function (red curve) to find the visibility. The period is 10 ps, as
expected from the 100 kHz MI-SANS frequency.
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The glassy carbon scattering does not contain any dynamics.
Furthermore, the background-to-signal ratio is sufficiently
small that the background can be ignored. Therefore, the
visibility is fully determined by the reduction factor and
instrument limitations (Martin, 2018). However, self-diffusion
of the water sample causes a Fourier time-dependent shift to
the scattering, as the scattering amplitude is dependent on the
energy transfer between the sample and the beam. This is an
inherent characteristic of water that we measure with MI-
SANS.

The visibility of the MI-SANS signal from water (Fig. 3) is
determined by the same procedure as is used for the glassy
carbon, except the data are background subtracted to account
for a higher relative background rate. The background is
corrected by including an extra term in the visibility definition,
Ve = (I, — I_)/(I, + I_ + 2Igg). This assumes the background
is from air and other parasitic scattering along the beamline,
leading to an unpolarized background that is the same for 7,
and /_ and thus cancels on the numerator.

A correction matrix, «, is defined for the background at
each pixel,

v L-L vV
BT UL A1+l 14a

@

The correction matrix « is found using the background data
taken with the sample removed from the beam. The 7, and 7_
background data are binned in the same manner as the water
data. Because only the sum of I, and /_ is needed, all 2000
time bins are summed to increase statistics. To determine the
background-corrected visibility, each visibility pixel is multi-
plied by the corresponding 1 + « value.

The MI-SANS results can be directly converted into the
more conventional neutron scattering parameters of scattering
vector magnitude g and time 7. In the case of elastic scattering
where the energy transfer is negligible, the g value is deter-

Visibility
0.2 0.1 0

Wavelength (A)
[&)] £

»

Scattering Angle (°)
Figure 3
The visibility of water versus angle and wavelength. For each pixel, the
modulation amplitude is fitted by a cosine function to get the visibility,
after correcting for the *He analyser efficiency and air scattering
background using equation (2).

mined by the scattering angle and the wavelength:
q. = 4msin(0/2)/x. For quasi-elastic scattering a first-order
correction must be applied, gqc = g + Agq, which takes the
energy transfer into account. It can be shown that
Aq = £(mw/hk)sin(6/2), with ho the scattering energy and k
the initial wavevector. In this experiment the first-order
correction amounts to only 1-2% at most and is therefore
neglected, and ¢ is assumed to be radially isotropic. At small
scattering angles, sin(6/2) ~ 6/2 and several points are at
equivalent g in Figs. 2(a) and 3. The Fourier time 7 is defined
as the neutron phase shift over the angular frequency t = A¢/
2, with 2 the neutron angular frequency. The phase shift can
also be written in terms of the instrument parameters A¢ =
Awt, where t is the time the neutron takes to travel between
the sample and the detector. The Fourier time can be written
in terms of Lgmpie,

_ Awm? 33

27 W2 Lsample ’ (3)

where m, is the neutron mass (Franz, Sdubert et al, 2019;
Keller et al., 2002).

The ratio of the visibilities of the water sample and the
glassy carbon sample yields the intermediate scattering func-
tion §(¢, 7) = [Vyuer (4> DV/[Vearvon (9, D] of water. In this 7—¢
domain the dynamics in water are dominated by self-diffusion,
while other inelastic processes such as vibration and rotation
of the molecules can be ignored. The position of a water
molecule can therefore be modelled using the diffusion
equation

9
= G(r,7, 1) =DV*G(r, 7, 1)
G(r,7,0)=8(r—r) lim G(r,”,t) =0, @)
r—00

where D is the self-diffusion coefficient and G(r, r/, 7) is the
van Hove correlation function, describing the probability of
finding a water molecule at position r and time 7. We assume
that at 7 = 0 the position of the molecule is well defined at r=r'.
The solution is simply a Gaussian function,

(r— ;/)2}

1
G, 7) = ———zexp | —
(r.ro) (47D1)"? eXp[ 4Dt

)
This function models the probability density of finding a water
molecule at position r and time 7, given that at 7 = 0 the
particle was located at r = r'. To determine the intermediate
scattering function we must calculate the Fourier transform of
G(r, 7, ) with respect to r,

