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Isotropic laser cooling (ILC) is widely recognized for its distinct advantages and demonstrates significant potential in
quantum precision measurements and quantum sensing technologies. The morphology and density distribution of the cold
atomic cloud generated by ILC are strongly influenced by the distribution of cooling light and the structural geometry of
the cavity, making precise characterization and optimization of cold atom distribution essential for practical applications. In
this paper, we present an innovative flat diffuse cavity design with the dimensions approximating a quasi-two-dimensional
configuration, which generates a sheet-like isotropic laser field inside the cavity through diffuse reflections. We thoroughly
characterized the system’s performance under different optical parameter settings. A two-dimensional (2D) movable de-
tection system was employed to detect the quasi-two-dimensional distribution of cold atoms. These results demonstrate
the ability of ILC to produce diverse morphological and density distributions of cold atoms, which we anticipate will be

suitable for quantum sensing.

Keywords: quasi-two-dimensional, isotropic laser cooling, quantum sensing
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1. Introduction

Laser cooling has been widely used to prepare cold
atoms, which have become a key platform for atomic physics
research!"? and quantum technologies.’=! Isotropic laser
cooling (ILC) is a reliable method for producing cold atoms
that has garnered significant interest due to its compactness,
robustness and all-optical-cooling properties,(®8! establish-

ing it as an ideal platform for microwave atomic clocks,*~!!l

1231 and quantum simulation.!'*! Unlike

quantum sensing, !
optical molasses or magneto-optical traps (MOTs), ILC does
not require a magnetic field or precise alignment of cooling
lasers; however, it cannot trap atoms, as the morphological
and density distributions of the atomic cloud are determined
by the cavity geometry and the injection mode of the cooling
beam.

The geometry of the cavity varies depending on the ap-
plication. Both spherical!'>! and cylindrical!'® cavities are
extensively utilized in cold atomic clocks, particularly as the
cylindrical cavity is valuable since it can integrate the charac-
teristics of diffuse and microwave cavities. A long tube design
generates a quasi-one-dimensional distribution of cold atoms,
creating promising opportunities for developing a cold atom
system analogous to optical fibers.[!”] The morphology, den-
sity distribution and optical parameter settings of the atomic
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fCorresponding author. E-mail: zhangxiao@siom.ac.cn
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cloud are crucial for all cavity configurations, as they directly
influence the application scenarios, as well as the optical depth
(OD) and signal-to-noise ratio (SNR) of the cold atoms. Ad-
ditionally, the distribution of atoms can be effectively con-
trolled within cavities by adjusting the cooling beam injection
mode. [!8:1°]

In this paper, we present a fresh designed cavity for ILC,
with inner dimensions of 100 mm x 50 mm x 6 mm. We char-
acterized the key parameters of this novel ILC system, includ-
ing the detuning frequencies and the powers of the cooling,
repumping and probe beams, as well as their effects on cold
atom absorption. Using a 2D movable detection system, we
mapped the distribution of cold atoms, exhibiting a quasi-two-
dimensional (q2D) profile. This 2D structural design imple-
ments a robust and straightforward all-optical method for gen-
erating a sheet-like cloud of cold atoms. Compared to other
geometries, this configuration provides a larger sensing aper-
ture, making it particularly advantageous for quantum sens-
ing applications. Additionally, this approach may facilitate the

1201 We demon-

construction of large-scale cold atomic arrays.
strated that ILC is applicable to cavities of various shapes, and
the ILC method offers flexibility and adaptability for different
scenarios. It is anticipated that our findings will contribute to

the future development of ILC, supporting quantum sensing
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and precision measurement technologies.

2. Experimental setup

The hyperfine energy levels of 8’Rb atoms used in our ex-
periments are shown in Fig. 1(a). The optical system provides
three stable laser beams with different frequencies and powers.
The cooling beam is red-detuned by approximately 31" below
the transition from |5S; 5, F = 2) to |5Ps ), F' = 3), where I"
represents the natural linewidth. The repumping beam is tuned
close to the resonance of the |55}, F = 1) — [5P;)5,F' = 2)
transition, while the probe beam is tuned to resonance with the
581 /2, F = 2) — |5P35,F' = 3) transition. The optical sys-
tem generating these three laser beams is constructed from two
laser diodes (LD). The frequencies of both LDs are stabilized
using saturation absorption spectroscopy, and the linewidth of
each is reduced to a few hundred kilohertz.

