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The displacement-noise-free interferometer (DFI) is designed to eliminate all displacement-induced
noise while retaining sensitivity to gravitational wave (GW) signals. Ground-based DFIs suffer from
physical arm-length limitations, resulting in poor sensitivity at frequencies below 1 kHz. To address
this, previous research introduced a neutron-based DFI, which replaces laser light with neutrons and
achieves exceptional sensitivity down to a few hertz. In this study, we conducted a proof-of-principle
experiment using a pulsed neutron source at the Japan Proton Accelerator Research Complex (J-
PARC). Despite practical constraints that led to deviations from the ideal experimental design, we
optimized the setup and developed a novel analysis method that successfully cancels displacement
noise while preserving simulated GW signals. This work presents the first successful demonstration
of a neutron DFI and a neutron interferometer for GW detection.

I. INTRODUCTION

Since the first direct detections of gravitational waves
(GW)̶ from binary black holes [1] and binary neutron
stars [2] ̶ over 90 GW events have been observed by
the second-generation detector network comprising Ad-
vanced LIGO [3] and Advanced Virgo [4], with KAGRA
[5] joining subsequently.

Next-generation ground-based GW detectors, such as
the Einstein Telescope (ET) [6] and the Cosmic Ex-
plorer (CE) [7], are designed to observe GWs in the 10
Hz to 1 kHz range. At frequencies below this band,
important scientific targets include intermediate-mass
black holes [8], GWs associated with primordial black
holes [9], and primordial GWs [10]. However, enhanc-
ing sensitivity at low frequencies is difficult due to dis-
placement noise sources, including seismic and suspen-
sion thermal noise. A promising approach to suppress
these noise sources is to use space-based detectors, such
as the Laser Interferometer Space Antenna (LISA) [11]
and the Deci-hertz Interferometer Gravitational Wave
Observatory (DECIGO) [12, 13]. Although space-based
detectors can effectively eliminate suspension-related

noise, their development demands substantial financial
and temporal investment.

To mitigate displacement noise in ground-based in-
terferometers, the displacement-noise-free interferome-
ter (DFI) was proposed [14, 15]. It works by combining
signals so that displacement noise components cancel
out [16]. This principle has been experimentally val-
idated using specially designed interferometric config-
urations [17, 18]. The DFI’s frequency sensitivity de-
pends on the propagation time of laser light between
mirrors. More precisely, a DFI with an arm length of
L has an effective frequency of c/L. Thus, even a DFI
with an arm length of 10 km is insufficiently sensitive
below 1 kHz.

One method to solve this problem is the neutron DFI
[19], which uses neutrons instead of laser light. Since
neutron speed can be chosen within experimental con-
straints, the DFI’s effective frequency can be reduced
using neutrons with speeds slower than light. An-
other advantage of the neutron DFI is the simplifica-
tion of the interferometer configuration. Previous stud-
ies have demonstrated that the number of optical com-
ponents and the required neutron incidence angles can
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be reduced or optimized using multiple neutron speeds
[20, 21], with further refinements explored in [22].

In this study, we performed a proof-of-principle ex-
periment to validate and assess the concept’s feasibility.
The experiment utilized a pulsed neutron source at the
Materials and Life Science Experimental Facility (MLF)
at the Japan Proton Accelerator Research Complex (J-
PARC) [25].

This demonstration marks the first experimental re-
alization of a neutron DFI and a neutron interferom-
eter for GW detection. As noted in prior work [19],
neutron-based detectors are expected to exhibit signifi-
cantly greater sensitivity than ground-based laser inter-
ferometers at frequencies below a few Hz.

The paper is organized as follows: Section II reviews
the theoretical framework of the neutron DFI using
a four-speed unidirectional configuration. Section III
compares the ideal and actual experimental setups. Sec-
tion IV describes the analysis methodology and numer-
ical simulations. Experimental results are presented in
Section V, and concluding remarks are given in Section
VI.

II. REVIEW OF NEUTRON DFI USING
FOUR-SPEED UNIDIRECTIONAL NEUTRONS

This section reviews the configuration of the interfer-
ometer examined in our proof-of-principle experiment.
It also introduces the phasor diagram and the accom-
panying mathematical framework to demonstrate how
displacement noise is canceled while GW signals are pre-
served. This framework serves as the basis for the anal-
yses conducted throughout this paper.

The system under study is a neutron DFI, which uti-
lizes unidirectional neutrons traveling at four distinct
velocities vi, where v1 > v2 > v3 > v4. As shown
in Fig. 1, the configuration consists of a square Mach-
Zehnder interferometer illuminated by neutrons at these
four speeds. The interferometer comprises two beam
splitters (BSU and BSL) and mirrors (M1 and M2).
The red, blue, green, and magenta arrows denote the
trajectories of neutrons traveling at v1, v2, v3, and v4,
respectively.

Figure 1. Mach-Zehnder interferometer illuminated with
four-speed unidirectional neutrons. This interferometer
comprises two beam splitters, BSU and BSL, and two mir-
rors, M1 and M2. The red, blue, green, and magenta arrows
indicate the trajectories of neutrons with the speeds of v1,
v2, v3, v4, respectively.

The phase shift of neutrons, ϕl,i(t), induced by the
displacement of optical elements or by a GW signal,
is given by: ϕl,i(t) = kixl(t), where l denotes either
a mirror (M1, M2), a beam splitter (BSU, BSL), or a
simulated GW component (GWU, GWL), xl(t) is the
time-dependent displacement of the corresponding ele-
ment or signal, and ki is the wave number associated
with the neutron traveling at speed vi.

Let Ti represent the propagation time of a neutron
along one side of the interferometer square. When
neutrons at different speeds reach mirrors simultane-
ously, the associated phase shifts at BSU and BSL are
given by ϕBSU,i(t− Ti) and ϕBSL,i(t+ Ti), respectively.
For GWs, we assume the neutron phase shift occurs
along one leg of the interferometer path, around the
midpoint between a mirror and a beam splitter (BS).
This simplification yields GW-induced phase shifts of
ϕGWU,i(t − Ti/2) and ϕGWL,i(t + Ti/2). Accordingly,
the total phase shift for each neutron speed is: ϕi(t) =
ϕBSU,i(t−Ti)+ϕGWU,i(t−Ti/2)+ϕM1,i(t)+ϕM2,i(t)+
ϕGWL,i(t+ Ti/2) + ϕBSL,i(t+ Ti), as shown in Table I.

