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Abstract

The Neutron Spin Echo (NSE) variant MIEZE (Modulation of IntEnsity by Zero Effort), where all beam manipulations are per-
formed before the sample position, offers the possibility to perform low background SANS measurements in strong magnetic fields
and depolarising samples. However, MIEZE is sensitive to differences∆L in the length of neutron flight paths through the instru-
ment and the sample. In this article, we discuss the major influence of∆L on contrast reduction of MIEZE measurements and its
minimisation. Finally we present a design case for enhancing a small-angle neutron scattering (SANS) instrument at theplanned
European Spallation Source (ESS) in Lund, Sweden, using a combination of MIEZE and other TOF options, such as TISANE
offering time windows from ns to minutes. The proposed instrument would allow obtaining an excellent energy- andQ-resolution
straightforward toµs for 0.01 Å−1, even in magnetic fields, depolarising samples as they occurin soft matter and magnetism while
keeping the instrumental effort and costs low.
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1. Introduction

The Neutron Spin Echo technique (NSE) [1] in its different
variants is a unique method for measuring dynamic processes
in soft matter [2] and spin excitations in magnetic systems [3].
As it allows for the decoupling of the incoming wavelength
distribution and the energy resolution, typically values in the
neV to µeV regime can be reached. Contrary to backscatter-
ing NSE provides an excellentQ-resolution. There exist dif-
ferent methods for neutron spin echo measurements, namely
classical neutron spin echo (NSE) [1] and neutron resonance
spin echo (NRSE) [4]. The application of NSE and NRSE is
currently limited to measurements with dedicated instruments,
where neither the samples nor the sample environment may de-
polarise the beam.

A method similar to NRSE is the MIEZE (Modulation of In-
tEnsity by Zero Effort) [5] technique. As in MIEZE all spin ma-
nipulations are performed before the sample position it avoids
the complications operating with polarised neutrons in strong
magnetic fields or in a depolarising environment, like hydrogen
containing samples, which introduce spin-flips. It can easily
operate in any neutron scattering experiment with enough space
before the sample and a detector with nanosecond time resolu-
tion. This method invented by Gähler and Golub [5] has also
been demonstrated experimentally in the nineties for soft matter
samples [6, 7, 8, 9]. Recently we published MIEZE measure-
ments on the itinerant magnet MnSi in a magnetic field [10]
demonstrating the power of the method for magnetic applica-
tions.
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MIEZE is easily implemented as an option at many instru-
ments, provided a fast detector exists. It can add energy reso-
lution down to the sub-µeV region, mainly in the small angle
regime. This paper aims to develop the tools necessary for de-
signing a MIEZE option for a SANS instrument adding high
energy resolution to it.

2. Modulation of IntEnsity by Zero Effort (MIEZE)

MIEZE uses the first arm of an NRSE instrument, followed
by a polarisation analyser in front of the sample and a fast neu-
tron detector with ns time-resolution (see figure 1b). In the
following we use the wave packet description of the coarse
monochromatised neutron beam. For a detailed quantum me-
chanical description see [11]. While in NRSE, all coils are op-
erated at the same frequency [12] , in MIEZE, the two coils are
driven at different frequencies,ν1 = ω1/2π andν2 = ω2/2π,
with ν2 > ν1. This leads to an overcompensation of the energy
splitting of the spin up|↑〉 and spin down|↓〉 wave packets in
the second coil as shown in figure 1c. As|↑〉 and |↓〉 are now
propagating with different velocities, they are interfering only
at the specific distance

L2 =
L1

ω2/ω1 − 1
(1)

after the last coil. At this position, one obtains a time beating
signal depending on the difference of the two coil frequencies
(see figure 1a) of the form

I (t) = 1
2 I0(1+C · cosωM t), (2)

whereωM = 2 · (ω2−ω1) is the frequency difference of the two
NRSE coils. C = I+−I−

I++I−
is the contrast, which is given by the
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Figure 1: (a) A typical MIEZE signal at the detector position (see text for
details).(b) Schematic of a complete MIEZE setup, showing the polariser (P1),
the zero field of the MIEZE box (hatched) with twoπ-flipper coils (C1, C2), the
analyser (P2), the sample (S) and the detector (D).(c) Kinetic energy splitting
for the spin-down (ψ1) and spin-up (ψ2) states of the neutrons along the flight
path due to theπ-flipper coils. (d) Temporal delay∆t of the spin states along
the flight path. The splitting reaches its maximum after the second flipper coil
and vanishes at the detector position (after [10]).
Reprinted with permission from APS.©2011, American Institute of Physics.

ratio of the measured amplitudeA and the average intensityB
(figure 1a).

