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Atomic density optimization of quasi-one-dimensional diffuse laser cooling
under a two-dimensional magnetic-field gradient

Xiaolei Guan,1 Mengyuan Han,1 Jia Zhang,1 Xun Gao,1 Yu Wang,2 Wei Zhuang,3

Tiantian Shi ,4,5,* and Jingbiao Chen1,4,6,7,8

1Institute of Quantum Electronics, School of Electronics, Peking University, Beijing 100871, China
2National Key Laboratory for Metrology and Calibration Techniques,

Changcheng Institute of Metrology & Measurement, Beijing 100095, China
3National Institute of Metrology, Beijing 100029, China

4National Key Laboratory of Advanced Micro and Nano Manufacture Technology,
School of Integrated Circuits, Peking University, Beijing 100871, China

5Beijing Advanced Innovation Center for Integrated Circuits, Beijing 100871, China
6Hefei National Laboratory, Hefei 230088, China

7Handan Innovation Institute, Peking University, Handan 056107, China
8Beijing Key Laboratory of Quantum Metrology Technology and Instruments, Beijing 100871, China

(Received 7 August 2026; accepted 21 October 2026; published 13 November 2026)

Diffuse laser cooling (DLC) provides a compact, robust, and scalable approach to generating cold-atom
ensembles, offering significant potential for ground-based and spaceborne microwave atomic clocks. However,
the performance of DLC systems remains limited by the weak atom-light interaction arising from their relatively
low atomic density. This limitation is characterized by the optical density (OD), which quantifies the effective
interaction strength between the atomic ensemble and the probe light and strongly influences the achievable
signal-to-noise ratio. Although quasi-one-dimensional (quasi-1D) DLC extends the probe interaction length and
improves atomic utilization, increasing the local atomic density within the interrogation region remains challeng-
ing. Here, we demonstrate a magnetically enhanced quasi-1D DLC system that simultaneously maintains the
extended interaction length and increases the atomic density through a two-dimensional magnetic-field gradient.
By spatially compressing and accumulating atoms near the probe axis, we enhance the OD of a 70-cm-long
cold rubidium ensemble from 2.49 to 3.94, representing a 58% enhancement and an equivalent increase in the
local atomic density. The dependence of the OD on the magnetic-field gradient, probe intensity, beam size, and
cooling-light polarization is systematically investigated. This work establishes a practical pathway for enhancing
optical interrogation efficiency and could pave the way for the development of high-performance DLC-based
cold-atom clocks and quantum sensing systems.

DOI: 10.1103/8wmd-2s5q

I. INTRODUCTION

Since the advent of the laser, advances in laser technol-
ogy have enabled numerous breakthroughs in physics [1–3].
Among them, laser cooling and trapping of atoms [4–7]
has undoubtedly emerged as one of the most rapidly de-
veloping and profoundly influential fields over the past few
decades. This technology has not only fundamentally revo-
lutionized our ability to manipulate atomic-scale motion and
interactions, but also led to a series of major scientific achieve-
ments in precision measurement [8–11], quantum simulation
[12,13], time and frequency standards [14–17], and even the
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exploration of novel states of matter [18], thereby serving as a
crucial bridge between fundamental physics and cutting-edge
applications. At the experimental level, several representa-
tive laser-cooling schemes have been established, including
optical molasses [19], diffuse laser cooling (DLC) [20–22],
and magneto-optical traps (MOTs) [23–25]. Each of these
techniques possesses distinct characteristics and provides im-
portant tools for atomic manipulation and coherent control
under different physical conditions.

Among the aforementioned laser-cooling schemes, DLC,
a typical all-optical cooling technique, was first proposed
theoretically by Yu-Zhu Wang in 1979 [20]. Its fundamental
principle relies on the isotropic light field formed by photons
scattered from diffuse reflective surfaces, which can effec-
tively slow and cool atoms. In 1992, cooling of a sodium
atomic beam using a diffuse light field was experimentally
demonstrated for the first time [21]. Subsequently, this tech-
nique has been further developed in various high-reflectivity
cavities, including copper [26,27], ceramic [22,28], silver-
coated [29], and barium-sulfate-coated glass cavities [30,31].
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Compared with optical molasses and MOTs, DLC does not
require precise alignment or collimation of laser beams, nor
is it constrained by cavity geometry, resulting in a more
compact, robust, and flexible system. Furthermore, atoms
with different velocities can compensate for Doppler shifts
by absorbing diffusely reflected light from different direc-
tions, thereby providing a larger capture velocity range and
higher cooling efficiency. Its all-optical nature also eliminates
the need for external magnetic fields, which is particularly
advantageous for magnetically sensitive experiments. Owing
to these features, DLC is widely regarded as an ideal ap-
proach for constructing simple and reliable cold-atom sources,
especially for applications demanding high robustness and
environmental adaptability, such as space cold-atom clocks
[32,33] and portable atom interferometers [34].

