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Extension of the rotation-rate measurement range with no sensitivity loss in a cold-atom gyroscope
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A cold-atom gyroscope as an intrinsic high-precision sensor has, however, one inevitable limitation for its
dynamic application lying in the vanishing fringe contrast beyond the rotation-rate limit. Here, we realize
the measurement beyond the rotation-rate limit via the tip-tilt mirror compensation technique in a three-pulse
cold-atom gyroscope. The contrasts of both fringes at an external rotation rate of 15◦/s or below are fully
recovered to about 35%, nearly the same as that in the static condition. We elucidate theoretically that intact
rotation information can still be extracted from the phase output even though the mirror completely counteracts
its rotation. Before reaching 50% contrast loss, detailed numerical verification shows a two-orders-of-magnitude
extension in the dynamic range for the compensated case compared with that without compensation. Further
analysis shows that no reduction of sensitivity up to 60◦/s is found for our scheme, whereas other schemes have
a trade-off between sensitivity and dynamic range. Whereas other schemes have a trade-off between sensitivity
and dynamic range, the simulation shows that no reduction to the sensitivity is found for the measurement
beyond the rotation-rate limit in our scheme for up to 60◦/s. These features are especially of major relevance in
applications such as inertial sensing and navigation.
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I. INTRODUCTION

Light-pulse atom interferometry [1–10] uses atom-photon
interaction to split, redirect, and recombine matter waves co-
herently. This technology has been developed into a powerful
tool for precision measurement of inertia parameters, such
as acceleration [11–14], the gravity gradient [15–22], and
rotation [23–35]. In particular, great progress has been made
for the cold-atom gyroscope based on light-pulse interferom-
etry due to its vast application in inertial sensing. Tackmann
et al. [31] presented a procedure for mutually aligning the
beam splitters at the microradian level and achieved a reso-
lution for rotation rates of 6.1 × 10−7 (rad s−1)/

√
Hz [3.5 ×

10−5 (◦ s−1)/
√

Hz]. Stockton et al. [32] realized an ab-
solute geodetic rotation measurement and reached an
angle random walk of 8.5 × 10−8 (rad s−1)/

√
Hz [4.9 ×

10−6 (◦ s−1)/
√

Hz]. An interleaving cold-atom inertial sensor
using a four-pulse configuration demonstrated by the research
group in Sytèmes de Référence Temps Espace [34,35] reached
a stability of 3 × 10−10 rad/s (1.7 × 10−8 ◦/s). These studies
successively pushed the short-term sensitivity as well as the
long-term stability of the cold-atom gyroscope to its limit.

In spite of the fast development of the sensitivity and
accuracy in the static condition, few works have been done
to improve the performance of cold-atom gyroscopes under
the dynamic situation. Ambiguous-range identification [36]
and contrast recovery beyond the rotation-rate limit [37] are
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found to be two essential capacities in terms of the highly dy-
namic measurement. By operating two simultaneous, nearly
overlapping interferometers, Yankelev et al. [38] extend the
unambiguous range of a cold-atom interferometer a thousand-
fold without compromising the sensitivity. Yet valid rotation
information cannot be acquired from the cold-atom gyroscope
beyond the rotation-rate limit regardless of the ambiguous free
range. The fringe contrast continuously declines exponentially
and eventually vanishes as the rotation rate increases. Refer-
ence [37] shows the fringe contrast of a cold-atom gyroscope
with interrogation time T = 4.1 ms nearly vanishes at a rota-
tion rate of 10◦/s along the sensitive axis of the gyroscope.
Rapidly declining contrast makes it impossible to accomplish
a high-precision measurement due to the quickly deteriorating
sensitivity [39]. So far, shortening the interrogation time [11]
and velocity-selective detection [40] are the two available
schemes to extend the dynamic range. Unfortunately, both of
them are at the cost of sensitivity, with one reducing the scale
factor and the other reducing the atom number detected. This
cost severely limits the performance of a cold-atom gyroscope
in its dynamic application.

One remarkable work related to contrast recovery is Ref.
[41], where Lan et al. suppressed the contrast loss due to the
Coriolis force in the gravimeter. They improved the contrast
by up to 350% using a tip-tilt mirror to compensate for the
Earth’s rotation of 2.9 × 10−3 ◦/s, which is almost negligible
in the application of the gyroscope. In order to elevate the
accuracy of the gravimeter, the research focuses on the elimi-
nation of the rotation-induced bias and contrast loss. However,
in the realm of rotation sensing, it is most essential to measure
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the external rotation with high precision rather than to sup-
press the rotation. Furthermore, the useability in a gyroscope,
the applicable range, and the effect on the performance of the
gyroscope of this technique have yet to be revealed.

