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The neutron spin-echo spectroscopy technique involving pulsed beams can be used to effectively access
a wide range of space-time correlations of condensed matter. In this study, the features of this technique,
in particular, the modulation of the intensity with zero effort (MIEZE) by using pulsed beams, which is
based on the quantum-state manipulation of the neutron spin and energy, are comprehensively examined.
A formulation of the MIEZE combined with the time of flight method (TOF MIEZE) is established by
considering the characteristics of the pulsed neutron beams. Moreover, a parameter, namely, the detuning
parameter, is introduced as a measure of the magnitude of detuning from the optimized instrumental state,
known as the spin-echo condition. The phase and frequency shifts of the neutron intensity signals resulting
from the TOF MIEZE under various configurations are investigated systematically. It is found that the
detuning parameter equals the derivative of phase with respect to the TOF, whose zero-point corresponds
to the spin-echo condition. The theoretical predictions on phase and frequency shifts by the established
formulation are well validated by the experiments using an intense pulsed neutron source. The detuning
parameter helps clarify the principle of the TOF MIEZE technique and can provide practical guidance
regarding the implementation and optimization of spectrometers.

DOI: 10.1103/PhysRevApplied.14.054032

I. INTRODUCTION

Neutron spin echo (NSE) [1] represents a type of
quasielastic neutron-scattering spectroscopy with a high
resolution in energy. This approach can be used to directly
observe the intermediate scattering function I(Q, t), which
is the Fourier transform of the dynamic structure factor
S(Q, ω). Owing to its high resolution, the NSE spec-
troscopy approach has been successfully applied in the
slow dynamics investigations in several domains ranging
from polymer systems [2] to magnetism [3]. The modu-
lation of intensity with zero effort (MIEZE) [4] is a type
of neutron resonance spin-echo (NRSE) technique [5],
in which resonance spin flippers (RSF) driven by a rf
oscillating field are employed. Because all the neutron-
spin manipulations can be performed before the sample
position, the MIEZE can be easily applied under various
sample environments including high magnetic fields [6],
which is hard to work with the conventional NSE method.
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Moreover, the MIEZE technique can be applied to per-
form the polarimetry analysis of scattered neutrons with
additional spin analyzers [7].

These advantages of the MIEZE are especially useful to
examine the spin dynamics. One of the promising scopes
of MIEZE spectroscopy is the dynamical phenomena gov-
erned by very small energy exchange in nano to submicro
structures, which are accessible through the small momen-
tum transfer Q. Recently, the longitudinal-type resonance
spin-echo spectrometer [8] at the research reactor neu-
tron source at Heinz Maier-Leibnitz Zentrum (MLZ) used
the MIEZE mode to analyze strongly correlated electron
systems [9]. The critical dynamics near the Curie tem-
perature in iron [10,11] is an example. Several NSE and
MIEZE measurements were performed on the phase tran-
sition from the paramagnetic to skyrmion lattice in MnSi
under a magnetic field [12,13]. Recently, the MIEZE tech-
nique using pulsed neutron beam presented in this work
was also applied to the same system [14]. The inherent
fine wavelength resolution of the TOF approach permits
the measurements of I(Q, t) in precisely divided regions
of interest in the reciprocal space. This feature plays an
important role in identifying whether the characteristic
scattering pattern arising near phase boundary is derived
from the static disorder or dynamical one, which pertains
to the order stability and formation process. The analysis
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of I(Q, t) in finely resolved Q regions provided a micro-
scopic picture of the formation of the magnetic skyrmion
lattice.

Accelerator-based spallation neutron sources such as
ISIS, SNS, J-PARC, CSNS, and ESS have been established
as alternatives to research reactors. Under such circum-
stances, NSE spectroscopy using the TOF method at the
pulsed source has been studied [15–18] and applied [19]
to cover a wide space-time range with the broadband
wavelength. Several researchers have performed experi-
ments using this combined approach on MIEZE, termed
as TOF MIEZE, to establish the spectroscopic technique
[20–23]. In general, to observe a MIEZE signal, the appa-
ratus must be aligned to the spin-echo condition, in which
the velocity-dependent phase shifts of neutrons are can-
celled. However, the extremely narrow margin of instru-
mental alignment hinders the widespread implementation
of MIEZE spectroscopy. In previous work, we examined
the effect of the pulse width on the signal contrast by
using pulsed beams simulated by a disk chopper at a
steady-state neutron source [24]. It was noted that the
decrease in contrast caused by the nondispersive deviation
from the spin-echo condition was very small when using
a short pulse width. In addition, the observed frequency
shift was consistent with a parameter calculated consid-
ering the instrumental configuration. Although only one
off-echo condition with a small deviation was considered
in this experiment, the result indicating that the frequency
shift, or the detuning parameter, can be a useful indicator
to realize the tuning of a MIEZE instrument. In this regard,
the objective of this study was to quantitatively verify
the detuning parameter under various experimental condi-
tions with much larger deviations. We further developed a
formulation of TOF MIEZE technique considering its spe-
cific features that arise from the characteristics of pulsed
neutron beams. The validity of the formulation was exper-
imentally demonstrated with higher-quality TOF MIEZE
signal data than reported previously using an intense spal-
lation neutron source. It was found that, in addition to its
role in rearranging the formulation, the detuning param-
eter corresponds to the derivative of phase with respect
to TOF, which is a key quantity closely connected with
the spin-echo condition. The effect of the deviation on the
TOF MIEZE signals, particularly, in terms of the phase
and frequency shifts, and the reduction in contrast were
examined.