It should be noted that a key challenge of DLC is its rela-
tively low atomic density, typically on the order of 107 cm−3.
This limitation arises from the inability of the diffuse light
field to form a three-dimensional potential well that can ef-
ficiently accumulate atoms. Currently, several efforts have
focused on optimizing the light-field configuration to in-
crease the atomic density of DLC. For example, in integrating
spheres or cylindrical cavities, the cold-atom density along
the probe axis can be enhanced by adjusting the incidence
angle [35], spatial position [36], and number of cooling
beams, thereby improving the signal-to-noise ratio (SNR) of
spectroscopic measurements. However, such approaches re-
main constrained by the geometry of conventional cavities,
so only atoms within the volume traversed by the probe
beam are effectively utilized, leaving the majority of cooled
atoms unprobed. In 2022, a quasi-one-dimensional (quasi-
1D) DLC scheme was proposed [37], in which cold atoms
were prepared over a one-meter-long, horizontally oriented
vacuum glass tube, achieving high spatial overlap between
the probe beam and the cooling region. This design not only
significantly extends the atom-light interaction length but also
allows a much larger fraction of the cooled atoms to contribute
to the measurement, offering a promising route for DLC
applications in precision metrology [38,39] and space
science [40].

In this work, we further explore the potential of the
quasi-1D DLC scheme by introducing a two-dimensional
magnetic-field gradient to enhance the atomic density. The
magnetic field is generated by two pairs of orthogonally
arranged anti-Helmholtz coils (AHCs), forming a potential
well aligned with the probe axis, where the field is zero
at the axis and increases gradually in the radial direction,
thereby effectively compressing and accumulating cold atoms
in its vicinity. Specifically, we use the optical density (OD),
which is linearly proportional to the atomic density, as the
key parameter for characterizing the system. We systemat-
ically investigate the effects of the magnetic-field gradient,
probe intensity, beam size, and cooling-light polarization on
the atomic density. Experimental results demonstrate that,
under an optimal magnetic-field gradient of 6–7 G/cm, the
OD of the 70-cm-long cold-atom ensemble increases from
2.49 to 3.94. As a further extension of quasi-1D DLC, this
scheme preserves its inherent advantages, including long in-
teraction length and high spatial utilization of atoms, while
effectively increasing the number of probed atoms through

magnetic confinement. In the future, this system could provide
a promising route toward next-generation high-performance
cold-atom clocks [29,41]. Under quantum-projection-noise-
limited conditions, the SNR of the clock signal is proportional
to

√
N , where N is the number of atoms participating in

the interrogation. Thus, increasing the number of probed
atoms can enhance the clock-signal SNR and consequently
improve the short-term frequency stability. Moreover, it holds
considerable potential for applications in precision spec-
troscopy [42], quantum sensing, and high-precision quantum
metrology [43,44].

II. EXPERIMENTAL SETUP

Figure 1 illustrates the three-dimensional structure of the
quasi-1D DLC system with two-dimensional magnetic-field
gradient coils. The 780 nm cooling and repumping lasers
are provided by two high-power tunable diode lasers (Top-
tica TA pro). We employ saturated absorption spectroscopy
(SAS) to stabilize the cooling laser frequency to the 87Rb
52S1/2 F = 2 → 52P3/2 F ′ = 3 cycling transition, and the
repumping laser frequency to the F = 1 → F ′ = 2 transi-
tion. After stabilization, the cooling laser is red detuned by
15 MHz using acousto-optic modulators (AOMs). The cool-
ing and repumping beams are then combined, split into four
equal-power beams, and coupled into four multimode fibers.
The total powers of the cooling and repumping lasers are
approximately 165 and 40 mW, respectively. In contrast to
conventional spherical or cylindrical DLC cavities, we use a
70-cm-long hollow glass tube with an inner diameter of 2 cm
as the cooling chamber (vacuum level: 10−6 Pa). Its outer
surface is coated with multiple layers of BaSO4, providing
high reflectivity over 250–1300 nm and exceeding 98% at
780 nm. Four small uncoated holes on the sidewall allow
beam injection from the four fibers. Due to multiple diffuse
reflections from the BaSO4 coating, the injected beams form a
quasi-1D diffuse light field with a relatively uniform intensity
distribution inside the tube.