Table I. Phase shifts caused by the displacement of mirrors,
BSs, and the GW signal when unidirectional neutrons of
different speeds hit the mirrors simultaneously.

phase BSU GWU M1 M2 GWL BSL

ϕ1(t) ϕBSU,1(t− T1) ϕGWU,1(t− T1/2) ϕM1,1(t) ϕM2,1(t) ϕGWL,1(t+ T1/2) ϕBSL,1(t+ T1)

ϕ2(t) ϕBSU,2(t− T2) ϕGWU,2(t− T2/2) ϕM1,2(t) ϕM2,2(t) ϕGWL,2(t+ T2/2) ϕBSL,2(t+ T2)

ϕ3(t) ϕBSU,3(t− T3) ϕGWU,3(t− T3/2) ϕM1,3(t) ϕM2,3(t) ϕGWL,3(t+ T3/2) ϕBSL,3(t+ T3)

ϕ4(t) ϕBSU,4(t− T4) ϕGWU,4(t− T4/2) ϕM1,4(t) ϕM2,4(t) ϕGWL,4(t+ T4/2) ϕBSL,4(t+ T4)

Here, we assume that all terms carry a positive sign for
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simplicity. This is justified because in both paths the
beams experience a reflection on the same side of the
beam splitter, resulting in a common phase shift that
cancels out.

Finally, we define the interference signal of neutrons
of each speed as si = ϕi(t)/ki. This interference signal
indicates the sum of displacement noise or signal that
neutrons of each speed experience, and thus it has a
dimension of displacement. We also define the contri-
bution of the interference signal caused by each compo-
nent (mirror, BS, and GW), sl,i(t), as si(t) =

∑
sl,i(t).

For example, the contribution from BSU is sBSU,i(t) =
ϕBSU,i(t− Ti)/ki.

Considering the situation without gravity, neutrons
propagate straight and hit at the same point on each
optical component. Since neutrons that strike the mir-
ror simultaneously are subjected to identical mirror dis-
placement noise, this noise can be canceled by combin-
ing pairs of signals. For example, the following combi-
nations yield signals that are free from the mirror dis-
placements:

s14(t) = s1(t)− s4(t), (1)
s23(t) = s2(t)− s3(t). (2)

Now, we consider the interference signal in the fre-
quency domain instead of the time domain to explain
the cancellation of the displacement noises from BSU
and BSL. The Fourier spectrum of the interference sig-
nal is defined as Sx(Ω) =

∫∞
−∞ sx(t)e

−jΩtdt, where Ω
is the angular frequency, j is an imaginary unit and
x is arbitrary, representing i or a pair of i and l. Ac-
cordingly, the time-domain interference signal can be
expressed as sx(t) =

∫∞
−∞ Sx(Ω)e

jΩt dΩ. Here, we im-
pose a condition on the neutron speeds, which is given
by the following equation (see [21] for more details; an
intuitive explanation is provided later in this section).

1

v1
+

1

v4
=

1

v2
+

1

v3
. (3)

This is based on selecting a speed such that the average
of phase between v1 and v4 is the same as that between
v2 and v3. This condition makes it possible to cancel
the displacement noises of BSU and BSL with the DFI
signal combination, which is written as

SDFI(Ω) = c14(Ω)S14(Ω)− c23(Ω)S23(Ω), (4)

with the coefficients

c14(Ω) = sinΩ

(
T2 − T3

2

)
, c23(Ω) = sinΩ

(
T1 − T4

2

)
.

(5)

Figure 2. Phasor diagram of BS displacement noises. Solid
arrows originating from the origin represent the displace-
ment noises of BSU (upper panel) and BSL (lower panel).
Arrow lengths correspond to the normalized amplitude of
the displacement noise. Dashed circle shows the reference
of normalized amplitude. Tangerine and purple arrows in-
dicate the residual BS noises after all mirror noises are can-
celed in Eqs. (1)-(2). In the upper panel, the length of the
rotating arrows corresponds to the phase shift of BS dis-
placement noises.
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Figure 3. Phasor diagram of GW signals. Solid arrows orig-
inating from the origin represent the GWU (upper panel)
and GWL (lower panel) signals. Arrow lengths correspond
to the normalized amplitude of the GW signal. Dashed cir-
cle shows the reference of normalized amplitude. Tangerine
and purple arrows indicate the residual GW signals after
all mirror noises are canceled in Eqs. (1)-(2). In the up-
per panel, the length of rotating arrows corresponds to the
phase shift of GW signals.

We use a phasor diagram to intuitively explain the
cancellation of BS noises and the preservation of GW
signals, as shown in Figs. 2-3. In these figures,
the Fourier component of the interference signal at Ω,
Sx(Ω)e

jΩt, where x indicates the source of the displace-
ment or GW signal, is represented as arrows originating
from the origin. For example, SBSU,1 suggests the inter-

ference signal of neutrons with speed v1, affected by the
displacement noise of BSU. At the same time, SGWL,2

indicates the interference signal of neutrons with speed
v2, affected by the GW signal in the lower part of the
interferometer in Fig. 1. Note that although the am-
plitude and initial phase of these noises or signals are
arbitrary, they are assumed to be the same in these fig-
ures for simplicity. It is essential to recognize that the
phase (indicated as the rotating arrows in the figures) is
accumulated more for the BS noises than the GW sig-
nals, because of the difference in path length from the
mirror. The tangerine and purple arrows correspond to
the residuals of BS noises and GW signals after can-
celing the mirror noises by Eqs. (1)-(2), which are free
from any mirror displacement. The parallelism of these
arrows results from the condition on the neutron speeds
shown in Eq. (3).

The key to canceling the BSU and BSL noise compo-
nents in Fig. 2 ̶ after the mirror displacement noise
has been removed ̶ lies in the fact that the tanger-
ine and purple arrows are parallel. The BSU and BSL
noise can be eliminated by subtracting these two vec-
tors, weighted by coefficients c14(Ω) and c23(Ω) that
account for their amplitude differences. In contrast to
BS noises, the residual GW signals are preserved in Eq.
(4) because the length ratio of the arrows in the GW
signals in Fig. 3 is different from that in BS noises. In
Fig. 2, the tangerine arrow is more than twice as long
as the purple one and points in the opposite direction.
In contrast, in Fig. 3, the tangerine arrow is slightly
shorter than the purple one and points in the same di-
rection. This difference illustrates that the GW signals
are not canceled by the combination that eliminates the
BS noises.