In this article, we propose a compensation scheme which
recovers the fringe contrast beyond the rotation-rate limit with
no sensitivity loss in a three-pulse cold-atom gyroscope. By
actively controlling the tip-tilt mirror, we fully retrieve the
fringe contrast of a cold-atom gyroscope at a rotation rate of
15◦/s along the sensitive axis. The instability of the fringe
contrast is 1.2% for a 0◦/s–15◦/s rotation rate, which shows
great robustness under varying external rotation. A detailed
analysis based on the detuning evolution of the Raman tran-
sition shows the physical mechanism of this compensation
scheme. Once the rotation is counteracted by the tip-tilt mir-
ror, three parallel Raman pulses give rise to the fringe contrast
recovery. The theoretical derivation explicitly illustrates that
the rotation information keeps its integrality as the compen-
sation is applied. According to the numerical simulation of
the compensated case, we obtain a two-orders-of-magnitude
extension in the dynamic range compared to that of previous
atom interferometer sensors [30,31,37] with less than 50%
contrast loss. Despite the dynamic range extension, further
analysis shows that the gyroscope suffers no sensitivity loss
in the measurement beyond the rotation-rate limit. With the
assist of the ambiguous-free-range extension [36,38], the ro-
tation measurement as well as the inertial navigation in the
moving platform can thus be expected.

This paper is organized as follows. Section II demonstrates
the experimental setup of the cold-atom gyroscope. Section III
gives the result of the fringe contrast in the rotation experi-
ment with and without compensation. A theoretical analysis
of the rotation sensing, the rotation-rate limit, and the con-
trast recovery under tip-tilt mirror compensation are given in
Sec. IV. According to the theoretical result of our compensa-
tion technique, we reveal in Sec. V that significant dynamic
range extension with no sensitivity loss is achievable. Finally,
a conclusion is given in Sec. VI.

II. EXPERIMENTAL SETUP

Our cold-atom gyroscope consists of two symmetric
87Rb interferometers with counterpropagating trajectories, as
shown in Fig. 1. The sensor head of our atomic gyroscope
lies on a rotation platform. The glass-made vacuum cham-
ber in the sensor head is mainly separated into three parts,
two three-dimensional magneto-optical traps with a recap-
turing technique [37] and one common interference region.
The interference region is illuminated by three parallel and
evenly spaced Raman beams which are created by a set of
polarized beam splitters and corresponding wave plates. The
Raman beams are aligned at an angle of 80 ◦ with respect to
the atomic launch direction. We use a common retroreflector
mirror attached to the tip of the two piezoelectric actuators
to generate counterpropagating Raman beams for Doppler-
sensitive measurement. The actuators are actively controlled
by the rotation information from the platform both clockwise
and counterclockwise, with one pulling the mirror mount and
the other one pushing the mirror mount. Both the launch

FIG. 1. Sketch of the sensor head and the rotation platform. Our
sensor head lies on a rotation platform with rotation rate �. The
Raman laser is split into three separate Raman beams via a set of
half-wave plates (HWP) and polarization beam splitters (PBS). A
quarter-wave plate (QWP) is placed on the retroreflector mirror to
generate a Raman pulse in the lin⊥lin configuration. The retroreflec-
tor mirror is firmly attached to the mirror mount, which is controlled
by two piezoelectric actuators (blue). Purple (dark gray) and green
(light gray) dashed lines represent the classical trajectories of the two
atom clouds [purple (dark grey) and green (light grey) spheres] in the
vacuum chamber (orange dashed rectangle) respectively.

directions of the atomic assemblies and the Raman wave
vectors are in the horizontal xoy plane. As a consequence, the
sensitive axis of the cold-atom gyroscope and the rotation axis
of the platform are parallel to the z axis.

The experimental sequence of the atom interferometer is
as follows. After the 5-ms atomic loading procedure, two
atom clouds are launched towards each other at velocities of
±4.4 m/s. The atoms are further cooled down using moving
molasses to a temperature of T = 30μK. The atoms are then
prepared in the |F = 2, mF = 0〉 state with an efficiency of
90% using optical pumping. An atomic interference sequence
consisting of three Raman pulses with durations of 0.6, 1.2,
and 0.6 μs with interval T = 2.825 ms is applied immediately
afterward. Finally, we use a normalized detection technique to
obtain the population distribution of the atoms and to suppress
the atomic number fluctuation simultaneously. There are two
stages in our detection procedure. In the first stage, we detect
the fluorescence of the atom in the |F = 2〉 state. The fluores-
cence of all the atoms in both |F = 1〉 and |F = 2〉 states is
gathered in the second stage. Thus, the normalized signals of
the two interferometers are [10]

P = N2

N1 + N2
= 1

2
+ C cos(φrot + φacc + φlaser ), (1)
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FIG. 2. Two interferometric fringes, A (red dots) and B (blue
squares), output under a static environment with a passive vibration-
isolation platform. Sine fittings of fringe A [red (light grey) solid
line] and fringe B [blue (dark grey) solid line] are also shown.

