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An atom-light hybrid quantum gyroscope (ALHQG) is proposed due to its high rotation sensitivity.
It consists of an optical Sagnac loop to couple rotation rate and an atomic ensemble as quantum beam
splitter (recombiner) [QBS(C)] based on atomic Raman-amplification process to realize the splitting and
recombination of the optical wave and the atomic spin wave. The rotation sensitivity can be enhanced by
the quantum correlation between Sagnac loop and QBS(C). The optimal working condition is investigated
to achieve the best sensitivity. The numerical results show that the rotation sensitivity can beat the standard
quantum limit (SQL) in ideal condition. Even in the presence of the attenuation under practical condition,
the best sensitivity of the ALHQG can still beat the SQL and is better than that of a classical fiber optic
gyroscope. Such an ALHQG could be practically applied for modern inertial navigation system.
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I. INTRODUCTION

Highly accurate and precise rotation-measuring instru-
ments are fundamental apparatus in inertial navigation,
geophysical studies, and tests of general relativity [1].
Rotation sensors based on the Sagnac effect [2] have been
constructed using light wave and matter wave (neutrons,
neutral atoms, and electrons). The Sagnac phase [3,4] is
caused by an interferometer rotating at rate �, which is
related with the velocity of the particle ν, the loop area A,
and the wavelength λ. Regarding the matter-wave gyro-
scope, such as the atomic gyroscope [5], it has large rota-
tion sensitivity per unit area [6,7] and realizes high rotation
sensitivity [8]. However, it possesses a small bandwidth
and suffers from low repetition rate and dead times during
which no inertial measurement can be made [9]. The light-
wave gyroscope, such as a fiber optic gyroscope (FOG)
[10], has large loop area, simple system, and also realizes
high sensitivity, but its rotation sensitivity is limited by
the SQL [11] when no quantum metrology techniques are
applied (see Appendix). The limitations of the matter-wave
and light-wave gyroscopes affect their practical application
and further performance improvement.
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To improve the performance of the matter-wave and
light-wave gyroscopes, some hybrid strategies have been
reported. One strategy is based on the combination of the
mechanical sensor and the atomic sensor [12,13] to over-
come the limitations of low bandwidth and the dead-time
issue in an atomic sensor. Another strategy, such as the
electromagnetically induced transparency (EIT) in a cold
atomic system, has been proposed to realize the associ-
ated momentum transfer from light to atom to enhance the
sensitivity of a light-wave sensor [14]. However, the sen-
sitivity of the above hybrid strategies was limited by the
SQL [15]. Because there was no quantum correlation in
Sagnac loop or hybrid sensors.

Recently, some quantum metrology techniques have
been proposed to enhance the sensitivity and break through
SQL. One possible way is the use of quantum resources.
The FOG with squeezed vacuum [16,17] and entangled
NOON state [18] injection were separately demonstrated
to enhance the sensitivity to beat SQL. Another possi-
ble way is the use of nonlinear processes, such as four-
wave mixing (FWM) or an optical parametric amplifier,
instead of the linear beam splitters, to generate corre-
lated pairs. In 2017, a Sagnac rotation sensor based on
FWM was proposed [19]. Such a sensor can beat the
SQL in an ideal case due to quantum correlation between
two Sagnac beams, while its practical situation has been
poorly discussed. Furthermore, it is difficult to realize
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the Sagnac loop and phase stabilization for four beams
[20]. Currently, a hybrid atom-light interferometer [21] has
been demonstrated where Raman-amplification processes
in atomic ensemble act as QBS(C) of optical wave and
atomic system. The quantum correlation between optical
wave and atomic ensemble leads to a high-contrast inter-
ference fringe. The phase sensitivity of the interferometer
can beat the SQL by the factor of the amplification gain of
the QBS(C) in principle [22].

