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TOPICAL REVIEW — Ultracold atom and its application in precision measurement
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Recent progresses on quantum control of cold atoms and trapped ions in both the scientific and technological aspects
greatly advance the applications in precision measurement. Thanks to the exceptional controllability and versatility of
these massive quantum systems, unprecedented sensitivity has been achieved in clocks, magnetometers, and interferometers
based on cold atoms and ions. Besides, these systems also feature many characteristics that can be employed to facilitate
the applications in different scenarios. In this review, we briefly introduce the principles of optical clocks, cold atom
magnetometers, and atom interferometers used for precision measurement of time, magnetic field, and inertial forces. The
main content is then devoted to summarize some recent experimental and theoretical progresses in these three applications,
with special attention being paid to the new designs and possibilities towards better performance. The purpose of this
review is by no means to give a complete overview of all important works in this fast developing field, but to draw a rough
sketch about the frontiers and show the fascinating future lying ahead.

Keywords: precision measurement, optical clock, magnetometer, force measurement, atomic interferometer

PACS: 32.30.—r, 32.60.+1, 42.60.Da, 42.60.Lh

1. Introduction

Physics, as the fundamental discipline of natural sciences,
is a reasonable enterprise that can provide us with knowl-
edge of the physical world. It is based on valid experimen-
tal evidence, rational discussion, and mathematical deriva-
tion. Among these methodologies, experiment plays a vi-
tal role both to discover new phenomenon that is in need of
explanation, and to exhibit scientific facts that can test vari-
ous theories. Although the textbooks at different levels are
often aiming at the explanation of successful theories, along
the history of physics it is truly the experiments that mark the
breakthrough. In many cases, a quantitative measurement with
unprecedented precision is the most, and maybe the only, le-
gitimate route to open a new era of our understanding of the
world.

One remarkable example of the power of measurement is
the discovery of Kepler’s law of planetary motion. If Tycho
has not been able to locate objects in the sky within an uncer-
tainty of only a few minutes, improved by nearly an order of
magnitude from previous data, Kepler would not find any dis-
crepancy of an orbit composed of circles or ovoids. Finally,
Kepler concluded that planets, including the Earth, move on
ellipses, with the Sun at a focus, but not the center. In fact,
this solution is the only choice that can reconcile Tycho’s pre-
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cise data. Kepler’s finding not only provides a solid evidence
in support of Copernican theory over Ptolemy, but also shines
new light to our understanding of the nature of planetary mo-
tion. As an ellipse cannot be obtained by any combination
of rotary motion, the long-lasting picture raised by ancient
Greeks of planets residing on rotating spheres must be aban-
doned. It is then natural to accept that the planet orbits are
empty, and the planets are moving under the constraint of a
force that can exert on them by the Sun remotely.

The success of theory of relativity is another great tri-
umph of measurement. By inventing one of the most accurate
equipments in human history, Michelson and Morley ruled out
the possibility of Ether, which, if exists at all, should cause a
displacement one order of magnitude bigger than the equip-
ment accuracy. Astronomers consistently recorded the posi-
tion of the Mercury over years and found an unreasonable dis-
crepancy of 43 seconds per century in the orbit precession. Ed-
dington performed an extraordinary measurement during a so-
lar eclipse, and obtained results in quantitative consistent with
Einstein’s new theory. And most recently in 2016, the LIGO
project received the first direct signal of gravitational waves
from two merging blackholes billions of light years away, wit-
nessing the prediction made by Einstein more than a hundred
years ago.

Like the two aforementioned examples, the frontiers of
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physics at this moment are also waiting for the ground-
breaking results from measurement. The detections of elec-
tronic dipole moment, high energy cosmic particles, gravita-
tional waves, difference between gravitational mass and in-
ertial mass, and possible candidates of dark matter particles,
are all bold explorations which can widely open our eyes and
lead us to regimes where no one has gone before. Besides,
measurement with higher accuracy also has versatile appli-
cations in state-of-the-art technology, including navigation of
unpersonalized objects, monitoring the ultrafast dynamics of
a chemical reaction, and probing tiny structures inside living
cells, to name a few.

On one hand, the fundamental principles of quantum me-
chanics are mostly about measurement. It is literally impossi-
ble to understand the true nature of measurement without the
knowledge about operators, eigenstates, and uncertainty prin-
ciple. In another point of view, measurement is a process of
information transformation, and information itself is physical
and has to obey quantum mechanics. On the other hand, the
advances in quantum technology provide us a versatile tool-
box of manipulating microscopic objects, which can be imple-
mented to extract tiny disturbance in a short time interval at a
localized region. Thus, an exciting direction about measure-
ment emerged and got boosted in the past few decades, known
as quantum sensing or quantum metrology.

There are many different ways to build a classical device
to finish a measurement of certain physical quantities. Imag-
ine one uses a caliper for precision measurement of the sizes
of different objects. It is desirable to make a caliper from
a material with extremely low coefficient of expansion, as a
very stable reference of length. On the contrary, one would
choose a material to build an expansion thermometer with ex-
tremely high coefficient of expansion, so that a high sensitivity
of temperature measurement is possible. In some differential
measurement for even higher accuracy, measuring the same
quantities by two devices simultaneously and comparing their
results is a great solution. In the field of quantum sensing and
quantum metrology, we also take the same basic and useful
approaches.

In this short review, we briefly introduce some principles,
recent progresses, perspectives, and challenges in the field of
precision measurement using cold atoms or trapped ions. The
overall plan of the paper is as follows. In Section 2 we present
some basic principles and recent advances about time mea-
surement. The topic of Section 3 is about measurement of
magnetic field with cold atom magnetometers. In Section 4,
we discuss the advances and applications in inertial forces
measurement with cold atoms. The reader will notice that
most of the developments discussed in this review occurred
after 2010. Our intention in reviewing these recent efforts is to
provide an idea of the current directions and frontiers related to

precision measurement with cold atoms and trapped ions. This
review is prepared for advanced graduate students, post-docs,
and colleagues working in the field of precision measurement.
A general audience whose expertise is not in this field may re-
fer to some tutorial reviews or books.!!=3I The topics and the
papers that are included in this review are organized in such a
way to give a reasonably fluent presentation. We did not try
to assign credits or priorities in the order of content. If any of
the readers feel that their contributions were not properly ac-
knowledged or reviewed, we would ask them to attribute our
errors and omissions to our own stupidity, ignorance, laziness,
and haste rather than any malicious behavior.

2. Time measurement

In the revised definition of International System of Units
(SI), announced by the 26th Conférence Générale des Poids et
Mesures (CGPM) on May 20, 2019, all fundamental SI units
except mole are directly or indirectly linked to second. This
is because the measurement accuracy of time is the highest
among the seven SI units, which ensures the long-term sta-
bility and global versatility of the SI system to meet the con-
sistent need of precision measurement in academic researches
and technical applications.

Over the years, applications in multidisciplinary fields re-
quire more precise time measurement and synchronization, in-
cluding navigation systems, *! telecommunications, very long
baseline interferometry (VLBI) telescope,® and fundamen-
tal physics.!®! The key of a good clock is an absolute refer-
ence frequency which can be obtained in our daily life by,
e.g., the swing of a pendulum or the voltage-driven oscilla-
tions of a quartz crystal. However, pendulum and quartz crys-
tal are usually susceptible to environmental disturbances, such
as temperature fluctuations. Nowadays, the best clocks are
those that choose certain transitions of atoms as the reference
frequency.!”! The current definition of “second” is based on
a microwave clock with a unperturbed ground state hyperfine
transition frequency of 9.19 GHz in '33Cs atoms, which is just
a more strict definition in 2018 than that in 1967 without im-
provement in frequency accuracy.

However, the state-of-the-art Cs atom clock®! is ap-
proaching its practical limitations. For more accurate timing,
the search for clocks based on optical transition has become
a hot research area in the past decades. Studies in this di-
rection are boosted by the advent of two key technologies.
Firstly, with the invention of femtosecond-laser optical fre-
quency combs, the measurement of the microwave band ex-
tends to visible light frequency.>!%! Secondly, significant pro-
gresses have been made in the fields of atomic and ion ma-
nipulation and precise optical frequency control, leading to a
higher frequency accuracy.!''! Now, the frequency accuracy
of optical clocks has reached the range of 108, which is
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three orders more accurate than a microwave clock. Thus, in
2016, Consultative Committee for Time and Frequency gave a
roadmap for modifying the definition of second based on opti-
cal transitions around 2025.