To maximize the advantage of the wide wavelength
band available in a pulsed neutron source, it is necessary
to cover a wide solid angle by using multiple detectors.
However, unless the detectors have a perfect spherical sur-
face centered on the sample, the signal phases may differ
at different positions. Integrating the MIEZE signals with a
certain momentum transfer Q may cause a contrast reduc-
tion owing to the position-dependent phase shifts. The
understanding of the phase shift of the TOF MIEZE signals

leads to an accurate measurement of I(Q, τ) correcting the
contrast reduction caused by instrument-related factors.

In this paper, the characteristics of the TOF MIEZE sig-
nals are discussed in detail, which are essential to perform
NSE experiments with high precision.

II. TOF MIEZE TECHNIQUE

A. Modulation of intensity with zero effort

This section provides a brief review of the principle
of MIEZE technique, based on a derivation reported in
Ref. [24]. The MIEZE technique is used to generate a time-
beating neutron intensity modulation, whose frequency is
determined by the energy difference of the coherent neu-
tron states produced by the RSF [25]. We consider a simple
setup involving the MIEZE with two RSFs, as shown in
Fig. 1. Both the RSFs are set to be in the π/2-flip con-
dition, in which the probability of spin flip is 1/2. The
angular frequencies of the first (RSF1) and second flipper
(RSF2) are ω1 and ω2, respectively, with ω1 < ω2. In the
transition from the spin-up (down) to spin-down (up) state,
the neutrons lose (gain) energy �ω1. The interaction of the
RSF and the principle of MIEZE has been described via
plane-wave representation in Refs. [26–28]. Because the
RSF manipulates the neutron state both in spin and energy
[29], a notation involving the labels of the spin and energy
is used to specify a state. For instance, the incident neutron
is represented as |↑, ω0〉 = exp[i(k0y − ω0t)] |↑〉. Here, y
and t denote the spatial and time coordinate variable,
respectively. Let E0 denote the incident kinetic energy of
the neutron in zero-field space, with ω0 = E0/�. The wave
number k0 is defined as k0 = √

2mω0/� =
√

2mE0/�2 =
mv/�, where v = √

2E0/m is the neutron velocity, m is the
neutron mass, and � is the reduced Planck constant. |↑〉 and
|↓〉 denote the spin-up and spin-down eigen states, respec-
tively. Owing to the π/2 flip in RSF1, a superposition state
of the spin-up and spin-down components with different
energies is created:

|↑, ω0〉 −→ 1√
2

(|↑, ω0〉 + eiχ1 |↓, ω0 − ω1〉
)

. (1)

As the spin-up component experiences a spin flip from up
to down at the resonant frequency ω1, its energy becomes
�(ω0 − ω1). The constant phase χ1 depends on the phase of
the rf current of RSF1. In the travel from RSF1 to RSF2,
the phase difference between |↑, ω0〉 and |↓, ω0 − ω1〉 is
accumulated, as follows [30]:

φ12 =
∫ y2

y1

(k1 − k0)dy � −ω1

v
L12, (2)

with k1 =
√

2m(ω0 − ω1)

�
� k0 − ω1

v
. (3)
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Here, k1 is the wave number of |↓, ω0 − ω1〉 state, and L12
is the path length from RSF1 to RSF2. The approximation
is derived from the fact that ω1 � ω0. We assume that no
magnetic field is present in the path y1 → y2. Then, the
state of neutrons entering RSF2 can be written as

1√
2

[|↑, ω0〉 + ei(φ12+χ1) |↓, ω0 − ω1〉
]

. (4)

After the second π/2 flip in RSF2, the following super-
position state can be defined, consisting of four compo-
nents [see Fig. 1(b)]:

1
2

[|↑, ω0〉 + ei(φ12+χ1+χ2) |↑, ω0 − ω1 + ω2〉
+ ei(φ12+χ1) |↓, ω0 − ω1〉 + eiχ2 |↓, ω0 − ω2〉

]
. (5)

Here, χ2 is a constant that depends on the rf phase of RSF2.
The first term, |↑, ω0〉 is the nonflipped component. The
second term, |↑, ω0 − ω1 + ω2〉 corresponds to the reso-
nant spin flips experienced both in RSF1 and RSF2. The
third term |↓, ω0 − ω1〉 and fourth term |↓, ω0 − ω2〉 repre-
sent once-flipped components at RSF1 and RSF2, respec-
tively. As the first two components in the spin-up state
are spin analyzed and detected, only these components are
considered in the following analyses.

On the path from RSF2 to the detector y2 → yd, the
velocity-dependent phase difference, φ2d between |↑, ω0〉

and |↑, ω0 + ω2 − ω1〉 states must also be considered.

