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This review aimed to recount the scientific career and contributions of Prof.

Wang Yiqiu, as well as his contribution to the research on quantum precision

measurement and cold atom physics, as a tribute to his upcoming 90th

birthday. Having contributed greatly to fields of research such as nuclear

magnetic resonance, microwave atomic clocks, laser cooling of atoms,

Bose–Einstein condensate, optical tweezers, and optical atomic clocks, the

venerable Prof. Wang is a prominent figure in these research fields in China and

has played a pivotal role in China’s development of these subjects.
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Introduction

Prof. Wang Yiqiu, born on September 1932, has been a prominent figure in China’s

research on quantum precision measurement and cold atom physics. Early on in his

career, he studied nuclear magnetic resonance as a graduate student at Leningrad

University and independently made several important discoveries. After his return

from the Soviet Union, he turned his expertise toward China’s development of

microwave atomic clock, establishing China’s first cesium beam atomic clock, as well

as systematically explaining the Majorana shift in cesium beam atomic clocks. During his

research on atomic clocks, his experience with laser frequency stabilization allowed him to

pioneer China’s earliest studies on the laser cooling of atoms, Bose–Einstein condensates

and optical tweezers. In addition, Prof. Wang provided valuable insights and inspiration

for the research of optical atomic clocks. This article aimed to recount Prof. Wang’s

scientific career and contributions, in honor of his academic legacy, as well as in

celebration to his upcoming 90th birthday.

Nuclear magnetic resonance

In 1957, Wang Yiqiu entered the Physics Department of Moscow State University to

study radio and microwave spectroscopy. In 1958, he transferred to Leningrad University

and became a graduate student in the Prof. Scripov’s group of radio-frequency

spectroscopy. Prof. Scripov was a young and innovative scientist. He first invented
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the Fourier transform with nuclear magnetic resonance free

induction signal to solve the problem of the high-resolution

spectrum. He also invented a radio-frequency quantum oscillator

(perhaps it could be called “Raser”), which can accurately

measure the strength of the earth’s magnetic field. In the first

year, he suggested that Wang Yiqiu prepared some experimental

instruments while passing all radio science course examinations.

The most important thing was to build a high uniformity

electromagnet with a stable magnetic field. With the help of

laboratory experience, Wang Yiqiu made an electromagnet with

a magnetic field controlled at about 4000 G (0.4 T) and an

electronic circuit with higher sensitivity at the end of 1959.

This device can be used to measure NMR signals of liquids

and solids. Prof. Scripov suggested that Wang Yiqiu measured

the chemical shifts of fluorine NMR signals in some fluoride

solutions, especially to determine the chemical shifts of HF

molecules. This is of certain significance because there were

differences in this value in the scientific literature of the

Soviet Union at that time, which is related to the explanation

of the properties of chemical bonds in HF molecules. By

systematically measuring the concentration effect of aqueous

solution of KHF2–H2O, Wang definitively determined the

chemical shift value of the HF molecule and the discrepancy

was eliminated. Prof. Scripov sent the research study to the most

authoritative scientific journal in the Soviet Union, EAO CCCP

(report of Soviet Academy of Sciences) [1].

Thereafter Wang Yiqiu measured the chemical shifts of

fluorine NMR signals in aqueous solution systems of some

fluorides. The results were published in a journal of structural

chemistry [2]. However, Prof. Scripov suggested that he did a

more difficult task. That was to find the anisotropy in the

chemical shift of NMR signals in solids. The subject he

proposed was graphite. Apparently, its layer structure

indicates that the chemical bond of the carbon atoms

within the same layer should be different than that between

layers, so the anisotropy would appear in the chemical shifts of

the 13C isotope NMR signals if the experiments were

conducted when the graphite layers were parallel to the

magnet field or perpendicular to that. This is because the

natural abundance of the 13C isotope is only about 1.1% (usual
12C isotope nuclei have no magnet moment and no NMR

signals). Furthermore, the NMR frequency of the 13C isotope

in the same magnetic field is about 1/4 compared with the 19F

(its abundance is 100%), according to the general rule, the

intensity of the NMR signals is proportional to the cubic of

frequency, in this regards; the sensitivity of the 19F signals is

more than 5000 times to that of 13C. So, Wang Yiqiu suspected

that he could detect the 13C NMR signal. Nevertheless, he had

improved the sensitivity of his homemade NMR spectrograph

and finally detected the fluorine signals in LiF solid powder

with a good signal-to-noise ratio. However, for detecting the
13C signal in the graphite, Wang Yiqiu had estimated that the

sensitivity of his instruments would need to be raised at least

more than one order of magnitude. It was impossible at that

time in his laboratory.

Ironically, while Wang Yiqiu had been bothered by

improving the sensitivity of his apparatus to measure the

anisotropy of the 13C NMR signals, he found a study by

Lauterbur in “Physical Review Letters,” who had discovered

the anisotropy of the 13C NMR signals in CaCO3 crystal [3]

(In 2003, he got the Nobel Prize in Physiology and Medicine for

his invention of NMR imaging technology). So, searching for this

phenomenon had lost any significant physical meaning.

However, when Wang Yiqiu tested the signals in LiF

crystalline powder, he also got the 19F signal for NH4F

crystalline powder. Fortunately, he found that the data of the

chemical shifts of the 19F signals for these two crystals were

different on a big scale. Then Wang Yiqiu tried to get all the

alkaline and alkaline-earth fluoride crystals, and carefully

measured the values of the chemical shift for each of them.

He conducted the measurement from midnight to 3 or 4 o’clock

morning for the lowest noise. It was clear that the value of the

chemical shift for every fluoride depends on the atomic number

of the neighboring metal, with exception for some light metals.

The overall results are shown in Figure 1 [4]. One can see that, in

general, the chemical shift decreases with the atomic number of

the alkali or alkali-earth metal increases with exception for LiF.

This systematic rule of the chemical shifts for the 19F NMR

spectra of the alkaline and alkali-earth fluoride crystals brought

great attention to Prof. Scripov, and he asked Wang Yiqiu to

write an article soon. It was published also in “EAO CCCP” [5],

but Prof. Scripov refused to be an author. He said, all ideas and

FIGURE 1
Chemical shift of the 19F NMR signal in different fluoride
crystals, the black dots with the error bar are the experimental
results, the circle is theoretical value calculated from [11].
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explanations belonged toWang, and he should just mention Prof.

Scripov in the acknowledgment. The work was of interest to

other groups [6–9], and there were still some research groups

citing this work after 10 years.

For explaining the experimental facts, Wang Yiqiu had read a

lot of literature as well as some famous books, such as “Nature of

the Chemical Bond” (Pauling),“Dynamic Theory of Crystal

Lattice” (Born M. and Huang Kun), and especially the

“Structure of Matter” (Xu Guangxian, in Chinese). According

to the Ramsey theory [10] of the chemical shifts, they originated

from the different shielding effects of the electrons around the

nucleus to the outside magnetic field. They consist of two parts,

the first part is the effect of the electrons of the inner spherical

closed shells, which gives rise to the diamagnetic effect; and the

other part is contributed by outer valence electrons, which may

give rise to a total magnetic moment, and it will not shield, but

strengthen the magnetic field outside. This is a paramagnetic

effect and produces a negative value for the shielding factor.