2.1. Principles

An optical atomic clock conceptually resembles a clas-
sical pendulum clock. In a pendulum clock, a pendulum
swings periodically with small amplitude as a local oscilla-
tor, the wheels and clock hands together form a counter, and a
watchmaker with a good clock correcting the pendulum clock
regularly is considered to be a stable reference. In an optical
atomic clock, the interrogation laser generates periodically os-
cillating electromagnetic wave to function as a local oscillator,

the frequency is measured by the optical frequency comb as

a counter, and trapped neutral atoms or ions take the role of
a stable reference by interacting and correcting the frequency
of interrogation laser through laser spectroscopy. That is, as
shown in Fig. 1, one cycle of optical frequency standards in-
cludes the following three steps: (1) cooling and state prepara-
tion, (2) interrogation, and (3) detection and signal processing.
Atoms and ions can be cooled and prepared in an optical lat-
tice or ion trap, respectively. Then, an interrogation laser will
be locked to the optical transition from extracting the optical
frequency through the given optical transitions. In the process
of detection and signal processing, an optical frequency comb
is used as a counter to obtain the laser frequency precisely.
This process converts the optical frequency into countable mi-
crowave or radio frequency signals as a frequency standard for
many practical applications.

Interrogation
Electrical signal

| Feedback control | m——

Electrical signal

A

AVAVAV

Interrogation laser

v

S

Optical frequency reference Vo

Detection |

Cooling & state preparation

f,

rep
o

Frequency

Optical comb

Trap ions, atoms in optical lattice

Fig. 1. Schematic diagram of an optical atomic clock.!"?l Atomic spectroscopy is measured from the optical lattice trapped atoms or the trap
ion. The interrogation laser is precisely locked to the atomic transition. An error signal is derived from atomic spectroscopy that is fed back to
the laser for closed-loop locking. An optical frequency comb, as a counter, converts the optical frequency to a microwave that can be used as

the standard frequency of time.

There are two parameters to show the performance of the
clock: stability and uncertainty. Stability is the fluctuation of
the standard frequency of the clock over a long period of time,
which is determined by the physical system and measurement
in nature. It is generally described by the Allan variance de-
fined as!”]

M—1

[(D)ir1 = GO (D)

=1

o (7) = 2(Ml— 1) :

where (y(7)); = (Av(1)/Vp); is the i measurement of the av-
erage fractional frequency difference over duration 7, vy is the
frequency of the reference transition, and Av is the frequency
error. Notice that a higher stability of an optical clock corre-

sponds to a smaller value of Allan variance. Stability can also

be described as!!?!

Av T:
vovNV T’

where Av is the spectral linewidth of the clock system, N is

(@)

oy(1) =

the number of atoms or ions used in a single measurement,
T. is the time required for a single measurement cycle, and 7
is the total measurement duration. In the expression above,
Vo/AVv can be understood as a quality factor Q, 1/4/N is the
atomic measurement projection noise which is also referred as
the standard quantum limit (SQL), and 7/T; is the number of
successive measurements. The biggest advantage of an opti-
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cal clock is that it has a higher Q value, which is in general
5 orders of magnitude higher than that of a microwave clock.
For instance, a Cs atomic clock that defines the second has a
Q value of only 10'°, with transition frequency of 9.19 GHz
and linewidth of 1 Hz. As a comparison, the 3Sr* optical
clock choosing a 674nm quadrupole transition has a linewidth
of 0.4 Hz and a quality factor up to 10'>. By far, the 2’Al*
quantum logic clock is the most precise clock in the world
with Q of 1.4 x 10"7 1131 and a narrow linewidth of 8 mHz. Be-
sides, the 467 nm electric octuple transition between %S, /2 and
’F, /2 levels of 71Yb* ions features a natural linewidth in the
nanohertz range and a quality factor of 1023,

Another important parameter of an optical clock is fre-
quency accuracy, which is a systematic error due to the per-
turbation of the undesired fields. There are many factors that
affect the frequency instability, which can be roughly divided
into the frequency shift caused by external environment (e.g.,
electric field, magnetic field, and blackbody radiation) and the
relativistic effect (gravitational shift).[”! The stray electric field
and magnetic field felt by the atoms are the main factors that
cause the energy level shift. Owing to the Zeeman effect, the
clock transition frequency will be affected by fluctuation of a
magnetic field. The frequency shift Av can be expressed as

AV=Vv—Vvy=CB+CB>+---. (3)

A common method to suppress the first-order Zeeman shift is
to alternately interrogate two symmetrically shifted Zeeman
components. For the second-order Zeeman shift, one has to
stabilize the magnetic field as much as possible. For example,
in a 87Sr lattice clock, Bloom et al.!'*! modulate the clock tran-
sition and extract from it an error signal for the stabilization
of the magnetic field, and successfully reduce the frequency
shift below 10~!8. The AC stark shift induced by lasers is an-
other source of fluctuation. For neutral atoms trapped by laser
fields, the wavelength can be selected specifically so that the
polarizabilities of the ground state and the excited state are
the same, thereby eliminating the AC Stark shift. This spe-
cial wavelength is called magic wavelength. For ions, the AC
stark shift induced by the interaction between laser light and
ions must be accounted for. Another type of Stark shift is the
blackbody radiation (BBR) shift. The electric field associated
with the thermal radiation emitted by the trap structure around
atoms and ions can cause a quadratic Stark shift. For exam-
ple, the BBR shift of the 5s°S; /2—4d2D5 /2 clock transition
in 88Sr is calculated to be 0.250(9) Hz at room temperature
(T =300 K) and the relative frequency shift is 5.6 x 10716 [13]
Thus, if one wants to reach a frequency uncertainty as low as
1018, the BBR shift must be considered. Similarly, gravita-
tional shift limits the increase in frequency accuracy. For ex-
ample, when comparing frequencies from two optical clocks,
a height difference of Ah = 10 cm can result in a frequency
shift of 8 f/fo = 10717,

2.2. Recent progresses

Up to now, the most accurate optical clocks we have ever
built are based on neutral atoms in optical lattices and sin-
gle trapped ion,!”"!?l owing to the large signal-to-noise ra-
tio and extremely well isolation from external environment.
Thus, in this section we mainly focus on progresses on these
two types of clocks, together with some brief introduction
about the transportable clocks which are of particular inter-
est in many application scenarios. Fast and exciting devel-
opments are also witnessed in other types of optical clocks,
such as optical clocks based with expanding atoms, 10291 ac-
tive optical clocks with line width as narrow as MHz,[?!-2>!
highly charged ion optical clock that is not sensitive to envi-
ronmental impact,?°=3% nuclear optical clock with high clock

31,32

transition frequency, *!*? and ion optical clock with multiple

ions, 1337361 but are not included in the present paper.

2.2.1. Optical lattice clock

One of the most common optical atomic clocks is the opti-
cal lattice clock. Optical lattice in this clock is used for several
reasons. First, it decouples the external and internal degrees of
freedom of the atoms, so there is no dominating effect such
as Doppler shift of atomic motion to the clock transition. The
high thermal velocity of atoms at room temperature can cause
a Doppler shift of 1 GHz or even higher, which is 12 orders
of magnitude greater than the milli-hertz uncertainty expected
by the community. Second, it avoids the interaction shift of
optical transition due to collisions in a dense atomic cloud. In
addition, it also provides an effective isolation of the atoms
from the outside environment. Before loading atoms into an
optical lattice, one has to use a standard laser cooling tech-
nique, such as magneto-optical trap (MOT) to collect atoms
and cool the temperature before they can be trapped. As illus-
trated in Fig. 2(a), a MOT restricts atoms through a combina-
tion of laser beams and magnetic field gradient. In the MOT,
three pairs of orthogonal counter-propagating laser beams are
red-detuned to a strong cyclic transition. The laser beams in
the “capture zone” provide a viscosity force in the opposite di-
rections of the atomic motion. A pair of anti-Helmholtz coils
provide a magnetic field gradient and cause the spatial depen-
dence of the scattering force exerted on atoms, towards the
center of the trap. In this configuration, millions of atoms are
collected in a second, and the temperature is cooled down to
less than 1 mK. However, the MOT beams and magnetic field
can significantly shift the clock transition. When the atoms
are loaded into an optical trap based on red-detuned standing
waves, which form a periodic lattice potential for the atoms,
it is easy to reach the Lamb-Dicke region where the atomic
motion must be treated quantum mechanically. In an opti-
cal lattice with red-detuned lasers, atoms are attracted to the
high-intensity region of the lattice light and oscillate around
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the anti-nodes of the standing wave. In 2003, H. Katori et al.
proposed to use 87Sr atoms trapped in an optical lattice to build
an ultra-stable optical lattice clock.!*¥! After 10 years of de-

veloping, an optical atomic clock with strontium atoms finally
showed better performance than Cs atomic clocks in 2013.[3%]
This new clock reached a total uncertainty of 1.5 x 10716,

Fig. 2. (a) Sketch of the MOT setup./'?! Three pairs of retro-reflected laser beams cross each other at the center of the trap. A pair of anti-
Helmbholtz coils provide the necessary quadrupole magnetic field for trapping. The atomic cloud is collected in the center of the trap. (b) The

diagram of one linear 4-rod trap (adapted from Ref. [37]).

