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For further gravitational wave (GW) detections, it is significant to invent a technique to reduce all kinds 
of mirror displacement noise dominant at low frequencies for ground-based detectors. The neutron 
displacement-noise-free interferometer (DFI) is one of the tools to reduce all the mirror displacement 
noise at lower frequencies. In this paper, we describe a further simplified configuration of a neutron DFI 
in terms of neutron incidence direction. In the new configuration, neutrons enter the interferometer with 
unidirectional incidence at four speeds as opposed to two bidirectional incidences of opposite directions 
at two speeds as reported previously. This simplification of the neutron DFI is significant for proof-of-
principle experiments.

 2022 Elsevier B.V. All rights reserved.

1. Introduction

For gravitational wave (GW) detection, technical and theoretical 
ideas for reducing various noise sources have been invented and 
installed in the GW detectors [1][2]. Due to these efforts, ground-
based detectors such as LIGO and Virgo have detected GWs from 
BH-BH [3], NS-NS [4], and NS-BH binary systems [5]. However, sen-
sitivity in the low-frequency regime, below 10-20 Hz, has been 
limited by various sources of displacement noise. In this frequency 
band, there are significant science targets such as primordial GWs 
[6]. However, displacement noise is dominant at lower frequencies 
and this noise prevents GW detection in this frequency band. One 
of the solutions for this noise is space-based detectors such as DE-
CIGO [7][8], LISA [9], and BBO [10]. In space, suspension thermal 
noise and seismic noise can be removed because the test masses 
are not suspended. However, it will cost an enormous amount of 
money and time because of difficulties associated with space mis-
sions. In addition, test masses still have mirror thermal noise and 
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radiation pressure noise even in space. Therefore, it is significant 
to invent a technique to reduce all kinds of mirror displacement 
noise dominant at low frequencies for ground-based detectors.

The displacement-noise-free interferometer (DFI) is one of the 
methods to cancel all the mirror displacement noise [11]. The prin-
ciple of the DFI is based on general relativity; GW signals can 
be distinguished from displacement noise in a coordinate in the 
transverse-traceless gauge [12][13]. The DFI can remove mirror 
displacement noise without canceling the GW signal [14][15], at 
frequencies above which the GW period is comparable to the prop-
agation time of laser light. However, the DFI effective frequency 
with km-scale arm lengths is on order of 100 kHz, which is much 
higher than the low-frequency band (0.1 Hz to 10 Hz) where dis-
placement noise is dominant. This is because the speed of light is 
too fast; the light propagation time in the km-scale DFI is much 
shorter than the GW period even at low frequencies. To address 
this problem, a DFI with neutrons, which propagates much more 
slowly than light, was proposed in [16]. In a DFI with neutrons 
whose propagation time is comparable to the GW period at low 
frequencies, the DFI signal is sensitive to GWs. For example, the ef-
fective frequency of the neutron DFI can be reduced to 1 Hz with 
km-scale arm length and km/sec-class neutron speed.
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Fig. 1. Configurations of neutron DFIs.

Another advantage of using neutrons is the capability of choos-
ing the speed of neutrons freely as opposed to light. This advan-
tage can lead to simplification of the DFI configuration. Whereas 
the original neutron DFI configuration is composed of two large 
and two small Mach-Zehnder interferometers (MZIs) with single-
speed neutrons [16], the simplified neutron DFI configuration is 
composed of a single MZI with the fast and slow neutrons [17]. 
The number of MZIs is decreased by increasing the variety of 
neutron speeds. Simplifying the neutron DFI configuration is sig-
nificant for GW detection, since in general a simpler detector has 
fewer practical obstacles in experiment and observation.

In this paper, we further simplify the configuration of a neutron 
DFI by modifying neutron incidence directions. In the new configu-
ration, neutrons enter the interferometer with a single directional 
incidence as opposed to two bidirectional incidences of opposite 
directions in the previous configuration. The neutron source for 
the single directional incidence can be prepared more easily than 
the two incidences of opposite directions for the following two 
reasons. First, it is not easy to prepare two neutron beams of op-
posite directions from a single neutron source, because a change 
in a propagation direction of a neutron beam by reflection is, in 
general, very small. Second, simultaneous operation of two neu-
tron sources with opposite beam directions is not usually avail-
able. For these reasons, in this paper we focus on simplification of 
the neutron incidence direction in neutron DFIs. In addition, this 
simplification can be applied to a proof-of-principle experiment 
at demonstration of a neutron DFI. This is because a neutron in-
terferometer with a single directional incidence is a fundamental 
and essential scheme used for neutron optics. Although a proof-
of-principle experiment for a laser DFI was performed in previous 
research [15], that of a neutron DFI has not yet been attempted. 
Therefore, simplification of the neutron incidence direction is sig-
nificant for a proof-of-principle experiment for a neutron DFI.

