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Characterization of nonlinear spectral linewidth and light shift in
diffuse laser-cooled atoms
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We demonstrate an integrating sphere to cool 87Rb atoms and measure the recoil-induced resonance and electromag-
netically induced absorption spectrum. We measure the relationship between their linewidth and light shift with variation
of the detuning and power of the cooling laser and study the performance of the diffuse laser cooling mechanism by the
absorption linewidth radio Avg/Avg and light shift |[AgR — Ag| using nonlinear spectroscopy. Specifically, when Avg/Avg
reaches a value of 1.57, the temperature and number of cold atoms achieve the optimal cooling effect. This characterization
of absorption linewidth and light shift will provide a method to estimate whether diffuse light cooling achieves the best
cooling effect, contributing to the future development of isotropic laser cooling for application in quantum sensing.

Keywords: nonlinear spectrum, diffuse laser cooling, temperature measurement

PACS: 34.35.4-a, 37.10.De, 47.80.Cb, 82.53.Kp
DOI: 10.1088/1674-1056/ad990f

1. Introduction

Cold atom magnetometers have been widely applied to
measurement of weak magnetic fields, including magnetic in-
duction imaging, '] magnetic resonance in a vector field, 7]
and vacuum-related applications.!3-!"1 Magneto-optical traps
(MOTs)!'213] have served as the primary cooling apparatus
for achieving cold atomic magnetometers. However, a spe-
cial arrangement of laser beams and a quadrupole magnetic
field are needed, which results in atomic perturbation by the
nonzero magnetic field and may exert an influence on the mea-
suring performance. In contrast, laser cooling of atoms in dif-
fuse light has shown great potential in many applications and
is a good candidate for building an atomic magnetometer due
to the compact setup and simpler structure without external
magnetic fields. The sensitivity of the magnetometer is crit-
ically dependent on the relaxation time and number of cold
atoms; " the relaxation time relies on the atomic tempera-
ture, therefore identifying the appropriate measuring method
for calibrating the atomic temperature and number remains a
major research concern. A nonlinear spectroscopy technique
for estimating the temperature and number of confined cold
atoms can be an effective instrument for studying physical
processes in an integrating sphere cold atom magnetometer.
Consequently, we propose to explore the physical mechanism
using the nonlinear spectrum to extract information about cold
atoms in the integrating sphere, such as atomic temperature
and atomic density.

Current research on the nonlinear spectroscopy of cold
atoms mainly focuses on stimulated Raman scattering,!'>16]
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(RIR),[17’18]

induced transparency!!'>?° and electromagnetically induced

recoil-induced resonances electromagnetic-
absorption (EIA).[>!22] Traditional cooling mechanisms, such
as MOTs 23! and optical lattices,?*?3 have typically mea-
sured the RIR or EIA signals. The coexisting nonlinear spec-
troscopy of cold atoms has been observed in the integrating
sphere cooling scheme.*°! Within the integrating sphere, RIR
has the potential for non-destructive temperature measure-
ment, [>7) while the light shift of EIA is used to extract the
effective Rabi frequency.*®! The latter research focused on
the individual roles of RIR and EIA signals in a diffuse light
field. In this work, we focus on the relationship between two
signals in the integrating sphere with changes in the cooling
power and detuning. Since the RIR and EIA signals exist si-
multaneously in the integrating sphere cooling scheme, diffuse
light has a different effect on each signal. By exploring the
relationship between the two signals, including their linewidth
ratio and light shift, we further explore the optimal cooling
conditions and underlying mechanisms within a diffuse light
field.

