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The mechanical tidal effects of gravitational waves (GWs) in the low- and middle-frequency bands,
typically from dozens to hundreds of Hz, have been detected by the LIGO-Virgo-KAGRA ground laser
interferometers. To implement the detection of the GWs in the higher-frequency bands (such as the MHz
band and the higher ones), predicted by a series of theoretical models in astrophysics and cosmology, we
propose here an experimental system to probe their electromagnetic (EM) responses (EMRs). The system
mainly consists of a modulated high magnetic field and the weak-light detection techniques (such as single-
photon detectors). Physically, when the high-frequency GWs pass through such a modulated high magnetic
field, the first-order EMR signals, rather than the second-order ones generated by the inverse Gertsenshtein
effects, are induced and can be detected by the current weak-light detection techniques. Interestingly, by
considering the influences from the main noises, i.e., the thermal and shot ones, we show that the sensitivity
of the proposed system could be utilized to implement the detection of the relic GWs (predicted by the well-
known Big Bang model) in the MHz and GHz bands, depending on the frequency of the applied alternating
magnetic field. Hopefully, such an experimental system can be built to detect the EMRs of the GWs for
testing the relevant gravitational models.
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I. INTRODUCTION

In recent years, a series of astronomical gravitational
wave (GW) events have been detected by LIGO-Virgo-
KAGRA ground-based laser interferometers [1–6]. These
detections verified the existence of the GWs, in the hertz to
kilohertz frequency range, generated mainly during the
merging processes of the binaries. In fact, detecting the
GWs in other frequency bands predicted by a series of
theoretical models (see, e.g., in Refs. [7–10]) is also
expected. Typically, to detect the lower-frequency GWs
beyond the existing laser interferometers, which had been
verified by the observations of rotating period damping
of the pulsar PSR1913-16 [11,12], many installations
including, e.g., the Einstein telescope [13,14], space-based
interferometers (such as eLISA- [15], Taiji- [16], and
Tianqin [17] plans), atom interferometers [18–20], pulsar
timing arrays [21], and cosmic microwave background
observations [22,23], etc., have been proposed.
Meanwhile, detecting the GWs in the higher frequencies,

typically in 106–1010 Hz, has also been attracting atten-
tion [24,25]. First, a series of cosmic models and high-
energy astronomy progresses have predicted the existence

of high-frequency GWs (HFGWs), typically, e.g., in
Refs. [26–31], etc. Secondly, certain high-energy physics
experiments, such as in the high-power laser pulses [32]
and Large Hadron Collider (LHC) [33], are also expected to
be utilized to generate the HFGWs. Note that all of these
models have predicted the GWs with the frequencies being
higher than 108 Hz. Therefore, a series of proposals and
feasible detectors have already been proposed to implement
the HFGW detections, typically including the circular
waveguide system [34], coupled spherical cavities [35],
short- arm interferometers [36,37], microwave and optical
cavities [38,39], optically levitated sensors [40], mechani-
cal resonators [41], and the excitation of collective magnon
modes [42], etc. [25]. Partially, the electromagnetic (EM)
responses (EMR) detection of the HFGW has attracted
much attention in recent years (see, e.g., in Refs. [30], etc.).
Originally, the EMR detection of the HFGW is based on

the inverse Gertsenshtein effect, i.e., the conversion of the
GW into the electromagnet wave (EMW) in a stationary
high magnetic field. Unfortunately, detecting the EMR
signal of the GW based on the inverse Gertsenshtein effect
is very difficult [43–45], as the relevant EMR signal or say
the perturbation photon flux (PPF) is very weak (as its
density is proportional to the square of the dimensionless
amplitude of the detected GW). In order to overcome such a*lfwei@swjtu.edu.cn
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difficulty, a scheme to amplify the GW-induced PPF by
introducing the so-called Gaussian beam resonance tech-
nology was proposed in Refs. [46–48], wherein the first-
order PPF, rather than the second-order one, could be
generated. Recently, we have shown that such a first-order
EMR could also be generated if the stationary high
magnetic field is modulated by a relatively weak alternating
magnetic field [49]. In this paper, we extend our previous
work to design an experimental system, whose principle is
shown in Fig. 1, for the experimental detections of the
HFGWs. The system mainly consists of three parts: a
modulated high magnetic field (typically such as 9 T with
0.1 T ac modulated amplitude), the signal-photon detectors
(incoherent- and coherent ones), and the detected data
processing. The GW-induced EM signals inside the cylin-
drical cavity can be calculated by numerically solving the
Einstein-Maxwell equation in three-dimensional space.
Such a signal can be detected by using well-developed
weak signal detection techniques. Furthermore, the sensi-
tivity of the proposed detected system can be numerically
calibrated by analyzing the noise. The result indicates that
the present experimental system could be utilized to
implement certain HFGWs, specifically, such as the relic
ones, in the GHz band.
The paper is organized as follows. In Sec. II, we

demonstrate the basic principle of the detected system,
i.e., how the first-order EMRs can be generated when the
GWs pass through a cylindrical high magnetic field with
the modulating one. In Sec. III, we analyze the character-
istics of the signals, typically, e.g., the power, spectral
distribution, polarization, wave impedance, etc., and then
discuss how to extract the signal from the strong noise

background. By analyzing the typical noises, i.e., thermal
radiation and shot noises, in Sec. IV, we numerically
calibrate the detection sensitivity and show specifically
that it could be utilized to implement the detection of
certain HFGWs, typically such as the relic ones, in the GHz
band. Finally, we summarize our work in Sec. V.

