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Following the initial success of LIGO, new advances in gravitational wave (GW) detector systems are planned
to reach fruition during the next decades. These systems are interferometric and large. Here we suggest different,
more compact detectors of GW radiation with competitive sensitivity. These nonresonant detectors are not
interferometric. They use superconducting Cooper pairs in a magnetic field to transform mechanical motion
induced by GW into detectable magnetic flux. The detectors can be oriented relative to the source of GW, so as
to maximize the signal output and help determine the direction of nontransient sources. In this design an incident
GW rotates infinitesimally a system of massive barbells and superconducting frames attached to them. This
last rotation relative to a strong magnetic field generates a signal of superconducting currents. The suggested
arrangement of superconducting signal sources facilitates rejection of noise due to stray electromagnetic fields.
In addition to signal analysis, we provide estimates of mechanical noise of the detector, taking into account
temperature and elastic properties of the loops and barbells. We analyze at which parameters of the system a
competitive strain sensitivity could be achieved. We have tested the basic idea of the detector in the laboratory
and reached the theoretical Johnson-Nyquist noise limit with multiturn coils of normal metal. Realization of
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full-blown superconducting detectors can serve as viable alternatives to interferometric devices.

DOI: 10.1103/PhysRevResearch.3.043098

I. INTRODUCTION

In 1962, Gertsenshtein and Pustovoit suggested using a
photonic interferometer for gravitational wave (GW) detec-
tion [1]. It took more than half-century to successfully realize
this idea in the LIGO instruments by a large international team
of researchers [2,3] opening thus a new era in astrophysics.
To further facilitate progress in this direction, higher sensitiv-
ity instruments are required. Currently, various systems more
advanced than LIGO are projected (see Table I).

They are interferometric and require long optical arm
lengths and/or cryogenic cooling. We suggest here that more
compact and still higher sensitivity instruments can be real-
ized with the help of the unique features of superconductivity
and superconducting electronics. Our instruments, unlike We-
ber’s cylinders [12—-14] or LIGO mirrors [15], utilize not the
longitudinal motion caused by the GW, which at a distance L
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between the mechanical parts move by 6L o Lhgyw, but rather
the shift of rotational angle: §® o hgw. Rotational motion
allows us to transfer GW energy into mechanical energy, and
then convert it into an electric signal using principles different
from the conventionally used optical readout.

A. Ultimate energy resolution limit

Transferring certain GW energy into mechanical energy
is an important first step in the operation of any detector.
Giffard derived already in 1976 [16] a criterion for maximum
sensitivity of linear motion [17] GW detectors for the action of
GW pulses on these detectors. If the detector is equipped with
a sensor having an ultimate energy resolution limit (ERL),
which is Eg =~ h [18], then, for maximum sensitivity, a pulse
with a characteristic Fourier component wgw should be capa-
ble of driving the antenna from rest to a mechanical energy
level exceeding

Em 2 Zha)Gw. (1)

Giffard’s criterion is derived for resonant detectors. Equa-
tion (1) can be considered approximately valid also for a
wideband detector, with wgw being a proper average value
of the sensitive frequency band [19]. The LIGO detector,
for example, satisfies this criterion (1). Indeed, substituting
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TABLE I. Some of the GW detectors targeting sensitivity beyond LIGO.

Name [Ref.] Design Sensitivity (bandwidth) Location, year of completion

KAGRA [4] Interferometer, 2 x 10724 /Hz!/? Japan, 2019
cryogenic, 3 km (@100 Hz)

Einstein Interferometer, 5 x 10-% /Hz'/? Europe

Telescope [5] 10 km (@100 Hz)

Cosmic Interferometer, 2x 1075 /Hzl/ 2 USA, ~2030

Explorer [6] 40 km (@100 Hz)

Advanced+ Interferometer, 5 x 1072 /Hz!'/? USA, 2023

LIGO [7] 4km (@200 Hz)

Advanced+ Interferometer, 5 x 10-% /Hz'/? Europe, 2023

VIRGO [8] 3km (@200 Hz)

DECIGO [9,10] Interferometer, 4 x 10721 /HZz!/? Japan, 2024

1000 km (@0.1 Hz)
LISA [11] Interferometer, 6 x 10722 /Hz!/? Europe, 2034
2.5 mln km (@0.005 Hz)

into E,, ~ M (wgwLhgw)? the mirrors mass Mj jgo ~ 100 kg,
the lateral size Lijgo ~ 2 km, the characteristic frequency
wgw ~ 2 x 102 s7!, and the detected GW amplitude hgw ~
102!, we arrive at the estimate E,, ~ 10728 J, which exceeds
the value 2fiwgw ~ 10731 J. This comparison tells us that
LIGO-type detectors in principle can be advanced to higher
sensitivity since they are still far from the limit outlined by
(1). With the condition (1) one can calculate the ultimate
performance of any linear motion GW detector, including our
detector.

