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In this paper, we propose an approach that makes it possible to obtain an analytical expression of the spectral

dependence of the resonance of electromagnetically induced transparency detected by bichromatic radiation in a

cell of finite size in the longitudinal direction of the laser beam. Specular and diffuse reflections of atoms from

walls are considered. It was found that a significant difference between these types of reflections takes place only

for cells of small longitudinal dimensions compared to the splitting wavelength of the ground state of atoms. A

physical explanation is proposed for the difference between the Stokes and anti-Stokes scattering channels of probe

radiation in terms of dressed states.
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Introduction

It is well known that the presence of two excitation

channels in a quantum system can lead to their destructive

interference. This behavior is clearly manifested in the

interaction of bichromatic laser radiation with resonant

atomic media. Under certain conditions, a narrow dip

appears in the absorption line, in which external radiation

practically ceases to be absorbed. Depending on the

conditions for detecting such a resonance, two related effects

are distinguished: coherent population trapping (CPT) [1–
4] and electromagnetically induced transparency (EIT) [5–
7]. Both phenomena are distinguished by an extremely

narrow resonance line, which finds application in a wide

class of practical applications: magnetometry [8,9], laser

generation without inversion [10,11], recording and process-

ing of quantum information [12–14], quantum frequency

standards [15–22], etc. etc.

It is convenient to detect narrow dark resonances using

a cloud of atoms cooled to low temperatures in special

traps. Such experiments in some cases can demonstrate

unique physical effects, such as slowing down and stopping

light [23–25]. However, the opportunity of observing

resonances at room temperatures using gas cells is of great

practical interest. In this case, in the theoretical description

of such phenomena, it is essential to take into account not

only the motion of atoms, but also their potential collisions

with each other and with the walls of the cell. Collisions in

most cases are a negative factor, since in their process the

atomic coherences excited by the field are destroyed, which

cause the opportunity of quantum interference.

In sufficiently rarefied atomic media, collisions of atoms

with cell walls come to the fore. One way to suppress

depolarization on the walls is to use special antirelaxation

coatings. There are a large number of both experimental

and theoretical papers [25–65] devoted to studying the

properties of such coatings and the process of detecting

atomic resonances in coated cells. The determining role in

the nature of the reflection of atoms from the antirelaxation

surface is played by the time of their adsorption. If it is

sufficiently small, the atoms do not have time to make a

large number of collisions with the structural particles of

the walls, and it can be restricted to the mirror (elastic)
reflection model. At the comparatively long adsorption, the

velocity of the atom after reflection is determined by the

wall temperature. In this case it is said about a diffuse type

of reflection [66].

A number of the recent papers have been devoted to

a theoretical study of the influence of collisions with the

end walls of a cell [67–69] on EIT resonances. These

collisions play an important role when wide laser beams

are used, when the opportunity of an atom flying out of the

pumping field is not taken into account. One of the results of

these papers was the observation of a significant difference

between the two pumping diagrams that implement stokes

and anti-stokes scattering of probe radiation.

In this paper, the approach is proposed which allows to

obtain an analytical expression for the spectral dependence

of the EIT resonance in a hot cell that is limited in the

direction of the laser beam. The analytical result expands

the opportunities of analyzing the physical behavior of the

systems under consideration in comparison with the results

of numerical calculations, which researchers often have to

resort to when describing such effects [67–72]. Mirror and

diffuse models of wall reflection will be considered. It

will be shown that a significant difference between the two
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Figure 1. Diagram of mutual orientation of a gas cell and

the direction of propagation of external radiation (a) and lambda

diagram of excitation of an ensemble of three-level atoms (b).

considered types of reflection takes place only in the case

of relatively small longitudinal dimensions of the cell. In

addition, based on the analysis of analytical expressions,

an alternative physical substantiation of the significant

difference between the stokes and anti-stokes scattering

channels of probe radiation found in the papers [68,69]
based on the Autler-Towns splitting effect will be proposed.

1. Problem statement and
approximations

Let us consider a cell filled with pairs of three-level active

atoms in the field of a plane two-frequency electromagnetic

wave (Fig. 1, a) interacting with the atomic ensemble

through the lambda diagram (Fig. 1, b). We write the

electric field strength of such a wave in the form:

E(r, t) = Ep exp
[

i(k pz − ωpt)
]

+ Ec exp
[

i(kcz − ωct)
]

+k.c.