II. MODEL

In order to implement the EMR detections of the GWs,
we design an experimental system schematically shown in
Fig. 1, wherein a stationary high magnetic field B̄ð0ÞðxÞ
shown in Fig. 1(a) is generated in a cylindrical solenoid
cavity. The height and radius are designed typically as
h ¼ 0.8 m and R ¼ 0.15 m, respectively. The stationary
high magnetic field is further modulated by a weak AC
magnetic filed with the frequency ωB and the amplitude
B̃0ðx; tÞ, shown, e.g., in Fig. 1(b). The single-photon
detectors are located in the cavity to detect the PPFs
for later data processing. Certainly, such a system can
be realized by the current high magnetic field technologies
[50] and weak signal detection technology (coherent and
incoherent detection), and thus is feasible.

A. Background fields

The stationary high magnetic field of B̄ð0Þ
y ∼ 10 T can be

obtained by using a circular supercurrent alone, the super-
conducting solenoid [50]. Indeed, based on Ampere cir-
cuital theorem, the stationary high magnetic field at the
center of the solenoid reads

B̄ð0Þ
y ≃ μ0

NIDC
h

; ð1Þ

which is towards the positive direction of the y axis. Here,
h is the height of the solenoid, N is the number of the
superconducting line turns, and IDC is the DC supercurrent.
Specifically, if N ¼ 21000 and IDC ¼ 300 A, then a sta-
tionary high magnetic field with B̄ð0Þ ¼ 9 T can be
obtained [50]. Further, an alternating magnetic field can
be generated, in principle, by simply applying an AC
current with the frequency of ωB. Figure 2(a) shows
specifically the distribution of a stationary strong magnetic
field in the cylindrical cavity, and Fig. 2(b) the alternating
one with ωB ¼ 2π × 109 Hz distributed at the point
P ¼ ð0 m; 0 m;−0.1 mÞ. The basic difference between
the present system and the original Gertsenshtein effect
configuration is, here an alternating magnetic field is
superposed into the original stationary strong magnetic
field for generating the first-order (rather than the second-
order) EMRs of the passing GWs.
When GWs are absent, the Maxwell equation in flat

space-time predicts that an alternating electric field Ẽð0Þ

determined by

(a) (b)

FIG. 1. Experimental system designed to implement the de-
tection of the HFGW. Here, a cylindrical solenoid cavity, whose
height is 80 cm, is used to get a high magnetic field, generated by
∼21; 000-crucible superconducting circle currents. The inner
diameter of the solenoid is designed as 30 cm, in which the
alternating magnetic field with the frequency of 109 Hz can be
excited. The antenna receivers are designed to collect the EMR
signals of the GW for performing either coherent or incoherent
detections. The detection data are then processed to extract the
physical parameters of the passing HFGWs.
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∇ × Ẽð0ÞðtÞ ¼ ∂B̃ð0ÞðtÞ
∂t

; ð2Þ

can be generated in the cavity. Its distribution is shown in
Fig. 2(c). Therefore, the background magnetic field in
cavity isBð0Þ ¼ B̄ð0ÞðxÞþ B̃ð0Þðx; tÞ. As shown in Fig. 2(a),
the stationary high magnetic field B̃ð0Þ in the solenoid
cavity is basically evenly distributed, and mainly along the
y-axis direction, while, it is seen from Fig. 2(b) that near the
cylindrical edge the alternating magnetic field B̃ð0Þ ¼
ð0;−B̃ð0Þ

y cosðωBtÞ; 0Þ, is stronger than those in the center
of the cavity. Figure 2(c) shows further how the alternating
electric field is distributed on the xz plane. Note that the
frequency of the alternating magnetic field ωB or the phase
is adjustable for detecting the HFGWs with different
frequencies.

B. Solving the Einstein-Maxwell equation in curved
space-time under the GW perturbation

Following Refs. [43,44], the conversion between the
GWs and EMWs in a strong static magnetic field can be
described by the Einstein-Maxwell equation:

� 1ffiffiffiffi−gp ∂ν
ffiffiffiffiffiffi−gp

Fμν ¼ 0;

∂αFβγ þ ∂βFγα þ ∂γFαβ ¼ 0;
ð3Þ

where g ¼ jgαβj is determinant of the metric gαβ, Fαβ ¼
∂αAβ − ∂βAα is the covariant EM fields, Aα is the four-
vector potential, and ∂μ is the partial derivative. The curved
space-time, due to the perturbation of the passing GW in
transverses-traceless (TT) gauge, is described by the
following metric:

gαβ ¼ ηαβ þ hαβðz; tÞ

¼

0
BBB@

1

−1þ h⊕ðz; tÞ h⊗ðz; tÞ
h⊗ðz; tÞ −1 − h⊕ðz; tÞ

−1

1
CCCA; ð4Þ

with ηαβ ¼ diagð1;−1;−1;−1Þ and g¼jgαβj≃ jηαβj¼−1.
Note that in the present problem, the choice of TT gauge
or proper detector (PD) frame would not lead to any
essential difference, at least in the order of the strength
of observable effect. The background EM field tensor reads