B. The underlying concept of our detector

The detector consists of two, mechanically separate, bar-
bells. Each barbell is connected to a superconducting loop,
so that under the action of periodic GW these loops rotation-
ally oscillate towards or away from each other. Due to this
rotational motion, magnetic fluxes of opposite signs are inter-
cepted by the loops and transferred to SQUIDs for detection
(Fig. 1). Following the logical scheme of the detector oper-
ation: transformation of gravitational wave energy (GE) into
magnetic-flux energy (FE) via a superconducting transducer
(ST), we call it the “GEFEST” detector.

C. The detector resolution limits

Let us explore the mechanical parameters of the detector
that achieve the ultimate energy resolution. For a pure-
polarized GW [23] incident along the z axis, the system of
coordinates can always be oriented as shown in Fig. 2.

In a locally nearly flat space-time with the origin of the
(x, v, z) coordinate system coinciding with the center of mass
of the barbells, the GW force acting on a particle with mass m
at location r = (xq, yo) induces a tidal acceleration aiGW. This
can be found from the geodesic deviation [22]

Fow(r;0)/m = agy (r;1) = —Rgjor’, )

where i, j = (x,y), and the relevant components of the Rie-
mann tensor are given in terms of the transverse traceless

perturbation of the metric

o0 = —hlioo/2 = =Ry = ol /2, 3)

Rﬁxo = )(;yO =0. (4‘)

Equations (3) and (4) are written assuming a har-
monic GW with frequency w: AT = hgw cos(wt), so
that agy(r;t) = —(a)szhgw/z) cos(wt), and aéw(r;t) =
—(w?yohgw/2) cos(wt). Because of this acceleration, the GW
exerts a torque on the barbells. In the optimal barbell arrange-
ment with the angle 6 = 7 /4 shown in Fig. 2, the torque is
OV = Mw?hgw cos(wt)r?, where M is the mass of each bar-
bell sphere (half of the total barbell mass with the mass of the

FIG. 1. Two orthogonally-oriented and mechanically separate
barbells under the influence of an incident plane periodic GW os-
cillate around the axis (1-2). The direction of GW is assumed to
coincide with this axis. The GW field-lines [20-22] (see also Fig. 2
below) are indicated for this case. Both barbells are rigidly connected
with the dedicated superconducting loops (their rectangular shapes
are adopted in the current layout). The magnetic field B is static
in space and time. In absence of GW, the magnetic-field lines are
in parallel to the loop planes, and no current is flowing through
the loop. Upon the action of GW, the barbells’ oscillatory rotation
causes the superconducting loops to rotate in opposite directions,
thus generating opposite polarity currents in the superconducting
loops.
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FIG. 2. The acceleration field lines of planar wavefront, purely
polarized (“+” or “x”’) GW are indicated by the sets of hyperbolas.
The direction of accelerations is shown by arrows for a given half-
period of the wave; in the next half-period they will be reversed. A
mechanical system of 2 point masses connected by a rigid line is a
barbell with nonzero quadrupolar momentum. Two such barbells will
oscillate with respect to each other. Angular amplitude of relative
oscillation §® will constitute twice the value of the amplitude 66 of
single barbell oscillation relative to a nonmoving observer associated
with (x, y) coordinate system and with the magnetic field B in Fig. 1.

connecting rod neglected). Since the moment of inertia of the
barbell is I = 2Mr? (where r is the half-length of the barbell
rod, i.e., the distance from the axis of rotation z to the center
of the barbel sphere), the angular velocity Q2 = d(6)/dt can
be found from the equation of motion

ae <V . d@¢e) 1

o= ien —5= = Sethgw cos(@n),  (5)

or, after integration,
80(t) = —1hgw cos(wt). (6)

Hitherto it was tacitly assumed that the presence of the
finite distributed masses of the detector does not affect the
GW field appearing in Eqgs. (3) and (4). This is expected
from General Relativity, since the GW-field can always be
expressed via the Weyl tensor, thus constituting that part of
Riemann’s tensor, which does not depend locally on the mass
distribution [24,25]. In view of relation (5) and (6), the total
kinetic energy of two barbells is

QZ w2
Bin =2 x1—- = M7r2héw sin®(w?). 7
To transfer the maximum amount of energy, the barbell arms
should be as large as possible, with maximal individual
masses.

