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Abstract. The problem of sub-Doppler laser cooling of atoms under "optical molasses" conditions in 
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in equilibrium but can nevertheless be approximated by two Gaussian functions and, accordingly, 
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and their temperatures depending on the parameters of light fields is carried out. Based on the obtained 
results, the concept of weighted average temperature can be introduced, which corresponds to the 
average kinetic energy of atoms.
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1. INTRODUCTION

Laser cooling of atoms is a basic tool of modern 
quantum physics and contributes to the development 
of many directions with fundamental and practical 
applications. Among the main ones are the devising 
of modern precision frequency standards [1–4], 
embrace a new direction of atomic sensors based 
on matter wave interference [5–7], quantum 
computing [8,9], and quantum communications 
[10]. Subsequent application of evaporative cooling 
methods allows achieving ultra-low temperatures 
at which quantum properties of Bose and Fermi 
condensates emerge, which is of separate interest for 
research [11, 12].

From a classical perspective, the impact of light 
on atoms is described in terms of forces being by 
nature a radiative light pressure on moving atoms, 
as well as forced dipole forces, arising from the re-
emission of field photons by atoms between different 
spatial field modes [13–15]. The "quantum" nature of 
atom-photon interaction within the quasi-classical 
approach is described by the f luctuation of forces 

acting on the atom, which allows describing atomic 
kinetics both within the Fokker-Planck equation 
[16, 17] for the atomic distribution function in phase 
space, and in its equivalent approach based on 
stochastic equations of motion for individual atoms – 
Langevin equations [18, 19]. 

An alternative to quasi-classical approaches is 
our developed fully quantum approach, which 
allows solving the problem of laser cooling of atoms 
within boundaries of quantum kinetic equation for 
the atomic density matrix [20–23]. The presented 
approach allows obtaining a stationary numerical 
solution of the quantum kinetic equation for 
the atomic density matrix, containing complete 
information about both internal and translational 
degrees of freedom of the atom in a laser field. 
The analysis of the problem within the quantum 
approach reveals features associated with the finite 
atoms' recoil parameter while interacting with field 
photons, = /R kEε γ  ( =k RE ω  — kinetic energy 
received by a stationary atom when interacting with 
a field photon, Rω  — recoil frequency, γ  — natural 
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linewidth of the atomic transition), in contrast to 
the quasi-classical approach, where this parameter 
is considered extremely small, 1Rε  .

Taking into account the influence of quantum 
recoil effects, discreteness of momentum and energy 
transferred to an atom during interaction with field 
photons is most relevant task both for laser cooling 
using narrow optical transitions [24] and for cooling 
atoms characterized by an insufficiently small 
parameterм Rε  [25]. In particular, the presented 
quantum approach made it possible to compare the 
efficiency of sub-Doppler laser cooling of atoms in 
fields with spatially inhomogeneous polarization, 
formed by counter-propagating waves with opposite 
circular polarizations (σ+–σ--field configuration), 
or orthogonal linear polarizations (lin (lin lin^ -con-
figuration) [26]. Addirionally it has been shown 
that the momentum distribution of cold atoms is 
significantly non-equilibrium and, strictly speaking, 
cannot be described in terms of temperature. 
Therefore, within theoretical approaches for 
describing laser cooling, we used the average 
kinetic energy of atoms, which can be expressed in 
temperature units. Experimentally, the temperature 
of cold atoms is calculated by approximating the 
momentum distribution with a Gaussian function, 
and the result may depend on approximation 
methods. For example, in work [27], besides the 
narrow component of momentum distribution 
characterized by sub-Doppler temperature, the 
presence of a broader component was shown, which 
looks like a "substrate." However, its width turns out 
to be comparable to the Doppler limit temperature, 
which generally corresponds to a two-temperature 
distribution of cold atoms. 

