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Abstract

®

CrossMark

We report on a method to tune the focal length of high resolution neutron MIEZE
spectrometers. The MIEZE technique relies on a fast sinusoidal neutron intensity modulation
up to the MHz range, generated by the rotation of the neutron spin in radio-frequency spin
flippers, and subsequent conversion to an intensity modulation by a spin analyzer. This
intensity modulation is washed out due to the neutron velocity dispersion, but by proper
choice of the spin rotation frequencies as well as the distances between sample, detector and
spin flippers, a focal point in space appears (echo point), where the neutron detector is placed.
In this work, we describe how to extend the dynamic range of the MIEZE technique by several
orders of magnitude by introducing a field subtraction coil (NSE coil), such that at low energy
resolution a good overlap with conventional spectroscopy techniques is achieved. All formulas
for calculating the tuning parameters and an experimental example from the RESEDA
spectrometer at the Heinz Maier—Leibnitz Zentrum (MLZ) are discussed.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Modulation of intensity with zero effort (MIEZE) is a neutron
spectroscopy technique with high energy resolution, closely
related to the established neutron spin echo (NSE) method.
The essential feature of MIEZE is an intensity modulated
neutron beam with a focal point (echo point) several meters
downstream the sample. Only in a narrow range around the
focal point the intensity modulation is visible, otherwise it
is washed out due to the relatively broad velocity bandwidth
(typical Av/v ~ 0.1). The contrast of the intensity modula-
tion at the focal point depends on the velocity changes of the
neutrons upon scattering off a sample. This intensity contrast
is related to S(Q, 7), the Fourier transform of the scattering

Original content from this work may be used under the terms of the Creative
Commons Attribution 3.0 licence. Any further distribution of this work must

maintain attribution to the author(s) and the title of the work,
BY

journal citation and DOI.

1361-6501/20/035902+6$33.00

function S(Q, w). Using a broad velocity band is desirable for
optimizing intensity, and it is possible as the modulation con-
trast of the energy resolution is decoupled from the neutron
velocity.

The key components of a MIEZE spectrometer are two
radio-frequency spin flippers (RSF4 g in figure 1) which gen-
erate a rotation of the neutron spin. This rotation is converted
into an intensity modulation in the analyzer (A) upstream the
sample.

Thus MIEZE is insensitive to spin depolarising (e.g. magn-
etic) samples, as well as depolarising sample environments,
such as magnetic fields. This includes ferromagnetic samples,
and samples containing hydrogen or other incoherently scat-
tering isotopes.

One drawback of the MIEZE technique so far was that the
resolution range is quite limited due to the fact that the fre-
quency range of the RSFs is limited: the maximum frequency
(currently ~4 MHz) is given by the field homogeneity in the

© 2019 IOP Publishing Ltd  Printed in the UK
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Figure 1. Schematic representation of a minimal MIEZE setup as used for the calculation comprising an analyzer (A), two radio-frequency
spin flippers (RSF4 and RSFp), a field subtraction (NSE) coil and a detector. Distances and flight times used for the calculations are given in

the plot.

RSFs and the radio-frequency power; the minimum frequency
(~30kHz) is given by the ratio of static to radio-frequency
fields in the RSFs, similar to the Bloch—Siegert shift in nuclear
magnetic resonance [1, 2].

RSFs were first used in NRSE (neutron resonant spin echo)
spectrometers [3] where both the DC field B and the radio-
frequency field B; were chosen perpendicular to the neutron
beam direction. This so-called transverse geometry, has the
disadvantage that the neutron beam has to penetrate 6 mm of
anodised aluminium winding for each Bo—field coil [4]. To
avoid transmission losses, this winding has to be thin and thus
the maximum By field is limited by heating. Aligning the By
field parallel to the beam axis was first proposed by Hiussler
et al [5]. This longitudinal geometry has the advantage that the
By coils are solenoids, where the neutron beam passes along
the coil axis and suffers no losses. The radio-frequency field
B, in this longitudinal geometry is also perpendicular to the
beam, such that the neutron beam passes through the winding
of the radio-frequency coil. This winding consists of 0.2 mm
thick pure aluminium and generates negligible transmission
losses.