The torque on the circuit loop from the attached barbell
leads to its rotation in the magnetic field and a resultant
electrical energy. The barbell torque, however, is opposed by a
counter torque consistent with Lenz’s law and resulting from
the direction of the loop-current flow. This counter torque
produces a mechanical perturbation that should be able to
travel at the speed of sound u over the distance r + R (R the
radius of the barbell sphere) during the half-period t = 7 /w
of the GW. Therefore, the maximum size of the barbell is

TABLE II. Expected parameters of proposed detector with spec-
ified sizes in case of Giffard’s ultimate energy resolution limit.

f (Hz) ERL (J) r (km) hgw (dimensionless)
100 1.26 x 103! 0.03 8.4 x 1073
10 1.26 x 1073 0.3 2.6 x 1073
1 1.26 x 1073 3 8.4 x 107
0.1 1.26 x 1073 30 2.6 x 107
0.01 1.26 x 107% 300 8.4 x 107%
0.001 1.26 x 10736 3000 2.6 x 1073
determined by
Tu
(r+R) < o (®

Choosing barbell spheres made of Pb with the density
11343 kg/m?, so that a sphere of radius R = 1.28 m has a
mass of 100 ton (which is not a principal limitation!) we arrive
at the estimates shown in Table II.

One should make a very important remark here. In the
estimates above, the longitudinal speed of sound u was used.
However, for the simple geometry shown in Fig. 1, one
should expect a flexural resonant frequency, which is much
lower than the longitudinal one. Roughly, the relevant speed
of sound for flexural deformations would be reduced by a
factor r,/r with respect to the longitudinal velocity, where
r, is the radius of the arm’s cross section, and r the arm
length. Obviously, r, <« r, which will significantly reduce the
speed of propagation of mechanical action from the barbell
spheres, correspondingly reducing the resonant frequency of
the system, and spoil the sensitivity of the proposed detector.
To avoid this serious limitation, one should consider a more
sophisticated design shown in Fig. 3.

As shown in Fig. 3(b), this design utilizes the rigidity of a
triangular shape, which yields longitudinal deformation along
the barbell arms. The flexural deformation will occur only in

_____

FIG. 3. Converting flexural deformations into longitudinal.
(a) The counter action of GW-induced torques (corresponding forces
shown by black arrows) and magnetic feedback-caused torque (blue
arrow) leads to flexural deformations. (b) The triangular geometry
converts the flexural deformation into the longitudinal deformation
in the long arms. Red arrows indicate stretching and expanding
deformations of the long arms of the barbells.
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the base of the triangle. However, this base can be very short,
with the length r, >~ r,, i.e., without compromising the distur-
bance propagation speed. The shape of triangle with very large
aspect ratio r/rp is only possible because of the extremely
weak forces induced by GWs (otherwise, the rigidity of the
triangle will require larger values of 7). This design elimi-
nates flexural deformation in the plane of the barbell rotation.
Its 3D generalization (pyramid) will eliminate also possible
spontaneous flexural deformation along the orthogonal axis.
This kind of “architectural” design should be used in practical
implementation of the detector. However, for estimating its
basic parameters the idealized model of a single-rod barbell
will be used throughout this article. In constructing Table II,
the value of r was obtained from (8) where R < r is neglected
and u = 6 x 10° cm/s was adopted. The value of hgw was
obtained by equating Eyj, of Eq. (7) with E,, of Eq. (1), i.e.,
assuming the energy sensor provides the ultimate ERL, and
no other noise sources are involved. Then in all cases given in
Table II, the strain sensitivity is szW =84 x 107 Hz /2,
It can be further improved by increasing, the hitherto uncon-
strained, mass M beyond the 100-ton limit (Agw o 1/M'/?).
While some of the parameters in Table II are unrealistic from
the point of view of contemporary space technologies, the
attractiveness of the outlined sensitivity /:le warrants further
exploration of the design and performance of these detectors,
which will be carried out below.

II. ELECTRONIC MOTION GENERATED BY
GRAVITATIONAL WAVES

The rotational motion has been used in various gravity gra-
diometers [26—29] and suggested for GW detectors in the past
by the Braginsky group [30,31], and by Sakharov [32]. Re-
cently, the rotational design for GW detectors was revived by
the TOBA group [33] and simultaneously and independently
by our group [34]. While TOBA utilizes optical interferom-
etry for detecting the rotational motion, in our design the
mechanical motion is converted into the motion of Cooper
condensate to be detected via superconducting electronics.

The idea to register the action of GW via the electronic
motion directly seems appealing, especially if this motion is
performed by very “quiet” Cooper pairs in superconductors,
while the ionic system stays immobile. One possible con-
ceived realization of this idea was to use the different effective
masses of electrons in different metals [34]. However, because
of exact momentum conservation in inertial experiments, the
effective mass concept does not work for inertial excitation
[35], including the action of gravitational forces [36,37].
Furthermore, although single-particle excitations such as elec-
trons and holes may have different effective masses in various
superconductors, it is recognized in the superconductivity
community that Cooper pairs have a mass, which equals twice
the bare electron mass with very high accuracy [38]. Other
possibilities for the generation of electronic motion by GW ac-
tion [39] use the Tolman-Stuart mechanism [40] or the change
of chemical potentials of metals under compression [41,42].
However, in both cases the back-reaction effects related to
the induced magnetic fields drastically reduce the conversion
efficiency [39,43,44] as happens also for the London moment
[45,46]. We therefore used in the present design the magnetic

field itself as a driving force in order to transfer the mechanical
action of GW into the electronic motion in superconductors.
This can be done using Faraday’s induction via interception of
magnetic flux by rotating a closed superconducting loop [47].