S(q,7,7v)=c [ G(r, 7, T)exp (—igr) dr
=aexp (—igr') exp (—Dq’1). (6)

The amplitude factor a models the fast dynamics at low T,
which are not taken into account by diffusion. The visibility
can be obtained by averaging in 7’ over the sample volume D,

V = RSp(q, ) = aRexp (—Dq’7) [exp (—igr)dr,  (7)
D
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Figure 4

S(q, 7) values plotted at four Fourier times 7. Each 7 corresponds to a
specific wavelength of 2.95, 3.85, 4.65 and 5.55 A, respectively, with 0.3 A
bins. Error bars correspond to the MI-SANS visibility fit uncertainty from
each pixel. The diffusion constant D is fitted from S(g, ) using
equation (8).

with R a reduction factor due to various factors pertaining to
instrument resolution (e.g. timing resolution). To remove
contributions from the instrument resolution we normalize
Sp(q, T) by the intermediate scattering function of a static
sample (in this case, the glassy carbon). Ideally, the position of
the atoms in this sample can be described by G(r, 7, t) =
8(r — r'). The Fourier transform exp(—igr) yields the visibility
for this ideal sample: V, = [, exp (—igr’) dr’. The intermediate
scattering function can therefore be derived as

V(g, 1)

V(g 1) = aexp (—Dg’1). 8)

S(g, 1) =

100 300 500

Fourier time (ps)
Figure 5
Diffusion constants for water extracted from the fit of S(q, ) for each
Fourier time 7. The average value of 2.4 x 107" m”s™! is shown by the
red line. Error bars correspond to the 70% confidence region of the fit.

In this MI-SANS experiment, the intermediate scattering
function is given by the ratio between the water and glassy
carbon visibilities. S(q, 7) is plotted for several Fourier times in
Fig. 4. Each Fourier time is effectively a normalized horizontal
slice in the visibility plot (Fig. 3). However, the g range
measured for each 7 is different, with higher t having a smaller
range. The data at each t are fitted using equation (8).

The diffusion constants extracted for each Fourier time are
shown in Fig. 5. The average value, shown by the red line, is
2454032 x 107° m* s~ !, which is within the error bars for
each Fourier time, so no trend is seen.

4. Discussion

Our results expand upon previous measurements of the
dynamics of water at ambient temperature obtained by
neutron scattering and NMR. Previous quasi-elastic neutron
scattering (QENS) measurements considering water diffusion
used a random-jump diffusion model, which applies well to the
small g values used in this experiment, but also to larger g
(Teixeira et al., 1985; Cavatorta et al., 1994; Egelstaff et al.,
1967). A diffusion constant of 2.36 x 10”° m*s™" was found
(Cavatorta et al., 1994).

NMR is frequently used to measure diffusion in liquids and
several measurements have been made on water. There are a
wide range of diffusion constant values that can be measured
with NMR. NMR relaxometry is useful for slower materials
(D down to 107" m* s ') (Kruk et al., 2012) and NMR pulsed-
gradient field methods are useful for the range of 10 °-
107" m?s™! (Price, 2009). NMR results for Water at ~300 K
have generally shown values around 2.3 x 10~? m? s, within
the error bars of the MI-SANS results (Trappeniers et al., 1965;
Wiengirtner, 1982). One difference between MI-SANS and
NMR is that MI-SANS does not need to apply a magnetic field
to the samples, so samples that induce stray fields can be
studied without extra corrections.

Another purpose of this experiment was to compare our
MI-SANS measurement on a pulsed source with measure-
ments performed at a continuous source. The implementation
of MI-SANS geometry has been proposed on a pulsed source
(Bleuel et al., 2005, 2006) and demonstrated using a reactor
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source with a chopper on a skyrmion system (Brandl et al.,
2012). The RESEDA beamline at the FRM-II neutron source
(at the MLZ, Munich, Germany) has performed many MI-
SANS experiments at constant wavelength (Franz, Sdubert et
al., 2019; Franz, Soltwedel et al., 2019). The direct advantages
of a continuous source are an easier determination of the g
value at various points on the detector and, usually, an overall
higher neutron flux. However, a pulsed source can use the
modulation in the wavelength spread as a way of tuning the
length L., (Geerits et al., 2019). Additionally, the detector
simultaneously measures a wide range of Fourier times and ¢
ranges, leading to an efficient use of the different neutron
wavelengths. We measured g scans for ten Fourier times,
despite the relatively low scattering from the water sample.
This also means that the MI-SANS time can be changed
without retuning the RF flippers. A pulsed source still offers
some flexibility in terms of acquiring sufficient statistics
because the wavelength/time bins can be rescaled to include
more modulations, leading to a lower error in the fit (in our
case, each bin included 2000 points), although ultimately a
continuous source will have the maximum flexibility of
choosing each Fourier time measured.