Wang Yiqiu recognized that in these ionic crystals there exists

also some partial covalent bond, and the chemical shifts might be

related to the deformation of this outer shell valence electron

wave function of the fluorine ion F- in different fluoride crystals

during their combination with metal atoms to form a crystal. In

the literature, Wang Yiqiu found several studies that dealt with

the bond characteristic of the different crystals. However, most of

them could not explain the experimental results. Finally, he

found a study by [11], which proposed that the overlap of the

wave functions of the electrons of the fluorine and the

neighboring metal in the free ion state may approximately

give rise to the chemical shift for these ionic crystals. They

give a formula, which is related to the overlap integrals of the

two-electron wave functions and the mean distance between two

atoms. For the latter, Wang Yiqiu could use the data from the

book of Born and Huang Kun, but the overlap integrals should be

calculated from the known wave functions of the outer electrons

for both fluorine and alkali and alkali-earth metal ions, at least,

for the outer shell electron. Furthermore, Wang Yiqiu had no

idea how to calculate these overlap integrals and did not know the

wave functions of the electrons with different quantum numbers

for all these atoms. Prof. Scripov introduced Wang Yiqiu to the

director of the theoretical physics division of the Institute,

Professor Petrashin. Fortunately, he was delighted to help

Wang Yiqiu to perform this work. He nominated a clever

student of the last undergraduate year to help Wang Yiqiu in

the calculation. They had all the data of the Hartree or

Hartree–Fock wave functions for the fluorine and alkali

atoms, but no such data for alkali-earth atoms. At that time

the electronic computer was not popular. But the work load was

huge. So they performed this calculation in a machinery

calculation factory for more than 1 month. Then they used

the formula of [11] to get the results in Figure 1 (circle for

each alkali fluoride crystal). Though the theory was not so

accurate, the theoretical data agree with the experiment rather

well. The discrepancy for the LiF crystal can be easily explained

by the fact that in comparison with other ions the volume of the

Li+ ion is too small, so the repelling force between neighboring

F-ions will distort the wave functions and result in a smaller

chemical shift. With these results, Wang Yiqiu earned the Degree

of the Candidate of the Physics-Mathematical Sciences in 1961.

Afterward, the theoretical division worked out some new data of

FIGURE 2
Prof. Wang Yiqiu worked on a cesium tube atomic clock prototype in 1978.
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the electron wave functions modified by the crystalline field, they

calculated again for these overlap integrals, and produced even

better results considering some electron wave functions for the

next nearest neighboring ions. They were published after Wang

Yiqiu returned to China [12]. These results were interesting also

because from them people could estimate the chemical shift

figure for the nude (without electron shielding) fluorine nucleus

[6–9, 13–20] and thus got approximately the value of the nuclear

magnetic moment of fluorine. It has some meaning in nuclear

physics, so far, the only one which we know the accurate value of

its nuclear magnetic moment is hydrogen . Vice-president of

Peking University, a famous theoretical physicist, Professor

Wang Zhuxi suggested Wang Yiqiu to write a study

concerning his thesis and to publish in “Acta Physica Sinica,”

and meanwhile translate it in Russian to publish in the “Science

China” also. The former had come out in 1984 [11]. The latter

had passed the evaluation by editors of this journal but failed

because of the mistake of Peking University administration.

Fortunately, this study has been translated into English in the

United States and published in a journal of “Chinese Physics.”

Wang Yiqiu’s work on the alkali fluoride crystals has been

repeated in the United States more than 10 years later, and

the results and conclusion were very similar [8].

When Wang Yiqiu came back to Peking University, he

belonged to the newly established Department of Radio-

Electronics in the Division of the Radio-Frequency

Spectroscopy. At that time, they had a group of NMR,

possessing a commercial 40 MHz high-resolution NMR

spectrograph with a permanent magnet and a homemade

spectrograph with less sensitivity. It was impossible to

perform the work that Wang Yiqiu supposed. It was the

temperature or pressure effects of the chemical shifts in alkali

fluorides because of the lack of both an appropriate NMR

spectrograph and the useful set-up for change of the

temperature or pressure on a large scale. With the great help

of Professor Xu Guangxi of the Chemistry Department and

Professor Qian Renyuan of the Chemistry Institute of

Academy of Science, they organized a systematic seminar on

NMR application in chemistry, utilizing the 40 MHz

spectrograph as a practical tool. After more than 1 year, the

department moved to the new campus in Changping, the liaison

with chemistry was cut off totally by long distance. Also, the

name of the division was changed to “Radio-Frequency

Spectroscopy and Quantum Electronics.” His research task

turned to magnetic optical double resonance, and his research

direction began to change. However, in Changping, Wang Yiqiu

with his two advanced students spent 2 years to made a radio-

frequency quantum generator by using the Overhauser effect in

the aqueous solution of K2(SO3)2NO in a weak magnetic field,

and observed the building up process of stimulated emission in

details [21]. It could simulate the laser establishing process and

develop a magnetometer. The research method of nuclear

magnetic resonance—the interaction between the

electromagnetic field and matter affects his subsequent

research: atomic clock, laser cooling, and Bose–Einstein

condensation.

Microwave atomic clocks

In the recent decades, microwave atomic clocks have seen

tremendous progress in the development of various aspects of their

performance [22, 23]. Prof. Wang Yiqiu is a pioneering figure in

the research on quantum frequency standards in China [24]. In

1961, Wang Yiqiu returned from the Soviet Union and was

appointed director of the section of Spectrum and Quantum

Electronics. In 1963, Wang Yiqiu began to lead the research on

the atomic clock based on optically pumped cesium vapor cells. At

FIGURE 3
(A) Frequency stability curve for the optically pumped cesium clock. (B) Portable optical pumped cesium clock.
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the end of 1965, the optically pumped cesium vapor cell atomic

clock was successfully developed, and the stability of the three

prototypes was from 1 × 10–10 to 5 × 10–11. In 1966, this research

was interrupted because of the Cultural Revolution. In 1972,Wang

Yiqiu and his colleague began to work on optically pumped vapor

cell atomic clock again, but instead of cesium, this time they used

rubidium isotopes, and worked in cooperation with the Beijing

Dahua Electronic Instrument Factory. In the beginning of 1976,

their design passed the appraisal of the Ministry of Electronics for

mass production, and in 1978, they had produced more than

200 sets of Rb frequency standards; the physical parts were

completed in the Hanzhong Peking University Branch. This

work has been awarded with a National Science Conference

Prize. After 1976 Wang Yiqiu has led the development of

magnetic-state-selected cesium beam atomic clocks. Figure 2

shows a photo of Prof. Wang working on a cesium tube atomic

clock. In 1981, Wang first reported observations on Majorana

transitions in cesium beam atomic clocks [25]. Majorana

transitions are indicated by a subsequent peak in the intensity

distribution of the deflected beam and asymmetry in hyperfine σ
transitions resonance which reverses with the C-field. Wang also