In this work, an atom-light hybrid quantum gyroscope
(ALHQG) is proposed. It is an optical Sagnac interfer-
ometer with the beam splitter (recombiner) replaced by
QBS(C) to realize the quantum correlation between the
Sagnac loop and QBS(C). The rotation sensitivity is ana-
lyzed with practical parameters in real experiment, includ-
ing the particle number of the input field, the gain of
the Raman-amplification process, the Sagnac-fiber-loop
length, the attenuation coefficient of photon and atom, etc.
It is found that, due to quantum correlation, the rotation
sensitivity of the proposed gyroscope can beat the SQL in
an ideal case. Even if the optical loss and atomic decoher-
ence are considered in the ALHQG, the sensitivity can still
beat the SQL and is better than the classical FOG with the
same rotation-sensitive particle number. Such an ALHQG
has a significantly practical value in quantum metrology.

The paper is organized as follows: in Sec. II, the work-
ing principle of the ALHQG in practice is described. In
Sec. III, the sensitivity of the ALHQG is analyzed to have
optimal working condition. In Sec. IV, the intensity and
the frequency fluctuation of the laser are analyzed under
optimal working condition. In Sec. V, a summary of our
results is concluded.

II. THEORY AND PRINCIPLES OF ALHQG

The scheme of the ALHQG is shown in Fig. 1(a). It con-
sists of an optical Sagnac loop to couple rotation rate � and
an atomic ensemble as QBS(C) to generate the quantum
correlated optical and atomic waves and then recombine
the waves for interference. The energy levels of atom are
given in Fig. 1(b). A strong Raman write beam Ap ,1 and
a weak Stokes input field â0 with orthogonal polarizations
interact with a �-shaped atomic ensemble to generate an
amplified Stokes field â1 and a correlated atomic spin wave
Ŝ1 via the first Raman amplification. The optical field â1

and atomic spin wave Ŝ1 have quantum correlation and
the relative intensity fluctuations are squeezed [19]. After
interaction, the atomic spin wave Ŝ1 stays in the atomic
ensemble while the Stokes field â1 and the strong Raman
write beam Ap ,1 travel together out of the atomic ensem-
ble and propagate in the opposite directions inside a fiber
Sagnac loop. As a result, the lights in clockwise (CW)
and counterclockwise (CCW) experience a Sagnac phase
induced by the rotation rate �. Then the Stokes field â2
and the strong Raman write beam Ap ,2 recombine with

(a)

(b)

FIG. 1. (a) Schematic of the ALHQG. Red, Stokes field; blue,
Raman write field; PBS, polarization beam splitter; HWP, half-
wave plate to rotate the polarization angles by 90◦; FC, fiber
coupler; SMF, single-mode fiber; PD, photodetectors. (b) Energy
levels of the atom. The lower two energy states |g〉 and |m〉 are
the hyperfine split ground states. The higher-energy states |e〉
are the excited states. � is the single photon detuning. A strong
Raman write beam Ap ,1 (Ap ,2) couples the state |e〉 with |g〉 and
generates a Stokes field â1 (â3) and the corresponding atomic
spin wave Ŝ1 (Ŝ3). The atomic spin wave stays in the cell, and the
Stokes field travels out together with the pump field.

the waiting atomic spin wave Ŝ2, evolved from Ŝ1, in the
atomic ensemble to realize the interference between opti-
cal wave â2 and atomic wave Ŝ2 via the second Raman
amplification. Finally, the Stokes field â3 and correlated
atomic spin wave Ŝ3 are generated. Therefore, the realiza-
tion of ALHQG needs three steps, which are atom-light
beam splitting via the first Raman process, Sagnac effect,
and atom-light beam combination via the second Raman
process to achieve the rotation rate �.

In general, the input-output relation for the atom-light
beam splitting via Raman process is written as [22]

â1 = G1̂a0 + eiθ1g1Ŝ†
0, (1)

Ŝ1 = eiθ1g1â†
0 + G1̂S0. (2)

Here eiθ1 = ηAp ,1/
∣∣ηAp ,1

∣∣, where η is the coupling con-
stant. G1 = cosh(

∣∣ηAp ,1
∣∣ t) and g1 = sinh(

∣∣ηAp ,1
∣∣ t) are the

amplitude gains of the first Raman-amplification process,
satisfying |G1|2 − |g1|2 = 1. Here t is the pulse duration of
pump field. â0 and Ap ,1 are initial input Stokes beam and
the Raman write beam. When a coherent state â0 enters
into the gyroscope and the spin wave Ŝ0 is initially in a
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vacuum state, the particle number of the input Stokes field
in a single shot is 〈â†

