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Abstract
(@)

O\l The Neutron Spin Echo (NSE) variant MIEZE (Modulation ofEnsity by Zero Hort), where all beam manipulations are per-
— formed before the sample positiorffers the possibility to perform low background SANS measgmisin strong magnetic fields
= and depolarising samples. However, MIEZE is sensitive fiedinces\L in the length of neutron flight paths through the instru-
ment and the sample. In this article, we discuss the majardnfie ofAL on contrast reduction of MIEZE measurements and its
OO minimisation. Finally we present a design case for enhanaiamall-angle neutron scattering (SANS) instrument aptaened
European Spallation Source (ESS) in Lund, Sweden, usingrication of MIEZE and other TOF options, such as TISANE
=" offering time windows from ns to minutes. The proposed instnm®uld allow obtaining an excellent energy- a@etesolution

% straightforward taus for 0.01 A1, even in magnetic fields, depolarising samples as they dge@aft matter and magnetism while
keeping the instrumentatiert and costs low.
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() 1. Introduction MIEZE is easily implemented as an option at many instru-
(7) The N Spin Ech hni NSE) 111 in itefel ments, provided a fast detector exists. It can add energy res
>, 'ne Neutron Spin Echo technique (NSE) [1] in it§féfent ,iion down to the sulpeV region, mainly in the small angle
_c— variants is a unique method for measuring dynamic processgggime. This paper aims to develop the tools necessary for de

©_in soft matter [2] and spin excitations in magnetic syste8}s [ gjgning a MIEZE option for a SANS instrument adding high
—IAs it allows for the decoupling of the incoming wavelength energy resolution to it.

distribution and the energy resolution, typically valuesthe
‘;l neV toueV regime can be reached. Contrary to backscatter- _ _
ing NSE provides an excellei@-resolution. There exist dif- 2. Modulation of IntEnsity by Zero Effort (MIEZE)

ferent methods for neutron spin echo measurements, namely \|EZE uses the first arm of an NRSE instrument, followed
L) classical neutron spin echo (NSE) [1] and neutron resonanagy a polarisation analyser in front of the sample and a fast ne
« spin echo (NRSE) [4]. The application of NSE and NRSE istron detector with ns time-resolution (see figure 1b). In the
N~ currently limited to measurements with dedicated instmisie  fo|lowing we use the wave packet description of the coarse
o where neither the samples nor the sample environment may dgronochromatised neutron beam. For a detailed quantum me-
— Polarise the beam. . . chanical description see [11]. While in NRSE, all coils ape 0

A method similar to NRSE is the MIEZE (Modulation of In-  erated at the same frequency [12] , in MIEZE, the two coils are

- = tEnsity by Zero Eort) [5] technique. As in MIEZE all spinma-  griven at diferent frequencies;; = wi/2r andv, = wy/2n,
— nipulations are performed before the sample position itd®/0 with y, > v,. This leads to an overcompensation of the energy
>< the complications operating with polarised neutrons ior&r  spjitting of the spin ug?) and spin dowri}) wave packets in
E magnetic fields or in a depolarising environment, like hg#no  the second coil as shown in figure 1c. As and|l) are now

containing samples, which introduce spin-flips. It canlgasi propagating with dferent velocities, they are interfering only
operate in any neutron scattering experimentwith enougbesp at the specific distance

before the sample and a detector with nanosecond time resolu L

tion. This method invented by Géhler and Golub [5] has also L= — 2+ 1)
been demonstrated experimentally in the nineties for saften wz/w1 —1

samples [6, 7, 8, 9]. Recently we published MIEZE measureafter the last coil. At this position, one obtains a time baat
ments on the itinerant magnet MnSi in a magnetic field [10]signal depending on theftiéirence of the two coil frequencies
demonstrating the power of the method for magnetic applica¢see figure 1a) of the form

