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Optical detection and manipulation of the thermal properties is an essential subject of cold atoms in the quantum
era. For laser cooled alkali atoms, we have experimentally realized deterministic temperature measurement with
time cost below 1 ms and effective filtering of colder atoms with temperature less than 1 μK, with the help of
nearly nondestructive detection. The quick temperature measurement is accomplished by carefully resolving the
diffusion dynamics of atoms with the information provided by a single probe laser pulse in the form of bucket
detection, while suppressing the amplitude and phase noises of probe laser. The separation of colder atoms is
attainable as the velocity differences of atoms translate into nontrivial position differences, when the diffusion
sustains for a few tens of milliseconds. In particular, these efforts are based on a labeling process that distinguishes
the cold atoms under study from the others by specific internal states, while the nearly nondestructive detection is
implemented via driving a cycling transition with continuous optical pulses. Moreover, such a position-dependent
labeling process can be further modified to become velocity-dependent, with which we have demonstrated a
Maxwell’s demon-type operation on cold atoms, as Maxwell’s demon’s intricate abilities can be understood
as measuring the velocity of an individual particle and then performing feedback according to a straightforward
dichotomy of the velocity value. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.453159

1. INTRODUCTION

Temperature is an essential topic in laser cooling of atoms [1,2],
ions [3,4], molecules [5–7], solids [8–11], and cavity optome-
chanical systems [12–14]. The rapid development of quantum
technologies with cold atom ensembles, including quantum
precision measurement [15–17], quantum sensing [18], quan-
tum simulation [19–21], and quantum information [22,23],
raises emerging requirements for fast temperature measurement
with minimal disturbance and an effective method of sorting
out relatively colder atoms. However, the routine technique
of time-of-flight (TOF) [24–27] is a destructive detection
method that usually costs about a few tens to hundreds of mil-
liseconds. Nondestructive thermometry has been developed for
typical cold atom systems of optical molasses [28,29], optical
dipole traps [30], and Bose–Einstein condensates (BECs) [31],
and yet these methods still need significantly more than 1 ms
data acquisition time in practice.

On the other hand, the idea of filtering colder atoms has
profound connections with the concept of Maxwell’s demon,

which is an imagined creature with the ability of identifying
particles with smaller velocities and subsequently separating
them from the hotter ones [32]. Experiments with
Maxwell’s demon-type behavior have already been proposed
and demonstrated in various systems [33–41]. For cold atoms,
1D quasi-single-velocity cooling [42] and one-way potential
barriers for the optical dipole trap [43] have been realized.
Nevertheless, generic Maxwell’s demon-type operation of iden-
tifying atoms with smaller velocity values remains elusive in
cold atom systems. Meanwhile, lower temperature often im-
plies longer coherence time and better precision, especially
in cold atom clock [44] and ultracold atom interferometry
[45]; therefore, sorting out the relatively colder portion of a
cold atom ensemble is not only theoretically interesting but also
practically helpful.

In this paper, we first demonstrate deterministic measure-
ment of temperature within less than 1 ms detection time
and effective filtering of colder atoms with temperature less
than 1 μK starting from an ensemble with about 20 μK.
The essential procedure consists of a well calibrated labeling
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operation of atoms and nearly nondestructive detection with
continuous optical pulses, relying on the polarization control of
the atoms’ internal states and a cycling transition. Our method
is compatible with various types of cold atom platforms, and
here we choose isotropic laser cooling (ILC) [46–49] due to
its advantage of generating cold atoms with nearly perfect iso-
tropic thermal properties in all three dimensions. It is attainable
to acquire information of temperature within 1 ms because the
absorption change of probe laser is obviously distinguishable in
theory even for cold atoms with very low temperature, when
the signal-to-noise ratio is adequate. Then we move on to dis-
cuss sorting out the colder portion of labeled atoms, which
amounts to mapping velocity distribution into spatial distribu-
tion over a few tens of milliseconds. Finally, we show that, by
tuning the labeling process, whether the atom passing by the
region of labeling lasers gets transferred to state will become
dependent on its velocity. This almost reproduces the original
thought experiment of a Maxwell’s demon labeling the atoms
according to their velocities, where the label is now instantiated
in terms of the atomic internal states.