The MI-SANS technique can be applied to many other
materials to measure the intermediate scattering function and
self-diffusion. Materials with diffusion ten times slower or 100
times faster than water could both be fitted with MI-SANS on
the Larmor instrument, as shown by the expected curves for
those materials in Fig. 6. The listed Fourier times can be
achieved by adjusting Aw within its tolerance on Larmor. The
q range could be expanded even more by adjusting the
detector position in the y direction and, with careful setup, the
Aw could be even larger. MI-SANS is especially useful in
hydrogenous materials, where conventional neutron spin echo
has limited polarization (Franz, Sdubert et al., 2019). Another
useful feature is that it can accept a wide variety of sample
environments, including strong magnetic fields (Kindervater et
al., 2015). One application we foresee is measuring the diffu-
sion of liquid neutron moderators. Their design depends on a
good understanding of their diffusion and they are often
hydrogenous (Iverson et al., 2018).

T(ps) D(m%s)
0.6} — 2000 2.5x107
200 2.5x10°
— 2 25x10° |
04}
3
S
(75)
0.2}
0 f
0 0.05 0.1 0.15 0.2
q (A7)
Figure 6

The range of diffusion constants that can be measured with the MI-SANS
technique on the Larmor instrument. The lines represent the maximum
(blue), minimum (red) and water (green) intermediate scattering
functions on the Larmor instrument set to the appropriate Fourier time 7.

As well as selecting a pulsed or continuous source, there are
also multiple options in choosing what type of neutron
analyser to use. In this experiment a *He analyser was used
instead of a supermirror. The *He cell has less background
scattering at low g than a supermirror but reduces the overall
polarization. Additionally, the *He cell’s neutron transmission
varies significantly across neutron wavelengths and the cell
must be repolarized several times throughout an average
experiment.

We have implemented this technique on an existing polar-
ized SANS instrument using the coils that were developed for
Larmor labelling (Geerits et al., 2019), and despite the good
agreement of the diffusion constant with other measurements,
several areas for improvement remain. First, the detector
causes a significant loss in the intensity modulation signal, as
the tubes are 0.8 cm diameter. This reduces the effective
timing resolution of the detector as the neutron velocity
decreases. Using measurements of detector transmission and
Monte Carlo modelling of neutron absorption in the detector,
we calculated a maximum visibility of 54% at 3 A, dropping to
~20% at 5 A. This visibility reduction is solely caused by the
detector. Visibility can be improved by utilizing a Cascade
detector with a gas electron multiplier (GEM) with a much
thinner active area (Kohli et al., 2016). Improvements to the
*He polarization of 60-70% in our setup are also possible, with
88+% now being achieved (Chen er al, 2014). It is also
possible to remove the time dependence by online pumping
(Boag et al., 2009; Parnell et al., 2015; Salhi et al., 2019).
Further gains in flux at the sample position are possible by
utilizing guides before the sample, although this is a
compromise between flux and g range as this will transport
more neutron divergence.

5. Conclusion

We have shown that the MI-SANS technique can be simply
applied to measure the intermediate scattering function and
self-diffusion constant across a wide range of Fourier time
scales. Applying this technique to water, we measured the
intermediate scattering function from g = 0.01 A to q =
0.18 A~! and at Fourier times from 74 to 570 ps. Fitting the
data to equation (8) yielded diffusion constants with an
average value of 2.45 +0.32 x 107" m*s ™!, an intermediate
point compared with other values reported in the literature.

Like other neutron techniques, there are distinct differences
between its application at a continuous source and a time-of-
flight source. The ease of tuning the MI-SANS frequency, the
simultaneous collection across many MI-SANS times and the
ability to rebin data in the analysis are all distinct advantages
of using a pulsed source. We envision the time-of-flight MI-
SANS technique that we have described here being used on
liquids in many sample environments.
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