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We develop a form of nondestructive optical thermometry to deterministically measure the temperature
of the selected segment of a cold-atom ensemble. The essence is to monitor the thermal expansion of the
targeted cold atoms after their labeling through manipulation of the internal states, and the nondestruc-
tive property relies on nearly lossless detection via the driving of a cycling transition. The temperature
information is extracted from the change of densities via a bucket detector without the necessity of a com-
plicated imaging setup. We also focus on the application of this method to isotropic laser cooling, and it
has the capability of addressing only the atoms on the optical detection axis within the enclosure, which is
readily compatible with typical configurations of atomic clocks or quantum sensing. Our results confirm
the sub-Doppler-cooling features of isotropic laser cooling, and we further investigate the relevant cool-
ing properties. Furthermore, we demonstrate the recently developed optical configuration with injection
of cooling-laser light in the form of hollow beams, which helps to enhance the cooling performance and

accumulate more cold atoms in the central regions.
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I. INTRODUCTION

Ever since the advent of laser cooling and trapping
[1,2], cold atoms have become a key platform in emerging
quantum technologies, including quantum precision mea-
surement [3], quantum sensing [4], quantum simulation
[5-7], and quantum information [8,9]. Over the last three
decades, intense efforts have been devoted to the develop-
ment of relevant technologies, where deterministic mea-
surement of cold atoms’ temperature is an essential sub-
ject [10,11]. So far, time-of-flight (TOF) measurement of
falling atoms has become the standard technique to evalu-
ate the temperature under various scenarios, such as optical
molasses, magneto-optical trapping (MOT), and a Bose-
Einstein condensate (BEC) [12,13]. Nevertheless, recent
progress raises demands for different types of temperature-
measurement techniques, especially for situations not so
favorable for the TOF method. For example, there has been
much interest in the thermometry of cold atoms in exper-
iments regarding cavity quantum electrodynamics [14],
ultracold atoms on the nanokelvin scale [15—17] or subject
to strong interactions [18,19], and many other interesting
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cases in cold-atom physics [20—22]. Moreover, nonde-
structive thermometry of cold atoms [23] also draws a lot
of attention, and a recent study further demonstrates the
possibility of the nondestructive temperature measurement
technique for a BEC [24].

Isotropic laser cooling (ILC) in the form of cold atoms
enclosed in an environment of diffuse-reflection light [25—
29] has found critical applications in microwave atomic
clocks, spectroscopic studies, and quantum sensors [30—
36] due to its characteristics of compactness and robust-
ness [32,34]. To ensure the quality of the diffuse optical
field of ILC, the enclosure of the diffuse-reflection sur-
face around the atoms needs to cover nearly the entire
47 solid angle. Therefore, unlike the typical case of six-
beam optical molasses or MOT, if we want to apply
the TOF method to ILC [28,29], an extra falling dis-
tance and an auxiliary chamber equipped with a detection
windows are necessary, which results in considerable dif-
ficulties compared with the natural requirement of the ILC
platform. On the other hand, it is also practically trouble-
some to incorporate a transparent window to image the
entire ensemble, such that fluorescent light is not likely
an ideal option for the signal of temperature measure-
ment either. Therefore, it remains a challenge to find a
method that not only gives accurate results but that is also
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straightforward to implement and integrate for temperature
assessment of ILC.

In this article, we report our recent progress in realizing
and characterizing a method to directly measure the tem-
perature of a selected segment of cold atoms via detection
of their thermal expansion after their labeling. The expan-
sion process is monitored on the basis of the absorption
of light from a probe laser, and the collective information
on the density change in time is extracted via a bucket
detector without the necessity of imaging. This method is
applicable to most types of cold-atom platforms, and here
we emphasize its application to ILC experimentally. First,
we present the basic principles and typical operation pro-
cedures. Then we perform further investigations with the
nearly-nondestructive-detection process. Finally, accord-
ing to the results of temperature assessment, we investigate
the elementary properties of ILC’s sub-Doppler-cooling
effects.

I1. BASIC MECHANISM AND IMPLEMENTATION

The basic mechanism and implementation are outlined
in Fig. 1. In the experiment, 8’Rb atoms are laser cooled by

the diffuse-reflection light inside a cylindrical cavity [36—
38]. The cylindrical cavity is made of a glass cell with
inner diameter of 54 mm and height of 54 mm, and its
surface is coated with a reflective material whose diffuse-
reflection index is more than 98% at the wavelength of 780
nm. The cooling light is red detuned at 22.5 MHz to transi-
tion 528y, F = 2 <> 52P3)5, F = 3. The repumping light,
tuned close to the resonance 525, 2. =1« 52P; 2. F =
2, 1s divided into two beams. One beam (repumping 1) par-
ticipates in the laser-cooling process and the other beam
(repumping 2) enforces the labeling of the atoms along the
central axis. The cooling light, optical pumping light, and
repumping 1 light combine into one beam, and then form a
parallel hollow beam with diameter of 34 mm and width of
1 mm via a pair of axicons. Eventually, the hollow beam is
injected into the cylindrical cavity and is diffusely reflected
inside the cavity. The repumping 2 light and probe light
propagate vertically along the central axis through the cav-
ity, with Gaussian beam diameters of 0.96 and 2.63 mm,
respectively.