A. Quantitative estimates of the generated flux

As indicated in Fig. 2, two flat, rectangular, superconduct-
ing loops with area vectors A ; and A _ are placed in a constant
homogeneous magnetic field B. The flux through a loop is
then

Q.(1) =B - Ax = |BJ|A| cos[r /2 F 86 (1)], (€))

where [ /2 F §6(¢)] is the angle between the AL and the B
vectors [these vectors are orthogonal in the absence of GW,
when 66 = 0, and the flux ®(¢) = 0]. When §0 # 0, then the
intercepted magnetic flux is

S®(t) = BASO(t). (10)

From hereon, we consider the response of the loop with the
vector A, = A and the response of the loop corresponding to

_ = —A is just its negative [48]. As can be derived using
the Eqgs. (2)—(6), the torque imposed on each of the barbells
shown in Fig. 2 is

7,(r, 0) = xoFy — yoFy = —rF sin(20)
= — [w’hgw sin(260) cos(wt ) /2.

This torque depends on the angle 6 and is maximal at 6 = /4
orientation, which is assumed in further calculations.

Once 66 # 0, a magnetic flux is intercepted by the su-
perconducting loop, which generates a current in the loop
and induces a magnetic moment M = JA. This magnetic
moment interacts with the B field and in turn creates a counter-
rotational feedback torque /* = M x B. In the laboratory
frame of reference where the magnetic field is at rest, the
equation of motion of the barbell and connected current loop
is [49]

d*@0) SV + 1/t

drr I 12)
1, JAB sin(20)
= — —w"hgw cos(wt) + —

2 1
where J = J(86) is the current through the superconducting
loop. As above, we will assume that the detector, while ex-
ecuting harmonic oscillations with negligible phase delay, is
oriented for receiving the maximum signal, i.e., (#) = 7 /4,
where (...) means the time average. Then, since 660 =6 —
() <« 1,sin(260) = 1 with very high accuracy, and the angular
dependence in the last term of (12) should be retained in J(§6)

only:

)

5 1, a’B
©*86(t) = S haw cos(wt) — ——J (86, (13)

where a = +/A is the linear size of the loop. From this equa-
tion it follows that the magnetic feedback is negligible only if
the moment of inertia is large enough:

2Ja*B

1 .
> o how

(14)
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Assuming this condition is fulfilled, the maximum attainable
66 from (13) is

80 = hgw/2 (15)
and the amplitude 6 ® has a value
8P = Ba’hgw /2. (16)
Then the maximal current in the superconducting loop is

8®  Ba’30 _ Ba’hgw

J =
2Lcirouit

; a7

Lcircuit Lcircuit

where L.cuie 18 the total inductance of the loop including the
circuit, which couples it to the flux detector. Substituting (17)
into (14) we find that the detector response is maximal if

a*B?

szcircuit

1> (18)
We also notice that under these conditions, the resonant fre-
quency of the system, which follows from (13) subject to (17)
is given by

2 4
2 B“a

= 19
© 2r2MLcircuit ( )

Below this frequency the sensitivity of the detector degrades,
which is typical for oscillator-based GW detectors.

B. Inductive energy

In superconducting electronics, the coupling with the
detector is accomplished by using a coupling coil. The
impedance matching requires this coil to have the same in-
ductance as the generating 100p: Leii = Lioop, SO that Lejreuit =
2Lioop- Thus the inductive energy being transferred to the
detector (for example, to a SQUID) via the coil is

Eina = Leond”. (20)
Substituting (16) and (17), we find
1 (5®)? 1 a*(Bhgw)
E =~ . = . 21
nd 2 ol (Lcircuit )2 8Lloop 4 ( )
The inductance of a square loop is [50,51]:
Lioop = (2peo/m)alln(a/d) — 0.774], (22)

where 119 = 47 x 1077 H/m is vacuum permeability and d is
the wire diameter. Taking into account that currents are being
generated in two loops, the total inductive energy is

tot __ 7'[613 (Bh(}w)2
ind ™ 32 polln(a/d) — 0.774]°

(23)

The corresponding flux is twice the value provided by (16), so
that the flux per square root of bandwidth is

8®/\/f = BAhgw, how = hew/V/f- (24)

To be detectable, this signal should exceed the noise of the
detector. This will be considered next.

III. INTRINSIC NOISE OF THE DETECTOR

The barbell, as well as the superconducting loop on its sup-
porting frame, has finite elasticity and frequency-dependent
dissipation. The fluctuation-dissipation theorem [52] relates
dissipation to fluctuations at thermodynamic equilibrium.
This mechanical noise of thermal origin is considered to be
fundamental, because it directly competes with the GW signal
and is independent of the readout method used. As such, this
topic is well addressed in various GW detector proposals. The
closest to our case is the treatment provided for the TOBA
detector with rotating bars [33], certain aspects of which, after
appropriate modifications, can be adopted to our case.

