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A B S T R A C T

In this study, we propose a phase correction method for a type of neutron spin echo spectroscopy, known as
modulation of intensity with zero effort using a time-of-flight method (TOF-MIEZE). The phase of the MIEZE
signal sensitively varies with the neutron flight path lengths. The geometrical lengths from the sample position
to the flat detector plane differ depending on the positions on the detector plane. Integrating the phase-shifted
signals may decrease the signal contrast solely through the geometrical path-length deviations. To measure
the decrement of contrast accurately, which corresponds to the intermediate scattering function, the position-
dependent phase shifts must be corrected. The data correction is performed by shifting the MIEZE signal in
time depending on path-length deviations, the MIEZE frequency, and neutron wavelengths. In the calculation
of path-length deviations, the sample is assumed to be a point scatterer while a detector inclination is taken
into account. We also discuss the relation between the frequency shift of TOF-MIEZE signal and path-length
deviation, which is helpful to quantify phase shifts larger than 2𝜋. The presented phase correction method is
demonstrated with a 32 × 32 cm2 area detector for a 200 kHz TOF-MIEZE signal scattered from an elastic
sample.

1. Introduction

In neutron spin echo (NSE) spectroscopy [1,2], the dynamical prop-
erty of samples is analyzed through the intermediate scattering function
𝐼(𝑄, 𝜏), which is observed as a decrease in contrast of the spin echo
signal. The echo signals result from the interference of superposition
states of spin-polarized neutrons. Their oscillating part is generally
represented by a sinusoidal function, 𝑓 (𝜙) = 𝐵+𝐴 sin𝜙, the phase 𝜙 of
which is dependent on the neutron wavelength and instrumental setup.
A contrast of the signal, also referred to as visibility, is given by the
ratio of the amplitude 𝐴 and the base intensity 𝐵: 𝐶 = 𝐴∕𝐵.

In a type of NSE technique, called modulation of intensity with zero
effort (MIEZE) [3,4], time-modulated signals are generated by multiple
resonant spin flips. The phase of MIEZE signal is highly dependent
on the flight path length of neutrons. Therefore, unless neutron de-
tectors have a perfect spherical surface centered on the sample, the
signal phases may vary at different detector pixels. Integrating the
phase-shifted signals may degrade the MIEZE signal regardless of the
dynamics of the sample.

∗ Corresponding author.
E-mail address: t_oda@rri.kyoto-u.ac.jp (T. Oda).

For the MIEZE implementation using a quasi-monochromatic con-
tinuous neutron beam, the position-dependent phase problem and a
correction method have been reported [5] from the RESEDA instru-
ment [6,7] at a reactor source of Heinz Maier-Leibnitz Zentrum (MLZ),
Germany. Accuracy of detector positioning required to maintain a con-
trast increases with the frequency of MIEZE signal [8]. With a pulsed
neutron beam, the required accuracy is generally relaxed because the
wavelength resolution can be higher than that of a continuous beam
(𝛥𝜆∕𝜆 ∼ 10%). The MIEZE technique using pulsed neutron beams
(TOF-MIEZE) is currently implemented at BL06 VIN ROSE [9] at the
Materials and Life Science Experimental Facility (MLF) [10] of the
Japan Proton Accelerator Research Complex (J-PARC) and the Larmor
instrument [11] at the ISIS Neutron and Muon Source, UK.

Recently, we have started the operation of a neutron detector with
a wide effective area of 32 × 32 cm2 at BL06 to cover more solid
angles and allow efficient use of the polychromatic pulsed beams. In
this paper, we report on a phase correction method for the TOF-MIEZE
signal required for the MIEZE instrument with the wide area detectors.
We derive an analytical expression of the path-length deviation in a
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Fig. 1. Schematic of a MIEZE-type NSE instrument.

general configuration of a detector. This is useful for reproducing the
phase shifts with a few parameters and embedding the phase correction
in the data reduction process. We also discuss the correspondence
between the frequency shifts of TOF-MIEZE signal and path-length
deviations, which is helpful to determine a detector configuration. With
the above findings, we demonstrate the phase correction method for
polychromatic pulsed neutrons measured by a wide area detector.