where N1,2 denote the atom number in the |F = 1, 2〉
states, respectively, C represents the fringe contrast, and the
corresponding phases are

φrot = −2keff · (vL × �)T 2,

φacc = keff · aT 2,

φlaser = φ1 − 2φ2 + φ3. (2)

Here, keff denotes the effective wave vector of the Raman
pulse, keff = |keff | ≈ 16 × 106 m−1, vL is the longitudinal ve-
locity of each atom which comes from the atomic launch
process. � and a represent the external rotation and acceler-
ation, respectively, and φ1,2,3 are the phases of three Raman
pulses. Thus, rotation and acceleration information can be
obtained from these two fringes.

III. CONTRAST RECOVERY BEYOND THE
ROTATION-RATE LIMIT

To create a baseline of the fringe contrast, we measured
the interferometric fringes in a static environment by scanning
the laser phase of the third Raman pulse φ3. Denoting the
normalized signals of the two interferometers in the cold-atom
gyroscope as A and B, the contrasts of fringes A and B are
33% and 36%, respectively, as shown in Fig. 2. The contrast
loss is mainly due to the thermal expansion of the atomic
cloud and wave-front distortion.

With the increasing external rotation, the contrasts of both
fringes A and B start to decline due to the longitudinal velocity
distribution of the atom cloud [37], as illustrated in Fig. 3. The
red upward and blue downward triangles represent the fringe
contrast versus the rotation rate � of fringes A and B, respec-
tively. It is seen that the rotation-rate limit is about 9◦/s in our
system where the contrasts of both fringes nearly vanish. The
contrast under different angular velocities fits well with the
theoretical prediction [37], which will be demonstrated and
analyzed in Sec. IV B. The fitting result shows the temperature

FIG. 3. The fringe contrast versus the rotation rate �. The fringe
contrasts with tip-tilt mirror compensation for fringe A (red squares)
and fringe B (blue dots) show great stability under different rotation
rates. The fringe contrasts without compensation for A (red upward
triangles) and B (blue downward triangles) decline rapidly as the
rotation rate increases, which fits well with the numerical simulation
(black dashed line) in Eq. (12).

of the atomic clouds is about T = 60μK, probably due to
optical-pumping-induced heating.

In terms of the fringe contrast with tip-tilt mirror compen-
sation, we actively control the piezoelectric actuator shown
in Fig. 1 to counteract the rotation of the platform of each
interference cycle completely. We measure five times for each
of the rotation rates from 0◦/s to 15◦/s at intervals of 0.5◦/s.
Red squares and blue dots represent the mean value of fringes
A and B under each rotation rate, respectively. Each error bar
denotes the standard deviation of the five measurements for
the corresponding rotation rate. As illustrated in Fig. 3, the
experimental data show the fringe contrast is fully recovered
even if the rotation rate reaches 15◦/s. In sharp contrast to
the noncompensation scenario, the standard deviation of the
fringe contrast is 1.2% from 0◦/s to 15◦/s, which shows great
robustness under varying external rotation.

From the experimental result shown above, we find that
using the tip-tilt mirror to compensate the external rotation can
retrieve the fringe contrast even for a large rotation rate. We
are now interested in the physical mechanism hidden behind
and the corresponding effect on the dynamic performance of
the gyroscope.

IV. THEORETICAL ANALYSIS OF THE
CONTRAST RECOVERY

For a typical three-pulse Mach-Zehnder π/2-π -π/2 se-
quence, the ideal population of the ground state |a〉 in an
atomic interferometer is written as [42]

Pa = 1
2 [1 + cos(γ T 2)], (3)

where γ is the rate of change of the atom-photon detuning
in the Raman transition and we assume that the phases of
all three Raman pulses are the same. Here, we notice that
the rate of change of the atom-photon detuning is essential
to the output phase φout = γ T 2 for the atomic interferometer.
Therefore, in order to explain the mechanism in the tip-tilt
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mirror compensation, it is convenient to analyze the evolution
of the rate of change of the atom-photon detuning in the
external rotation condition first.

A. Physical mechanism for rotation sensing based on the
detuning evolution of the Raman transition

For simplicity, let us assume that the Raman beams and
the atom launch velocity, both in the horizontal xoy plane, are
perpendicular to each other. The rotation axis of the rotation
platform passes through the retroreflection point of the first
Raman pulse and is perpendicular to the horizontal plane.
This makes the rotation axis parallel to the sensitive axis of
the cold-atom gyroscope. The negligible Earth rotation makes
the inertial frame the same as the laboratory frame. As we
know, an atomic interferometer senses the average rotation
during the whole interference cycle; thus, we consider a coun-
terclockwise rotation � which begins at the first Raman pulse
and ends at the third Raman pulse. Here, we simplify the wave
vector of the Raman pulse keff , vL, and � to its scalar form
keff , vL,� since we have specified their unit vectors. Under
these assumptions, we divide the effect of rotation on the
atom-photon interaction into two separate parts as follows.