Here Ep,c , ωp,c , k p,c — complex amplitudes, frequencies,

and wave numbers of weak probe and strong binding fields,

respectively. Further, we will use the approximation of

the medium optical thinness, neglecting the dependences

on the coordinates of these amplitudes. Meanwhile, we

will not take into account the opportunity of incoherent

scattering [73–76].
The quantum state of an atomic ensemble will be

described by means of a single-particle Wigner density

matrix ρ̂(r, v, t). In doing so, we neglect the collective

effects [77–79], i.e., dipole-dipole interaction between atoms,

assuming that the medium is sufficiently rarefied. We write

the quantum kinetic equation for the density matrix in the

Wigner representation in terms of translational degrees of

freedom of atoms in the form:

(

∂

∂t
+ v∇

)

ρ̂ = − i
~
[Ĥ, ρ̂] + ˆ̂

Ŵ{ρ̂}, (1)

where ˆ̂
Ŵ — superoperator that phenomenologically takes

into account the spontaneous decay of the excited level |3〉,
v — the rate of translational motion of atoms. Here we do

no take into consideration the collisions of atoms with each

other, considering the concentration of atoms to be quite

small.

Let us expand in (1) the Hamiltonian Ĥ into the sum

of the Hamiltonian of a free atom Ĥ0 and the interaction

operator V̂ . We write the latter in the dipole approximation

in the form:

V̂ = −d̂E = ~�1 exp
[

−i(ωpt − k pz )
]

|3〉〈1|

− ~�2 exp
[

−i(ωct − kcz )
]

|3〉〈2| + e.c., (2)

where d̂ = ed d̂ — atomic dipole moment vector operator,

�p =
Epd31

~
, �c = Ec d32

~
— Rabi half frequencies of the

probe and binding fields, respectively. This expression is

written on the assumption that the vector of the dipole

moment is everywhere codirectional with the intensity

vectors of both electric fields, and each of them causes

transitions from only one of the sublevels of the ground

state. The elements of the dipole moment matrix d12 = 0

due to the fact that the electrodipole transition |1〉 ↔ |2〉 is
supposed to be prohibited. Let us note that expression (2)
is written taking into account the further use of the rotating

wave approximation.

Let us write out the matrix elements (13) and (12)
of equation (1) in stationary mode, moving to the slow

amplitudes of the density matrix and using the rotating wave

approximation:

vz
∂

∂z
ρ12 = i�∗

pρ32− i�cρ13+
[

i(1c−1p+qvz ) − Ŵ12

]

ρ12,

(3)

vz
∂

∂z
ρ13 = − i�∗

pρ11 − i�∗
cρ12 + i�∗

pρ33

+
[

−i(1p − kPvz ) − Ŵ
]

ρ13, (4)

where 1p = ωp − ω13, 1c = ωc − ω23 — frequency de-

tunings of fields from atomic transitions |1〉 ↔ |3〉 and

|2〉 ↔ |3〉, respectively; q = k p − kc — difference of wave

numbers of incident waves; Ŵ, Ŵ12 — decay rates of optical

and low-frequency coherences, respectively; vz — velocity

vector projection v onto axis z . Here, considering the

incident wave front to be flat and infinite, and the end walls

of the cell parallel to it, we moved on to a one-dimensional

problem along the z axis.

Now let us use the strong binding field condition:

�c ≫ �p . To do this, we discard the terms of the second

order of smallness in �p in expressions (3) and (4). These
are the terms containing ρ33 and ρ32. Since the entire

population is approximately concentrated at the level |1〉,
we write its distribution in the equilibrium form normalized

to the cell length: ρ11(z , vz ) = M(vz )/L, whereL — cell

length, M(vz ) = (
√
πvT )−1 exp

[

− v2z
v2T

]

— Maxwell distribu-

tion, vT =
√

2kBT
m — most probable velocity, m — ensemble

atomic mass, T — ensemble temperature, kB — Boltzmann

constant. In addition, as after a collision with the wall,

the optical coherence ρ13 will come into equilibrium with

the field much faster than the low-frequency ρ12 (counting
Ŵ ≫ Ŵ12), the dependencies on the coordinate ρ13 can be
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neglected, looking for solutions at a sufficient distance from

the walls. Thus, we get:

vz
∂

∂z
ρ12 = −i�cρ13 − i p2�

∗
cρ14 + i p∗

1�
∗
pρ14 − δ12ρ12,

0 = −i�∗
p

M
L

− i�∗
cρ12 − δ13ρ13. (5)

The notation is introduced here:

δ12(vz ) = i(1p − 1c − qvz ) + Ŵ12,

δ13(vz ) = i(1p − k pvz ) + Ŵ.

These values can be called complex decay rates of low-

frequency and optical coherence, respectively.

Let us express the optical coherence ρ13 from (5):

ρ13 =
−i
δ13

(

�∗
p

M
L

+ �∗
cρ12

)

. (6)

Substituting it into (6), we obtain an ordinary first-order

differential equation forρ12::

vz
∂

∂z
ρ12 = −

(

δ12 +
|�c |2
δ13

)

ρ12 −
M
L

�∗
p�c

δ13
. (7)

We will seek for its general solution in the form:

ρ+
12(v, z ) = ρ0+

12 (v)

{

(W +(v) + 1) exp

[

−λ+

v
z

]

− 1

}

, (8)

ρ−
12(v, z ) = ρ0−

12 (v)

{

(W−(v) + 1) exp

[

−λ−

v
(L−z )

]

−1

}

.