We review and introduce the neutron DFI configurations in Sec-
tion 2.1. Then we explain cancellation of mirror displacement noise 
with the combination of different-speed neutrons entering from 
one direction in Section 2.2, and cancellation of the beam split-
ter displacement noise and the constraints on the neutron speed 
in Section 2.3. We provide the GW response in the neutron DFI 
in Section 3. Finally we present the discussion and conclusions in 
Section 4.

2. Neutron DFI using unidirectional neutrons without gravity

2.1. Configurations of neutron DFIs

A series of neutron DFI configurations is shown in Fig. 1.
In Fig. 1(a), the original neutron DFI configuration is shown 

[16]. Each MZI consists of a pair of counter-propagating neutrons 
beams. In this paper, this pair of counter-propagating neutrons is 

Table 1
Displacement noise of mirrors and beam splitters in the case where neutrons hit 
mirrors at the same time t = t′ . The subscripts denote the neutron speed and the 
impact point of the neutrons.

Signal C D A B

φ1(t) φC1 (t′) φD1 (t′) φA1 (t′ − T1) φB1 (t′ + T1)

φ2(t) φC2 (t′) φD2 (t′) φA2 (t′ − T2) φB2 (t′ + T2)

φ3(t) φC3 (t′) φD3 (t′) φA3 (t′ − T3) φB3 (t′ + T3)

φ4(t) φC4 (t′) φD4 (t′) φA4 (t′ − T4) φB4 (t′ + T4)

called a “bidirectional neutron.” In this configuration, two bidirec-
tional neutrons with a single speed enter two MZIs. Concerning the 
simplification of the DFI configuration, configuration (a) was mod-
ified to configuration (b). In Fig. 1(b), two bidirectional neutrons 
with two different speeds enter a single MZI [17]. Regarding the 
simplification of neutron incidence direction, configuration (b) has 
been modified to configuration (c). In Fig. 1(c), the new configura-
tion proposed in this paper is shown. Neutrons with four different 
speeds enter a single MZI from a single port. In this paper, this 
neutron entering from one direction is called a “unidirectional neu-
tron.” Compared with previous research, experimental feasibility is 
increased because neutron source preparation is easier.

2.2. Cancellation of mirror displacement noise by different-speed 
neutrons in the time domain

In Fig 1 (c), four unidirectional neutrons with speeds v1, v2, v3, 
and v4 (v1 > v2 > v3 > v4) enter a single MZI. The propaga-
tion time between the mirror and beam splitter is given by T i (i 
= 1, 2, 3, 4). The displacements of the two mirrors and two beam 
splitters are defined as xl(t) (l = A,B,C,D). When a neutron with 
speed v i (i = 1, 2, 3, 4) hits the mirrors and beam splitters, the 
displacement noise is given by

φli(t) = κixl(t), κi ≡ mv i. (1)

Here, m is the neutron rest mass and we use the unit of c =
1 = h̄. We consider the case when they hit mirrors at the same 
time t = t′ . When neutrons with the speed v i (i=1,2,3,4) enter the 
MZIs, their interferometric signals φi are given by

φi(t
′) = φAi(t

′ − T i) + φCi(t
′) −

{
φD i(t

′) + φB i(t
′ + T i)

}
. (2)

The displacement noise and impact times are denoted in Ta-
ble 1.

The combinations of the signals required to cancel mirror dis-
placement noise are given by

φ14 = 1
κ1

φ1 − 1
κ4

φ4, (3)

φ23 = 1
κ2

φ2 − 1
κ3

φ3. (4)

2
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Table 2
Displacement noise of beam splitters after the combination to cancel mirror dis-
placement noise.