By tuning the lattice light to the magic wavelength, the
frequency shift of clock transition due to the lattice can be
minimized to produce an ultra-narrow, minimally perturbed
spectrum. In the same paper by H. Katori,*®! the magic wave-
length optical lattice trapping technology was firstly proposed.
The essence of this design is to construct an optical lattice
with a carefully chosen laser frequency, called magic wave-
length, which can produce the same AC Stark shift to the up-
per and lower energy levels of the clock transition. Thus, the
Doppler and recoil frequency shifts can be eliminated without
introducing additional frequency shifts. The first magic wave-
length lattice strontium atomic clock was successfully demon-
strated in 2005.14%1 In 2018, the Katori group proposed a con-
cept of magic light intensity in which the total light shift is
canceled about 30% of a lattice-intensity variation.*!! By ob-
taining electric-quadrupole and magnetic-dipole polarizabili-
ties difference through the experiment, one derives two dis-
tinctive operational conditions that make the total light shift
insensitive to lattice intensity variation at the 10~'° level.

With the “magic” of magic wavelength, optical lattice
clock has been realized in many atomic species and the sta-
bility has stepped into the region of 10~'8. In 2013, an yt-
terbium optical lattice clock developed by the Ludlow group
at NIST achieved an unprecedented atomic clock stability of
1.6 x 108 after 7 hours of averaging.[*?! In 2018, the sta-
bility was further improved to 3.2 x 10~!°, with a system un-
certainty of 1.4 x 107'3.1431 In 2014, Jun Ye’s group at NIST
demonstrated a strontium optical lattice clock with stability
and uncertainty of the order of 10~18.114441 In 2017, they de-
veloped a fermionic strontium optical lattice clock in a three-

dimensional optical lattice,[*3! and greatly reduced density-
dependent frequency shifts to achieve a measurement preci-
sion of 5x 107! in one hour of averaging time. In 2019,
they compared the one-dimensional optical lattice clock with
the three-dimensional strontium optical lattice clock, 6! and
obtained the stability of 4.8 x 10717 /,/7. The measurement
precision reached 6.6 x 107! after an hour average time.

At the same time, scientists in China also contributed a
great deal to the development of optical atomic clocks. In
2015, the National Institute of Metrology of China completed
the closed-loop locking of a strontium atomic optical clock,
and achieve a self-comparison stability of 6.6 x 10~!% /,/7 and
a system uncertainty of 2.3 x 1076, The measurement of the
absolute frequency was adopted by the Certificate in Invest-
ment Performance Measurement (CIPM).[*71 In 2015, the Na-
tional Time Service Center of Chinese Academy of Sciences
successfully prepared a cold atomic sample of bosonic 38Sr
and realized a magnetic induction®! detection of the clock
transition line.[*”) Two years later, the closed-loop operation of
87Sr optical lattice clock achieved a stability of 5 x 10713 /,/7
and reached 5.7 x 1071709 after integration time of 3000 s.
Through further improvement of the system, continuous sta-
ble closed-loop operation was achieved for more than 8 hours
in 2018. The self-comparison measurement showed a stabil-
ity of 1.6 x 10713 /,/7, and 2.8 x 10~!7 in 2000 s. In 2016,
the East China Normal University completed the closed-loop
locking of an ytterbium atomic optical clock with stability of
2.9 x 1071%/4/7 and a system uncertainty of 1.7 x 107161511
In 2017, the ytterbium atomic optical clock at the Wuhan
Institute of Physics and Mathematics of Chinese Academy
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of Sciences achieved closed-loop locking with a stability of
2.4 x10714//7.521

2.2.2. Trapped ion optical clock

A trapped-ion system uses an oscillating (radio fre-
quency) electric field to confine ions at their dynamic equilib-
rium positions after the ions are laser cooled. This technique
was put forward by Wolfgang Paul and Hans Dehmelt,[33->4]
for which they won the Nobel prize of 1989. As illustrated in
Fig. 2(b), a 4-rod trap, so called Paul trap, uses four electrodes
to form a rotating radio frequency electric field. The potential
of this field can be described as a parabolic pseudo-potential
on the radial (x—y) plane, where the ions are elastically bound
to the axial z-axis. In the z-direction, another two electrodes
generate a static coulomb potential, so that ions could be ar-
ranged into a string.

The ions can be cooled via Doppler cooling technique
with a red-detuned laser beam. However, the lowest temper-
ature attainable of such a process is the Doppler limit, which
is generally less than 1 mK. Sideband cooling can further cool
ions to the ground state of motion.!”! At Doppler limit, the
range of ionic motion is much smaller than the wavelength
of the probe light, such that the ionic motion must be treated
quantum mechanically as quantum harmonic oscillators. In
this so-called Lamb—Dicke regime, the state of an ion can be
written as |1 ({),n), where |1) and ||} are internal levels, and
|n) labels the Fock states of phonon. Based on the coupling be-
tween phonon and internal levels, the red-sideband transition
|[4,n) — |T,n— 1) decreases the phonon number by 1. If one
applies an optical pumping beam after the red-sideband transi-
tion, all population of spin-up states |1,n — 1) is flipped to their
corresponding spin-down states |}.,n — 1). As a result, the av-
erage number of phonon decreases by 1. One can repeat this
process many times until the ion is cooled down to the ground
state of motion. Except this sideband cooling mechanism, the
electromagnetically-induced-transparency (EIT) cooling pro-
vides another efficient way to reach the quantum ground state
of ions. 15!

The laser cooling technique is only applicable for ions of
suitable energy level structure, such as Be™, Mg™, Ca™t, Cd™,
and Ba™. For other types of ions without such desirable en-
ergy levels, one can rely on sympathetic cooling. The idea
of sympathetic cooling is to trap the target ions together with
an auxiliary component which can be laser cooled, so that the
thermalization of the auxiliary medium with the target ion will
bring it to a low temperature. In this process, the auxiliary
component, usually called the cooling ion, is maintained at
low temperature by laser cooling. The target ion, called the
cooperative cooling ion, transfers its own momentum through
Coulomb interaction to the cooling ion to achieve the cooling
effect. In 2005, Schiller group demonstrated sympathetic cool-
ing of He" with the aid of Be™.’®! Another example of the

application of sympathetic cooling in trapped ion clock is the
Al clock, in which case the cyclic transition between internal
levels is in the deep ultraviolet regime. In 2019, NIST demon-
strated a successful sympathetic cooling and state readout in
an Al ion trap by using Mg™ as auxiliary ions.!'3! In this
work, they eliminated the heating of long-term motion with a
new trap. They also implemented Doppler cooling and side-
band cooling of Al™ and Mg™" ions within 14 ms to prepare
them in the three-dimensional ground state. At the same time,
the work also considered the additional micro-motion, time di-
late shift, blackbody radiation shift, and second-order Zeeman
effect. Through the above efforts, the systematic uncertainty
of the clock has firstly reached an unprecedented 9.4 x 10~
and frequency stability 1.2 x 10713 /,/7.

Because the cooling process takes as long as 14 ms,
the detected duty cycle in NIST experiment is not efficient
enough. Recently, the Monroe group used EIT cooling to sub-
Doppler cool a large number of ion chains (including about
40 ions) to the three-dimensional motion ground state within
300 ps,!3! which improves the cooling speed by roughly a
factor of 5. This may shorten the detection time and further
reduce the systematic uncertainty.

The first optical clock in China was realized by a group
led by Gao at WIPM in 2012 using calcium ions.7-81 In
2016, the same group observed a frequency comparison of two
40Cat optical clocks reaching the level below 10~!7 of stabil-
ity and uncertainty, which beats the best performance of Cs
fountains and marks one of the world records for *°Ca*-based
optical clocks.’%! Currently, continuous efforts have been de-
voted by many research groups worldwide to push the limit of
trapped-ion optical clocks based on various types of ions, such
as 88Srt, 171ypt, 19Hg*, 138Ba+ and !SI+ 7]

2.2.3. Transportable clock

The applications of optical clocks in geodetic and space
navigation set a stringent demand for their transportability. ]
To develop a transportable or space optical clock, one has to
redesign or modify some key components for the requirement
of compactness and reliability, while not to compromise too
much in its performance. This usually means a drastic reform
of the entire laser, vacuum, and ultra-stable chamber systems.

For ion optical clocks, Cao et al.l®!l re-engineered the
40Ca™ optical clock into two subsystems: a compact single ion
unit and a compact laser unit, and realized an optical clock of
0.54 m? in volume. The system fractional uncertainty was es-
timated at 7.8 x 10~!7. In 2020, the Wuhan Institute of Physics
and Mathematics suggested a method of integrating multiple
wavelength stabilization on a multi-channel cavity and pro-
vided a scheme for compact laser units in transportable optical
clocks.[6?!

