Physics Letters A 441 (2022) 128150

Contents lists available at ScienceDirect

PHYSICS LETTERS A

Physics Letters A

www.elsevier.com/locate/pla

L))

Check for
updates

Displacement-noise-free neutron interferometer for gravitational wave
detection using a single Mach-Zehnder configuration

Shoki Iwaguchi ®*, Atsushi Nishizawa b Yanbei Chen ¢, Yuki Kawasaki?,
Masaaki Kitaguchi®?, Taigen Morimoto ¢, Tomohiro Ishikawa?, Bin Wu*?,
Izumi Watanabe ¢, Ryuma Shimizu?, Hirohiko Shimizu®¢, Yuta Michimura d
Seiji Kawamura®:©

2 Department of Physics, Nagoya University, Furo-cho, Chikusa-ku, Nagoya, Aichi 464-8602, Japan

b Research Center for the Early Universe (RESCEU), Graduate School of Science, The University of Tokyo, Tokyo 113-0033, Japan

€ Theoretical Astrophysics 350-17, California Institute of Technology, Pasadena, CA 91125, USA

d Department of Physics, University of Tokyo, Bunkyo, Tokyo 113-0033, Japan
€ The Kobayashi-Maskawa Institute for the Origin of Particles and the Universe, Nagoya University, Nagoya, Aichi 464-8602, Japan

ARTICLE INFO ABSTRACT

Article history: The improvement of sensitivity to gravitational waves (GWs) at lower frequencies is still challenging on
Received 16 February 2022 account of displacement noise. One of the solutions is the neutron displacement-noise-free interferometer
Received in revised form 10 April 2022 (DFI). We focus on a simplification of the detector configuration by taking advantage of the ability

Accepted 16 April 2022
Available online 22 April 2022
Communicated by M.G.A. Paris

to adjust the neutron speed depending on the configuration. The new configuration consists of two
beamsplitters and two mirrors, which constitute a single Mach-Zehnder interferometer (MZI). It is simpler
than the configuration with two MZIs in previous research. All displacement noise of mirrors and
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1. Introduction

Ground-based gravitational wave (GW) detectors, such as LIGO and Virgo [1][2], have contributed to the development of GW observa-
tions. These detectors have already detected 90 GW signals from compact binary coalescences [3], and Einstein Telescope [4] and Cosmic
Explorer [5] were proposed as next-generation ground-based GW detectors. Improvement of the sensitivity at lower frequencies is still
challenging on account of displacement noise sources, such as thermal noise, seismic noise, and radiation pressure noise. One of the solu-
tions for this problem is observation with space-based GW detectors, which are free from seismic noise, to increase the sensitivity at lower
frequencies. For example, LISA [6] and DECIGO [7][8] are planned as space-based GW detectors. However, developing GW detectors for
space is expensive and time consuming. Therefore, it is crucial to reduce displacement noise significantly for the ground-based detectors,
because GWs at lower frequencies are important science targets. For example, detection of primordial GWs will probably enable us to
determine which cosmic inflation model is correct.

One of the ideas to remove this obstacle to observations at lower frequencies is the displacement-noise-free interferometer (DFI), which
was proposed in [9]. The DFI is based on the idea that, in the transverse-traceless gauge of a GW, GW perturbations can be distinguished
from displacement perturbations [10][11]. The DFI signal is composed of an appropriate combination of several interferometer signals. This
combination can remove displacement noise while maintaining the GW signals [12][13]. At frequencies lower than 1 Hz, however, the DFI
has less sensitivity to GWs because the propagation time of light is much shorter than the period of the GWs. When interferometer signals
are combined to cancel displacement noise at these low frequencies, the combination also cancels most of the GW signals. The DFI has
highest sensitivity to GWs with periods comparable to the light propagation time in the DFI. For instance, an interferometer with arm
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Fig. 1. Configurations of the neutron DFI. Configuration (a) consists of two beamsplitters A and B and four mirrors C;, Cp, D1, and D, which constitute one large and one
small MZIs. In configuration (a), two pairs of counter-propagating neutrons with the same speed enter one large and one small MZIs. Configuration (b) consists of two
beamsplitters A and B and two mirrors C and D, which comprise a one MZI. In configuration (b), two bidirectional neutrons with slow (red) and fast (blue) velocities enter
the single MZL. In this figure, the solid lines show the neutron trajectory incident from beamsplitter A and the dashed lines show the neutron trajectory incident from
beamsplitter B. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