0â0〉 ≡ Nin. And thus, the total particle
number Ntot inside the ALHQG include not only the photon
number but also the atomic collective excitation number,
which is

Ntot = 〈â†
1â1〉 + 〈Ŝ†

1 Ŝ1〉
= g2

1(1 + Nin) + g2
1 + G2

1Nin. (3)

Here 〈〉 is a quantum expectation value. When Nin � 1,
Ntot ≈ (g2

1 + G2
1)Nin.

After the beam-splitting process, the optical wave â1
and the Raman write beam Ap ,1 transfer out of the atomic
ensemble and enter the Sagnac loop to be subject to the
phase (ϕCW and ϕCCW) induced by the rotation �. Here
ϕCW and ϕCCW are the phases of the CW and CCW
induced by rotation rate, respectively. Under the influence
of the optical fiber loss and the atomic decoherence, the
input-output relation in the Sagnac loop is

â2 =
√

T â1eiϕCW +
√

RV̂CW, (4)

Ap ,2 =
√

TeiϕCCWAp ,1, (5)

Ŝ2 = Ŝ1e−
τ + F̂ , (6)

where T = exp(−αTL) and R = 1 − T are the transmission
and reflectance coefficients of the photons, respectively.
Here αT is the fiber attenuation coefficient and L is the
length of fiber loop. V̂CW is the operator of the vacuum.
e−
τ is the collisional dephasing of atomic excitation and

 is the corresponding decay rate. F̂ is the Langevin
operator and satisfies 〈F̂F̂†〉 = 1 − e−2
τ .

Then, â2 and Ap ,2 recombine with the correlated Ŝ2 via
the second Raman amplification to obtain the final outputs
â3 and Ŝ3, which are

â3 = G2̂a2 + ei(θ2+ϕCCW)g2Ŝ†
2, (7)

Ŝ3 = ei(θ2+ϕCCW)g2â†
2 + G2̂S2, (8)

where ei(θ2+ϕCCW) = ηAp ,2/
∣∣ηAp ,2

∣∣. G2 = cosh(
∣∣ηAp ,2

∣∣ t)
and g2 = sinh(

∣∣ηAp ,2
∣∣ t) are the amplitude gains of the

second Raman-amplification process, which also satisfy
|G2|2 − |g2|2 = 1. And thus, the final outputs are

â3 = A1â0 + B1Ŝ†
0 + C1V̂CW + D1F̂†, (9)

Ŝ3 = A2â†
0 + B2Ŝ0 + C2V̂†

CW + D2F̂ , (10)

where

A1 =
√

TG1G2eiϕCW + g∗
1 g2e−
τ ei(ϕCCW+θ2−θ1),

B1 =
√

Tg1G2ei(ϕCW+θ1) + G∗
1g2e−
τ ei(ϕCCW+θ2),

C1 =
√

RG2, D1 = g2ei(ϕCCW+θ2),

A2 =
√

TG∗
1g2ei(θ2+ϕCCW−ϕCW) + g1G2e−
τ eiθ1 ,

B2 =
√

Tg∗
1 g2ei(θ2−θ1+ϕCCW−ϕCW) + G1G2e−
τ ,

C2 =
√

Rg2ei(θ2+ϕCCW), D2 = G2.

Normally, there are two detection methods, homodyne
detection and intensity detection, to detect the output and
obtain the rotation rate �. In experiment, the operation
of intensity detection is simpler. And thus, the photon-
number operator 〈 n̂ 〉 =

〈
â†

3̂a3

〉
is employed as the measur-

able operator in intensity detection, which is

〈̂n〉 = |A1|2 Nin + |B1|2 , (11)

where |A1|2 = T |G1|2 |G2|2 + |g1|2 |g2|2 e−2
τ + 2
√

T
|G1| |G2| |g1| |g2| e−
τ cos (β� + θ1 − θ2), |B1|2 = T |g1|2
|G2|2 + |G1|2 |g2|2 e−2
τ + 2

√
T |G1| |G2| |g1| |g2| e−
τ cos

(β� + θ1 − θ2). Here β� = ϕCW − ϕCCW is the Sagnac
phase, where β = 2πDL/(λc), D is the diameter of the
Sagnac loop, L is the length of the Sagnac loop, and c is
the speed of light in vacuum.