tions.
1(t) = 310(1 + C - coswwmt), (2)
Email addressCorresponding author: wherewy = 2- (w2 — wy) is the frequency dierence of the two
Robert . Georgii@frm2. tun.de (R. Georgi) NRSE coils.C = :;:: 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 polarBg, (
the zero field of the MIEZE box (hatched) with tweflipper coils (G, Cy), the
analyser (B), the sample (S) and the detector (). Kinetic energy splitting
for the spin-down 1) and spin-up y>) states of the neutrons along the flight
path due to ther-flipper coils. (d) Temporal delayAt of the spin states along
the flight path. The splitting reaches its maximum after #eosd flipper coil
and vanishes at the detector position (after [10]).

Reprinted with permission from AP$?2011, American Institute of Physics.

ratio of the measured amplitudeand the average intensig
(figure 1a).
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Figure 2: The scattering geometry: A parallel beam of newstie scattered by
the whole sample volume under the an@le

less with each other leading to a reduction in the coniast
The path length dierences originate from fierent parts of the
MIEZE setup and can be expressed by

C = Rcoils - RSampIe{geometryG)’ A) : RDetecto'(A) - Co, (6)

where@ is the scattering anglé\ = 27v/ww the ratio of neu-
tron velocity and angular frequency of the time-beatingalg
i.e. the path length of one oscillation, and “geometry” deso
the sample geometnRc,iis contains the contrast reduction in
the coil systems in front of the beankc,;s is mainly deter-
mined by the performance of the flipper coils and the perdecti
of the zero field shielding around the systdReteciortreats the
loss of contrast due to the thickness of the detector. Dapgnd

The MIEZE time, which is equivalent to the spin echo time on the interaction depth of the neutrons in the detectof]ititet

[12] is given by
3

—wwmls,

m\3

™ =

paths of the neutrons arefiéirent, thus reducing the contrast of
the intensity modulation. As an example, the instrument MIR
[13] at the FRM Il will use a CASCADE detector [14, 15] with

whereLs is the distance between sample and detector. Simila2um thick neutron detection planes. TherefdR8etectoriS ap-

to time-of-flight methods, the time resolution obtained elegs
onlLs as seen in figure 1d.

proximately 1.
The reduction factorBcojis andRpetectordepend only on in-

The role of the polarisation in NSE and NRSE is now takenstrument specific parameters, therefore they can be detedmi

by the contras€ of the time beating signal, which can be ex-

pressed as

C= f dw S(w) cos). (4)

by experiment or theoretical calculations independentiya o
specific sample.

In contrastRsampledepends both on the geometry of the ex-
periment and the sample and needs to be treated separately fo

In analogy to NSE, a signal measured at a specific spin-ech@ach experiment. While Hayashida et al. [16] determines] thi
time 7y is directly proportional to the intermediate scatteringréduction factor through Monte-Carlo simulations, we pres
function S(Q, 7wm). Thus a typical MIEZE experiment results here analytical formulae, which can be calculated faster an
in the determination oB8(Q, 7wm)/Se(Q, 7m) Over 7y, where  Provide more insight into the influence offiéirent sample ge-
Se(Q, 7w) is the signal of an elastic reference sample, usuometries onC. For simplicity we neglect here the influence
ally graphite or the sample in a frozen state (like very low TOf the divergence in the beam, as it anyhow is for SANS quite
in the case of magnetic systems). For quasi-elastic expetsn Small.
with an assumed Lorentzian line shape of half-widtthe nor- The path length dierenceAL caused by scattering of a par-
malised intermediate scattering function is given by [12] allel incoming beam in a sample at twoffgrent positions of
interaction separated hy(see figure 2) is given in first order
S(Q.7m) by [17]

S0 1y = FPT(Qrm).