φ2d =
∫ yd

y2

(kM − k0)dy � ω2 − ω1

v
L2d, (6)

with kM =
√

2m(ω0 − ω1 + ω2)

�
� k0 + ω2 − ω1

v
, (7)

where kM is the wave number of the |↑, ω0 − ω1 + ω2〉
state, and L2d is the path length from RSF2 to the detector.
Finally, the state of the neutron detected at y = yd, t = td
can be expressed as follows, with respect to the relative
phase:

1
2

{
1 + ei[φ12+φ2d+χ−(ω2−ω1)td]

}
ei(k0yd−ω0td) |↑〉 , (8)

where td denotes the detection time, and χ = χ1 + χ2. The
phase difference can be defined as a function of the neutron
velocity v and td:

φ(v, td) = φ12(v) + φ2d(v) − (ω2 − ω1)td + χ

� −ω1

v
L12 + ω2 − ω1

v
L2d − (ω2 − ω1)td + χ .

(9)

The detected neutron intensity is proportional to the fol-
lowing probability:

∣∣∣∣
1
2

(
1 + eiφ(v,td)

)
∣∣∣∣

2

= 1 + cos φ(v, td)
2

. (10)

(a)

(b)

FIG. 1. (a) Schematic geometry of the MIEZE instrument at BL06 at MLF, J-PARC. (b) Neutron energy diagram for spin
manipulation with two π/2 RSFs.
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As φ(v, td) depends on the neutron velocity, in general,
Eq. (10) does not exhibit any clear sinusoidal oscilla-
tions. If the velocity dependence of φ(v, td) can be elim-
inated by tuning the apparatus, the phase becomes φ(td) =
−(ω2 − ω1)td + χ , and the intensity oscillates proportion-
ally to 1 + cos φ(td) = 1 + cos[(ω2 − ω1)td − χ ], inde-
pendent from the incident beam monochromaticity. The
frequency of the time oscillation of MIEZE corresponds
to the energy difference determined using RSF1 and RSF2.
The MIEZE frequency is expressed as ωM = ω2 − ω1. The
cancellation of the velocity dependence allows for a wide
spectrum acceptance for MIEZE signals, similar to in the
conventional NSE method. The spin-echo condition for
the MIEZE instrument, which is termed as the MIEZE
condition, can be expressed as

ω1L12 = ωM L2d. (11)

Thus, in the MIEZE technique, the cancelation of the
velocity-dependent phase is realized by tuning the appa-
ratus, specifically, the distances between the spin flippers
and the detector, and the resonant frequencies. In this
condition, we measure a time-modulation of the neutron
intensity with the frequency ωM ,

I(td) ∝ 1 + cos(ωM td − χ)

2
. (12)

Note that the MIEZE system can include several combina-
tions of π and π/2 flippers [31]. The π/2–π–π–π/2 con-
figuration with four spin flippers yields a double MIEZE
frequency, that is, ωM = 2(ω2 − ω1). In the following anal-
yses, χ is omitted as it gives only a constant phase shift of
the MIEZE signals.

B. MIEZE spectroscopy for quasielastic neutron
scattering

When the neutron velocity changes from v → v + δv

through quasielastic scattering by a sample, in the echo
condition, the phase is modified to [24]

φ(td, v + δv) � −ωM td + ωM Lsd

v2 δv. (13)

This represents the first-order approximation in δv/v. In
most spin-echo measurements, δv/v is typically of the
order from 10−5 to 10−3. Let �ω denote a neutron energy
change corresponding to a velocity change of δv. Omit-
ting the higher-order terms of δv, the following expression
can be obtained: �ω = (m/2)

[
(v + δv)2 − v2

] � mvδv.
Using this relation, φ(td, v + δv) can be rewritten in terms

of the energy exchange ω:

φ(td, v + δv) � −ωM td + ωτ , (14)

with

τ = �ωM Lsd

mv3 . (15)

Here, τ has dimensions of time and is known as the
Fourier time or spin-echo time. The Fourier time repre-
sents the correlation time of the motions of interest in NSE
spectroscopy.

The probability of occurrence of a scattering that
involves a momentum transfer Q and an energy transfer
�ω is given by the dynamic structure factor S(Q, ω) [32].
Considering the occurrence of such a scattering event, the
intensity of the scattered neutrons at a given Q and ω is
[33]

I(td) ∝ 1
2

∫
d(�ω)S(Q, ω) [1 + cos (−ωM td + ωτ)]

∝ 1
2

[1 + I(Q, τ) cos(ωM td)] , (16)

where I(Q, τ) = ∫
d(�ω)S(Q, ω) cos(τω) is equivalent to

the real part of the intermediate scattering function. We
assume that S(Q, ω) is an even function with respect to
ω, which is valid for the quasielastic neutron scattering.
Equation (16) indicates that the contrast of the intensity
modulation decreases by a factor of I(Q, τ) owing to the
change in energy of the neutron. By observing the contrast
reduction of MIEZE signals, the dynamical information of
a sample can be obtained in the form of I(Q, τ). By using
pulsed beams with a broad spectrum of neutron wave-
length λ, a wide area of (Q, τ ) space is covered as they
vary in accordance with Q ∝ λ−1 and τ ∝ λ3.