Due to the aforementioned frequency limits and the given
spacing between coils, sample, and detector the resolution
range is limited. By introducing an additional DC coil (NSE
coil, figure 1) in between the RSFs the resolution range is sig-
nificantly extended. This coil is also a solenoid, with field axis
parallel to the neutron beam. It effectively subtracts field int-
egral and thus increases the resolution range to short Fourier
times (Tviezg) by several orders of magnitude [S]. This addi-
tional range is shown as a grey bar in figure 2.

The large dynamical range allows to track the dynamics
of quasi-elastic fluctuations over many orders of magnitude,
including critical dynamics in ferromagnets, and diffusion
processes of proteins and hydrogen. It further helps to generate
an overlap in energy resolution with conventional spectro-
meters, which is typically in the left limit of the grey range

of figure 2. The technical implementation of the NSE coil is
especially simple in the longitudinal geometry (LMIEZE),
since in this case the B fields and the field of the NSE coil
are parallel, thus minimizing fringe fields and retaining a good
field homogeneity.

In the following sections, we discuss the tuning condi-
tions for LMIEZE with additional NSE coil and calculate the
intensity contrast and the width of the focal region. We also
derive the dependence of the intensity contrast on the current
in the NSE coil. These results are compared to data recorded
using the LMIEZE option of the resonant spin echo spectro-
meter RESEDA [6, 7] at the Heinz Maier—Leibnitz Zentrum
in Garching, Germany.

2. Derivation of the MIEZE tuning condition

We will start by deriving the MIEZE tuning condition [8, 9]
for a MIEZE setup with field subtraction coil. The most intui-
tive way is by looking at the neutron spin phase at the detector.

Assuming that at a time #; the phase of the neutron preces-
sion is ®y = 0, we can track the phase of the neutron spin
throughout the entire spectrometer.

Figure 1 shows a simplified sketch of a longitudinal MIEZE
[10] setup with its most essential components: the analyzer
(A), the radio-frequency spin flippers [3] (RSF4 and RSFg),
the field subtraction coil [5, 11], the sample, and the detector.
Guide fields and 7/2—Aflippers are not shown, since they are
not relevant for the calculations performed here. The guide
fields add another small term analogous to the NSE coil to the
derivation, however this term can be included into the NSE
coil contribution. For a more technical description of a longi-
tudinal NRSE setup, the reader is referred to literature [6, 12].

A neutron with polarisation along the z—direction
(perpendicular to the DC field By of the RSFs) passing
through the RSF, will accumulate a precession phase of

O = 2wrsrlg + wRSF% — &, where wgsr is the frequency of
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Figure 2. Representation of dynamical range achieved with MIEZE. The field subtraction method increases the dynamical range

significantly (grey regime).

the RSF, d is the thickness of the flipper, and v is the neutron
velocity. equation (1) shows the phases of the neutron spins at
the points in time (and space) indicated in figure 1. Here Ly,
and ¢, correspond to the different distances and times indi-
cated in figure 1 (A: RSF,4, B: RSFg, S: sample, D: detector)
respectively, v is the gyromagnetic ratio of the neutron, and
Bnse and Lysg are the magnetic field strength and the length
of the NSE coil respectively. Aw = wj, — w, corresponds to
half the modulation frequency of the intensity.

A =1 (I)A:(DO:O

ta =ty + 94 D = 2wty + wad

Ar = 1A v A7 wWala wAv

tB:tA"‘% QBZZWAIA+WA%+M

ty = 1 + 2R Py = 2wptp + wpd — O
= d d+Lyp _ yBxseLnse
—2ZAAUJ+‘,AUJ+20J3 VAB :
:(I)D

(H

t4 can be replaced with the time at which the neutron arrives
at the detector:
L L 2d
tp =14+ -2 B0 2 )
v v v
where Lpp = Lps + Lsp. Simplifying the expression for ®p,
leads to:

dp = 2Awtp + % (—ZAWLBD + 2wy (LAB + 2d) — 'YBNSELNSE) .
3)
To recover the full intensity contrast at the detector, the
detector is placed at the echo point, where all velocity
dependent terms are zero. This equation can then be rear-
ranged to give the MIEZE condition for a MIEZE setup with
field subtraction coil:

Aw _ Lap+2d  yBnselnsk
wa Lgp

ZwALBD ’ (4)

This expression differs from the MIEZE condition
without NSE coil [8, 9] only by the subtraction of the term
(vBnseLnsg) / (2waLgp). Examining the MIEZE condition in
detail, it becomes clear that for a fixed lower frequency wy of
35kHz ( [1]), Aw/wa will decrease steadily with decreasing
Aw. To fulfill the MIEZE condition for decreasing Aw,
Lap/Lpp needs to decrease/increase. This is technically fea-
sible for certain values of Aw, however, when keeping Lsp
constant, Lgp needs to increase to 6.55 km to still fulfill the

MIEZE condition for Aw = 10 Hz. This Aw is well acces-
sible with the NSE coil at RESEDA (L 5 = 1.87 m).