Here it should be emphasized that for the DFI combi-
nation, sufficient angular differences between the arrows
in Figs. 2-3 are crucial, because they create differences
in the length ratio between BSs noises and GW signals.
This angular difference, which corresponds to the dif-
ference of phase shifts in terms of noise and signal, is
the essence of DFI.

III. COMPARISON BETWEEN IDEAL AND
ACTUAL EXPERIMENT

To illustrate the conceptual foundation of our work,
Figure 4 depicts an idealized setup for a proof-of-
principle experiment involving a four-speed, unidirec-
tional neutron DFI. This setup comprises a square
Mach-Zehnder interferometer illuminated by a contin-
uous, high-intensity neutron beam. The high neu-
tron flux suppresses shot noise, thereby improving sig-
nal clarity. Mirrors and BSs in this configuration are
equipped with actuators (e.g., piezoelectric transduc-
ers) to simulate displacement noise. Additional phase
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modulation elements between optical components are
used to simulate GW signals.

In this ideal configuration, both simulated displace-
ment noise and GW signals are introduced, enabling
validation of the DFI principle: appropriate combina-
tions of interferometric outputs can cancel displacement
noise while preserving GW signals. The neutron beams
are assumed to strike mirrors simultaneously, which al-
lows the mirror noise cancellation in Eqs. (1)-(2), as
discussed in Section II, and the interferometer’s arm
lengths and modulation frequencies are selected to en-
sure sufficient phase differences, typically on the order of
π between neutrons of different speeds. As established
in Section II, this phase difference corresponds to angu-
lar separation in the phasor diagram, which is essential
for differentiating noise from GW signals. Therefore,
the experimental setup must be designed with appro-
priate modulation depth for the simulated signal and
noise and a suitable path length of the interferometer.

Figure 4. Straightforward experimental setup for the ideal
proof-of-principle experiment on the four-speed unidirec-
tional neutron DFI. The red, blue, green, and magenta ar-
rows indicate the trajectories of neutrons with the speeds of
v1, v2, v3, and v4, respectively. The purple and grey rect-
angles represent actuation systems for BS noises and mirror
noises. The mesh circles colored yellow show actuation sys-
tems for GW signals.

However, our experimental setup deviates from this
ideal due to several practical constraints. As shown in
Fig. 5, the experiment was carried out at the Mate-
rials and Life Science Experimental Facility (MLF) at
J-PARC [26], using equipment based on an earlier neu-
tron interferometer demonstration [28] that successfully
employed beam-splitting etalons (BSEs).

Figure 5. Actual setup for the neutron DFI used at J-PARC
(left panel), and a photograph of the setup with the inserted
sample displayed (right panel). In the left panel, neutron
mirrors and BSs correspond to magenta lines and the paths
of interfering neutrons are illustrated by the solid (Path 1)
and dashed (Path 2) black arrows. In the photograph of
the right panel, two beam-splitting etalons (BSEs) are high-
lighted by yellow squares, and the neutron beam enters there
from the top side of the picture.

The interferometer adopts a parallelogram geometry
with an acute angle of approximately 1°, instead of a
square. Instead of separate mirrors and BSs with inde-
pendent actuators, two BSEs are used [23, 24]. These
BSEs consist of two super-polished SiO2 plates facing
each other with fixed spacers. Consequently, the mir-
rors and BSs are physically integrated and cannot be
actuated independently, unlike in the ideal setup.

Another significant limitation lies in the available
path length. Achieving sufficient phase modulation re-
quires a long path relative to the modulation frequency;
for example, a path length of approximately 1.25 m
is required to obtain half-wave phase modulation at a
modulation frequency of 200 Hz for neutrons traveling
at 500 m/s. However, the practical path length is lim-
ited to approximately 0.2 meters, constrained by align-
ment tolerances of the BSEs. This short path length
limits the achievable phase difference between neutrons
of different speeds to below π.

The neutron source at J-PARC’s BL05 beamline is a
pulsed spallation source, particularly the low-divergence
branch of the BL05 (NOP) [26]. For the neutron DFI
to function, two conditions must be met: (1) clear sep-
aration of neutrons of different speeds, and (2) simul-
taneous arrival of neutrons at the mirrors. A continu-
ous source would naturally fulfil the second condition
and could separate neutron speeds using a spectral dis-
persion prism. In contrast, the pulsed source allows
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speed selection via time-of-flight (TOF) measurements
but makes it challenging to ensure simultaneous mirror
arrival.

The neutron flux is also considerably lower than in
the ideal scenario. At a wavelength of 1 nm, the BL05
beamline provides a flux of approximately 102 neutrons
per second̶ far below the 1013 neutrons per second
expected from a continuous source with shorter wave-
lengths (e.g., 0.13 nm) [29].

These differences between the ideal and actual setups
are summarized in Table II below:

Table II. Differences between the ideal and actual setups.

Category Ideal setup Actual setup

1○ Geometry Square interferometer Acute-angled parallelogram

2○ Components Two independent mirrors and BSs Integrated BSEs (non-actuable)

3○ Neutron source Continuous beam Pulsed beam

4○ Phase difference ∼ π ≪ π

5○ Neutron beam flux ∼ 1013 /s (for λ = 0.13 nm) ∼ 102 /s (for λ = 1 nm)

In the next section, we describe the methods em-
ployed to compensate for these differences, enabling
the realization of a functional proof-of-principle neutron
DFI experiment using the constrained apparatus.

IV. DETAILS OF ACTUAL SETUP, ANALYSIS
METHOD AND NUMERICAL SIMULATION

RESULT

This section outlines the experimental design and
analysis methodology used to replicate, as closely as
possible, the essential behaviors of the ideal DFI con-
figuration within the constraints of our available setup.
This proof-of-principle experiment aims to demonstrate
that BS displacement noise can be effectively canceled
using DFI signal processing, while simulated GW sig-
nals are preserved.

A. Experimental Apparatus

Fig. 6 shows the experimental layout at J-PARC. A
pair of aluminum (Al) phase plates̶used to induce neu-
tron phase shifts̶ is inserted at a 45° angle into both
neutron paths. The pair consists of a modulator and a
compensator. The compensator offsets the beam path
displacement introduced by the modulator. Each Al
plate features a zigzag shape to reduce spatial require-
ments while maintaining the 45° insertion angle. The
thickness of the plates along the beam path is 6 mm.