In this paper, we obtain the temperature and number of
cold atoms by measuring both RIR and EIA nonlinear spec-
tra in the integrating sphere. Firstly, we analyze the physical
characterization of the RIR and EIA nonlinear spectra. Then,
we measure the different nonlinear spectral signals by varying
the detuning and power of the cooling laser. Utilizing the dis-
tinct characteristics of the two absorption resonances, we de-
fine the absorption linewidths of the RIR and EIA as Avg and
Avg, respectively. The values of the probe laser detuning that

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

023401-1


https://doi.org/10.1088/1674-1056/ad990f
https://cstr.cn/32038.14.CPB.ad990f
mailto:beiliu@sdu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 34, 023401 (2025)

correspond to the RIR and EIA peaks are Ar and Ag, respec-
tively. We can directly extract the difference value |Ar — Ag|
of the light shift and the ratio Avg/Avgr of their absorption
linewidths with cooling laser power and detuning. Subse-
quently, Avg/Avg allows us to ascertain the optimal cooling
conditions for determining the temperature and number of cold
atoms. Furthermore, we explore the contribution of the diffuse
light field to the coexistence of both signals and compare the
temperature measurement result between the RIR width and
the time-of-flight (TOF) method. Our work will help provide
a novel approach for the quantitative assessment of cold atom
temperature and number, thereby establishing a foundation for
the subsequent study of cold atom magnetometers in a diffuse
light field.

2. Physical characterization of RIR and EIA
Spectra

A simple description of the physical characterization un-
derlying RIR is as follows. The cooling laser is used as the
pump laser, with the wave vector, frequency, Rabi frequency
and detuning frequency denoted by k., @, £2. and A. (A. =
. — Wy, oy is the resonance frequency of atomic transition),
respectively. The probe laser has a wave vector k;, frequency
@y, Rabi frequency €2, and detuning frequency A, = @, — @y.
The detuning between the probe laser and cooling laser is de-
fined by A = @y — @.. The angle between the cooling and
probe lasers is 8. Assuming that the probe-cooling detuning
A is sufficiently small, one can find that |ky| =~ |kc| = k. The
RIR appears on the transmission spectrum of the probe laser,
and can be interpreted as a stimulated Raman process between
two different momentum states. Indeed, due to this stimulated
Raman process, when A > 0, the probe signal is absorbed,
when A < 0, the probe signal is amplified. The RIR structure
shows a dispersion-like shape. The process of cooling photon
absorption followed by probe photon emission results in mo-
mentum change of the atoms: the calculation of the angle 0 is

related to the momentum p,[23’29]

2k 0 0
|A|:E(hksin§—p)sin§. (1)

Now we consider the particularity of diffuse light-decelerating
atoms in the integrating sphere. Given that the cooling laser in
the integrating sphere is effectively diffuse light after multiple
reflections, %! an atom with velocity v resonates with the pho-
tons whose propagating directions are at an angle o with v.
The cooling laser detuning must satisfy A. —k.vcoso =0 to
automatically compensate for the Doppler shift. The cooling
laser entering the integrating sphere through the multimode
fiber does not undergo diffuse reflection before it touches the
inner surface of the integrating sphere, and it forms four ex-
tended lasers perpendicular to the direction of the probe laser.

The angle between these extended lasers and the probe laser
is close to m/2 rad, which is too large to generate the RIR
two-photon process. Consequently, only when the angle 6 is
sufficiently small, the RIR signal is produced. Unlike 0 in the
MOT is easy to manipulate, the diffuse light field generated by
the cooling laser entering the integrating sphere is complex,
and 0 is constantly changing. We need to find a critical angle
6. such that the range of 0 < 6 < 6. can show RIR with the
majority of cold atoms. 6. can be calculated using the law of
conservation of energy, where the momentum changes of the
two-photon process need to match the energy change of the

diffuse light in the integrating sphere26-2"]

drm(w, — @) = 2kppy + 2ke(pxcos O, — pysin6;)
+h(k3 + k3 + 2kpke cos 6 ). 2)

For an atom with initial momentum p, in the direction e, and
momentum py in the direction ey, py and p, are all positive.
By considering the simplification in Ref. [26], 6. is approx-
imately 0.122 rad in our best experimental conditions. The
RIR gain is proportional to the population difference of two
momentum states>"!

GrIR = —27Ny

Q3 Qc > o p? A

AZK2v? 2kv
where Ny is the atomic number, Vv is the atomic velocity,
W(p) = e”’z/”%/(\/ﬁpo)3 is the one-dimensional momentum
distribution function, pg is the atomic initial momentum and
W' is its first-order derivative with respect to p, @y = hk? /2m
is the recoil frequency and m is the atomic mass. The RIR
gain is a dispersion-like line shape centered around A = 0,
the distance between the peaks of which (RIR width)3%311 jg
AWRIR = 2k6c\/kgT /m.