Regarding the optical lattice clock, the LENS group

built a transportable 38Sr light clock in a volume less than
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2 m? in 2014, and demonstrated a frequency uncertainty of
7.0 x 107131631 1n 2017, PTB installed a 3’Sr optical clock
in an air conditioned car trailer. Its systematic uncertainty is
7.4 x 1017 against a stationary lattice clock, and an instability
of 1.3 x 10713 //7 with an averaging time 7 in seconds. %%
The development of integrated optical comb is also in
progress, and technologies such as micro-cavity optical comb
are also developing rapidly. At present, a compact optical-
clock architecture is proposed with significant reduction both
in component size and complexity by the integration of
silicon-chip photonics.!®] Meanwhile, in order to further re-
duce the size of the clocks, it is also necessary to miniaturize
the remaining parts of the clocks, including controlling elec-
tronics and optical components. With new digital electronic
technology, control electronics can now become extremely
compact. Recently, more efforts have been focusing on mini-

66,67 [aser sources, [08-701

mizing the optical frequency combs,|
and integrated optics!”!"7?! for both optical lattice and ion trap

clocks.

2.2.4. Heisenberg limit

In all types of clocks, the measurement is bounded by the
standard quantum limit (SQL) 1/ V/N because of the quantum
projection noise.[”3! One then has to step into the regime of
quantum metrology to reach the Heisenberg limit 1 /N, which
is based on the Heisenberg uncertainty relation.”! There are
usually two ways to reduce the frequency uncertainty to purse
the Heisenberg limit:

(D Reduce the molecular uncertainty by preparing
squeezed states. [’

(IT) Increase the spin response to frequency

by utilizing the largest entangled state, or the

Greenberger—Horne—Zeilinger (GHZ)
(Hida - )+ M1tz ) /V2.

Along the second route of preparing entangled states

state YGHZ =

in trapped ion systems, the Kim group developed a definite

5,151 and ex-

method to generate arbitrary phonon NOON state
perimentally realized 9 phonon NOON states in a single ion in
2016. Moreover, it is observed that as N increases, the lower
bound of the Heisenberg limit is reached. By increasing the
number of ions, the Kim group implemented a scalable global
entanglement gate, and prepared the GHZ state in an entangle-
ment operation in 2019.17%1 They successfully demonstrated a
multi-partite entanglement in a system of up to 4 qubits, and
reached a state fidelity of 93.4%. These realization of entan-
gled states paves the way to approach the Heisenberg limit,
which may further improve the performance of the ion optical

clock.

3. Magnetic field measurement

Magnetic field is one of the most common but also fun-
damental physical quantities in all electromagnetic events in
nature. Measurement of a magnetic field is widely used tech-
nique in many applications including aerospace and deep-
sea exploration, mineral discovery, earthquake monitoring,

[77.78]' A conventional mag-

biology, and biomedical science.
netic sensor employs the classical electromagnetic coupling
between the field and the probe, and can realize a measure-
ment of magnetic field within a wide dynamic range via a
relatively simple mechanical and electric structure. For ex-
ample, fluxgate magnetometer and Hall-effect sensor have a
detection range from 1 nT to 107 nT. The sensitivity, how-
ever, is usually limited to 1 nT/v/Hz. In comparison, quan-
tum magnetic sensors are developed by quantum technologies,
which have very high sensitivities when measuring a weak
field. For example, optically pumped magnetometer, nuclear-
precession magnetometer, and Overhauser magnetometer can
measure the magnetic field from 0.1 nT to 10° nT. One of the
most successfully developed equipments for this measurement
is low temperature superconducting quantum interference de-
vice (SQUID) magnetometer, which has reached a sensitiv-
ity level of 1 fT//Hz. However, the requirements of com-
plicated and expensive cryogenic system, and low spatial res-
olution of SQUID magnetometer significantly limit its appli-
cations. In the past 20 years, atomic magnetometers based
on neutral atoms have demonstrated compact, non-cryogenic
alternative to sub-femtotesla-sensitity measurement of weak
magnetic field.

In this section, we focus on the magnetic field measure-
ment based on cold atoms. The word “cold atoms” is used
for all quantum sensors based on either cold atomic ensem-

80,81]

bles with reduced distribution of thermal Velocity,[ or

Bose-Einstein condensates (BEC) as a macroscopic quantum

state. [82:83]

3.1. Principles

Over 170 years ago, M. Faraday noticed that the polar-
ization of a linear polarized light was rotated when it went
through a medium in a magnetic field along the propagation
direction.[3# This phenomenon, known as Faraday rotation,
is attributed to the different refractive index of different cir-
cular polarization component of the linear polarized light in
the medium. This then leads to different accumulated phase
shifts and consequent rotated polarization of the combined
beam with linear polarization

(ny—n_)z

l, )

where ny are refractive indices of different circular polariza-

¢ =2m )

tion components, z is the propagation distance, and A is the
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wavelength of the laser. This effect thus provides a mechanism
to detect the intensity of a magnetic field if a proper medium
is identified to have a strong Faraday rotation.

Microscopically, the mechanism of atomic magnetome-
ter relies on Larmor precession, which is the precession of the
magnetic momentum of a particle about an external field. The
strength of the magnetic field determines the precession fre-
quency, called the Larmor frequency. With the technologies
of laser spectroscopy, the Larmor frequency could be mea-
sured in spectroscopy. This basic principle is a quite universal
mechanism for most of the atomic magnetometers, no matter
whether optical pump technique is utilized of not.

Facilitated by the fast development in technology to con-
trol atoms with laser light, atoms with population polariza-
tion were used to detect magnetic field. The first experiment

was demonstrated in “He in the 1960s.[8°

I Since then, op-
tical pumped “He magnetometer has been widely used over
tens of years. In 2003, a new spin-exchange-relaxation-free
(SERF) atomic magnetometer with potassium atoms in room
temperature vapor cell was developed by Romalis.[#) In this
new setup, an unprecedented magnetic field sensitivity of
0.54 fT/+/Hz was achieved, and a 2 mm spatial resolution was
obtained. This performance shows an alternative device than
SQUID magnetometer for weak field detection, but in a much
simpler way. In 2012, a sensitivity of 20 fT/v/Hz was ob-
tained in an atomic magnetometer based on a micro-fabricated
vapor cell of 87Rb atoms, and a micro-machined silicon sen-
sor head was demonstrated.'3”) Now many variants of optical
pump atomic magnetometers have been realized in labs, and
started to be applied in geophysics and biomedicine.

3.2. Recent progresses on cold atom magnetometers

Cold atoms are suggested to be an alternative way to fur-
ther improve the performance of atomic magnetometer, ow-
ing to the fine control of various fluctuation sources such as
negligible Doppler broadening of the optical transition, signif-
icantly smaller diffusion, and much longer coherence time of
atoms. Besides, the strong suppression of collisions, high lo-
cal density, and higher spatial resolution also make the system
an interesting one to test new quantum technologies for further
improving the performance as atomic magnetometers. [’8]

3.2.1. Trapped non-degenerate gases

The earliest experiment of magnetic field measurement
with cold atoms was performed in 9 x 107 laser cooled 8’Rb
atoms,[””! in which Larmor spin precession was observed
through paramagnetic Faraday rotation. In this experiment,
a pump beam polarized the spin population and the polar-
ization of a probe beam was monitored to detect the Larmor
frequency, so that the magnetic field was determined. The
temperature of the atoms was 10 uK, the traditional Doppler

broadening and collisional broadening with buffer gas were
absent, therefore a high signal to noise ratio was obtained and
a precision of 18 pT was reported. This is the first demonstra-
tion that laser cooled atoms could be used to improve the per-
formance of magnetic field measurement. Since then, atomic
magnetometers using non-degenerate cooled gases have been
realized in different traps and a sensitivity down to 10 pT/y/Hz

and a spatial resolution to 50 pm were reported. (333!

3.2.2. BEC in atomic chip

Since 2006, 8’Rb Bose—Einstein condensates on an atom
chip were demonstrated to be sensitive sensors for magnetic
and electric fields. With in situ imaging technique, the lo-
cal density of BECs was obtained with high spatial resolu-
tion, such that the two-dimensional magnetic field distribution
above the micro-structured atomic chip was extracted. ¥+
In these setups, both high sensitivity of 1 x 107!° T and high
spatial resolution of about 1 wm have been reached, providing
new possibilities of simultaneous observation of microscopic

and macroscopic phenomena.

3.2.3. Spinor BEC

In 2007, the Stamper-Kurn group demonstrated a precise
measurement of the Larmor precession in a 3’Rb spinor Bose-

e.7! In this work, the Larmor precession

Einstein condensat
was induced by a radio-frequency (RF) pulse. The Larmor
precession phase was obtained with magnetization-sensitive
phase contrast imaging of the spinor condensate, in which a
detuned circular polarized imaging light was used. In this
cold atom magnetometer, the best field sensitivity obtained

was 8.3 pT/v/Hz at a spatial resolution of 120 pm.

3.2.4. Spin echo

In 2013, Y. Eto demonstrated an atomic magnetometer
with the spin-echo technique in 3’Rb F = 2 Bose—FEinstein
condensates. In this experiment, the RF Hahn-echo pulse se-
quence (7/2-m—m/2) was used to rotate the spin vector and
implement the spin echo, so that the effect of undesirable in-
homogeneities and stray magnetic fields was minimized. A
magnetic field sensitivity of 12 pT/v/Hz of an AC magnetic
field was attained at a spatial resolution of 100 um.[*®) In a dif-
ferent experiment, the rotary echo-pulse sequence was imple-
mented in a cold gas of Cs atoms.!”! Both DC and AC compo-
nents of the background field along three orthogonal axes were
measured, to a resolution of less than 5 nT in a bandwidth of
~ 1 kHz.