©®) ki ki

AL(r)=-——-—]"T. 7
) (|ki| kal) ")
This corresponds to a phase shift&(r) = wmAL(r)/v =
AL(r)/A, whereA, as defined above, is the path length for a
ingle oscillation. Integrating over the total sample oV

3. Path lengthsin MIEZE

The MIEZE method is closely related to TOF methods an
therefore sensitive to path lengthigirences\L. AL increases
for largerQ. Therefore, the two dlierent spin states interfere
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C = f de(w)% d*r cosrm + Ag(r))

Sample

= fde(w)% d®r (cosrm) COSAG(r) —

Sample

sin(wtwm) SinA@(r)) . (8)
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For the Lorentziars(w) assumed earlier, the sin-term vanishes

when integrating ovew and the integration separates into 0 ' '
0.0 0.2 0.4 0.6 0.8 1.0
c=2 [ cosag(r) [dwS(w)coswrn).  (9) gA™h
\4 Sample
RSampIe CO

. . . o Figure 4: TheQ, v parameter space for a MIEZE instrument with= 104,
From this equation and the geometry given in figure 2 Weand a cuboid sample with = 10 mm andd = 1 mm. The lines indicate where
can derive the correction factor forffirent sample shapes, the contrast for dferent sample configurations is reduced to 50% and 30%.
with the dimensions given in figure 3: The sample is either not rotated at all, or rotated by halfsttegtering angle
with respect to two dferent positions a® = 0.

1. Sphere with radius

3A3 sin(% sin %) 3A2 cos(% sin %) By rotation of any plate-like sample (cuboid or disk)®y=
R(r,®,A) = 6432 S @ - 167212 ®/2 — n (called “counter-rotation”, see figure 4), one obtains:
2
io(21d i ©
2. Cylinder with radius: RA.6.A) = A S'n(T sin f)
_ T 2rd  sin§
A (% sm%)
R(r,®,A) = o en® This results in a much slower decreaseRofith increasingd®
sinz asR depends only od, the thickness of the sample, which can

where J; is the Bessel function of the first kind. The be made small. _ _
heighth of the cylinder — as it is oriented perpendicularto , In ggure 5 the reduction fact@sampieis plotted versu® =
the Scattering p|ane — does ndfiet the reduction factor 7” Sin 5 for different geomet”es of the Sample. It becomes ob-

Rfor a parallel incoming beam. vious that diferences are only important for largérvalues,
3. Cuboid with thicknesd and widtha: and that there are largeftéirences between ftirent sample
shapes.
A2 sin(%2 cosg sin$)sin(Z sin’ 9) In figure 4 the &ect of sample rotation for measurements
R(d,2,0,A) = 4r2da sir® @ cos® *on cuboidal samples is demonstrated. The accessible pgame
2 2

space iQ andry can be enlarged when turning the sample by
As for the cylinder the reduction factor R does not depenchalf the scattering angle, in the right direction.

onh. These theoretical predictions were tested for a cuboid of

4. Disk with thicknessl and radius: thicknessd = 5mm and widtha = 25 mm using the MIEZE

A2 sin(Z”Td sin? %) _setup a_lt FRM 11[10] and avery good agreement for varinus

R(d,r,®,A) = . is obtained as shown in figure 6.
4r3dr? sin® € cos?
T (2aNr2 -2
dz sin — sSin®|.
-r
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Figure 6: The reduction factd® versusQ for a cuboid of widtha = 25 mm
and thicknessl = 5 mm compared to measured values€Rabn the instrument
MIRA with a wavelengtht of 10.4 A.L; is 1 m, andLs is 0.8 m. wy ranges
Figure 5: The reduction factdRsampiefor different geometries with the same from 27 - 46 kHz to 2 - 200 kHz, yielding a MIEZE timery from 0.26 ns to
sample volume of 100m#n It is calculated for the instrument parameters of 1.15 ns, respectively.
MIRA with a wavelengthl of 10.4 A. L1 is 1m, andLs is 0.8 m.wy is 27200
kHz, corresponding tay = 1.15ns. The scattering geometry is defined as