Signal A B

φ14 xA(#′){e−i#′ T1 − e−i#′ T4 } xB(#′){ei#′ T1 − ei#′ T4 }
φ23 xA(#′){e−i#′ T2 − e−i#′ T3 } xB(#′){ei#′ T2 − ei#′ T3 }

The division by the speeds of v i is the normalization of dis-
placement noise for noise cancellation. Mirror noise cancellation is 
based on the condition that neutrons hit mirrors at the same time. 
Accordingly, the combination of the normalized signals of neutrons 
with different speeds can remove mirror displacement noise in the 
time domain.

2.3. Cancellation of beam splitter displacement noise by unidirectional 
neutrons in the frequency domain

Beam splitter displacement noise is present in signal combi-
nations φ14 and φ23. For cancellation of beam splitter noise, we 
consider their noise in the frequency domain. In the frequency 
domain, displacement xl(t), an arbitrary term with an arbitrary fre-
quency #′ , is written as

xl(t) =
∫

Xl(#)ei(#t+ϕl(#))d#,

∴ xl(#
′) = Xl(#

′)eiϕl(#
′). (5)

Here, Xl(#) and ϕl(#) are the amplitude and the initial phase 
in the displacement. With Eq. (1), the displacement noise in the 
frequency domain is given by

φli(#
′) = κi Xl(#

′)eiϕl(#
′). (6)

After the combination for mirror noise cancellation, the dis-
placement noise of the beam splitters is shown in Table 2.

We define the coefficients c14 and c23 for noise cancellation of 
beam splitters. With these coefficients, the displacement-noise-free 
combination φDFI is given by

φDFI = c14φ14 − c23φ23. (7)

Here, we add the condition for beam splitter noise cancellation, 
which is defined by

T1 + T4 = T2 + T3. (8)

With Eq. (8) and the displacement noise of the beam splitters 
shown in Table 2, the coefficients c14 and c23 satisfy the equations 
given by

xA(#′)[c14{e−i#′T1 − e−i#′T4} − c23{e−i#′T2 − e−i#′T3}]

= xA(#′)[c14e−i#′ T1+T4
2 {e−i#′ T1−T4

2 − ei#′ T1−T4
2 }

− c23e−i#′ T2+T3
2 {e−i#′ T2−T3

2 − ei#′ T2−T3
2 }]

= 0 and (9)

xB(#′)[c14{ei#′T1 − ei#′T4} − c23{ei#′T2 − ei#′T3}]

= xB(#′)[c14ei#′ T1+T4
2 {ei#′ T1−T4

2 − e−i#′ T1−T4
2 }

− c23ei#′ T2+T3
2 {ei#′ T2−T3

2 − e−i#′ T2−T3
2 }]

= 0. (10)

Solving Eq. (9)-(10) for c14 and c23 using Eq. (8), the coefficients 
c14 and c23 are given by

Fig. 2. Phasor diagram for cancellation of beam splitter noise. The arrow length 
corresponds to the noise amplitude. The solid and dashed arrows show the dis-
placement noise about the beam splitter A and B. The colors of the arrows show 
the neutron speeds. v1, v2, v3, and v4 correspond to blue, red, green, and yellow 
respectively. Magenta and orange arrows show the displacement noise of the beam 
splitter in φ14 and φ23. (For interpretation of the colors in the figure(s), the reader 
is referred to the web version of this article.)

c14 = sin#

(
T2 − T3

2

)
and c23 = sin#

(
T1 − T4

2

)
. (11)

Eq. (7) can be rewritten as

φDFI = sin#

(
T2 − T3

2

)
× φ14 − sin#

(
T1 − T4

2

)
× φ23. (12)

The combination φDFI has no mirror or beam splitter displace-
ment noise. This mechanism can be explained by a phasor dia-
gram, as shown in Fig. 2. φ14 and φ23 have residual displacement 
noise from the beam splitter, which are defined as φA and φB. They 
are represented by magenta and orange arrows in Fig. 2. The condi-
tion given by Eq. (8) allows these arrows to be parallel. The differ-
ence between φ14 and φ23 is only the noise amplitude. As a result, 
the coefficient to equalize the amplitudes enables the cancellation 
of residual noise. Without this condition shown in Eq. (10), the 
magenta and orange arrows are not parallel, which leads to in-
complete cancellation of the mirror displacement noise. Therefore, 
the condition of parallelization is essential for a neutron DFI using 
unidirectional neutrons.