3.2.5. Radio-frequency magnetometer

In 2019, a radio-frequency atomic magnetometer similar

1001 was demonstrated.'O! In

to that with thermal vapor cell!
this setup, atom clouds of 8’Rb atoms were sub-Doppler laser

cooled to 20 uK and traditional pump—probe scheme was used.
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A sensitivity of 330 pT/+/Hz was reported in an unshielded en-
vironment. This can potentially provide many applications of
RF magnetometer to high spatial resolution regime.

3.2.6. Spin squeezing

In 2012, a squeezing of spin orientation was realized by
quantum non-demolition (QND) measurement through a train
of short pulses.!'%?] This led to a spin-aligned atomic ensem-
ble with up to 8.5 x 10° laser cooled 8’Rb atoms in the F = 1
hyperfine ground state and generated spin squeezing and en-
tanglement in the cold atomic ensemble. In this experiment,
3.2 dB of quantum noise reduction and 2.0 dB of spin squeez-
ing were obtained, which improved the short term sensitivity
and measurement bandwidth. In 2014, the Oberthaler group
demonstrated a scalable spin squeezing through nonlinear dy-
namics in their Bose Einstein condensates with proper trap-
ping geometries.!!%3 They achieved a suppression of fluctua-
tions by 5.3 dB in 12300 particles and a single-shot sensitivity
of 310 pT, which corresponds to a sub-shot-noise sensitivity
of 1.86 nT/v/Hz.

3.2.7. Entanglement

Similar to entanglement-assisted magnetometer with
thermal vapor cell,['%4 cold atoms magnetometer also bor-
rowed the idea of the entanglement and demonstrated an en-

[105] In this setup, atomic chip

hancement of its performance.
was used to trap and manipulate a small Bose—Einstein con-
densate of 3’Rb atoms. The entanglement between the atoms
was realized by two-body collisions and a state-dependent
potential. The measurement overcame the standard quan-
tum limit by 4 dB and obtained an enhanced sensitivity of
77 pT/v/Hz to microwave magnetic field. In 2020, an inter-
esting 3D magnetic gradiometry was realized in an ultracold
atomic scattering halo of pairs in a symmetric entangled spin

state.l1% A simple magnetic gradiometer was also realized.

3.2.8. Spatial resolution

Compare to the atomic magnetometer based on ther-
mal vapor cell,l’”’! cold atoms magnetometers have much
higher spatial resolution without sacrificing the sensitivity.
One example is an early demonstration of high resolution
atomic magnetometer with cold atoms, !l where a sensitiv-
ity of 10 pT/+/Hz at 50 um spatial resolution was shown.
In 2019, a novel design of cold atom magnetometer with
spatially-selective and spatially-resolved in situ measurement
was developed.[?3! In this new setup, shaped dispersive probe
beams and spatially-resolved balanced homodyne detection
method were used. These new designs could be used not just
to magnetic field sensing, but also to better quantum simulator

with quantum gas microscopes.

3.2.9. Optical lattice

Cold atoms trapped in deep optical lattices offer an in-
teresting system for precision measurement of magnetic field.
The atoms in the system are well localized with no photon re-
coil, no collisional effect, so that longer spin coherence time
can be attainable. One experiment reported a measurement of
Faraday effect of the spin of laser-cooled atoms trapped in an
optical lattice.!'%71 This may shine new lights on the develop-
ing novel atomic magnetometers.

4. Inertial forces measurement

Measurement of gravity related quantities and inertial
forces in general has shown many applications from funda-
mental physics to industry. Due to their ultra-high sensitivity,

Raman atom interferometers have been used to measure grav-

[108 t’[109

I gravity gradien I gravitational

112-114

itational acceleration,

g 1110111 I and they are even

constan I angular velocity!
used to test general relativity.[!1>116] These devices have great
potential in a wide range of circumstances ranging from aca-
demic research in fundamental physics, metrology, and geo-
physics, to industrial applications such as oil and minerals de-

tection, and inertial navigation.[!!”]

4.1. Principles

It is well known that interference occurs when two light
beams overlap with the same frequency, the same polariza-
tion, and a certain phase difference. The interference pattern
changes with varying phase difference between the beams.
Similarly, matter waves also exhibit interference phenomena.
Raman atom interferometers conceptually resemble an opti-
cal Mach—Zehnder interferometer, as shown in Figs. 3(a) and
3(b). In an optical Mach—Zehnder interferometer, the incident
light beam is split into two by the first beam splitter. The two
beams propagate in different paths, and then redirected by the
mirrors to meet and interfere at the second beam splitter. The
light powers of outputs of the second beam splitter show in-
terference signal, which is used to determine the optical path
difference between the two beams. In the Raman atom inter-
ferometer, the matter wave of neutral atoms plays the same
role as the light beam in an optical interferometer, and the Ra-
man pulses act as beam splitters and mirrors. The coherent
splitting, propagation, and superposition of the atoms result in
the matter wave interference,!''8 which can serve as an ideal
inertial sensor owing to the interaction of atoms and inertial
forces.

Specifically, in a Raman atom interferometer, the two en-
ergy levels of an atom are denoted by |1,po) and |2, pg + 27ik)
as shown in Figs. 3(c) and 3(d). The incident atoms are ini-
tially in the |1, pg) state. Being irradiated with a 7/2 (a quar-
ter of a Rabi oscillation) pulsed light, the atoms are trans-
ferred to an equally populated superposition of |1,py) and
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12,po +27ik). Atoms in |2, pg + 27ik) state obtain a momenta
2hk from the two-photon Raman process, so these atoms are
After a
certain time, a & pulse (half of a Rabi oscillation) of Ra-

spatially split from the initial |1,po) state atoms.

man beams simultaneously interact with all atoms, and re-
verse the states of the atoms. That is, the |1,pg) state be-
comes |2,pg+ 2hk) state, while the |2,y + 2%ik) state goes
to |1,po) state. Once again, after a certain time, the two atom
beams simultaneously interact with the second 7/2 pulse,
and they both become coherent superposition of |1,pg) and
|2, po + 2%k) states, so the interference of matter waves oc-
curs. Here, the /2 pulse acts as a beam splitter and the 7
pulse as a mirror. The probability that the atoms in one of
the states is determined by the differential phase shift of the

atoms[l()&l 19]

P o< 1+cos (A(Ppath + A‘plaser)> o)

where A@parn is the phase shift obtained during the propagation
in external inertial fields, and A@j,sr is due to the interaction
of the atoms with Raman pulses. Through the interaction of
atoms with external inertial fields, the phase of the final su-
perposition state of the atoms can determine the inertial fields
such as gravitational acceleration. Therefore, the information
of gravity field can be extracted from the selective detection of
the internal state of atoms.

(a) (0) o
% |2, p, +2hk >
—»o/
“~f’~‘>§ |k 1=K, |
(/)‘.l?,
(b) z % \z,p‘,+zrz/?>(d) —_—

£ 125,20k

IV |

Fig. 3. Optical Mach-Zehnder interferometer and Raman atom interferom-
eter. (a) An optical Mach—Zehnder interferometer with beam splitters and
mirrors. (b) A Raman atom interferometer with a standard 7/2-7—m/2 Ra-
man sequence. (¢) Momentum transfer of an atom when its internal state is
changed by a Raman pulse. (d) Two-photon Raman process.

|

|2, p, + 20k >

[L.p,>

A practical experimental realization of a Raman atom in-
terferometer includes preparation, manipulation, and detec-
tion of atoms in certain quantum states. Preparation of atoms
usually refers to slowing, cooling, and optical pumping of
the atoms with laser beams.[!?%12!] These procedures prepare
the atoms with small momentum uncertainty in stable ground
states for manipulation and detection in subsequent steps. Ma-
nipulation of quantum states in a Raman atom interferome-
ter means coherent splitting and recombining the atoms with
/2 and m pulses of two-photon Raman transitions. Once
the separated beams propagate in external inertial fields, the

phase shifts imprint into the different quantum states of the
atoms. State selective detection of atoms reads the infor-
mation of a certain phase shift by measuring the population
of atoms in different quantum states. In the path integral
theory, the phase shifts of the atoms interacting with differ-
ent external fields A¢pan and the Raman pulses A¢yser can

108,118,119,122] The relations between the phase

be calculated.!
shifts and the external inertial fields can be used to measure
the inertial fields.

Atomic gyroscope Atoms feel the Coriolis force when
there is a rotation in the horizontal plane, which results in the

Sagnac effect. In this case the phase shifts are

A¢path =0,
Afiaser = 2ketrvQT* + ¢1 — 22 + ¢3, (©6)

where ke is an effective coupling constant, Q is the angular
velocity, v is the velocity of the gyroscope, T is the evolu-
tion time between two /2 pulses, and ¢; » 3 denote the phase
shifts due to Raman pulses.