lengths of 3 x 10% m has the highest sensitivity to the GWs at 1 Hz, yet this long arm length is not practical for ground-based detectors.
For this problem, various options such as Fabry-Perot cavities have been considered, but they have proven to be problematic [14]. To
resolve this problem, DFI with neutrons, which is called a neutron displacement-noise-free interferometer, was proposed in [15]. In a neutron
DFI with neutrons propagating much more slowly than light, the neutron propagation time can be comparable to the period of GWs at
lower frequencies. This enables us to cancel displacement noise without cancellation of the GW signals. Accordingly, a neutron DFI has
high sensitivity to GWs at lower frequencies.

In this paper, we discuss simplification of the configuration of a neutron DFI. Generally, a simpler detector configuration is better from
various perspectives. For example, a detector that has more components experiences more alignment difficulty. Furthermore, a detector
that has a more complicated mechanical configuration suffers from more structural obstacles such as mechanical resonances. For these
reasons, we focus on a simplification of the detector configuration by taking advantage of adjusting the neutron speed. We discuss the
neutron DFI configuration in Section 2.1, the cancellation of mirror displacement noise in Section 2.2, the cancellation of beamsplitter
displacement noise at Section 2.3, a phasor diagram of the noise cancellation in Section 2.4, the neutron trajectory in the neutron DFI in
Section 2.5, and finally the GW response in a neutron DFI in Section 3.

2. Neutron DFI using a single Mach-Zehnder configuration with two pairs of bidirectional neutrons at different speeds
2.1. Configurations of neutron DFIs

The concept of the neutron DFI is based on the laser DFI [9]. The straightforward neutron DFI has the configuration shown in Fig. 1
(a). In this configuration, a pair of counter-propagating neutrons comprises one Mach-Zehnder interferometer (MZI). In this paper, a
pair of counter-propagating neutrons is called a “bidirectional neutron.” Two bidirectional neutrons, which are four counter-propagating
neutrons with the same speed, comprise configuration (a), which is composed of One large MZI and one small MZI. Instead of a laser, this
configuration uses neutrons for improving the sensitivity to GWs at lower frequencies [15]. For simplifying the neutron DFI configuration,
configuration (a) is modified to configuration (b). The large and small MZIs using two bidirectional neutrons with the same speed are
replaced with a single MZI using two bidirectional neutrons with slow and fast speeds. This neutron DFI configuration is possible with
neutrons, but not possible with laser light because the speed of neutrons can be adjusted arbitrarily.

2.2. Cancellation of mirror displacement noise in the time domain

In configuration (b) of Fig. 1, two bidirectional neutrons with speeds v{ and v, (vi > v;) enter the single MZI. We consider the
case where they hit each mirror at the same time t =t’. Fast and slow neutrons spend the times T; and T, (T1 < T), respectively,
transmitting through one side of the MZI. Signals from GWSs and other noise sources are registered as neutron phase shifts. Each phase
shift from displacement noise is denoted by ¢y, (t) (I=A,B,C,D and i =1, 2), as shown in Table 1.

The signal combination that cancels mirror displacement noise is defined as

V1(t) = ¢Ba, (t) — ¢as, (D), (1)
Va(t) = ¢pa, () — daB, (1). (2)

The mirror displacement noise in these combinations can be canceled because each bidirectional neutron hits mirrors at the same time.
Each neutron receives the same displacement noise at each point. As a result, the mirror displacement noise in a single MZI is canceled
by the combinations of each bidirectional neutron in the time domain.

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

In Eq. (1) and (2), these combinations still have the displacement noise of the beamsplitters. This is because the neutrons do not hit
the beamsplitters at the same time. With regard to displacement noise, a displacement can be represented as an exponential function.
The amplitude and initial phase are given by X; and ¢; (I = A, B, C, D). With them, a beamsplitter displacement ¥x; is given by

x(t) =Y Xi(w)e' @@, (3)
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Table 1

Phase shift resulting from displacement noise when four counter-propagating neutrons hit mirrors at the same
time t =t’. The subscripts indicate the routes of the neutrons. For example, subscript BA (¢ga,) indicates the
route (B— C— A and B— D — A). The subscript 2 indicates slow and the subscript 1 indicates fast neutrons.