The presented correction scheme is valid for the non-dispersive
phase shifts that arise on different detector pixels. We neglect the effect
of a finite sample volume and finite beam size and divergence in the
scheme. The distribution of neutron path lengths is considered to be
a convolution of these effects and scattering directions. Unless there
is significant anisotropy, the center of the distribution should be close
to that of the case with a point-like sample and infinitely collimated
beam. Dispersion of the distribution, for which our correction method
is not applicable, can be problematic even when using a high wave-
length resolution. The dispersion caused by a sample volume has been
studied analytically [12] and by numerical simulations [13,14]. Several
systems using focusing optics have been proposed to reduce the path-
length dispersion from a beam divergence while maintaining the beam
intensity [14–16].

2. Phase correction method for MIEZE spectroscopy

We consider a simple MIEZE setup with two resonance spin flippers
(RSFs), RSF1 and RSF2, driven with frequencies of 𝜔1 and 𝜔2, respec-
tively. Figure 1 shows a schematic of the setup. The phase of the MIEZE
signal can be expressed as the follows [17]:

𝜙(𝑣, 𝑡) = 𝜔1
𝐿12
𝑣

− 𝜔M
𝐿2s + 𝐿sd

𝑣
+ 𝜔M𝑡 + 𝜒, (1)

where 𝑣 denotes the neutron velocity, 𝐿12 is the distance between RSF1
and RSF2, 𝐿2s is the distance between RSF2 and the sample, 𝐿sd is the
distance between the sample and the detector, 𝜔M = 𝜔2 −𝜔1 and 𝜒 is a
constant affected by the phases of radiofrequency (RF) currents of RSFs.
We assume the MIEZE condition is satisfied with a certain 𝐿sd = �̄�sd,

𝜔1𝐿12 = 𝜔M(𝐿2s + �̄�sd). (2)

In this condition, the phase of the MIEZE signal is independent of the
neutron velocity (wavelength), and the signal can be expressed as

𝐼(𝑡d) ∝
1
2
[

1 + cos(𝜔M𝑡d + 𝜒)
]

. (3)

Before taking the sample measurements, the apparatus is tuned to the
MIEZE condition with the incident neutron beam. However, the path
lengths 𝐿sd of scattered neutrons may differ from point to point unless
the detector plane is a perfect sphere centered on the sample. With a
path-length deviation, 𝐿sd = �̄�sd + 𝛥𝐿sd, the phase shift is given by

𝛥𝜙 = 𝜔M
𝛥𝐿sd
𝑣

= 𝜔M𝛥𝑡, 𝛥𝑡 =
𝛥𝐿sd
𝑣

. (4)

Once the path-length deviations 𝛥𝐿sd are known, one can perform
phase correction according to Eq. (4). Specifically, to compensate for
the phase shifts, the recorded detection time 𝑡d should be shifted to
𝑡d − 𝛥𝑡 before drawing the time histogram (see Fig. 2(c)).

Fig. 2. Path-length deviations in (a) perpendicular and (b) inclined configurations. (c)
MIEZE signals with phase shifts.

