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ABSTRACT We experimentally observed a depression in the laser-induced cesium beam fluorescence
spectrum. This paper describes the optical configuration we realized and proves that the hole can be used
for laser frequency stabilization. The spectrum was recorded under different conditions. We theoretically
analyzed the physical origin of this effect and found that the hole could have a sub-natural line width.
This indicates that it could have great application prospects in atomic experiments and beam-type quantum

precision instruments due to the simple construction.

INDEX TERMS Laser-induced spectrum, cesium beam, laser frequency stability.

I. INTRODUCTION

High-resolution spectroscopy plays a pivotal role in the devel-
opment of atomic physics [1]. A variety of methods have
been reported to open the possibility of utilizing the narrow
spectroscopy in experiments [2]. Laser-induced fluorescence
spectroscopy of atomic beams is a widely used type of
Doppler-free spectroscopy(Fig.1). Due to the avoidance of
collisions of the atoms and the careful control of the inter-
action angle between the laser and atomic beam, the atomic
beam spectrum almost obtains the natural line width of
the atomic transition line. For quantum instruments using
atomic beams such as the cesium beam frequency standard,
the atomic beam spectrum is the most convenient spectrum
for locking the laser frequency [3]-[6].

We observed a depression in the atomic beam spectrum
in the experiment, which was similar to the pump-probe
technique in an atomic cell [7]-[9]. After theoretical analysis
and calculation, we determined that its line width could be
narrower than the natural atomic width. We proved that this
depression could be used for laser stabilization in practice.
Laser stabilization is one of the most common applications of
high-resolution spectroscopy in physical research [10]-[16].
In general, frequency modulation(FM) is applied to a laser
current, and a dispersive signal as feedback is obtained from
spectrum demodulation(Fig.1). The narrower the line width
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FIGURE 1. Laser-induced fluorescence beam spectrum and its first-order
differential signal. The atomic beam spectrum is a Doppler-free spectrum.

The dispersion is usually used to lock the laser frequency in an atomic
beam experimental apparatus.

of the peak is, the larger the slope of the dispersion that can
be obtained.

This paper presents a theoretical and experimental investi-
gation of the hole in a fluorescence spectrum of an atomic
beam. The organization of the paper is as follows: First,
we show the configuration of our experiment, including the
optical structure and atomic beam apparatus. We present
some results of our measurement. Then, the physical origin
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of the hole is discussed, and the line shape of the spectrum is
presented. We conclude the features and prospects of the hole
we have observed in the last section.

Il. EXPERIMENT

The physical configuration is presented in Fig.2. A vac-
uum cesium beam tube containing a cesium oven and two
interaction areas with spotlight bowls was built. There are
three magnet shields in the tube to avoid the influence of
an environmental magnetic field on the atomic beam. The
vacuum degree of the tube is approximately 107% Pa. Two
windows 22 cm apart on the tube allow lasers to enter. The
temperature of the cesium oven is controlled at approximately
100°C with fluctuations less than 0.01°C. The collimator in
the cesium oven is approximately 4 mm length and is formed
by approximately 400 thin tubes 0.09 mm high and 0.18 mm
wide. The divergence of the atomic beam is approximately
40 mrad. Therefore, the intensity of the beam from the colli-
mator is approximately 4.13 x 103 atoms every second in this
case. The collision of cesium atoms can be ignored because
of the large mean free path. The atoms in the cesium beam
can be assumed to have a Maxwell velocity distribution, and
the most probable velocity is approximately 200 m/s. The
optical structure is shown below the tube in Fig.2. An 852 nm
distributed feedback laser(DFB, EYP-DFB-0852) laser with
an approximately 0.6 MHz line width generates the laser, and
a PBS splits the laser into two. An AOM is used to shift the
laser frequency, and the frequency difference between the two
lasers is controlled to 251 MHz. This is the difference between
the [F =4) — |F/ =5) line and the [F =4) — |F' =4)
transition line of the cesium atom. We can call the laser near
the cesium oven the pump laser and the other laser the probe
laser. The AOM ensures that the probe laser is scanned to the
cesium |F = 4) — |F ' = 5> transition while the pump laser is
atthe |F = 4) — |F = 4) transition line. |[F = 4) — |F’ = 5)
is a cyclic transition(Fig.3). The intensities of the pump laser
and probe laser are adjusted to 2 mW by the AOM and the
phase retarder separately. The PD1 and the PD2 can give the
laser power in real time. The laser diameter is approximately
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FIGURE 2. Structure of the optics. Black part: cesium beam tube. HWP:
half-wave plate, 1SO: isolator, PBS: polarizing beam splitter, PD:
photodetector, AOM: acousto-optic modulator.
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FIGURE 3. Energy levels of the cesium atom D2 line. The lifetime of the
133¢s — D2 line is 30.405(77) ns, and the |F = 4) — |F’ = 4) transition is a
pumping transition. The atoms in the excited state |F’ = 4) could drop to
both |F = 4) and |F = 3), where |F = 3) is the “dark” state of the