Signal C D B A

PBa, () e, (') #p, (t') @B, (' —T2) ¢a, (t' +T2)

@B (0 b, () #p, (t') @B, (' —T1) @a, (' +T1)

$aB, () éc, (t) ¢p, (t") @B, (t' +T2) dp, (' — T2)

@A, () b, (') ¢p, (t') @B, (t' +T1) ¢a, (t' = T1)
Table 2

Displacement noise of the beamsplitters in the Fourier domain when neutrons hit beamsplit-
ters at the same time, t =t'.

Signal B A
Vs ¢Bz(w/){e—iw’Tz 7eiw/T2} ¢A2 (wr){eiw/Tz 7efl'w’T2}
Vi ¢31 (w/){e—iu)’Tl _ eim"ﬁ } ¢A1 (wr){eiu/'rl _ e—iu/Tl }

In the frequency domain of Eq. (3), an arbitrary term with an arbitrary frequency «’ is written as

x(@) = Xj()e!@tHa@) (4)
Using the de Broglie wavelength, the phase shift ¢, (I=A,B,C,D and i=1, 2) from displacement noise is given by

o (@) = Fvix|(@)

= 2y, X (el @ @), (5)

Defining k;j (i=1,2), a coefficient to simplify the equation, as

ki= #lvi, (6)
Eq. (5) can be written as

1, () = Xi(@)kie! @A) (7)

For the signal combinations of V1 and V;, the phase shifts from the displacement of the beamsplitters are shown in Table 2.
We define k7 and « as the coefficients that cancel displacement noise of the beamsplitters. With these coefficients, the combination
Vpg is given by

Vor =k1V1/ki —kaVa/k;. (8)
Here, we normalized V; with k;j. With regard to the displacement noise at beamsplitter B, coefficients k1 and «, are given by
K1Vi/ki = Kk2V2/ka = Xp(@)e? [k fe ™ T — Ty — ip (e T2 — &2}

= Xp(w")e?B[k1{=2isinw'T1} — ka{=2isinw'T}]

=0. 9)
U K :sina)/Tz. (10)
Ky =sinw'T;. (11)

Eq. (8) can be written as
VDFI = Sil’la),Tz . V1/k1 — SiIlC()/T1 . Vz/kz. (12)

Although we discuss the displacement of beamsplitter B in Eq. (9), this combination can also cancel the displacement noise at beamsplitter
A. In Eq. (12), the displacement noise of the beamsplitters can be canceled by the combination of different neutrons with frequency-
dependent coefficients that are real. This cancellation is based on the symmetry condition for a neutron DFI. The neutron DFI configuration
is symmetrical with respect to the mirrors, as the criteria. This symmetry means that the neutron propagation times between a beam-
splitter and a mirror are also symmetrical. As a result, this condition of symmetry leads to cancellation with the frequency-dependent
coefficients defined by the propagation time of the neutrons.

2.4. Phasor diagram showing cancellation of beam splitter displacement noise

In this section, we show the mechanism for the cancellation of beamsplitter displacement noise using a phasor diagram. As shown in
Eq. (12), the neutron DFI signal combination can cancel all the displacement noise in a single MZI. Provided that bidirectional neutrons
hit each mirror at the same time, t = 0, displacement noise at beamsplitters A and B are shown in Table 3.

This cancellation can be explained intuitively, using a phasor diagram. Fig. 2 shows a phasor diagram of displacement noise at the
beamsplitters when two bidirectional neutrons enter the MZI and hit the mirrors at t = 0.
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Table 3

Displacement noise of the beamsplitters when a neutron hits the beamsplitter at time t = 0.
Xa and Xp are the amplitudes of the position variations of beamsplitters, A and B. ¢4 and ¢p
are the initial phases of the beamsplitter position variations.