C. Features of TOF MIEZE

This section discusses the specific features of the TOF
MIEZE technique in the context of a pulsed neutron
source. The neutron velocity v can be determined using
the TOF approach, as follows:

v = L0d

t0d
, (17)

where L0d is the length of the total flight path from the
source to the detector, and t0d is the TOF defined as t0d =
td − t0 with a detection time of td and pulse generation time
of t0. In the spin-echo condition, the resultant phase differ-
ences of the neutrons are independent of their velocities,
i.e., ∂φ/∂v = 0 [34]. The TOF, t0d, is the very measurand
primarily recorded in pulsed-beam experiments. Thus, we
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consider the derivative of the phase with respect to the TOF
instead of the velocity, as follows:

∂φ(v, td)
∂t0d

= ∂φ(v, td)
∂v

∂v

∂t0d
= −ω1L12 + ωM L2d

L0d
. (18)

The right-hand side equals a parameter that we introduced
as detuning frequency in our previous report [24]. Specif-
ically, the detuning parameter indicates the magnitude of
the deviation from the echo condition, as specified in
Eq. (11). In the remaining paper, the parameter is denoted
as 
:


 = −ω1L12 + ωM L2d

L0d
. (19)

Substituting the expression into Eq. (9) yields

φ(v, td) = −ωM td + 

L0d

v
, (20)

or

φ(t0, td) = −ωM td + 
t0d = −(ωM − 
)td + 
t0. (21)

When the pulse generation time t0 is fixed, 
t0 corre-
sponds to a constant phase. Equation (21) indicates that
the velocity-dependent phase shift 
L0d/v results in a fre-
quency shift of a TOF MIEZE signal by 
. It should be
noted that 
 can be interpreted as the derivative of the
phase with respect to the TOF, ∂φ(v, td)/∂t0d, as shown
in Eq. (18). The equality between the frequency shift
and the phase derivative is examined, as described in the
experimental section.

The dephasing effect owing to the uncertainty of the
detection time, �td limits the resolution of the MIEZE
instrument. For a MIEZE signal with a frequency of the
order of megahertz, a high precision of td, which is con-
siderably less than 1 μs is required in addition to the satis-
faction of the echo condition. This requirement pertaining
to the time-resolution restricts the thickness of the detec-
tor. More importantly, this requirement limits the sample
volume and shape [35–38]. Although �td is likely a signif-
icant factor in most scattering experiments, in the present
study we focus on the dephasing effect associated with �t0,
which is known as the pulse width and is a fundamental
parameter characterizing a neutron pulse beam, to investi-
gate the characteristics of TOF MIEZE signals. In pulsed
sources, the wavelength resolution �λ/λ is equivalent to
�t0d/t0d, and it is considerably smaller than the ordinary
resolution of quasimonochromatic beams (�λ/λ ∼ 10%)

used in NSE instruments at steady-state sources. The inher-
ent fine wavelength resolution of a pulsed beam allows the
retention of the signal contrast even when the system is
deviated from the echo condition.

III. EXPERIMENT DETAILS

The experiment is performed using a MIEZE instru-
ment constructed at neutron beam line No. 6 (BL06)
at the Materials and Life Science Experimental Facility
(MLF) [39–41] of the Japan Proton Accelerator Research
Complex (J-PARC). The spallation source of the MLF
produces intense pulsed neutron beams with a broad spec-
trum optimized with respect to cold neutrons via the liquid
hydrogen moderator [42]. The BL06 has two beam ports
for neutron resonance spin-echo spectrometer and MIEZE
instruments [43].

In the experiment, the simplest MIEZE system, which
consisted of two π/2 flippers, is used. The schematic
geometry of the MIEZE system is shown in Fig. 1. The fre-
quencies of the first (RSF1) and second (RSF2) flipper are
set as ω1 and ω2, respectively, and the MIEZE frequency is
thus ωM = ω2 − ω1. To inspect the properties of the TOF
MIEZE signals, several configurations are considered for
the MIEZE instrument at BL06, as summarized in Table I.
Instead of the angular frequency, we use fi = ωi/2π (i =
1, 2, M) to express the values of the frequency. To extend
the available neutron wavelength band, the second frame
mode, in which the pulse repetition frequency is 12.5 Hz is
employed, with the original mode corresponding to 25 Hz.
At the outlet of the neutron guide tube, the neutrons are
polarized by a supermirror made of Fe/SiGe multilayers.
The analyzer is a supermirror with the same character-
istics as the polarizer. The time- and position-sensitive
detector is composed of a scintillator and a photomultiplier
tube [44]. Because of the prerequisite of time resolution to
measure a high-frequency MIEZE signal, a thin 6Li-glass
scintillator with a thickness of 0.2 mm is used. By compar-
ison with a 3He detector, the neutron detection efficiency
is evaluated to be over 50% for the neutron wavelengths
longer than 0.35 nm. The spatial resolution of the detector
is less than 1.0 mm. The data acquisition system is based
on the NEUNET module developed by the High Energy
Accelerator Research Organization (KEK) [45]. The neu-
tron detection event is recorded in the event-data format,
in which the individual detection event included the infor-
mation of the TOF, detected position, pulse height, and
absolute time stamp.

The stationary field Bz of the RSF is applied in the z
direction, as shown in Fig. 1(a). An oscillating field orthog-
onal to Bz is generated along the x direction. Under the

TABLE I. Instrumental parameters of MIEZE configurations
(i), (ii), and (iii).

fM

(kHz)
f1

(kHz)
f2

(kHz) L12 (m) L2d (m) L0d (m)

(i) 200 200 400 2.88 2.39 23.60
(ii) 200 200 400 1.15 0.66 20.54
(iii) 20 50 70 0.86 1.23 20.70

054032-5

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



TATSURO ODA et al. PHYS. REV. APPLIED 14, 054032 (2020)

magnetic resonance condition, the spin-flip probability is
P = sin2[|μ|Br�/(�v)], where v is the neutron velocity, Br
is the amplitude of the oscillating magnetic field, � is the
length of the rf coil, and μ is the neutron magnetic moment.
The cases with P = 1 and P = 1/2 are termed as π flip and
π/2 flip, respectively. To ensure a constant flip probability
for a wide range of the neutron spectra, the amplitude Br is
changed inversely with the TOF [46].