|F = 4) — |F’ = 4) laser. The |F = 4) — |F’ = 5) transition is a cyclic
transition. The atoms in the excited state |F’ = 5) can only drop to |F = 4)
due to the transition rule AmF = +1. The transition will last until the
atoms exit the interaction area.

6 mm, covering the atomic beam width to obtain higher
pumping efficiency and detection efficiency. The two lasers
entering the tube are adjusted carefully to ensure that they
are perpendicular to the atomic beam. Then, interaction of
the lasers and atoms occurs in two separated areas. The
Doppler effects can almost be eliminated because the trans-
verse velocity of atoms flying into the bowls is almost zero.
The photodetector above the fluorescence collection bowl in
the detection area collects the fluorescence signal induced
by the probe laser. The frequency of the laser is scanned by
the laser-induced current. It is clear that the atomic beam
spectrum is obtained when probe laser is applied without the
pump laser(Fig.1). This has significant benefits in terms of
eliminating the Doppler background. With the pump laser
entering the tube, the hole can be obtained. According to the
signal amplified from the photodiode in the detection area,
we can obtain its shape.

In the case of a weak intensity of the pump laser, there
is no strong pumping effect, and the cesium atoms show
a fluorescence emission spectrum. When the intensity of
the pump laser strengthens, the hole appears as soon as
some of the atoms in the beam are pumped to the |F = 3)
energy level. By scanning the frequency of the DFB laser,
the hole(Fig.4) is obtained. Due to the pumping effect of the
pump laser, the cesium atoms are prepared to the [F = 3)
state. Stimulated absorption and spontaneous radiation in the
detection area will reduce as the probe laser is tuned in the
|F =4) — ]F = 5) transition. When the pump laser is weak
and cannot cause full pumping efficiency, the hole is small
but has a quite narrow line width. When nearly all the atoms
are pumped, the peak of the hole will be as high as the
signal background. If the pump laser becomes even stronger,
then the peak will have a flat top. We measured the line
width of the hole in the cesium beam spectrum. The results
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FIGURE 4. Holes with different intensities of pump laser will have
different sizes. Red line(6 mW): flat-top peak hole with a 13.13 MHz line
width. Black line(2 mW): hole at a moderate pumping efficiency with a
3.33 MHz line width. Blue line(1.5 mW): hole at a low pumping efficiency
with a 3.18 MHz line width.

showed that the line width of the hole could be approximately
3 MHz, smaller than the !33Cs — D2 natural line width of
approximately 5 MHz. The phenomena can be observed when
the pumping efficiency is nearly 80%. The radio frequency
in the AOM can be used to adjust the peak position of the
depression in the atomic beam spectrum. If the frequency of
the AOM is lower than the difference of the levels used(here,
approximately 251 MHz for |F’ = 4) and |F’ = 5), then the
hole appears with a frequency shift(Fig.5), and vice versa.
Considering the angular offset caused by the AOM, when
a 6 MHz frequency variation occurred, the separation angle
between the first-order and zero-order beams changed by less
than 1.5 mrad. This caused a frequency shift of the hole less
than 0.4 MHz [17], which is much less than the frequency
variation.