3. Response to gravitational waves without gravity

In this section, we discuss the neutron DFI under the condition 
of the absence of gravity. The neutron DFI configuration and pa-
rameters are defined in Fig. 3. In this configuration, four unidirec-
tional neutrons with speeds v1, v2, v3, and v4 (v1 > v2 > v3 > v4) 
enter the single MZI.

T i is the transit time for each neutron between the beam split-
ters and the mirrors, which is given by

T i = L
v i

, (i = 1,2,3,4), (13)

The coordinates of the neutron incidence point on beamsplitter 
A are set as follows:

xA = {L cosα,0,0}. (14)

3



S. Iwaguchi, A. Nishizawa, Y. Chen et al. Physics Letters A 458 (2023) 128581

Fig. 3. Definition of parameters.

The neutron trajectories (A→C) are given by

xACi(t) = {−v it cosα, v it sinα,0} (0 ≤ t ≤ T i). (15)

The coordinates of the neutron impact points on mirror C are 
given by

xCi = xA + xACi(T i)

= {0, L sinα,0}. (16)

The neutron trajectories (C→B) are given by

xCBi(t) = {−v it cosα,−v it sinα,0} (0 ≤ t ≤ T i). (17)

The coordinates of the neutron impact points on beam splitter 
B are given by

xBi = xC + xCBi(T i)

= {−L cosα,0,0}. (18)

The neutron trajectories (A→D) are given by

xADi(t) = {−v it cosα,−v it sinα,0} (0 ≤ t ≤ T i). (19)

The coordinates of the neutron impact points on mirror D are 
given by

xDi = xA + xADi(T i)

= {0,−L sinα,0}. (20)

The neutron trajectories (D→B) are given by

xDBi(t) = {−v it cosα, v it sinα,0} (0 ≤ t ≤ T i). (21)

The wavenumbers of the neutrons propagating from A to B are 
given by

kACi = mv i{− cosα, sinα,0}, (22)

kCBi = mv i{− cosα,− sinα,0}, (23)

kADi = mv i{− cosα,− sinα,0}, (24)

kDBi = mv i{− cosα, v i sinα,0}. (25)

The dimensionless wavenumbers of the neutrons are defined 
as k̃ = k/κi . The neutron’s phase shift from GWs is φgw, which is 
derived from the Klein-Gordon equation [16]. It is defined by

∂φgw

∂t
≈ −habkakb

2m
. (26)

In this neutron DFI, when a neutron propagates from A at t to C 
at t + T i under the condition that they impact mirrors at the same 
time, the phase shift from GWs is given by

φ
gw
ACi

(t) = − κ2
i

2m

t+T i∫

t

hab[t′,xAC(t′)]k̃ACa (t
′)k̃ACb (t

′)dt′. (27)

We define the timing noise φclock
ACi

(t) and the displacement noise 
φ

disp
ACi

(t) as

φclock
ACi

(t) ≈ m{τC(t + T i) − τA(t)} and (28)

φ
disp
ACi

(t) = φCi(t + T i) − φAi(t). (29)

Here, τl is defined as the clock noise at location l (l = A,B,C,D). 
At the GW angular frequency #, the Fourier transform of hab is 
defined as

Hab(#) ≡
∞∫

−∞
dtei#thab[t′,x(t′)]. (30)

In the Fourier domain, the GW signal (gw
ACi

(#) is given by

(
gw
ACi

(#) = − κ2
i

2m

{
P0(#)k̃ACI k̃AC J H I J (#)

}
, (31)

and the clock noise (clock
ACi

(#) and the displacement noise 
(

disp
ACi

(#) are given by

(clock
ACi

(#) ≈ m{ωi(#)τC(#) − τA(#)} and (32)

(
disp
ACi

(#) = ωi(#)φCi(#) − φAi(#). (33)

Here, we define

ωi(#) ≡ e−i#T i and (34)

P0(#) ≡ − i
#

{1 − ωi(#)}. (35)

With Eq. (31)-(33), in the Fourier domain, the signal for the 
neutron propagation from A to C is given by