2. METHODS

The basic experimental setup is depicted in Fig. 1(a). The label-
ing lasers consist of the polarizing laser, which drives the

population among F � 2 level toward jF � 2,mF � 2i,
and the repumping laser, which drives the population from
F � 1 to F � 2. They are of the same beam profile when they
meet the cold atoms. By the end of laser cooling period, all the
cold atoms will be sent to the F � 1 ground level. The success-
fully labeled atoms will then stay at jF � 2,mF � 2i in con-
trast with the other ones. Here the population transfer relies on
spontaneous emissions, and the labeling process typically re-
quires several microseconds to a few tens of microseconds.

The density profile of labeled atoms will vary over time due
to the diffusion related with their kinematic motions, and such
a change can be revealed in the absorption signal of the probe
laser in the form of bucket detection. The velocity distribution
of these laser cooled atoms has been already identified as the
Maxwell–Boltzmann distribution in previous experimental in-
vestigations [28,50], which corroborated the general theory of
laser cooling [51]. Moreover, it is known that the cold atom
density is reasonably uniform in the central region of ILC
[52,53]. With these information as a priori, and taking the fi-
nite labeled area of the circular shape into consideration, an
analytical formula describing the time-dependent absorption
signal can be derived as

I absorb�t� ≃ C ×
kBT d 2

m

�
1 − exp

�
−

ξζ

ξ� ζ
R2
l

��
: (1)

The details of derivationwill be discussed later in Section 3.A.
Here, C is an overall constant, kB is the Boltzmann constant,
m is the atomic mass, T is the 2D temperature of the x, y di-
mensions, d is the Gaussian diameter of the probe laser, Rl is
the radius of labeled area in the x–y plane, and the parameters
ξ, ζ are defined as

ξ � 8

d 2 , ζ � m
2kBT t2

: (2)

A sample theory curve of Eq. (1) is shown in Fig. 1(b). We
observe that the derivative is changing rapidly during the be-
ginning few milliseconds, and this feature makes it possible to
measure temperature on a time scale less than 1 ms. Namely,
even for a small time duration, the bucket detection of the
probe laser can effectively deduce the temperature, according
to the density change due to the thermal motion of cold atoms.

ILC is usually realized in the form of generating cold atoms
by diffuse reflection light [49,54–56]. Its operation requires
neither the careful alignment of cooling lasers or the presence
of magnetic gradient field, and it is known for the character-
istics of compactness and robustness. The implementation of
ILC usually relies on an all-optical structure with the surface
of vacuum chamber coated with diffuse reflective material.

For our ILC process, the cooling lasers consist of the main
cooling laser and the secondary repumping laser. The main
cooling laser is typically red detuned by 20–25 MHz to the
transition of 52S1∕2, F � 2↔52P3∕2, F � 3, and the secondary
repumping laser is tuned to the transition of 52S1∕2,
F � 1↔52P3∕2, F � 2. The power of the cooling laser is typ-
ically set at slightly above 100 mW, where we have experimen-
tally observed that the saturation of the cold atom number
starts to take place. Typically, the cold atom ensemble obtained
via ILC is relatively dilute; therefore, it is vital to suppress the
intensity and frequency noises of probe laser for the sake of a

Fig. 1. (a) Schematic of the experiment. The cold atom ensemble is
prepared by a uniformly diffused cooling laser. A polarizing beam split-
ter (PBS), polarizers (POL), and a half-wave plate (HWP) are em-
ployed to combine the polarizing laser and the repumping laser for
the labeling process. A quarter-wave plate turns the labeling lasers
and the probe laser into circular polarization. The probe laser prop-
agates and eventually arrives at a photodetector (PD). The labeling
lasers and probe laser are concentric and aligned along the direction
of gravity. No bias magnetic field is required. (b) Theory curve of the
absorption signal for cold atoms of 20 μK as the 2D temperature.
(c) Relevant energy levels of 87RbD2 line for the experiment, including
the details of Zeeman sub-states and laser polarizations for the nearly
nondestructive detection method. The probe laser drives a cycling tran-
sition when the population is concentrated in jF � 2,mF � 2i.
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good signal-to-noise ratio. With our choices of parameters, the
cold atom density is typically on the order of 108 cm−3, and the
collision loss rate is on the order of 2 s−1.