Figure 6. Actual setup for the proof-of-principle experiment
(left panel) and photograph of an inserted sample (right
panel). In the picture in the right panel, a pair of Al phase
plates of modulator and compensator is highlighted by the
yellow square and the actuators (piezoelectric transducers)
are indicated by the green arrows.

The modulator plate is actuated using a piezoelectric
transducer, which varies the plate’s angle and thus the
effective flight path length through Al relative to air.
Because Al and air have different neutron refractive in-
dices, this results in phase modulation of the neutron in-
terference signal. The modulation is synchronized with
the neutron source trigger, enabling controlled phase
shifts in the neutron pulses.

Due to the limited space between the BSEs (∼50
mm), only one actuator can be placed along the beam
path. This constraint necessitated the development of
a novel analysis method, detailed below, to simulate
the independent effects of mirror noise, BS noise, and
GW signals̶each of which ideally would be applied at
different physical locations.

B. Simulated signals of GWs and displacement
noises

To simulate the effects of GW signals and displace-
ment noise (excluding mirror noise, which is theoret-
ically cancelable via signal combinations as shown in
Section II), we apply five modulation patterns:

1.BSU noise

2.BSL noise

3.GWU signal

4.GWL signal

5.Mirror noise (used as a timing reference)
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In the noise simulation, the cancellation target is only
BS noise because the cancellation of mirror noises is the-
oretically evident as shown in Eqs. (1) and (2). This ad-
justment corresponds to difference 1○ (Geometry) listed
in Table II. The mirror noise is used as a timing refer-
ence for BS noise cancellation.

In the GW simulation, the shorter arm of the inter-
ferometer lies within the beam-splitting etalon (BSE),
as shown in Fig. 7, making it challenging to apply sim-
ulated GW signals directly to this path. To accommo-
date GW polarization without influencing the shorter
arm, we simulate a cross-polarization mode oriented at
a 45-degree angle relative to the shorter path, as illus-
trated in Fig. 7. Consequently, in the demonstration
setup, simulated GW signals are applied only to the
longer arms of the interferometer. This adjustment cor-
responds to hardware limitation 2○ (components) listed
in Table II.

Figure 7. GW polarization with no effect on the shorter
paths. The region indicated by the red rectangle is where
the GW effect can be ignored when the GW propagating in
the z direction has the polarization represented by the blue
elliptical shape.

A phase plate is inserted at the mid-point between the
two BSEs since piezoelectric transducers cannot be di-
rectly mounted on the BSEs. As a result, in this setup,
the simulated BS noise includes a phase shift offset that
arises from the spatial separation between the actual
BS and the location of the phase plate. The simulated
GW signals are considered as the integrated sum of the
phase shift during neutron propagation between the two
BSEs. As summarised in Table II, these adaptations
also stem from hardware limitation 2○ (components).

C. Demonstration Setup and Analysis for the DFI

In this subsection, we describe the analysis methods
developed for the actual setup and present simulation
results, as a precursor to the experimental data analysis
in Section V.

Four neutron speeds were selected at BL05: v1 =
467.3 m/s, v2 = 435.0 m/s, v3 = 381.7 m/s, v4 = 360.0
m/s, all of which satisfy the DFI velocity condition
defined in Eq. 3. In practice, these neutron speeds
are identified using time-of-flight (TOF) measurements,
which typically carry an uncertainty of ± 50 µs. The
TOF uncertainty originates from the finite moderator
size, causing a time spread in neutron velocity. This
mainly reduces interference visibility, but its effect is
negligible because it is mitigated by statistical accumu-
lation. For the simulated data, we consider five types
of signals: BSU, GWU, M (mirror noise), GWL, and
BSL. Among these, the mirror noise signal is assigned
a frequency of fM = 200 Hz, which serves as the time
reference for canceling the displacement noise originat-
ing from the BSs.

In conventional laser interferometers, mirror modu-
lations manifest as variations in the interference fringe
pattern, which depends on the difference in the optical
path length between the two arms. In contrast, in our
neutron interferometer, the interference fringes are rep-
resented as a function of the TOF, as shown in Fig. 8.
This TOF-based representation is particularly advanta-
geous in our case, given the low neutron beam flux (see
Table II), which necessitates long accumulation times
to achieve adequate fringe contrast. Under these ex-
perimental conditions, TOF provides a more practical
and informative framework for analyzing the interfer-
ence signals.



8

Figure 8. Simulated modulation signals for the mirror noise
at 200 Hz. The upper panel shows the modulation signals
as a function of the TOF of neutrons and the initial phase
of the modulation signal. The lower panel shows the mod-
ulation signals as a function of the TOF of neutrons at an
initial phase of 180 degrees. The colored lines indicate the
TOFs corresponding to the four neutron speeds used in the
experiment. Both panels share a common horizontal axis.

The interference fringes of the neutron interferome-
ter, I(λ), are defined by the following formulas:

I(λ) =
IPath1/IPath1,SinglePass − IPath2/IPath2,SinglePass
IPath1/IPath1,SinglePass + IPath2/IPath2,SinglePass

,

(6)
where Ipath1 and Ipath2 are the neutron counts for the
beams of path 1 and path 2 (shown in Fig. 5), respec-
tively, and Ipath1,SinglePass and Ipath2,SinglePass are the
neutron counts for each path when the other path is
blocked by a Cd slit [28]. Thus, I(λ) ranges at most
from -1 to +1, depending on neutron’s wavelength (and
thus the TOF). It is important to note that the mea-
sured interference fringes, a function of neutron wave-
length, depend on the optical path length offset within
the interferometer. The modulation signals discussed
later in this section are derived from these measured
interference fringes.

In the upper panel of Fig. 8, the horizontal axis rep-
resents the TOF of neutrons, corresponding to the neu-
tron speed (and thus, wavelength). The vertical axis
represents the initial phase of the simulated signal. To
ensure consistent modulation effects during data accu-
mulation. The modulation signal is synchronized with
the trigger produced by the neutron pulse generator
to ensure consistent modulation effects throughout the
data accumulation process.

To observe how interference fringes vary with TOF,
the initial phase of the modulation signal is systemati-

cally swept through a full 360 degrees during each mea-
surement cycle ̶ a procedure referred to as a phase
scan. The lower panel of Fig. 8 displays modulation
signals as a function of TOF at a fixed initial phase of
180 degrees, serving as a representative result from the
phase scan. For subsequent numerical analysis, phase
variation data are extracted for each neutron velocity,
as illustrated in Fig. 9.