2.1. Path-length deviations

Here we derive the position dependence of the path-length devi-
ations in a flat detector plane. We first consider the case in which
the detector plane is perpendicular to the beam direction as shown in
Fig. 2(a). We assume that the MIEZE condition is satisfied at the center
of the detector (𝑥′, 𝑦′) = (0, 0) with a distance 𝐿sd = �̄�sd. The path-length
deviation at (𝑥′, 𝑦′) on the detector plane is given by

𝛥𝐿sd =
√

�̄�2
sd + 𝑥′2 + 𝑦′2 − �̄�sd ≃

𝑥′2 + 𝑦′2

2�̄�sd
. (5)

In the perpendicular case, 𝛥𝐿sd ≥ 0 for any (𝑥′, 𝑦′).
Second, we consider a more general configuration of the detec-

tor: the detector plane has inclinations 𝛼 and 𝛽 around the 𝑥- and
𝑦-axis, respectively (|𝛼|, |𝛽| ≪ 1). For high MIEZE frequencies, non-
negligible path-length deviations can be caused by inclinations of the
order of 0.1◦, which are inherent in practical experimental alignment.
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Fig. 3. (a) Photograph of a Mpix detector with an effective area of 32 × 32 cm2 (a
scintillator plate and aluminum cover are removed). (b) Multi-pixel photon counters
are arranged regularly in an interval of 1 cm.

We denote the position in the laboratory coordinate system by 𝒓 =
𝑥𝒆𝑥 + 𝑦𝒆𝑦 + 𝑧𝒆𝑧, and the local coordinate on the detector plane by
𝒓 = 𝑥′𝒆′𝑥+𝑦′𝒆′𝑦. Here 𝒆𝑗 and 𝒆′𝑗 denote orthonormal basis vectors in each
coordinate system. In the measurement data, (𝑥′, 𝑦′) is recorded. In the
following analysis, subscripts {1, 2, 3} are read as {𝑥, 𝑦, 𝑧}. In general,
𝒆′𝑗 (𝑗 = 1, 2, 3) can be expressed as a linear combination of {𝒆1, 𝒆2, 𝒆3}.
The coefficients are given by the elements of the following rotation
matrix:

𝑅−1 = 𝑅−1
𝑥 (𝛼)𝑅−1

𝑦 (𝛽) =
⎛

⎜

⎜

⎝

cos 𝛽 0 − sin 𝛽
sin 𝛼 sin 𝛽 cos 𝛼 sin 𝛼 cos 𝛽
cos 𝛼 sin 𝛽 − sin 𝛼 cos 𝛼 cos 𝛽

⎞

⎟

⎟

⎠

, (6)

where 𝑅𝑥 and 𝑅𝑦 are the rotation matrices around 𝑥- and 𝑦-axis,
respectively:

𝑅𝑥(𝛼) =
⎛

⎜

⎜

⎝

1 0 0
0 cos 𝛼 − sin 𝛼
0 sin 𝛼 cos 𝛼

⎞

⎟

⎟

⎠

, 𝑅𝑦(𝛽) =
⎛

⎜

⎜

⎝

cos 𝛽 0 sin 𝛽
0 1 0

− sin 𝛽 0 cos 𝛽

⎞

⎟

⎟

⎠

. (7)

Thus, 𝒓 can be written in the laboratory coordinate system as follows:

𝒓 = 𝑥′𝒆′1 + 𝑦′𝒆′2 = 𝑥′
3
∑

𝑗
𝑅−1
1𝑗 𝒆𝑗 + 𝑦′

3
∑

𝑗
𝑅−1
2𝑗 𝒆𝑗

=
⎛

⎜

⎜

⎝

𝑥′ cos 𝛽 + 𝑦′ sin 𝛼 sin 𝛽
𝑦′ cos 𝛼

−𝑥′ sin 𝛽 + 𝑦′ sin 𝛼 cos 𝛽

⎞

⎟

⎟

⎠

. (8)

The path-length deviation 𝛥𝐿sd(𝑥′, 𝑦′) is calculated as

𝛥𝐿sd = |𝒓 − (−�̄�sd𝒆𝑧)| − �̄�sd

=
[

(𝑥′ cos 𝛽 + 𝑦′ sin 𝛼 sin 𝛽)2 + (𝑦′ cos 𝛼)2

+(�̄�sd − 𝑥′ sin 𝛽 + 𝑦′ sin 𝛼 cos 𝛽)2
]1∕2 − �̄�sd

=
[

(𝑥′ − �̄�sd sin 𝛽)2 + (𝑦′ + �̄�sd sin 𝛼 cos 𝛽)2

+�̄�2
sd cos

2 𝛼 cos2 𝛽
]1∕2 − �̄�sd. (9)