In most precision laser application scenarios, frequency
stabilization is indispensable. Generally, the most convenient
and effective method is to use the atomic line to stabilize
the laser frequency. The line width of commonly used spec-
tral lines is limited by the natural line width of the atom,
which is an important factor limiting the instability of the
laser frequency. Therefore, one of the major applications
of the hole is laser stabilization. After careful adjustment,
we locked the frequency of the DFB laser to the peak of
the depression(Fig.6). To the best of our knowledge, this is
the simplest structure that a laser can be stabilized using a
sub-natural peak. Then, we found that holes can be observed
in the cesium beam spectrum under other combinations of the
pump laser and the probe laser using this structure, but the
hole mentioned above was the largest. We conclude that the
features of the hole are as follows:

1) The pump laser provides a pumping transition for the
atoms.

2) The probe laser can provide a pumping transition or a
cyclic transition for the atoms, but a cyclic transition can
afford a larger signal.
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FIGURE 5. Holes with different frequency detunings of the pump laser
will have different positions. Red line: RF of the AOM is 254 MHz. Black
line: RF of the AOM is 251 MHz. Blue line: RF of the AOM is 248 MHz.
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FIGURE 6. Hole in the cesium beam spectrum used for laser stabilization
and its error signal. The frequency of the DFB laser could be stabilized by
the feedback of the induced current.

3) The pump laser should pump the ground state to a state
without an interaction induced by the probe laser.

This phenomenon can be similarly realized in rubidium
atomic beams or other atomic beams.

Ill. THEORETICAL ANALYSIS

If a laser with a frequency close to the atomic transition line
interacts with the atomic beam, then stimulated absorption
and spontaneous radiation will probably occur. The ground
state population of the atoms may be changed in this pro-
cess [18]. In the experiment we described above, the interac-
tion with the atomic beam will cause a strong pumping effect
when the pump laser has a high intensity. When the atoms
in beam enter part of the pumping area, first, the number of
atoms in the corresponding ground energy level will change.
The atoms will be totally or partly pumped to a “dark state”
of the probe laser(cesium atoms in |F = 4) will be pumped
to |[F = 3)).
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When the atoms enter the detection area, the interaction
will not occur. If the laser frequency is not tuned to the transi-
tion line of atoms exactly right, then the laser-induced fluores-
cence is not affected. When the detuning frequency becomes
zero, the fluorescence should be the largest originally, but at
this time, the atoms ““vanish”. Therefore, the photons emitted
by the atoms may decrease sharply if the pumping effect is
strong enough. The fluorescence in the detection area will
show a depression at this moment and the spectrum will be
nearly zero.

The fluorescence emitted from the detection area can be
calculated with a simplified atom-level model, and the line
shape of the hole can be presented using the parameters we
measured. Considering the interaction under actual condi-
tions, the theoretical signal S is

S (w) = Ath,BNrpmbe (w)
Tmax Tmax
X / Tprobe€XP <_77Fpump (w) f Tpump) ()
Trmin Tmin
where
b (wo z
1ﬂ[’mbe (@) = Lprove (y 522)
2 2
(wo) g
o (@) = L2 ( 22)
+(%)
2
Tprobe = pmbe/v 3)
Tpump = dpump/ v

where A is the magnification of the diode and circuit, # is
the Planck constant, wg is the resonant frequency, A is the
frequency detuning of the laser and y is the spontaneous
emission coefficient. 8 depends on the laser frequency we
use. N is the total number of atoms available, and IT" is the
transition probability in the interaction conditions. dpp. and
dpump are the diameters of the lasers. We assume that the line
width of the lasers is several times smaller than the atomic
transition line. Then, we can deduce the line width Av of the
spectrum:

Tmax

Av ~ V\/nrpump (wo0) Toump — 1 4

Trmin

n is the possibility of pumping, and Tpu,p and Tppe are
the times of atoms flying through the pump and probe lasers.
From equation(4), we find out that the line width of the
spectrum is not limited by the natural line width of the atoms.
We can also conclude that the conditions of the hole appear:

Tmax

nrpump (wo) Tpump > 1 (5)

Trmin
This method can be a sub-natural line width spectroscopy
under moderate conditions. The line width of the hole can
be quite narrow when the hole just appears(Appendix). If the
probe laser has a pumping effect(8 ~ 2), then the probing
interaction can be easily saturated. This is the reason why the
hole observed under the combination of pumping transitions
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FIGURE 7. Theoretical line shape and line width of the spectrum. The
background signal is an atomic beam spectrum signal, and the hole
appears in the center of the spectrum.

is small. Cyclic transitions are normally caused by transition
rule AmF = =+1. The atoms are stimulated to an excited
state and can only quickly return to the original ground state
through spontaneous emission. There will be many photons
emitted in all directions. A high probing efficiency will make
the signal quite large, and laser stabilization will be realized.
Compared to the pumping transition, laser-induced fluores-
cence can be promoted by g = 240.

In the actual situation, Tjpe and Tpump will be different
for different atoms because the atomic beam has a velocity
distribution. This can be equivalent to the correction of the
velocity distribution [19]:

2 V2
I1(v) = v exp|—— (6)
vyt Vp
where
_|2kT 7
Vp = -

I is the normalized intensity of the atomic beam. v is the
velocity of the atom, and v, is the most probable velocity in
the atomic beam. k is the Boltzmann constant, and 7T is the
temperature of the atomic beam oven. m is the mass of the
atoms and depends on the atoms used. n is a constant and
describes the different pumping and detection combination.
n = 3 is the simplest case that uses a pumping transition for
pumping and probing. For the case using a cyclic transition,
n = 2 is applied. Because avoidance of the saturated effect of
the probe laser is achieved, atoms with low speed could pro-
vide more fluorescence photons. In the end, we obtain Fig.7
in theory.

IV. CONCLUSION AND DISCUSSION

In this paper, a line depression caused by the laser pumping
effect is experimentally found in a cesium beam. We stud-
ied the features of the spectrum at different intensities and
frequencies of the laser. Then, we analyzed its cause and
gave theoretical expressions of the line shape and width. The
line width of this spectrum is not limited by the natural line
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width of the cesium atom. Based on the obtained spectrum,
we stabilized the frequency of a DFB laser. This is proof that
the depression can have great applications in the laser field.
Saturated absorption spectroscopy(SAS) [20], [21], free of
Doppler broadening, is one of the most famous techniques
in the high-resolution spectroscopy field [10]-[16], [22]. The
principle of the hole in the atomic beam spectrum is different
from the dip in SAS(see APPENDIX). At this time, there are
clear advantages:

1) Higher potential in terms of the line width.

2) High utilization rate of atoms compared to an atomic

cell.
3) Higher potential in terms of the signal-to-noise ratio.

In addition to frequency stabilization, high-resolution spec-
troscopy will have many practical applications in sci-
entific measurement, biomedical imaging and materials
science [23]. The technology constructing depressions
mentioned above can be extended to most alkalis that have
pumping and cycling transition lines, such as rubidium. The
principle of laser stabilization using the hole can be widely
suitable for optical pumping magnetometers, optical pumping
atomic frequency standards, ultracold physics and almost all
atomic physics experiments.