Figure 9. Simulated modulation signals for the mirror noise
at 200 Hz for neutrons of different speeds. The left panel
is the same as the upper panel in Fig. 9. The right panel
shows the modulation signals for neutrons of each speed as
a function of the initial phase at the TOF corresponding to
each neutron speed. Both panels share a common vertical
axis.

The left panel of Fig. 9 replicates the upper panel
of Fig. 8, displaying the simulated modulation signals
as a function of neutron TOF and the initial phase. In
the right panel, the modulation signals are plotted for
each neutron speed as a function of the initial phase,
with the TOF fixed at the value corresponding to that
specific speed.

In addition to the phase scan, a phase compensation
is applied during the actual measurement as parts of
data post-processing to simulate a condition where all
neutrons arrive at the mirror with the same modula-
tion phase. This compensation equalises the phase of
the mirror modulation received by the four types of neu-
trons. The mirror modulation signal at an initial phase
of zero is used as a reference for the compensation, en-
suring that neutrons reach the mirror in synchrony with
the modulation phase of the mirror. This phase com-
pensation corresponds to difference 3○ (Neutron source)
listed in Table II. The modulation signals as a function
of the initial phase, before and after the compensation,
are shown in Fig. 10.
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Figure 10. Simulated modulation signals as a function of the
initial phase before (the colored dashed curves) and after
(the black curves) the compensation. The size and direction
of the colored arrows indicate the amount of correction.

In this figure, the black curve represents the refer-
ence. The colored curves show the modulation signals
for neutrons of each speed (as in the right panel of Fig.
9). The colored arrows indicate the amount of phase
compensation applied to each neutron speed. The phase
compensation derived from this simulation is applied to
the experimental data to account for the variation in
the timing of neutron arrivals times at the mirror.

A critical issue arises before applying this phase com-
pensation to the phase variation data for both the BS
noise and the GW signal simulation. Due to the limited
space (approximately 50 mm) between the two BSEs,
only one actuator can be inserted. Additionally, the
modulation frequency for the actuators is limited to be-
low 300 Hz to avoid heat generation during actuation.
Even if multiple actuators could be placed along the
path, the propagation time for each neutron between
actuators (corresponding to the BSs and GWs) would
still be much shorter than the modulation period. As
a result, the phase differences between modulation sig-
nals at each actuator would be too small to achieve the
DFI combination while preserving the GW signals suc-
cessfully.

To address this issue, we use different modulation fre-
quencies for each actuator ̶ mirrors, BSs, and GWs.
This adjustment is necessary because the difference in
modulation frequencies corresponds to the phase shift
caused by BS noises or GW signals, allowing for a clear
separation between these signals despite the shared
path. The frequency offset for BSs and GWs are set as
∆fGW = 50 Hz and ∆fBS = 100 Hz, with the modula-
tion frequency for the mirror being 200 Hz (fM). Thus,
BS and GW frequencies are as follows:

fBSU = fM −∆fBS = 100Hz,

fGWU = fM −∆fGW = 150Hz,

fGWL
= fM +∆fGW = 250Hz,

fBSL
= fM +∆fBS = 300Hz.

These frequency differences result in the phase shift cor-
responding to the path length of 8.4 m.

In this experiment, each simulated signal for the dis-
placement noise of the optics and the GW signals is ap-
plied individually rather than simultaneously as a com-
bined signal. This approach is taken due to the upper
limit of the piezoelectric voltages and the sufficiency of
individual modulations.

All these measurements are then analyzed compre-
hensively in the post-processing stage. These method-
ologies account for the difference 4○ (path length) in
Table II.

The modulation signals for each component are de-
fined as follows:

ϕBSU
(t) = sin(2πfBSU

t), (7)
ϕGWU

(t) = sin(2πfGWU
t), (8)

ϕM(t) = sin(2πfMt), (9)
ϕGWL(t) = sin(2πfGWLt), (10)
ϕBSL(t) = sin(2πfBSLt). (11)

The modulation signals as a function of the TOF of
neutrons and the initial phase of the simulated signal,
as well as those as a function of the initial phase at the
TOF of each neutron for the five kinds of modulation
signals, are shown in Figs. 11-14.

Figure 11. Simulated modulation signals for the BSU noise
at 100 Hz. The left panel shows the modulation signals as a
function of the TOF of neutrons and the initial phase of the
modulation signal. The right panel shows the modulation
signals for neutrons of each speed as a function of the ini-
tial phase at the TOF corresponding to each neutron speed.
Both panels share a common vertical axis.
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Figure 12. Simulated modulation signals for the GWU signal
at 150 Hz. All parameters and definitions in this figure are
the same as those in Fig. 11.

Figure 13. Simulated modulation signals for the GWL signal
at 250 Hz. All parameters and definitions in this figure are
the same as those in Fig. 11.

Figure 14. Simulated modulation signals for the BSL noise
at 300 Hz. All parameters and definitions in this figure are
the same as those in Fig. 11.

Next, the compensation methods described in Fig.
10 are applied to the GW signals and the BS noises.
Specifically, each curve in the right panel of Figs. 11-14
is shifted by an amount specified by the arrows in Fig.
10. The modulation signals as a function of the initial
phase after compensation are shown in Figs. 15-16.

Figure 15. Simulated modulation signals as a function of
the initial phase after compensation for BSU (left panel)
and BSL (right panel) at the TOF of each neutron. Both
panels share a common vertical axis.

Figure 16. Simulated modulation signals as a function of
the initial phase after compensation for GWU (left panel)
and GWL (right panel) at the TOF of each neutron. All
parameters and definitions in this figure are the same as
those in Fig. 15.

To explain this compensation mathematically, we
provide an example of modulation signals affected by
the BSU modulation for each neutron speed as follows:

ϕBSU,1(t) = sin{(2πfMtv1 + ϕcom,v1)− 2π∆fBStv1},
(12)

ϕBSU,2(t) = sin{(2πfMtv2 + ϕcom,v2
)− 2π∆fBStv2},

(13)
ϕBSU,3(t) = sin{(2πfMtv3 + ϕcom,v3

)− 2π∆fBStv3},
(14)

ϕBSU,4(t) = sin{(2πfMtv4 + ϕcom,v4
)− 2π∆fBStv4}.

(15)

Here, ϕcom,vi
represents the phase compensation for

each neutron speed. In Eqs. (12)-(15), the first term of
the sine function is adjusted by the phase compensation,
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while the second term represents the phase difference
between each neutron speed. As a result, the relation-
ship between the neutron phase changes received from
a given simulated signal is consistent with the relation-
ship shown in Table I. This approach accounts for the
difference 4○ (path length) in Table II.