made further detailed analyses of Majorana transitions in a follow-

up study [26], drawing the conclusion that Majorana transitions

aremostly excited by the inhomogeneity of the C-field, which is the

magnetic field used in the drift phase of cesium beam microwave

clocks for separating hyperfine levels. The discovery of Majorana

transitions shed new light on the underlying physical principles of

the cesium beam atomic clock and provides new insight into the

evaluation and elimination of frequency shifts in atomic clocks [27,

28]. It was found thatMajorana transitions exist not only in cesium

beam atomic clocks with magnetic state selection, but also affect

the transition frequency in optically pumped cesium beam clocks

[27] and atomic fountain clocks [28]. Prof. Wang also proposed an

experimental scheme for realizing a continuous atomic fountain

clock [29, 30], and the concept is being developed in JILA.

In 1980, Prof. Wang Yiqiu also began to lead the

development of optically pumped cesium beam atomic clocks,

deducing a formula of the clock signal for different pumping and

detecting schemes [31]. Then they built up the first prototype

optically pumped cesium beam atomic clock in China [32, 33]. In

the 1990s, after receiving his doctorate from the United States,

Yang Donghai returned to Peking University to join Professor

Wang’s optically pumped cesium atomic clock research group

[34–36]. Together with Yang, Prof. Wang proposed and realized

an optically pumped cesium beam atomic clock with a sharp

angle incidence probe laser [37–40]. This novel design utilizes the

Doppler shift and broadening from the atomic beam to

drastically reduce the effect of laser frequency noise on the

signal-to-noise-ratio and is widely used in compact atomic

beam frequency standards [41–43]. Since the effect of laser

frequency noise on the clock’s SNR is reduced, a similar level

of clock performance can be achieved without sophisticated laser

frequency stabilization schemes, thereby greatly reducing the size

and complexity of the system. They obtained the long-term

stability data for this kind of frequency standard first [40].

For their outstanding work, Prof. Wang and Prof. Yang

received the Rao Yutai Award from the Chinese Physics

Society in 1993. In his research on compact cesium beam

atomic clocks, Wang also contributed greatly to the

development of compact frequency-stabilized diode laser

systems that are utilized as pumping and probing lasers in the

atomic clocks, reducing the size of the physical package to below

10 × 10 × 5 cm3 while maintaining a high level of frequency

stability [44, 45]. From 1995 to 2005, with the help of Prof. Wang

Yiqiu, Prof. Yang Donghai and associate professor Wang Fenzhi

were granted some national projects to develop a compact

optically pumped cesium clock. Doctoral students, Chen

Jingbiao and Zhang Junhai are the key members in the team

to build a compact optically pumped cesium atomic clock [36].

Wang’s pioneering work on quantum precision

measurement, atomic clocks, in particular, has greatly inspired

China’s development of commercial atomic clocks, with various

institutes such as Peking University [46, 47], Chengdu Spaceon

Electronics Co., Ltd. [48], and Lanzhou Institute of Physics [49,

50] all working toward commercial clocks with high performance

at a relatively low cost.

Recent works on experimental cesium atomic clocks have

also benefitted greatly from helpful discussions with and

suggestions from Prof. Wang. Among these works are

optically pumped cesium-beam atomic frequency standards by

Peking University [51] and collaboration between Peking

University and Chengdu Spaceon Electronics Co., Ltd. [52],

reaching 3e−12/√τ and 2e−12/√τ frequency stability,

respectively. Wang’s work also inspired research on optically

pumped cesium beam atomic clocks with multi-pole magnets for

magnetic focusing of the atomic beam [53, 54].

In order to further improve the technique of the optically

pumped cesium atomic clock and meet the needs of the country,

under the instruction and help of Prof. Wang Yiqiu and Prof.

Yang Donghai, Prof. Chen Xuzong together with his PhD

students, Qi Xianghui (now is an associate professor) and

Wang Qing (now is a lecturer) inherited research on the

optically pumped cesium atomic clock from 2008, Chen’s

team was granted four terms of national projects to study the

high-performance optically pumped cesium clocks since 2008.

The goal is to achieve the stability of the 5071A high-quality

cesium atomic clock. During the research, first, the theoretical

analysis of the interaction between atomic beam and light and

microwave is carried out [55], and the main factors affecting the

high stability of atomic clock are found. It has improved the

stability of laser frequency stabilization, reduced the noise of laser

frequency stabilization [56, 57], and improved the frequency

stability and power stability of microwave. After more than

10 years of efforts, the stability of miniaturized optically

pumped cesium atomic clock has been improved to 3 × 10–12/

√τ, which is three times that of the 5071A high-quality clock
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[58], and the 5-day stability is better than 7 × 10–15 [59, 60].

Figures 3A,B show the frequency stability and photo of the

portable optically pumped cesium clock developed by Peking

University.

Meanwhile, another new structure of the compact cesium

beam clock is also under development by an associate professor,

Dr. Wang Yanhui, collaborating with his formal supervisor, Prof.

Dong Taiqian and associate professor Liu Shuqing at Peking

University. The optically detected the magnetic-state-selected

cesium beam clock (OMCC) combines both the advantages of

the magnetic-state-selected schemes and the optically detection

schemes [61]. It avoids the technical issues concerning the

lifetime of the electron multiplier and has narrower velocity

distribution, resulting in a narrower Ramsey linewidth. The

schematic and Ramsey fringe of the OMCC is shown in Figure 4.

The fluorescent spectroscopy is adopted to stabilize the laser

frequency. Laser frequency is kept resonant with the atomic

beam, and the mis-locking problem is avoided.

The frequency stability test result of five OMCCs at the

National Institute of Metrology in China is plotted in Figure 5.

The frequency reference is an active hydrogen maser and the

measurement time is over 15 days. The result shows promising

frequency stability and good consistency of OMCCs.

Laser cooling

In order to improve the accuracy of atomic clocks, it is

necessary to reduce the temperature of free atoms. In the 1980s,

scientists proposed many methods to cool neutral atoms, among

FIGURE 4
(A)Configuration ofOMCC. ISO, isolator; P, polarizer; lens, convex lens; BS, beam splitter; PD, photodiode; LCVR, liquid crystal variable retarder.
(B) Ramsey fringe.

FIGURE 5
Frequency stability test result of five OMCC in comparison
with the high-performance version of 5071A.

FIGURE 6
(A) First cesiummagnetic optical trap in China. (B)Cold atoms
with 100 μK and number of 1E+9 at Peking University in 1996.
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which Steven Chu, Claude Cohen-Tannoudji, and Bill Philips,

three outstanding scientists, won the 1997 Nobel Prize in physics.