Based on the error-propagation analysis [22], the rota-
tion sensitivity �� in a single shot is defined as

�� = 〈(�̂n)2〉1/2

|∂ 〈̂n〉/∂�| , (12)

where 〈(�̂n)2〉 = 〈̂n2〉 − 〈̂n〉2. The uncertainty 〈(�̂n)2〉 and
the slope |∂ 〈̂n〉/∂�| are, respectively, given by

〈(�̂n)2〉 = |A1|4 Nin + (|A1|2 Nin + |B1|2
) |C1|2

+ [|A1|2 (1 + Nin) + |C1|2] |D1|2 (1 − e−2
τ )

+ |A1|2 |B1|2 (1 + Nin) , (13)

∣∣∣∣
∂ 〈̂n〉
∂�

∣∣∣∣ = 2
√

Tβ |G1| |G2| |g1| |g2| e−
τ |sin(β�)| (Nin + 1).

(14)

When θ1 − θ2 = π , we have |A1|2 = T |G1|2 |G2|2 +
|g1|2 |g2|2 e−2
τ − 2

√
T |G1| |G2| |g1| |g2| e−
τ cos (β�),

|B1|2 = T |g1|2 |G2|2 + |G1|2 |g2|2 e−2
τ − 2
√

T |G1| |G2|
|g1| |g2| e−
τ cos (β�), |C1|2 = RG2

2, and |D1|2 = g2
2 . It
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can be seen that the sensitivity is related with input particle
number (Nin), gains (G1, G2, g1, and g2), loop length (L),
rotation rate (�), photon-loss coefficient (αT) and atomic
decoherence rate (
). To obtain the best sensitivity, the
discussion in the next section is focused on the optimal
working condition of ALHQG.

III. SENSITIVITY ANALYSIS

Based on the above analysis, the sensitivity is related
with several parameters. To simplify the analysis, we start

by the sensitivity under the ideal condition, G2 = G1 = G,
g2 = g1 = g, θ1 − θ2 = π , T = 1, R = 0, and e−
τ = 1.
With Nin � 1, based on Eq. (12), the rotation sensitivity
�� in a single shot is given by

�� ≈ 1
M

1
β
√

Nin
, (15)

with

M = 2 |Gg|2 |sin (β�)|
√

{1 + 2 |Gg|2 [1 − cos(β�)]}{1 + 4 |Gg|2 [1 − cos(β�)]}
.

It can be seen that the rotation sensitivity �� of
ALHQG is inversely proportional to M and

√
Nin.

1/(β
√

Nin) is the SQL of the classical gyroscope when the
input particle number is Nin. Hence, based on Eq. (15), we
can see that, with the same input particle number Nin, the
ALHQG is enhanced by 1/M [M > 1 when G > 1 and
cos (β�) → 1] compared with the classical gyroscope.
This is due to the quantum correlation between â1 and Ŝ1
in first Raman process, so that the signal-to-noise ratio is
enhanced in the second Raman amplification [22].

Normally, to ensure a fair comparison, the particle
number in SQL should be the rotation-sensitive particle
number, which is Ntot in the ALHQG. Then the corre-
sponding SQL is ��SQL = 1/(β

√
Ntot) and the sensitivity

enhancement factor K is

K = ��

��SQL
�

√
g2 + G2

M
. (16)

It can be seen that K depends only on G and β� but not
Nin. When K < 1, the sensitivity of ALHQG can beat the
SQL. Figure 2 shows K as a function of β� at differ-
ent gains G. In general, the enhancement factor K firstly
decreases to a minimum value and then gradually increases
with β�. The sensitivity of ALHQG is always below the
SQL at the optimal Sagnac phase marked by pink rhom-
bus in each curve and denoted by �(Nin, G). Meanwhile,
the larger G is, the smaller K or the better rotation sensi-
tivity �� can be obtained. Furthermore, the optimal β�

is closer to zero, which means that the rotation measure-
ment is very sensitive to the change of the rotation rate.
The enhancement of the sensitivity is accompanied with
the decrease of the dynamic range of rotation measure-
ment. In the future practical application, a balance between
sensitivity and dynamic range should be considered.