In this work, within the boundaries of our 
developed quantum approach [22], we conduct a 
detailed analysis of the non-equilibrium distribution 
of atoms in the problem of sub-Doppler laser cooling 
under conditions of optical molasses, taking into full 
account quantum recoil effects. This problem can 
also be applied as an approximate description laser 
cooling of atoms in a magneto-optical trap (MOT), 
since atoms are cooled in the center of the MOT 
where the magnetic field is zero. It was found that 
the temperatures of the "cold" and "hot" fractions 
of atoms and their proportions depend not only 
on the parameters of the used field but also on the 
chosen configuration of light fields and the recoil 
parameter Rε . The presented results allow us to 

judge the cooling regimes in which a significantly 
two-temperature distribution of atoms emerges, and 
allow us to describe conditions for maximizing the 
proportion of atoms in the "cold" fraction, which 
is of separate interest for creating a source of cold 
atoms. 

2. PROBLEM STATEMENT 

A n ensemble of low-density atoms with 
negligible interatomic interaction is cooled in a 
monochromatic field resonant with a closed optical 
transition g eF F® , where gF  and eF  — are the total 
angular momenta of the ground (g) and excited (e) 
states. Consider configurations of monochromatic 
field formed by counter-propagating waves of equal 
intensity: 

	 0 1 2( , ) = ( ) c.c.,ikz ikz i tz t E e e e ω- -+ +E e e 	 (1)

where 0E  — is the complex amplitude of light waves; 
ω  — field frequency; = /k cω   — wave vector. 
Polarizations 1e  and 2e  of counter-propagating 
waves in the Cartesian basis , ,x y ze e e  are expressed 
through components of vectors 0, 1±e  in the cyclic 
basis: 

	
=0, 1

= , = 1,2.n ne nσ
σ

σ ±
åe e 	 (2)

Here σe  — are unit vectors of the circular basis: 
1 0= ( ) / 2, =x y z± ±e e e e e . In this work, we 

will consider the most common configurations of 
light fields formed by counter-propagating waves 
with orthogonal polarizations, in which sub-Doppler 
laser cooling mechanisms can emerge [28]:

1)  lin lin^ -configuration of the light field with 
1 = xe e , formed by a pair of counter-propagating 

waves with orthogonal linear polarizations, 
2)  σ+– σ--configuration of the light field with 

1 = +e e  and 2 = -e e , formed by a pair of counter-
propagating waves with circular polarizations.

A feature of these configurations is that the 
spatial dependence of the polarization vector (1) 
is determined by only one parameter of the light 
field. Thus, in the lin lin lin^  configuration, only 
the ellipticity of the light field depends on the 
coordinate, periodically changing the polarization 
from circular to linear and back along the axis z. In 
the case σ+– σ--configuration, the polarization 
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of the light field at each point is linear, but the tilt 
angle of the axis changes periodically along thez
z-axis (see, for example, papers [28, 29]).

To describe the evolution of a low-density atomic 
ensemble, we use the quantum kinetic equation for 
the atomic density matrix ρ̂: 

	
ˆ ˆ ˆˆ ˆ= [ , ] { },i H
t
ρ ρ Γ ρ¶

- +
¶ 

	 (3)

where Ĥ  is the Hamiltonian, and ˆ ˆ{ }Γ ρ  describes the 
relaxation of the atom while interacting with vacuum 
modes of the electromagnetic field, i.e., as a result of 
spontaneous decay. The atomic Hamiltonian Ĥ  is 
divided into the sum of contributions: 

	
2

0
ˆˆ ˆ ˆ= ,

2
H H V

M
ρ

+ + 	 (4)

where the first term is the kinetic energy operator; 
M  — atomic mass; 0

ˆ ˆ= eH Pδ-  — Hamiltonian of a 
free atom in the rotating wave approximation (RWA); 

0=δ ω ω-  — detuning of the optical frequency ω 
from the atomic transition frequency 0ω ; 

	 ˆ = | , , |e e eP F F
µ

µ µñáå 	 (5)