Signal B A

Vs Xpkye?s {e~ioTa _ pierT2y Xakpe¥a{ei® T2 _ p=i-T2y
Vi Xpkie? fe7 Tt — 0T} Xakqe#n (el Tt — gl Ty

= ¢p=0
o pac=0
= ¢y,
ans ¢A,V1
= ¢y,
= Ay,
DBV

¢A,VDF1

Fig. 2. Phasor diagram of displacement noise at beamsplitters A and B in a neutron DFI. Arrow lengths show the noise amplitude. Angles of arrow rotation show the phase
of the noise. Solid lines show the displacement noise of beamsplitter B. Dashed lines show the displacement noise of beamsplitter A. The lengths/angles of the solid lines
and dashed lines are different because the displacement noise of the two beamsplitters, A and B, are independent, thus different in general. The displacement noise of the
beamsplitters at t = 0 are illustrated by black arrows, which are references for the blue and red arrows. The displacement noise, ¢a v, and ¢g v,, when faster neutrons hit A
and B, are illustrated by the blue arrows. The phase difference between the black and blue arrows is wTy. The displacement noise, ¢a v, and ¢ v,, when slower neutrons
hit beamsplitters A and B are illustrated by the red arrows. The phase difference between the black and blue arrows is wT;. The displacement noise in the DFI combination
Vpr are ¢a vy and ¢ vy, which are illustrated by orange arrows.

In Fig. 2, the ¢p vpy and ¢a vy, arrows are parallel, the difference between them is only their lengths. The arrow length indicates the
amplitude of the noise. The parallelism of these arrows is attributed to the symmetry of the neutron DFI. In this condition, the ratio of
the arrow lengths about beamsplitter B is equal to that about beamsplitter A. As shown in Eq. (12), the frequency-dependent coefficients
k1 and x; equalize the amplitudes of these arrows. Accordingly, the combination of a fast and a slow neutron can cancel beamsplitter
displacement noise in a neutron DFI.

2.5. Gravitational effect on neutron trajectory

A neutron trajectory in a single MZI is parabolic because of gravity. In Fig. 3, the neutron DFI configuration is shown in three dimen-
sions. The angles between the neutron trajectories and the x-y plane are a; and oy for the neutrons with the fast and slow speeds,
respectively. Under the condition that all neutrons hit the same points on beamsplitters A and B at z = 0, the angles o and «; are
constrained by

2gL
vi

sin2aj = (13)

In Fig. 3, the fast and slow neutrons hit different points on the mirrors, although they hit the same points on the beamsplitters. Mirror
noise cancellation is possible because of the combination of signals from the bidirectional neutrons.
Incidentally, the interference conditions for the bidirectional neutrons in the single MZI can be adjusted arbitrarily by tuning the

neutron speeds. One could also adjust the interference condition for either the slow or fast neutrons by adjusting the positions of the
mirrors, then adjust the interference condition for the neutrons propagating at the other speed (fast or slow) by adjusting their speed.

3. Response of a neutron DFI to gravitational waves

The neutron DFI configuration and parameter definitions are shown in Fig. 4. The time each neutron spends transiting between the
beamsplitters and the mirrors is Tj, which is given by
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Fig. 3. Neutron trajectories in three dimensions. The dashed lines connect A, B, C, and D on the x-y plane. The trajectory of each neutron is shown by the blue (fast neutron)

and red (slow neutron) lines. The initial angles between the neutron trajectories and the x-y plane are o and «3.

Fig. 4. Definition of parameters in the neutron DFI configuration.

L
Ti=——.
Vi COS

The coordinates of the neutron incidence point on beamsplitter B are given by

xg = {—Lcos g, 0, 0}.

The neutron trajectory (B—C) is given by
Xpg; (t) = {vit cosj cos B, vit cos i sin B, vit sinoj — %tz} 0=<t=<Ty,
and the coordinates of the impact points on mirror C for each neutron are given by
X, = Xp + Xpc; (Ti)
=1{0, Lsin B, v;Tjsino;j — %Tiz}.
The neutron trajectory (C—A) is given by
Xca, (t) = {vit cosaj cos B, —vit cosa; sin 3, —%tz} O0=<t=<Tp,
and the coordinate of the incidence points on the beamsplitter are given by

Xa, = Xc + Xca, (Th)
={Lcosg,0,0}.