In the 1980s, the research on laser cooling in the world developed

rapidly in the world, but the research in China was relatively

lagging behind. In 1994, the Chinese Nature Science Foundation

(NSFC) began to support the research on laser cooling. Professor

Wang Yiqiu was granted funding by the major project of NSFC.

The project is: research on the new cesium atomic frequency

standard based on the atomic fountain clock. Peking University

has set up a laser cooling research group headed by Professor

Wang Yiqiu.

There are many technical problems to be solved in the

construction of the magneto-optical trap. In addition to

vacuum technique and frequency stabilization technique, there

are also many techniques such as laser amplification, laser

frequency shift, magneto-optical trap laser alignment, and

fluorescence detection . These techniques were new challenges

for the team. Under the guidance of Prof. Wang, the team

successfully solved these techniques problems [62–64].

In the process of building a magneto-optical trap, in addition

to frequency stabilization laser, semiconductor laser

amplification is also very important. Since the power of the

purchased laser diode is about 50 mW, the power is not enough

to cool atoms, so it needs to be amplified. But there was no

power-amplified diode at that time. The team developed the

“large frequency difference injection locking” technique which

was used for a high power diode with multiple modes. With this

technique, 852 nm wavelength laser injection locking can be

realized by changing the laser current or fine-tuning the laser

diode temperature at room temperature. In this way, the stable

laser output with narrow laser line-width, long-term stable

frequency, and power greater than 300 mW is achieved, which

meets the light source conditions required by the magneto-

optical trap [65, 66].

After the laser and optical system were ready, the research

team began to implement the magneto-optical trap experiment.

At that time, as deputy president of Peking University, Prof.

Wang was very busy during the day, but he came to the

laboratory every night . The experiment was mainly

conducted by post-doctor, Dr. Chen Xuzong, and doctoral

students: Li Yimin and Gan Jianhua. Professor Wang Yiqiu

directed the laboratory. After 3 days of continuous

experiments, cold atoms were finally obtained by using the

magneto-optical trap at 10:30 p.m. on April 16, 1996, which

was also the first cesium magneto-optical trap in China

(Newspaper Wen Wei Bo and others reported this news) [67].

The photo and atomic distribution are shown in Figure 6.

Later, Professor Wang Yiqiu continued to guide doctoral

students Fu Junxian and Dr. Li Yimin to carry out optical

molasses experiments, and Hou Jidong, Wang Xiaohui and

Chen Shuai to carry out atomic fountain experiments. The

first optical molasses in China was obtained in 1997 [68, 69],

and the first atomic fountain experiment in China was

demonstrated in 2000 [70–72]. After 2000, Prof. Wang Yiqiu’s

cold atom group began to turn its research direction to

Bose–Einstein condensation. In order to build the atomic

fountain microwave atomic clock in China more quickly, Prof.

Wang Yiqiu went to the Chinese National Institute of Metrology

(NIM) very enthusiastically to help the research group that is

building the atomic fountain microwave atomic clock there and

introduced the NIM research group about how Peking University

realized the magneto-optical trap and optical molasses. It

accelerates NIM to build up the first atomic fountain

microwave atomic clock in China .

FIGURE 7
Atom laser at Peking University with different duration.
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To reduce the atoms to an ultra-low temperature has always

been a goal pursued by scientists engaged in atomic cooling

research. Due to the influence of the earth’s gravity, when the

potential barrier of any potential well that traps atoms is reduced

to a certain extent, a leak appears at the bottom of the potential

well, which stops evaporative cooling. The space microgravity

environment provides a new opportunity to further reduce the

atomic temperature. In 2011, China began to develop the space

station. It plans to launch the space station and the scientific

experiment module from 2021 to 2022, and 14 scientific

experimental racks will be launched with the module,

including the cold atomic physics rack (CAPR). The

development of the space ultra-cold atomic physics rack was

jointly undertaken by Peking University and Shanghai Institute

of Optics and Fine Mechanics, Chinese Academy of Sciences.

Professor Chen Xuzong, who was originally a member of Prof.

Wang Yiqiu’s team, was appointed as the chief scientist for

CAPR. In 2015, Dr. Xiong Wei joined the project for CAPR

project as a deputy chief designer.

CAPR is a very advanced scientific experimental platform

for ultra-cold atom physics. At present, only the United States

and China are carrying out research in this field. The CAPR

will take advantage of the microgravity environment to create

a new extreme cold atomic sample, develop the lowest

temperature record in the universe (10–12 K, that is, pK

level ultra-low temperature), and build an open

experimental system of Bose and Fermi quantum

degenerate working substances with ultra-low temperature,

large scale, high quality, and suitable for long-term precise

measurement. The platform will enable the regulation of cold

atoms to reach a new parameter region, so that a series of

ultra-cold atom physics experiments under extreme

conditions can be carried out, including simulation of

strongly correlated multi-body quantum systems,

exploration of novel quantum states, acoustic black hole

simulation and Hawking radiation observation, and

verification of basic physical laws. Relevant work will bring

breakthroughs to the fields of quantum physics and precision

physical measurement, and improve the level of new

aerospace technology in China, including the ultra-old

atomic vacuum system, ultra-high stability laser system,

precision integrated optical system, and related precision

intelligent control system suitable for thr space environment.

Peking University has put forward a new scheme of deep

cooling under microgravity conditions, which uses an all-optical

trap for two-stage cooling [14–17]. The basic idea was to use two

cross laser beams with different beam diameters and different

powers to carry out evaporative cooling and diffusion cooling,

respectively, under special timing control, so as to obtain a

quantum gas with a temperature of 100 pK in a short time

(such as 10 s). The aforementioned scheme has been verified

by ground experiments [18]. In order to obtain a very low limit

temperature, it is necessary to reduce the influence caused by the

vibration of the space station itself during the experiment on the

space station. Therefore, Peking University theoretically studied

the influence of the vibration spectrum of the space station on the

atomic cooling limit [19], and proposed a solution on this basis.

Based on two-stage cooling, further cooling of the mean-field

energy and reducing the relative temperature, the new proposals

are also given by the PKU group [20]. In 2020, Peking University

was invited to publish a review stydy [35] in an internationally

renowned magazine, introducing how to break the limit of

ground gravity, obtain a temperature of pK under

microgravity conditions, and conduct challenging experiments,

it also introduced the important applications in future

fundamental research [73] based on 100 pK ultra-cold atoms.

In 2021, the ultra-cold atomic physics experiment platform

project progressed smoothly, and Peking University and

Shanghai Institute of Optics and Precision Machinery,

Chinese Academy of Sciences, have made many phased

FIGURE 8
Books written or translated by Prof. Wang Yiqiu. From left to right: “The Principles of Quantum Frequency Standards,” “Laser Cooling and
Trapping of Atoms,” “Atomic Physics: Volume 1” (originally in French), “Atomic Physics: Volume 2” (originally in French), and “Advances in Atomic
Physics: an Overview” (originally in French).
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achievements, respectively. The functions of the prototype and

the normal prototype of CAPR have been verified on the ground,

meeting the requirements of the experiment after the launch at

the end of 2022.