Fð0Þ
αβ ¼

0
BBB@

0 0 0 0

0 0 −Bð0Þ
z Bð0Þ

y

0 Bð0Þ
z 0 −Bð0Þ

x

0 −Bð0Þ
y Bð0Þ

x 0

1
CCCA; ð5Þ

where the background EM fields are Bð0Þ ¼ B̄ð0ÞðxÞ þ
B̃ð0Þðx; tÞ ¼ ðB̄ð0Þ

x þ B̃ð0Þ
x ; B̄ð0Þ

y þ B̃ð0Þ
y ; B̄ð0Þ

z þ B̃ð0Þ
z Þ with

B̄ð0ÞðxÞ being the stationary high magnetic field, and
B̃ð0Þðx; tÞ is the alternative magnetic field.
If the GW passes through the cavity, the EM field tensor

in the cavity reads

Fαβ ¼ Fð0Þ
αβ þ Fð1Þ

αβ þ Fð2Þ
αβ þ � � � ; ð6Þ

where the Fð0Þ
αβ is the background magnetic field shown in

Eq. (5); Fð1Þ
αβ describes the first-order EMRs related to the

dimensionless amplitude of the passing GW. The second-

order EMRs Fð2Þ
αβ and the higher-order ones are significantly

weak and thus can be ignored. As a consequence, the
contravariant form of EMRs under the perturbation of the
GWs can be described by the following tensor:
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FIG. 2. (a) The distributions of the stationary high magnetic
field in the cylindrical solenoid cavity, with h ¼ 0.8 m, and
R ¼ 0.15 m, wherein the arrow refers to the direction of the

magnetic field. (b) The alternating magnetic field B̃ð0Þ
y at the line

segment of x ¼ 0 m and y ¼ 0 m in the cavity is shown, with
frequency ωB ¼ 2π × 109 Hz. Inset: alternating magnetic field at
point P ¼ ð0 m; 0 m;−0.1 mÞ with t ¼ ½0.2� ns. (c) The direc-
tion of the zero-order electric field Ẽð0Þ generated EM induction
at the plane of y ¼ 0 m in the cavity by the alternating magnetic
field with ωB ¼ 2π × 109 Hz.
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Fμν ¼ gμαFαβgνβ

¼

0
BBBBB@

0 −Eð1Þ
x =c −Eð1Þ

y =c −Eð1Þ
z =c

Eð1Þ
z =c 0 −Bð0Þ

z − Bð1Þ
z A

Eð1Þ
y =c Bð0Þ

z þ Bð1Þ
z 0 −B

Eð1Þ
x =c −A B 0

1
CCCCCA; ð7Þ

where A ¼ Bð0Þ
y ð1þ h⊕Þ þ Bð1Þ

y − Bð0Þ
x h⊗, B ¼ Bð0Þ

x ð1 − h⊗Þ þ Bð1Þ
x − Bð0Þ

y h⊗. Substituting Eqs. (6) and (7) into the

Einstein-Maxwell equation (3), the first order of the EMR of the passing GW the electric field Eð1Þ can be determined by

�
1

c2
∂
2
t −∇2

�
Eð1Þ ¼

0
B@

−∂tB
ð0Þ
y ∂zh⊕ − Bð0Þ

y ∂t∂zh⊕ þ ∂tB
ð0Þ
x ∂zh⊗ þ Bð0Þ

x ∂t∂zh⊗

−∂tB
ð0Þ
x ∂zh⊕ − Bð0Þ

x ∂t∂zh⊕ − ∂tB
ð0Þ
y ∂zh⊗ − Bð0Þ

y ∂t∂zh⊗
0

1
CA: ð8Þ

In the Appendix, we provide its derivations in detail.
A monochrome plane GW propagates along the z-axis
direction, with the amplitude h⊕ and h⊗. The GW could be
described by

�
h⊕ðz; tÞ ¼ h⊕ expfikgðz − ctÞg;
h⊗ðz; tÞ ¼ ih⊗ expfikgðz − ctÞg; ð9Þ

Here, h⊕ and h⊗ are the dimensionless amplitude of the
GWs with different polarizations. The boundary and initial
conditions of the first-order PPFs inside the solenoid cavity
are reasonably set as

Eð1Þjy¼ð−h=2;h=2Þ ¼ Eð1Þjr¼R ¼ 0; ð10Þ

and

Eð1Þjt¼0 ¼ ∂tEð1Þjt¼0 ¼ 0; ð11Þ

respectively. Analogously to Eq. (8), the partial differential
equations for the magnetic field variables are also given in
the Appendix.

C. Electric field distributions
of the GW-induced PPF signals

For simplicity and without loss of generality, a GW with
the dimensionless amplitude h⊕ ¼ h⊗ ¼ h ¼ 10−28 is
assumed to pass through the solenoid cavity along the
z-axis direction. Based on the models mentioned above
[26–33], 10−28 should be considered as a typical amplitude
of the HFGWs in GHz band. Also, the frequency of the
applied alternating magnetic field is set as ωB ¼ ωg. For
the present cavity geometry, the modes of EM fields in the
cavity can be described by three integers ðm; n; pÞ index,
where m, n, and p stand for the azimuth, radial, and
longitudinal mode indices, respectively. For a cylindrical

cavity with the radius and length being 0.15 m and 0.8 m,
the frequencies of two typical modes are ωTE111

¼ 2π ×
1.234 × 109 Hz and ωTM010

¼ 2π × 0.766 × 109 Hz, res-
pectively. By numerically solving Eq. (8), with COMSOL

MULTIPHYSICS [51], under the boundary and initial condi-
tions (10), (11), the informationof the first-order perturbation
electric field caused by the incident GW can be extracted.
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FIG. 3. The first-order perturbation electric field Eð1Þ distribu-
tion in the cavity, with frequency being ω ¼ ωg (left). The

spectrum of the Eð1Þ
x , at the point P ¼ ð0 m; 0 m;−0.1 mÞ in the

cavity (right) generated by the passing HFGWs with h ¼ 10−28,
ωg ¼ 2π × 109 Hz (a), and ωg ¼ 2π × 1.234 × 109 Hz (b), re-
spectively. The frequency of the alternating magnetic field is set

to be ωB ¼ ωg, B̄ð0Þ ¼ 9 T, B̃ð0Þ
y ¼ 0.1 T.
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For example, as shown inFig. 3(a), if the frequencyωg is near
the ones of the TE111- and TM010 modes, then both of them
can be excited by the first-order PPFs of the GW. As a
consequence, three peaks could be observed: one is atωTE111