In order to realize the nearly nondestructive detection, it
requires a proper time sequence of experiment. The sample
time sequences of the fast temperature measurement and sim-
ulating Maxwell’s demon experiments are demonstrated in
Figs. 2 and 3, respectively. In particular, immediately after
the cooling lasers are turned off, a pumping laser will optically
pump all the cold atoms to the F � 1 ground level.

3. THEORY

A. Relation between the Time-Dependent Absorption
Signal and Temperature
Here we discuss the detailed derivation of how to deduce the
temperature of labeled cold atoms from the absorption signal of
the probe laser in the form of bucket detection. In particular,
the issue of finite labeling area determined by the labeling lasers
will be specifically addressed.

First, we review the idealized case that the labeled atoms take
the form of a thin line with zero width along the z direction.
The Maxwell–Boltzmann distribution in 2D, with respect
to the polar coordinate system, can be written as

f 2�v�dv �
�

m
2πkBT

�
2πv exp

�
−

mv2

2kBT

�
dv: (3)

If we define an artificial proportionality constant η > 0 to
convert the optical depth (OD) at point �x, y� to the density
n�x, y�, then the transmission of probe laser I total�t� can be cal-
culated as

I total�t� �
Z

∞

0

drr · I pe
− 2r2

�d∕2�2 · exp
�
−η

1

t2
e−

m�r∕t�2
2kBT

�
, (4)

with normalization in the value ofZ �∞

0

drr · Ipe
− 2r2

�d∕2�2 : (5)

Inevitably, the thin line description is oversimplified for the
actual situation encountered in experimentation, especially
during the beginning phase of a few milliseconds immediately
after the labeling process. In order to take the finite labeling
area into consideration, we assume a uniform physical density
of the cold atoms near the central region, which is a reasonable
thing to expect for ILC [46–49,52,53]. Then the absorption of
the probe laser includes the contributions of cold atoms trav-
eling from all possible originates within the effective labeling
area. According to this viewpoint, the transmission can be cal-
culated as

I total�t� ≃
ZZ

dX dY Ipe
−2�X

2�Y 2�
�d∕2�2

· exp
�
−

ZZ
S
dxdyη

1

t2
e−

m
2kBT

�X −x�2��Y −y�2
t2

�
, (6)

which can also be understood as a form of convolution based on
Eq. (4). Here we can employ the approximation of eϵ ≈ 1� ϵ
for ϵ ≪ 1:

I total�t� ≈
ZZ

dX dY Ipe
−2�X

2�Y 2�
�d∕2�2

·
�
1 − η

1

t2

ZZ
S
dxdye−

m
2kBT

�X −x�2��Y −y�2
t2

�
: (7)

The above expression leaves us to evaluate an integral in the
form ofZ

∞

−∞
du exp

�
−
8

d 2 u
2 −

m
2kBT t2

u2 � m
kBT t2

uu0 −
m

2kBT t2
u20

�
:

(8)

As in Eq. (1), we adopt the two parameters ξ, ζ to simplify
the notation, and then the value of Eq. (8) can be directly
computed as ffiffiffi

π
p
ffiffiffiffiffiffiffiffiffiffiffi
ξ� ζ

p exp

��
ζ2

ξ� ζ
− ζ

�
u20

�
: (9)

Since Eq. (7) describes the transmitted light, and therefore
in the polar coordinate system, the absorption of light is pro-
portional to

1

t2
·

π

ξ� ζ
· 2π ·

Z
Rl

0

rdr exp
��

ζ2

ξ� ζ
− ζ

�
r2
�
, (10)

where Rl is the radius of the prescribed labeled region. With the
above preparations, we eventually arrive at the following expres-
sion of Eq. (1), as stated previously in Section 2.

Fig. 2. Sample time sequence for our experiment of fast temperature
measurement with nearly nondestructive detection. The pumping la-
ser is resonant with the transition of 52S1∕2, F � 2↔52P3∕2, F � 2.