(ACi(#) = − κ2
i

2m

{
P0(#)k̃ACI k̃AC J H I J (#)

}
+ (clock

ACi
(#)

+ (
disp
ACi

(#). (36)

The GW response function without the clock and displacement 
noise is given by

RACi(#) ≡ |(ACi(#)|
ηi H

where ηi ≡ κi
2T i

2m
. (37)

Here, H is the GW amplitude. Interferometric signals in this 
configuration are given by

φABi(t) = φACi(t) + φCAi(t + T i) − {φADi(t) + φDBi(t + T i)}. (38)

In the Fourier domain, these interferometric signals can be 
written as

(ABi(#) = (ACi(#) + ωi(#)(CBi(#)

− {(ADi(#) + ωi(#)(DBi(#)}. (39)

From Eq. (3)-(4), the signal combinations that cancel mirror dis-
placement noise are given by

(14(#) = (AB1(#)/κ1 − (AB4(#)/κ4 and (40)

4
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Fig. 4. Response function RDFI(#) to GWs with the polarization of the cross mode (+ = π/4). The diagonal solid and dashed lines are proportional to f 3
gw and f −2

gw . The left 
curve indicates the response function in the previous research [17]. The right curve indicates the one in this paper.

(23(#) = (AB2(#)/κ2 − (AB3(#)/κ3. (41)

Consequently, using Eq. (12), the neutron DFI signal in the 
Fourier domain is given by

(DFI(#) = 1

2#T̄
{c14(#)(14(#) − c23(#)(23(#)} (42)

where

c14(#) ≡
sin#

(
T2−T3

2

)

sinα
, c23(#) ≡

sin#
(

T1−T4
2

)

sinα
and

T̄ ≡ (T2 − T3)/2 + (T1 − T4)/2
2

. (43)

Here, the coefficients c14(#) and c23(#) are the frequency-
dependent coefficients required to cancel displacement noise and 
normalization terms. The division by 2#T̄ plays a role in maintain-
ing the neutron DFI response at lower frequencies. When a GW 
with a strain hij and a polarization angle ψ propagates from an 
arbitrary direction (φ, θ), the rotation matrix is given by

R =




cosφ sinφ 0

− sin φ cosφ 0
0 0 1








cos θ 0 − sin θ

0 1 0
sin θ 0 cos θ





×




cosψ sinψ 0

− sin ψ cosψ 0
0 0 1



 , (44)

and the GW strain h′
ab is written as

h′
ab = RapRbqhpq = (RhRT )i j . (45)

From Eq.(45), the DFI response function RDFI is given by

RDFI(#) ≡ |(DFI(#)|
η̄H

where η̄ ≡ κ̄ T̄
2m

. (46)

Here, κ̄ is defined as κ̄ ≡ (κ1 + κ2 + κ3 + κ4)/4. When a GW 
with the polarization of the cross mode (+ = π/4) propagates 
along the z axis (θ = 0, φ = 0), the response function to GWs of a 
single MZI with four unidirectional neutrons is shown in Fig. 4. For 
L = 75.0 m, v1 = 150 m/s, v2 = 75.0 m/s, v3 = 37.5 m/s, v4 = 30.0
m/s, and α = π/4 rad, the neutron propagation times derived from 
Eq. (15) are T1 = 0.50 s, T2 = 1.0 s, T3 = 2.0 s, and T4 = 2.5 s. 
These times satisfy the condition for cancellation of beam splitter 
noise, that is, T1 + T4 = T2 + T3.

In the right panel of Fig. 4, the GW response function for the 
neutron DFI is proportional to f 3

gw at lower frequencies and has 

a peak around 1 Hz. The GW response function at higher fre-
quencies is proportional to f −2

gw . In the left panel, for L = 75.0 m, 
v1 = 100 m/s and v2 = 75.0 m/s, the neutron propagation times 
derived from Eq. (13) are T1 = 0.75 s and T2 = 1.0 s. At the peak, 
around 1 Hz, the GW response function shown in the right panel is 
comparable to that in the left panel. Accordingly, the GW response 
function in this configuration has the same frequency dependence 
as the previous researches with the bidirectional neutrons. As a re-
sult, by maintaining the frequency dependence of the GW response 
function, it is possible to simplify the neutron DFI configuration in 
terms of the neutron incidence direction.