,
one is atωTM010

, and the third one is atω ¼ ωg. Furthermore,
as shown in Fig. 3(b), if the frequency of the passing GW
equals exactly the frequency of one of the cavity modes, i.e.,
ω ¼ ωTE111

, then the strongest peak could be observed at this
frequency point. Therefore, by observing the signal peaks of
the first-order EMRs, the frequency and the relative strength
of the passing GW could be determined. By adjusting the
frequency of the cylindrical cavity and applying the corre-
sponding near-resonant or resonant alternating magnetic
fields, the HFGWs with different frequencies could be
searched for. In principle, the proposed system could also
be applied to detect the incoherent GWs, which could be
practically decomposed as the superposition of a series of
coherent ones. In this case, a series of signal peaks could be
observed and required to be distinguished by the relevant
data analysis. Furthermore, coincidence detection could be
implemented for the stochastic GWs. Physically, limited by
the geometry size of the cavity, the proposed system is more
suitable to implement the EMR detections of the GWs in the
GHz and the higher bands. Certainly, the applied alternating
magnetic field with the frequencyωB simultaneously excites
the near-resonant and resonant cavity modes, and thus
induces the significant background excitations of the cavity
modes. These excitations can be treated as background
noises, which can be filtered out by using various feasible
filtering waves.

III. EMR SIGNAL DETECTIONS

In our previouswork [49], we demonstrated that the signal
strength is almost independent of the local inertial frame, as it
is significantly weak. Hence, the detected first-order PPF
signal could be directly determined by the solution to the
Einstein-Maxwell equation (8). In this section, the character-
istic of the generated signal is investigated.

A. Energy flow density

Theoretically, the EMRs of the passing GWs could be
detected by probing the strengths of the GW-induced
electric- and magnetic fields. Indeed, the sensitivities of
the current metrology on the precise measurements of the
electric- and magnetic fields have already reached the levels
of ∼5 × 10−5 V · m−1 · Hz−1=2 [52] and ∼10−15 T · Hz−1=2

[53], respectively. However, one can see from Fig. 3 that the
electric field strength of the PPF is just at the level of
10−18 V=m. Therefore, the EMR signals are too weak to be
detected by their strength measurement. Alternatively, they
should be detected by probing their energy responses.
By solving Eq. (8) under the conditions (10), (11), the

detectable energy signal of the EMRs can be described by
the Poynting vector:

S ¼ 1

μ0
Eðx; tÞ ×Bðx; tÞ

¼ Sð0Þ þ Sð1Þ þ S0ð1Þ þ Sð2Þ; ð12Þ

where

Sð0Þ ¼ 1

μ0
Ẽð0Þðx; tÞ × ½B̄ð0ÞðxÞ þ B̃ð0Þðx; tÞ�; ð13Þ

is just related to the background EM field, which can be
treated as the zero-order EMR, as it does not carry any GW
information. Physically,

Sð1Þ ¼ 1

μ0
Eð1Þðx; tÞ × ½B̄ð0ÞðxÞ þ B̃ð0Þðx; tÞ�; ð14Þ

and

S0ð1Þ ¼ 1

μ0
Ẽð0Þðx; tÞ ×Bð1Þðx; tÞ; ð15Þ

describe energy signals of the first-order EMRs. Obviously,
if B̃ð0Þðx; tÞ is absent, i.e., without the alternating magnetic
field, then Ẽð0Þ ¼ 0, and thus S0ð1Þ ¼ 0. Furthermore, the
rapidly oscillating term Eð1Þðx; tÞ × B̄ð0ÞðxÞ vanishes for
the average within a limited detected time, and thus, the Sð1Þ
cannot be observed. Therefore, in this case, the strongest
detectable effect is related to the second-order EMRs,
typically such as

Sð2Þ ¼ 1

μ0
Eð1Þðx; tÞ × Bð1Þðx; tÞ: ð16Þ

Certainly, it is significantly weak (as it is related to the
square of the relative amplitude of the GW) and thus is hard
to be detected.
Alternatively, with the alternating magnetic field

B̃ð0Þðx; tÞ, which is assumed to be parallel to the high
stationary magnetic field B̄ð0Þ, the EMR signal with the
nonzero first-order energy flow densities: Sð1Þ and S0ð1Þ,
could be generated for the detection. The energy detection of
a signal is practically a power average within the signal
response time.Defining the time average of a detected signal:

h:i ¼ 1

τ

Z
τ

0

dt; ð17Þ

with τ being the detected time of the detector, the
average energy flow density of the EMRs in the cavity be
expressed as

hSi ¼ hSð0Þi þ hSð1Þi þ hS0ð1Þi þ hSð2Þi; ð18Þ

with
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hSð0Þi ¼ 1

μ0
hẼð0Þðx; tÞ × B̃0ð0Þðx; tÞi; ð19Þ

being the zero-order EMR signal. It originated from the usual
EM induction in the flat space-time and thus can be treated
as strong background noise, while the averaged energy flow
density of the first-order PPF signals is added by

hSð1Þi ¼ 1

μ0
hEð1Þðx; tÞ × B̃ð0Þðx; tÞi; ð20Þ

and

hS0ð1Þi ¼ 1

μ0
hẼð0Þðx; tÞ ×Bð1Þðx; tÞi: ð21Þ

It has been shown that [49] the first-order Poynting vector,
either hSð1Þi or hS0ð1Þi, is proportional to the amplitude ∝ h.
Both of them are the first-order EMRs, and they are
significantly stronger than those of the second-order ones.