Atomic gravimeter When a uniform gravitational field
acts on atoms and the direction of Raman light is identical to
that of the gravitational acceleration, we have

A(I)path =0,
Araser = — c::ffgoT2 +¢1—2¢2 + 03, @)

where g is the gravitational acceleration.

Atomic gravity gradiometer In a gravity field with a uni-
form gradient when the direction of Raman light is identical to
the gravitational acceleration, the phases read

7
APpath = OtkessT? (12g0T2 —voT — Z0> ;

Alaser = —kerg0T> + @1 — 2¢2 + @3, ®)

where o is another coupling constant, and zg is the height
variation of the atom trajectory. When the gravitational gra-
dient is measured by an atomic gravity gradiometer close to
a well-characterized massive object, the Newtonian gravita-
tional constant can also be precisely determined. The relations
above show that the extra inertial fields change the differential
phase shift in the Raman atom interferometers, which can be
used to measure the inertial fields.

It is noticed that the differential phase shift of the Raman
atom interferometers A@yoal o< ke o< %;SLI if ¢ —2¢ 4¢3 is
ignored. That is, the atom interferometer’s accuracy is scaled
with the laser wavelength, but its sensitivity is much higher
than that of an optical interferometer. Taking the measurement
of angular velocity as an example, the additional phase shift is
A9 = 4mQA/Ac due to the Sagnac effect.!!231251 If we com-
pare the atomic interferometer with the optical interferometer,
the differential phase shifts satisfy

A(patom o 47T-QA/A'atomV - /’Llightc

- = ~ 10" 9)
Aiight  4TQA/ Aiighic

latom v
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assuming the areas enclosed by the interferometers A are the
same for both devices. Potentially, the atom interferometer
could be much more sensitive than an optical interferometer if
they take the same size. Although the potential sensitivity of
the atom interferometer is currently limited by many technical
issues, intensive efforts worldwide have been put to improve
the atom interferometer for many applications.

4.2. Inertial sensors based on atom interferometers

In the 1950s, the idea of the atomic fountain was pro-
posed by Zacharias based on the Ramsey separated fields
method, aiming to extend the interaction time between light
and atoms.!'? This idea was passed down to generations of
physicists by word of mouth but never published because of
the unsuccessful attempt in experiments, due to the lack of
a high density source of slow atoms.!'?”) In 1987, the possi-
bility of matter-wave interferometers of low-velocity neutral
atoms was proposed to measure acceleration and rotation as
inertial sensors with high sensitivity.!'>8! In the late 1980s,
various types of atom interferometers were proposed to be
sensitive probes of different physical effects,!'?! and until the
early 1990s the first laboratory demonstration of atom interfer-
ometers was realized.!!3%] Because of their intrinsically high
sensitivity to inertial effects, atom interferometers are now
widely used as tools for fundamental physics and precision
measurements. [13!]

In 1991, four groups independently realized atom inter-
ferometers using different experimental methods. The Mlynek
group demonstrated the Young’s double-slit experiment of
matter waves of He atoms,[!3%! the Pritchard group used a
transmission grating to realize a Na atomic interferometer.13?]
Bordé et al.!''?! and the Chu group!!33! developed atomic in-
terferometers based on laser beam diffraction of atoms. The
former one is referred to Ramsey—Bordé atom interferometer
while the later one as Raman atom interferometer. Since the
first laboratory demonstrations of atomic interferometers, the-
oretical and experimental investigations of atomic interferom-
etry developed dramatically.!'31-134]

In China, studies in this field were initiated by the Zhan
group at Wuhan Institute of Physics and Mathematics of the
Chinese Academy of Sciences, who realized the first atom in-
terferometer in China in 2005.11351 Since then, researches in
this field have been very active and many exciting progresses
have been achieved. In the following, we will briefly review
some important steps for the development of atom interferom-
eter as inertial sensors.

4.2.1. Atomic gyroscope

In 1973, a US patent first came up using a matter wave
interferometer to precisely measure a few physics quantities,
including the rate of rotation of the apparatus, variation of the

gravitational field and magnetic field.!3%)

In 1991, the first Ramsey—Bordé interferometer of a cal-
cium atomic beam was realized to measure the rotation fre-
quency of the apparatus by Riehle et al.!''?] By rotating their
entire apparatus at various rates £ and recording the fre-
quency shift of the Ramsey fringes, they demonstrated the
In 1997, two groups si-
multaneously published results of rotation sensing with atom
interferometers.[!13114] In Ref. [113], the Pritchard group used

first Ramsey atomic gyroscope.

a beam of sodium atoms through nanofabricated transmission
gratings. The rotation of an atom interferometer at rates of —2
to 42 the Earth rates was measured, and 1% agreement with
theory was achieved. In contrast, stimulated Raman transi-
tions were used to coherently manipulate atomic wave packets
of cesium atoms in Ref. [114] from the Chu group, as shown
in Fig. 4(a). The signal-to-noise ratio of the atomic gyroscope
interference fringe was 400 : 1, and a short-term sensitivity of
2 x 1078 (rad/s) /+/Hz was more than two orders of magnitude
better than the previous results. The Earth’s rotation rate was
measured with high precision in this setup. Since then this
type of Raman atomic gyroscope has been drawing significant
attention and widely investigated, because it shows more po-
tential in technical limits, flexibility, and sensitivity, compared

to the gratings based atomic gyroscopes.!'37]

Table 1. Measured performance of atomic gyroscopes.
Sensitivity/(rad/s/vHz)  Ref.

Interrogation time/ms

0.085 7% 1077 [113]
6.8 2x 1078 [114]
6.8 6x 10710 [139]
9.1 7.5% 1078 [142]
60 22x107° [143]
80 2.4x1077 [144]
4 2x 1074 [145]
260 7% 1076 [146]
206 8.5%x1078 [141]

23-25 1.2x 1077 [147]
801 3x 1078 [148]
104 1.2x107° [149]
546 1.67 x 1077 [150]

During 1998 to 2006, the Kasevich group continuously
improved the sensitivity of the Raman atomic gyroscope. In
1998, they used two counter-propagating beams of atoms
to construct an atomic gyroscope. This new design of
dual-interferometer atomic gyroscope took advantage of the
same set of Raman beams, which greatly reduced common
mode noise and various systematic errors and increased short-
term sensitivity to 3 x 107 (rad/s)/v/Hz.['3] Tn 2000, they
adopted a feedback control system and phase-locked technol-
ogy in this system, and increased the short-term sensitivity to
6 x 1071%(rad/s)/v/Hz,'3°) which was already a factor of 2
better in sensitivity reported for a 1 m? ring laser gyroscope
at that time. In 2006, they fixed the atomic gyroscope di-
rectly on the ground of their laboratory with minimal vibra-
tion isolation, and used acousto-optic modulators to suppress
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the spurious phase shift. They demonstrated a gyroscope bias
stability of < 70 pdeg/h, scale factor stability of < 5 ppm,
and short-term noise ~ 3 udeg/ h'/2 11401 which enabled nav-
igation at a level of system drift much less than 1 km/h. In
2011, the group used a new 7/2-n—n—n/2 Raman pulse se-
quence in a small and portable setup. This expanded the
dynamic range of previous atomic gyroscope by a factor of
1000. When the angular velocity did not exceed 0.1 rad/s,
the gyroscope still maintained a high contrast, and the ran-
dom drift of the angle remained below 295 pdeg/+v/h.['4!]
This solution simultaneously satisfied the accuracy and the

dynamic range, hence making a bridge between lab-based
atomic gyroscopes and real devices for inertial navigation and
geophysics. There are many other promising progresses for
smaller and portable devices, which will be important for fu-
ture applications.[137:145.146]

Some of the measured performance of atomic gyroscopes
reported by different groups are summarized in Table 1, in-
cluding the ones obtained by the Zhan group at Wuhan In-
stitute of Physics and Mathematics of the Chinese Academy
of Sciences!!*"! and the Hu group at Huazhong University of
Science and Technology.!'>"]
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Fig. 4. Inertial sensors based on a Raman atom interferometer. (a) An atomic gyroscope for angular velocity.!''*! (b) An atomic gravimeter for

gravity acceleration.[!33

the Newton gravitational constant.[!10]

4.2.2. Atomic gravimeter

Almost 40 years after Zacharias’ original proposal of
the atomic fountain, the Chu group at Stanford demonstrated
the first working atomic fountain,!">! which became one
workhorse for next-generation atomic clocks. With the aid
of fast developing laser cooling technology, the extension of
Ramsey’s separated oscillatory field method in the microwave
regime to optical domain in the atomic fountain naturally leads
to a new design of atom interferometers. Since the accuracy
of the Raman atom interferometer is limited by the interacting
time of atoms and gravity field, the slow speed of atoms and
the long propagation time in the atomic fountain can greatly

facilitate the measurement and hence enhance the accuracy.