In order to further use this platform to carry out a series of

scientific experiments, in 2021, the Chinese Ministry of Science

and Technology organized a national key research and

development program: “Research on the strange physical

properties of extremely low-temperature atoms in the space

microgravity environment,” with Professor Zhou Xiaoji. The

experiment of “superfluid to the model phase transition of

one-dimensional to three-dimensional hexagonal optical

lattice” [74] proposed by Professor Zhou Xiaoji, will become

the first quantum simulation experiment in the series of

experiments based on CAPR.

Bose–Einstein condensate

In 1925, Satyendra Nath Bose and Albert Einstein predicted

that the Bose gas would behave as an extraordinary phenomenon

near absolute zero temperature [75, 76]. Under this condition,

the vast majority of atoms occupy the quantum ground state,

producing a macroscopic wave function called Bose–Einstein

condensate (BEC) [76]. In recent years, with the development of

laser cooling technologies, people have had the opportunity to

cool atoms to very low temperatures. In 1995, Eric Cornell and

Carl Wieman at the University of Colorado at Boulder NIST-

JILA laboratory, and Wolfgang Ketterle at Massachusetts

Institute of Technology prepared and observed BEC in the

rubidium atomic system and sodium atomic system,

respectively [77, 78]. For this, Cornell, Wieman, and Ketterle

won the 2001 Nobel Prize in physics. Professor Wang Yiqiu of

Peking University is also one of the first scientists in China to

start the research on Bose–Einstein condensates and prepared

China’s second Bose–Einstein condensates in 2004 [79, 80]. Prof.

Wang Yiqiu was interested in building up an atom laser, which is

a coherent atomic beam coupled out from the BEC trap. The

pulsed and quasi-continuous atom laser was realized in

2005 [81], as shown in Figure 7. In 2000, under the

instruction of Prof. Wang Yiqiu, doctoral student Zhou Xiaoji

proposed a scheme for realizing the long-term continuous output

of an atom laser. In this scheme, the cold atoms in several

subsidiary Bose–Einstein condensates (BECs) would be

coupled one by one, in turn, into one main BEC, which

served for the continuous output of a coherent atomic beam

[82, 83]. This kind of scheme was realized in the Ketterle group at

MIT by using the sophisticated technique of optical tweezers

[84]. In 2001, Prof. Wang Yiqiu and Prof. Chen Xuzong led the

group to build up the setup for BEC, the key members were

associate professor Zhou Xiaoji, doctoral students: Chen Shuai,

Yang Fan, and Xia Lin. They used RF evaporative cooling

technology to obtain a 87 Rb Bose–Einstein condensate in a

QUIC trap, and used Majorana technology to obtain a multi-

component BEC. In 2004, the team published first studies on

BEC experiments in international journals [85, 86], and obtained

the first atom laser in China in 2005 [81, 87]. [88] studied

intensity fluctuations of the pulsed atom laser. They found

that the atomic loss of the condensate due to atom laser

output leads to fluctuations of the laser pulses [88].

Up to now, in Wang’s laboratory, there are two groups led by

Prof. Chen Xuzong and Prof. Zhou Xiaoji, respectively, and they

have successfully prepared BECs on four platforms. In these

systems, they have performed a lot of research, such as the atom

laser, multi-component BEC, superradiance, and quantum

simulation, one-dimensional gas and Bose–Fermi mixing. In

2008, [89] realized the superradiant Rayleigh scattering in an

elongated Bose–Einstein condensate, where the pump laser pulse

travels along the long axis. After that, the team conducted more

in-depth research on superradiance. For example, they studied

sequential scattering in superradiance from a Bose–Einstein

condensate pumped by a two-frequency laser beam, which

revealed that the frequency overlap between the end-fire

modes related to different side modes plays an essential role

in the dynamics of sequential superradiant scattering [90]. [91,

92] studied the high-order momentum modes and mode

competition in the superradiant scattering of matter waves.

[93] studied superradiant scattering from a Bose–Einstein

condensate using a pump laser incident at a variable angle

and showed the presence of asymmetrically populated

scattering modes.

In 2002, [94] used the optical lattice to confine the BECs for

the first time and observed the phase transition from a superfluid

to a Mott insulator. Since then, BECs in optical lattices have

gradually become a powerful tool for quantum simulation,

quantum calculation, and precision measurement. Wang’s

laboratory has conducted a lot of research on ultra-cold atoms

in optical lattices. In 2010, Prof. Zhou Xiaoji, developed a

shortcut method to quickly manipulate Bloch states of optical

lattices with high fidelity [95]. The shortcut is composed of lattice

pulse sequences imposed on the system before the lattice is

switched on. The time duration and interval in each step are

optimized in order to reach the target state with high fidelity and

robustness. This process usually takes tens of seconds, which is

much shorter than the traditional adiabatic loading process [95].

The idea of the shortcut to controlling Bloch states of optical

lattices was first proposed in 2011 [96, 97]. At first, Liu Xinxing

used a single light pulse, with conditions where the scattering of

photons can be resonantly amplified by an atomic density

grating, to explore multiband excitations of interacting Bose

gases in a one-dimensional optical lattice [97]. Then they

presented a scheme for nonadiabatically loading a

Bose–Einstein condensate into the ground state of a one-

dimensional optical lattice within a few tens of microseconds,

which is much shorter than the traditional adiabatic loading time

scale. This scheme is based on sequences of pulsed perturbations
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[96]. At the same time, Xiong Wei analyzed the effects of

sequences of standing-wave pulses on a Bose–Einstein

condensate in experiments and manipulated the momentum

state of condensates by these sequences [98]. In 2013, Zhai

Yueyang extended this method to load the atoms to the third

band (D band) of the one-dimensional optical lattice and studied

the collisional decay of atomic condensates in the D band [99].

Next, Wang Zhongkai successfully loaded atoms into the higher

Bloch band, the G band. They were able to control the Bragg

reflections at the Brillouin-zone edge up to the third order and

observed quantum dynamical oscillations of ultra-cold atoms in

the F and D bands of an optical lattice [100]. For the Bloch states

at zero quasi-momentum in the ground band (S band), D band,

and G band with even parity, the shortcut method is effective.

However, this method cannot prepare atoms into odd parity

states [95], such as the Bloch states in the second band (P band).