Br(t0d) = π

2
β

�L
|μ|�

1
t0d

, (22)

where L is the distance from the source to the flippers.
In addition, β = 1 for π flip, and β = 1/2 for π/2 flip.
Figure 2(a) shows the data used to tune the π flip of a
RSF with a frequency of 200 kHz at fixed amplitudes Br
presented as input rf voltages. The flipping ratio indicates
the ratio of the neutron intensity when a π flipper is on to
that when it is off, that is, Ion/Ioff. By using a time-varying
Br, a spin-flip efficiency of more than 90% (flipping ratio
> 19) is attained for a wide wavelength band as shown in
Fig. 2(b).

(a)

(b)

FIG. 2. (a) TOF dependence of the spin-flipping ratios at fixed
input rf amplitudes, which are proportional to Br. The solid lines
indicate the best-fit curves by the Lorentzian function. (b) Spin-
flipping ratio for a pulsed white beam (black circles). The red
dashed and blue solid lines indicate the TOF spectrum when the
π flipper is on and off, respectively.

IV. RESULTS AND DISCUSSION

A. TOF MIEZE signal

Figures 3 and 4 show the raw TOF spectra contain-
ing MIEZE oscillations with frequencies of fM = 200
and 20 kHz in the spin-echo conditions, respectively. The
Fourier transforms of the TOF spectra show clear peaks
at the expected frequencies, 200 and 20 kHz as shown
in Figs. 3(b) and 4(b), respectively. The time window of
the Fourier transform is the entire time frame of TOF, 80
ms, and thus, the frequency resolution is 12.5 Hz. Panels
(c)–(e) show the magnified individual MIEZE oscillations,
at representative TOF (wavelength) ranges of 20 ms (λ ≈
0.4 nm), 40 ms (λ ≈ 0.8 nm), and 60 ms (λ ≈ 1.2 nm).

(a) (b)

(c)

(d)

(e)

FIG. 3. (a) A 200-kHz TOF MIEZE signal in the echo condi-
tion. The time bin is 1 μs. The blue arrows indicate the points of
TOF (wavelength) shown in (c)–(e). (b) Power spectral density
(PSD) obtained by the Fourier transform of the TOF MIEZE sig-
nal. Panels (c)–(e) show the individual MIEZE oscillations at (c)
TOF 20 ms (λ = 0.385 nm), (d) TOF 40 ms (λ = 0.770 nm), and
(e) TOF 60 ms (λ = 1.156 nm) for L0d = 20.54 m. The time bin
is 0.5 μs.
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(a)
(b)

(c)

(d)

(e)

FIG. 4. (a) A 20-kHz TOF MIEZE signal in the echo condi-
tion. The time bin is 1 μs. The blue arrows indicate the magnified
points of TOF (wavelength) shown in (c)–(e). (b) PSD obtained
by the Fourier transform of the TOF MIEZE signal. Panels
(c)–(e) show the individual MIEZE oscillations at (c) TOF 20
ms (λ = 0.382 nm), (d) TOF 40 ms (λ = 0.764 nm), and (e) TOF
60 ms (λ = 1.147 nm) for L0d = 20.70 m. The time bin is 5 μs.

B. Phase and frequency shift induced by magnetic
fields

The presence of a magnetic field applied in the path from
RSF1 to RSF2 may cause a deviation from the echo condi-
tion. In general, the phase difference owing to the momen-
tum split, φ12, between the |↑, ω0〉 and |↓, ω0 − ω1〉 states
is modified by the magnetic potential ∓|μ|B (the spin-up
and spin-down state takes − and + sign, respectively) in
the flight path along the y axis, as follows:

φ12 =
∫ y2

y1

(k−
1 − k+

0 )dy � −ω1 − ω̄

v
L12, (23)

where

k+
0 =

√
ω0 − |μ|B

�
� k0 − |μ|B

�v
, (24)

k−
1 =

√
ω0 − ω1 + |μ|B

�
� k0 − �ω1 − |μ|B

�v
, (25)

and

ω̄ = 2|μ|
�

1
L12

∫ y2

y1

B(y)dy. (26)

The angular frequency ω̄ corresponds to the magnitude
of the averaged magnetic field between RSF1 and RSF2.
When the magnetic field is applied, the accumulated phase
difference of the zero-field case φ12 = −ω1L12/v [Eq. (2)]
reduces to φ12 = −(ω1 − ω̄)L12/v [Eq. (23)]. Thus, in the
presence of a magnetic field ω̄, the detuning parameter 


is corrected to


 = −(ω1 − ω̄)L12 + ωM L2d

L0d
. (27)

The degree of freedom corresponding to the reduced φ12
allows for a certain flexibility in configuring the echo con-
dition, especially for low ωM , which leads to a smaller
Fourier time. In this regard, the concept of effective field
integral subtraction, which was proposed by Häußler et al.
[47,48], has been exploited in longitudinal-type resonance
spin-echo instruments to extend the dynamic range toward
fast dynamics [9].