Fig. 3. Sample time sequence for our experiment of simulating
Maxwell’s demon in terms of velocity-dependent labeling. A mechani-
cal shutter is employed to ensure the labeling lasers are stopped com-
pletely, such that we intentionally keep a waiting period up to several
milliseconds at the end of cooling stage for it to stabilize, which is not
necessary in theory. We omit this extra gap time in this graph.
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When Eq. (1) is employed in the fitting process to extract
the value of temperature, typically it will only need two free
parameters: constant and T . If the maximum absorption rate
immediately after the labeling process is already known, then
there exists only one free parameter T in the fitting process.

In Fig. 4, we show a few typical theory curves with emphasis
put on the first few milliseconds immediately after the labeling
process. From the behavior of curves associated with different
temperature values, we observe that ∼1 ms of data can yield a
deterministic and reliable temperature measurement, as long as
the signal-to-noise ratio is adequate. On the other hand, there
exist a few factors that can influence the accuracy of Eq. (1). For
example, the velocity distribution may deviate from the stan-
dard Maxwell–Boltzmann distribution, or the density of cold
atoms in the labeling region can be non-uniform.

B. Filtering Out the Colder Part of Labeled Atoms
Once the labeling procedure is accomplished, the labeled atoms
staying within the region defined by the probe laser become
colder and colder as time elapses since the hotter atoms gradu-
ally leave the region. Such a process effectively behaves like fil-
tering out the colder atoms.

Here we discuss the details about how to quantitatively de-
scribe such a process. As in the previous analysis, the derivations
will be put under the 2D framework in the �x–y� plane.
Certainly the velocity distribution of the atoms staying in
the confined region will not necessarily obey the status of
an equilibrium state. Therefore, we would like to proceed with
the concept of effective temperature T e , defined in terms of the
averaged kinetic energy. According to the experiment pro-
cedure, T e is a function of time. A prerequisite is that the over-
all temperature value T at the beginning is already known.

With these preparations, we can express T e�t� as follows:

kBT e�t� ≡
1

Norm�T , t�
ZZ

Sp
dX dY

×
ZZ

Sl
dxdy

1

2
m
�X − x�2 � �Y − y�2

t2
e−

m
2kBT

�X −x�2��Y −y�2
t2 ,

(11)

with Sp, Sl representing the probe region and the labeling
region, respectively. Correspondingly, the normalization
Norm�T � is

Norm�T , t� ≡
ZZ

Sp
dX dY

ZZ
Sl
dxdye−

m
2kBT

�X −x�2��Y −y�2
t2 , (12)

where an essential and interesting criterion is that T e�0� will
equal the value of T .

In order to comply with the typical situation with circular
symmetry, we can reformulate Eq. (11) into a format with spe-
cific individual integral limits in the polar coordinates. And,
eventually, with the interpretations that X , Y , x, y are functions
of rp, θp, rl , θl , we arrive at the following formula:

kBT e�t� �
1

Norm�T , t� ×
1

2
mv2r ×

Z
sp

0

drp

Z
2π

0

dθp

×
Z

sl

0

drl

Z
2π

0

dθl rprl
�X − x�2 � �Y − y�2

�vr t�2

× exp
�
−
1

2

T r

T
�X − x�2 � �Y − y�2

�vr t�2
�
, (13)

where the relation of kBT r � mv2r is used.
Although Eq. (13) cannot be further reduced to an analyti-

cal form, it can be evaluated by numerical integration methods,
as we will show later in Section 4.

C. Velocity-Dependent Labeling Process
Here we discuss a few more theoretical details about simulating
the Maxwell’s demon thought experiment with the velocity-
dependent labeling process.

The essence is to investigate the relation between averaged
number of scattering events in the optical pumping process to-
ward the destination state of jF � 2,mF � �2i. In our experi-
ment, the repumping laser and the polarizing laser are both of
the right circular polarization. We make a few assumptions to
simplify the calculations. The first is the one-way repumping
performance in the process of F � 1 → F � 2. Namely, when
the population in F � 1 level is excited, we postulate that the
spontaneous emission only allows decaying to F � 2. The sec-
ond is the one-way polarizing performance in the process of
moving population in F � 2 level to jF � 2,mF � �2i.
Namely, when the population in F � 2 level is interacting with
the polarizing laser, we postulate again that the spontaneous
emission only allows decay back to F � 2 level.