In order to obtain the required optical frequency for the
ILC, three acousto-optic modulators (AOMs) were employed
to shift the frequency of each beam, while also serving a dual

role in optical path switching. The cooling LD frequency can
be shifted by using a double-pass optical path, corresponding
to a detuning from —51.8 MHz to +18.2 MHz. The maxi-
mum power of the cooling beam reaches up to 424 mW. The
repumping LD frequency can be shifted by using a single-pass
optical path, corresponding to a detuning from —15.5 MHz
to +19 MHz. The maximum power of the repumping beam
reaches 13 mW. The repumping beam is coupled into the fiber
along with the cooling beam and injected into the diffuse cav-
ity via a one-to-four multi-mode fiber with each fiber carrying
equal power. The probe beam has the same frequency range
as the cooling beam due to their similar layout, and it is in-
jected into the diffuse cavity via a polarization-maintaining
(PM) single-mode fiber. The power of the probe beam entering
the cavity ranges from 0.4 uW to 24 uW, with a beam diame-
ter of 1 mm, where the power density corresponding to 1 pW
is 0.28 mW/cm?. The power can be adjusted over a wider
range by adjusting the setup. The probe beam power from the
single-mode fiber is stabilized by using a PID controller with
the photodetector (PD1).
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Fig. 1. Schematic diagram of the experimental system: (a) hyperfine energy levels of 8’Rb and laser frequency configurations, (b) experimental
sequence for atomic distribution detection, and (c) the schematic diagram of the detection system.

The inner dimensions of the diffuse cavity are 100 mm X
50 mm X 6 mm, and the cavity is constructed from 3 mm-thick
quartz glass. The cavity is connected to the vacuum system
via a hole of 6 mm x 12 mm, maintained at 2 x 10~ Pa with a
75L ion pump, while the 8’Rb atoms are produced using a dis-
penser activated by direct current (DC). The outer surface of
the cavity is covered with a 2-mm-thick diffuse coating, which
exhibits a diffuse reflectance of 98% for 780-nm laser. As

shown in Fig. 1(c), to inject the cooling and repumping lasers

into the cavity, four holes (& = 2 mm) are drilled along the
long side of the cavity, spaced 72 mm apart. The multi-mode
fibers inject the beams at a small angle to promote a uniform
optical field distribution. The short side of the cavity features a
slit (2 mm x 40 mm) for the probe beam, which can be moved
to map the cold atom density throughout the cavity.

The density distribution of cold atoms was measured by

21

using a pair of anti-Helmholtz coils.!?!! Each coil has a diam-

eter of 150 mm and consists of 100 turns of 1.5-mm enam-
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eled wire. The coils generate a magnetic field gradient of
8.2 Gs/cm (1 Gs=10"* T) at the center, providing a spatial
resolution of about 6 mm for density distribution detection. At
this gradient, the magnetic field’s switching time is sufficient
for the experimental conditions, with a rise time of approxi-
mately 450 pus and a much faster fall time achieved via a multi-
layer magnetic technique.??! The entire probe optical path and
the magnetic coils are mounted on a horizontal mobile plat-
form (HMP) that moves along the x-axis. The magnetic coils
are additionally mounted on a vertical mobile platform (VMP)
that moves along the y-axis, with the VMP being affixed to the
HMP. This configuration allows for 2D mapping of the cold
atom density through controlled displacement of the magnetic
field and probe arrangement.

A typical time sequence for our experiment is shown in
Fig. 1(b). For the cold atom distribution test, once the atoms
have been cooled for a duration of #.y, the cooling and re-
pumping beams are turned off, and the magnetic field is ac-
tivated. After a period of #;s, the magnetic field has com-
pletely stabilized, and the probe beam is turned on to detect
the cold atoms. For the optimization of cold atom parameters,
the atoms are first cooled by the diffuse laser, after which both
beams are turned off, and the probe beam is simultaneously
activated to detect absorption.

3. Results and discussion

In our experiment, the circularly polarized probe beam
with a power of 2.2 uW and a corresponding power intensity
of 0.62 mW/ cm?, traversed through the cavity twice. The den-
sity of cold atoms 7 in the detection area can be calculated by
using the equation 7 = OD/cL, where L is the length of the
area for atom-light interaction. The OD can be calculated us-
ing the formula OD = In[(f; — Ivg )/ (Io — I )], where I, I, and
I, represent the incident, transmitted, and background light
intensities, respectively. The cross section of the atom-light
interaction can be described as!?’]

5 ol 1 )
2L 14+1/I+4(8/T)%

where I' is the natural linewidth, & is the detuning of the
probe beam, @y, is the frequency of the laser beam, and Iy =
1.669 mW /cm? is the saturation intensity for |F = 2,mp =
+2) — |F = 3,mp = £3) transition, and the calculated cross
section is 2.49 x 1072 cm?. For this detection system, the den-
sity of cold atoms in the detection area is calculated to be
2.01 x 107 cm ™3 when OD is 1.