— projection operator for excited state levels | ,eF µñ,  
characterized by total angular momentum eF  and 
angular momentum projection µ on the quantization 
axis. The last term V̂  describes the interaction of the 
atom with field (1). The interaction of the atom with 
the field resonant to the electric dipole transition 
is described by the interaction operator of the 
following form: 

	 1 2
ˆ ˆ ˆ= exp( ) exp( ),V V ikz V ikz+ - 	 (6)

ˆ ˆ ˆ= ( ) = ,
2 2n n nV De D eσ

σ
Ω Ωå 

where Ω is the Rabi frequency of the electric dipole 
transition, and is determined by the polarization 
vectors of counter-propagating waves and vector 
operator D̂, whose matrix components D̂σ  in the 
circular basis are expressed through Clebsch-
Gordan coefficients: 

	
,
, ;1,

,

ˆ = | , , | .
Fe

e gF mgm
D C F F

µ
σ σ

µ
µ µñáå 	 (7)

The last term of the kinetic equation (3), 
describing the relaxation of the atomic density 

matrix accounting recoil effects, is determined by 
the expression (see, for example, papers [20–23]) 

3ˆ ˆˆ ˆ ˆ ˆ{ } = ( )
2 2e eP Pγ γΓ ρ ρ ρ+ - ´

	 †

=1,2

ˆ ˆˆ ˆ ˆ( ( )) exp( ) exp( )( ( )) ,

k

De i i Deξ ξ
ξ Ω

ρ´ -å k kr kr k 	
(8)

where 
kΩá ñ  denotes averaging over the directions 

of spontaneous photon emission with momentum k  
with two orthogonal polarizations ( )eξ k .

Note that the solution of the quantum kinetic 
equation (3) for the considered type of optical 
transition g eF F®  can be characterized by three 
parameters: the ratio of detuning to the natural 
line width /δ γ , the recoil parameter Rε  and the 
light shift determined by the depth of the optical 
potential [20–23]: 

	
2

2 2
| | | |= ,
3 ( / 4)

U δ Ω
δ γ+

 	 (9)

proportional to the laser field intensity. To find a 
stationary solution of the quantum kinetic equation 
(3) and analyze the achievable limits of laser cooling, 
we further use our proposed approach, detailed in 
papers [20–23]. 

3. TWO-TEMPERATURE DISTRIBUTION

Note that during laser cooling, the state of the 
cold atom ensemble is significantly non-equilibrium 
[30] and, strictly speaking, cannot be described in 
terms of temperature. Therefore, in works [17, 26] 
the average kinetic energy of atoms was used as a 
measure of cooling 

	
2

= ( ) ,
2kin
pE W p dp
M

á ñ ò 	 (10)

where ( )W p  is the momentum distribution function. 
This expression allows determining the temperature 

ET  as a measure of average kinetic energy for the 
atom ensemble, 

	 = ,
2kin B E
NE k Tá ñ 	 (11)

where N  is the dimension of the problem, Bk  is the 
Boltzmann constant. For a thermodynamically 
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equilibrium state, the temperature ET  coincides 
with the classical definition of temperature. Mostly 
usage of term "temperature" implies momentum 
distribution to be described by the Maxwell-
Boltzmann distribution for an ideal gas of non-
interacting particles. The probability density for 
such distribution can be written as 

	
2

( ) = exp ,
2B

B B

pW p C
M k T

æ ö÷ç ÷ç- ÷ç ÷ç ÷çè ø
	 (12)

where C — is the normalization constant, and BT  — 
is the Boltzmann (classical) temperature.

Note that the non-equilibrium state of atoms 
emerges even for extremely small recoil parameters 

3< 10Rε - , i.e., under conditions where quasi-
classical approaches are applicable [17]. For example, 
Fig. 2 а shows the momentum distribution of cold 
atoms 85Rb in the field of lin lin^ -configuration, 
calculated by numerical solving of equation (3), 
and its approximation by a Gaussian function. For 
atoms 85Rb the recoil parameter 4= 6.4 10Rε -×  
can be considered extremely small. Nevertheless, 
a deviation of the distribution function ( )W p  from 
the normal distribution (12) is observed to lead to 
discrepancies in temperature determinations T  and 

ET  (see Fig. 1 b, c). Such deviation from equilibrium 
distribution can explain the scatter in ensemble 
atom temperature in laser cooling experiments. The 
scatter in temperature measurements in paper [31], 

obtained through numerical solving of equation (3), 
corresponds to definitions BT  and ET  (Fig. 1 b, c).