The EIA arises from the transfer of coherence from the
excited state Zeeman sublevels to the ground state Zeeman
sublevels, facilitated by the spontaneous emission process in-
duced by the coupled light fields. This coherence manifests as
constructive interference, where the Zeeman sublevels within
the same ground state are coupled together and mutually rein-
force each other through spontaneous emission. The EIA in-
volves constructive interference across multiple quantum path-
ways participating in the transition, leading to an increased
population of atoms in a particular quantum state and conse-
quently enhancing probe absorption. The EIA model is ob-
tained by summing the Lorentzian profiles centered at the ap-
propriate resonance frequencies and weighted by the products
of the relevant population differences and the square of the

Clebsch-Gordan coefficients as!3%

2
Geia(8) = Y wis 1 ;A1 ;L(8, 81, Yi-1.)
=1
2

= Y Wit AT G L(8, 81y Vi), (4)
i=—1
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where wy ; is the weight associated with the Clebsch—Gordan
coefficient along the k = my <— j = mg Raman transi-
tion path, A ; is the population difference of the k = my
and j = mg sublevels and the Lorentzian profile is given by
L(8,6j, %) i where O j represents the reso-

TR A6-5))
nance frequencies and Y ; represents the widths of the k =

(a) )
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mg <— j = my transitions. The primary reason for the light
shift in EIA is the interaction between the Zeeman sublevels
in the ground state of cold atoms. The EIA peak signal at the
energy position corresponds to the light shift between adjacent
sublevels, and its amplitude is proportional to the product of
the relevant population differences and the Clebsch—Gordan
coefficients involved in the specific transition.
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Fig. 1. (a) Schematic diagram of differential detection (PBS, polarized beam splitter; BPD, balanced photodetector; M, mirror). The combined
cooling and repumping laser is separated into four parts and injected into the integrating sphere, while the probe laser is perpendicular to
them. Differential detection can effectively suppress the common-mode noise and improve the signal-to-noise ratio. (b) The hyperfine structure
absorption spectrum is recorded by scanning the frequency of the probe laser across the transition |52, s F = 2) — |5°P;3 /2. F "=1,2,3). The
red square is the nonlinear spectrum signal, which can be superimposed by the RIR and EIA. Inset: under the condition that the cooling laser
power and detuning are about 320 mW and —19 MHz, the blue and red lines represent the Lorentzian fitting curves of the RIR and EIA absorption
peak spectra, with linewidths of 617.18 kHz and 973.46 kHz, respectively. The RIR width, the RIR peak and the EIA peak are indicated with

black arrows to facilitate subsequent study in the nonlinear spectrum.

3. Experimental setup

We utilize an integrating sphere to generate isotropic dif-
fuse light for the direct laser cooling of atoms. A cylindrical
glass cell, with an inner diameter of 47 mm and a length of
100 mm, is mounted on an ion pump and linked to a rubid-
ium reservoir. This setup maintains a background pressure of
10~ Torr. The glass cell is enveloped by an integrating sphere
crafted from polytetrafluoroethylene, which exhibits a diffuse
reflection coefficient at the inner surface of 98% at 780 nm.

In our experiment, the cooling laser, with a total power
of 320 mW, is red-detuned about 19 MHz (~ 3I") to the
52812, F = 2) = |5%P3 5, F' = 3) transition. The repumping
laser is locked to the |5281/2,F =1)— |52P3/2,F' =2) tran-
sition with a power of 10 mW, used to keep the population
from being trapped in the |5%S, /2, F = 2) state. The combined
cooling and repumping lasers are delivered through two pairs
of vertically mounted multimode fibers positioned in the cen-
tral plane of the integrating sphere.