One can see that 𝛥𝐿sd takes its minimum value, −�̄�sd(1 − cos 𝛼 cos 𝛽)
at (𝑥′, 𝑦′) = (�̄�sd sin 𝛽, −�̄�sd sin 𝛼 cos 𝛽). To compensate for a small

Fig. 4. (a) TOF spectrum of the incident beam and the contrast of the 200 kHz MIEZE
signal. The bin width of TOF spectrum is 500 μs (b) Examples of individual MIEZE
oscillations at TOF ranges of (b) 26.00–26.01 ms and (c) 38.00–38.01 ms. The time
bin width is 0.5 μs.

misalignment from the MIEZE condition, we add a length offset 𝓁 to
the fitting model, that is,

𝛥𝐿sd(𝑥′, 𝑦′; 𝛼, 𝛽,𝓁) =
[

(𝑥′ − �̄�sd sin 𝛽)2 + (𝑦′ + �̄�sd sin 𝛼 cos 𝛽)2

+�̄�2
sd cos

2 𝛼 cos2 𝛽
]1∕2 − (�̄�sd + 𝓁). (10)

A reliable method to determine the configuration parameters 𝛼, 𝛽, and
𝓁 is to measure the MIEZE signal from an elastic scattering sample in
the actual setup. Once this calibration measurement is performed, we
can reproduce 𝛥𝐿sd and, consequently, 𝛥𝑡 in a general configuration
using the analytical model.

2.2. Relation between path-length deviations and frequency shifts of TOF-
MIEZE signals

A standard approach to measure the path-length deviations is to use
the phase shift Eq. (4) with a monochromatic wavelength range. In this
measurement the neutron wavelength and MIEZE frequency should be
chosen so that the maximum phase shift in a detector area does not
exceed 2𝜋 [5]. Here, we describe how the frequency shifts of TOF-
MIEZE signals can be an alternative approach that is available for phase
shifts over 2𝜋.

Including the cases deviating from the MIEZE condition, the TOF-
MIEZE signal can be expressed by [17]

1
2
{

1 + cos[(𝜔M −𝛺)𝑡d + 𝜒]
}

, (11)

where the frequency shift 𝛺 is defined as [18]

𝛺 =
−𝜔1𝐿12 + 𝜔M(𝐿2s + 𝐿sd)

𝐿0d
. (12)
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Fig. 5. (a) Setup of the calibration measurement with a diamond powder sample.
The inset shows dimensions of the sample and the incident neutron beam. (b) Two-
dimensional intensity distribution of scattered and transmitted neutrons. (c) Horizontal
projections of intensity with the sample (solid line) and without sample (dashed line).

Fig. 6. (a) Observed position dependence of the frequency shift 𝛺 and corresponding
path-length deviation 𝛥𝐿sd = (𝛺∕𝜔M)𝐿0d. The contour lines show the two-dimensional
fitting result by Eq. (10). (b) The 𝑥-position dependence of 𝛺 and 𝛥𝐿sd on the line
𝑦 = 0. The black circles show the measurement data, and the red solid line is the
best-fit curve. (c) The difference between the measurement data and best-fit curve.