The duration of cold atom preparation within the com-
plete experimental cycle can significantly affect performance
in quantum sensing and precision measurement, as illustrated
by its impact on the Dicke effect in atomic clocks.?*! The
87Rb atoms were effectively cooled from background vapor

under diffuse light, and the number of cold atoms saturates
with increasing cooling time. The number of cold atoms
as a function of cooling time is described by the equation
dN/dt = —kN+ a, where N is the total number of cold atoms
in the probe area, k represents the cold atoms’ loss rate, and
a describes the rate at which new cold atoms are captured.
With the power and frequency of both the cooling beam and
the repumping beam held constant, the number of detected
cold atoms increases with increasing cooling time, as shown
in Fig. 2(a). We measured the absorption of cold atoms as
the cooling times increased for different cooling powers. By
fitting the data to the equation N(r) = or/x(1 — e~ <)),
where N(e0) = ot/ represents the saturated number of cold
atoms, we deduced that the loss rates were 15.7 s71, 15.1 s71,
137s 513157512081, 11.9s71, 92571 corresponding
to cooling power ranging from 280 mW to 40 mW, respec-
tively, the loss rate was positively correlated with the density
of cold atoms. We fitted the loss rate and loading rate, which
exhibit a linear relationship as shown in Fig. 2(b). With the
ILC method, the density of alkali metal vapor is relatively
high, while the vacuum level of our system is not optimal
due to technical constraints. Consequently, collisions between
cold atoms and background gas constitute the dominant loss
channel.

2.0 7280 ()

0 50 100 150 200 250
Cooling time (ms)

sl ™ .

Loading rate (108 s—1)

9 10 11 12 13 14 15 16
Loss rate (s71)
Fig. 2. (a) Experimental data of optical depth along the optical detec-
tion axis versus cooling time. (b) The relationship between loading rate
and loss rate at different cooling powers.

After the cooling beam has been switched off, cold atoms
decay due to collisions with background atoms and other cold

25,261 We set the cooling time to 300 ms, at which point

atoms. !
saturation is achieved, and the cooling and repumping powers

are set to 280 mW and 13 mW, respectively. The frequency of

084202-3



Chin. Phys. B 34, 084202 (2025)

the cooling beam is red-detuned by 15 MHz for the transition
from |F =2) to |F’ = 3), which is the optimized frequency for
achieving a maximum number of cold atoms. The frequency
of the repumping beam corresponds to the resonance of the
|F =1) to |F’ = 2) transition. As shown in Fig. 3, the probe
beam is turned on #, seconds after the cooling beam has been
switched off to measure the absorption of cold atoms. Each
data set is obtained under the same cooling power and detun-
ing conditions. The cold atoms decay within approximately
30 ms, exhibiting an exponential decay. The remaining cold

atoms in the probe beam area can be described as!?”]

2
s(rtp) =C x [l—exp<—ng€g;))], 2)
where C is a normalization constant, r is the radius of the probe
beam, kg is the Boltzmann constant, and 7 is the temperature
of the cold atomic cloud. The temperature of the cloud can be
fitted as 10 uK using Eq. (2), which is below the Doppler limit
temperature due to a sub-Doppler cooling mechanism.

2.0f

= Data
—Fit
1.5¢
Q [
3 1.0
0.5¢
O-n 1 1 1 1 1
0 10 20 30 40 50

Probe time delay (ms)
Fig. 3. Measured optical depth at different probe time delays.

Unlike other cavity geometries, the absorption of cold
atoms in the flat cavity does not exhibit the characteristic
known as TOF (time of flight).[?®! This phenomenon occurs
when cold atoms, initially located above the probe beam, fall
into the probe beam area due to gravitational effects, result-
ing in secondary absorption. However, in the flat cavity, only
a few cold atoms are present in the upper region, resulting in
negligible secondary absorption.

The volume of the diffuse cavity significantly affects the
power density within it, which is inversely proportional to the
cavity’s size.[*”! The light distribution is influenced by the ge-
ometry of the cavity, the mode of fiber injection, and the size
and number of apertures used for the fiber and vacuum con-
nections. For different cavity geometries used in ILC, the sat-
urated power and optimal laser frequency required to achieve
a maximum number of cold atoms often vary. Therefore, it
is essential to measure the saturation power and optimal laser
frequency for each unique cavity configuration.