(i) Doppler frequency shift due to the atomic velocity pro-
jection. The Doppler frequency shift at the first Raman pulse
is zero due to the negligible Raman pulse duration τ . In one
interference cycle, the atomic ensemble moves in the inertial
space once launched, and the Raman beams rotate with the
platform. Thus, at the third Raman pulse, the Raman beams
rotate 2�T , as shown in Fig. 4(a). The velocity of the atomic
ensemble now has nonvanishing projection along the Raman
beam direction, which leads to the Doppler frequency shift.
The frequencies of the Raman beams of the third Raman pulse
can be written as

ω′
1 = ω1 − k1vL sin(2�T ),

(4)
ω′

2 = ω2 + k2vL sin(2�T ),

where k1,2 = ω1,2/c is the wave number of the two Raman
beams with frequencies ω1,2, respectively. The atom-photon
detuning at the third Raman pulse is

δR3 = ω′
1 − ω′

2 − ωatom = −(k1 + k2)vL sin(2�T ), (5)

where ωatom = ωb − ωa is the frequency difference of the two
ground states |a, b〉 with eigenfrequencies ωa,b. In terms of
the Doppler frequency shift, the average rate of change of the
atom-photon detuning during the whole interference cycle has
the form

γ1 =δR3

2T
= −keffvL�, (6)

where we use the relation keff = k1 + k2 and the approxima-
tion sin(2�T ) = 2�T as 2�T � 1.

(ii) Phase shift due to the displacement of the retroreflector
mirror. Here, we consider the optical path of two individual
Raman beams, k1 and k2. Apparently, the retroreflector mirror
stays at its original position while the first Raman pulse takes
place. The optical paths of k1 and k2 are denoted as d1 and d2,
respectively, as shown in Fig. 4(b). As the platform rotates, the
retroreflector mirror and the Raman beams move accordingly.
At the third Raman pulse, the optical paths are denoted as d ′

1

FIG. 4. Sketch of the third Raman pulse with rotation rate � and
total duration 2T . (a) The third Raman pulse rotates 2�T , which
leads to the Doppler effect. The frequencies of individual Raman
beams k1 and k2 are changed correspondingly. (b) The retroreflector
mirror rotates and changes the optical path of both k1 and k2. The red
(light gray) and the blue (dark gray) dash-dotted lines d1,2 represent
the original optical path of k1,2 for the first Raman pulse, respectively.
d ′

1,2 represent the optical path of k1,2 for the third Raman pulse, re-
spectively. (c) The Doppler frequency shift induced by the projection
of the longitudinal velocity of the atoms. Two Raman beams are
symmetrically oriented because of the tip-tilt mirror rotates opposite
to the rotation platform. (d) The optical paths of k1,2 with tip-tilt
mirror compensation.

and d ′
2. After a few steps of geometry analysis, this displace-

ment leads to the change in the relative optical path of the two
Raman beams,

φR3 = k1(d ′
1 − d1) − k2(d ′

2 − d2)

= (k1 + k2)2vLT sin(2�T ). (7)

We can transfer the light distance to the rate of change of the
detuning as

γ2 = −φ

(2T )2
= −keffvL�. (8)

Based on the analysis above, we obtain the total rate of change
of the atom-photon detuning as

γ = γ1 + γ2 = −2keffvL�. (9)

It should be noted that Eq. (9) is consistent with the typical
expression shown in Eq. (2).

B. Rotation-rate limit in a three-pulse cold-atom gyroscope

One significant limitation in the dynamic application of the
cold-atom gyroscopes is the rotation-rate limit [37]. As can be
seen from Eqs. (3) and (9), once the velocity of the atoms vL

013312-4



EXTENSION OF THE ROTATION-RATE MEASUREMENT … PHYSICAL REVIEW A 104, 013312 (2021)

is not unified, Pa for each individual atom is different, and
therefore, the fringe contrast declines due to the averaging of
the phase shift over the longitudinal velocity distribution [43].
Considering the longitudinal velocity distribution due to the
atomic temperature, we can rewrite the normalized signal of
the gyroscope as

Pa = 1

2
+

∫ ∞

−∞
cos(2keffv0�T 2 + 2keffv1�T 2)g(v1)dv1,

(10)

where we denote vL = v0 + v1, v0 is the center of the velocity
distribution of the atomic ensemble along the longitudinal
direction, v1 is the residual velocity fluctuation longitudinally
due to the atomic temperature, and g(v1) is the corresponding
Gaussian distribution of v1,

g(v1) =
√

m

2πkT e− mv2
1

2kT . (11)