Note that in the present configuration, B̃ð0Þðx; tÞ ¼
ð0; B̃ð1Þ

y ; 0Þ and Eð1Þ
z ¼ 0; thus, one of the first-order EMR

signals, shown in Eq. (20), can be specifically rewritten as

hSð1Þi ¼
�
0; 0;

1

μ0
hEð1Þ

x B̃ð0Þ
y i

�
: ð22Þ

Basedon the spectrumofEð1Þ
x shown inFig. 3 for the scanning

frequency ωB of the applied alternating magnetic field B̃ð0Þ
y ,

Fig. 4 shows the Fourier transformation Sð1Þz ðωÞ of the first-
order EMR Sð1Þz ðtÞ ¼ Eð1Þ

x ðtÞB̃ð0Þ
y =μ0 at a space point P ¼

ð0 m; 0 m;−0.1 mÞ in the cavity. The spectrum shows
numerically that for the GWs with the typical frequencies;
ω ¼ 2π × 109 Hz and 2π × 1.234 × 109 Hz, a series of
first-order EMR signals can be generated in the cavity.
Specifically, at the point P the relatively strong EMR signals
are distributed at ω ¼ ωB − ωg and ωB þ ωg, respectively.

The frequency in Sð1Þz ðωÞ is mainly concentrated around 0

and 2ωg, as the Poynting vector consists of the terms with the
frequencies ω� ωB. This indicates that the EMRs with the
frequencies ωS ¼ ωB ¼ ωg and resonant ωS ¼ ωB þ ωg are
relatively strong, and thus refers to these effects thatcan be
called the resonant EMRs of the GW. It means that if the
frequency of the applied alternatingmagnetic field is resonant
with the passing GW, then the first-order EMR of the GW is
the strongest. This provides the most effective approach to
detecting the GWs based on their EMRs. Similarly, the other
first-order EMRs of the GW, i.e., S0ð1Þ can also be analyzed
by solving Eq. (A7) to get Bð1Þðx; tÞ. As if strength is at the
same level as the Sð1Þ, we do not analyze it again. In what
follows, we just investigate how to detect the signal with the
averaged Poynting vector hSð1Þi.
Physically, various near-resonant effect can also be

detected, although the resonant effect is the strongest.
Also, the bandwidth of any detector is usually limited,
as the response time of the detection τ in Eq. (17) is
definite. For the practical detection, Figs. 5(a) and 5(b)

show how hSð1Þz i at the point P ¼ ð0 m; 0 m;−0.1 mÞ
changes with the frequencies of the passing GWs. Here,
the center frequency of the GWs is assumed to be resonant
with the modulated frequency of the alternating magnetic
field, either ωB ¼ 2π × 109 Hz or ωB ¼ 2π × 1.234×
109 Hz, and the response time of the detector is set as

τ ¼ 10 × 2π=ωB. Certainly, hSð1Þz i reaches its maximum
value for the resonant case, i.e., ωg ¼ ωB. In Table I, the

value of hSð1Þz i at the point P ¼ ð0 m; 0 m;−0.1 mÞ in the
cavity is listed specifically for the detections of the GWs
with the typical frequencies and amplitudes by applying
an alternating magnetic field with a given frequency
ωB ¼ 2π × 1.234 × 109 Hz. One can see that the values
of Sð1Þ could reach up to 10−13 to 10−12 W=m2 for the
typical parameters of the HFGWs, which are really detect-
able by using the current weak signal detection technique.
Technologically, the generated first-order EMR signals of

(b)(a)
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FIG. 4. The spectrum of first-order energy flow intensity Sð1Þz [at
the point P ¼ ð0 m; 0 m;−0.1 mÞ in the cavity] with the fre-
quency of the passing HFGWs being ωg ¼ 2π × 109 Hz (a), and
ωg ¼ 2π × 1.234 × 109 Hz (b), respectively.
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FIG. 5. The averaged energy flow density of the first-order
EMR hSð1Þz i at the point P ¼ ð0 m; 0 m;−0.1 mÞ, in the cavity
for the GW with the frequency: 2π × 109 Hz (a), and 2π ×
1.234 × 109 Hz (b), respectively. The frequencies of the alter-
nating magnetic fields in the cavity are set as ωB ¼ 2π × 109 Hz
(a), and ωB ¼ 2π × 1.234 × 109 Hz (b), respectively.
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the GWs could be detected by two methods, coherent- and
incoherent detections. Coherent detection is performed by
using a local signal to mix the received signal and then treat
the mixed one by the usual technique. In fact, coherent
detection has been widely used in the EM communi-
cation and radar systems. Typically, in the well-known
GPS, the detection sensitivity has reached as weak as
10−20 W · Hz−1=2, which means that ∼104 photons per
second of the EM signal with the frequency of ∼1 GHz can
be detected with 1 −MHz bandwidth [54]. One can see
from Table I that the strength of the generated first-order
EMR signal can be really detected, if it really exists. On the
other hand, incoherent detection, i.e., the direct detection,
has been well developed in recent years by using the single-
photon detectors. The generated first-order EMR signals of
the passing HFGWs can also be incoherently detected by
using the current well-developed single-photon detectors,
whose detection sensitivities have arrived at the single-
photon energy level [55–60]. The number of the photons in
the first-order EMR signal with the energy flow intensity

hSð1Þz i ¼ 2.13× 10−13 W=m2 listed in Table I can be simply
calculated as nð1Þ ¼ hSð1ÞiΞ=ðℏωgÞ ≃ 2.60 × 109 s−1 for
Ξ ¼ 0.01 m2. Here, Ξ is the area of the photosurface of
the applied single-photon detector. It is expected that with
the single-photon detection technique, probing the first-
order EMRs of the HFGW with the amplitude h being as
low as∼10−30 is also possible, which is likely to cover most
of the models mentioned before [26–33].