In 2015, Hu Dong improved the method by using a shift pulse to

load atoms into the P band and studied the long-time nonlinear

dynamical evolution and quantum equilibration for P-band

ultra-cold atoms in the optical lattice [101, 102]. In recent

years, Chen and Zhou’s group have extended this shortcut

method to two-dimensional and three-dimensional optical

lattices, such as the square lattice and the triangular lattice

[95, 103]. So far, this method can realize the preparation and

manipulation of any Bloch state in any dimensional optical

lattice. In 2016, Chen’ group achieved first 3D optical lattice

in China and implemented quantum collapse and revival

dynamics in 3D optical lattice [104, 105], they used the 3D

lattice to form the one-dimensional gas and conducted serial

experiments to study how an integrable system approaches

thermal equilibrium [106, 107]. This is an interesting problem

that has been puzzling everyone since D. Weiss’ famous Newton

pendulum experiment was performed in 2006 [108].

Based on the method of manipulating BECs in optical

lattices, the team carried out considerable research on

quantum simulation, quantum precision measurement, and

quantum computation. For example, [109] constructed a

momentum filter for BECs based on a designed Talbot–Lau

interferometer, which was an effective method for rapidly

purifying the momentum width of atomic gas and has great

potential for achieving ultra-low temperatures. [102] investigated

the multiphoton process between different Bloch states in an

amplitude-modulated optical lattice and realized a large-

momentum-transfer beam splitter. [110] produced narrower

momentum patterns by designing the shortcut pulses on a

superposed state, and these narrower momentum modes were

helpful in precision measurement and quantum control. [111]

improved the band-mapping method to investigate the quantum

phase transition from superfluid to Mott insulators and observed

the critical behaviors of quantum phase transitions in both the

dynamical steady-state-relaxation and the phase-oscillation

regions. Based on various observables, two different values for

the same quantum critical parameter were observed. This result

was beyond a universal-scaling-law description of quantum

phase transitions known as the Kibble–Zurek mechanism and

suggests that multiple quantum critical mechanisms were

completed in many-body quantum phase transition

experiments in inhomogeneous systems [111]. BEC in optical

lattice can also be used to simulate and prepare novel quantum

states. For example, in 2018, [112] loaded the BECs into the P

band at zero quasi-momentum of a one-dimensional optical

lattice, which can be viewed as a series of “pancake”-shaped

atomic samples. For this far-out-of-equilibrium system, they

found an intermediate time window where the atomic

ensemble exhibited superfluid phase coherence in the pancake

directions but no coherence in the lattice direction, which

implied a dynamical sliding phase superfluid. This experiment

opened up a novel venue to search for exotic dynamical phases

[112]. In 2021, [113] constructed a staggering hexagonal optical

lattice and transferred BECs from the ground band into the

second band. They observed a three-state quantum nematic

order, dubbed “Potts-nematicity,” in a system described by an

sp2-orbital hybridized model. This discovery paves the way to

investigate quantum vestigial orders in multiorbital atomic

superfluids [113]. The BECs in an optical lattice can also be

used in quantum computation. For example, [114] proposed and

realized an atom-orbital qubit by manipulating s and d orbitals of

BECs in an optical lattice. They also achieved noise-resilient

single-qubit gates by performing holonomic quantum control.

This work was the first time for qubit based on the atom-orbitals

in optical lattices and opened up broad opportunities for atom-

orbital-based quantum information processing of vital

importance to programmable quantum simulations of

multiorbital physics in molecules and quantum materials [114].

Recently, BECs have also been used for precise

measurements. Zhou’s group has constructed a compact BEC

gravimeter based on the Ramsey–Bordé approach by two pairs

of/2 Raman pulses to get a small volume [115]. Between the two

pairs of/2 Raman pulses, the Bloch oscillation caused by the

accelerated optical lattice was carried out. This BEC gravimeter is

expected to reach sub-μGal with atoms falling a distance of 2 cm

[115]. In addition, Zhou’s group is also building a BEC gyroscope

based on the momentum states of the optical lattice. Under the

same loop area, its theoretical sensitivity is much higher than that

of the traditional gyroscope.

Optical tweezers

In 1986, A. Ashikin proposed the optical tweezers concept,

that is, a single focused laser beam forms a three-dimensional

optical well to trap a single biological particle such as single

bacteria and viruses. The optical tweezers concept has many

useful applications, and A. Ashikin was awarded the Noble prize

for its invention in 2018. In the 1990s, as the leader of the laser

trapping atom project, Professor Wang Yiqiu paid keen attention
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to laser tweezers technology and its potential application in

biomedicine. He strongly advocated and supported the

development of optical tweezers technology and application in

his laboratory [116] and personally guided a graduate student

Sun Wei to build a simple optical tweezers system using a

wavelength of 852 nm semiconductor laser and successfully

trapped a single cell. In 2000, Ye Anpei, a Professor of the

same institute, inherited the research of optical tweezers and

continued carrying out comprehensive studies on laser tweezers

technology and its application. Ye’s work was greatly supported

by the foundation of the Peking University Frontier Cross Fund

project. Soon after, Prof. Ye established the Nanobiophotonics

Group and focused on developing biomedical photonic

techniques and applications in biological single molecule and

single-cell detection. First, Ye made a great effort to develop the

optical tweezers technology and set up a multi-function optical

platform which included automatic dual-optical tweezers

constructed using a 1064 nm CW solid laser and an inverted

optical microscope. Soon, a high-precision four-quadrant

photodetector (QPD) was successfully developed in the group,

thus they achieved accurate position measurement with

nanometer precision. Meanwhile, [117] calibrated the stiffness

of optical tweezers based on an acousto-optic deflector and field

programmable gate array, and therefore laid the foundation for

quantitative measuring weak force of a single molecule. [118]

built the first dynamic holographic optical tweezers (HOT) based

on a commercial twisted-nematic liquid crystal display (TN-

LCD) which was from a waste video projector, and therefore first

provided easier and lower-cost access to the set-up of a HOT

system which can manipulate multiple particles simultaneously.

Ten years later, Prof. Ye’s group coupled optical tweezers and

optical scissors together to construct a laser micro-manipulating

workstation using Labview automatic control software that

automatically controls each part of the entire platform with a

computer, while the laser tweezers’ spatial resolution reached the

sub-nanometer level. Furthermore, they coupled confocal micro-

Raman spectroscopy to laser tweezers so that they formed a so-

called laser tweezers-Raman spectral (LTRS) system. Therefore,

Ye’s group can both trap single suspension living cells in vitro

and meanwhile identify the type or state of the cell.

At the same time as technology development, Prof. Ye placed

emphasis on its application in biomedical fields. Intermolecular

interactions dominate the behavior of signal transduction in various

physiological and pathological cellular processes. However, assessing

these interactions remains a challenging task. Ye’s laboratory

developed a single-molecule force spectroscopic method and

analyzed cellular signal transduction with single-molecule force

spectroscopy on a piconewton-scale, thus established single-

molecule force spectroscopy as an effective platform for

evaluating the piconewton-level interaction of signaling molecules

and predicting the behavior outcome of signal transduction. For

example, [119] investigated the activation of living monocytic

U937 cells induced by interleukin-6 (IL-6) at the single cell level.