Here, m represents the atom mass, k is the Boltzmann con-
stant, and T denotes the temperature of the atomic ensemble.
Thus, we can derive the normalized fringe contrast due to the
longitudinal velocity distribution as

C = exp
[ − �2

/(
2σ 2

�

)]
,

(12)

σ� = 1

2

√
m

kT
1

keffT 2
,

where we assume that the rotation axis is parallel to the
sensitive axis of the cold-atom gyroscope. From Eq. (12), we
show clearly that the fringe contrast decays exponentially as
the rotation rate grows. As we can see from Eq. (10), the lon-
gitudinal velocity distribution g(v1) is coupled to the external
rotation �. The growing rotation rate gradually amplifies the
dephasing phenomenon and eventually washes out the fringe
contrast. This is sometimes called the rotation-rate limit [37].
Note that there is no existing criterion for the limitation of
the normalized contrast. The actual limitation of the rotation
rate �lim varies as different criteria are chosen. Here, we are
interested in the corresponding dynamic range of the gyro-
scope. Therefore, it is convenient to use the FWHM as the
criterion, in analogy with the laser linewidth. The limitation
of the rotation rate is thus

�FWHM
lim = ±

√
ln 4σ�. (13)

Under this rotation rate, the normalized contrast is 50%. Also,
one can choose e−1 to be the boundary for the normalized con-
trast; the corresponding rotation-rate limit is �

1/e
lim = ±√

2σ�.
As illustrated in Figs. 5(a) and 5(b), we demonstrate the

fringe contrast under different interrogation times and rotation
rates for two different atomic temperatures according to the
above analytical expression. In Fig. 5(a), the temperature of
the atomic ensemble is T = 1.5μK, which is nearly the low-
est temperature one can achieve without a velocity selection
process using 87Rb atoms [44]. Even in this case, the fringe
contrast completely vanishes at only 3 ◦/s for an interroga-
tion time longer than 10 ms. We note that the majority of
Fig. 5(a) is covered in light yellow (light grey), which means
the dynamic range and the application scenarios are severely

FIG. 5. Numerical simulation of normalized fringe contrast C
versus the interrogation time and the external rotation �. (a) For T =
1.5μK without compensation. (b) For T = 60μK without compen-
sation. (c) For T = 1.5μK with tip-tilt mirror compensation. (d) For
T = 60μK with tip-tilt mirror compensation. The gray dotted lines
in (b) and (d) represent the contrast profiles for T = 2.825 ms.

limited. As for higher temperature, we show the fringe con-
trast for T = 60μK in Fig. 5(b). The light yellow (light grey)
area is even larger, and the contrast vanishes almost imme-
diately as the gyroscope starts to rotate for T = 10 ms. The
gray dotted line shows the contrast profile for T = 2.825 ms;
the fringe contrast vanishes at about 9◦/s, which is consistent
with the black dashed line in Fig. 3. Although the cold-atom
gyroscope can reach extremely high precision in measuring
Earth’s rotation by using a long interrogation time, the above
simulation shows that the interrogation time of the gyroscope
is severely limited when one measures a relatively large rota-
tion rate. Even if we add an extra velocity-selection process
in the atomic preparation procedure, the massive loss in the
total atom number leads to significant deterioration in signal-
to-noise ratio (SNR), which also has a negative influence
on the performance of cold-atom gyroscopes. Therefore, the
rotation-rate limit is not fundamental but is a consequence
of atom detection protocols averaged over velocity-dependent
phase shifts [45]. This usually is an inevitable limit for cold-
atom gyroscopes in the Mach-Zehnder configuration.

C. Contrast recovery via tip-tilt mirror compensation

Here, we consider the situation where the retroreflector
mirror rotates exactly opposite to the rotation platform. Sim-
ilar to the analysis above, two parts of the rotation effect are
taken into account.

(i) Doppler frequency shift due to the atomic velocity pro-
jection. As demonstrated in Fig. 4(c), although the individual
Raman beam is not perpendicular to the atomic launch di-
rection, the effective wave vectors of all three Raman pulses
are perpendicular to the atomic group velocity and perfectly
parallel to each other after the tip-tilt mirror compensation
is applied. The Doppler frequency shift due to the atomic
velocity projection of the third Raman pulse is written as

δR3 = ω′
1 − ω′

2 − ωatom = −(k1 − k2)vL sin(2�T ), (14)
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where

ω′
1 = ω1 − k1vL sin(2�T ),

ω′
2 = ω2 − k2vL sin(2�T ). (15)

(ii) Phase shift due to the displacement of the retroreflector
mirror. As shown in Fig. 4(d), the piezoelectric actuators
counteract the rotation of the retroreflector mirror. Thus, the
retroreflect mirror does not rotate with the rotation platform
during the interrogation time. Following the same procedure,
we can derive the phase shift when the tip-tilt mirror counter-
acts the rotation as