(9)
Here ρ±

12(v, z ) = ρ12(±v, z ) — partial contributions to the

low-frequency coherence from the velocity groups of atoms

moving along and against the axis z (v = |vz |);

λ±(v) = δ±12(v) +
|�c |2
δ±13(v)

— the complex rate of establishment of the equilibrium state

of a given high-speed group of atoms with a field;

ρ0±
12 (v) =

�∗
p�c

λ±(v)δ±13(v)

M(v)

L

— distribution of low-frequency coherence over velocities

under conditions of equilibrium with the field and the

absence of collisions; W±(v) — integration constant of

equation (7).
Consider the contributions to ρ12 of atoms flying off the

wall:

ρ+
12(v, 0) = ρ0+

12 (v)W +(v), (10)

ρ−
12(v, L) = ρ0−

12 (v)W−(v). (11)

From this it can be seen that the function W±(v) has the

meaning of a complex indicator of the equilibrium of the

low-frequency coherence of a given velocity group of atoms

with a field after a collision with a wall. The type of this

function is determined by the boundary conditions.

The susceptibility of a unit phase volume of a medium

to a probe field is calculated by means of the optical

coherence ρ13 [80] as

χ =
na d13

~�p
ρ31,

where na — the concentration of active atoms.

Here is a general formula of susceptibility obtained by

means of expressions (6), (8) and (9):

χ± = χ0±
{

1+
|�c |2
δ±13δ

±
12

(W±+1) exp

[

∓λ±

v

(

z − L ∓ L
2

)]}∗

.

(12)
Here

χ0± =
inad13

~

M
L

(

δ±12

δ±12δ
±
13 + |�c |2

)∗

(13)

— the susceptibility of a medium in equilibrium with the

field of moving atoms in the absence of collisions with walls,

normalized by the length of the cell. The dependence of the

imaginary part of expression (12) on the tuning of the test

field determines the absorption spectrum of a unit of the

phase volume of the medium.

2. Results and discussion

2.1. Infinite medium model

The susceptibility of a medium boundless in all directions

is described by the well-known [81] expression (13). The

necessity for additional discussion of this case follows from

the remark made in the papers [68,69] about the essential

difference between the Stokes and anti-Stokes channels of

scattering of probe radiation. Let us try to explain this

difference using the example of Fig. 2, which shows the

absorption spectra of probe radiation by a given velocity

group of atoms for both cases: q < 0 (a) and q > 0 (b). For
convenience, the figure also shows the Maxwell distributions

over the frequency Doppler shifts of the probe radiation.

Calculations were carried out for low temperature T = 3K

for reasons of clarity.

Figure 2 shows the shifts of the absorption and trans-

parency resonances as the atomic velocity increases. It can

be seen that the shift of the dark resonance qv turns out

to be either codirectional with the shift of the absorption

resonance k pv , or opposite, depending on the sign q.
Meanwhile, an additional peak appears on the left wing

of the dark resonance in both cases, which decreases with

increasing velocity. The appearance of this peak can be

explained in terms of dressed states.

As is well known [82,83], the effect of resonance radiation
on a quantum transition leads to the Autler-Towns splitting

of the excited state. The frequencies of the obtained quasi-

energetic (dressed) states relative to the unsplit excited level
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Figure 2. Absorption spectra (curves 1−4) of probe radiation by different velocity groups of atoms against the background of the

Maxwell distribution (curve 5) in relative units for the cases q < 0 (a) and q > 0 (b). 1 — vz = 0; 2 — vz = 0.1vT ; 3 — vz = 0.2vT ;

4 — vz = 0.4vT ; 5 — M(1p/kP)/M(0). The small inserts on the left side of the figures depict the narrow central pit on a larger scale

along the horizontal axis. Other parameters of the calculation: 1c = 0, �c = 105 rad/s, Ŵ = 6MHz, Ŵ12 = 10Hz, k p = 79033.27 cm−1,

λ12 = 4.5 cm, |q| = 2π/λ12, T = 3K.

are determined by the expression:

ω± = 1/2±
√

�2 + (1/2)2,

where �, 1 — half the Rabi frequency and the detuning of

the external radiation, respectively.

In our case, the splitting occurs under the action of

the binding field, and the detuning at exact resonance is

the Doppler shift −kcv . Thus, the Doppler-shifted probe

radiation will be in resonance with the states dressed by the

binding field at detunings

1p = k pv − kcv/2±
√

�2
c + (kcv/2)2

kcv≫�c≈
{

k pv + �2
c/kcv

qv −�2
c/kcv

.

This expression determines the positions of the strongly

detuned absorption maximum and the narrow peak men-

tioned above near the dark resonance in Fig. 2. Thus,

we can conclude that this peak appears as a result of the

detection by probe radiation of one of the states dressed by

the binding field.