! (c) An atomic gravity gradiometer for the gradient of gravity acceleration.

(1091 (d) An atomic gravity gradiometer for

In 1991 Kasevich and Chu developed the world’s first Ra-
man atom interferometer based on atomic fountain and Raman
pulses. They used it to measure the gravity acceleration,!33]
as shown in Fig. 4(b). In this experiment, about 107 atoms
were initially loaded into magneto-optical trap from slowed
Na atom beam, then polarized gradient cooling was used to
cool the atoms to about 30 uK. The atoms were launched verti-
cally in a moving optical molasses, and optically pumped into
the F = 1 ground state. The n/2-n—m /2 sequence of Raman
pulses was used to manipulate the state of atoms in the foun-
tain. After that, a resonant light ionized the atoms on the F =2
state and the probability of atoms in this state was measured
with a micro-channel plate detector. The interference fringe
of this atom interferometer was obtained when the frequen-
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cies of the Raman lasers were scanned. From the phase shift
caused by the gravity, the gravity acceleration could be deter-
mined. They obtained a resolution of 3 x 10~%g after 1000 sec-
onds of integration time. Based on this unique design, many
groups have been improving this atomic gravimeter for higher
resolution. In 1992, Kasevich and Chu obtained 3 x IO_Sg
accuracy after 2000 seconds of integration time, by improv-
ing to the Raman scheme in the atom interferometer.!'%%! In
1999, the Chu group further cooled the atoms, used an ac-
tive low-frequency vibration isolator, and systematically re-
duced the noise in the atom interferometer. These strategies
led to an absolute uncertainty down to 3 x 10~°g after 60
seconds of integration time.!'3?! In 2008, the Chu group in-
creased the number of Cs atoms to 10° and significantly re-
duced the atom temperature to 150 nK by Raman sideband
cooling. The accuracy was increased to 1.3 x 10~g after 75

(1531 1n 2013, the Kasevich group

I'.“54

seconds of integration time.
developed a point source interferomete 1 Atom cloud at
3 nK with 30 um initial radius was used as an atomic point
source, and a spatially resolved detection was implemented by
a CCD camera. Combined with a 10 m tall atomic fountain,
they achieved an unprecedented accuracy of 6.7 x 10~ '2g in
one shot of 20 seconds. In China, the development of atomic
gravimeter is also fast and exciting. In 2013, the Hu group
at Huazhong University of Science and Technology demon-
strated an atomic gravimeter and achieved the sensitivity of
4.2 x 10_9g/\/m.[158] In 2018, the same group developed a
momentum-resolved detection technique in a sensitive Bragg
atom interferometer and improved the resolution for gravity
measurements to the level of 7 x 10~!%g after an integration
time of 1000 s.!161]

Table 2 presents the measured performance of some
atomic gravimeters reported by different groups.

Table 2. Some reported performance of atomic gravimeters.

Sensitivity (Ag/g/vHz) Ref.

Interrogation time/ms

135 9.5% 107 [133]
100 1.3x10°° [108]
320 23x1078 [118,152]
100 14%x1078 [155]
800 8x 1077 [153]
80 1.7x 1077 [156]
22 2.3x107 [157]
600 42%107° [158]
60 5% 1078 [159]
2300 3x 1071 [154]
1800 3x 10710 [160]

4.2.3. Atomic gravity gradiometer

Gravity gradient results from the spatial change of grav-
ity acceleration. An atomic gravity gradiometer is an atom in-
terferometer to measure this change in the gravitational force
over space. Specifically, two atom clouds are separated by a

distance D in the same setup. They both measure the gravita-
tional acceleration value at the local points simultaneously and
the difference between the gravitational acceleration of the two
points Ag, so the gravitational acceleration gradient g’ = Ag/D
could be obtained.

Since 1998,

first atomic gravitational gradiometer based on two atomic
m. [109,166]

the Kasevich group demonstrated the
gravimeters vertically separated by about 1 as
shown in Fig. 4(c). In this setup, the standard laser cooling
technologies, including vapor cell magneto-optical trap, polar-
ization gradient cooling, and optical pumping were used. Each
cloud contained approximately 5 x 107 Cs atoms at 3 uK in the
F =3, mg = 0 state as the initial state of the atomic fountain.
Following the state-preparation stage, atoms were subjected to
the 7 /2—n—m /2 Raman pulse sequence to split, reflect, and re-
combine the matter waves. Two co-propagating Raman beams
were used to minimize Doppler shifts of the Raman transition
frequency, while the atomic clouds were excited by the same
detection beams at the same time and the fluorescence was
collected simultaneously. The accuracy of their gravity accel-
eration gradient measurement reached 4 x 10~°g/m. In this
experiment, they also developed a normalization algorithm
called ellipse-specific fitting of sinusoidally coupled data from
two gravimeters in a gradiometer configuration, which was in-

sensitive to the main technical noise.!1¢7]

Table 3. Reported performance of atomic gravity gradiometers.

Sensitivity/(g/m/v/Hz) Ref.

Interrogation time/ms

60-315 ~33x107? [109,166]
170 6x107° [173]
300 1x10°8 [169]
330 6.7x10°8 [172]

In 2007, the Kasevich group obtained the Newton grav-
itational constant by using the atomic gravity gradiometer, as
shown in Fig. 4(d). They measured the gravitational gradi-
ent from a well-characterized lead source mass precisely posi-
tioned between two vertically separated atomic gravimeters,
so as to calculate the Newton gravitational constant. They
reached the relative accuracy of about 3.2 x 103,119 1n 2008,
the Tino group also used a similar setup to measure Newton’s
gravitational constant, but they used the denser tungsten as
the gravitational source, and obtained a relative accuracy of
4.6 x 10~4,l1'1] and they further improved it to 1.5 x 10~% in
201411681691 1n 2017, they improved the relative accuracy of
Newton gravitational constant again'!7 and a feasible future

1711 Meanwhile, the Hu group at

to 10 ppm was predicted.!
Huazhong University of Science and Technology contructed
an atomic gravity gradiometer and obtained a sensitivity of
6.7 x 10~8g/m/+/Hz in 2014.1172!

Table 3 lists measured performance of some atomic grav-

ity gradiometers reported by different groups.
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4.3. Recent progresses of atom interferometer

It has been almost 30 years since the first demonstration
of the Raman atom interferometer. Many variants and tech-
nologies have been developed to improve the sensitivity of
the devices and they are used in applications of a wide range
of circumstances.[!!7-131.174-176] A]] these applications require
different performance of the atom interferometers, including
sensitivity, accuracy, dynamic range, stability, compactness,
transportability, and cost. Generally, applications in funda-
mental physics and metrology need atom interferometers with
the highest sensitivity, while other applications not only need
certain sensitivity but also some other user-related qualities.
So the recent developments of Raman atom interferometers
mainly focus on improving their performance in different as-

pects for the aimed applications.

4.3.1. Large size interferometer

At present, some groups are constantly pushing further
to construct atomic interferometers with increasingly larger
size. For instance, a 10 m Raman atom interferometer has
been developed by the Zhan group at Wuhan and successfully
achieved a sensitivity of 2 x 1077 g/ Hz.'77! Later, the Kase-
vich group used a 10 m atom interferometer to simultaneously
measure the gravity acceleration of 8’Rb and ®Rb atoms to
verify the principle of equivalence in general relativity, and
the sensitivity has reached 3 x 10~ g/+/Hz.l'78! Even larger
projects have also been launched or proposed, such as the
Matter wave-laser based Interferometer Gravitation Antenna
(MIGA) project started in 2013,[17°1 the Atomic Interferomet-
ric Observatory and Network (AION) project designed for un-
precedentedly high sensitivity to detect gravitational wave and

[180] and the Zhaoshan long-baseline

to search for dark matter,
Atom Interferometer Gravitation Antenna (ZAIGA) project
proposed.!'3!1 Being proposed in 2019, the ZAIGA project
plans to build a underground laser-linked interferometer fa-
cility in a 300-m vertical tunnel for atom fountain and atom
clocks, aiming to explore fundamental physics of gravitation

and related problems. [!81]

4.3.2. High momentum transfer

To increase the enclosed area of an atom interferometer
for high sensitivity, an alternative way is using laser pulses
to transfer sufficiently large lateral recoil momentum to the
atoms. In 1991, the standard 7/2-7—m/2 Raman pulses only
transferred 2/ik momentum to the atoms.[!33! Tn 2008, the Chu
group tried Bragg scattering to transfer 247k momentum to
the atoms, increasing the phase shift 12-fold for the Mach-

(182

Zehnder atom interferometer.[!8?] In 2011, the Kasevich group

used a sequential multi-photon Bragg diffraction to transfer up

U831 There seems no im-

to 1027k momentum to the atoms.
pediments to scaling this method to even larger momentum
transfer, perhaps in excess of 1000%k. This technique could be
very promising to achieve even higher sensitivity of the current
atom interferometers and to construct compact devices with

excellent performance.