The NSE coil at RESEDA consists of 5 layers in a so-
called optimal field shape (cos?) geometry [13]. It produces
a field integral up to 5.45 mTm at a current of 2.2 A, which
is sufficient to fully compensate the field integral produced in
the precession zone for wy = 35 kHz. The homogeneity for a
neutron beam with 40 mm width is 613 ppm [14].

3. Focal width of the echo group

3.1. As a function of NSE current

Using the expression for ®p derived above we will now calcu-
late the MIEZE contrast as a function of the field subtraction
coil current, which we will use as a starting point to derive the
focal width of the echo group in real space. It needs to be men-
tioned here that the derivation above was performed under the
spin echo approximation, which requires energy transfers
that are much smaller than the neutron energy (Av < v).
Furthermore, the scattering function S(Q,w) needs to be sym-
metric. For large energy transfers of the order of the neutron
energy (1-5 meV for cold neutrons), the spin echo approx-
imation breaks down. For a thorough discussion on the con-
sequences of the break down of the spin echo approximation
the reader is referred to [15]. Starting from equation (3), and
using the de Broglie wavelength [16], we can write ®p as a
function of A instead of v:

A
q)D = 2tDAO.) + m

(=2AwLpp + 2wa(Lag + 2d) — yYBnseLnsk) -
)
For simplicity we substitute from now on: a=
% (—ZACU Lgp + 2wy (LAB + Zd) - ’YBNSELNSE)-
The intensity contrast for MIEZE measurements is defined
analogously to the polarisation in classical NSE [17]. When
splitting ®p in terms depending on A and A—independent

terms, the contrast can be written as:
oo
C = (cos(p)) = / FON) cos(@p)dA
— 00

= / N cos(2pAw + - A)dA (6)

where f(\) is the incoming wavelength distribution. Using
the addition theorem cos(a + 8) = cos(a) cos(8) = sin(«) sin(8)
the cosine term can be split.

Since the integral does have symmetric boundaries, the
integral over the sine term will give zero. Therefore:



Meas. Sci. Technol. 31 (2020) 035902

J K Jochum et al

AL (m)
-10 -5 0 5 10 0.20 L
0.75f fuieze = 1464Hz ' : (b): 1
" I
0.50 1 1
0.15F 1 1
o 0.25 Z : | {10°
© - 1 1
S 0.00[ ettt N = 0.10f ! il
8 0.25 E : A A : 1
—0.25} : AA AA  AMMMAMMMDS A A A 1],
e data 0.05 1 1 110
—0.50} envelope : ' A :FWHM (A) :
calculation :FWHM (m) :
—0.75 , . . . L 0.00 L . . 1102
1.5 1.6 1.7 1.8 1.9 10° 10! 107

NSE current (A)

fmieze (kHz)

Figure 3. (a) Oscillatory intensity modulation for a modulation frequency of 1464 Hz for one arbitrary chosen time ¢ = 0 depended on the
scanning current or real space length, respectively. The envelope of the intensity modulation is the contrast C. The measured contrast is in
perfect agreement with the calculated curve [6, 7]. (b) Full width at half maximum (FWHM) of the envelope of the echo group shown in (a)
for various frequencies dependent on the scanning current (left y-axis) or real space length (right y-axis). Data points show the fitted data,
solid lines show the analytical calculation. Note that the width of the echo group stays constant versus the scanning current, but drastically
shrinks in real space.
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Figure 4. (a) and (b) Envelope of the echo group for two different modulation frequencies together with the location of the detector foils
in real space (coloured dashed lines). For the low frequency in (a) the group is visible with full contrast on all foils, whereas for the high

frequency in (b) full contrast can only be recorded on one detector foil.