As can be seen from Fig. 2, in case of q > 0 such

a peak at velocities close to
√

�2
c/kcq is superimposed

on the main dark resonance, which, when averaged over

velocities, significantly weakens the transparency effect, in

contrast to the case of q < 0. Thus, the enhancement of

resonant absorption in the case of q > 0 occurs due to the

interaction of the probe field with one of the dressed states

of atoms moving at velocities close to
√

�2
c/kcq. Further

in the paper, we restrict ourselves to consideration of the

pumping diagrams with q < 0.

2.2. Mirror and diffuse reflection

To establish the explicit form of the function W±, it is

essential to set boundary conditions for the expressions (8)
and (9). The behavior of active atoms at the cell boundary

is determined by the properties of its coating. Next,

we consider two well-known [66] limiting cases of such

behaviors: mirror and diffuse reflections.

In case of mirror reflection from the wall, the adsorption

time of atoms on the surface is relatively short. In this

case, we believe that the internal state of the atom does not

change, and its velocity in the one-dimensional case changes

sign:

ρ+
12|z=0,L = ρ−

12|z=0,L.

Using expressions (10), (11), we obtain an explicit form of

the function W± for the case of mirror reflection:

W±
spec =

1− exp(− λ±

v
L)

1− exp(− λ++λ−

v
L)

(

1− λ±δ±13

λ∓δ∓13

)

− 1.

The diffuse type of reflection occurs at relatively long

adsorption times of atoms on the surface. In this case,

we believe that after a collision with the wall, the atom

flies out, perhaps at a different speed, determined by the

temperature of the wall, but in the same internal state.

Thus, the ensemble state after the collision with the wall

is assumed to be thermalized:

ρ+
12(v, 0) = ρ̃+

12(0)M(v),

ρ−
12(v, L) = ρ̃−

12(L)M(v), (14)

where

ρ̃±
12(z ) = 2

∞
∫

0

ρ±
12(v, z )dv,
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(solid curves) calculations of the spectral dependence of the

absorption coefficient in relative units for the case of mirror

(curve 1) and diffuse (curve 2) reflection of atoms from walls.

The calculation was carried out for L = 0.1λ12 and T = 50◦C. The

other parameters are the same as indicated in the caption to Fig. 2.
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averaged low-frequency coherence ρ12 on the coordinate z inside
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state λ12 for the mirror and diffuse nature of the atoms reflection

from the walls. The calculation was carried out for temperature

T = 50◦C, detuning 1p = 0 and cell length L = 10λ12. The other

parameters are the same as indicated in the caption to Fig. 2.

and as boundary conditions, the equality of the coherence

flows flying into the wall and flying away from, is taken:

j+
12|z=0,L = j−12|z=0,L, (15)

where

j±12 =

∞
∫

0

ρ±
12(v, z )vdv.

Using (8), (9), in light of (14) and (15), we obtain the

expression of the function W± for the boundary conditions

of diffuse type:

W±
diff = λ±δ±13

V±U∓ + V∓

1−U+U−
,

where

U± =
2
√
π

vT

∞
∫

0

M(v) exp

(

−λ±

v
L

)

vdv,

V± =
2
√
π

vT

∞
∫

0

1

λ±(v)δ±13(v)

[

exp

(

−λ±

v
L

)

− 1

]

M(v)vdv.

Let us compare the obtained analytical results with the

numerical calculation done in [69].

Figure 3 demonstrates good agreement between the

obtained analytical result and the numerical solution of the

complete system of equations (1). The calculation error

is less than 0.1%. Next, we compare the analytical results

obtained for the mirror and diffuse reflections of atoms from

walls.

Figure 4 demonstrates the quasi-periodic dependence of

the absolute value of the low-frequency coherence on the

coordinate inside the cell with a period equal to λ12. The

resulting oscillations do not decay even at a large distance

compared to λ12 due to the long lifetime of ρ12. Thus, the

transparency resonance will undergo various heterogeneous

distortions within the cell. It can be seen that in the case

of mirror reflection, this heterogeneity is weaker than for

diffuse reflection. Note that the symmetry inherent in Fig. 4

takes place only at zero value 1p.

It can be seen from Fig. 5 that, as expected, the width

and amplitude of the EIT resonance grow together with the

amplitude of the binding field. The maxima appearing on

the wings of the transparency resonances are consequences

of the contributions to the absorption coefficient from

dressed-state resonances, which were discussed in Sec. 2.1.