These compensations can be further explicitly ex-
plained for the BSU case, as an example, using a phasor
diagram, as shown in Fig. 17. In this diagram, the dot-
ted straight arrows representing the BSU noises for each
neutron speed are rotated by the rotating arrows cor-
responding to the phase compensation specified by the
straight arrows in Fig. 10. The resulting solid straight
arrows illustrate the correct relationship between the
four neutron speeds.

Figure 17. Simulated phasor diagram of BSU displacement
noises for the phase compensation. The dashed and solid
arrows illustrate the BS displacement noises before and after
phase compensation, respectively. Rotating arrows indicate
phase compensation. The dashed circle shows the reference
of normalized amplitude.

After applying the same phase compensation, the pha-
sor diagrams for BSU, GWU, GWL, and BSL, corre-
sponding to Figs. 15-16 are shown in Figs. 18-19.
These figures also display the residual signals after all
mirror noises are canceled as described in Eqs. (1)-(2).
It should be noted that the length ratio between the
tangerine and purple arrows (which are parallel in each
panel) for BSU and BSL is equal, and the same holds
for GWU and GWL. However, the length ratio for BSU
and BSL differs from that for GWU and GWL.

Figure 18. Simulated phasor diagram of BSU (upper panel)
and BSL (lower panel) displacement noises, respectively.
The red, blue, green, and magenta arrows show the neutron
speeds of v1, v2, v3, and v4, respectively. The tangerine and
purple arrows indicate the signals of Eqs. (1) and (2). The
dashed circle shows the reference of normalized amplitude.
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Figure 19. Simulated phasor diagram of GWU (upper panel)
and GWL (lower panel) signals, respectively. All parameters
and definitions in this figure are the same as those in Fig.
18.

Using the modulation signals after phase compensa-
tion, the DFI signal combination described in Eq. (4)
and the interferometer signal for v1 neutrons (as an ex-
ample) are shown in Fig. 20.

Figure 20. Simulated modulation signals for the BS noise
(purple curve) and GW signal (red curve) as a function of
the initial phase in the DFI combination signal (left panel)
and in the interferometer signal of v1 neutrons (right panel).
Both panels share a common vertical axis.

In the left panel of Fig. 20, the BS noises (the pur-
ple curve) are completely canceled, while some GW
signals (the red curve) remain. In the right panel of
Fig. 20, the interferometer signal for v1 neutrons still
contains BS noises. Here, the DFI coefficient ratio is
c14/c23 ∼ −4.31. The dependence of the GW signals
and BS noises in the DFI combination signal on the
coefficient ratio is shown in Fig. 21.

Figure 21. Simulated residuals of the GW signal (red curve)
and BS noise (purple curve) in the DFI combination signal
as a function of the coefficient ratio. The dashed line shows
the correct DFI coefficient ratio.

This illustrates that a specific (correct) coefficient ra-
tio that completely cancels the BS noise while preserv-
ing the GW signals.

The analysis methods in this section are summarized
in Table III.

Using these analysis methods, the actual setup is
a proof-of-principle experiment equivalent to the ideal
setup.
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Table III. Solutions for addressing differences.

Solution Category

I Only BS noise is the cancellation target 1○

II GW polarization estimation 2○

III Signal & noise simulation by Al phase plate 2○

IV Neutron count accumulation 5○

V Mirror signal is used for time reference 3○

VI One pair of modulators to save space 4○

VII One modulation per measurement 4○

VIII Frequency offset 4○

V. EXPERIMENTAL RESULTS

This section presents the experimental results based
on the analysis and experimental methods outlined in
Section IV and summarized in Table III.

In this experiment, three distinct measurements were
conducted: sample-out, sample-in without modulation,
and sample-in with modulation, where "sample" refers
to Al plates. The measurement sequence consisted
of a sample-out measurement, followed by alternating
sample-in measurements with modulation on and off.
After completing eight pairs of sample-in measurements
with different initial phases, the sample-out measure-
ments were performed again. The phase scan was per-
formed in steps of π/4. Each measurement requires ap-
proximately 10 minutes to accumulate neutron counts,
resulting in an overall time of about three hours for
measurements at a single modulation frequency.

The three types of measurements for one phase scan
are shown in Fig. 22, using the measurement of the 250
Hz modulation as an example. It should also be noted
that the path difference of the neutron interferometer
was adjusted to be around the mid-fringe position, as
seen in the middle and bottom panels of Fig. 22.

Figure 22. Measured interference fringes for different mea-
surement types. The top panel corresponds to the inter-
ference fringe from a sample-out measurement, the middle
panel to the sample-in measurement without modulation,
and the bottom panel to the sample-in measurement with
the 250 Hz modulation (as an example). These panels share
a common horizontal axis. In these panels, the red markers
represent the data points with associated error bars.

These measurements are used to obtain the param-
eters of the modulation signals as follows. The inter-
ferometer parameters, such as the alignment error of
the two etalons and the differences in SiO2 bases of the
etalons in the two paths, are obtained from the sample-
out measurement. The sample-in measurement pro-
vides the parameters of the modulators without mod-
ulation. The sample-in measurement with modulation
provides the modulation parameters (called“AC”, here-
after) and the modulation offset. Considering these fac-
tors and the previous research [28], the fitting function
can be defined as

I(λ) = A cos
{PL

λ
+
(
PIFO + Psample + Poffset

+ PAC sin
(
2πfACt+ ϕinitial

))
λ
}
+B, (16)

where A is the visibility of the interference fringe, B
is the offset of the interference fringe, PL is the geo-
metric optical length difference, PIFO is the path differ-
ence from the SiO2 BSEs of the interferometer, Psample

is the path difference from a sample without modu-
lation, Poffset is the offset of the path difference from
a modulated sample, PAC is the path difference from
the modulation amplitude, fAC is the modulation fre-
quency, and ϕinitial is the initial phase of the modulation
signal, which is used for the phase scan. The details of
the fitting process are denoted in Appendix A. The fit-
ting results, including 100 Hz, 150 Hz, 250 Hz, and 300
Hz measurements, are shown in Table IV.

Using these parameters, the modulation signals can
be obtained through a similar process to that in Section
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Table IV. Fitting parameter results for 100 Hz, 150 Hz, 250
Hz, and 300 Hz modulation.