Furthermore, for atoms with insufficiently small 
recoil parameters, 

	 310 < < 1Rε- 	 (13)

the momentum distribution of the atomic 
ensemble, calculated from the numerical solving 
of the quantum kinetic equation (3), significantly 
differs from the Maxwell-Boltzmann distribution 
(Fig. 2 а). This leads to the classical temperature BT  
(12) to differ significantly from the characteristic 
temperature ET  (11) and cannot be used to describe 
the ensemble kinetics not only quantitatively 
but also qualitatively (Fig.  2  b, c). Thus, for 
the thermodynamic description of the cooled 
atomic system, the introduction of an alternative 
characteristic is required. One way to describe 
non-equilibrium systems is with a two-temperature 
distribution, where instead of one Gaussian function 
(12), the momentum distribution is approximated 
with two Gaussian functions: 

2
( ) = exp

22
hot

D
B hotB hot

N pW p
Mk TMk Tπ

æ ö÷ç ÷ç- +÷ç ÷ç ÷çè ø

	
2

exp .
22

cold

B coldB cold

N p
Mk TMk Tπ

æ ö÷ç ÷ç+ - ÷ç ÷ç ÷çè ø
	 (14)
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Fig. 1. (а) — Momentum distribution of the atom ensemble 85Rb ( )W p  — black line – and its approximation with a single Gaussian 
function ( )BW p  — dashed red line ( = 3.5T  µK) — in the field of lin lin lin^ -lin-configuration, resonant to the closed optical transition 

1/2 3/25 ( = 3) 5 ( = 4)g eS F P F®  at field detunings = 8δ γ- , = 50 RU ω  ( = 0.9Ω γ). (b, c) — Temperature of cold atoms 85Rb as a function 
of light field intensity at field detuning = 4δ γ-  (b) and = 8δ γ-  (c). Here, the black line indicates the temperature as a measure of the 
average kinetic energy of atoms ET  (11), the red line shows the Boltzmann temperature BT , calculated by approximating the momentum 
distribution with a Gaussian function. Black dots represent the results of measuring atom temperature in the lin lin lin^ -configuration 
field [32]. Recoil parameter 4= 6.4 10Rε -×
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Thus, the ensemble of atoms is divided into two 
fractions: "cold"  – with lower temperature coldT ,  
characterizing the central part of the distribution, 
and "hot"  – with higher temperature hotT ,  
characterizing the "substrate" of the distribution. 
Parameters coldN  and hotN  determine the proportions 
of atoms in the fractions, = 1cold hotN N+ . For such 
distribution, a weighted temperature of "cold" and 

"hot" fractions can be introduced:

	 = .W hot hot cold coldT N T N T+ 	 (15)

Indeed, the two-temperature interpretation 
describes the momentum distribution of cold atoms 
significantly better (see Fig.  2 а). The weighted 
temperature WT  (15) better corresponds to the 
characteristic temperature ET  (Fig. 2b, c) and, thus, 
can be used to characterize laser cooling of atoms. 
The two-temperature distribution allows analyzing 
characteristics not only of the ensemble of cooled 
atoms as a unified system but also the proportions 
of "cold" and "hot" fractions depending on different 
cooling parameters. Maximizing the proportion 
of atoms in the "cold" fraction determines the 
efficiency of sub-Doppler laser cooling. 