APPENDIX

Calculation of the line width of the atomic beam spectrum
or saturated absorption spectrum. S, is the line shape of the
atomic beam spectrum,

Tmax
Sp (@) = AthIBNFprobe (w) Tprobe (®)
Timin
where the transition probability is
2
r rob, L
I‘probe () = L% 9
22+ (3)
We find that
Sb = Sbmax/2 (10)
where Spqy 1S the maximum of the signal, when
y 2
A2 = (—) 11
2 (11)
Thus,
Av=y (12)

Calculation of the line width of the hole in the cesium
atomic beam spectrum: To avoid confusion, we use Sj,, which
is equal to § in Section 3.

Tmax

Sh(w) = Aha)O.BNrprobe (w)

Tprobe
Tmin
Tmax

Tpump) (13)

where the atomic transition rates of the probe and pump laser
beams are

exp <_ N pump (@)

Tmin
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2
I‘probe (%)
L probe (0) = A2—(7’)2
+ (X
0y (14)
1—‘pump () = Ay P
2+ (3)
and
Tprobe = probe/v (15)
Tpump = dpump/ v

To obtain the line width of the hole, we find the first derivative
of the previous formula and set it to zero,

a
285 =0 (16)
dw
Then
2 2 !
Tprobe (%) pumptpump (5)
P\ 5 =0 (17
AT+ (%) AT+ (%)
where
Tmax
toump = / Tpump (18)
Tmin

Equation(18) is equal to

2 2
Dorobe (5)° 2'7Fpumpfpump (5 2Fpmbe (5)°A
A2 4 (1)? 712)? 2 2
+(%) (A2 ) + (%)
o p( Fpumpfpump( ) ) —0 (19
A%+ (5)°
Thus, the line width of the hole is
% 4
2771_‘pr0beFpumptpumpA (5)
2 2
— 2T prope A (%) (A2 n (%) ) —0 (0
Simplifying,
2 7\?
AT = <E> (nrpumptpump - 1) 2n
Thus,
mec
Av =~ V\/nrpump (@o) Tpump — 1 (22)
Tmin

(22) shows that the line width Av is independent of the
Lorentz profile, so it could be smaller than the natural line
width y, when 0 < /77 < 1.

REFERENCES

[1] K. Shimoda, High-Resolution Laser Spectroscopy. Berlin, Germany:
Springer-Verlag, 1976, doi: 10.1007/3-540-07719-7.

[2] T. W. Hinsch, “Nobel lecture: Passion for precision,” Rev. Mod. Phys.,
vol. 78, no. 4, pp. 1297-1309, Nov. 2006. [Online]. Available: https://link.
aps.org/doi/10.1103/RevModPhys.78.1297

[3] V. Giordano, V. Candelier, A. Hamel, C. Audoin, G. Théobald, and
P. Cérez, “Noise in the optical detection of atoms in a beam,” Opt.
Commun., vol. 67, no. 4, pp. 287-292, Jul. 1988.

[4] N. Dimarcq, V. Giordano, G. Théobald, and P. Cérez, “Comparison of
pumping a cesium beam tube with D1 and D2 lines,” J. Appl. Phys., vol. 69,
no. 3, pp. 1158-1162, Feb. 1991, doi: 10.1063/1.347297.

VOLUME 9, 2021


http://dx.doi.org/10.1007/3-540-07719-7
http://dx.doi.org/10.1063/1.347297

X. He et al.: Observation of Hole in Laser-Induced Cesium Beam Spectrum

IEEE Access

[5]

[6]

[71

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

N. Dimarcq, V. Giordano, P. Cerez, and G. Theobald, “Analysis of the
noise sources in an optically pumped cesium beam resonator,” IEEE Trans.
Instrum. Meas., vol. 42, no. 2, pp. 115-120, Apr. 1993.

W. Xie, Q. Wang, X. He, N. Chen, Z. Xiong, S. Fang, X. Qi, and X. Chen,
“Frequency instability of a miniature optically pumped cesium-beam
atomic frequency standard,” Rev. Sci. Instrum., vol. 91, no. 7, Jul. 2020,
Art. no. 074705, doi: 10.1063/5.0001749.