Frequency PAC [nm−1] fAC [Hz]

100 Hz 0.8589± 0.0299 99.902± 0.148

150 Hz 0.8705± 0.0323 149.611± 0.164

250 Hz 0.7217± 0.0238 249.586± 0.106

300 Hz 0.7824± 0.0260 299.576± 0.102

IVC. For the mirror noise modulation, the simulation
data in Figs. 9-10 are used as a time reference. The
interference fringes as a function of the TOF of neu-
trons and the initial phase of the simulated signal, as
well as the interference fringes as a function of the TOF
of neutrons, for BSU, GWU, GWL, and BSL obtained
from measurements are shown in Figs. 23-26. Notably,
the measured modulation signals agree with the simu-
lated modulation signals shown in Figs. 11-14 within
the margin of error, except for a slight difference in the
overall magnitude.

Figure 23. Measured modulation signals for the BSU noise
at 100 Hz. The left panel shows the modulation signals as a
function of the TOF of neutrons and the initial phase of the
modulation signal. The right panel shows the modulation
signals for neutrons of each speed as a function of the ini-
tial phase at the TOF corresponding to each neutron speed.
The initial phase resolution is π/4. The data points and
associated error bars are illustrated by dots and bars of var-
ious colors. The colored curves represent the fitting results.
Both panels share a common vertical axis.

Figure 24. Measured modulation signals for the GWU signal
at 150 Hz. All parameters and definitions in this figure are
the same as those in Fig. 23.

Figure 25. Measured modulation signals for the GWL signal
at 250 Hz. All parameters and definitions in this figure are
the same as those in Fig. 23.

Figure 26. Measured modulation signals for the BSL noise
at 300 Hz. All parameters and definitions in this figure are
the same as those in Fig. 23.

In Figs. 23-26, the curves representing modulation
signals are obtained by fitting the data with a sine func-
tion. Subsequently, the same compensation method as
in Fig. 10 is applied to the GW signals and the BS
noises, as shown in Figs. 27-28. The measured modula-
tion signals after compensation also agree with the sim-
ulated modulation signals shown in Figs. 15-16 within



15

the margin of error, except for a slight difference in the
overall magnitude.

Figure 27. Measured modulation signals as a function of
the initial phase after compensation for BSU (left panel)
and BSL (right panel) at the TOF of each neutron. Both
panels share a common vertical axis. The colored curves
and shaded regions represent the fitting results and their
associated errors.

Figure 28. Measured modulation signals as a function of
the initial phase after compensation for GWU (left panel)
and GWL (right panel) at the TOF of each neutron. All
parameters and definitions in this figure are the same as
those in Fig. 27

Figs. 29-30 show the measured phasor diagrams cor-
responding to the BSU, BSL, GWU, and GWL signals.
These diagrams also illustrate the residual signals after
cancellation of all mirror noises. The measured pha-
sor diagram agrees with the simulated phasor diagram
shown in Figs. 18-19, including the relationships be-
tween the arrows, within the margin of error, except for
a slight difference in the overall magnitude.

Figure 29. Measured phasor diagram of measured BSU (up-
per panel) and BSL (lower panel) displacement noises, re-
spectively. The red, blue, green, and magenta arrows show
the neutron speeds of v1, v2, v3, and v4, respectively. The
tangerine and purple arrows indicate the signals defined in
Eqs. (1) and (2). The shaded regions represent their er-
rors in amplitude and phase, which are colored according
to their associated arrows. The dashed circle indicates the
amplitude of the simulation result.
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Figure 30. Measured phasor diagram of measured GWU

(upper panel) and GWL (lower panel) signals. All param-
eters and definitions in this figure are the same as those in
Fig. 29.

The measured modulation signals for the BS noise
and GW signal as a function of the initial phase in the
DFI combination signal are shown in Fig. 31. The BS
noises are effectively canceled, while preserving some
GW signals. This also agrees with the simulated result
in the left panel of Fig. 20, within the margin of error.

Figure 31. Measured modulation signals for the BS noise
(purple curve) and GW signal (red curve) as a function of
the initial phase in the DFI combination signal. The colored
curves and shaded regions represent the fitting results and
their associated errors

Fig. 31 shows the experimental result demonstrating
the dependence of the GW signals and BS noises in the
DFI combination signal on the coefficient ratio is shown,
along with the error regions. The shaded error regions
represent 1σ fitting uncertainties obtained from sine-
wave fits to the data, incorporating counting-statistic
uncertainties from neutron detection, as shown in Figs.
23 ‒ 26 and Appendix A. This result shows that BS
noises are canceled at the correct coefficient ratio within
the margin of error, while preserving the GW signal.

Figure 32. Measured residuals of the GW signal (red curve)
and BS noise (purple curve) in the DFI combination signal
as a function of the coefficient ratio. The shaded regions
represent the associated errors. The dashed line indicates
the correct DFI coefficient ratio obtained from the simula-
tion.

Fig. 32 shows the dependence of the BS noise and
GW signal in the DFI combination signal on the coeffi-
cient ratio is shown, along with the error regions. The
definition of shaded error bands in Fig. 32 is the same
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as that in Fig. 31. The figure shows that the coeffi-
cient ratio that cancels out the BS noise matches the
predicted value (c14/c23 ∼ −4.31) from the simulation
within the margin of error. Importantly, despite the er-
rors, the GW signal is unequivocally preserved at this
correct coefficient ratio.

VI. CONCLUSION

We successfully completed a proof-of-principle neu-
tron DFI experiment using the pulsed neutron source
at J-PARC. This experiment marks the first demon-
stration of neutron DFI and of a neutron interferome-
ter for GW detection. While this experiment is based
on the theoretical framework established in previous re-
search [21], five significant differences arose between the
ideal and actual experimental setups due to various con-
straints. We optimized the experimental setup to ad-
dress these differences and developed a novel analytical
method tailored for the proof-of-principle experiment.
The experimental results of the DFI signal combination
show that the BS noise in the DFI signal is effectively
canceled, while the GW signal is preserved. This ex-
periment marks the first demonstration of both neutron
DFI and a neutron interferometer for GW detection.

It should be noted that there are challenges in achiev-
ing the sensitivity required to detect GWs, as mentioned
in the previous research [19]. While a practical neu-
tron GW detector remains far beyond the reach of cur-
rent technology, future advances in neutron optics and
sources may eventually make such a detector feasible.
Importantly, the data analysis methods introduced in
this paper enable us to conduct experiments for a neu-
tron GW detector without waiting for advances in neu-
tron optics technology, even though current neutron in-
terferometry has not yet reached the level of laser-based
systems and is still under development for GW detec-
tion.