Based on the above analysis, when β� is at the opti-
mal point �(Nin, G), we have 1 − cos (β�) ≈ 0 and

sin (β�) ≈ �(Nin, G). Due to β = 2πDL/(λc), the min-
imum rotation sensitivity (��)min is

(��)min ≈ λc
4πDL

√
Nin |Gg|2 �(Nin, G)

, (17)

where L is Sagnac loop length and λ is the wavelength.
It can be seen that the larger Nin, G, and L are, the better
(��)min. As shown in Fig. 3, (��)min in the dark-yellow
dashed line, can always beat the SQL illustrated by the red
dash-dotted line.

However, in practice, the photon loss and atomic deco-
herence in the ALHQG can not be ignored. Based on Eq.
(4), the photon number of the Stokes light is 〈â†

2â2〉 =
e−αTL〈â†

1â1〉. The photon number decreases with the loop
length L at the rate of αT. At the same time, based on
Eq. (6), the atomic number of the spin wave is 〈̂S†

2 Ŝ2〉 �

FIG. 2. Sensitivity enhancement factor K versus Sagnac phase
β� with different gains G when Nin = 108 in a single shot.
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FIG. 3. Minimum �� versus loop length L with different
attenuation coefficient ratios ξ when G1 = 6, Nin = 108 in a
single shot and αT = 3 dB/km.

e−2
τ 〈̂S†
1 Ŝ1〉. The atomic number also decreases with L at

the rate of 2n
/c since τ = nL/c where n is the refractive
index of the optical fiber. It is known that the attenuation
leads to poor sensitivity due to the weaker quantum cor-
relation [21]. Furthermore, due to the different attenuation
rates of the light field (αT) and atomic spin wave (2n
/c),
the particle number of the interference arms in ALHQG
are unequal. And thus, it is complex to analyze the depen-
dence of the minimum rotation sensitivity (��)min on the
loop length and attenuation. To further study this depen-
dence, we firstly define the attenuation coefficient ratio
ξ = 2n
/c/αT, who is independent of loop length L. And
then the influences of the loop length and attenuation are
investigated in the following.

When the input particle number is Nin = 108 in a single
shot and the gain is G1 = 6 (G2 < G1 due to the pho-
ton loss of the Raman write beam), the relation between
(��)min and L with different ξ is shown in Fig. 3. As
we can see, (��)min has two optimal points. This is the
result of the competition between the enhancement from
the loop length and the reduction from the particle-number
attenuation. When the loop length is small, the effect of
attenuation is small. (��)min is close to that in the ideal
condition shown in the dark-yellow dashed line in Fig.
3. With the increase of the loop length, the attenuation in
light and atom exponentially increases and leads to the first
optimal point. And then, (��)min decreases with L and
reaches the second optimal point. Furthermore, we also
give the sensitivity of the classical FOG (see Appendix)
in the olive dashed line. It is calculated with the same
rotation-sensitive particle number Ntot and the same optical
loss as ALHQG. It can be seen that even with the attenu-
ation, (��)min of the ALHQG at the first optimal point
can still beat the SQL [1/(β

√
Ntot)] and is better than the

classical FOG. So we focus on the parameters of the first
optimal point.