M. Pinard, C. G. Aminoff, and F. Lalog, ‘“Velocity-selective opti-
cal pumping and Doppler-free spectroscopy,” Phys. Rev. A, Gen.
Phys., vol. 19, no. 6, pp.2366-2370, Jun. 1979. [Online]. Available:
https://link.aps.org/doi/10.1103/PhysRevA.19.2366

G. Moon and H.-R. Noh, “Analytic calculation of linear susceptibility
in velocity-dependent pump-probe spectroscopy,” Phys. Rev. A, Gen.
Phys., vol. 78, no. 3, Sep. 2008, Art. no. 032506. [Online]. Available:
https://link.aps.org/doi/10.1103/PhysRevA.78.032506

H.-R. Noh, G. Moon, and W. Jhe, “Discrimination of the effects of
saturation and optical pumping in velocity-dependent pump-probe spec-
troscopy of rubidium: A simple analytical study,” Phys. Rev. A, Gen.
Phys., vol. 82, no. 6, Dec. 2010, Art. no. 062517. [Online]. Available:
https://link.aps.org/doi/10.1103/PhysRevA.82.062517

S. Haroche and F. Hartmann, “Theory of saturated-absorption line
shapes,” Phys. Rev. A, Gen. Phys., vol. 6, no. 4, pp. 1280-1300, Oct. 1972.
[Online]. Available: https://link.aps.org/doi/10.1103/PhysRevA.6.1280

B. Couillaud and A. Ducasse, “Refractive index saturation effects in
saturated absorption experiments,” Phys. Rev. Lett., vol. 35, no. 19,
pp. 1276-1279, Nov. 1975. [Online]. Available: https:/link.aps.
org/doi/10.1103/PhysRevLett.35.1276

J. H. Shirley, “Semiclassical theory of saturated absorption in gases,”
Phys. Rev. A, Gen. Phys., vol. 8, no. 1, pp. 347-368, Jul. 1973. [Online].
Available: https://link.aps.org/doi/10.1103/PhysRevA.8.347

G. Giusfredi, S. Bartalini, S. Borri, P. Cancio, 1. Galli, D. Mazzotti,
and P. D. Natale, ““Saturated-absorption cavity ring-down spectroscopy,”
Phys. Rev. Lett., vol. 104, no. 11, Mar. 2010, Art. no. 110801. [Online].
Available: https://link.aps.org/doi/10.1103/PhysRevLett.104.110801
K.-B. Im, H.-Y. Jung, C.-H. Oh, S.-H. Song, P.-S. Kim, and
H.-S. Lee, “Saturated absorption signals for the Cs Dy line,” Phys.
Rev. A, Gen. Phys., vol. 63, Feb. 2001, Art. no.034501. [Online].
Available: https://link.aps.org/doi/10.1103/PhysRevA.63.034501

A. Marsman, M. Horbatsch, and E. A. Hessels, “Quantum interference
effects in saturated absorption spectroscopy of n = 2 triplet-helium fine
structure,” Phys. Rev. A, Gen. Phys., vol. 91, Jun. 2015, Art. no. 062506.
[Online].  Available:  https:/link.aps.org/doi/10.1103/PhysRevA.91.
062506

D. A. Tieri, J. Cooper, B. T. R. Christensen, J. W. Thomsen, and
M. J. Holland, “Laser stabilization using saturated absorption in
a cavity-QED system,” Phys. Rev. A, Gen. Phys., vol. 92, no. 1,
Jul. 2015, Art. no. 013817. [Online]. Available: https://link.aps.org/doi/
10.1103/PhysRevA.92.013817