A scan where the echo group is moved through the whole detector

stack using the field subtraction coil is shown in (c) at a medium frequency.

C = cos(2tpAw) / f(A)cos(a-N)dA @)
f(X) is defined by the velocity selector and takes the shape of
a triangular A(A — \g) pulse centred around a central velocity
corresponding to Ag. Per definition A(A — Xg) is zero outside
the pulse boundaries [Ao—pAg; Ao + pAol-

Ao+pAo
C = cos(2tpAw) / AN = Xg)cos(a-A)dA. (8)

Ao—pAo

Since we want to keep the integral boundaries symmetric,
we perform the following variable transformation: x = A — g
giving the new boudaries: [—pAo; pAol

PXo

C = cos(2tpAw) / A(x)cos (a- (x4 No)) dx.

2\

C))

Using again the cosine sum rule as well as the fact that a
symmetric integral over a sine is zero, this yields:

PAo
A(x) cos (a - x) dx. (10)

—pXo

C = cos(2tpAw) cos(Aga)

The integral over the wavelength distribution needs to be
1 (per definition). To ensure this, a pre-factor of 1%0 needs to
be added:

PAo
A(x) cos (a - x) dx.
(1)
The integral over the triangular pulse can be solved by
splitting it the following way:

1
C = — cos(2tpAw) cos()\oa)/

- PAo —pXo

1 0 X
C = — cos(2tpAw cosAa/ (1+—)c05 a-x)dx
o co@mawcosaa) [ (14 5 ) conan)
PAo X
+ 1— — ) cos(a-x)dx.
/o ( P)\o) (a-x)

12)
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Solving the integral for a triangular wavelength band yields
the sinc? shape of the MIEZE contrast, with sinc(x) = sin(x) /x:

C= 1 cos(2tpAw) cos(Mga) | pAo - sinc? a-pho .
p)\o 2
(13)

C = cos(2tpAw) cos()\o}tn"

(—2AwLpp + 2wa(Lap + 2d) — vBnseLnsg))

- sinc? ("’\thm (—2AwLpp + 2wa(Lap + 2d) — vBNSELNSE)> .
(14)
The magnetic field of a solenoid is proportional to the
coil current: Bnsg = bInsg. For the NSE coil at RESEDA
b=545/2.2 Gm AL Figure 3(a) shows the calculated
contrast (equation (14)) as a function of Insg together with
data measured at RESEDA, for a low modulation frequency
of 1464 Hz deep in the subtraction regime. The decompo-
sition of the signal into cosine oscillations (grey) and sinc?
envelope (red) can clearly be distinguished in the plot. The
figure further shows the excellent agreement between data
taken at RESEDA (black) and the calculation. Determining
the FWHM of the envelope sinc? function, gives the width of
the echo group as a function of Insg.

3.2. As a function of real space position

Having calculated the focal width of the echo group as a func-
tion of NSE current it is now possible to calculate its focal
width in real space. From equation (14) and figure 3(a) it is
clear that the contrast consists of a cosine oscillation envel-
oped by a sinc? function. The period of oscillation of the
cosine, can be written as: (2wh)/(mAvyb). This period of oscil-
lation is equivalent to the period in real space. The oscillation
period in real space can be derived using a few simple con-
siderations: the distance travelled by a neutron with a speed
v =~h/(vA) [16] during one oscillation is: (hm)/(mAAw).
Comparing this to the period in current allows to extract a con-
version factor between NSE current and real space position:
I = (bInsgy)/(2Aw). This conversion factor was applied to
the lower x-axis of figure 3(a), to extract the width of the echo
group in real space (upper x-axis). When determining the
FWHM of the envelope function for all available modulation
frequencies it can be seen, that the FWHM stays constant as
a function of current, while it decreases linearly as a function
of real space length (see figure 3(b)). However, the number
of oscillations within the envelope is constant for both cases.
The number of oscillations depends on the width of the wave-
length band alone. For a wavelength band of 11.7% 17 oscil-
lations fit inside the sinc? envelope.