φR3 = (k1 − k2)2vLT sin(2�T ) + φ0

(
1 − 1

cos 2�T

)
,

(16)

where φ0 = k1d1 − k2d2 is the original accumulated phase dif-
ference in the static condition. Following the technique shown
above, the total rate of change of the atom-photon detuning γ

is

γ ≈ − φ0

4T 2

(
1 − 1

cos 2�T

)
, (17)

where we ignore the terms related to k1 − k2. After ignoring
the high-order terms, we find that the population of the ground
state |a〉 using tip-tilt compensation is

Pa = 1

2

[
1 + cos

(
φ0

2
�2T 2

)]
. (18)

Here, we note that the appearance of the phase term φ0 is
the consequence of the optical path change in the individual
Raman beam induced by tip-tilt mirror compensation. Coun-
terintuitively, as shown in Eq. (18), the rotation � is included
in the gyroscope output, although the retroreflector mirror
counteracts the rotation entirely. Intact rotation information
can still be obtained from only the output phase of the atomic
gyroscope as long as the number of periods is identified. More
importantly, the atomic group longitudinal velocity vL van-
ishes [37]. The decoupling between vL and external rotation
� indicates that the stability of the initial velocity no longer
affects the scale factor of the gyroscope, which may further
improve the long-term stability of the system [46]. We note
that here φ0 is a constant in every measuring cycle and does
not change with the external rotation rate. Therefore, it can
be calibrated by measuring the phase output of the gyroscope
under different external rotations, which is similar to the stan-
dard procedure for calibrating the scale factor.

From Eq. (18), it seems that the fringe contrast is irrelevant
to the external rotation. However, as d1,2 is related to its lateral
movement along the Raman beam directions for an individual
atom, φ0 becomes a function of the lateral velocity φ0(vr ).
Therefore, the lateral thermal expansion of the atom cloud
must be taken into account. The original accumulated phase
for an individual atom is

φ0(vr ) = φ0(0) − 2keffvrT, (19)

where vr is the lateral velocity of an individual atom along the
Raman beam direction and φ0(0) is the original accumulated
phase for the atoms with vanishing lateral velocity. In fact,
the group velocity for the whole atomic ensemble along the

Raman beam direction is zero; therefore, one should use the
constant φ0(0) in Eq. (18) when considering the overall phase
output of the gyroscope. Substituting Eq. (19) into Eq. (17),
we can rewrite the rate of change of the atom-photon detuning
in Raman transitions as

γ ≈ − φ0(0) − 2keffvrT

4T 2

(
1 − 1

cos 2�T

)
. (20)

Substituting Eq. (20) into Eq. (3) and integrating over the
lateral velocity distribution of the atomic cloud, we obtain the
output signal with the thermal expansion as

Pa = 1

2
+

∫ ∞

−∞
cos

(
φ0(0)

4
χ − 2keffvrT

4
χ

)
g(vr )dvr, (21)

where χ = 1 − 1
cos 2�T . Thus, we can derive the correspond-

ing normalized fringe contrast as

C = exp

(
−k2

effχ
2kTrT 2

8m

)
, (22)

where Tr denotes the temperature of the atomic cloud along
the propagating direction of the first Raman beam. This ex-
plicitly shows that the longitudinal velocity distribution is now
completely decoupled from the rotation �. It is the lateral,
rather than longitudinal, temperature that affects the fringe
contrast as the external rotation increases.

As depicted in Figs. 5(c) and 5(d), we demonstrate the
normalized contrast C with tip-tilt mirror compensation versus
the rotation rate � and the interrogation time T . In sharp con-
trast to the uncompensated case in Fig. 5(a), the normalized
fringe contrast never drops below 40% in the whole parame-
ter region for T = 1.5μK, as illustrated in Fig. 5(c). Nearly
100% normalized contrast is achieved at 10◦/s for T = 50 ms.
Even for the T = 60μK case, the light yellow (light grey)
area is much smaller than that in the uncompensated situation.
In agreement with the experimental result, a robust fringe
contrast can be achieved in a considerably large region of
external rotation. The numerical verification shows that the
normalized contrast is nearly fixed at 100% for T = 2.825 ms
[gray dotted line in Fig. 5(d)]. The fringe contrast hardly
decreases for an interrogation time shorter than 10 ms. The
light yellow (light grey) areas in the top right corners of
Figs. 5(c) and 5(d) indicate that the fringe contrast declines
significantly only at large external rotation with a relatively
large interrogation time. One notes that, from Eq. (22), extra
cooling along the Raman pulse direction can further increase
the robustness of the fringe contrast. With the assist of velocity
selection using stimulated Raman transition (VSSRT) [47],
the lateral temperature can easily be suppressed to less than
1μK. In this circumstance, the VSSRT can improve both
the interaction efficiency of the Raman transition and, more
importantly, the robustness of the fringe contrast at the same
time. In addition, it can be seen from Figs. 5(c) and 5(d)
that there is still a trade-off between large fringe contrast
and long interrogation time after the compensation is applied.
As for the application of the gyroscopes, one should always
concentrate on the accuracy of the whole system. Therefore,
by the criterion of good sensitivity, we can derive a set of
optimal interrogation times under different external rotations
with compensation if we substitute Eq. (22) into Eq. (23).
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FIG. 6. The extension ratio of the rotation rate before 50%
contrast loss is reached via rotation compensation versus the interro-
gation time T and atom temperature T . (a) The extension ratio of the
dynamic range between the tip-tilt mirror compensation and the ab-
sence of compensation. (b) The extension ratio of the dynamic range
between the tip-tilt mirror compensation and halving the interroga-
tion time. The x axis represents the interrogation time of the tip-tilt
mirror compensation scheme. Inset: The black solid line denotes an
extension rate larger than 10 to the right. (c) The extension ratio
of the dynamic range between the tip-tilt mirror compensation and
velocity-sensitive detection. For the velocity-sensitive detection
scheme, we extract the phase signal from the atoms within the ve-