In the experimental setup at BL06, a weak magnetic
guide field of approximately 0.45 mT is applied in the
region from the spin polarizer to the analyzer. A dipole
magnet is used to generate the stationary field of the RSF.
In this case, a certain amount of the field leaked outside the
RSF on the neutron-beam path. The disagreement between
the setup parameters listed in Table I and those of the
MIEZE condition in the zero-field case [Eq. (11)] is due
to the presence of nonzero magnetic fields.

To realize a deviation from the spin-echo condition, an
additional coil is installed between RSF1 and RSF2, as
depicted in Fig. 5(a). The angular frequency ω̄ is approxi-
mately estimated as ω̄ = (2|μ|/�)(Lcoil/L12)Bcoil with the
length and field of the coil being Lcoil and Bcoil, respec-
tively. The actually observed frequency of the TOF MIEZE
signals is termed as the effective frequency, feff = ωeff/2π ,
which is expected to be feff = fM − 
/2π , as expressed by
Eq. (21). Figure 5(b) shows the frequency shifts induced
by the magnetic fields of the additional coil. The magni-
tude of magnetic field is parameterized by ω̄. The value
of feff was experimentally determined by fitting a peak in
the power spectral density with a Gaussian function. The
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RSF2 RSF1

Detector
Guide coil

Additional coil

the additional 

(a)

(b)

F
requency shift (kH

z)

Analyzer

FIG. 5. (a) Setup with an additional magnet coil. Not in scale.
(b) Frequency shifts (solid circle) from fM = 20 kHz in off-echo
conditions induced by magnetic fields. The data corresponded
to configuration (iii). ω̄ indicates the angular frequency corre-
sponding to the averaged magnetic field in the path from RSF1
to RSF2, as expressed in Eq. (26). The dashed line indicates the
best-fit curve.

frequency shift is defined as fM − feff and fitted using a lin-
ear function f (x) = ax + b, where f denotes the frequency
shift, and x denotes ω̄/2π . The best-fit parameters are a =
0.0419 ± 0.001 and b = −0.007 ± 0.007 kHz. The deriva-
tive of 
 with respect to ω̄ is calculated using Eq. (27),
as

�


�ω̄
= L12

L0d
. (28)

The experimental result for the slope a = 0.0419 ± 0.001
is in good agreement with the value L12/L0d = 0.0415 cal-
culated using the setup parameters for configuration (iii).

C. Phase and frequency shift induced by spatial
displacements

Equation (18) indicates that the derivative of the phase
with respect to TOF equals the parameter 
, which can
be detected as a frequency shift. To verify this aspect, we
compare the observed frequency shift and the phase deriva-
tive of the TOF MIEZE signals. The phase derivative is
obtained as a slope of the observed TOF dependency curve
of the phase. In this case, deviations from the echo condi-
tion are realized by changing the position of the detector.

TABLE II. Frequency shifts and derivative of the phase with
respect to the time of flight under off-echo conditions.

Displacement Frequency shift Slope
�yd (mm) fM − feff (Hz) �φ/�t0d/2π (Hz)

(a) −10.0 80.2 ± 0.2 80.25 ± 0.13
(b) −4.0 31.7 ± 0.2 31.75 ± 0.05
(c) −0.6 4.5 ± 0.2 4.49 ± 0.03
(d) 0.0 −0.2 ± 0.2 −0.28 ± 0.01
(e) 0.6 −4.9 ± 0.2 −4.97 ± 0.03
(f) 4.0 −32.4 ± 0.2 −32.60 ± 0.07
(g) 10.0 −82.4 ± 0.3 −82.41 ± 0.20

Figure 6 shows the observed frequency shifts and TOF
dependency of the phase of TOF MIEZE signals, under
various �yd, which corresponds to the displacements from
the echo condition, as described in Table II. The phase of
the TOF MIEZE signals are shown in the range from −π

to π . The data are obtained using configuration (i). In the
echo condition, (d) �yd = 0 mm, the phase is nearly con-
stant over the entire TOF frame. In the deviant conditions,
the phases of the TOF MIEZE signal change linearly with
the TOF. The coefficient of proportionality (slope of phase
�φ/�t0d) increases as the spatial displacement increases.
Figure 6(h) presents a comparison of the frequency shifts
and the slopes for all the deviant conditions (a)–(g). The
frequency shifts are obtained by using the Fourier trans-
form of the TOF MIEZE signal. The slopes are obtained
via line fitting to the phase versus the TOF plot. The
findings, including the sign of the slope, exhibit perfect
agreement within the frequency resolution of the Fourier
transform. The equivalence between the derivative of the
phase with respect to the TOF and the frequency shift of
the TOF MIEZE signals can thus be established.