shown in figure 2. in commissioning at the instruments RESEDA [21] and TRISP
[22] at FRM IL.
4. High resolution MISANS at ESS For these instrument parameters;a&Q parameter space

is opened as shown in figure 7 for cuboid samples of several
From the discussion above it becomes clear that the MIEZBizes. MIEZE times of {is are achieved upQ = 5x10 A1
technique is particularly well suited for measurementshie t for samples with a width of 5mm and a thickness of 2mm. The
small angle regime as for lo® the contrast reduction due to largest spin echo times are available for si@alvhich matches
the path length dierences is less severe. Therefore a combinathe requirements of measuring quasi-elastic dynamicsyemsy
tion of a time-of-flight SANS instrument with a MIEZE option slow relaxation processes as they are expected for larde sca
(MISANS) would allow for high resolution measurements bothstructures, for example in soft matter and magnetic madseria
in energy- and Q-space. The MIEZE principle at a time-of-with novel topological structures.
flight source was recently demonstrated at the chopped CG-1D We do not discuss th® resolution of such an instrument
beam at HFIR at the Oak Ridge National Laboratory [18]. here, as it is mainly defined i1/, which is already small
Equations (1) and (3) demonstrate that thedéent instru-  at a pulsed source; 3% at the ESS as discussed in [20], and
ment design parameters are correlated.LJfis replaced by by the beam divergence, which will also be excellent for saich
L, = Lc + Ls, whereLc is the distance between the last coil long collimation section.
and the sample (see figure 1b), one obtains In conclusion, we propose to rather dramatically enhance
the capabilities of a SANS beam line at the ESS witfiedi
™ = M (10)  ent options to obtain in parallel information on structared
m(Ls + Lc) dynamics, especially in magnetic fields. These options ean b
This equation now allows for tradingffodifferent instrument  MIEZE, TISANE [23] and stroboscopic SANS [24]. The latter
designs if one defines the maximum range of Spin-Echo timegW0 are basically available free of charge with the fast time
Current NSE measurements are performed upyts [.9] resolving detector for M!EZE. They will cloverthet|me domai
and are a benchmark for new spin echo beam lines. Considcom nanoseconds to minutes. Such an instrument base_d on ex-
ering typical SANS setups as proposed for long-pulse Srpa”d'sting te_chnology would open new perspectives for resegrch
tion sources such as the ESS [20] a zero-field region can b@agnetic systems and soft matter. It woufteoan excelleng-
added to the 20m long collimation section, with a coil dis-ésolution and at the same time allow to measure the dynamics
tance, for exampld,; = 15m, a coil-sample distantg =5m  ON @ wide range of time scafesompetitive to NSE or.NRSE _
and a sample-detector distarlce = 10m. For neutrons with  instruments. It would al_so be mugh ch_eaper and easier td puﬂ
A = 20A, which is a typical wavelength used in NSE for high due to the reducediort in magnetic shielding. Furthermore it

resolution measurements, the remaining free parametey.in e

10) isw;y. T hiev = 1us with this setup, the coils

E} O) S wé d O achie iTM 1 ,\/T'i t dt S_ o p2 MH Istrictly speaking, stroboscopic SANS and TISANE are onlg &bresolve
ave to be driven aby = 2” Zzan Wz = &t ZS0 . dynamics stimulated by a periodic signal, whereas MIEZE thaspotential

thatwy = 27 - 2MHz. This can be obtained with current coil to observe the dynamics in thermal equilibrium through titeraction of the

designs: RF coils that can be driven at these frequencies aneutrons with the system.
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allows to use modern focusing neutron optics in any partef th [g]
instrument, enhancing the intensity at the sample.
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Figure 7: TheQ, v parameter space for a MISANS instrument at the ESS,[15]
assuming a fixed cuboid sample of severéiedent widthsa and a thickness of
b = 2mm. Itis shown where the contrast for théfelient samples is reduced
to 50% (the dashed lines), or to 30% (the solid lines).
[16]
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