A. Thermodynamically inevitable noise sources

We will now consider certain noise channels in general,
and then estimate their contributions for a specific imple-
mentable case.

1. Thermomechanical fluctuations of the barbells

Taking into account that in our case the mass of barbells is
mainly localized in spheres rather than distributed evenly as
in TOBA, we find that the spectral density of thermo-elasto-
mechanical angular fluctuations is [15,53]

V8 @ kgT?
86 = [Imeh = 25
mech (w) rop Mba) ( )

where ¢>§wch is the mechanical loss angle, T? the barbell tem-
perature, M), the mass of the barbell, wj, the lowest mechanical
angular resonant frequency, which we will approximate as
wp = wup/r, with uy, is the speed of sound in the material of
the barbell’s arm. In writing Eq. (25) we implicitly assumed
that the frequency w is below the lowest resonant frequency
of the barbell, and the other resonant frequencies are much
higher so as to avoid their contribution [15,53]. Equation (25)
is quite similar to that in TOBA design [33] though it has a
different numerical coefficient.

2. Thermomechanical fluctuations of the frame

Fluctuations in the superconducting loop frames are quite
similar to the distributed case of bars considered for TOBA.

In this case we have
16 ¢! kgTI
¢mech B . (26)
awy, My w

The parameters in (26) are related to the frame: ¢£2ch is the
mechanical loss angle of the frame material, My, is the mass
of the frame, wy, is the lowest mechanical angular resonant
frequency: ws, = mwuy,/a, and uy, is the speed of sound in the
material of the frame. As we will see in Sec. III B below, the
frame temperature T/" should be at the cryogenic operational

range, although cooling of the barbells is not required.

867" (@) ~

3. Brownian noise of the suspension

As for the TOBA detectors, both terrestrial and orbital
deployments are possible although the suspensions required
are very different for these two cases. The angular fluctuations
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FIG. 4. Noise spectrum (28) of a highly sensitive SQUID cur-
rent sensor based on sub-micrometer cross-type Josephson junctions
taken at 7 = 4 K [55].

associated with the suspension can be expressed as [33]

A/ 4)/kBT
Tw?

where y is the damping factor. This factor depends on the
suspension specifics. For the terrestrial mounting one can
expect much larger values of y than for orbital placement,
since the suspension should withstand much lower forces in
the latter case.

80gus(w) = 27

4. Signal detector (SQUID) noise

The spectral noise of SQUIDs is conventionally deter-
mined by the function Sql/ X f) [54]. The energy resolution §E
per bandwidth § f of the SQUID is $E /S f = S(f)/(2Linput)>
where Liypy is the input inductance of the SQUID coil. To be
detectable, the pulse energy E,yee should exceed the value §E,
ie., Epuse = [S(f)/(2Linpur)] x 8f. In the so-called “quan-
tum limit”, S(f)/(2Linput) = 1, so that Epye > fi x 5f. If the
GW-pulse delivers energy Epuse = Ej, of which the half may
be dynamically transferred to the circuit (impedance match-
ing condition!), then, the condition E,, > 2/ x & f should be
fulfilled for detectability. Associating, as customarily done,
the characteristic Fourier-frequency wgw with the acquisition
bandwidth §f, we arrive at Eq. (1). That means that the
SQUID’s “quantum limit”, subject to Eq. (18), yields the
ultimate energy resolution limit (ERL) discussed above. In
reality, it is hard to reach the % limit. A more realistic example
is 5/ SQUID [55] with input coil inductance Linpye = 0.6 uH
and a spectral noise function

§U20p) = 12 3Hz\*

s (f)=0.55u¢o/Hz"" x |1+ 7 , (28)
where ¢p ~ 2 x 107> Wb is the flux quantum. At f =
100 Hz, S,/*(f) = 0.6¢0/Hz'/2. Because of the 1/f kink,
the noise (28) is much greater at sub-Hz frequencies, as indi-
cated in Fig. 4. However, as we will see below, this still offers
a sufficiently good performance.

5. Johnson-Nyquist noise in the circuit

The spectrum of current noise in superconductors per unit
bandwidth is 4kgT /R, where R is the resistance of the normal
excitations in superconductors: R = 4ap, /Swire. Here, p, is
the resistivity of the normal carriers in superconductors and
Swire 18 the wire cross section. In finite-gap superconductors,
pn 1s exponentially large because of exponential reduction of
the number of unpaired electrons at T < T. Thus, the current
noise is

[4kpT /7Sy 0.887,
(Jnoise) = %f X exp (_ Tfr )v (29)

where we assumed a superconductor with the isotropic BCS
energy gap A(T) = 1.76T, and T/" « T.. Because of the gap
isotropy, this noise exponentially dies out and becomes in-
significant at low temperatures, as we will see from numerical
analysis in Sec. III B [56].