B. Wave impedance

As motioned above, due to the usual EM induction, the
very strong zeroth-order EMRs treated as the background
noise are generated in the cavity, the frequency of such a
noise could be the same as the ones of the first-order EMRs.
This implies that the signal cannot be separated from
the noise with the same frequency by using the usual

frequency-match filtering-wave technique. Fortunately,
the so-called wave-impedance matching technique can
be utilized to filter out the noises with the same frequencies
[61]. Formally, the wave impedance of an EM wave with
frequency ω is defined as the ratio of the transverse
components of the electric and magnetic field, i.e.,

ZðωÞ ¼ μExðωÞ
ByðωÞ

; ð23Þ

where Ex and By are the transverse-electric-magnetic
components of a plane wave traveling through a homo-
geneous medium μ along the z direction. In the present
configuration, the wave impedance of the zeroth-order
signals in the cavity reads

Z0ðωBÞ ¼
μ0E

ð0Þ
x ðωBÞ

Bð0Þ
y ðωBÞ

≃ 377 Ω; ð24Þ

with μ0 being the permeability constant in the cavity.
However, the wave impedance of the first-order EMR

signal with the energy flow density Sð1Þz with ωB ¼ ωg

can be expressed alternatively as

Z1ðωBÞ ¼
μ0E

ð1Þ
x ðωBÞ

Bð0Þ
y ðωBÞ

; ð25Þ

which can be specifically calculated as Z1ðωgÞ ¼
5.6 × 10−23 Ω, for ωg ¼ ωB ¼ 2π × 1.234 × 109 Hz,

B̄ð0Þ
y ¼ 9 T, B̃ð0Þ

y ¼ 0.1 T, and μ0 ¼ 4π× 10−7 T ·m ·A−1.
Apparently, the wave impedance of the first-order EMR
signal, carrying the information of the passing GW, is
significantly less than that of the zero-order background
noise without carrying any information of the GW.
Therefore, with the wave-impedance matching technique,
the EM signal hSð0Þi without any GW information could be
effectively filtered out. As a consequence, only the desired
signals whose energy flow densities are Sð1Þ could be
conducted into the weak-light detectors for the detections.
This implies that by using the wave-impedance matching
filtering wave technique to filter out the background noise
with the same frequency, detecting the first-order EMR
signals of the passing GWs is possible, in principle.

IV. NOISE ANALYSIS AND THE SENSITIVITY
DEMARCATION

It is well known that in the laser interferometer system to
detect the GWs in the low- and middle-frequency bands,
one of the great challenges is to suppress the noises at the
same frequency bands. These low-frequency noises should
be significantly unimportant for the detection of the
HFGWs. As a consequence, only the high-frequency noises
influence the detection sensitivity of the proposed exper-
imental system for the detection of the HFGWs.

TABLE I. The values of hSð1Þz i at the point P ¼ ð0 m; 0 m;
−0.1 mÞ in the cavity for the passing GWs with different
amplitudes and frequencies. Here, the frequency of the applied
alternating magnetic field is set as ωB ¼ 2π × 1.234 × 109 Hz,

B̄ð0Þ ¼ 9 T, B̃ð0Þ
y ¼ 0.1 T.

h ωg hSð1Þz i ðW=m2Þ
10−27 0.97 ωB 1.57 × 10−12

1.00 ωB 2.13 × 10−12

1.03 ωB 1.48 × 10−12

10−28 0.97 ωB 1.57 × 10−13

1.00 ωB 2.13 × 10−13

1.03 ωB 1.48 × 10−13

10−29 0.97 ωB 1.57 × 10−14

1.00 ωB 2.13 × 10−14

1.03 ωB 1.48 × 10−14
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A. Noise analysis

The strongest noises of the system should be the zero-
order EMR signals, which are generated by the usual EM
induction without carrying any information about the
passing GWs. Therefore, they can be treated as the most
important background noises. However, as mentioned
before, the physical features of these background noises,
typically e.g., the wave impedance, are very different from
those of the first-order EMR signals. Therefore, these
background noises, together with the other external high-
frequency EM noises (described also by the usual Maxwell
equation in flat space-time), can be effectively filtered out
by applying the relevant wave-impedance matching filter-
ing techniques. As a consequence, the main noises in the
present experimental system are the thermal noises and the
shot noises in the same frequency band.
Physically, thermal radiation noises exist in any exper-

imental system. As a consequence, they must influence
measurement accuracy. In the proposed experimental
system, the high magnetic field is practically built by the
superconducting lines. Thus, the system can practically
work in different temperatures, typically such as in the 5,
0.5, and even 0.05 K, respectively. In fact, the thermal
noises cannot be neglected, as the thermal energy unit KBT
at ultralow temperature is almost the same as the energy of
the single photon ℏωg in the microwave band. Specifically,
the power of the thermal noises can be expressed as [62]

PTherm ¼ ℏω3Δω
2πc2

1

eℏω=ðKBTÞ − 1
; ð26Þ

with ω being the signal frequency, Δω is response
bandwidth of the detector, KB is the Boltzmann constant,
and T is the working temperature of the system.
Secondly, the shot noises play an important role in all

the weak signal detection systems. The detection of the
significantly weak EM signals is equivalent to count the
number n of the detected photons, which obey the usual
Poisson distribution:

pðnÞ ¼ n̄n exp ð−n̄Þ
n!