Initially, the atomic population is evenly distributed
among the three states: jF � 1,mF � −1i, jF � 1, mF � 0i,

Fig. 4. Theory curves according to Eq. (1).
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jF � 1,mF � �1i. With the above assumptions, the optical
pumping processes for these three different initial states are
described as follows:

jF � 1,mF � −1i:jF � 1,mF � −1i⇒rep:jF � 2,mF � 0i⇒pol:

jF � 2,mF � �1i⇒pol:jF � 2,mF � �2i:

jF � 1,mF � 0i:jF � 1,mF � 0i⇒rep:jF � 2,mF � �1i⇒pol:

jF � 2,mF � �2i:

jF � 1,mF � �1i:jF � 1,mF � �1i⇒rep:jF � 2,mF � �2i:
Therefore, in such a simplified picture, on average it takes

one scattering event of the repumping laser and one scattering
event of the polarizing laser to reach the destination
of jF � 2,mF � �2i.

On the other hand, a more rigorous approach needs to in-
clude the details of spontaneous emissions and the nuances of
different Zeeman sub-states. The Monte Carlo wave function
(MCWF) method serves well for this purpose, and we briefly
discuss the basic formalism here. We begin with the equations
of motion for the atomic wave functions without decay.
According to the linkage structure of the atomic transitions that
we have chosen, under the rotating wave approximation, the
time evolution of the wave function can be expressed in terms
of ordinary differential equations. For the wave function, we
use the notation of Cl ,j, with l � g , e representing the states
in the ground level of 52S1∕2 and excited level of 52P3∕2, re-
spectively, and j representing the numbering of specific transi-
tions. The detuning term is defined as δ � ωlaser − ωatom. The
specifics are given in Tables 1 and 2.

Then, the ordinary equation system can be expressed in
terms of

i
d

dt

�
Cg ,j
Ce,j

�
�

�
0 1

2Ωj
1
2Ω

�
j −δj

�
·
�
Cg ,j
Ce,j

�
, (14)

just like a set of individual two-level atoms. The reference frame
is set on the cold atom here; therefore, the atom sees time-
dependent driving fields of Ωp�t�,Ωr�t� as the atom traveling
through the repumping and polarizing lasers with Gaussian
profile.

Next, the spontaneous emission can be treated as quantum
jumps with the help of the pseudorandom number generators,
according to the framework of MCWF method. The

destination of spontaneous emission can be set as the random-
ized linear superposition of physically allowed states in the
ground level, in order to better emulate the optical pumping
effects. After running many such MCWF trajectories, the aver-
aged numerical result will become a reasonable explanation of
the velocity-dependent labeling process.

4. RESULTS AND DISCUSSION

A typical experimental result is shown in Fig. 5, where the ab-
sorption signal is collected from a single continuous pulse of
probe laser and the data point is recorded every 5 μs. Here,
the radius of labeled area Rl is 0.48 mm. Due to the cycling
transition, the internal states of the labeled atoms virtually do
not change during detection on the order of milliseconds, as the
probe laser is kept at 0.2 μW with a Gaussian radius of
1.30 mm. Frequency and power fluctuations of the probe laser
significantly affect the signal-to-noise ratio. Here, the frequency
stabilization is realized by saturation absorption spectroscopy
(SAS) with external modulation, and the power stabilization
is implemented by a Brockton Electro-Optics LPC series power

Table 2. Rabi Frequencies for the Transitions
Associated with the Polarizing Laser in the Labeling
Interaction Processa

j jg , ji je, ji Ωj

4 jF � 2,mF � −2i jF � 3,mF � −1i ffiffiffiffi
1
15

q
Ωp

5 jF � 2,mF � −1i jF � 3,mF � 0i
ffiffi
1
5

q
Ωp

6 jF � 2,mF � �0i jF � 3,mF � �1i
ffiffi
2
5

q
Ωp

7 jF � 2,mF � �1i jF � 3,mF � �2i
ffiffi
2
3

q
Ωp

8 jF � 2,mF � �2i jF � 3,mF � �3i Ωp

aThe Rabi frequency Ωp is defined with respect to the relatively strongest
transition of j52S1∕2, F � 2,mF � �2i↔j52P3∕2, F 0 � 3,mF � �3i.