locity range ±
√

kT
m of the Gaussian distribution. Extension in the

dynamic range greater than two orders of magnitude appears to the
right of the black dotted line.

Here, we are interested in not only the contrast recovery
but, more importantly, the performance improvement of cold-
atom gyroscopes in a highly dynamic situation by using tip-
tilt mirror compensation. In order to show the advantages of
our scheme more clearly, we give an overall comparison of
the dynamic performance of the interferometer between our
scheme and others in the next section.

V. DYNAMIC RANGE EXTENSION WITH
NO SENSITIVITY LOSS

For high-precision and highly dynamic measurement, the
dynamic range and the sensitivity are two essential fac-
tors for the atomic gyroscope. Compared to the other two
schemes [11,40], two key advantages of our compensation
arise and are presented in this section, followed by a discus-
sion for experimental realization.

(i) A two-orders-of-magnitude extension in the dynamic
range is achieved for less than 50% contrast loss. In order
to show the extension of the dynamic range explicitly, we
compare the rotation rate of the atomic gyroscope of 50%
contrast loss for different interrogation times with and without
the tip-tilt mirror compensation, as illustrated in Fig. 6(a).
The dynamic range extension represents the ratio of the
corresponding external rotation with and without the com-
pensation while the normalized fringe contrast equals 50%.

The red region in the top right corner shows that an apparatus
with a long interrogation time (T � 20 ms), which is widely
used in accuracy-oriented measurements, gains the benefit
of the dynamic range extension well above 100 times. As a
consequence, the theoretical potential of the high-precision
apparatus is extended significantly via this compensation
technique.

In comparison to other available compensation techniques,
i.e., shortening the interrogation time [11] and velocity-
sensitive detection [40], as depicted in Figs. 6(b) and 6(c),
it is revealed that our tip-tilt mirror compensation scheme
dominates the others in terms of the dynamic range. We show
the advantage of a dynamic range almost 10 times or even 100
times greater than the dynamic range from halving the inter-
rogation time and for velocity-sensitive detection schemes. As
illustrated in Fig. 6(b), the black solid line is located in the bot-
tom left corner, which means a dynamic range extension of 10
times or more is almost guaranteed for all parameter regions
shown. Especially, a two-orders-of-magnitude extension ap-
pears for a long interrogation time and high atom temperature.
Counterintuitive to common sense, for choosing atoms within

the velocity range of ±
√

kT
m , the velocity-sensitive detection

scheme shows little improvement in terms of the dynamic
range, as illustrated in Fig. 6(c). An extension in dynamic
range for tip-tilt mirror compensation 100 times or more larger
than the velocity-selected detection scheme can be achieved to
the right of the black dotted line.

(ii) No sensitivity loss occurs for measurement beyond the
rotation-rate limit. The sensitivity of the cold-atom interfer-
ometer relies on various kinds of parameters, which is written
as [39]