Our results show good agreement between measured
and simulated modulation signals, validating the exper-
imental strategy and the analysis techniques. These
findings suggest that neutron DFI is a promising candi-
date for future GW detection and other precision mea-
surements.
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Appendix A. FITTING PROCESS FOR
EXPERIMENTAL RESULTS

In this appendix, we provide the experimental fitting
process and its results, which are obtained by the fit-
ting function written in Eq. (16). Before using this
fitting function, the parameters of A and B with the
sample need to be determined by the yaw-scan mea-
surement. This is to measure the interference when the
BSE is rotated in the yaw direction relative to the neu-
tron beam. Specifically, there are three types of fitting
functions, which are written as

I0(λ) = A0 cos
{PL

λ
+ PIFOλ

}
+B0, (17)

I1(λ) = Afixed cos
{PL

λ
+
(
PIFO + Psample

)
λ
}
+Bfixed,

(18)

I2(λ) = Afixed cos
{PL

λ
+
(
PIFO + Psample + Poffset

+ PAC sin
(
2πfACt+ ϕinitial

))
λ
}
+Bfixed. (19)

where I0(λ) is used for sample-out measurements to de-
termine PL and PIFO, I1(λ) is used for sample-in mea-
surements without modulation to get Psample, and I2(λ)
is used for sample-in measurements with modulation
to obtain Poffset, PAC and fAC. Before each frequency
measurement, the yaw angle of the BSE, which maxi-
mizes the visibility of the interference fringe, is deter-
mined by the yaw-scan measurement. The alignment
of the stage position can change the yaw angle of the
BSE. The results of yaw-scan measurements are shown
in Figs. 33 and 34.
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Figure 33. Interference fringes from yaw-scan measure-
ments. In these panels, the red markers represent the data
points with error bars, and the black curves are the fitting
curves. Each measurement corresponds to a specific posi-
tion of the yaw stage at the BSE, as shown in each panel.

Figure 34. Fitting results from yaw-scan measurements. In
both panels, the black lines represent the data points with
error bars, and the red lines indicate the fitting curves. The
upper and lower panels show the visibility A1, the offset B1

and the corresponding fitting curves when a step of 1 µm
changes the yaw stage position. A Gaussian curve fits the
visibility, and a constant fits the offset.

These results indicate that Afixed = (0.2635 ± 0.0036),
Bfixed = (0.0344±0.0014), and that the yaw stage posi-
tion that maximizes the visibility is 6.522 µm. In other
sample-in measurements, the position of the BSE was
set to the yaw angle determined here, and the visibility
of A1 and the offset of B1 obtained from the yaw-scan
measurements were fixed.

Figure 35. Interference fringes from the sample-out mea-
surements for the 250 Hz modulation. The upper and lower
panels indicate the fringes at the beginning and end of all
the measurements, respectively. In these panels, the red
markers represent the data points and error bars, while the
black curves are the fitting curves.

For the DFI signal combination, it is necessary to de-
termine the modulation parameters of PAC and fAC.
The process for obtaining these parameters is described
below, using data from the 250 Hz measurement as an
example. The fitting range for all processes is set to
36 ‒ 46.5 ms in TOF, corresponding to the reflection
bandwidth of the neutron mirror. As a first step, PL

and PIFO are determined through fitting based on the
sample-out measurements, which are taken at the be-
ginning and end of the measurements to eliminate the
effects of interferometric disturbances. These results are
shown in Fig. 35.

This setup had already been adjusted to maintain the
mid-fringes before the sample-in measurements, based
on the yaw-scan measurements. The fitting results for
PL and PIFO from these sample-out measurements are
shown in Fig. 36.
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Figure 36. Fitting results of PL and PIFO. The black mark-
ers represent data points with error bars, while the red lines
show the fitting curves. The horizontal axis corresponds to
the measurement order. In the top panel, the fitting func-
tion is a linear. In the bottom panel, the fitting function is
a constant.

These results show PL = (0.0027± 0.0041)m+(3.231±
0.052) nm, where m is the measurement number (m =1,
2, ..., 8), and PIFO = −10.71 ± 0.045 nm−1. PL is fit-
ted by a linear function with the number of sample-in
measurements, m, because the drift of the geometric
optical length is taken into account. In the subsequent
fitting processes for the 250 Hz modulation, these PL

and PIFO values are fixed in Eq. (16). Next, Psample

is fitted using a sample-in measurement without mod-
ulation. Each sample-in measurement is measured im-
mediately before the modulation of the initial phase to
obtain the offset effect from a sample. These results are
shown in Figs. 37-38.

Figure 37. Interference fringes from the sample-in measure-
ments without modulation used for measuring the 250 Hz
modulation. In these panels, the red markers represent data
points with error bars, and the black curves are the fit-
ting curves. Each result is measured immediately before
the modulation of the initial phase, as shown in each panel.

Figure 38. Fitting result of Psample. The black markers
represent data points with error bars, while the red lines
show the fitting curves.

These results show Psample = 15.05±0.012 nm−1. Since
Psample is a constant during a series of the sample-in
measurements, Psample is fitted as a constant. This
Psample is also fixed in Eq. (16) for the modulation mea-
surements. Finally, the remaining parameters within
the cosine function are fitted using the sample-in mea-
surement with modulation, as shown in Fig. 39.
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Figure 39. Interference fringes from the sample-in measure-
ments with the 250 Hz modulation. In these panels, the
red markers represent data points with error bars, while the
black curves show the fitting results. Each measurement
corresponds to a specific initial modulation phase, as shown
in each panel.

In this fitting process for the AC parameters, each
initial phase ϕinitial is fixed at 45-degree intervals. This
approach assumes that the initial phase error is negli-
gible compared to the frequency error. The values for
Poffset, PAC and fAC values obtained from these sample-
in measurements are shown in Figs. 40-41.

Figure 40. Fitting result of Poffset. The black markers rep-
resent data points with error bars, and the red lines indicate
the fitting curves.

Figure 41. Fitting results of PAC in the top panel and fAC in
the bottom panel. The black markers represent data points
with error bars, and the red lines show the fitting curves.

These results show Poffset = 7.225 ± 0.068 nm−1,
PAC = −0.7217±0.0238 nm−1, and fAC = 249.59±0.11
Hz.
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