In the MIEZE condition Eq. (2), where 𝐿sd = �̄�sd, we have 𝛺 = 0. With

a path-length deviation, 𝐿sd → �̄�sd + 𝛥𝐿sd, we have non-zero 𝛺, and

𝛥𝐿sd is given by

𝛥𝐿sd =
𝛺
𝜔M

�̄�0d

1 − 𝛺
𝜔M

≃ 𝛺
𝜔M

�̄�0d. (13)

The approximation follows by 𝛺∕𝜔M ≪ 1. Here �̄�0d denotes the total
flight path length for the case of 𝐿sd = �̄�sd. From this relation, path-
length deviation 𝛥𝐿sd can be calculated by measuring 𝛺 instead of
signal phases. This is because, in the TOF-MIEZE method, the informa-
tion regarding phase shifts for all available wavelengths is incorporated
into 𝛺. More importantly, the frequency shift can quantify large path-
length deviations, overcoming the 2𝜋 periodicity in phase shifts. This
feature comes from the width of the wavelength band used in the TOF-
MIEZE method. By mapping the frequency shifts on the detector plane,
we can easily measure the path-length deviations required for the phase
correction. Following the approach based on frequency shifts, the phase
correction procedure is as follows.

1. (Calibration measurement) Record the TOF-MIEZE signal on the
whole detector plane with an elastic scattering sample.

2. Evaluate the frequency shifts 𝛺 of the TOF-MIEZE signal in each
spatial bin and convert 𝛺 into 𝛥𝐿sd by multiplying by a factor
𝐿0d∕𝜔M (Eq. (13)).

3. Fit the two-dimensional 𝛥𝐿sd map and determine the parameters
𝛼, 𝛽, and 𝓁 of Eq. (10).

4. Calculate 𝛥𝐿sd and 𝛥𝑡 for each neutron detection event and draw
a time histogram with shifted time 𝑡d − 𝛥𝑡.

The resulting time histogram represents a MIEZE signal without the
dephasing effect of path-length deviations on the detector plane.

3. Experimental demonstration

To demonstrate the presented phase correction method, we per-
formed an experiment using the MIEZE-type NSE instrument at BL06 at
MLF J-PARC. We used a position- and time-sensitive neutron detector,
named Mpix, developed at the Institute of Materials Structure Science
(IMSS), High Energy Accelerator Research Organization (KEK). The
detector is composed of a 32 × 32 array of silicon photomultipliers
(multi-pixel photon counters; MPPC, Hamamatsu Photonics K.K) and
a 6LiF/ZnS(Ag) scintillator plate. We used ZnS scintillator for the
availability of products with large areas. The photomultiplier pixels are
arranged at an interval of 1 cm to cover an effective area of 32 × 32 cm2

as shown in Fig. 3. For the current implementation of the Mpix detector,
the spatial resolution (1 × 1 cm 2) is determined by the pixel interval.
It can be improved by the weighted center calculation with additional
analog-to-digital (A/D) converters. Event-based data acquisition was
performed by the NeuNET module [19]. In the event-data format,
measured values of position, time-of-flight (TOF), time stamp, and
other parameters are recorded for each neutron detection event. The
data process of phase correction was applied to the individual event
before drawing a time histogram of the MIEZE signal. Therefore, the
resolution of time-shifting for correction and the time bin width for
drawing the MIEZE signal are decoupled.

The MIEZE setup consisted of two resonant spin flippers driven by
the RFs 𝜔1∕2𝜋 = 200 kHz and 𝜔2∕2𝜋 = 400 kHz. The resulting MIEZE
frequency was 𝜔M∕2𝜋 = (𝜔2 −𝜔1)∕2𝜋 = 200 kHz. The alignments of the
setup were 𝐿0d = 23.64m, 𝐿12 = 2.880m, 𝐿2s = 0.970m, �̄�sd = 1.406m.
The length of �̄�sd from the sample to the detector center was measured
by a laser distance meter after an alignment for the MIEZE condition
referencing the frequency shifts. Figure 4 shows a typical 200 kHz TOF-
MIEZE signal of the incident beam in the setup. Panel (a) shows the TOF
spectrum and the contrast of the MIEZE signal in a time frame of 80ms,
whereas panels (b) and (c) show examples of sinusoidal oscillations
in two MIEZE periods (10 μs) for neutron wavelengths 𝜆 = 0.45 and
0.65 nm, respectively. The fitting curve and the signal contrast shown
in Fig. 4 are