As is well known [28], sub-Doppler laser 
cooling of atoms occurs in fields with spatially 
inhomogeneous polarization, resonant with a closed 
optical transition of an atom g eF F®  with angular 
momentum projection degenerate levels. Further, for 
comparative analysis of sub-Doppler laser cooling 
and the resulting two-temperature distribution 
of atoms, we will consider cooling within the 

framework of a model transition = 1 = 2g eF F® ,  
for which sub-Doppler cooling mechanisms are 
present in both light field configurations, lin lin^  and 
σ+– σ-. 

The presented results of the "cold" fraction ratio in 
Fig. 3 show that the choice of light field configuration 
fundamentally affects the thermodynamic state of 
atoms. Thus, for lin lin lin^ -lin configuration in the 
case of extremely small recoil parameters 310Rε -

  
(Fig.  3 а) the fraction of "cold" atoms weakly 
depends on detuning, and for > 100 RU ω  there is a 
region of parameters where the fraction equals one. 
In this case, the momentum distribution is close to 
the classical Maxwell-Boltzmann distribution and 
can be described with a single temperature, which 
corresponds to the results in Fig. 1. However, for 
σ σ+ -- -configuration, even under the condition 
of extremely small recoil parameter (Fig. 3 с) and 
high cooling field intensity, the fraction of "cold" 
atoms tends to 1 / 2. Consequently, for σ σ+ -- - 
field configuration for extremely small recoil 
parameters 310Rε -

 , the steady state of the 
ensemble of cooled atoms has a vividly expressed 
two-temperature distribution, which was also 
observed experimentally in work [27]. Meanwhile, 
for larger recoil parameter 2= 10Rε -  (Fig. 3 b, d) 
the transition to classical Maxwell-Boltzmann 
distribution does not occur even for lin lin lin^ - 
configuration of the field. A strong dependence 
on field detuning appears to grow with increasing 
U, and the fraction of "cold" atoms does not reach 
a constant value, but, on the contrary, begins to 
decrease. 
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Fig. 2. (а) — Momentum distribution of the atomic ensemble ( )W p  (black line) and its approximation with one Gaussian function ( )BW p  
(dashed red line) and two Gaussian functions ( )DW p  (dashed green line) for the recoil parameter 2= 10Rε -  in the field lin lin^ -confi
guration with detuning = 2δ γ-  at = 240 RU ω . Optical transition = 1 = 2g eF F® . (b, c) — Temperature of cold atoms, defined as 
characteristic ET  (11), Boltzmann BT  (12) and weighted WT  (15) in fields (b) lin lin^ - and (c) σ+– σ--configuration
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Fig. 4. Dependencies of "cold" atoms temperature on light shift U  for 4= 4 10Rε -×  (а, c) in and 2= 10Rε -  (b, d) in field (а, b) lin lin^ - and 
(c, г) σ+– σ--configuration with different detunings δ. Dashed lines indicate the Doppler limit 
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Analysis of the temperature of the "cold" atomic 
fraction is presented in Fig. 4. The temperature coldT  
increases with increasing cooling field intensity, 
which is consistent with known theories of sub-
Doppler laser cooling [14, 28, 29, 26]. For atoms 
with extremely small recoil parameters 310Rε -

  
the temperature of the "cold" fraction is below the 
Doppler limit. However, with an insufficiently 
small recoil parameter 210Rε -  (13), an inverse 
dependence on the detuning value is observed 
(Figs. 4 b, d): the lowest temperatures are achieved at 
the lowest detunings δ. The same effect is observed 
for the "hot" fraction (Fig. 5). In the cooling mode 
with an insufficiently small recoil parameter (13) 
at small parameter values U  the temperature of the 

"cold" fraction is below the Doppler limit (Figs. 4 
b, d), while the temperature of the "hot" fraction is, 
conversely, higher (Figs. 5 b, d). Furthermore, the 
proportion of the "cold" fraction also decreases with 
increasing recoil parameter (Figs. 3 b, d). This means 
that for atoms with 210Rε -  it is the proportion 
and temperature of the "hot" fraction that determine 
the weighted temperature WT . Nevertheless, for the 
lin lin^ -configuration, one can identify a parameter 
region where the temperatures of both "cold" and 

"hot" fractions are below the Doppler limit (Fig. 5 b). 