6. Shot noise of the magnetic field

The shot noise will be picked up by the superconducting
loops as a parasitic addition to the GW-generated signal.
However, any variation of the magnetic field, which is not
related to the rotation of the superconducting loops may be
independently tracked by a third, immobile loop (which is not
shown in Fig. 1) and digitally subtracted from the GW signal
output.

Additionally, stray fields caused by thermal fluctuations of
external objects, such as those due to the suspension of the
barbells and the coils, may cause spurious signal pickups.
Spurious signals can be caused also by charged cosmic ray
particles crossing the superconducting loops. However, one
should recall that in our design there are two active loops as
in Fig. 1. When actuated by a GW, these loops generate equal
but opposite sign signals so that a nonzero output is obtained
by their subtraction. Meanwhile, stray fields will generate the
same signals in the two loops, which will then cancel upon
subtraction. Using this approach, we reached the theoretical
Johnson-Nyquist noise level in laboratory modeling of the
GW detector with the normal-metal loops [47].

7. Newtonian noise

Last but not least is the Newtonian noise. In our case,
the presence of two barbells should assist in tracking their
synchronous motions caused by external gravitating objects
and, after appropriate calibration, digitally canceling out the
related signals.

B. Implementable device with useful strain sensitivity

Let us find the parameters of a realistic system needed to
achieve interesting strain sensitivity for an operational fre-
quency in the mHz range, f = 0.001 Hz. We will consider
barbells with the sphere mass M = 4 ton (in the case of Pb,
this corresponds to a radius R = 44 cm). The barbell arms,
made of fused silica, have length r = 50 m. In this mate-
rial the intrinsic mechanical loss angle is ¢%., ~ 1076 at
T =300 K [57]. For an orbital placement, this fused silica
arm can be made of a tube with 2-mm wall thickness, and
3-cm diameter, in which case its mass will be negligible
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(<100 kg) compared with the sphere mass M. Then from (25):
862 . (f =1 mHz) = 2.8 x 1071 1/Hz'/? (in our design,
the barbells operate at ambient conditions: we assume 7 =
300 K). For terrestrial arrangement, there should be a more
sophisticated structure, like a bridge arch, fused from the same
material, which may have significantly larger arm mass than
that for the orbital deployment. In both cases, the mass of the
barbell is expected to be much larger than that of the arms, and
is comparable to the mass of the bar of the TOBA detector [33]
(8 ton vs 7.6 ton). This suggests a torsion damping factor in
our case comparable with that of TOBA, y'™ ~ 107N m s.
As was mentioned above, for an orbital instrument, this
quantity could be significantly reduced. For our orbital in-
strument, we will conservatively assume y°® ~ 107" N'm s.
Then, for a noncooled (7" =300 K) suspension we find
from Eq. (27): 862" (f = 1 mHz) ~ 5.2 x 107!° 1/Hz"/? and

sus

86%°(f = 1 mHz) ~ 1.6 x 107" 1/Hz"/2. We will choose
B =10T (corresponding to a superconducting magnet) and
a niobium nitride (NbN) alloy as a superconducting material
of the loops in Fig. 1. This material will be deposited around
the frame with a = 5 cm so as to be equivalent to, and yield
the same inductance as, a superconducting wire of diameter
d >~ 1 pm. Since this frame should be cryogenically cooled,
sapphire is an ideal material for it. We will assume the frame
with a mass My, ~ 3 kg is at T = 0.3K. Also, all of the
superconducting electronics will reside in the same cryostat.
Interestingly, the loss angle of monolitic sapphire at low fre-
quencies and temperatures may be much lower than that of

fused silica at 300 K. From the KAGRA study [58], we find
that for sapphire qﬁf;;h ~10%atT =03 Kand f = | mHz.
Also, u¥Phi ~ 104 m/s. Then, from Eq. (26): 8077 (f =
1 mHz) = 2.4 x 10~'° 1/Hz!/2. The total mechanical noise
from these three contributions is

o 2 ro\2
Sgrtnéch = (aer}r)lech) + (Ser{lech) + (893115)2
~(5-7)x 107/Hz"/? at f = 1 mHz,

(30)

where the smaller and larger values correspond to the orbital
and terrestrial placements. In accordance to Eqs. (15) and
(16), this yields a flux noise

S, =80 /\/f = Ba*50%)

mec mech

31
~ (7—=9) ugy/Hz'>.