As shown in Fig. 1(a), the probe laser, with a power of
1.5 uW, is split equally by a polarized beam splitter. One is
directly reflected in free space using a mirror, while the other
is transmitted horizontally through the cold atoms. Finally,
the differential signal of the probe laser is measured by a bal-

anced photodetector. By sweeping the frequency of the probe
laser among the atomic resonance, we measure the atomic ab-
sorption spectrum as shown in Fig. 1(b). The reduction of
the Doppler width of the cold atoms allows resolution of the
atomic hyperfine structure. The weak amplification and ab-
sorption signals near the absorption peak constitute the nonlin-
ear spectrum signal, as depicted in the red square in Fig. 1(b),
which can be decomposed into the RIR and EIA signals.

4. Experimental results and discussion

We first measure the different nonlinear spectral signals
by varying the detuning and power of the cooling laser to ob-
tain the RIR width. As shown in Figs. 2(a) and 2(b), the sweep
frequency range of the probe laser is approximately 15 MHz
and its power is about 1 uW. It is observed that the nonlinear
spectral signal associated with the cold atoms consistently ap-
pears near the frequency at which the detuning of the probe
laser matches that of the cooling laser. The frequency position
of the RIR signal remains invariant with changes in the power
of the cooling laser, which is a notable characteristic distin-
guishing the RIR signal from the stimulated Raman scattering
signal observed in cold atoms.
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Fig. 2. [(a) and (b)] Experimental signal of the nonlinear spectra of cold atoms varying with the detuning A; and power P of the cooling laser.
The sweep range and power of the probe laser are about 15 MHz and 1 puW, respectively. (c) The black squares represent the experimental data
for RIR width and the red line is the theoretical curve for RIR width with increase in detuning of the the cooling laser. (d) The black squares
represent the experimental data for RIR width and the red line is the linear fitting of RIR width with increase in cooling laser power. The RIR
width shows power broadening with increase in the cooling laser power.
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Fig. 3. [(a) and (b)] TOF signal at different detunings and powers of the cooling laser. [(c) and (d)] The temperature of cold atoms measured by
the TOF method and RIR width compared under different cooling laser detunings and powers. The black squares and red circles represent the
atomic temperature obtained from the RIR width and TOF method, respectively.

We calculate the RIR width (the distance between two  duces changes in the ground state population of cold atoms

peaks) for different detunings and powers of the cooling
laser. As the detuning of the cooling laser increases, the RIR

width gradually narrows. This occurs because the RIR in-

across different velocity distributions and the relationship be-

tween the RIR width and the lasering of the cooling laser A,

22129 12712 1.07) Con-

as shown by AWRIR = Al 1300 T 750402575124
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versely, the RIR width broadens with an increase in the power
of the cooling laser due to power broadening, the RIR width
of which increases roughly linearly with the cooling laser
power. The RIR shape is approximately the first derivative
of the Gaussian velocity distribution of the cold atoms, and we
can obtain the atomic temperature from the result of the RIR
width.

A widely applied technique for detecting the temperature
of cold atoms is the TOF method. For cold atoms in the in-
tegrating sphere, the absorption profile of a weak probe laser
during TOF expansion is utilized to measure temperature and
its time evolution. The resonant frequency of the probe laser
has a power of 1 uW. The cooling and repumping lasers are
switched on/off using the acousto-optic modulator. The TOF
absorption varies with change in the power and detuning of the
cooling laser, as shown in Figs. 3(a) and 3(b). The Gaussian
radius o, of the cold atomic velocity distribution can be ob-
tained by Gaussian fitting of the TOF signal.’?! The typical
temperature 7 of the cold atoms is then calculated using the
equation %mcvz = %kB T, where kg is the Boltzmann constant.

Figures 3(c) and 3(d) compare the atomic temperature
measured by the TOF method and the RIR width method un-
der different cooling laser detuning and power conditions, re-
spectively. The difference between the two methods is within
5 ukK, which is in the allowable range and may be attributed to
several factors. Firstly, the unique structure of the integrating
sphere makes it challenging to accurately measure the descent
distance of atoms. Unlike the TOF signal in a MOT, the de-
tected signal in the integrating sphere is not complete. Sec-
ondly, the angle between the probe and cooling laser in the in-
tegrating sphere is affected by the diffuse light field. The sim-
plification of the parameters in the calculation also influences
the temperature results in cold atoms. Furthermore, an atomic
temperature below the Doppler limit indicates the properties
of sub-Doppler cooling.