; ð27Þ

where n̄ is the averaged number of the photons. For a signal
with frequency ω and power PS, the number of the photons
per second is n ¼ PSΞ=ℏω, where the standard deviation
of the photon statistics could be roughly expressed as

ffiffiffiffiffi
n̄τ

p
.

Consequently, the power of the shot noises can be
expressed as

PShot ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
PSℏω
Ξτ

r
: ð28Þ

These noises limit the sensitivity of the proposed exper-
imental system for the EMR detection of the HFGWs.

B. Sensitivity

Usually, the sensitivity of the detector is defined as its
minimum detectable power. For the present system, the
detection sensitivity refers to the minimum amplitude of the
detectable GWs. Physically, noises determine the sensitiv-
ity of the detector, and thus the equivalent noise power
(NEP) is defined as the noise power when the signal-
to-noise ratio equals to 1, i.e., if SNR ¼ PS=PN ¼ 1, we
have NEP ¼ PN. Above, PS is the power of the signal and
PN is the power of the noises. In the present experimental
system, the power of the noises is PN ¼ PTherm þ PShot,
and the power of the signal, i.e., the first-order EMRs, reads

PS ¼ hSð1Þz iΞ, which it is proportional to the amplitude
of the passing GW. Therefore, the minimum detectable
amplitude of the HFGW can be defined as hmin, which
means that the minimum detectable signal power per square
meter is

NEP ¼ hminS; ð29Þ

with S ¼ hSð1Þz i=h. Therefore, the minimum detectable
amplitude hmin of the HFGWs, i.e., the sensitivity of the
system, can be determined by

hminS −
ffiffiffiffiffiffiffi
ℏω
Ξτ

r
·

ffiffiffiffiffiffiffiffiffiffiffiffi
hminS

p
− PTherm ¼ 0: ð30Þ

Therefore,

hmin ¼ 1

2S

"
ℏω
Ξτ

þ 2PTherm þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
ℏω
Ξτ

�
2

þ 4
ℏω
Ξτ

PTherm

s #
:

ð31Þ

In Fig. 6, we show the sensitivity of the designed system
to resonantly detect the first-order EMRs of the passing
GWs with the frequencies being ωg ¼ 2π × 109 Hz and
ωg ¼ 2π × 1.234 × 109 Hz, respectively. The location of
the single-photon detector with the area Ξ ¼ 0.01 m2 is
assumed to be put at the point P ¼ ð0 m; 0 m;−0.1 mÞ in
the cavity, and the response time of the detector is set
as τ ¼ 10 × 2π=ωg.
Of course, the modulated frequency ωB of the alternating

magnetic field can be adjusted, if the GWs with different
center frequencies are expected to be probed. Figure 6
implies that for a given frequency of the applied alternating
magnetic field ωB, the first-order EM responses of the
passing GWs with the frequency ωg ¼ ωB are the strongest,
although the response of the GWs with the frequency near
such a center frequency is also generated. It is seen clearly
that the sensitive regime of the system is located really near
the centered frequency point. The minimum detectable
amplitude of the passing GW could be less than 10−30, if
the stationary high magnetic field is modulated by an
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alternating magnetic field with the frequency as the GW,
i.e., ωB ¼ ωg ¼ 1.234 × 109 Hz. It is nothing but the
frequency of one of the standing modes in the cavity.
Naturally, the higher stationary high magnetic field and
the stronger modulated alternating magnetic field lead to
the higher sensitivity. Still, the system could be utilized to
detect the GWs with the higher frequencies by using the
corresponding alternating magnetic field to excite the
relevant standing-wave modes in the cavity, resonantly.

C. The possibility to detect the high-frequency
relic GWs in microwave band

Based on the above sensitive demarcation, we now
discuss if the designed experimental system could be
utilized to implement the detections of the typical
HFGWs, i.e., the relic GWs predicted by the Big Bang
Theory (see, e.g., [7–10,28]). It is well known that the band
of the relic GWs is very wide, i.e., from 10−18 to 1010 Hz
[63]. In fact, the targets of the BICEP-II- [22] and Ali
programs [23] are to detect the relic GWs in the signifi-
cantly low-frequency band. Differently, our aim is to detect
the relic GWs in the high-frequency band, i.e., its frequency
is near 109 Hz. Basically, the amplitude of relic GW can be
expressed as [8]

hðωÞ ¼ 0.37 × 10−5
�

ω

ωH

�
1þβ−βs

·

�
ωs

ωH

�
βs
·
ωH

ω2

; ð32Þ

in the higher-frequency band, i.e., from 105 to 1010 Hz.
Above, ωH ¼ 4π × 10−18 Hz, ω2 ¼ 2.36π × 10−16 Hz,

ωs ¼ 2π × 108 Hz, ω1 ¼ 6π × 1010 Hz, and βs ¼ 0.598.
Above, β is an important parameter to describe the
expansion index of the cosmic inflation. Given different
models (see, e.g., [8,64]) predict the different values of this
parameter, we believe that these models can be exper-
imentally tested by using the present system. Specifically,
one can see from Fig. 6 that the experimental system,

with B̄0 ¼ 9 T, B̃ð1Þ
y ¼ 0.1 T, ωB ¼ 2π × 109 Hz or ωB ¼

2π × 1.234 × 109 Hz designed in this work can be utilized
to implement the detections of the relic GWs with the
frequencies near 2π × 109 Hz or 2π × 1.234 × 109 Hz. If
the desired first-order EMR signals can be detected, then
the β paramter should be larger than −1.8 [64]. Therefore,
these detections are useful to determine the upper-limit
value of the β parameter in the relevant theoretical models.
Finally, by enhancing the frequency of the modulated high
magnetic field, detections of the GWs with the higher
frequencies are also possible.