Thus, the data presented in Figs.  3, 4, allow 
selecting light field intensities (parameter U ) at a 
chosen detuning δ for atoms with a given value Rε ,  
enabling maximization of the "cold" fraction and/
or minimization of temperature (either of the "cold" 
fraction or weighted). 

Let's examine in detail the influence of the recoil 
parameter value Rε  on the characteristics of the two-
temperature distribution of the atomic ensemble. 
In the case of lin lin lin^ -polarization (Fig. 6 а, b, 
c) it can be noted that for extremely small recoil 
parameters 310Rε -

  with increasing parameter 
U  for "cold" atoms rapidly grows to one (Fig. 6а), 
i.e., at small U  the energy of the entire ensemble is 
determined by the temperature of the "hot" fraction 
of atoms, and at large U  — by the temperature of the 

"cold" fraction. For 38 10Rε -³ ×  there is an optimum 
in U  for the fraction of "cold" atoms. At the same 
time, for σ+– σ--polarization at large values of 
parameter U  the fraction of "cold" atoms reaches 
a certain constant value, close to 1/2 at extremely 
small Rε  (Fig. 6 d).

As we showed earlier in paper [26], the influence 
of quantum recoil effects for atoms with 210Rε -  
reduces the efficiency of sub-Doppler laser cooling 
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Fig. 5. Dependencies of "hot" atoms temperature on light shift U  for 4= 4 10Rε -×  (а, c) in and 2= 10Rε -  (b, d) in fields (а, b) lin lin^ - and 
(c, d) σ+– σ--configuration with different detunings δ. Dashed lines indicate the Doppler limit
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mechanisms. The temperature of the "cold" fraction 
(Figs.  6 b, f ) can be seen to remain below the 
Doppler limit, however, their fraction decreases 
(Figs. 6 а, d). Thus, the weighted temperature WT  
is mainly determined by the "hot" fraction, whose 
temperature significantly decreases (Figs. 6 c, f).

4. CONCLUSIONS

Temperature is one of the key characteristics used 
to describe laser cooling of atoms. Its definition for 
specific thermodynamic systems is fundamental. 

The classical definition of temperature using the 
Maxwell-Boltzmann distribution (12) describes 
a classical system of non-interacting particles. 
However, in the laser cooling problem, the 
interaction of atoms with single photons of the 
field leads to the fact that the particle system is 
not in thermodynamic equilibrium and, strictly 
speaking, cannot be described using the Maxwell-
Boltzmann distribution, i.e., the classical definition 
of temperature may be inapplicable. 

Within this work, a significant discrepancy was 
shown between the classical Boltzmann temperature 
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BT  and the characteristics of the ensemble of "cold" 
atoms. It was demonstrated that a two-temperature 
distribution characterized by the proportions of "cold" 
and "hot" atomic fractions and their temperatures 
can be used to describe the ensemble of "cold" atoms. 
The introduced concept of "weighted temperature" 

WT  (15) can be used for quantitative description of 
laser cooling of the entire atomic ensemble.

When considering the problem of laser cooling 
of atoms in an optical molasses with different recoil 
parameters Rε  we discovered that the temperatures 
of "cold" and "hot" fractions depend not only on the 
cooling laser field parameters but also on its chosen 
configuration. For atoms with an extremely small 
recoil parameter 310Rε -

  for lin lin^ -configuration, 
the fraction of "cold" atoms with increasing U  tends 
to unity, i.e., it is effectively described by a single-
temperature distribution, while for σ+– σ--con-
figuration, the fraction of "cold" atoms tends to 
1 / 2. Thus, even in the case of an extremely small 
recoil parameter value 310Rε -