This flux noise caused by thermodynamic fluctuations in the
mechanical system should be complemented by the noise in
electrical circuits, including the electric current detector noise.
To minimize the noise, the impedance matching of the frame
loop with that of the SQUID coil is required. For the SQUID
system quoted above (see Fig. 4), the inductance of the input
coil will be matched (Ligop & Leoit A 0.5 H) at the chosen
rectangular loop size (a >~ 5 cm) and the wire diameter (d =
Ium). At this choice of parameters, no flux transformer is
required and the SQUID coil can be directly integrated with
our loop. To simplify the situation, one can consider supercon-
ducting loop as (a gigantic) SQUID itself. The corresponding
flux noise of the SQUID system at 7 = 4 K, in accordance to
(28), is then (see Fig. 4):

S,/(f = 1 mHz) = 150 pu¢p/Hz'/?. (32)

—o— Optical readout (TOBA)
—2—SQUID readout (our design)

-
o
S
@
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o
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-
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Sensitivity, h,/f'"” (1/Hz"?)
3 3

Frequency, f (Hz)

FIG. 5. Comparison of strain sensitivities of GW sensors based
on optical interferometric and superconducting quantum interfero-
metric readouts.

This SQUID noise is generated by the normal resistance R;;
of its Josephson junctions. This resistance has the spectral
function Sy ~ 4kgT /R;;. Typically, R;; is temperature in-
dependent, and at temperature reduction from 7' =4 K, S,
scales linearly with T [54,59], i.e., the spectral function S, re-
duces linearly with 7. At T = 0.3 K operational temperature,
one should expect S(;/z(f = 1 mHz) ~ 40 pp,/Hz'/>. This
means that the SQUID noise, though smaller than in Eq. (32),
is the dominating factor in this particular design:

8<i)tot ~ 5&>SQUID + Sq'slot

mech

(33)
<50 npy/Hz?  at f = 1 mHz.

We did not include in (33) a flux noise caused by the
Johnson-Nyquist fluctuations (29): (®;_n) = Leoit {(Jnoise) be-
cause it is negligibly small. Indeed, choosing NbN as a
superconducting material with 7. = 15 K and normal state
resistivity for the deposited wire p, ~ 107 Ohm — m, we
find at 7/" = 0.3 K:

8®,_y(f = 1mHz) ~ 107" ¢, /Hz'/?, (34)

which is negligibly small compared with (33) and can be
safely neglected.

To conclude this discussion, we should notice that the
mechanical resonant frequency of the system below which the
performance degrades, is

fres & 0.6 mHz (35)

as follows from Eq. (19). The corresponding amplitude of Agw
with a bandwidth equal to the detected frequency is shown in
Fig. 5.

C. Advantages of our approach

GEFEST and TOBA have many similar mechanical prop-
erties, including suspension, certain noise mitigation, resonant
frequency limitations, etc. They will be compactly arranged
in space. As such, GEFEST will be advantageous for the
detection of GW for lower frequencies. For comparable me-
chanical parameters it is interesting to compare the sensitivity
of superconducting vs optical interferometric detection. As
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FIG. 6. Comparison of sensitivity of the GEFEST detector with
the current (bold curves) and projected (dotted curves) GW detectors
[33]. The GEFEST parameters correspond to those mentioned in the
section devoted to the implementable device with interesting strain
sensitivity. The characteristic amplitudes of GWs are defined as the
amplitude with a bandwidth equal to the observation frequency.

follows from Figs. 5 and 6, the superconducting approach
prevails at the low-mHz range of GW frequencies.

IV. DISCUSSION

The above described advantage of the superconducting
design over the optical interferometric method is due to the
fact that we have no laser or mirrors; the noise associated
with the latter causes the upturn of the TOBA curve in Figs. 5
and 6. The higher sensitivity of the GEFEST design requires
cryogenic cooling. As we have shown, this is in principle
achievable. The results shown in Fig. 6 for GEFEST are
obtained without any signal upconversion or heterodyning.
The 1/f noise is explicitly taken into account in the SQUID
noise figure (Fig. 4). Sometimes, upconversion/heterodyning
has additional advantages (see, e.g., [31-33]). In our case,
if necessary, the upconversion/heterodyning can be achieved
electronically without mechanical rotation. Importantly, cryo-
genic cooling is only necessary for the superconducting
transducer of the detector. Only the relatively small loops
(5 x 5 cm? in the case of the chosen parameters) need to
be cooled down to 300 mK; the superconducting magnet can
operate at 4 K or even higher.

Higher sensitivity of the GEFEST can be achieved either
with larger loops, or with multiturn small loops. Both will
require larger barbell masses to generate more mechanical
energy for harvesting. Compact cryostats assume multiturn
rather than large coils. This issue is discussed in some detail
in the Appendix.

The cryostats for the barbell-related loops/coils, as well as
for the superconducting magnet are spatially separated from
each other, so that the magnet with its own cryostat is im-
mobile, while the cryostats surrounding each superconducting
loop (with the relevant superconducting electronics enclosed)
are moving jointly with the loops (and the barbells), so that
a lossless transfer of mechanical motion inside the cryostat is
not required.