Q. Wang, X. Qi, S. Liu, J. Yu, and X. Chen, “Laser frequency stabi-
lization using a dispersive line shape induced by Doppler effect,” Opt.
Exp., vol. 23, no. 3, pp.2982-2990, Feb. 2015. [Online]. Available:
http://www.opticsexpress.org/abstract.cfm?URI=o0e-23-3-2982

W. Happer, “Optical pumping,” Rev. Mod. Phys., vol. 44,
pp. 169-249, Apr. 1972. [Online]. Available: https:/link.aps.
org/doi/10.1103/RevModPhys.44.169

J. Vanier and C. Audoin, The Quantum Physics of Atomic Frequency
Standards. Philadelphia, PA, USA: Adam Hilger, 1989.

R. L. Barger and J. L. Hall, “Pressure shift and broadening of
methane line at 3.39 p studied by laser-saturated molecular absorp-
tion,” Phys. Rev. Lett., vol. 22, pp. 4-8, Jan. 1969. [Online]. Available:
https://link.aps.org/doi/10.1103/PhysRevLett.22.4

P. W. Smith and R. Hinsch, “Cross-relaxation effects in the
saturation of the 6328-A neon-laser line,” Phys. Rev. Lett.,
vol. 26, no. 13, pp.740-743, Mar. 1971. [Online]. Available:
https://link.aps.org/doi/10.1103/PhysRevLett.26.740

K. B. MacAdam, A. Steinbach, and C. Wieman, “A narrow-band tun-
able diode laser system with grating feedback, and a saturated absorp-
tion spectrometer for Cs and Rb,” Amer. J. Phys., vol. 60, no. 12,
pp. 1098-1111, Dec. 1992, doi: 10.1119/1.16955.

M. C. Fischer, J. W. Wilson, F. E. Robles, and W. S. Warren, “Invited
review article: Pump-probe microscopy,” Rev. Sci. Instrum., vol. 87, no. 3,
Mar. 2016, Art. no. 031101, doi: 10.1063/1.4943211.

VOLUME 9, 2021

.l
)H

|

XUAN HE was born in Shanxi, China, in 1995.
He received the B.E. degree in electronics and
engineering from Peking University, Beijing,
in 2017, where he is currently pursuing the Ph.D.
degree with the School of Electronics Engineering
and Computer Science.

His current research interests include quantum
precision measurement, ultralow noise circuits,
and laser stability.

QING WANG received the B.E. and Ph.D.
degrees from the School of Electronics Engineer-
ing and Computer Science, Peking University,
China, in 2009 and 2015, respectively.

He is currently an Engineer with the Institute
of Fundamental Experiment Education, School of
Electronics Engineering and Computer Science,
Peking University. His current research interests
include atomic clocks, lasers, and precision mea-
surements.

ZHICHAO YUAN received the B.E. degree in elec-
tronics and engineering from Peking University,
Beijing, in 2020, where he is currently pursuing
the M.S. degree with the School of Electronics
Engineering and Computer Science.

His current research interests include atomic
clocks and wireless communication.

XIANGHUI QI received the Ph.D. degree from the
School of Electronics Engineering and Computer
Science, Peking University, China, in 2009.

He is currently an Associate Professor with
the Institute of Quantum Electronics, School of
Electronics Engineering and Computer Science,
Peking University. His current research inter-
ests include atomic clocks, lasers, and precision
measurements.

XUZONG CHEN is currently a Ph.D. Professor
with the Institute of Quantum Electronics, School
of Electronics Engineering and Computer Science,
and the Head of the Research Group of Cold Atom
Physics and Precision Measurement. His research
interests include laser cooling and trapping of
atoms, Bose-Einstein condensation, Bose-Fermi
mixtures, quantum simulation, precision measure-
ment based on femtosecond laser comb generators,
atomic and molecular hyperfine spectra, fiber laser

comb generators, and optically pumped cesium clocks.

49979


http://dx.doi.org/10.1063/5.0001749
http://dx.doi.org/10.1119/1.16955
http://dx.doi.org/10.1063/1.4943211