Due to the characteristics of the RIR signal, the spacing
between the maximum of the amplification part and the min-
imum of the attenuation part is solely related to the detuning
of the cooling laser. The probe laser detuning corresponding
to the RIR peak, Ag, varies exclusively with the cooling laser
detuning but remains invariant with changes in the power of
the cooling laser. In contrast, the detuning of the probe laser
corresponding to the EIA peak, Ag, is influenced by the rela-
tive light shift between the ground state Zeeman sublevels of
the cold atoms. This relative light shift is directly proportional
to the power of the cooling laser. Thus, the frequency po-
sition between the two absorption peaks (RIR peak and EIA
peak) |AR — Ag| increases with the cooling laser power, as
shown in Fig. 4(a). However, as the cooling laser detuning
increases, the slopes of the RIR and EIA peak changes are
1.00342 and 1.00733, respectively. Since these slope values

are nearly identical,

AR — Ag| remains relatively constant with
changes in the cooling laser detuning, as shown in Fig. 4(e).

The cooling laser entering the integrating sphere through
the multimode fiber does not undergo diffuse reflection before
it touches the inner surface of the integrating sphere, and it
forms four extended lasers perpendicular to the direction of
the probe laser. Although these extended lasers do not slow
down atoms, they contribute to the generation of EIA sig-
nals. Due to the intensity of these four extended lasers being
stronger than that of the diffusely reflected laser, the laser in-
tensity forming the EIA signal is much greater than that form-
ing RIR, resulting in the linewidth of EIA (Avg) being much
wider than that of RIR (Avg). The process of forming EIA
and RIR reflects the formation of the diffuse light field, so
the relationship between their absorption linewidths is closely
related to the atomic cooling effect. We explore the cooling
mechanism in the integrating sphere by examining the ratio
Avg/Avg of the EIA absorption linewidth to the RIR absorp-
tion linewidth. Experimental data reveal that when Avg/Avg
is approximately 1.57, the optimal detuning condition for the
cooling laser is —19 MHz, and the optimal cooling laser power
is 320 mW. Under these conditions, the temperature of the cold
atoms reaches a minimum of 33 pK and the atom number is
maximized at 9.8 x 10°.
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Fig. 4. (a)~(d) Dependence of |Ar —Ag| (red triangles), Avg/Avg
(blue rhomboids), atom number (orange squares) and atom tempera-
ture (green circles) on the cooling laser power. (e)—(h) The variation of
|Ar — Ag| (red triangles), A Vg /A Vg (blue rhomboids), atom number (or-
ange squares) and temperature (green circles) with the cooling laser de-
tunings. When Avg/Avg is approximately 1.57, the detuning and power
conditions for the cooling laser are —19 MHz and 320 mW. Under these
conditions, the number of atoms and temperature are optimal, at 9.8 x 10°
and 33 pK, respectively.
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5. Conclusion

In conclusion, we have measured the nonlinear spectra of
RIR and EIA in diffuse laser cooled atoms and analyzed the
dependences of width and light shift on cooling laser power
and detuning. The light shift of the RIR signal depends on
the velocity distribution of the cold atoms, while the relative
light shift between the ground state Zeeman sublevels of the
cold atoms determines the light shift of the EIA signal. Con-
sequently, the absolute difference in light shifts, |[Ag — Ag|, in-
creases with the power of the cooling laser and remains rel-
atively constant with changes in the detuning of the cooling
The absorption linewidths of the RIR and EIA sig-
nals rely on the cooling laser power and detuning. When the

laser.

linewidth radio Avg/Avg is approximately 1.57 and the cool-
ing laser power and detuning are 320 mW and —19 MHz, re-
spectively, the atomic temperature is minimized at 33 pK and
the number of atoms is maximized at 9.8 x 10°. Therefore,
the observed nonlinear spectra of RIR and EIA within the in-
tegrating spheres present a quantitative method for evaluating
the cooling efficacy of these systems. This method will be ap-
plied to a cold atom magnetometer in the future, as well as
other quantum sensing including cold atom clocks and cold
atom interferometers.
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