As mentioned in [33], the potential sensitivity of laser
interferometric LIGO-type and TOBA-type detectors is ulti-
mately determined by hEXE oc 1/+/Mr?2, with an arm length r

and a mirror mass M. This ultimate sensitivity, for LIGO-type
interferometric instruments, is hard to achieve by increasing
M, since other noise-related parameters like mirror surface
imperfections/fluctuations become relevant [15]. While cool-
ing can help to reduce such noise, it looks impossible to have
cryogenically cooled mirrors or bars with a very large mass
(say, M = 100 ton). Thus the extension of r is the major di-
rection of future development for LIGO-type interferometric
instruments. In our case, very long arms are not plausible,
and barbells themselves do not need cryogenic cooling. Thus,
even the mass M = 100 ton does not look like a limit, and
its increase can enable increasing the sensitivity of future
superconducting instruments. Correspondingly, assuming ap-
propriately chosen parameters, various approaches may have
competitive performance utilizing different values of mechan-
ical parameters: either M or r. The sensitivity shown in Fig. 6,
for barbells with 10 ton mass and 50 m arms, may be signifi-
cantly improved by varying these parameters. To conclude this
section, we remind that, as described in Fig. 3, the real instru-
ments should have a “triangular” design for the barbell arms.
In accordance with Eq. (25), this will increase the thermome-
chanical noise by at least a factor of ﬁ However, as was
shown in Sec. III B, the dominant noise contribution comes
from the SQUID circuitry, so the replacement of a simple
rod by a triangle will not degrade the GEFEST performance
anyhow significantly.

V. SUMMARY

Above we discussed some ideas for utilizing the motion of
Cooper pairs in superconductor-based GW antennas, which
can complement and be competitive with interferometric de-
vices. A unique feature of this technique is the efficient
transfer of mechanical energy received from a GW into
magnetic flux via superconducting circuits, and subsequent
detection of this flux by superconducting electronics. The role
of the mechanical parameters of the detector in harvesting the
energy of GWs, as well as that of various thermodynamically
fundamental noise sources has been examined. Based on gen-
eral considerations, a specific practically interesting case is
considered. It can be implemented using currently available
technologies both terrestrially and orbitally. Assuming future
improvements in technologies, it will become possible to
achieve phenomenal sensitivities with locally arranged orbital
instruments. These instruments may become viable alterna-
tives to interferometric devices.
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cate current density j. We confirmed linearity for up to 13 parallel
rings. Practical computational limits prevent going to much higher
number of rings.

APPENDIX: TRANSDUCER LOOP STACKING

Multiloop design can facilitate smaller loop and frame
sizes and higher sensitivity. However, it is not very obvious
how to organize the loops so as to optimize the performance.
Here we address this topic.

1. Connecting loops in series: superconducting coils

Variation of the flux as a function of time &(r) =
S¢ sin(wt) generates electromotive force in the loop:

& = —d®/dt, resulting in a voltage difference V = & be-
tween the ends of an open loop. With N loops constituting
a coil, the voltage becomes Vy = NV. For a single super-
conducting loop with inductance L, the current equals J =
V/(Lw), while for a coil, the current is N times smaller:
Iy = Vn/(Lyw) = J/N since the coil’s inductance is Ly =
N?L. Thus the maximum flux transferrable to the detector
is JyLy = NLJ = Né¢. However, the transferred energy is
the same as with the single-loop transducer: (N§¢)?/(2Ly) =
8¢?/2L. Thus one cannot improve signal /noise ratio using a
coil since the transferred energy is not enhanced relative to the
energy in the SQUID’s noise.

2. The case of parallel loops

At first glance, parallel action of loops does not deliver
benefits either. Indeed, in the case of N independent loops we
need to take into account the self inductances L; (= L) of each
loop and the mutual inductances M;; (i, j = 1,2, ...,N; i #
J)- Suggesting that the N loops screen the flux §¢ jointly,
one can deduce that the current in each loop will be J; =
8¢ /(NL) = Jy. Then the total transferred energy will be

LiJ? , 1 , 1 2
3 -+ ;M,»jji = SNLJy + NN = DMJy

: 2
l (A1)
1 1 5¢°
g =l
2 2 oL

where a perfect coupling between the loops is assumed, so
that M;; = M = L. Thus the the total transduced energy is
the same as with the N-turn coil, i.e., is equal to single
loop energy. Fortunately, it is possible to find a loophole in
the above argument. Two assumptions made therein can be
questioned: equating the mutual and self inductances, and the
joint screening of the flux when there is a distance between
the loops (which makes them physically different from an
ideal coil). Precise results for N separated parallel loops are
obtained from a finite element COMSOL modeling using the
code described in the Supplemental Material [61]. The results
are shown in Fig. 7.

In the first approximation, the total current (Fig. 7) is
the sum of individual currents, and the presence of loops in
this arrangement has almost no effect on the individual loop
current. This means that each loop can be associated with its
individual SQUID detector (as was mentioned in the main
text, the current loops themselves may be the SQUIDs). Then
the SQUIDs outputs can be digitally summed up so as to
enhance the signal/noise ratio by a factor of N'/2.
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