4. Discussion & conclusions

We focused on the simplification for the neutron incidence di-
rection and confirmed the feasibility of noise cancellation while 
maintaining GW signals in this simplified neutron DFI configu-
ration, which consists of a single MZI with unidirectional injec-
tion of neutrons with different speeds. The cancellation of mirror 
displacement noise is realized by the combination of interfero-
metric signals resulting from different-speed neutrons. The sig-
nals are normalized by the neutrons’ speeds because the dis-
placement noise of mirrors and beam splitters depends on the 
neutron speed. Here, the time of each signal is adjusted in such 
a way that neutrons impact the mirrors at the same time. The 
cancellation of beam splitter displacement noise depends on the 
frequency-dependent coefficients. These coefficients equalize the 
residual noise amplitudes and the specific condition for the neu-
trons’ speeds. In a phasor diagram, this condition plays an essential 
role in making the displacement noise arrows parallel. The GW re-
sponse function in this configuration shows the same frequency 
dependence as the configurations in previous research about the 
neutron DFIs.

It should be noted that the neutron DFI configuration described 
in this paper can be realized only in the absence of gravity. In the 
presence of gravity, neutrons with different speeds impact the mir-
rors at different locations if they hit the same point on the beam 
splitters. This difference occurs due to the parabolic trajectories 
of the neutrons, which are caused by gravity. Mirror displacement 
noise caused by longitudinal motion of the mirrors can be removed 
in the DFI scheme even though the neutrons do not hit the same 
point on the mirrors. However, the DFI cannot remove displace-
ment noise caused by rotational motion of the mirrors because of 
its dependence on the impact points of neutrons. The difference in 
the rotational components of the displacement noise between two 
impact points increases with their separation. The internal thermal 
noise of the mirror also cannot be canceled because this noise de-

5
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pends on the impact point. Note that the neutron DFI schemes in 
the previous research [17] do not have this problem. In those con-
figurations, the displacement noise of the mirrors at each point can 
be canceled by combining two interferometer signals from neu-
trons propagating in opposite directions and at the same speed, 
because they hit the same points on the mirrors. On the contrary, 
in the configuration described in this paper, neutrons with differ-
ent speeds do not hit the same points on the mirrors.

This problem is not critical for a proof-of-principle experiment 
of a neutron DFI. This is because a small experimental setup, where 
the distance between the impact points of neutrons on the mirrors 
will be negligible due to the short propagation time of neutrons, 
suffices to demonstrate the principle of the neutron DFI. We plan 
to carry out a proof-of-principle experiment for the neutron DFI 
with this unidirectional configuration in the near future.

CRediT authorship contribution statement

Shoki Iwaguchi: Conceptualization, Formal analysis, Investi-
gation, Methodology, Visualization, Writing – original draft. At-
sushi Nishizawa: Conceptualization, Formal analysis, Investigation, 
Methodology, Writing – review & editing. Yanbei Chen: Writing 
– review & editing. Yuki Kawasaki: Writing – review & edit-
ing. Tomohiro Ishikawa: Writing – review & editing. Masaaki 
Kitaguchi: Methodology, Writing – review & editing. Yutaka Yam-
agata: Methodology, Writing – review & editing. Bin Wu: Writing – 
review & editing. Ryuma Shimizu: Writing – review & editing. Ku-
rumi Umemura: Writing – review & editing. Kenji Tsuji: Writing 
– review & editing. Hirohiko Shimizu: Writing – review & edit-
ing. Yuta Michimura: Writing – review & editing. Seiji Kawamura:
Conceptualization, Methodology, Supervision, Writing – review & 
editing.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Data availability

No data was used for the research described in the article.

Acknowledgement

We would like to thank R. L. Savage for English editing. This 
work was supported by the Japan Society for the Promotion of Sci-

ence (JSPS) KAKENHI Grant Number JP19K21875. A. N. is supported 
by JSPS KAKENHI Grant Nos. JP19H01894 and JP20H04726 and by 
Research Grants from the Inamori Foundation.

References

[1] J. Aasi, et al., L.I.G.O. Advanced, LIGO Scientific Collaboration, Class. Quantum 
Gravity 32 (2015) 074001.