Moreover, the minimum rotation sensitivity (��)min is
also related with ξ . As shown in Fig. 3, (��)min at ξ = 0.5
is worse than that at ξ = 0.7. When ξ is given, the min-
imum rotation sensitivity (��)min at the optimal L can
be obtained. The different ξ leads to different (��)min
at the different optimal L as shown in Fig. 4. Obviously,
when Nin = 108 in a single shot, G1 = 6, λ = 795 nm, D =
0.2 m, �(G, Nin) = 0.02286 rad, and αT = 3 dB/km, the
attenuation coefficient rate should be optimized to ξ = 0.7
to get the minimum �� = 2.905 × 10−6 rad/s. In addi-
tion, a useful finding is that the optimal ξ increases with
gain G1, shown in Fig. 4. The reason is that there is only
optical input field but no initial atomic spin wave at the
input ports of the ALHQG. The best sensitivity should be
achieved at the best interference visibility. Thus, the inten-
sity balance of two interference arms is crucial. That is
why the best visibility is always gotten when the decoher-
ence of atomic beams is smaller than the loss of the optical
field, and the attenuation coefficient rate ξ increases with
gain G1. Therefore, a tunable attenuation coefficient rate ξ

is really essential in practice, but this is indicated by few
works.

Finally, the ALHQG is built based on the optimal
parameters obtained above. Based on this setup, the opti-
mal rotation rate �opt [= λc�(G1, Nin)/2πDL] is deter-
mined. Using the above set of parameters, Fig. 5 shows
a period of the dynamic range of ALHQG and the clas-
sical FOG (see Appendix). The ALHQG can beat SQL
nearby the optimal rotation rate �opt, while the classical
FOG cannot. Furthermore, compared with the earth rota-
tion rate �e = 7.29 × 10−5 rad/s, both ALHQG and FOG
cannot work well in all rotation rates. The reason is that
when the rotation rate deviates from the optimal rotation
rate, the increasing of intensity noise leads to the degra-
dation of the rotational sensitivity for both ALHQG and

FIG. 4. Minimum �� versus the attenuation coefficient rate
ξ with different gains G1 when Nin = 108 in a single shot and
αT = 3 dB/km.
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FIG. 5. Dynamic range. Parameters: Nin = 108 in a single
shot, G1 = 6, λ = 795 nm, D = 0.2 m, αT = 3 dB/km, ξ = 0.7,
and L = 520 m. FOG has the same loop length and the same
rotation-sensitive particle number.

FOG. Our proposed scheme can further increase the mea-
sured particle number to improve the rotation sensitivity,
so that it can be better than the earth rotation rate in most
dynamic ranges except for the divergence points and its
vicinity.

Therefore, we analyze the dependence of the rotation
sensitivity �� on six parameters, Nin, G1, L, �, αT, and 
.
In general, �� decreases with Nin and G1 and increases
with αT and 
. When Nin, G1, αT, and 
 are given, the
minimum �� can be obtained with the optimal fiber loop
length L.

IV. DISCUSSION

The theoretical analysis based on real experimental
parameters is useful to guide the future experimental
realization. Now we present the experimental parameters
to obtain the sensitivity of ALHQG [21]. The Raman-
amplification process based on the 87Rb ensemble is
employed to realize the QBS(C). The wavelength of the
lights is λ = 795 nm and the attenuation coefficient in
optical fiber is αT = 3 dB/km. The input Stokes field is a 1-
μs-long pulse with a repetition rate of 10 kHz and a power
of 30 μW. When the gain is G1 = 6, the diameter of the
Sagnac loop is D = 0.2 m, the attenuation coefficient ratio
is ξ = 0.7 and the length of the Sagnac loop is L = 520 m,
the minimum sensitivity is 2.905 × 10−8 rad/s/

√
Hz.

In practical measurement, the sensitivity of the ALHQG
may suffer from the instability of the laser, which mainly
has an influence on Nin, G1 = cosh(

∣∣ηAp ,1
∣∣ t), and G2 =

cosh(
∣∣ηAp ,2

∣∣ t) where η ∝ �−1. The gain G1 (or G2)
depend on the amplitude Ap ,1 (or Ap ,2) and the frequency
detuning � of the strong Raman write beam. Based on Eq.
(12), the fluctuations of Nin, G1, and G2 affect the rotation

sensitivity. Normally, the intensity fluctuation of the laser
beam can be easily stabilized within ±0.1%. And thus,
the fluctuation of Nin causes the fluctuation of the rota-
tion sensitivity between 2.904 ∼ 2.907 × 10−8 rad/s/

√
Hz.