The neutron trajectory (B—D) is given by

(14)

(15)

(16)

(17)

(18)

(19)
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Xgp; (t) = {vit cos; cos B, —vit cos;sin B, vit sinc; — %tz} 0O<t<Ty, (20)

and the coordinates of the impact points on mirror D for each neutron are given by
Xp; = Xg + Xap; (Ti)
— {0, —Lsin B, v;T; sin — grf}. 1)
The neutron trajectory (D—A) is given by
Xpa; (£) = {vit cosaj cos B, vit cos i sin B, —%tz} O<t<Ty. (22)

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

K, (t) = %{vicosai cos B, vicosa;sin B, visina; — gt}, (23)
Kea, (t) = %{vi cosa; cos B, —vj cosa;j sin B, —gt}, (24)
kgp () = %{vi s & COs B, — Vi cos i sin B, visino; — gt}, (25)
Kkpa, () = %{vi cos cos B, vicosajsin B, —gt} (0 <t <Tj). (26)

In the same way, the wavenumbers of the neutrons propagating from A to B are given by

Kac, (t) = %{—vicosai cos B, vicosa;jsin B, visinaj — gt}, (27)
Kcg, (t) = %{—vi cosj cos B, —vjcosq; sin 8, —gt}, (28)
Kap, (t) = %{—vicosai cos B, —vjcosa;jsin B, visinaj — gt}, (29)
kpg; (t) = %{—vi cosqjcos B, vicosaisin 8, —gt} (0 <t <Tj). (30)

For the first half of the parabolic trajectory, the initial speed of the neutrons is v;. On the other hand, for the second half of the parabolic
trajectory, the initial speed the of neutrons is v;coscj. The normalized wavenumbers of the neutrons are given by

Ksc, (t) =kec,/vi, Kep,(t) =kep,/Vi, Kac(t) =Kac,/vi, Kap,(t) =Kap,/Vi, (31)
Kea, () = kea, /vicosai, Kkpa, () =kpa, /vicosai, Kep;(t) = Keg, /vicosai, Kpg, (t) = Kpp, /vi cos a;. (32)

The phase shift of the neutrons caused by GWs is ¢gw, Which is derived from the Klein-Gordon equation [15]. The phase shift ¢gw is
defined by

0Pgw - hijk,'kj

33
at 2m (33)
In this neutron DFI configuration, when a fast neutron propagates from B to A, the phase shift due to GWs is given by
, T
V4 . ~ ~
¢§g(t) = _ﬁ / hU[t" —t, Xpc, (¢ — )Tkpc,i (' — Dkpc, j(t' — D)dt. (34)
t
We define the timing noise ¢5C*(t) and the displacement noise qﬁgép (t) as
Pek(0) ~m{Tc(t + Ti) — T8(0D}. (35)
di
Pac. (0) = ¢, (€ + Ti) — ¢, (0). (36)
Here, 7; is the clock noise at location I (I = A, B, C, D). At the GW angular frequency €, the Fourier transform of h is defined as
oo
HI(Q) = / dteE Rt x;(t')). (37)
—0o0

In the Fourier domain, the GW signal ®§( () is given by
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V? - -
ofe (@) =~ { Po@ksckac, HY (@)

m [ . g z Iz
tr <51na1P0(§2) + 7P1(9)> ke,  H (R2)
1

m\ 2 g g2
+<E) sinzaiPo(SZ)+2Fsin(xiP1(Q)+ﬁPz(Q) H#*(Q) ¢,
i i

and the clock noise <I>CBICOiCk(Q) and the detector noise d>gicsip (2) are given by

@K (Q) ~ wi (Rm{Tc(R) — T5(R)) and
PP () = () (D) — P, ().

We define the following parameters
wi(2) = eiiQTi,

Po(R) = —é{l — (),
1 .
PUR) = 51 - (@1 +iQT)),

Py = 2 11— o) (1 +i0T - Lo212
2( ):Q3 wi(2) | 1+ iQT; ) i .