V. CONCLUSIONS AND DISCUSSION

As the complementation of various installations to detect
the GWs in low- and middle-frequency bands, in this paper,
we have designed an experimental system to detect the
GWs in the microwave frequency band. The basic idea is to
detect the resonant first-order EMRs of the HFGWs passing
through a stationary magnetic field system modulated by a
resonant alternating magnetic field. This detection principle
and method are basically different from the well-known
laser interferometers for detecting the mechanical tidal
effects of the GWs in the low- and middle-frequency bands.

0.2 0.6 1  1.4 1.8
10-32

10-31

10-30

10-29

10-28

FIG. 6. Sensitivity of the designed experimental system for the detection of the GWs with the centered frequencies being 2π × 109 Hz
and 2π × 1.234 × 109 Hz, respectively. Here, the modulated alternating magnetic field is set as ωB ¼ 2π × 109 Hz or ωB ¼ 2π ×

1.234 × 109 Hz and B̄ð0Þ
y ¼ 9 T, B̃ð0Þ

y ¼ 0.1 T. The dashed lines represent the frequency-dependent amplitudes of the relic GWs with
different β parameters [8].
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In the proposed system, an alternating magnetic field is
applied to modulate the stationary high magnetic field for
amplifying the undetectable second-order Gertsenshtein
effects to become the detectable first-order EMRs. Basi-
cally, such an experimental system is achievable with the
current high magnetic field and single-photon detection
techniques. Furthermore, based on the noise analysis of the
system, we argued that the sensitivity of the designed
experimental system meets the requirement of the detec-
tion of the relic GWs in the microwave band. At least, the
proposed system could be utilized to determine the upper
limits of certain important parameters in the relevant
theoretical models on the HFGWs.
Certainly, the experimental implementation of the pro-

posed system is still a great technical challenge. For
example, limited by the size of the artificial high magnetic
field system, the proposed system cannot be used to
implement the detection of the GWs with lower frequen-
cies, i.e., less than 108 Hz. Also, for the current technique,
the amplitude of the applied high-frequency alternating
magnetic field cannot be sufficiently large. This limits the
strength of the generated first-order EMRs of the passing
GWs for the detections. Anyway, we argued that the
detections of certain HFGWs with the proposed experi-
mental system are feasible. At least, these detections are
useful to determine the upper limits of the physical
parameters in the relevant theoretical models.
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APPENDIX: MAXWELL EQUATIONS
FOR THE EM FIELD IN THE CAVITY

PERTURBATED BY A GW

We assume that a monochromatic GW passes though the
cavity and toward the z–axis direction. Its amplitude is h and
frequency isωg. Now,with the alternatingmagnetic field, the
EMtensor in the solenoid cavity is describedbyEq. (5).After
the perturbation of the passing GW, the EM tensor reads

Fαβ ≃ Fð0Þ
αβ þ Fð1Þ

αβ

¼

0
BBBBB@

0 E1
x=c Eð1Þ

y =c Eð1Þ
z =c

−Eð1Þ
x =c 0 −Z Y

−Eð1Þ
y =c Z 0 −X

−Eð1Þ
z =c −Y X 0

1
CCCCCA; ðA1Þ

under the driving of the GW. Here, the Fð1Þ
αβ represents the

first-order EMRs of the passing HFGWs, and

X ¼ Bð0Þ
x þ Bð1Þ

x ; Y ¼ Bð0Þ
y þ Bð1Þ

y ; Z ¼ Bð0Þ
z þ Bð1Þ

z :

With the space-time metric (4), the contravariant form of
the above EM field tensor Fμν ¼ gμαFαβgνβ takes the form
shown in Eq. (7), by neglecting the second-order and higher-
order responses.
In general, the amplitude of GW is very small; therefore,

the determinant of the metric can be approximated as
g ⋍ −1. Thus, the first Eq. (3) becomes

∂νFμν ¼ 0: ðA2Þ

Substituting Eq. (7) into Eq. (A2), we have

∇ ·Eð1Þ ¼ 0; ðA3Þ

and

1

c2
∂tEð1Þ −∇ ×Bð1Þ

¼

0
BB@

Bð0Þ
y ∂zh⊗ − Bð0Þ

y ∂zh⊕

−Bð0Þ
x ∂zh⊕ − Bð0Þ

y ∂zh⊗

Bð0Þ
y ∂xh⊕ þ Bð0Þ

x ∂yh⊕ − Bð0Þ
x ∂xh⊗ þ Bð0Þ

y ∂yh⊗

1
CCA:

ðA4Þ
Also substitute Eq. (A1) into the second one of Eq. (3);
similarly, we have

∇ ·Bð1Þ ¼ 0; ðA5Þ

and

1

c2
∂tBð1Þ −∇ ×Eð1Þ ¼ 0: ðA6Þ

Above, the noise term ∂tBð0Þ is neglected. Meanwhile,
∂iBð0Þ ¼ 0, where i ¼ x, y, x, as Bð0Þ is the stationary
magnetic field in the cavity.
With Eqs. (A3)–(A6), we get Eq. (8) and

�
1

c2
∂
2
t −∇2

�
Bð1Þ ¼

0
B@

−Bð0Þ
x ∂

2
zh⊕ − Bð0Þ

y ∂
2
zh⊗

−Bð0Þ
x ∂

2
zh⊗ − Bð0Þ

y ∂
2
zh⊕

0

1
CA: ðA7Þ

By solving Eq. (A7), the magnetic components Bð1Þ of the
first-order EMRs, induced by the GW perturbations, can be
obtained, similarly.
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