The two-dimensional magnetic-field gradient is generated
by two pairs (four in total) of orthogonally arranged AHCs,
each coil measuring 80 cm × 20 cm and wound with 200
turns of copper wire. Each pair is driven by an indepen-
dent current supply, with current directions indicated in the
lower-left corner of Fig. 1(b). By adjusting the currents, the
magnetic-field gradients along the x and y directions can be in-
dependently controlled. Figures 1(c)–1(e) show the measured
one-dimensional magnetic-field distributions along each axis,
obtained using a magnetometer with 0.1 G resolution. The
coordinate origin is defined at the geometric center of the coil
assembly. A zero-field line is observed along the longitudinal
(z) direction. At any point on this line, the magnetic-field
intensities along x and y vary linearly with displacement
from the center, with opposite directions on either side. To
quantify the gradient characteristics, we record the gradi-
ents along the x and y directions under different driving
currents. Since the two pairs of AHCs have identical struc-
tures, the measured gradients are both 2.9 G/(cm A). This
two-dimensional magnetic-field gradient, together with the
diffuse light field, forms a magneto-optical potential well,
which drives atoms uniformly distributed within the glass
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FIG. 1. (a) Optical setup of the cooling and repumping lasers. ISO: isolator; HWP: half-wave plate; PBS: polarizing beam splitter; M:
high-reflection mirror; PD: photodetector; AOM: acousto-optic modulator. (b) Conceptual sketch of the quasi-1D DLC system with two-
dimensional magnetic-field gradient coils. The vacuum glass tube is 70 cm long with an inner diameter of 2 cm. Two pairs of orthogonally
arranged anti-Helmholtz coils consist of four independent coils (80 cm × 20 cm, 200 turns each), with current directions shown in the lower-left
corner. The probe laser propagates along the z axis. (c), (d) Magnetic-field distributions along the x and y axes under different driving currents.
The magnetic-field gradient is 2.9 G/(cm A) for both axes. (e) Magnetic-field distribution along the central axis (z direction) of the coil
assembly, remaining approximately zero over the entire 70 cm length. (f) Absorption spectrum of cold 87Rb atoms (orange). The green curve
shows the SAS reference obtained from thermal atoms.

tube toward the zero-field line, thereby increasing the atomic
density in its vicinity.

Next, we precisely align the zero-field line with the central
axis of the glass tube and use a 780 nm external-cavity diode
laser as the probe source, with the probe beam propagating
along the tube axis to measure the absorption spectrum of
the cold atoms. The probe laser frequency is continuously
scanned across the 87Rb 52S1/2 F = 2 → 52P3/2 transition.
Taking the thermal-atom SAS as a reference, the three ab-
sorption peaks in the orange curve of Fig. 1(f) correspond,
from left to right, to the F = 2 → F ′ = 3, 2, 1 hyperfine
transitions. To more intuitively evaluate the cold-atom density
enhancement, we use the OD, which is linearly proportional
to the atomic density ρ, as the key characterization param-
eter. It is calculated from the absorption spectra according
to OD = − ln Iout

Iin
= ρσ (δ)L, where Iin and Iout are the inci-

dent and transmitted probe intensities, respectively, σ (δ) =
3λ2

2π
1

1+4(δ/�)2 is the effective absorption cross section of the
atoms (with λ the laser wavelength, δ the detuning of the probe
laser frequency from the atomic resonance, and � the natural
linewidth of the transition), and L is the interaction length
between the probe beam and the atomic ensemble. When the

probe laser is on resonance, the cold-atom density can be
derived as ρ = OD × 2π

3λ2L . In the following experiments, all
OD measurements are performed on the F = 2 → F ′ = 3
cycling transition.