Moreover, the equivalence between 
 and the frequency
shift is examined in a wider range of frequency shift of the
order of kilohertz. The echo condition described in Eq. (11)
depends on the RSF frequencies, ω1, ω2 and distances L12,
L2d. To investigate the effect of the displacements on the
TOF MIEZE signals, the distances are adjusted by chang-
ing the positions of RSF1, RSF2, and the detector, i.e.,
y1, y2, and yd, respectively. The spatial coordinates are
illustrated in Fig. 7 (a). 
 in the case with the displace-
ment can be derived using Eq. (19). The line slope is the
experimental result, which is compared with the value of
�
/�y calculated analytically. In the case involving a
displacement of RSF1, that is, �y1 from the echo condi-
tion, the position changes from y1 → y1 + �y1, and the
distance changes from L12 → L12 − �y1. From Eq. (27),
the derivative of 
 with respect to y1 is

�


�y1
= ω1 − ω̄

L0d
. (29)
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

FIG. 6. Observed frequency, phase, and contrast of TOF
MIEZE signals in various off-echo conditions with �yd =
−10 mm (a), −4.0 mm (b), −0.6 mm (c), 0.0 mm (d), 0.6
mm (e), 4.0 mm (f), 10 mm (g). The left column shows the
Fourier transforms of TOF MIEZE signal. The right column
shows the TOF dependency of the phase (blue closed circles)
and contrast (red lines). (h) Frequency shifts (cross marks) and
slope, �φ/�t0d/2π (blue circles) in conditions (a)–(g). The gray
shaded area corresponds to a frequency resolution of 12.5 Hz, as
determined by the time window of 80 ms used in the Fourier
transform. The data are obtained using configuration (i).

Similarly, the derivatives of 
 with respect to y2 and yd can
be obtained:

�


�y2
= −ω2 − ω̄

L0d
, (30)

�


�yd
= ωM

L0d
, (31)

where ω̄ is the angular frequency corresponding to the
average magnetic field between RSF1 and RSF2, as
defined by Eq. (26). In the setup, a guide field of approxi-
mately 0.45 mT was applied in L12. Subsequently, ω̄/2π is
estimated to be 13 kHz. Figure 7(b) shows the frequency
shifts for various spatial displacements. The frequency
shift is defined as fM − feff. The slope is obtained by fitting
with a line f (x) = ax + b, where f denotes the frequency
shift, and x denotes the displacements (�y1, �y2, or �yd).
The obtained slopes a are compared with the calculated
�
/�yi presented in Table III. The two values are noted
to be in agreement. For the fitting model, the intercept b is

RSF2 RSF1 DetectorAnalyzer

(a)

(b)

FIG. 7. (a) Displacements of the components. (b) Frequency
shift induced by the spatial displacement of RSF1 (square), RSF2
(circle), and the detector (triangle). The displacement of RSF2
is displayed inversely to the others. The data corresponded to
configuration (ii). The solid lines exhibit the best-fit curves for
each data set.

054032-9

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



TATSURO ODA et al. PHYS. REV. APPLIED 14, 054032 (2020)

TABLE III. Experimental results of the line slope a of the
frequency shift versus the displacement plot and �
/�yi cal-
culated using Eqs. (29), (30), and (31).

Experiment Calculation
Component Slope a (Hz/mm) �
/�yi/2π (Hz/mm)

RSF1 9.05 ± 0.09 9.10
RSF2 −18.83 ± 0.03 −18.84
Detector 9.27 ± 0.02 9.74

expected to be zero. The fitting results are b = −0.007 ±
0.001 kHz for RSF1, b = 0.008 ± 0.003 kHz for RSF2,
and b = 0.010 ± 0.002 kHz for the detector. The results
are reasonably close to zero considering the frequency
resolution of the Fourier transform, 0.0125 kHz.

D. Contrast reduction

Figure 8 shows the experimental results pertaining to the
contrast of the 200-kHz TOF MIEZE signal under con-
figuration (ii). Figure 8(a) shows the contour map of the
contrast as a function of the neutron wavelength and 
. For
all wavelengths, the contrast exhibited the maximum value
at 
 = 0. Figure 8(b) shows the normalized contrast as a
function of 
 for representative neutron wavelengths λ =
0.4, 0.8, 1.2 nm. The open markers indicate the data points
detuned via the spatial displacements, and the closed mark-
ers indicate the points detuned via the magnetic fields. For
longer wavelengths, the contrast decreases more rapidly
with an increase in 
. The difference in the contrast reduc-
tion rate can be attributed to the wavelength dependency
of the pulse width, which is determined by the moderator
characteristics [49,50]. Considering the wide margin of the
echo condition owing to short pulsed beams, the use of the
stacked-type detector consisting of multiple thin conver-
sion layers [51] in the TOF MIEZE technique is of great
statistical advantage.

E. Phase correction for scattering experiments

Even though the apparatus is aligned in the echo con-
dition for the incident beam, the neutrons scattered from
the sample may have different trajectories and hence the
echo condition can break locally. From Eq. (20), with a
path-length difference �Lsd, the oscillating part of MIEZE
signal, cos[φ(v, td)], becomes

cos
[
ωM td − 


L0d

v

]
= cos[ωM td − �φ]

= cos[ωM (td − �t)], (32)

with

�φ = ωM

v
�Lsd = ωM�t, and �t = �Lsd

v
. (33)

(a)

(b)

FIG. 8. (a) Contrast of a 200-kHz TOF MIEZE signal as a
function of the neutron wavelength and 
. The data corresponds
to configuration (ii). (b) Normalized contrast as a function of 


sliced with neutron wavelengths λ = 0.4, 0.8, 1.2 nm. The max-
imum values are normalized to unity for each wavelength. The
open and closed symbols represent the data points detuned via
the spatial displacement and magnetic fields, respectively. The
dashed lines indicate the best-fit curves by the Gaussian function.