Table 1. Rabi Frequencies for the Transitions
Associated with the Repumping Laser in the Labeling
Interaction Processa

j jg , ji je, ji Ωj

1 jF � 1,mF � −1i jF � 2,mF � 0i ffiffi
1
6

q
Ωr

2 jF � 1,mF � 0i jF � 2,mF � �1i
ffiffi
1
2

q
Ωr

3 jF � 1,mF � �1i jF � 2,mF � �2i Ωr

aThe Rabi frequency Ωr is defined with respect to the relatively strongest
transition of j52S1∕2,F � 1,mF � �1i↔j52P3∕2, F 0 � 2,mF � �2i.

Fig. 5. Obtain temperature from a single trace of experimental data,
costing less than 1 ms. The inset shows the details of the first 200 μs.
This probe laser pulse starts at 3.3 ms after the labeling process, mostly
because of waiting for the mechanical shutter of labeling lasers to fully
close. The method of trust region reflective is employed for the fitting.
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controller. The 2D temperature is determined by fitting to
Eq. (1), where the outcome values based on data of different
time durations are shown in Fig. 5.

In order to verify our description of the dynamics, especially
on a relatively large time scale, we further carry out the experi-
ment with two short probe pulses separated by tens of milli-
seconds. In fact, such a dual-pulse measurement is made
possible by the nearly nondestructive detection, as the first
probe pulse does not disturb the labeled cold atoms or cause
excessive heating. In Fig. 6, we demonstrate a representative
result, together with a fitting to the overall data according
to Eq. (1). We observe that the global fitting curve agrees well
with the experimental data locally for both pulses, which sup-
ports the accuracy of temperature measurement with less than
1 ms data taken very soon after the labeling operation. We re-
peat this type of dual-pulse experiment multiple times with dif-
ferent initial temperatures ranging from 10 μK to 30 μK, and
similar to the situation of Fig. 6, the outcomes are consistent
with our anticipations.

Moreover, we can vary the delay times in the dual-pulse ex-
periment. In Fig. 6, we have intentionally presented the exper-
imental result with a relatively long delay time in order to show
the effects of velocity filtering. On the other hand, we can cer-
tainly choose a shorter delay time, as shown in Fig. 7. Again, we
observe that the global fitting curve agrees well with the exper-
imental data.

In the derivation of Eq. (1), the kinematic motions of la-
beled cold atoms along the z dimension are neglected, and
the outcomes of dual-pulse experiment indicate that this
assumption is reasonable, as long as the labeled atoms do not
hit the wall of vacuum system. Furthermore, these outcomes
imply that the velocity distribution is indeed close to Maxwell–
Boltzmann, as expected. We also observe that Eq. (1)
adequately describes the interaction between the probe laser
and the labeled cold atoms on a time scale from ∼1 ms to
∼100 ms as, in the fitting of Figs. 5–7, the only two free
parameters are T and C.

On the other hand, the result of Fig. 6 can be interpreted
from an alternative viewpoint that the hotter atoms quickly
leave the region defined by the probe laser while the cooler
atoms tend to stay longer. Therefore, the dual-pulse experiment
can behave as an effective method to filter out the colder part of
the labeled atoms, where the nondestructive detection serves an
indicator of the filtering process. As time elapses, the velocities
of leftover labeled atoms gradually deviate from the Maxwell–
Boltzmann distribution while the idea of thermal equilibrium
apparently does not apply; therefore, the concept of tempera-
ture requires careful clarifications. Here we calculate the
temperature as the averaged kinematic energies of the x, y di-
mensions. We focus on the labeled atoms within the disk area
of probe laser’s Gaussian diameter d and compute the temper-
ature of residual cold atoms as a function of time, as in Fig. 8. It
shows that, after about 74 ms delay from labeling, the 2D

Fig. 6. Result of dual-pulse experiment, obtained from a single ex-
perimental trial. The inset shows the detailed data of the two pulses,
respectively. Here the radius of labeled area Rl is 0.64 mm, and the first
probe pulse starts at 4 ms after the labeling process. The overall fitted
temperature is 24.83 μK with uncertainties less than 0.1 μK.

Fig. 7. Result of dual-pulse experiment with a relatively short time
delay between the two probe pulses.