The MIEZE time, which is equivalent to the spin echo time
[12] is given by

τM =
~

mv3
ωMLS, (3)

whereLS is the distance between sample and detector. Similar
to time-of-flight methods, the time resolution obtained depends
on LS as seen in figure 1d.

The role of the polarisation in NSE and NRSE is now taken
by the contrastC of the time beating signal, which can be ex-
pressed as

C =
∫

dωS(ω) cos(ωτM). (4)

In analogy to NSE, a signal measured at a specific spin-echo
time τM is directly proportional to the intermediate scattering
function S(Q, τM). Thus a typical MIEZE experiment results
in the determination ofS(Q, τM)/Sel(Q, τM) over τM, where
Sel(Q, τM) is the signal of an elastic reference sample, usu-
ally graphite or the sample in a frozen state (like very low T
in the case of magnetic systems). For quasi-elastic experiments
with an assumed Lorentzian line shape of half-widthΓ, the nor-
malised intermediate scattering function is given by [12]

S(Q, τM)
Sel(Q, τM)

= exp(−Γ(Q)τM) . (5)

3. Path lengths in MIEZE

The MIEZE method is closely related to TOF methods and
therefore sensitive to path length differences∆L. ∆L increases
for largerQ. Therefore, the two different spin states interfere
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Figure 2: The scattering geometry: A parallel beam of neutrons is scattered by
the whole sample volume under the angleΘ.

less with each other leading to a reduction in the contrastC.
The path length differences originate from different parts of the
MIEZE setup and can be expressed by

C = RCoils · RSample(geometry,Θ,Λ) · RDetector(Λ) · C0, (6)

whereΘ is the scattering angle,Λ = 2πv/ωM the ratio of neu-
tron velocity and angular frequency of the time-beating signal,
i.e. the path length of one oscillation, and “geometry” denotes
the sample geometry.RCoils contains the contrast reduction in
the coil systems in front of the beam.RCoils is mainly deter-
mined by the performance of the flipper coils and the perfection
of the zero field shielding around the system.RDetectortreats the
loss of contrast due to the thickness of the detector. Depending
on the interaction depth of the neutrons in the detector, theflight
paths of the neutrons are different, thus reducing the contrast of
the intensity modulation. As an example, the instrument MIRA
[13] at the FRM II will use a CASCADE detector [14, 15] with
2µm thick neutron detection planes. Therefore,RDetector is ap-
proximately 1.

The reduction factorsRCoils andRDetectordepend only on in-
strument specific parameters, therefore they can be determined
by experiment or theoretical calculations independently of a
specific sample.

In contrast,RSampledepends both on the geometry of the ex-
periment and the sample and needs to be treated separately for
each experiment. While Hayashida et al. [16] determined this
reduction factor through Monte-Carlo simulations, we present
here analytical formulae, which can be calculated faster and
provide more insight into the influence of different sample ge-
ometries onC. For simplicity we neglect here the influence
of the divergence in the beam, as it anyhow is for SANS quite
small.