For cells with a length of the order of λ12 (Fig. 5, a), the
forms of resonances for mirror and diffuse reflections are

slightly different. This is explained by the fact that the

oscillations observed in Fig. 4 are averaged over the cell,

and only the average value ρ12 contributes to the total

absorption coefficient, which is the same for both types of

reflection. In cells that are small compared to λ12 (Fig. 4, b),
the difference between diffuse and mirror reflection is much

stronger, since the low-frequency coherence does not have

time to complete a full period of oscillations during the

time of flight of an atom between the walls and cell

averaging results in different averages ρ12. In this case,

the transparency resonance exhibits a double structure,

experiencing additional narrowing in the central region due

to the Dicke effect.
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3. Conclusion

In this paper, based on the semiclassical theory of the

interaction of light and matter, an approach was proposed

that allows to obtain an analytical expression for the shape

of the EIT resonance detected in a cell with coatings that

are finite in the longitudinal direction of the laser beam

and demonstrate the mirror and diffuse nature of atomic

reflection. When describing the interaction of two-frequency

laser radiation with an atomic medium, a three-level lambda

model was used.

It is shown that the obtained analytical expressions agree

with the corresponding numerical calculation. Based on

the analysis of these expressions, a physical explanation

different from that given in the paper [69] was proposed for

the difference between the stokes and anti-stokes scattering

channels of probe radiation during EIT detection in terms

of dressed states. Transparency effects detected in cells

with mirror and diffuse reflections of atoms from walls

were compared with each other in terms of the form of

resonances and in terms of the spatial distribution of low-

frequency coherence. It is shown that a significant difference

in the form of resonances is observed only for cells with

small longitudinal dimensions compared to λ12.

Acknowledgments

The author is especially grateful to the head of the

”
Leader“ grant of the

”
BASIS“ foundation, I.M. Sokolov,

for posing the problem and for valuable consultations.

Funding

This paper was financially supported by the Ministry of

Science and Higher Education under the State Assignment

(basic part), project � FSEG-2020-0024, and also with the

financial support of the Theoretical Physics and Mathemat-

ics Advancement Foundation
”
BASIS“ (grant � 21-1-1-36-

1).

Conflict of interest

The author declares that he has no conflict of interest.

References

[1] G. Alzetta, A. Gozzini, L. Moi, G. Orriols. Nuovo Cimento.

B, 36 (1), 5 (1976). DOI: 10.1007/BF02749417
[2] E. Arimondo, G. Orriols. Lett. Nuovo Cimento, 17 (10), 333

(1976). DOI: 10.1007/BF02746514
[3] H.R. Gray, R.M. Whitley, C.R. Stroud. J. Opt. Lett., 3 (6), 218

(1978). DOI: 10.1364/OL.3.000218
[4] B.D. Agapiev, M.B. Gornyi, B.G. Matisov, Yu.V. Rozhdestven-

skii. UFN, 163 (9), 1 (1993) (in Russian).
DOI: 10.3367/UFNr.0163.199309a.0001

[5] S.E. Harris, J.E. Field, A. Imamoglu. Phys. Rev. Lett., 64 (10),
1107 (1990). DOI: 10.1103/PhysRevLett.64.1107

[6] K.H. Hahn, D.A. King, S.E. Harris. Phys. Rev. Lett., 65 (22),
2777 (1990). DOI: 10.1103/PhysRevLett.65.2777

[7] K.J. Boiler, A. Imagoglu, S.E. Harris. Phys. Rev. Lett., 66 (20),
2593 (1991). DOI: 10.1103/PhysRevLett.66.2593

[8] M. Stähler, R. Wynands, S. Knappe, J. Kitching, L. Hollberg,

A. Taichenachev, V. Yudin. Opt. Lett., 27 (23), 1472 (2002).
DOI: 10.1364/OL.27.002130

[9] A. Akulshin, A. Celikov, V. Velichansky. Opt. Commun.,

84 (3−4), 139 (1991). DOI: 10.1016/0030-4018(91)90216-Z
[10] S. Harris. Phys. Rev. Lett., 62 (9), 1033 (1989).

DOI: 10.1103/PhysRevLett.62.1033

[11] O.A. Kocharovskaya, Ya.I. Khanin. Pis’ma v ZhETF, 48 (11),
581 (1988) (in Russian).

[12] M.D. Lukin. Rev. Mod. Phys., 75 (2), 457 (2003).
DOI: 10.1103/RevModPhys.75.457

[13] M. Fleischhauer, A. Imamoglu, J.P. Marangos. Rev. Mod.

Phys., 77 (2), 633 (2005). DOI: 10.1103/RevModPhys.77.633

Optics and Spectroscopy, 2023, Vol. 131, No. 5



Electromagnetically induced transparency in cells of finite size with anti-relaxation wall coating 545

[14] R. Zhang, X.B. Wang. Phys. Rev. A, 94 (6), 063856 (2016).

DOI: 10.1103/PhysRevA.94.063856

[15] J. Vanier. Appl. Phys. B, 81, 421 (2005).

DOI: 10.1007/s00340-005-1905-3

[16] S.A. Zibrov, V.L. Velichansky, A.S. Zibrov, A.V. Taichenachev,

V.I. Yudin. JETP Lett., 82 (8), 477 (2005).

DOI: 10.1134/1.2150865.