Fig. 8. Theory curve that describes the filtering of colder atoms in
terms of 2D temperature, with Rl � 0.64 mm and d � 2.60 mm.
(a) Details of the tail part. (b) Experimental dual-pulse detection result
with initial temperature about 25.0 μK, also starting at 4 ms after
labeling.
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temperature of residual atoms drops below 1 μK. Following this
observation, we perform a dual-pulse experiment with adequate
time delay, and the result clearly demonstrates that the sub-μK
portion of the labeled cold atoms has been filtered out, as
presented in Fig. 8(b).

Our implementation of filtering has been limited to the 2D
setting. If a fully 3D result is wanted, then extra operations
need be applied to the dynamics of z dimension. We discuss
several possibilities here. For the case of the micro-gravity envi-
ronment [44,45], the diffusion of cold atoms can be regarded as
isotropic; therefore, the task is to break the uniformity of the
labeling process along the z direction. This can be implemented
by a magnetic gradient or an extra ac Stark shift laser, which
ensures that resonance only occurs around a fixed z point.
For the case of on-ground environment with the presence of
gravity, the situation is more complicated due to the additional
overall velocity −gt gained over delay time t , which can be re-
solved by launching the atoms initially at gt via moving
optical molasses.

Next, we turn our attention back to the labeling process.
Previously, its role was limited to quickly optically pumping
the cold atoms within a prescribed region to the specific target
state jF � 2,mF � 2i. On the other hand, if the intensity of
the labeling lasers is intentionally kept at a relatively low level,
then the atoms need a few milliseconds or more of interaction
time to be properly sent to the target state. Therefore, when the
atoms travel through the finite area of labeling lasers in x–y
plane, the probability of labeling becomes dependent on their
velocities, as shown in Fig. 9(a). Approximately speaking, the
slow atoms will go to jF � 2,mF � 2i while the fast atoms
stay at F � 1. In the original version of Maxwell’s demon
thought experiment, the fast and slow atoms are separated
in the spatial degree of freedom, namely that they are sent
to two different compartments. In our experiment, the separa-
tion is realized in the internal degrees of freedom, namely
F � 1 and F � 2 levels. Despite this subtle difference, if a
translation to the original version is desired, then it is possible
to implement a state-dependent optical force in the form of
optical dipole trap to mechanically separate the fast and slow
atoms.

We estimate the velocity dependence of such labeling proc-
esses in a simplified way. On average, it takes one scattering
event of the repumping laser and one scattering event of the
polarizing laser to reach jF � 2,mF � 2i, assuming they drive
a one-way process of F � 1 → F � 2. We proceed with ample
polarizing laser power and investigate the relation between the
labeling process and the repumping laser. We neglect the
subtle differences of Clebsch–Gordon coefficients in Rabi
frequency Ω, and then the excited level population is
ρee�δ� � �s0∕2��1� s0 � �2δ∕γ�2�−1, with s0 ≡ 2jΩj2∕γ2.
The averaged time for one scattering event, or characteristic
time τm, can be expressed as τm � 1∕�γρee�. Take the atom
traveling through the center of labeling lasers as an example.
As an idealization, we use the top hat profile of radius
0.5wl and intensity 2 exp�−0.5�P∕�πw2

l � to model the re-
pumping laser of Gaussian radius wl and power P. Then we
may define a characteristic velocity vm as the maximum
speed that can be properly labeled, in terms of vm � wl∕τm.

The relation between τm, vm and P is shown in Fig. 9(b) for
wl � 0.318 mm and δ � 2π × 24 MHz. Other atoms with
off-center trajectories will need even lower velocities to acquire
enough time to reach jF � 2,mF � 2i. From the viewpoint of
Maxwell’s demon thought experiment, here the demon’s ability
of judging velocity comes from Δx∕Δt , where Δx represents
the size of interaction area and Δt represents the minimal time
required to complete optical pumping in the average sense.