[2] F. Acernese, et al., Advanced Virgo: a second-generation interferometric gravi-
tational wave detector, Class. Quantum Gravity 32 (2014) 024001.

[3] B.P. Abbott, et al., LIGO Scientific Collaboration Virgo Collaboration, Observation 
of gravitational waves from a binary black hole merger, Phys. Rev. Lett. 116 
(2016) 061102.

[4] B.P. Abbott, et al., LIGO Scientific Collaboration Virgo Collaboration, GW170817: 
observation of gravitational waves from a binary neutron star inspiral, Phys. 
Rev. Lett. 119 (2017) 161101.

[5] R. Abbott, et al., Observation of gravitational waves from two neutron star–
black hole coalescences, Astrophys. J. Lett. 915 (2021) L5.

[6] S. Kuroyanagi, Implications of the B-mode polarization measurement for direct 
detection of inflationary gravitational waves, Phys. Rev. D 90 (2014) 063513.

[7] N. Seto, S. Kawamura, T. Nakamura, Possibility of direct measurement of the ac-
celeration of the universe using 0.1 Hz band laser interferometer gravitational 
wave antenna in space, Phys. Rev. Lett. 87 (2001) 221103.

[8] S. Kawamura, et al., Space gravitational-wave antennas DECIGO and B-DECIGO, 
Int. J. Mod. Phys. D 28 (2019) 1845001.

[9] K. Danzmann, et al., LISA and its pathfinder, Nat. Phys. 11 (2015) 613.
[10] J. Crowder, N.J. Cornish, Beyond LISA: exploring future gravitational wave mis-

sions, Phys. Rev. D 72 (2005) 083005.
[11] Y. Chen, et al., Interferometers for displacement-noise-free gravitational-wave 

detection, Phys. Rev. Lett. 97 (2006) 151103.
[12] S. Kawamura, Y. Chen, Displacement-noise-free gravitational-wave detection, 

Phys. Rev. Lett. 93 (2004) 211103.
[13] Y. Chen, S. Kawamura, Displacement- and timing-noise-free gravitational-wave 

detection, Phys. Rev. Lett. 96 (2006) 231102.
[14] S. Sato, et al., Demonstration of displacement- and frequency-noise-free laser 

interferometry using bidirectional Mach-Zehnder interferometers, Phys. Rev. 
Lett. 98 (2007) 141101.

[15] K. Kokeyama, et al., Development of a displacement- and frequency-noise-free 
interferometer in a 3D configuration for gravitational wave detection, Phys. Rev. 
Lett. 103 (2009) 171101.

[16] A. Nishizawa, et al., Neutron displacement noise-free interferometer for 
gravitational-wave detection, Phys. Rev. D 105 (2022) 124017.

[17] S. Iwaguchi, et al., Displacement-noise-free neutron interferometer for gravita-
tional wave detection using a single Mach-Zehnder configuration, Phys. Lett. A 
441 (2022) 128150.