4. Comparison with experiment

This difference in behaviour has several technical implications:

One consequence of the change in focal width of the
echo group in space can be seen in figures 4(a) and (b). A
possible detector option for a MIEZE setup is a CASCADE
[18] detector with up to 8 detection foils. Here, the separation
between the GEM detection foils (in real space, upper x—axis)

in such a detector is shown together with the envelope of the
echo group for two different modulation frequencies. It can be
seen that for low modulation frequencies all foils lie within
the maximum of the echo group and a usable maximum
intensity contrast is detectable on all foils. However, for high
modulation frequencies only one foil lies at the maximum of
the echo group, where full contrast can be observed, the other
three foils lie (partially) outside the echo group. This means,
that only foil 1 (blue dashed line) will register the maximum
possible contrast, while foil 2 (orange dashed line) will show
areduced contrast, and foil 3 (green dashed line) will not reg-
ister any contrast anymore. The remaining foils lie outside
the measurement window. The reduction of the focal width of
the echo group in space leads therefore indirectly to a loss in
detector efficiency.

It is important that this is taken into account during data
reduction to avoid a loss in contrast by evaluating foils that no
longer show a significant signal. This challenge has recently
been overcome by the newly developed MIEZEPY software
[19].

The reduction of the focal width of the echo group in
space plays furthermore an important role in detector choice
and design for MIEZE experiments, since detector efficiency
strongly depends on the foil distance and foil thickness. To
maximise efficiency up to high Fourier times it is necessary
to minimize the distance between the detection foils. For the
CASCADE detector at RESEDA the distance between foils
varies between 4.5 mm and 6.9 mm. The thickness of the con-
version layers was chosen to be around 1 pm. Keeping the con-
version layer thickness low permits to reach highest Fourier
times without losing contrast due to averaging of the signal
across one single foil. If the size of the focal width of the echo
group approaches the thickness of the conversion layer the
signal across the layer will not be constant anymore and the
contrast will therefore be smeared out. For example a FWHM
of 10 pm of the focal width would correspond to a modula-
tion frequency of approximately 275 MHz and a Fourier time
greater than 1 ps. This detector limit lies far beyond the reach
of what is possible with state of the art MIEZE setups, where
the modulation frequency is currently limited to values below
10 MHz due to other constricting factors such as for example
read out speed of the time channels.

In a standard LMIEZE setup, the frequency ratio (see
equation (4)) is chosen such that the echo point lies slightly
downstream the GEM foils [18], so a small amount of cur-
rent is always needed to move the group towards the sample,
onto the foils. The reason for this is twofold: a small field
in the NSE coil will on the one hand act as an additional
guide field through the spectrometer and help prevent loss
of polarisation. On the other hand, this configuration simpli-
fies the tuning procedure of the MIEZE setup since the echo
group can be moved through the entire detector by varying
the NSE coil current. Figure 4(c) nicely illustrates this proce-
dure: when increasing the current in the NSE-coil, the echo
group will first move onto the rearmost foil (red) and then to
the adjacent foils (green, orange) until it reaches the foremost
foil (blue) and exits the detector again. Using this procedure
it is possible to place the maximum of the echo group such
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that it is centred on the first and most sensitive GEM foil of
the detector [18]. Positioning the maximum of the echo group
precisely is of paramount importance, since, as mentioned
above the conversion layers of the detector are very thin and
an imprecision will lead to a loss in contrast. Furthermore,
the fact that the width of the echo group does not vary as a
function of current permits to tune the setup with the same
precision for high or low frequencies (long or short Fourier
times), without depending on the setting accuracy of the
power supply. This means that tiny jitters that are coupled to
the setting accuracy of the power supply (<0.05%), will not
become more significant for larger Fourier times, since the
focal width of the echo group stays constant as a function of
NSE current.

5. Conclusion

We have derived the MIEZE condition including a NSE field
subtraction coil. Furthermore, an expression for the inten-
sity contrast as a function of the NSE current was obtained.
This led to the determination of the focal width of the echo
group in real space. Good agreement was found between the
derived contrasts and experimental data taken at RESEDA.
The fact that the focal width of the group does not change
as a function of NSE coil current has important implications
for detector efficiency and instrument tuning. These calcul-
ations and their agreement with experiment give a recipe
for the tuning of a MIEZE spectrometer. Good stability
and reproducibility are achieved with modest requirements
on the stability of the power supplies. The introduction of
such an NSE coil both facilitates the instrument tuning
and significantly increases the dynamical range of MIEZE
spectrometers.
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