This phase shift is the same as that used in Refs. [35,36].
Because �Lsd depends on the position (x, z) of the detec-
tor plane, �φ varies depending on the position and neutron
velocity. To draw an I(Q, τ) curve for a given Q value, the
neutron counts at different positions are collected and filled
into a time histogram, which shows the MIEZE signal. In
this process, the summation of signals with the different
phase shifts �φ(v, x, z) causes a contrast reduction, which
does not reflect the true I(Q, τ). Two correction processes
for the position-dependent phase have been applied in the
MIEZE spectrometer named RESEDA at MLZ [52]. One
is the time-shifting method and the other relies on map-
ping the phase shift in advance for an elastic scatterer. As
described below, the correction method by time-shifting
is generally straightforward and efficient for the event-
based data-acquisition system, which is widely employed
in pulsed neutron-source facilities. Here, we consider the
phase-shift problem on a layout of small-angle neutron
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FIG. 9. (a) Schematic layout of a scattering experiment.
(b) Phase shift between the actual MIEZE signal (solid line)
and that in the case of �Lsd = 0 (dashed line). (c),(d) Phase
maps on the detector plane of the 200-kHz MIEZE signal for
neutron wavelength λ = 0.8 nm without and with the phase cor-
rection, respectively. The two-dimensional histogram consists
of spatial bins with an area of 8 × 8 mm2. The gray hatched
bins indicate the region outside of the detector area. (e),(f) z-
position dependence of phase at the center line (x = 0) without
and with the phase correction, respectively, for neutron wave-
lengths λ = 0.4 nm (circles), 0.8 nm (triangles), and 1.2 nm
(squares). The solid lines in (e) represent the best-fit curves to
a quadratic polynomial of the position z.

scattering, as shown in Fig. 9(a), which is a likely target of
MIEZE spectroscopy. We assume that the detector plane is
flat and perpendicular to the incident-beam direction, and
the sample is regarded as a point scatterer. In this case, the
path-length deviation is given by

�Lsd(x, z) =
√

L2
sd0 + x2 + z2 − Lsd0 � x2 + z2

2Lsd0
, (34)

where Lsd0 is the shortest distance between the sam-
ple and the detector. The approximation is valid under√

x2 + z2 � Lsd0. In the perpendicular configuration,
�Lsd(x, z) ≥ 0, �φ ≥ 0, and �t ≥ 0. To reproduce the
MIEZE signal on the virtual equidistant surface in the
echo condition, the observed t must be shifted to t − �t
and filled into a histogram [see Fig. 9(b)]. With the event-
data format, where the detection time t (TOF) and position
(x, z) are recorded for each detection event, it is possi-
ble to calculate �t(v, x, z) for each neutron before making
a time histogram. Therefore, the resolution of �t is free
from the constraint by fixed time binning. This is dif-
ferent from the data-acquisition system in which data
are recorded in a premade histogram with a fixed bin-
ning. Figures 9(c)–9(f) show the experimental data of the
observed phase [(c, e)] and the corrected phase [(d, f)]
of the MIEZE signal in the setup of Lsd0 = 1.34 m and
fM = 200 kHz. Polycrystalline diamond powder (Micro-
diamant AG) is used as the elastic sample. The scattered
neutrons irradiated the detector with a diameter of 8 cm.
The z-position dependence at the center line (x = 0) shown
in Fig. 9(e) can be described by the quadratic functions
of z according to Eqs. (33) and (34) for x = 0. After the
phase correction is applied, the phase is much less depen-
dent on position than the raw data for all wavelengths
[compare Figs. 9(e) and 9(f)]. The maximum phase shift
from the average phase is suppressed at most approxi-
mately 0.5 rad in the worst case of λ = 1.2 nm. From the
identity [cos φ + cos(φ + �φ)]/2 = cos(�φ/2) cos(φ +
�φ/2), the contrast reduction factor caused by �φ =
0.5 is estimated to be cos(�φ/2) ≈ 0.97, which is not a
predominant error in practical measurements. The phase
correction method is significant for longer Fourier times
and larger scattering angles because the phase shift is
more prominent in these cases. The successful phase cor-
rection permits the wide coverage of detectors and maxi-
mizes the benefit of the broad wavelength band of pulsed
beams.

V. CONCLUSION

In this work, we propose the introduction of a detuning
parameter 
 as an indicator for the magnitude of devia-
tion from the spin-echo condition, caused by the presence
of magnetic fields and spatial displacements. It is demon-
strated that the velocity-dependent phase shift emerges as
a frequency shift 
 of the TOF MIEZE signals, and the
shift equals the derivative of the phase with respect to the
TOF, ∂φ/∂t0d. The observed frequency shift and phase
derivative exhibited a good agreement with the 
 values
calculated analytically. These findings enable the accurate
and precise tuning of a MIEZE system and contribute to the
data analysis of the spectroscopy. For example, the linear
TOF dependency of the phase can help establish reliable
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constraints in the signal fitting of MIEZE oscillations.
Moreover, understanding the phase shift of TOF MIEZE
signals is critical to realize the phase correction in a
large-area detector.
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