With Eq. (38)-(40), the signal resulting from propagation from B to C is given in the Fourier domain by

2
V! - -
o () = — 51 { Po(@kscikac, H (@)

m : g T, Iz
+E (sm aiPo(2) + 71)1 (Q)) kpc,r H'“(2)

1

m\ 2 g g2
+<E) SinzaiPo(Q)+275ina1P1(Q)+v—2P2(Q) H#Z(Q) ¢,
i .

1
di
+ OFE(Q) + P (D).
The GW response function without the clock and detector noise is given by
h

2
m) |Po(e)kacirkac, '/ (2)

1
Reci(@) = 1 (

m -~
+E (SiHOliPo(Q) + 51’1 (Q)> ke, H'* ()
1

m\*( . g g
+ (E) <sin oiPo(R2) + 2v_ siniP1(R2) + ﬁPz(Q)> HZZ(Q)‘.
i i
Signals for the detector shown in Fig. 4 are given by
@B, (t) =¢Bc; () + dea; (t + Ti)
— ¢BD; (t) — Ppa; (t + Tj),
B, (£) =Pac; (t) + ¢cp; (¢ + Ti)
— ¢ap; (t) — ¢ps; (t + Ti).
In the Fourier domain, these signals are given by
Dpp, (£2) =Dpc; (2) + Wi (2) Dca (2)
— Dpp; (£2) — wi(2) Ppa, (€2),
Dpp; (€2) =Pac; (£2) + wi(€2)Dcp; (€2)
— Pap; (2) — w;i(2) Ppp; (€2).
From Eq. (1)-(2), the signal combination that cancels mirror displacement noise is given by
Dy, (€2) = Ppa; (2) — Pag; ().

Accordingly, the neutron DFI signal in the Fourier domain is given by

7
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(38)

(39)
(40)

(41)
(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)

(51)
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Fig. 5. Response to GWs with the polarization of the cross mode (y = 7 /4). The left panel shows the response of a single MZI with a fast (blue solid curve) and a slow (red
dashed curve) bidirectional neutron. In the left panel, the solid and dashed black lines are proportional to fglw and fg’v\}. The right panel shows the neutron DFI response of
a single MZI with two bidirectional neutrons. The solid and dashed black lines are proportional to fg3w and fg’vf.

1
Por(Q) = = {11V, Q) ~ (DD, @)} (52)

sin QT sin QT4

_, QD=—\ 53
vicoso sinf 72D vy cosap sin (53)

y1(Q) =
Here, y;(2) contains the frequency-dependent coefficients required to cancel the displacement noise and normalization terms. The division
by 2QT plays a role in maintaining the neutron DFI response at lower frequencies. When a GW with a strain h;; and a polarization angle
Y propagates from an arbitrary direction (¢, 0), the rotation matrix is given by

cos¢ sing O cos6 0 —siné cosy siny O
R=| —sing cos¢ O 0 1 0 —siny cosy O], (54)
0 0 1 sinf 0 cos@ 0 0 1

and the GW strain hz,'j is written as

hij = RiaRjbhap = (RRRT)jj. (55)

When a GW with the polarization of the cross mode (i = 7 /4) propagates along the z axis (6 =0, ¢ = 0), the response to GWs
in a single MZI with two different-speed bidirectional neutrons is shown in Fig. 5. For L =75 m, vg1 = 100 m/s, vo2 =75 m/s, and
B = /4 rad, the other parameters derived from Eq. (13) and (14) are T{ =0.75 s, T, = 1.00 s, 1 =4.23 deg, and o = 7.57 deg.

The single-MZI signal of the fast or slow bidirectional neutrons, which is given by Eq. (51), cancels only mirror displacement noise. In
the left panel of Fig. 5, the GW response in each combination is proportional to fglW at lower frequencies. The peak of each response curve
is located around 1 Hz and these curves are proportional to fg‘v} at higher frequencies. This GW response of the signal combination with
fast or slow bidirectional neutrons has dips at frequencies determined by T;~! or T, 7.