[17] G. Kazakov, B. Matisov, A. Litvinov, I. Mazets. J. Phys. B: At.

Mol. Opt. Phys., 40 (19), 3851 (2007). DOI: 10.1088/0953-

4075/40/19/006

[18] S.A. Zibrov, I. Novikova, I. Phillips, D.F. Walsworth, R.L. Zi-

brov, V.L. Velichansky, A.V. Taichenachev, V.I. Yudin. Phys.

Rev. A, 81 (1), 013833 (2010).

DOI: 10.1103/PhysRevA.81.013833

[19] K.A. Barantsev, E.N. Popov, A.N. Litvinov, V.M. Petrov.

Radiotekhnika, 12, 164 (2016). (in Russian).

[20] S. Khripunov, D. Radnatarov, S. Kobtsev. Proc. SPIE, 9378,

93780A (2015). DOI: 10.1117/12.2080165

[21] J. Kitching. Appl. Phys. Rev., 5 (3), 031302 (2018).

DOI: 10.1063/1.5026238

[22] S. Kobtsev, S. Donchenko, S. Khripunov, D. Radnatarov,

I. Blinov, V. Palchikov. Opt. Laser Technol., 119, 105634

(2019). DOI: 10.1016/j.optlastec.2019.105634

[23] L.V. Han, S.E. Harris, Z. Dutton, C.H. Behroozi. Nature, 397,

594 (1999). DOI: 10.1038/17561

[24] N.A. Vasiliev, A.S. Troshin. ZhETF, 125 (6), 1276 (2004). (in

Russian)

[25] I. Novikova, R.L. Walsworth, Y. Xiao. Laser Photonics Rev.,

6 (3), 333 (2012). DOI: 10.1002/lpor.201100021

[26] D. Budker, V. Yashchuk, M. Zolotorev, Phys. Rev. Lett.,

81 (26), 5788 (1998). DOI: 10.1103/PhysRevLett.81.5788

[27] D. Budker, L. Hollberg, D.F. Kimball, J. Kitching, S. Pustelny,

V.V. Yashchuk Phys. Rev. A, 71 (1), 012903 (2005).

[28] M.T. Graf, D.F. Kimball, S.M. Rochester, K. Kerner, C. Wong,

D. Budker, E.B. Alexandrov, M.V. Balabas, V.V. Yashchuk.

Phys. Rev. A, 72 (2), 023401 (2005).

DOI: 10.1103/PhysRevA.72.023401

[29] D. Budker, M. Romalis. Nature Phys., 3, 227 (2007).

DOI: 10.1038/nphys566

[30] E.B. Alexandrov, A.K. Vershovsky. UFN, 179, 605 (2009). (in

Russian). DOI: 10.3367/UFNe.0179.200906f.0605

[31] M.V. Balabas, T. Karaulanov, M.P. Ledbetter, D. Budker. Phys.

Rev. Lett., 105 (7), 070801 (2010).

DOI: 10.1103/PhysRevLett.105.070801

[32] M.V. Balabas, K. Jensen, W. Wasilewski, H. Krauter,

L.S. Madsen, J.H. Muller, T. Fernholz, E.S. Polzik. Opt. Expr.,

18 (6), 5825 (2010). DOI: 10.1364/OE.18.005825

[33] E. Breschi, G. Kazakov, C. Schori, G. Di Domenico, G. Mileti,

A. Litvinov, B. Matisov. Phys. Rev. A, 82 (6), 063810 (2010).

DOI: 10.1103/PhysRevA.82.063810

[34] K. Nasyrov, S. Gozzini, A. Lucchesini, C. Marinelli, S. Gateva,

S. Cartaleva, L. Marmugi. Phys. Rev. A, 92 (4), 043803

(2015). DOI: 10.1103/PhysRevA.92.043803

[35] M.A. Hafiz, V. Maurice, R. Chutani1, N. Passilly, C. Gorecki,

S. Guerande, E. de Clercq, R. Boudot. J. Appl. Phys., 117 (18),

184901 (2015). DOI: 10.1063/1.4919841

[36] H. Chi, W. Quan, J. Zhang, L. Zhao, J. Fang. Appl. Surf. Sci.,

501, 143897 (2020). DOI: 10.1016/j.apsusc.2019.143897

[37] S.J. Seltzera, M.V. Romalis. J. Appl. Phys., 106 (11), 114905

(2009). DOI: 10.1063/1.3236649

[38] K.A. Barantsev, S.V. Bozhokin, A.S. Kuraptsev, A.N. Litvinov,

I.M. Sokolov. JOSA B, 38 (5), 1613 (2021).
DOI: 0.1364/JOSAB.412513

[39] A. Krasteva, R.K. Nasyrov, N. Petrov, S. Gateva, S. Cartaleva,

K.A. Nasyrov. Optoelectron. Instrument. Proc., 54 (3), 307

(2018). DOI: 10.3103/S8756699018030147
[40] W. Li, M. Balabas, X. Peng, S. Pustelny, A. Wickenbrock,

H. Guo, D. Budker. J. Appl. Phys., 121 (6), 063104 (2017).
DOI: 10.1063/1.4976017

[41] G.A. Kazakov, A.N. Litvinov, B.G. Matisov, V.I. Romanenko,

L.P. Yatsenko, A.V. Romanenko. J. Phys. B, 44 (23), 235401
(2011). DOI: 10.1088/0953-4075/44/23/235401

[42] M. Klein, M. Hohensee, D.F. Phillips, R.L. Walsworth. Phys.