6

http://refhub.elsevier.com/S0375-9601(22)00663-6/bibE7E9CF12B08076F6993E9D5C74B42F33s1
http://refhub.elsevier.com/S0375-9601(22)00663-6/bibE7E9CF12B08076F6993E9D5C74B42F33s1
http://refhub.elsevier.com/S0375-9601(22)00663-6/bibCDE332798E374AFC1DA21A0A122808F8s1
http://refhub.elsevier.com/S0375-9601(22)00663-6/bibCDE332798E374AFC1DA21A0A122808F8s1
http://refhub.elsevier.com/S0375-9601(22)00663-6/bibC50A96DE53ABF169D52D4CC3BEF0F6E4s1
http://refhub.elsevier.com/S0375-9601(22)00663-6/bibC50A96DE53ABF169D52D4CC3BEF0F6E4s1
http://refhub.elsevier.com/S0375-9601(22)00663-6/bibC50A96DE53ABF169D52D4CC3BEF0F6E4s1
http://refhub.elsevier.com/S0375-9601(22)00663-6/bibF8A5C386478FA64F118056B82ACC31D2s1
http://refhub.elsevier.com/S0375-9601(22)00663-6/bibF8A5C386478FA64F118056B82ACC31D2s1
http://refhub.elsevier.com/S0375-9601(22)00663-6/bibF8A5C386478FA64F118056B82ACC31D2s1
http://refhub.elsevier.com/S0375-9601(22)00663-6/bib4682237EFE8637C88EEA7E9D077A0F86s1
http://refhub.elsevier.com/S0375-9601(22)00663-6/bib4682237EFE8637C88EEA7E9D077A0F86s1
http://refhub.elsevier.com/S0375-9601(22)00663-6/bib252FDFFBED516A6199AEB0AA74B01FF4s1
http://refhub.elsevier.com/S0375-9601(22)00663-6/bib252FDFFBED516A6199AEB0AA74B01FF4s1
http://refhub.elsevier.com/S0375-9601(22)00663-6/bib252FDFFBED516A6199AEB0AA74B01FF4s1
http://refhub.elsevier.com/S0375-9601(22)00663-6/bibD198BCA18475E8AA673E8F71223A54DCs1
http://refhub.elsevier.com/S0375-9601(22)00663-6/bibD198BCA18475E8AA673E8F71223A54DCs1
http://refhub.elsevier.com/S0375-9601(22)00663-6/bib4B3F3945E087A0DD32F56C3603B7D153s1
http://refhub.elsevier.com/S0375-9601(22)00663-6/bib2A723053AB15920E0C2ECD25A2EDE6F9s1
http://refhub.elsevier.com/S0375-9601(22)00663-6/bib2A723053AB15920E0C2ECD25A2EDE6F9s1
http://refhub.elsevier.com/S0375-9601(22)00663-6/bib5C17FAA3DA4A62F1ABDA0084BFC04AACs1
http://refhub.elsevier.com/S0375-9601(22)00663-6/bib5C17FAA3DA4A62F1ABDA0084BFC04AACs1
http://refhub.elsevier.com/S0375-9601(22)00663-6/bibF1DCCCE9860F7E9C54FD4096624E1B16s1
http://refhub.elsevier.com/S0375-9601(22)00663-6/bibF1DCCCE9860F7E9C54FD4096624E1B16s1
http://refhub.elsevier.com/S0375-9601(22)00663-6/bibA4F49184EAA6C78B2A3E658438EAE332s1
http://refhub.elsevier.com/S0375-9601(22)00663-6/bibA4F49184EAA6C78B2A3E658438EAE332s1
http://refhub.elsevier.com/S0375-9601(22)00663-6/bibB2449BD0843F2723D92F080A0C0E084As1
http://refhub.elsevier.com/S0375-9601(22)00663-6/bibB2449BD0843F2723D92F080A0C0E084As1
http://refhub.elsevier.com/S0375-9601(22)00663-6/bibB2449BD0843F2723D92F080A0C0E084As1
http://refhub.elsevier.com/S0375-9601(22)00663-6/bibC64FA2CEBCDC89F8DCD93011C22EA8CBs1
http://refhub.elsevier.com/S0375-9601(22)00663-6/bibC64FA2CEBCDC89F8DCD93011C22EA8CBs1
http://refhub.elsevier.com/S0375-9601(22)00663-6/bibC64FA2CEBCDC89F8DCD93011C22EA8CBs1
http://refhub.elsevier.com/S0375-9601(22)00663-6/bib8258424475CB9114CF76A573098C2C6Fs1
http://refhub.elsevier.com/S0375-9601(22)00663-6/bib8258424475CB9114CF76A573098C2C6Fs1
http://refhub.elsevier.com/S0375-9601(22)00663-6/bib5D6A387707B36E01AB1AFF4C24250DAAs1
http://refhub.elsevier.com/S0375-9601(22)00663-6/bib5D6A387707B36E01AB1AFF4C24250DAAs1
http://refhub.elsevier.com/S0375-9601(22)00663-6/bib5D6A387707B36E01AB1AFF4C24250DAAs1

	Displacement-noise-free interferometeric gravitational-wave detector using unidirectional neutrons with four speeds
	1 Introduction
	2 Neutron DFI using unidirectional neutrons without gravity
	2.1 Configurations of neutron DFIs
	2.2 Cancellation of mirror displacement noise by different-speed neutrons in the time domain
	2.3 Cancellation of beam splitter displacement noise by unidirectional neutrons in the frequency domain

	3 Response to gravitational waves without gravity
	4 Discussion & conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgement
	References