Sensitivity = 1

C

1

RSN

1

keffvLT 2
, (23)

where RSN denotes the signal-to-noise ratio. Usually, the ef-
fective wave number keff , the atomic launch velocity vL, and
the interrogation time T have negligible fluctuations during
successive measurement periods. Despite the current-related
noise, the signal-to-noise ratio largely depends on the atom
number detected, which is also relatively stable. Meanwhile,
the fringe contrast C, as shown in Fig. 3, is sensitive to the
external rotation. Without any compensation, apparently, the
sensitivity continuously deteriorates with increasing rotation
rate due to the rapidly decrease fringe contrast. One intuitive
solution for increasing the dynamic range is to decrease the
interrogation time. By choosing a shorter interrogation time
Ts, the sensitivity is reduced by the ratio of (T/Ts)2 compared
to the static measurement even if we neglect the remaining
contrast loss due to the longitudinal velocity distribution. The
other solution is to use velocity-sensitive detection, which
uses a nonperpendicular detection beam to detect the flu-
orescence of the atoms with a certain Doppler frequency
shift. Although this technique reduces the longitudinal veloc-
ity distribution of the detected atoms and recovers the fringe
contrast, the selection significantly reduces the total number
of atoms detected. The narrower the velocity distribution one
selects, the more atoms one abandons, and the worse the SNR
is. Thus, we cannot realize a highly dynamic measurement
without sensitivity loss via these two schemes.
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FIG. 7. The normalized sensitivity of the interferometer with
T = 2.825 ms and atomic temperature T = 60μK versus the ex-
ternal rotation for tip-tilt mirror compensation (red solid line), no
compensation (black dashed line), halving the interrogation time
(blue dotted line), and velocity-sensitive detection (pink dash-dotted
line). The velocity width of the velocity-sensitive detection is the
same as that in Fig. 6. In order to present the decay of the sensi-
tivity explicitly, we here use a logarithmic axis for the normalized
sensitivity.

On the other hand, in our scheme, the interrogation time
and the atom number detected are the same as those in static
environment. Therefore, no compromise of the sensitivity has
to be made to achieve the measurement capability beyond the
rotation-rate limit. As shown in Fig. 7, we evaluate the sen-
sitivity of the interferometer as the external rotation increases
using the normalized sensitivity as

Normalized sensitivity = Sori

Srot
× 100%, (24)

where Sori represents the initial sensitivity of the interferom-
eter in the static condition and Srot represents the sensitivity
of the interferometer under different rotation rates � for four
different cases. The logarithmic axis shows clearly that the
sensitivity in the no-compensation case deteriorates rapidly
as the external rotation increases. If we decrease the interro-
gation time to half of its original duration, the measurement
beyond the initial rotation-rate limit can be obtained; how-
ever, the maximum normalized sensitivity is merely 25%.
Like in the previous situation, by utilizing velocity-sensitive
detection, the signal-to-noise ratio decreases due to a 32%
loss of the total atom number as we choose atoms within
the velocity range of ±

√
kT
m of the Gaussian distribution,

and thus, the sensitivity decreases correspondingly. In fact,
the periodically deteriorating sensitivity makes it impossible
for high-precision, highly dynamic rotation sensing. In sharp

contrast, no visible sensitivity loss occurs even for external
rotation up to 60◦/s using tip-tilt mirror compensation.

In experimental realization, the dynamic range and sensi-
tivity may further deteriorate. In terms of the dynamic range,
the extension is mainly limited by the travel range of the
piezoelectric actuator. In order to compensate the external
rotation completely, the retroreflector mirror needs to rotate
θmir = 2�T within a time of 2T . A commercial closed-loop
piezoelectric actuator nowadays can induce a rotation of
roughly ±1.15 ◦ at its maximum. Thus, the dynamic range
is limited to 170 ◦/s for T = 2.852 ms or 11.5 ◦/s for T =
50 ms. In terms of the sensitivity loss, controlling the tip-
tilt mirror can certainly induce vibration noise and rotation
noise, both of which can reduce the sensitivity. Through the
accelerometer mounted behind the retroreflector mirror, one
can measure the acceleration of the mirror and suppress the
vibration noise from the signal output [48,49]. In addition, the
rotation noise can be reduced by using piezoelectric actuators
with voltage feedback control.

VI. CONCLUSIONS

In conclusion, we investigated a tip-tilt mirror compensa-
tion scheme in a three-pulse cold-atom gyroscope in detail,
which could be used in high-precision, highly dynamic rota-
tion measurements. By using the tip-tilt mirror to counteract
the external rotation, we fully recover the fringe contrast of the
three-pulse cold-atom gyroscope to that in the static condition
(35%) at 0◦/s–15◦/s. The fringe contrast with a standard
deviation of 1.2% shows excellent robustness against different
rotation rates and dramatically increases the dynamic perfor-
mance of the atomic gyroscope. The population of the atoms
embodies the intact external rotation information instead of
the residual even though the compensation is applied. In par-
ticular, with the three parallel Raman pulses, the longitudinal
velocity and its distribution are decoupled from the external
rotation, which may further improve the long-term stability of
the gyroscope. Numerical verification of the fringe contrast
and dynamic range revealed that this compensation scheme
can extend the dynamic range by two orders of magnitude.
More importantly, the sensitivity of the system remains
unchanged from the static condition to a rotation rate up to
60◦/s. Such a highly dynamic range, high-precision cold-atom
gyroscope offers a promising alternative for the next
generation of high-performance inertial navigation systems.
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