𝑓 (𝑡) = 𝐵 + 𝐴 cos(𝜔M𝑡 + 𝜒), (14a)

𝐶 = 𝐴
𝐵
. (14b)
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Fig. 7. The left (a,c,e) and right (b,d,f) column show the raw data and phase corrected data, respectively. Raw phase maps of the 200 kHz MIEZE signal for the neutron wavelength
(a) 𝜆 = 0.45 nm and (c) 𝜆 = 0.65 nm. Phase maps after correction for (b) 𝜆 = 0.45 nm and (d) 𝜆 = 0.65 nm. Typical 𝑥-position dependence of the signal phase at 𝑦 = 0 (e) without
and (f) with the phase correction. The phase values are wrapped into [−𝜋, 𝜋].

The calibration measurement to determine the detector configura-
tion parameters (𝛼, 𝛽, and 𝓁) was performed with a polycrystalline dia-
mond powder (Microdiamant AG). The measurement setup is sketched
in Fig. 5(a). The powder sample was filled in a cylindrical cell with
an inner diameter of 5mm and height of 20mm. The beam size at
the sample was approximately 5 × 5 mm2. Figure 5(b, c) shows the
intensity distribution of scattered neutrons. Because of its wide specific
interfacial area of powder form, the sample showed reasonably strong
scattering signals to illuminate the full area of the detector plane for
phase mapping.

The frequencies of TOF-MIEZE signal in each spatial bin were
determined by the peak position of the power spectral obtained by the
Fourier transform. Figure 6(a) shows the map of observed frequency
shifts and path-length deviations converted by Eq. (13).

The contour lines show the two-dimensional fitting result by Eq. (10).
The fitting parameters were determined as 𝛼 = 0.76(1)◦, 𝛽 = −0.60(1)◦,
and 𝓁 = 0.64(1) mm. The non-zero value of 𝛥𝐿sd at the center

(𝑥, 𝑦) = (0, 0) means that the first alignment for the MIEZE condition
by the incident beam was imperfect. The offset 𝓁 accounts for this
misalignment. Because we found a clear discrepancy between the fitting
model and experimental data on the edge of the detector, we excluded
the two edge bins from the fitting. As an example, a data slice at the
𝑦 = 0 line is shown in Fig. 6(b). The observed 𝛥𝐿sd and best fit curve
show a good agreement except for two points on the edge. Figure 6(c)
shows the residual between the fitting model and experimental data.

Figure 7 shows the phase maps of the MIEZE signal without (panels
(a,c,e)) and with the phase correction (panels (b,d,f)). To illustrate
the wavelength-dependence of the phase variation, we show data for
two different wavelengths (𝜆 = 0.45 and 0.65 nm) that have sufficient
scattered signal statistics. Without phase correction, the phase of the
MIEZE signal changes drastically in the position and phase shifts over
2𝜋 were observed out of the central part (|𝑥| > 5 cm). With phase
correction, the phase becomes constant for wavelengths and positions
except in the edge pixels of the detector.
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4. Conclusion

A phase correction method for TOF-MIEZE spin echo signals in a flat
detector plane was presented. The path-length deviations in a general
configuration of the detector were derived. The frequency shift of the
TOF-MIEZE signal is a good indicator for the path-length deviations,
whereas the phase shift has indefiniteness by 2𝜋 periodicity for large
deviations. The presented phase correction method was demonstrated
with measurement data from an elastic scatter with a 32 × 32 cm2

detector. The phase correction was performed by shifting the detection
time of each event. The corrected data showed good phase uniformity
over most of the detection area. The wide solid angles ensured by the
phase correction are important for the efficient use of broadband pulsed
neutron beams in TOF-MIEZE spectroscopy.
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