Rev. A, 83 (1), 013826 (2011).
DOI: 10.1103/PhysRevA.83.013826

[43] A. Litvinov, G. Kazakov, B. Matisov, I. Mazets. J. Phys. B: At.

Mol. Opt. Phys., 41 (12), 125401 (2008). DOI: 10.1088/0953-
4075/41/12/125401

[44] S. Knappe, H.G. Robinson. New J. Phys., 12 (6), 1–9 (2010).
DOI: 10.1088/1367-2630/12/6/065021

[45] E.N. Pestov, A.N. Besedina, D.E. Pestov, V.V. Semenov. Appl.

Magn. Reson., 51, 195 (2020). DOI: 10.1007/s00723-019-
01186-w

[46] S.J. Seltzer, M.V. Romalis. J. Appl. Phys., 106 (11), 114905
(2009). DOI: 10.1063/1.3236649

[47] S.N. Atutov, A.I. Plekhanov, V.A. Sorokin, S.N. Bagayev,

M.N. Skvortsov, A.V. Taichenachev. Eur. Phys. J. D, 72, 155

(2018). DOI: 10.1140/epjd/e2018-90127-6

[48] S.N. Atutov, V.A. Sorokin, S.N. Bagayev, M.N. Skvortsov,

A.V. Taichenachev. Eur. Phys. J. D, 73, 240 (2019).
DOI: 10.1140/epjd/e2019-100206-5

[49] M. Bhattarai, V. Bharti, V. Natarajan, A. Sargsyan, D. Sark-

isyan. Phys. Lett. A, 383 (1), 91 (2019).
DOI: 10.1016/j.physleta.2018.09.036

[50] S. Kobtsev, D. Radnatarov, S. Khripunov, I. Popkov,

V. Andryushkov, T. Steshchenko. J. Opt. Soc. Am. B, 36 (10),
2700 (2019). DOI: 10.1364/JOSAB.36.002700

[51] A. Krasteva, E. Mariotti, Y. Dancheva, C. Marinelli, L. Mar-

mugi, L. Stiaccini, S. Gozzini, S. Gateva, S. Cartaleva.

J. Contemp. Phys., 55 (4), 383 (2020).
DOI: 10.3103/S1068337220040209

[52] H. Chi, W. Quan, J. Zhang, L. Zhao, J. Fang. Appl. Surf. Sci.,

501 (31), 143897 (2020). DOI: 10.1016/j.apsusc.2019.143897
[53] M. Bhattarai, V. Bharti, V. Natarajan. Sci. Rep., 8 (1), 7525

(2018). DOI: 10.1038/s41598-018-25832-8
[54] S. Kobtsev, D. Radnatarov, S. Khripunov, I. Popkov,

V. Andryushkov, T. Steschenko. In: Proc. SPIE, 10548 (SPIE

OPTO, 2018), 1054820 (2018). DOI: 10.1117/12.2288872
[55] Y. Ji, J. Shang, Q. Gan, L. Wu. 2017 IEEE 67th Electronic

Components and Technology Conference (ECTC, 2017),
p. 2116. DOI: 10.1109/ECTC.2017.136

[56] N. Sekiguchi, A. Hatakeyama. Appl. Phys. B: Lasers and

Optics, 122 (4), 81 (2016).
DOI: 10.1007/s00340-016-6352-9

[57] O.Yu. Tretiak, J.W. Blanchard, D. Budker, P.K. Olshin,

S.N. Smirnov, M. Balabas. J. Chem. Phys., 144 (9), 094707
(2016). DOI: 10.1063/1.4943123

[58] M. Pellaton, C. Affolderbach, G. Mileti, R. Straessle, Y. Pe-

tremand, D. Briand, N.F. De Rooij. European Frequency and

Time Forum (EFTF, 2014), p. 554.
DOI: 10.1109/EFTF.2014.7331561

35 Optics and Spectroscopy, 2023, Vol. 131, No. 5



546 G.V. Voloshin

[59] G. Zhang, L. Wei, M. Wang, K. Zhao. J. Appl. Phys., 117 (4),
043106 (2015). DOI: 10.1063/1.4906851