We proceed with measurements according to the above dis-
cussions, with a larger cooling laser power such that the atoms
begin with 2D temperature much higher than that of Fig. 5. In
particular, we set the labeling interaction time as τm according
to Fig. 9(b) for different laser powers, with two subsequent
probe pulses separated by about 20 ms. The different interac-
tion times serve partly for the purpose of avoiding large varian-
ces in the numbers of labeled atoms over multiple labeling
processes. Certainly, the velocity distribution of labeled atoms
here does not necessarily obey Maxwell–Boltzmann distribu-
tion. Nevertheless, in order to interpret the results, we use
Eq. (1) to fit for a value of effective temperature from the ex-
perimental data, and a typical outcome is shown in Fig. 9(c).
We observe that the velocity-dependent labeling effect is real-
ized, and the effective temperature virtually stays the same
when the repumping laser power increases above a threshold.

Fig. 9. (a) Cartoon of atoms traveling through the region of labeling
lasers, which leads to velocity-dependent labeling. (b) Relation be-
tween τm, vm and repumping laser power. If the Clebsch–Gordon co-
efficients or the actual Gaussian beam profile is included into
consideration, the result does not change significantly. (c) Result of
the velocity-dependent labeling experiment, showing the ability to dis-
tinguish fast and slow atoms in the sense of Maxwell’s demon through
experiment. From the viewpoint of classical mechanics, this is analo-
gous to the case of separating hotter and colder atoms into isolated
V ∕2 segments, respectively, from an original containment of volume
V . If we set all the labeling times at 10 ms, the behavior is similar. The
inset shows the details of 2 nW data point, which is smoothed with a
rolling average of every five points.
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Several factors contribute to the imperfections of this result.
The modeling of the physical process is oversimplified; for ex-
ample, the time evolution of the atoms can be analyzed in a
more thorough form to include all the Zeeman sub-states.
The interpretation of experimental data can be refined to in-
clude more details of the labeled atoms’ kinematics.
Experimentally, the polarization quality of label lasers can be
improved while the noise associated with probe laser pulses
can be further suppressed.

ILC leads to relatively dilute cold atom gases; therefore, we
have carefully suppressed the intensity and frequency noises of
probe laser in order to obtain a good signal-to-noise ratio,
which is vital in the temperature measurement process as
can be seen in discussions of Section 3. While we have dem-
onstrated so far that our experiments behave for such a dilute
gas OD on the order of 1 or even less, we have also set up
experimental tests to verify that it works well for cold atom
ensembles with much higher density, and in particular with re-
spect to a high density cold atom ensemble prepared via 3D
magneto-optical trap (MOT). The preliminary testing results
suggest that we have obtained essentially the same kind of
behavior in the outcome. In particular, a cold atom ensemble
with higher OD reduces the requirements on the probe laser.

In fact, since the velocity of cold atoms almost stays un-
changed during the process, the analysis of entropy can be es-
tablished by paying attention only to the internal degrees of
freedom. In such a simplified picture, we assume that here exist
two different states of j0i and j1i, and all the atoms are in the
same quantum state to begin with. After the interaction pro-
cess, the hotter atoms are in state j1i, and the colder atoms are
in state j0i. For one cold atom participating in such a velocity-
dependent labeling process, the information entropy changes in
the amount of exactly 1 bit. Moreover, Landauer’s principle
dictates the minimum work required to erase it. The second
law of thermodynamics requires the overall entropy of an entire
system to increase over time. As the case of laser cooling, the
entire system consists of the atoms and the optical field [57,58].
Similarly, for our experiment, the highly ordered optical fields
of the labeling lasers are scattered into disordered states during
the interaction leading to velocity-dependent labeling. In other
words, the entropy increase of the entire system takes place
mostly in terms of the spontaneous emissions. This observation
also implies that our experiment is connected with the entropy
exchange problem of laser cooling, although virtually no reduc-
tion is made to the kinetic energy of cold atoms here.

5. CONCLUSION

In summary, we propose and demonstrate sub-millisecond tem-
perature measurement of labeled cold atoms by a single con-
tinuous probe pulse in the form of nearly nondestructive
detection. We further utilize this method to show that it is pos-
sible to filter out the sub-μK part from labeled atoms of tens of
μK in a straightforward way, evaluated in the x, y dimensions.
Moreover, we have realized a velocity-dependent labeling effect
by adjusting the labeling process, in the style of Maxwell’s de-
mon thought experiment. Our experiment does not require
subtle quantum coherence effects or delicate quantum manipu-
lation techniques. While we focus on the 2D properties in this

work, extension to a full 3D approach is attainable with rea-
sonable upgrades.
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