 , which is detailed 
within well-known quasi-classical approaches, 
for σ+– σ--configuration of the light field, the 
thermodynamic state of the ensemble is substantially 
non-equilibrium and can be described in terms of a 
two-temperature distribution. This is particularly 
important considering that the standard method of 
laser cooling used in experiments includes cooling 
in a magneto-optical trap, which is formed by such 
fields. Meanwhile, optimizing the proportion of the 

"cold" fraction and its temperature is a separate task 
for implementing effective laser cooling. Without 
such optimization, the efficiency of sub-Doppler 
cooling may be reduced because most of the cooled 
atoms will end up in the "hot" fraction, perceived 
as a "substrate," since its temperature is an order 
of magnitude higher than the temperature of the 

"cold" fraction (on the order of and greater than the 
Doppler limit temperature). 

FUNDING

The study was carried out with the support of the 
Russian Science Foundation grant No. 23-1200182, 
https://rscf.ru/project/23-12-00182/

REFERENCES

1.	 A. V. Taichenachev, V. I. Yudin, S. N. Bagaev, UFN 
186, 193 (2016) [A. V. Taichenachev, V. I. Yudin, and 
S. N. Bagayev, Phys. Usp. 59, 184 (2016)].

2.	 A. D. Ludlow, M. M. Boyd, J. Ye, E. Peik, and P. O. 
Schmidt, Rev. Mod. Phys. 87, 637 (2015).

3.	 N. Dimarcq, M. Gertsvolf, G. Mileti et al., Metrologia 
61, 012001 (2024).

4.	 T. Zanon-Willette, R. Lefevre, R. Metzdorff, N. 
Sillitoe, S. Almonacil et al., Rep. Progr. Phys. 81, 
094401 (2018).

5.	 A. Peters, K.-Y. Chung, and S. Chu, Metrologia 38, 25 
(2001).

6.	 J. M. McGuirk, G. T. Foster, J. B. Fixler, M. J. 
Snadden, and M. A. Kasevich, Phys. Rev. A 65, 
033608 (2002); T. L. Gustavson, P. Bouyer, and M. A. 
Kasevich, Phys. Rev. Lett. 78, 2046 (1997).

7.	 P. Gillot, O. Francis, A. Landragin, F. Pereira Dos 
Santos, and S. Merlet, Metrologia 51, L15 (2014).

8.	 P. Wang, C. Y. Luan, M. Qiao, M. Um, J. Zhang, Y. 
Wang, X. Yuan, M. Gu, J. Zhang, and K. Kim, Nat. 
Commun. 12, 1 (2021).

9.	 H. Li, J. P. Dou, X. L. Pang, C. N. Zhang, Z. Q. 
Yan, T. H. Yang, J. Gao, J. M. Li, and X. M. Jin, npj 
Quantum Inf. 7, 146 (2021).

10.	 L. Feng, Y.-Y. Huang, Y.-K. Wu, W.-X. Guo, J.-Y. 
Ma, H.-X. Yang, L. Zhang, Y. Wang, C.-X. Huang, C. 
Zhang, L. Yao, B.-X. Qi, Y.-F. Pu, Z.-C. Zhou. and 
L.-M. Duan, Nat. Commun. 15, 204 (2024).

11.	 E. A. Cornell and C. E. Wieman, Rev. Mod. Phys. 74, 
875 (2002).

12.	 W. Ketterle, Rev. Mod. Phys. 74, 1131 (2002).
13.	 A. P. Kazantsev, G. I. Surdutovich, V. P. Yakovlev, 

Mechanical Action of Light on Atoms, Nauka, Moscow 
(1991).

14.	 H. J. Metcalf and P. van der Straten, Laser Cooling and 
Trapping, Springer-Verlag, New York (1999).

15.	 A. V. Bezverbnyi, O. N. Prudnikov, A. V. Taichenachev, 
A. M. Tumaikin, and V. I. Yudin, JETP 123, 437 
(2003) [A. V. Bezverbnyi, O. N. Prudnikov, A. V. 
Taichenachev, A. M. Tumaikin, and V. I. Yudin, JETP 
96, 383 (2003)].