The path length difference∆L caused by scattering of a par-
allel incoming beam in a sample at two different positions of
interaction separated byr (see figure 2) is given in first order
by [17]

∆L(r) =

(

ki

|ki|
− kf

|kf |

)

· r. (7)

This corresponds to a phase shift of∆φ(r) = ωM∆L(r)/v =
2π∆L(r)/Λ, whereΛ, as defined above, is the path length for a
single oscillation. Integrating over the total sample volumeV
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Figure 3: Definition of the dimensions of different sample shapes.

yields

C =

∫

dωS(ω)
1
V

∫

Sample
d3r cos(ωτM + ∆φ(r))

=

∫

dωS(ω)
1
V

∫

Sample
d3r

(

cos(ωτM) cos∆φ(r) −

sin(ωτM) sin∆φ(r)
)

. (8)

For the LorentzianS(ω) assumed earlier, the sin-term vanishes
when integrating overω and the integration separates into

C =
1
V

∫

Sample
d3r cos∆φ(r)

︸                  ︷︷                  ︸

RSample

∫

dωS(ω) cos(ωτM)

︸                    ︷︷                    ︸

C0

. (9)

From this equation and the geometry given in figure 2 we
can derive the correction factor for different sample shapes,
with the dimensions given in figure 3:

1. Sphere with radiusr:

R(r,Θ,Λ) =
3Λ3

64π3r3

sin
(

4πr
Λ

sin Θ2
)

sin3 Θ
2

−
3Λ2 cos

(
4πr
Λ

sin Θ2
)

16π2r2
.

2. Cylinder with radiusr:

R(r,Θ,Λ) =
Λ

2πr

J1

(
4πr
Λ

sin Θ2
)

sin Θ2
,

where J1 is the Bessel function of the first kind. The
heighth of the cylinder – as it is oriented perpendicular to
the scattering plane – does not affect the reduction factor
R for a parallel incoming beam.

3. Cuboid with thicknessd and widtha:

R(d, a,Θ,Λ) =
Λ2

4π2da

sin
(

2πa
Λ

cosΘ2 sin Θ2
)

sin
(

2πd
Λ

sin2 Θ
2

)

sin3 Θ
2 cosΘ2

.

As for the cylinder the reduction factor R does not depend
onh.

4. Disk with thicknessd and radiusr:

R(d, r,Θ,Λ) =
Λ2

4π3dr2

sin
(

2πd
Λ

sin2 Θ
2

)

sin3 Θ
2 cosΘ2

·

∫ r

−r
dz sin





2π
√

r2 − z2

Λ
sinΘ
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Figure 4: TheQ, τM parameter space for a MIEZE instrument withλ = 10Å,
and a cuboid sample witha = 10 mm andd = 1 mm. The lines indicate where
the contrast for different sample configurations is reduced to 50% and 30%.
The sample is either not rotated at all, or rotated by half thescattering angle
with respect to two different positions atΘ = 0.

By rotation of any plate-like sample (cuboid or disk) byΦ =
Θ/2− π (called “counter-rotation”, see figure 4), one obtains:

R(d,Θ,Λ) =
Λ

2πd

sin
(

2πd
Λ

sin Θ2
)

sin Θ2
.

This results in a much slower decrease ofR with increasingΘ
asR depends only ond, the thickness of the sample, which can
be made small.

In figure 5 the reduction factorRSampleis plotted versusQ =
4π
λ

sin Θ2 for different geometries of the sample. It becomes ob-
vious that differences are only important for largerQ values,
and that there are large differences between different sample
shapes.

In figure 4 the effect of sample rotation for measurements
on cuboidal samples is demonstrated. The accessible parameter
space inQ andτM can be enlarged when turning the sample by
half the scattering angle, in the right direction.

These theoretical predictions were tested for a cuboid of
thicknessd = 5 mm and widtha = 25 mm using the MIEZE
setup at FRM II [10] and a very good agreement for variousτM

is obtained as shown in figure 6.
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Figure 5: The reduction factorRSamplefor different geometries with the same
sample volume of 100 mm3. It is calculated for the instrument parameters of
MIRA with a wavelengthλ of 10.4 Å.L1 is 1 m, andLS is 0.8 m.ωM is 2π ·200
kHz, corresponding toτM = 1.15 ns. The scattering geometry is defined as
shown in figure 2.

4. High resolution MISANS at ESS

From the discussion above it becomes clear that the MIEZE
technique is particularly well suited for measurements in the
small angle regime as for lowQ the contrast reduction due to
the path length differences is less severe. Therefore a combina-
tion of a time-of-flight SANS instrument with a MIEZE option
(MISANS) would allow for high resolution measurements both
in energy- and Q-space. The MIEZE principle at a time-of-
flight source was recently demonstrated at the chopped CG-1D
beam at HFIR at the Oak Ridge National Laboratory [18].