III. RESULTS

A. Optimization of the magnetic-field gradient

The two-dimensional magnetic-field gradient is a key pa-
rameter for controlling the density of cold atoms. To clarify
its influence, we independently vary the driving currents of
the two pairs of AHCs and measure the OD under different
gradient configurations. Figures 2(a)–2(c) show the results for
probe intensities of 0.75, 1.5, and 3 mW/cm2. In the absence
of applied gradient fields, the initial ODs are 2.49, 1.82, and
1.16, corresponding to atomic densities of 1.22 × 107, 8.95
× 106, and 5.71 × 106 cm−3, respectively. Scanning the
magnetic-field gradients in both x and y directions over the
range of 1–9 G/cm reveals a consistent trend for all three
probe intensities: When the gradients are relatively weak (<5
G/cm) or imbalanced between the two directions, the OD
enhancement is limited; when both gradients exceed 5 G/cm
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FIG. 2. OD measurements under different two-dimensional magnetic-field gradients. The probe intensities are (a) 0.75, (b) 1.5, and (c) 3
mW/cm2, with initial ODs of 2.49, 1.82, and 1.16 in the absence of applied gradient fields. The probe beam has a Gaussian diameter of 1.3 mm
in all cases.

and are approximately equal, the OD increases significantly.
The optimal gradient range lies around 6–7 G/cm, yielding
maximum ODs of 3.94, 2.99, and 1.57, which correspond to
atomic densities of 1.94 × 107, 1.47 × 107, and 7.72 × 106

cm−3, respectively.

B. Analysis of density characteristics

With the magnetic-field gradients along the x and y di-
rections fixed at the optimal value of 6.5 G/cm, we next
expand the probe beam and measure the OD as a function
of probe power for expansion factors of 1 (unexpanded), 2,
3, 4, and 5. The insets in Figs. 3(a)–3(e) show the corre-
sponding probe-beam profiles measured using a beam quality
analyzer (Thorlabs BP209), with Gaussian diameters of 1.3,
2.8, 3.9, 4.8, and 5.7 mm, respectively. In each subfigure, the
OD exhibits a similar dependence on probe power both with
(red) and without (blue) the magnetic-field gradient. When the
probe beam is unexpanded, the OD decreases rapidly with in-
creasing probe power because the probe intensity far exceeds
the saturation intensity at 780 nm (Isat ≈ 1.67 mW/cm2),
causing heating, expansion, and displacement of the cold-
atom cloud and thereby reducing the number of atoms probed.
With an expansion factor of 2, the decline in OD slows
markedly, while for expansion factors of 3, 4, and 5, the OD
remains nearly constant as the probe power increases because
the probe intensity is well below Isat. These results indicate
that the incident light intensity is a key factor affecting the
cold-atom density. For applications requiring high atomic
density, expanding the incident beam is therefore beneficial
for maintaining the stability of the cold-atom cloud.

Furthermore, Fig. 3 reveals another important feature of
the cold-atom density distribution in the two-dimensional
magnetic-field gradient configuration. Although expanding
the probe beam by factors of 3, 4, and 5 suppresses the
OD decrease with increasing power, the OD enhancement
provided by the gradient field gradually diminishes as the
beam diameter increases. This behavior arises because the
cold-atom cloud exhibits high density only near the zero-
field line. As the radial magnetic field strength increases, the
atomic density decreases due to reduced cooling efficiency
from the Zeeman effect and enhanced atom loss induced by
collisions. Consequently, for the same probe intensity, an

excessively large probe beam fails to efficiently utilize the
high-density atoms concentrated along the central zero-field
line, resulting in a loss of the OD enhancement factor. Overall,
under the condition that the cold-atom density remains stable
with increasing incident laser power, a threefold expansion
of the incident beam is the optimal choice for subsequent
applications.

C. Comparison of different cooling-beam
polarization configurations

All experiments described above are performed under the
conventional DLC configuration, where no active polariza-
tion control is applied to the incident cooling and repumping
beams. After transmission through multimode fibers, the ini-
tially linearly polarized light becomes depolarized. Following
multiple diffuse reflections inside the glass tube, the scat-
tered light superposes to form an approximately isotropic
and unpolarized optical field. To investigate the effect of
polarization on DLC performance, we replace the incident
cooling and repumping beams with circularly polarized light.
The experimental setup is shown in Fig. 4(a). Eight linearly
polarized cooling and repumping beams are delivered through
eight polarization-maintaining single-mode fibers and then
pass through a half-wave plate, a polarizing beam splitter, and
a quarter-wave plate, generating four pairs of counterpropa-
gating σ+ and σ− circularly polarized beams. These beams
are injected into the vacuum chamber through apertures on
opposite sides of the glass tube. Following the conventional
DLC optimization procedure [17,37], we first measure the
OD as a function of the cooling and repumping laser powers
[Figs. 4(b) and 4(c)]. The OD reaches its maximum when
the total power of the circularly polarized cooling beams is
approximately 180 mW and that of the repumping beams
is approximately 20 mW. Note that the maximum available
cooling-laser power is limited to 180 mW due to the coupling
efficiency of the polarization-maintaining fibers.