[120]measured low affinity between IL-6 and IL-6R on living cells at

a singlemolecular level, the affinity was 42.1 ± 11.7 pN at the loading

rate of 3100 pN nm/s. Using the single-molecule force spectroscopy

of RAS–RAF interaction in vitro, [121] illustrated the interaction

conformation of RAF protein and its upstreamG-protein (RAS) at a

single-molecule level, they demonstrated that RAS has different

numbers of binding domains between wild-type and mutant-type

RAF. [122] measured single-molecule force via optical tweezers and

revealed different kinetic features of two BRaf mutants responsible

for cardio-facialcutaneous (CFC) syndrome. [123] investigated the

specific single-interaction between apoA-I molecules and

ABCA1 on living cells. [124] regulated cell migration in a

myosin light chain kinase, a phosphorylation-independent

mechanism regulatory light chain phosphorylation-independent

mechanism. In addition, [125] investigated the mechanical

property changes of red blood cells with the stored time and

experimentally demonstrated that the deformability of red blood

cells was impaired with the stored time.

The ability to discriminate between single cells in a label-free

and noninvasive fashion is important for the classification of

cells, especially to identify similar morphological cells from

different origins. Ye’s group investigated single living cells and

individual floating-particle using the homemade LTSR system,

identified different types of single cells in aqueous media, and

discriminated them among the same types of cells from different

donors using a novel LTRS technique. [126] developed a novel

anti-cancer drug sensitivity testing (DST) approach based on

in vitro single-cell Raman spectrum intensity (RSI), which

provided a powerful tool for simple and rapid detection of the

sensitivity of tumor cells to anti-cancer drugs and the

heterogeneity of their responses to these drugs. Also, [127]

investigated drug resistance and heterogeneous characteristics

of human gastric carcinoma cells (BGC823) under the treatment

of paclitaxel (PTX) meanwhile, indicated that single-cell RS may

be useful in systematically and dynamically characterizing the

drug response of cancer cells at the single-cell level. [128]

investigated chondrocyte dedifferentiation during in vitro

proliferation. [129] reported laser-trapped metallic

nanoparticles (NPs) as a novel approach for enhancing

Raman spectroscopy in aqueous media. Recently, [130]

combined LTRS and a specifically designed sample pool to

achieve nondestructive identification and accurate isolation of

single cells, which paves the pathway for multimodel analysis of a

single cell. Furthermore, [131] reported a single-cell multimodal

analytical approach by integrating Raman optical tweezers and

RNA sequencing. Very recently, [132] realized fast label-free

recognition of NRBCs by deep learning visual object detection

and single-cell Raman spectroscopy, in order to rapidly and

automatically analyze the single-cell Raman spectra based on AI

techniques, Ye’s group meanwhile developed applied software,

which can quickly and accurately identify the Raman

spectroscope of a single cell, especially in single bacteria. For

instance, [133] explored one-dimension convolutional neural
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networks (1CNNs) and applied them to identify marinemicrobes

with single-cell Raman spectroscopy. [134] furtherly developed

the CNN model using the residual network (ResNet) model and

succeeded in rapidly and accurately identifying 15-species

pathogenic bacteria with the accuracy of 94.53% at the single-

cell level.

Moreover, Ye’s group recently developed an aerosol optical

tweezers Raman spectroscopy technique and used it to levitate

individual atmospheric aerosol droplets. For example, [135]

realized single aerosol droplet capture for a long time without

contact and simulated the hygroscopic-volatilization

thermodynamic evolution process of aerosol droplets in the

actual atmosphere via changing the ambient relative humidity

around aerosol particles. By measuring the cavity resonance

Raman signal of the single droplet particle and combining it

with the appropriate physical models, [135] accurately measured

the particle size, refractive index, diffusion coefficient, volatile

flux, and other important physicochemical parameters of sodium

chloride, sucrose, and citric acid in the hygroscopic-volatile

process. Moreover, the effects of relative humidity on the

hygroscopic-volatilization process for organic and inorganic

aerosols as well as the possible phase transitions such as

glassy and gel transitions are investigated. This work provides

an important reference for understanding the hygroscopic-

volatilization process of actual atmospheric aerosol. Also,

[136] measured the viscosity of single suspended aerosol

droplets under different RH conditions. They trapped and

levitated a pair of quasi atmospheric aerosol droplets

composed of organic and inorganic chemical substances by

dual laser beams, respectively, and then collided and coalesced

them. By recording the backscattering light signals and bright-

field images of the dynamic coalescence process to infer the

morphological relaxation time and the diameter of the

composited droplet, and therefore measured the viscosity of

the droplet. Furthermore, to give a deep insight into the

relationship between viscosity and the mass transfer process,

they researched the hygroscopicity of droplets with a solute of

organic/inorganic mixtures. This work provided a robust

approach for investigating the viscosity and hygroscopicity of

actual individual liquid PM10 aerosols. Very recently, [136]

investigated the pH-dependent liquid–liquid phase separation

(LLPS) of a single artificial aerosol particle by self-developed

optical tweezer-Raman spectroscopy (OTRS). This study

provides the first comprehensive account of the pH-dependent

LLPS in a single levitated microdroplet and brings a possible

implication on phase separation in actual atmospheric aerosol

particles.

Optical atomic clocks

In order to detect atomic transition spectral lines with a

linewidth on the order of mHz, the linewidth of the local

oscillator laser must be narrow enough. Generally,

Pound–Drever–Hall frequency stabilization technology [137]

is used to lock the frequency of the local oscillator laser to an

ultra-stable optical resonator to obtain a highly coherent ultra-

narrow-linewidth laser, but it is still limited by the thermal noise

of the cavity length. In order to essentially solve the cavity length

thermal noise problem of the resonator and with the support of

Prof. Wang Yiqiu, the innovative concept of the active optical

clock was proposed by Prof. Chen Jingbiao, who was formerly a

doctoral student of Prof. Yang Donghai. In 2005, the concept of

the active optical clock was formally proposed [138–140]. Active

optical clock forms of polyatomic coherent stimulated radiation

between atomic transition energy levels in the optical resonator.

The stimulated radiation of the quantum reference system can be

directly used as the clock laser signal, which can break through

the limit of the Schawlow–Townes quantum linewidth [79]. In

April 2013, the stimulated emission output of the active optical

clock transition in the deep bad cavity regime (cavity mode

linewidth-gain linewidth proportional coefficient a≫1) was

experimentally realized for the first time [141]. In the

experiment, using a 455 nm laser as the pumping laser,

atomic population inversion was realized on the 1469.9 nm

clock transition line of the Cs atom four-level active optical

clock. The research team further experimentally measured the

cavity-pulling coefficient of the four-level active optical clock up

to 40, and the output laser linewidth was 590 Hz [142]. In the

four-level active optical clock scheme, the frequency standard

used as a quantum reference and the gain medium for stimulated

emission are all from the same atomic system. Since it is difficult

to experimentally achieve stimulated emission output using both

long-lived atomic energy levels and bad cavity structures, this

requirement greatly limits the quantum systems that can be used

for the active optical frequency standard. In principle, the

Faraday active optical clock separates the gain medium from

the frequency reference. The semiconductor laser provides a

larger gain, and the ultra-narrow bandwidth Faraday atomic

filter provides the frequency reference to realize the optical

frequency standard signal. The output laser linewidth obtained

experimentally is 281 Hz, which is 19000 times narrower than the

natural linewidth of the 852 nm transition of the Cs atom [143].