The DFI signal that combines the two single MZI signals of the fast and slow bidirectional neutrons, which is shown in Eq. (52), cancels
all displacement noise of the mirrors and beamsplitters. In the right panel of Fig. 5, the GW response in the neutron DFI combination is
proportional to fg?’W at lower frequencies and has a peak around 0.6 Hz. The neutron DFI response at higher frequencies is proportional to
fg*W2 and has dips in the same manner as the combination of the V; and V; curves, which are shown in the left panel of Fig. 5.

It should be noted that the GW response function in this configuration is similar to that in the two-MZI configuration (large and small
MZIs) in the previous research [15]. The attainable sensitivity and technical challenges with this configuration are also similar to those
with the two-MZI configuration, which are discussed in [15].

4. Conclusions

In this research, we have simplified the neutron DFI configuration by replacing bidirectional neutrons with the same speed in two
MZIs with bidirectional neutrons with different speeds in a single MZI. This simplification is possible because the speed of a neutron can
be changed arbitrarily, which is not possible with laser light. In the time domain, mirror displacement noise can be canceled when the
bidirectional neutrons hit the mirrors at the same time. In the frequency domain, beamsplitter displacement noise can be canceled with
the frequency-dependent coefficients defined by the propagation time of the neutrons. This cancellation is based on the condition that
the neutron DFI has a configuration that is symmetrical with respect to orientation in which bidirectional neutrons hit the mirrors at the
same time. This cancellation can be explained visually in a phasor diagram, which makes it possible to understand the noise cancellation
mechanism intuitively. This simplification of the neutron DFI configuration will increase the possibility of detecting primordial GWs by a
neutron DFI in the future.



S. Iwaguchi, A. Nishizawa, Y. Chen et al. Physics Letters A 441 (2022) 128150

CRediT authorship contribution statement

Shoki Iwaguchi: Writing - original draft, Visualization, Methodology, Investigation, Formal analysis, Conceptualization. Atsushi
Nishizawa: Writing - review & editing, Methodology, Investigation, Formal analysis. Yanbei Chen: Writing - review & editing, Method-
ology, Investigation, Formal analysis, Data curation. Yuki Kawasaki: Writing - review & editing. Masaaki Kitaguchi: Writing - review &
editing, Methodology, Investigation. Taigen Morimoto: Writing - review & editing. Tomohiro Ishikawa: Writing - review & editing. Bin
Wu: Writing - review & editing. Izumi Watanabe: Writing - review & editing. Ryuma Shimizu: Writing - review & editing. Hirohiko
Shimizu: Writing - review & editing, Methodology, Investigation. Yuta Michimura: Writing - review & editing. Seiji Kawamura: Writing
- review & editing, Visualization, Supervision, Methodology, Investigation, Formal analysis, Conceptualization.

Declaration of competing interest

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

Acknowledgement

We would like to thank Rick Savage for English editing. This work was supported by the Japan Society for the Promotion of Science
(JSPS) KAKENHI Grant Number JP19K21875. A. N. is supported by JSPS KAKENHI Grant Nos. JP19H01894 and JP20H04726 and by Research
Grants from Inamori Foundation.

References

[1] 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.
[2] 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.
[3] R. Abbott, et al., LIGO Scientific Collaboration, the Virgo Collaboration, the KAGRA Collaboration, GWTC-3: compact binary coalescences observed by LIGO and Virgo
during the second part of the third observing run, arXiv:2111.03606 [gr-qc], 2021.
[4] M. Punturo, et al., The Einstein Telescope: a third-generation gravitational wave observatory, Class. Quantum Gravity 27 (2010) 194002.
[5] B.P. Abbott, et al., Exploring the sensitivity of next generation gravitational wave detectors, Class. Quantum Gravity 34 (2017) 044001.
[6] K. Danzmann, et al., LISA and its pathfinder, Nat. Phys. 11 (2015) 613.
[7] N. Seto, S. Kawamura, T. Nakamura, Possibility of direct measurement of the acceleration 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] Y. Chen, et al., Interferometers for displacement-noise-free gravitational-wave detection, Phys. Rev. Lett. 97 (2006) 151103.
[10] S. Kawamura, Y. Chen, Displacement-noise-free gravitational-wave detection, Phys. Rev. Lett. 93 (2004) 211103.
[11] Y. Chen, S. Kawamura, Displacement- and timing-noise-free gravitational-wave detection, Phys. Rev. Lett. 96 (2006) 231102.
[12] S. Sato, et al., Demonstration of displacement- and frequency-noise-free laser interferometry using bidirectional Mach-Zehnder interferometers, Phys. Rev. Lett. 98 (2007)
141101.
[13] Keiko 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.
[14] S.P. Tarabrin, S.P. Vyatchanin, Displacement-noise-free gravitational-wave detection with a single Fabry-Perot cavity: a toy model, Phys. Lett. A 372 (2008) 6801.
[15] Atsushi Nishizawa, et al., Displacement noise-free neutron interferometer, arXiv:2112.11982v2 [gr-qc].