4.3.3. Portable atom interferometer

In addition to fundamental physics, atom interferometers
have demonstrated many other potential applications such as
inertial navigation, gravity detection, and mineral surveys due
to their high sensitivity. In these scenarios, a compact and
portable system for field applications is very much desired. In
the past decade, massive effort has been devoted to different

1751 For instance,

portable systems in many groups worldwide. [
the size of the atomic gyroscope based on dual interferometers
from the Kasevich group was smaller than 0.6 x 0.6 x 1 m’,
while reached a sensitivity of 7 x 107%(rad/s)/+/Hz.[14¢]
Their compact gravity gradiometer was smaller than 1 m>, the
sensitivity was 6 x 10~°g/m/+/Hz.['”3] Bouyer et al. have
also been trying to construct smaller atom interferometers. >3]
The sensor head of their gravimeter with the unique single-
beam pyramidal magneto-optical trap was only 0.4 m, and
aldx 10_8g/ VHz sensitivity had been obtained. Their
dual interferometer gyroscope with total length of 0.9 m has
reached a sensitivity of 2 x 10~*(rad/s)/v/Hz.['84 Portable
atom interferometers have being drawing special attention in
the last three years. In 2017, the Zhan group at Wuhan Insti-
tute of Physics and Mathematics of the Chinese Academy of
Sciences demonstrated a 8°Rb atom gravimeter (WAG-H5-1)
and obtained a sensitivity of 30 pGal/v/Hz and a stability of
1 uGal@4000 s.11%21 In 2018, the Li group at National Institute
of Metrology constructed a Raman atom gravimeter (NIM-
AGRb-1) and obtained a sensitivity of 44 uGal/v/Hz.!'%3! In
2019, the Hu group at Huazhong University of Science and
Technology reported a portable gravimeter with a sensitiv-
ity of 53 uGal/v/Hz.'"®! In the same year, the Lin group
at Zhejiang University of Technology realized a sensitivity
of 300 uGal/+/Hz in their Raman atom gravimeter.!!*! Re-
cently, the Chen group at University of Science and Technol-
ogy of China completed a Raman atom gravimeter (USTC-
AGO02) and achieved a sensitivity of 35 pGal/ /Hz. 11631

4.3.4. Commercial atom interferometer

At present, more atom interferometers are moving out of
the laboratories to be used outdoors. Compact and portable
atomic gravimeters are commercially available from compa-
nies like MUQUANS and AOSENSE, which are founded by
the PIs of the leading research groups. The sizes of these com-

mercial gravimeters are typically shorter than 1 m and smaller
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than 0.3 m in diameter. As shown in Fig. 5(a), the device from
MUQUANS has reached a long-term stability of better than
10 nm/s?, which is comparable to commercial falling corner-

cube instruments. 159
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Fig. 5. New variants of Raman atom interferometers. (a) A transportable ab-

solute quantum gravimeter with a long-term stability below 1 x 10~°g.[13]

(b) An atom-chip fountain gravimeter based on a freely falling Bose—
Einstein condensate from an atomic chip.[!86]

4.3.5. Multi-axis interferometer

When an atom interferometer is used for inertial naviga-
tion, the accelerations and angular velocities in all three direc-
tions are needed. However, it is currently impractical to con-
struct a system to contain six atom interferometers in a rea-
sonably small space at the same time. The Landragin group
developed an unique six-axis atom interferometer to provide
a full inertial base.!'87-188] This design used two counter-
propagating cold-atom clouds that were launched in curved
parabolic trajectories and three single Raman beam pairs
pulsed in orthogonal directions, so that rotations about the
three axes and accelerations along the three directions were ac-
cessible simultaneously. This one-vacuum-system atom inter-
ferometer realized six-axis measurement and reached a sensi-
tivity of 1.4 x 10~7 (rad/s) to rotation and 6.4 x 107 m/s” to
acceleration after 600 seconds of averaging time. In addition,
the atom interferometer with point source atoms in the Ka-
sevich group!!7®! used the velocity dependent Coriolis forces
and spatially resolved detection to measure the gravity accel-

eration and the angular velocity simultaneously. A single shot

sensitivity of 6.7 x 10~'2g and 2.0 x 10~7 (rad/s) was demon-
strated. In 2019, a very compact design of single-source multi-
axis atom interferometer in a centimeter-scale cell showed a
sensitivity of 1.6 x 1073 /v/Hz and 5.7 x 10> (rad/s).[1%"]

4.3.6. Chip-scale interferometer

Atom chips are micro-fabricated wires patterned on

the surface to confine, control,

[190

and manipulate cold
atoms, %% which have been used to control and guide atoms
coherently.[11-193]' A freely falling Bose—Einstein condensate
from an atom chip was used as an atomic gravimeter and an ac-

curacy of 1.7 x 10~ g was obtained, 180

as shown in Fig. 5(b).
These technologies will become more important for develop-
ing compact matter-wave interferometers for certain applica-

tions.

4.3.7. Atom source

The atom number or beam flux changes the signal-to-
noise ratio of the measured inference fringes and determines
the highest sensitivity attainable of an atom interferometer. So
it is always favorable to improve the design of atom sources
and laser cooling techniques, therefore enhance the detecting
signal and obtain higher sensitivity.['”* In a cold atom inter-
ferometer, atoms are maintained at low temperature such that
the spatially thermal expansion and wavefront aberrations of
the matter wave are both reduced, which helps to improve the

sensitivity, [178:193,19]

4.3.8. lon-based interferometer

Different from the atom-based quantum sensor, a trapped
ion quantum sensor possesses some practical advantages due
to its compact setup, simple preparation, and large scale

1971 1t is an ideal testing platform for future compact

factor. !
and portable devices in many applications.

In 2017, trapped-ion was proposed as a rotation sensor via
matter-wave Sagnac interferometry.!!®’! This protocol mea-
sures rotation with a single ion that hosts a qubit with its inter-
nal states |1) or |}). This interferometer encloses effectively a
large area in a compact apparatus through repeated round-trips
in a Sagnac geometry. Unlike the Raman pulses used in atom
interferometer, /2 pulses and spin-dependent kicks can close
the paths of the ion-based gyroscope to access the rotation in-
duced phase shift.

The ion-based gyroscope is currently witnessing its early
development in laboratories. Imperfections in trap potential
have been identified to be responsible for various unwanted
systematic effects, such as common misalignment of imparted
momenta and relative misalignment of imparted momenta,
which can affect both the interferometer phase and visibil-
ity. In 2019, A. West!!%®! examined these systematic effects
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in a trapped ion-based matter-wave interferometer for rotation
sensing in particular, and found that good control of the trap-
ping potential can make interferometer insensitive to experi-
mental imperfections. In the same year, E. Urban et al.!*”!
demonstrated coherent control of quantum rotor of two-ion
Coulomb crystal in a circularly symmetric potential. It would
inspire more experiments of trapped ions for quantum interfer-

ometry and sensing.

5. Summary

For the precision measurements with cold atoms and ions,
higher precision and smaller device are the two most impor-
tant directions for future developments. The pursuit for higher
precision is a forever topic in metrology and fundamental
physics, which requires the improving of state-of-the-art tech-
nologies or inventing new variants of clocks and interferom-
eters. For example, to improve the fundamental performance
of optical atomic clocks, one important approach is to look
for new clock transitions with higher frequencies. One pos-
sible choice is a nuclear transition of 222Th, which has been
recently identified.[2°0-201] Such a transition is suggested to
have the potential to improve the clock stability by about five
orders of magnitude. For cold atom magnetometers, novel
designs are always welcome to achieve better performance,
while at the same time to test novel quantum technologies
for quantum sensing in general, such as spin squeezing and
entanglement. 1931051 Regarding to the atom interferometers,
constructing larger size interferometers!!”%!8!1 or using them
in special environments, e.g., in micro-gravity in space, 2!
will further push the sensitivity limit for fundamental physics
and metrology.

An equally important and simultaneously challenging
task is to build smaller and transportable devices by sim-
plifying and minifying equipments. Transportable optical
atomic clocks will still be a valuable direction?%3! as this kind
of clock has been demonstrated for geodesy application.2%4]
Additionally, miniature setups also find their special ap-
plications in certain fields, and efforts on developing of
smaller magnetometers and interferometers would never be
overemphasized. [°317]

In summary, we briefly introduce in this short review
some recent progresses, perspectives, and challenges in the
field of precision measurement, paying special attention to
matter-wave interferometers based on cold atoms and trapped
ions. We summarize some recent research advances in this
field towards the development of better measuring equipments
for frequency, magnetic field, and inertial forces. These new
progresses not only pave a route to achieve a higher sensitivity

and a stronger stability, but also facilitate the specialized ap-

plications in various circumstances ranging from fundamental
sciences to commercial industries, where a precise measure-
ment of quantities is in need. Finally, we would like to con-
clude this review with a famous quote by Johannes Kepler:
“Just as the eye was made to see colors, and the ear to hear
sounds, so the human mind was made to understand, not what-
ever you please, but quantity.”
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