Then, with the cooling and repumping laser powers
fixed at the optimal values mentioned above, we apply the
two-dimensional magnetic-field gradient to the DLC in the
circularly polarized configuration and measure the OD for dif-
ferent gradient settings (probe power: 10 μW, unexpanded).
In the absence of a magnetic-field gradient, the initial OD
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FIG. 3. OD as a function of probe laser power (intensity) for different probe-beam sizes. The red and blue curves represent measurements
with and without the two-dimensional magnetic-field gradient, respectively. Each data point is the average of three measurements. From panel
(a) to panel (e), the probe beam expansion factors are 1 (unexpanded), 2, 3, 4, and 5, with corresponding Gaussian diameters of 1.3, 2.8, 3.9,
4.8, and 5.7 mm.

of the cold-atom cloud reaches 3, exceeding the value of
2.49 obtained without polarization control. We attribute this
improvement to the fact that the circularly polarized inci-
dent beams, after diffuse reflection, form a partially coherent
optical field with a complex polarization structure, which gen-
erates numerous small and steep “polarization gradients” [45].
As atoms move through this field, they repeatedly undergo
Sisyphus cooling cycles, resulting in higher cooling efficiency.
Additionally, as shown in Fig. 4(d), the OD increases slightly
only when the gradient strength is smaller than 4 G/cm. This is
because the gradient field exerts a magnetic force on moving
atoms, pulling them toward regions of lower field strength.
However, when the gradient is too large, the polarization-
gradient-based cooling mechanism is disrupted, leading to an
OD lower than that without the magnetic field.

Finally, Fig. 4(e) compares the OD as a function of probe
laser power for the conventional configuration without po-
larization control and the circularly polarized configuration,
each operated at its optimal magnetic-field gradient (6.5 and
3 G/cm, respectively). The results show that the OD ob-
tained with the circularly polarized configuration (blue) is
consistently lower than that in the conventional configura-
tion (red). We speculate that this difference arises from the
optical field inside the circularly polarized DLC exhibiting
a more complex polarization structure, which may generate
a repulsive force that pushes atoms away from the zero-field

line, thereby weakening the effectiveness of magnetic confine-
ment. Therefore, the two-dimensional magnetic-field gradient
is more suitable for the conventional DLC system without
active polarization control.

IV. CONCLUSION

In this work, we demonstrate a magnetic-field-engineered
quasi-1D DLC system that enables an increase in atomic
density while preserving the extended interaction length char-
acteristic of the quasi-1D configuration. By introducing a
two-dimensional magnetic-field gradient, we spatially com-
press and accumulate cold atoms near the probe axis, thereby
strengthening the atom-light interaction. Through systematic
investigation of the effects of the magnetic-field gradient,
probe parameters, and cooling-light polarization, the optimal
operating conditions are identified, enabling a 58% increase
in the OD (from 2.49 to 3.94) and an equivalent increase
in the local atomic density of the 70-cm-long cold rubidium
ensemble.

This approach combines the advantages of long interaction
length and enhanced atomic utilization. It could be ap-
plied to cold-atom active Faraday optical frequency standards
[46], where the increased atomic density may improve the
transmission of cold-atom Faraday filters [47–49], thereby fa-
cilitating stimulated emission and enabling further narrowing
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FIG. 4. Experimental results of the quasi-1D DLC system using circularly polarized cooling and repumping lasers. (a) Schematic of the
experimental setup. PM: polarization-maintaining; HWP: half-wave plate; PBS: polarizing beam splitter; QWP: quarter-wave plate. (b) OD vs
cooling laser power with repumping power fixed at 50 mW. (c) OD vs repumping laser power with cooling power fixed at 180 mW. (d) OD
measurements under different two-dimensional magnetic-field gradients. The probe intensity is 0.75 mW/cm2 and the initial OD without
the gradient field is 3. (e) Comparison of OD between conventional DLC (without polarization control, red) and the circularly polarized
configuration (blue) at their respective optimal magnetic-field gradients. Each data point in panels (b), (c), and (e) is the average of three
measurements.

of the laser linewidth. For cold-atom clocks [29,40,41], under
quantum-projection-noise-limited conditions and assuming
that the effective number of interrogated atoms increases cor-
respondingly, the 58% increase in atom number could yield
an SNR enhancement of approximately 26% (

√
1.58 ≈ 1.26),

thereby potentially improving short-term frequency stability.
More broadly, this approach establishes a pathway toward
compact, high-performance cold-atom frequency standards
[17] and precision quantum sensors [50,51].
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