http://refhub.elsevier.com/S0375-9601(22)00232-8/bibC50A96DE53ABF169D52D4CC3BEF0F6E4s1
http://refhub.elsevier.com/S0375-9601(22)00232-8/bibC50A96DE53ABF169D52D4CC3BEF0F6E4s1
http://refhub.elsevier.com/S0375-9601(22)00232-8/bibF8A5C386478FA64F118056B82ACC31D2s1
http://refhub.elsevier.com/S0375-9601(22)00232-8/bibF8A5C386478FA64F118056B82ACC31D2s1
http://refhub.elsevier.com/S0375-9601(22)00232-8/bib2D664B109CCAA793746B2D19826F8B61s1
http://refhub.elsevier.com/S0375-9601(22)00232-8/bib2D664B109CCAA793746B2D19826F8B61s1
http://refhub.elsevier.com/S0375-9601(22)00232-8/bibAE41A6D38B78679B4675941FF0C0C92Ds1
http://refhub.elsevier.com/S0375-9601(22)00232-8/bib7A86131338BF955E0A56311F264AA6AAs1
http://refhub.elsevier.com/S0375-9601(22)00232-8/bib4B3F3945E087A0DD32F56C3603B7D153s1
http://refhub.elsevier.com/S0375-9601(22)00232-8/bib252FDFFBED516A6199AEB0AA74B01FF4s1
http://refhub.elsevier.com/S0375-9601(22)00232-8/bib252FDFFBED516A6199AEB0AA74B01FF4s1
http://refhub.elsevier.com/S0375-9601(22)00232-8/bibD198BCA18475E8AA673E8F71223A54DCs1
http://refhub.elsevier.com/S0375-9601(22)00232-8/bib5C17FAA3DA4A62F1ABDA0084BFC04AACs1
http://refhub.elsevier.com/S0375-9601(22)00232-8/bibF1DCCCE9860F7E9C54FD4096624E1B16s1
http://refhub.elsevier.com/S0375-9601(22)00232-8/bibA4F49184EAA6C78B2A3E658438EAE332s1
http://refhub.elsevier.com/S0375-9601(22)00232-8/bibB2449BD0843F2723D92F080A0C0E084As1
http://refhub.elsevier.com/S0375-9601(22)00232-8/bibB2449BD0843F2723D92F080A0C0E084As1
http://refhub.elsevier.com/S0375-9601(22)00232-8/bibC64FA2CEBCDC89F8DCD93011C22EA8CBs1
http://refhub.elsevier.com/S0375-9601(22)00232-8/bibC64FA2CEBCDC89F8DCD93011C22EA8CBs1
http://refhub.elsevier.com/S0375-9601(22)00232-8/bib6ED55114B787ED91349C5835432DF55Bs1
http://refhub.elsevier.com/S0375-9601(22)00232-8/bib8258424475CB9114CF76A573098C2C6Fs1

	Displacement-noise-free neutron interferometer for gravitational wave detection using a single Mach-Zehnder configuration
	1 Introduction
	2 Neutron DFI using a single Mach-Zehnder configuration with two pairs of bidirectional neutrons at different speeds
	2.1 Configurations of neutron DFIs
	2.2 Cancellation of mirror displacement noise in the time domain
	2.3 Cancellation of beam splitter displacement noise in the frequency domain
	2.4 Phasor diagram showing cancellation of beam splitter displacement noise
	2.5 Gravitational effect on neutron trajectory

	3 Response of a neutron DFI to gravitational waves
	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgement
	References