Our labeling process is accomplished by our distinguish-
ing the two hyperfine ground levels. After interaction with
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FIG. 1.

(a) The experimental setup. The cylindrical cavity is mounted vertically and the cold-atom ensemble has a long-cigar shape.

The optical detection axis is along the central axis of the cylindrical cavity. The probe light propagates through the cold atoms and
arrives at a photodetector (PD). (b) Relevant energy levels and transitions of the 3’Rb D2 line for our experiment. (c) Details of the
Zeeman substates and relevant polarization degrees of freedom for the nearly-nondestructive-detection method. (d) A sample time
sequence for the basic destructive-type detection process. Firstly, atoms are cooled down via ILC. Secondly, optical pumping light
transfers all intracavity cold atoms to the level of 528, 2, F = 1. Afterward, repumping 2 light populates the atoms to 528, 2, F =2,
along the central axis. Finally, during the detection stage, probe light is applied with a variable delay time that can be scanned.
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optical pumping light and repumping 2 light, the cold
atoms along central axis are pumped to /' = 2, while the
rest of the intracavity cold atoms stay in /' = 1. Such an
arrangement does not involve the polarization degree of
freedoms. Here, the target segment is naturally chosen as
the cold atoms along the central axis, exactly those we
care about in typical applications of the ILC platform. The
labeled atoms will subsequently start the diffusion process:
namely, expanding freely due to their thermal motions.
Monitoring the diffusion process over time will yield the
temperature information.

To begin with, we demonstrate the general case with a
destructive-type detection process, and Fig. 2 shows the
outcome of such a measurement. For simplicity, we ignore
the finite width of the labeled-atom ensemble, and effec-
tively treat it as a thin line [37]. Then after diffusion,
the labeled atoms’ spatial-density profile at a later time
directly reflects their original velocity distribution at the
beginning. Because the time duration of diffusion is rela-
tively short and the direction of gravity is along the central
axis, the effects of gravity can also be virtually dismissed
for now. With respect to the geometry of this system, the
dynamics in the dimension along the central axis does not
have a significant impact on the outcome, and therefore
it suffices to consider the process in a two-dimensional
setting in the transverse plane. In laser cooling, assign-
ing the temperature to a cold-atom ensemble requires
careful clarification, since the ensemble does not neces-
sarily sit in a thermal-equilibrium state. For our case, the
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FIG. 2. A typical result with each data point taken in a new

cycle of the experiment. The cooling-laser power is 120 mW
and the cooling time is 1000 ms. The inset shows the raw data
of amplified voltage signals from probe-pulse incidences on the
photodetector, time stamped with respect to a standard experi-
mental cycle. The error bar is smaller than the data dot size and
therefore is omitted. The theoretical curve according to Eq. (2) is
shown, and the temperature is deduced to be 41.9 £ 2.6 uK with
the factor of 3/2 already included.

justification comes from the information from the velocity-
distribution profile, which can be deduced from analysis
of the experimental data. It is well described by the two-
dimensional Maxwell-Boltzmann distribution f(v)dv =
(m/27kgT)2mw v exp(—mv? /2kzT)dv. According to the
equipartition theorem, the temperature in three dimensions
T;p can be deduced as T5p = Top x 3/2, where Typ is the
temperature in two dimensions, by the inherent isotropic
property of ILC in the kinematics of each dimension.

Basically, our method is linked with counting the num-
ber of labeled atoms within a prescribed confined region.
Hotter samples tend to diffuse faster with fewer residual
atoms, and vice versa. After time delay #, the number of
atoms remaining in the region with radius r.. is proportional
to [37]

m(rc/t)2>

s(re, ) =1 —exp (— T
B

(M

Scattering off these atoms will lead to a reduction in the
transmission of the probe-laser pulse. In typical methods
such as absorption imaging [39,40], the temperature infor-
mation can be deduced from the change in the density
profile. On the other hand, in our method the signal is
registered via a single photodetector based on the over-
all absorption, or very loosely speaking, the integration
of density with weights imposed by the probe-laser spa-
tial profile, rather than the images of the detailed density
profile. Such a procedure has similarities and connections
with optical imaging via compressive sampling techniques
[41-44], and the photodetector is effectively a single-
pixel bucket detector, which provides adequate temper-
ature information from the density-profile change of the
labeled cold atoms [37,40]. Under the assumption that the
cold atomic gas is relatively dilute and the delay time is
not too short, the reduction of the probe-pulse transmission
signal is proportional to