We keep the repumping and probe beams at their resonant
frequencies, with powers of 13 mW and 2.2 uW, respectively.
We first investigate the effect of cooling frequency on absorp-
tion while keeping the cooling power at 270 mW. As shown

in Fig. 4(a), ILC demonstrates a large velocity capture capa-
bility; atoms with velocity v can be cooled using a laser with
a detuning frequency |A| < kv < 2|A|, where k is the wave
vector. The cooling beam with a detuning of —15 MHz ex-
hibits the best cooling efficiency, and lasers with +10-MHz
detuning can also cool atoms effectively. The power of the
cooling laser is another principal factor affecting the number
of cold atoms. As the power of the cooling laser increases,
with the red detuning fixed at —15 MHz, the number of cold
atoms rises until the cooling power reaches saturation. When
the power exceeds 300 mW, no further significant increase in
absorption is observed, as shown in Fig. 4(d).

For the repumping laser used to clear dark states and en-
able recycling transitions, the requirement for the repumping
power is not as high compared to the cooling laser. However,
the power does influence the number of atoms significantly.
In this study, the power and the detuning of the cooling laser
are kept at 270 mW and —15 MHz, respectively, while the
power intensity of the probe beam is 0.62 mW /cm?. As shown
in Fig. 4(b), the number of cold atoms exhibits insignificant
changes within the range of =15 MHz. The number of cold
atoms increases significantly with several mW and stabilizes
when the power of the repumping laser reaches about 4 mW,
as shown in Fig. 4(e).

The intensity of the probe beam is comparatively low, re-
quiring only several uWs, and is set to the resonant frequency
of the transition. However, when we change the detuning of
the probe beam, the atomic absorption follows a Lorentzian
profile, and the Lorentzian fit results in a full width at half
maximum (FWHM) of 10.3 MHz, as shown in Fig. 4(c). On
the other hand, we vary the power intensity of the probe beam,
as shown in Fig. 4(f), we observe that as the power intensity
of the probe beam increases, the number of cold atoms de-
creases. Therefore, during the detection process, the probe
beam should have appropriately low power density to avoid in-
accuracies in signal measurement caused by excessively high
probe light power intensity. 3!

Although cold atoms are not trapped by the light field in
ILC, previous experiments have demonstrated that the distri-
bution of cold atoms is closely linked to the intensity profile
of the light field. Furthermore, the overall motion of the atoms
is constrained by the shape of the cavity. We utilized a detec-
tion system with the capability for 2D movement (along the x
and y axes) to measure the distribution of cold atoms, achiev-
ing a spatial resolution of approximately 6 mm. By moving
the magnetic field and the detection light path, we measured
the distribution of cold atoms within the £16 mm x £45 mm
area inside the cavity, with several extraction lines drawn, each
corresponding to the atomic density distribution at various po-
sitions, as shown in Fig. 5.
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Fig. 4. Experimental data of OD along the optical detection axis versus cooling parameters. (a) The dependence of cooling light detuning on
OD at 270 mW cooling power. (b) The dependence of repumping light detuning on OD at 13-mW repumping power. (c) The dependence of
probe light detuning on OD at 0.62-mW /cm? probe power intensity. (d) OD versus cooling light power with the cooling laser at —15-MHz
red detuning. (e) OD versus repumping light power with the repumping laser at resonance. (f) OD versus probe light power with the probe

laser at resonance.
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Since the cold atoms are constrained by the cavity’s size,
they form a sheet-like cloud with a relatively uniform distri-
bution at the center, exhibiting a q2D distribution in certain
areas. The cold atomic distribution along the x direction at the
same y position demonstrates relative uniformity, with minor
fluctuations across different locations. However, the distribu-
tion along the y direction at the same x position exhibits more
pronounced variations, particularly in the region y = £33 mm,
where the weakest absorption is observed despite the cooling
light intensity being relatively stronger compared to other po-

sitions, corresponding to the locations of the fiber injection.
This phenomenon has been observed in previous experiments,
explained by the cooling beam pushes atoms away from the in-
jection area. Furthermore, we also mitigated the potential for
such issues arising from light leakage by employing mechani-
cal switches. Additionally, to improve the vacuum level, vac-
uum glue was applied at the connecting seams before the ap-
plication of the diffuse coating, which may lead to field asym-
metry; further optimization can be achieved by adjusting the
light injection mode.
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4. Conclusion

In this study, we have designed and implemented a flat
chamber for ILC aimed at quantum sensing applications. We
systematically characterized the key parameters and examined
the effects of fundamental factors within this newly shaped
cavity. Using a detection system based on a movable gradient
magnetic field, we mapped a 2D distribution of cold atoms,
which revealed a uniform distribution in the center of the cav-
ity. Our experiments provided a detailed understanding of the
fundamental physical processes of ILC in this system. We
hope that our efforts will advance the application of ILC in
quantum sensing and quantum precision measurement.
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