[60] R. Straessle, M. Pellaton, C. Affolderbach, Y. Pétremand,

D. Briand, G. Mileti, N.F. De Rooij. Appl. Phys. Lett., 105 (4),
043502 (2014). DOI: 10.1063/1.4891248

[61] Z. Chowdhuri, M. Fertl, M. Horras, K. Kirch, J. Krem-

pel, B. Lauss, A. Mtchedlishvili, D. Rebreyend, S. Roccia,

P. Schmidt-Wellenburg, G. Zsigmond. Appl. Phys. B: Lasers

and Optics, 115 (2), 257 (2014). DOI: 10.1007/s00340-013-

5598-8

[62] R. Straessle1, M. Pellaton, C. Affolderbach, Y. Pétremand1,

D. Briand, G. Mileti, N.F. de Rooij. J. Appl. Phys., 113 (6),
064501 (2013). DOI: 10.1063/1.4789942

[63] T. Bandi, C. Affolderbach, G. Mileti. J. Appl. Phys., 111 (12),
124906 (2012). DOI: 10.1063/1.4789942

[64] M. Hasegawa, P. Dziuban, L. Nieradko, A. Douahi,

C. Gorecki, V. Giordano. Proceedings of 2008 IEEE/LEOS

International Conference on Optical MEMs and Nanopho-

tonics (2008), p. 162.
DOI: 10.1109/OMEMS.2008.4607879

[65] K.A. Nasyrov. Avtometriya, 52 (1), 85 (2016) (in Russian).
[66] B.D. Agapyev, M. B. Gorny, B. G. Matissov. ZhTF, 58 (12),

2286 (1988) (in Russian).
[67] A.N. Litvinov, I.M. Sokolov. Pis’ma v ZhETF, 113,(12), 791

(2021) (in Russian). DOI: 10.31857/S1234567821120041
[68] G.V. Voloshin, Hui Meng, A.S. Kuraptsev, I.M. Sokolov.

ZhETF, 162 (3), 313 (2022). (in Russian)
DOI: 10.31857/S0044451022090036

[69] Ya.A.Fofanov, I.M. Sokolov. ZhETF, 162 (3), 297 (2022). (in
Russian) DOI: 10.31857/S0044451022090012

[70] G.V. Voloshin, K.A. Barantsev, E.N. Popov, A.N. Litvinov.

ZhETF, 156 (1), 5 (2019). (in Russian)
DOI: 10.1134/S0044451019070010

[71] G.V. Voloshin, K.A. Barantsev, A.N. Litvinov. Kvant. elektron.,

50 (11), 1023 (2020) (in Russian). DOI: 10.1070/QEL17064
[72] G.V. Voloshin, K.A. Barantsev, A.N. Litvinov. Kvant. elektron.,

52 (2), 108 (2022) (in Russian). DOI: 10.1070/QEL17976

[73] D.V. Kupriyanov, I.M. Sokolov, N.V. Larionov, P. Kulatunga,

C.I. Sukenik, S. Balik, M.D. Havey. Phys. Rev. A, 69 (3),
033801 (2004). DOI: 10.1103/PhysRevA.69.033801

[74] V.M. Datsyuk, I.M. Sokolov, D.V. Kupriyanov, M.D. Havey.

Phys. Rev. A, 74 (4), 043812 (2006).
DOI: 10.1103/PhysRevA.74.043812

[75] V.M. Datsyuk, I.M. Sokolov, D.V. Kupriyanov, M.D. Havey.

Phys. Rev. A, 77 (3), 033823 (2008).
DOI: 10.1103/PhysRevA.77.033823

[76] A.S. Kuraptsev, I.M. Sokolov, M.D. Havey. Phys. Rev. A,

96 (2), 023830 (2017). DOI: 10.1103/PhysRevA.96.023830
[77] Ya.A. Fofanov, A.S. Kuraptsev, I.M. Sokolov, M.D. Havey.

Phys. Rev. A, 84 (5), 053811 (2011).
DOI: 10.1103/PhysRevA.84.053811

[78] A.S. Kuraptsev, I.M. Sokolov. Phys. Rev. A, 90 (1), 012511
(2014). DOI: 10.1103/PhysRevA.90.012511

[79] I.M. Sokolov, D.V. Kupriyanov, M.D. Hevy. ZhETF, 139 (2),
288 (2011). (in Russian)

[80] M.O. Scully, M.S. Zubairy. Quantum Optics (Cambridge

University Press, Cambridge, 1997).

[81] J. Gea-Banacloche, Y. Li, S. Jin, M. Xiao. Phys. Rev. A, 51 (1),
576 (1995). DOI: 10.1103/PhysRevA.51.576

[82] S.H. Autler, C.H. Townes. Phys. Rev., 100 (2), 703 (1955).
DOI: 10.1103/PhysRev.100.703

[83] H. Samble. Phys. Rev. A, 7 (6), 2203 (1973).
DOI: 10.1103/PhysRevA.7.2203

Translated by E.Potapova

Optics and Spectroscopy, 2023, Vol. 131, No. 5