Furthermore, the frequency detuning � is about 1 GHz
and its fluctuation is about 1 MHz. Thus, the intensity
and the frequency fluctuation of the Raman write beam Ap
are both within ±0.1%, the corresponding gain G fluctu-
ates between 5.9978 and 6.0272. The rotation sensitivity
fluctuates between 2.903 × 10−8 rad/s/

√
Hz and 2.907 ×

10−8 rad/s/
√

Hz. It can be seen that the impact of the fluc-
tuation of laser on the rotation sensitivity of ALHQG is
smaller than 10−10 rad/s/

√
Hz.

V. CONCLUSION

We propose an ALHQG, where an atomic ensemble as
QBS(C), and an optical Sagnac loop to couple the rota-
tion rate. Under ideal condition, the value of the rotation
sensitivity, decreasing monotonically with the Raman gain
and Sagnac loop length, can beat the SQL because of
the enhancement by Raman amplification. In the presence
of the attenuation of the optical and atomic interference
arms, the sensitivity has two optimal points as the Sagnac
loop length increases. This is the result of the competi-
tion between the enhancement from the loop length and the
reduction from the particle-number attenuation. At the first
optimal point, the sensitivity can still beat the SQL. Fur-
thermore, the minimum sensitivity of the ALHQG always
surpasses that of the classical FOG with the same loop
length and the same rotation-sensitive particle number.

The ALHQG can be operated without complicated
phase locking. Compared with other kinds of gyroscopes,
our gyroscope has advantages of simple structure, easy
operation, and good sensitivity below the SQL. The the-
oretical analysis with practically experimental parameters
shows that the sensitivity can reach 10−8 rad/s/

√
Hz, which

is one order of magnitude better than that of the clas-
sical FOG. In future, the sensitivity can be improved
further with larger input particle number, larger gain by
increasing the optical depth of the atomic vapor cell. This
ALHQG could find practical application in modern inertial
navigation systems.

ACKNOWLEDGMENTS

We acknowledge financial support from the National
Key Research and Development Program of China under
Grant No. 2016YFA0302001, the Natural Science Foun-
dation of China (Grants No. 11874152, No. 11904227,
No. 11974111, and No. 11654005), the Sailing Pro-
gram of Shanghai Science and Technology Committee
under Grants No. 19YF1414300 and No. 19YF1421800,
Shanghai Municipal Science and Technology Major
Project (Grant No. 2019SHZDZX01), the Shanghai talent
program, the Fundamental Research Funds for the Central

064023-6



ATOM-LIGHT HYBRID QUANTUM. . . PHYS. REV. APPLIED 14, 064023 (2020)

Universities of China, and the Startup Fund for Youngman
Research at SJTU.

APPENDIX: THE SENSITIVITY ANALYSIS OF
THE CLASSICAL FIBER OPTIC GYROSCOPE

In classical FOG [10], a coherent state enters into one
port of the gyroscope, while a vacuum state enters into
the other port. After passing through a 3-dB coupler, they
propagate in the opposite directions inside a fiber Sagnac
loop. As a result, the lights in CW and CCW experience
a Sagnac phase induced by the rotation rate �. Hence, the
final photon number is

〈n〉FOG = 1
2

T |ρ|2 [1 + cos(β�)].

Here |ρ|2 is the particle number of the input field in a single
shot. T = exp(−αTL) is the transmission coefficient of the
photons, where αT is the attenuation coefficient. β� is the
Sagnac phase, where β = 2πDL/(λc), D is the diameter
of the Sagnac loop, L is the length of the Sagnac loop, and
c is the speed of light in vacuum. Therefore, based on the
error-propagation analysis [20], the rotation sensitivity of
classical FOG in a single shot is

(��)FOG = 1
1
2 T |sin(β�)| β

√
|ρ|2

∝ 1

β
√

|ρ|2
.

With the same rotation-sensitive photon number Ntot =
|ρ|2 and the same optical loss T as ALHQG, the rotation
sensitivity can be calculated to compare with ALHQG and
SQL.
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