Equations (1) and (3) demonstrate that the different instru-
ment design parameters are correlated. IfL2 is replaced by
L2 = LC + LS, whereLC is the distance between the last coil
and the sample (see figure 1b), one obtains

τM =
2~ω1LSL1

mv3(LS + LC)
. (10)

This equation now allows for trading off different instrument
designs if one defines the maximum range of Spin-Echo times.

Current NSE measurements are performed up to 1µs [19]
and are a benchmark for new spin echo beam lines. Consid-
ering typical SANS setups as proposed for long-pulse spalla-
tion sources such as the ESS [20] a zero-field region can be
added to the 20 m long collimation section, with a coil dis-
tance, for example,L1 = 15 m, a coil-sample distanceLC = 5 m
and a sample-detector distanceLS = 10 m. For neutrons with
λ = 20 Å, which is a typical wavelength used in NSE for high
resolution measurements, the remaining free parameter in eq.
(10) is ω1. To achieveτM = 1µs with this setup, the coils
have to be driven atω1 = 2π · 1 MHz andω2 = 2π · 2 MHz so
thatωM = 2π · 2 MHz. This can be obtained with current coil
designs: RF coils that can be driven at these frequencies are
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Figure 6: The reduction factorR versusQ for a cuboid of widtha = 25 mm
and thicknessd = 5 mm compared to measured values ofR on the instrument
MIRA with a wavelengthλ of 10.4 Å. L1 is 1 m, andLS is 0.8 m.ωM ranges
from 2π · 46 kHz to 2π · 200 kHz, yielding a MIEZE timeτM from 0.26 ns to
1.15 ns, respectively.

in commissioning at the instruments RESEDA [21] and TRISP
[22] at FRM II.

For these instrument parameters, aτM–Q parameter space
is opened as shown in figure 7 for cuboid samples of several
sizes. MIEZE times of 1µs are achieved up toQ = 5×10−3 Å−1

for samples with a width of 5 mm and a thickness of 2 mm. The
largest spin echo times are available for smallQ, which matches
the requirements of measuring quasi-elastic dynamics, i.e. very
slow relaxation processes as they are expected for large scale
structures, for example in soft matter and magnetic materials
with novel topological structures.

We do not discuss theQ resolution of such an instrument
here, as it is mainly defined by∆λ/λ, which is already small
at a pulsed source,≈ 3% at the ESS as discussed in [20], and
by the beam divergence, which will also be excellent for sucha
long collimation section.

In conclusion, we propose to rather dramatically enhance
the capabilities of a SANS beam line at the ESS with differ-
ent options to obtain in parallel information on structureand
dynamics, especially in magnetic fields. These options can be
MIEZE, TISANE [23] and stroboscopic SANS [24]. The latter
two are basically available free of charge with the fast time-
resolving detector for MIEZE. They will cover the time domain
from nanoseconds to minutes. Such an instrument based on ex-
isting technology would open new perspectives for researchin
magnetic systems and soft matter. It would offer an excellentq-
resolution and at the same time allow to measure the dynamics
on a wide range of time scales1, competitive to NSE or NRSE
instruments. It would also be much cheaper and easier to build
due to the reduced effort in magnetic shielding. Furthermore it

1Strictly speaking, stroboscopic SANS and TISANE are only able to resolve
dynamics stimulated by a periodic signal, whereas MIEZE hasthe potential
to observe the dynamics in thermal equilibrium through the interaction of the
neutrons with the system.
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allows to use modern focusing neutron optics in any part of the
instrument, enhancing the intensity at the sample.
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Figure 7: TheQ, τM parameter space for a MISANS instrument at the ESS,
assuming a fixed cuboid sample of several different widthsa and a thickness of
b = 2 mm. It is shown where the contrast for the different samples is reduced
to 50% (the dashed lines), or to 30% (the solid lines).
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