2 m \ ! )
((d/zt)2+Tﬂ> ’ @

where d is the Gaussian diameter of the probe light [37].
Typical cold-atom temperature-measurement techniques
such as the TOF method or imaging after release are a
type of destructive detection. On the other hand, evalua-
tion of temperature via nondestructive measurement has
been of essential interest in the field, and such methods
have already been discussed [23]. The basic experiment
for Fig. 2 is also destructive in the sense that interaction
with the probe pulse changes the internal quantum state
of cold atoms and the original labeling does not persist.
Hence, a complete measurement trace requires repeated tri-
als of replenished cold atoms. However, if we include the
polarization degrees of freedom in the system, a nearly-
nondestructive-type method can be constructed with the
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FIG. 3. Results of temperature measurement by the nearly-
nondestructive-type method for cold atoms with different cooling
times under ILC. The cooling-laser power is set at 60 mW. The
differences in absorption amplitudes between these curves are
mostly due to the differences in the numbers of accumulated cold
atoms, which depend on the cooling time. The inset shows a
sequence of raw data in terms of the amplified probe-light signal,
all taken consecutively in the same experimental cycle.

help of the cycling transition, as in the case of atomic qubit
readout [45-49].

More specifically, for 3’Rb, an appropriate cycling
transition can be chosen as 5S8i,|F =2,mp =2) <
5P3p|F = 3,mp = 3), as shown in Fig. 1(c). Accordingly,
we introduce necessary changes into the labeling process
such that the labeled atoms are sent to |[F = 2, mp = 2),
while the rest of the atoms stay in /' = 1 [37]. Then, inter-
action of a weak probe pulse of right circular polarization
will not destroy the prescribed labeling, and nearly non-
destructive detection of the temperature can be realized.
A magnetic bias field is not necessary for this. In particular,
a complicated interferometer design or a delicate imaging
setup is not requited.

Then we implement this type of nearly nondestructive
method and we investigate the influence of the cooling
time on the temperature, as shown in Fig. 3. According to
curve fitting via Eq. (2), the temperature difference in these
three cases is within approximately 0.5 wK. Such a test
confirms that as long as the cooling time is not too short, it
does not have an effect on the ultimate temperature of cold
atoms in ILC.

III. FURTHER INVESTIGATIONS

Next we investigate the influence of the cooling-laser
power on the temperature; the results are shown in Fig. 4.
We also include a direct comparison between the nearly-
nondestructive-type measurements and the destructive-
type measurements. This sample data yield identical tem-
peratures in both cases, which verifies the feasibility of
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FIG. 4. Temperature measurement with respect to different
cooling-laser powers via nearly nondestructive measurement
plotted in terms of normalized absorption of the probe pulse
at different delay times. A comparison between destructive-
type and nondestructive-type methods is also included. All
nondestructive-type-measurement data points are normalized
with the same standard, while the destructive-type counter-
parts are normalized differently for better visualization of the
comparison. The cooling time is set as 1000 ms.

the nondestructive-type method. In principle, one main
limiting factor comes from the heating of the cold atoms
caused by the scattering of the probe light, and this requires
us to maintain a relatively low power setting. For our
experiment the probe-light power is kept at less than 1 uW.
As an advantage of the nondestructive method, a com-
plete measurement trace can be accomplished in one
experimental cycle without the internal state of the labeled
atoms being changed. For the purpose of adequately dis-
cussing the characteristics of this method, so far we have
chosen to present data with an extended time duration.
On the other hand, for practical applications, it is pre-
ferred that the temperature of the cold-atom ensemble can
be assessed in the first few milliseconds or even sooner,
while the majority of the atoms’ internal states are kept
unperturbed, ready for the next phase of experiments [37].
Obtaining the temperature relatively fast is another feature
of our method, and we show such an example in Fig. 5. A
shorter probe pulse and a greater signal-to-noise ratio can
further reduce the time cost to obtain the temperature.

IV. SUB-DOPPLER COOLING OF ILC

As stated earlier, we choose the form of a hollow beam
in order to feed the cooling-laser light into the cylindrical
cavity for ILC. This recently proposed design is an update
based on our previous studies [30,32,38], with the aim of
generating a more-uniform intracavity diffuse optical field
and increasing the concentration of atoms along the central
axis. While the performance in general exhibits an obvious
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FIG. 5. A sample measurement result with reduced time cost.