In order to eliminate the influence of the residual cavity-pulling

effect on the active optical frequency standard, the dual-

wavelength good-bad-cavity scheme was carried out [144]. In

the experiment, two sets of dual-wavelength good-bad-cavity

systems were built, and the phase locking of the good cavity laser

was used to reduce the influence of the asynchronous cavity-

length variation between two dual-wavelength laser systems on

the linewidth broadening of the 1470 nm clock laser. The

linewidth of the realized 1470 nm active optical clock signal

reached the level of Hz. In theory, [145] demonstrated the

state-of-the-art technique of an active clock to provide a

continuous superradiant lasing signal using an ensemble of

trapped Cs atoms in an optical lattice, which can achieve a
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fractional uncertainty in the clock frequency of about 10–15 and a

linewidth of a few mHz.

After the active optical clock scheme was proposed, it

attracted the attention of international counterparts. Several

research groups have carried out experimental verifications of

it and conducted research on active optical clock schemes based

on different atomic systems. The Niels-Bohr Institute (University

of Copenhagen, Denmark) used the 88Sr atom trapped in the

magneto-optical trap working in the bad cavity region as the

quantum reference and realized a pulsed superradiant light [146].

The JILA research group realized a superradiant light emitted

from the ultra-narrow, 1-mHz-linewidth optical clock transition

in an ensemble of cold 87Sr atoms. They observed a fractional

Allan deviation of 6.7 × 10–16 at 1 s of averaging, established

absolute accuracy at the 2 Hz (4 × 10–15 fractional frequency)

level, and demonstrated insensitivity to key environmental

perturbations [147]. Using the two-level scheme, the

University of Hamburg observed a superradiant emission of

hyperbolic secant-shaped pulses into the cavity with an

intensity proportional to the square of the atom number

based on the 657 nm transition of cold Ca atoms [148]. [149]

investigated the full model for the collective decay process and

aimed at direct implications for the laser linewidth of a magic

wavelength lattice laser in the superradiant regime. Using the

Raman transition of the cold 87Sr atom in bad cavity, JILA

obtained a superradiant laser, in which FWHM of the

Gaussian fitting was 350 Hz and the FWHM of the Lorentzian

fitting was 4.5 Hz [150]. Based on the narrow quantum transition

line of the 87Sr atom, the active optical frequency standard of the

order of mHz can be realized theoretically [151]. In terms of

theoretical research, the Department of Physics and Astronomy

of Aarhus University in Denmark analyzed the 87Sr atoms

trapped in the one-dimensional optical lattice in the bad

cavity region. Under the action of a magnetic field, this

system can output superradiant pulsed light with a linewidth

of less than 2 Hz [152]. [153] studied two-frequency-detuned

active atomic clocks which are coupled in a cascaded setup and

demonstrated that synchronization still occurs in cascaded

setups but exhibits distinctly different phase diagrams. Georgy

A. [154] investigated the spectral properties and the stability of

active clocks, including homogeneous and inhomogeneous

broadening effects. By using realistic numbers for an active

clock with 87Sr, it is possible to realize an optimized stability

of σy (τ)≈4 × 10–18/√τ [154]. The active optical clock is gaining

more international attention. Specifically, at the 2015 IEEE

International Frequency Control Symposium, the active

optical clock was listed as one of the three most talked about

emerging technologies in this field.

In addition to the active optical clock, many of Professor

Wang Yiqiu’s ideas, such as Cs beam tube optical frequency

standards and Ca atom compact optical clocks, have been

realized. For the cesium beam tube optical frequency

standard, [155] reported a compact optical clock scheme

based on Cs atomic beam. Under the condition of a 1.4 MHz

narrow-linewidth laser spectrum and 100,000 signal-to-noise

ratio (SNR), the limited stability of the compact Cs optical

clock is expected to be 2.2 × 10–14 at 1 s. The performance of

this Cs optical clock is superior to that of the hydrogen atomic

clock. For the Ca atom compact optical clock, [156] implemented

a miniaturized Ca beam optical frequency standard whose

fractional instability reached 1.8 × 10–15 after 1600 s of

averaging. It was the first time to realize the optical frequency

standard using a fully-sealed vacuum tube. For the Cs atom

compact optical clock, using the modulation transfer spectrum

stabilization technique with a high signal-to-noise ratio, the clock

laser was directly locked on the transition spectrum line of the Cs

atom, and a compact high-performance Cs atomic optical

frequency standard with a frequency stability of 1.4 × 10–14/

√τ was developed [157]. Then, the 1470 nm active optical

frequency standard was realized by using this small optical

frequency standard as the pumping laser, which can go

beyond the limits of the Schawlow–Townes formula and has

the advantage of the suppressed cavity-pulling effect.

Other contributions by Prof. Wang

“The Principles of Quantum Frequency Standards,” the first

book on the principle of frequency standard in the world, was

written byWang Yiqiu in 1986 [24]. This book mainly describes

the physical principles of quantum frequency standards and

includes new achievements at home and abroad, which

promotes the research work on the quantum frequency

standard and the development of quantum metrology. In the

field of laser cooling and trapping of atoms, there was a

fundamental and comprehensive book of “Laser Cooling and

Trapping of Atoms” also written by Wang Yiqiu (published at

the beginning of the new century by Peking University Press).

In addition to the aforementioned two important monographs,

Wang Yiqiu translated the first and second volumes of the

French original book “Atomic Physics,” providing an excellent

textbook for teachers and students of atomic and molecular

physics, optics, quantum electronics, and other majors.

Furthermore, under the personal attention of Prof. C.

Cohem-Tannoudji, Prof Wang Yiqiu organized the

translation of Cohem-Tannoudji’s famous book (with Guéry-

Odelin) of “Advances in Atomic Physics, an Overview” in

Chinese and made the compilation and revision by himself.

Figure 8 shows several books written or translated by Prof.

Wang Yiqiu.

Conclusion

This review gives an account of the scientific career and

contributions of Prof. Wang Yiqiu, who is a prominent figure
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in China’s research on quantum precision measurement and

cold atom physics. During his long scientific career, Prof.

Wang has contributed greatly to the fields of research such as

nuclear magnetic resonance, microwave atomic clocks, laser

cooling of atoms, Bose–Einstein condensate, optical tweezers,

and optical atomic clocks. We list the major scientific

achievement by Prof. Wang, as well as advances in the

relevant research fields inspired by Prof. Wang’s work,

roughly in a chronological order.
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