16.	 H. Risken, The Fokker-Plank Equation Methods of 
Solution and Applications, Springer, Berlin (1989).

17.	 A. A. Kirpichnikova, O. N. Prudnikov, A. V. 
Taichenachev, V. I. Yudin, QE 52, 130 (2022) [A. A. 
Kirpichnikova, O. N. Prudnikov, A. V. Taichenachev, 
and V. I. Yudin, Quant. Electr. 52, 130 (2022)].

18.	 J. Javavainen, Phys. Rev. A 46, 5819 (1992).
19.	 O. N. Prudnikov and E. Arimondo, J. Opt. B: 

Quantum Semiclassical Opt. 6, 336 (2004).
20.	 O. N. Prudnikov, A. V. Taichenachev, A. M. 

Tumaikin, and V. I. Yudin, JETP 131, 963 (2007) [O. 
N. Prudnikov, A. V. Taichenachev, A. M. Tumaikin, 
and V. I. Yudin, JETP 104, 839 (2007)].



	 TWO-TEMPERATURE DISTRIBUTION OF ATOMS	 507

JETP, Vol. 166, No. 4(10)  2024

21.	 O. N. Prudnikov, A. V. Taichenachev, A. M. Tumaikin, 
and V. I. Yudin, Phys. Rev. A 75, 023413 (2007).

22.	 O. N. Prudnikov, R. Ya. Il'enkov, A. V. Taichenachev, 
A. M. Tumaikin, and V. I. Yudin, JETP 139, 1074 
(2011) [O. N. Prudnikov, R. Ya. Il'enkov, A. V. 
Taichenachev, A. M. Tumaikin, and V. I. Yudin, JETP 
112, 939 (2011)].

23.	 R. Ya. Il'enkov, O. N. Prudnikov, A. V. Taichenachev, 
and V.I. Yudin, JETP 150, 5 (2016) [R. Ya. Il'enkov, 
O. N. Prudnikov, A. V. Taichenachev, and V.I. Yudin, 
JETP 123, 1 (2016)].

24.	 O. N. Prudnikov, R. Ya. Il'enkov, A. V. Taichenachev, 
and V. I. Yudin, Phys. Rev. A 99, 023427 (2019).

25.	 O. N. Prudnikov, D. V. Brazhnikov, A. V. Taichenachev, 
V. I. Yudin, A. E. Bonert, R. Ya. Il'enkov, and A. N. 
Goncharov, Phys. Rev. A, 92, 063413 (2015).

26.	 A. A. Kirpichnikova, O. N. Prudnikov, R. Ya. Il'enkov, 
A. V. Taichenachev, and V. I. Yudin, Quan. Electr. 50, 

939 (2020) [A. A. Kirpichnikova, O. N. Prudnikov, 
R. Ya. Il'enkov, A. V. Taichenachev, and V. I. Yudin, 
Quan. Electr. 50, 939 (2020)].

27.	 E. Kalganova, O. Prudnikov, G. Vishnyakova, A. 
Golovizin, D. Tregubov, D. Sukachev, K. Khabarova, 
V. Sorokin, and N. Kolachevsky, Phys. Rev. A 96, 
033418 (2017).

28.	 D. Dalibard, and C. Cohen-Tannoudji, J. Opt. Soc. 
Am. B 6, 2023 (1989).

29.	 C. S. Adams and E. Riis, Prog. Quantum Electron. 21, 
1 (1997).

30.	 O. N. Prudnikov, A. V. Taichenachev, and V. I. Yudin, 
JETP Lett. 102, 660 (2015) [O. N. Prudnikov, A. V. 
Taichenachev, and V. I. Yudin, JETP Lett. 102, 576 
(2015)].

31.	 P.S. Jessen, C. Gerz, P. D. Lett, W. D. Phillips, S. L. 
Rokston, R. J. C. Spreeuw, and C. I. Westbrook, Phys. 
Rev. Lett. 69, 49 (1992).