The cooling-laser power is 129 mW and the cooling time is
1000 ms. The temperature is 45.0 4 2.5 K according to the the-
oretical fitting. The time cost of only the detection process is on
the order of approximately 5 ms.

improvement, we observe that the measured temperatures
seem to be consistently much lower than the Doppler tem-
perature Tp ~ 145.6 uK of 3’Rb. The phenomenon of
sub-Doppler cooling has been extensively observed in ILC
experiments of various instantiation forms, although there
are still some puzzles regarding the fundamental mecha-
nisms. For instance, Ref. [31] proposes that the underlying
principle can be explained as Sisyphus cooling in a speckle
laser field [50,51].

Following the observation of the influence of the
cooling-laser power, we perform further investigations into
the relation between temperature and cooling-laser power,
and a typical result is shown in Fig. 6. It provides insight
into the physics of the temperature scaling law of ILC, and
in particular it hints at the embedded sub-Doppler-cooling
properties.

We may deduce the simplified one-dimensional form
of the sub-Doppler-cooling force profile in terms of F =
— Bsub(8)v from elementary analysis based on Fig. 6, with §
being the cooling-laser detuning. More specifically, under
the framework of the Fokker-Planck equation to interpret
laser cooling, the temperature limit of kzT = mv?/2 is
achieved when the magnitudes of the cooling rate F - v
and the heating rate 4hw,y, are equal, with w, being the
recoil frequency w, = hk*/(2m) and y,, being the effective
scattering rate. On basis of the apparently linear relation in
Fig. 6, we can ignore the relatively small term of intercepts
and treat the relation as 7 = n(8) x Z. By definition, the
saturation parameter is proportional to intensity so = aZ,
and we have the approximate relation at low intensity:
vy ~ soy[1 + (28/y)*17!/2, with y being the natural line
width. Then eventually we arrive at the following equation
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FIG. 6. Relation between the cooling-laser power Z and the

cold-atom temperature 7 in ILC for selected cooling-laser detun-
ings. Linear curve fitting is shown, where the intercepts on the
temperature axis are at around 10 K [37]. The cooling time is
set to 1000 ms for all cases. This constitutes an analogy to mea-
surements of temperature scaling laws in optical molasses [52]
and MOT [53].

as the one-dimensional description:

P 1« h’k*y
O™ S e ® T+ 23/y

v]. 3)

Therefore, the information regarding S, can be extracted
according to n(8) from the linear fittings in Fig. 6 and
the experimentally measured value of «. Staying with the
one-dimensional description, we find the ratio « is on the
order of approximately 0.01 per milliwatt for our sys-
tem. According to Eq. (3), from the collected data we can
estimate that |Bsu,/Bom| > 1, where Bom is the damp-
ing coefficient of a typical Doppler-cooling process in
one-dimensional optical molasses [54].

Among many potential applications of this method, we
note two particular examples: cold atoms in space missions
and ultracold atoms such as a BEC. Quantum technolo-
gies based on cold atoms in space missions have become
a focus in the research community recently [17,55,56].
Several characteristics of our method appear attractive for
this purpose: the basic principles fit the scenario of micro-
gravity, the detection process is relatively fast, and the
apparatus is suitable for integration into a compact system.
Nondestructive thermometry of ultracold atoms, especially
a BEC, has constantly attracted much interest. We hope
that our method will be helpful in this direction as well.
One of the delicate points is that the heating effect must
be kept at a very low level throughout the entire process
[40]. For typical alkali atoms, while the labeling process
between the two hyperfine ground states can be driven by
a Raman transition to avoid heating, the probe light has to
be kept at an appropriately low power level to maintain
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a small number of overall scattered photons. Moreover,
we will also explore potential possibilities of extending
our results with respect to the emerging topic of quantum
thermometry [57] in future work.

V. CONCLUSION AND OUTLOOK

In conclusion, we design, realize, and characterize a
nearly nondestructive method to measure the temperature
of a labeled segment of cold atoms, together with a care-
ful experimental investigation of its applications to ILC. It
is realized via a proper cycling transition enforced by use
of the polarization degrees of freedom and a bucket detec-
tor. This method is straightforward to implement and can
yield temperature information in several milliseconds. It
has a unique feature to address the atoms along the optical
detection axis, which is of essential value to ILC and other
cold-atom platforms commonly used in quantum metrol-
ogy and quantum sensing. Moreover, with the help of this
method, we systematically study the influence of cooling-
laser parameters on the resulting cold-atom temperature
of ILC. In particular, we investigate the sub-Doppler-
cooling properties of ILC by studying the relation between
temperature and cooling-laser power.
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