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Abstract. It has been shown analytically and numerically that the effect of magnetic coherence 
(interference) of levels in Λ- and V-type transitions, induced by the field of a traveling linearly polarized 
electromagnetic (EM) wave of arbitrary intensity, can make a significant contribution both to the 
populations of transition levels (more 50 % than of the field contribution) and to the absorption 
resonance spectra during frequency and magnetic scanning. Differences in the manifestation of the 
magnetic coherence effect in level populations for open and closed types of transitions have been 
identified. It has been established that narrow coherent electromagnetically induced transparency (EIT) 
resonances are formed in the absorption resonance spectra during magnetic scanning near zero magnetic 
field. The dependencies of EIT resonance parameters on the characteristics of atomic transitions and 
EM wave intensity have been investigated. The contribution of the magnetic coherence effect of transition 
levels to the shape of these resonances has been revealed. 
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1. INTRODUCTION

Studies of nonlinear spectroscopic effects in 
resonant interaction of light fields with degenerate 
atomic systems have been conducted for a long time. 
Interest in them is due to the variety of physical 
processes occurring in these systems, including 
atomic state interference effects leading to narrow 
resonant structures in the studied spectra (see [1]). 
It should be noted that the emergence of coherence 
of atomic states in two-photon transitions was first 
observed in experiments with incoherent radiation 
sources [2]. 

With the creation of lasers and the development 
of nonlinear laser spectroscopy, the f ield of 

research in nonlinear and coherent phenomena has 
expanded significantly. Currently, interest in the 
topic is maintained due to the development of new 
experimental techniques, including such challenging 
ones as cold atom studies. 

Subsequently, resonances caused by the coherence 
of atomic states under laser excitation received the 
names of electromagnetically induced transparency 
(EIT) and electromagnetically induced absorption 
(EIA) resonances. Emerging from studies of 
nonlinear optical phenomena in the interaction 
of laser radiation with gaseous media, the scope 
of these effects has spread to many other systems 
with potential practical applications. However, the 
need for obtaining precise analytical solutions and 
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interpretations of discovered phenomena maintained 
the connection with nonlinear spectroscopy of 
gaseous media, stimulated work in this field, 
including numerical simulation of experiments as a 
method allowing to investigate situations not always 
achievable in practice. Many of the previously 
discovered phenomena were "rediscovered" and 
renamed in works on EIT and EIA. This, as well 
as misconceptions in the interpretation of several 
results from those times, was addressed in the 
Introduction to work [3]. 

A striking example of coherent phenomena in 
degenerate transitions from the ground state of 
atoms are EIT resonance [4], which are based on 
the phenomenon of coherent population trapping 
(CPT) [5], as well as resonances of opposite sign – 
EIA resonances, first discovered in [6]. According 
to [7], the cause of EIA resonances was the effect 
of spontaneous transfer of magnetic coherence 
(MC)1 of the excited state levels to the ground state, 
the manifestation patterns of which in saturated 
absorption spectroscopy were first considered in 
[8]. However, the EIA resonance anomalies later 
recorded in experiments [9, 10] were explained in 
terms of other processes, such as optical pumping 
and CPT [9], collisions [11], and not always 
reasonably, but giving resonance structures similar 
to the experiment. Nevertheless, in [12], developing 
the concept of [7], it was claimed that the main 
mechanism for the formation of EIA resonances at 
any closed transitions is precisely the spontaneous 
transfer of MC from upper state levels to lower state 
levels. 

However, further studies have shown that in 
the formation of nonlinear resonance structures, 
including EIA resonances, both on simple 
and degenerate transitions (with level moment 

= 1/2,1,2J ) other processes prove to be more 
important than the spontaneous transfer of MC of 
upper state levels. Thus, in [13] it is shown that in 
a two-level system, the narrow resonance structure 
in the field of two co-directed waves on an open 
transition manifests as an EIT resonance, and on 
a closed transition  – as an EIA resonance. The 
cause of these structures is coherent beatings of level 
populations in the field of two frequencies [14, 15]. 
In the case of transitions with level moment = 1/2,J  

= 1J , according to [16–18], narrow resonance 
1  In some works, the terms Zeeman coherence or low-

frequency coherence are used.

structures (EIT resonances) are formed in Λ
-schemes of transition, where the main contribution 
comes from MC of lower state levels, while the 
contribution of spontaneous MC transfer from 
upper to lower state levels is small and appears as an 
addition. Moreover, on the transition with = 1J  the 
mechanism of EIT resonance formation depended 
on the field polarization directions: with parallel 
polarizations, the resonance was determined by 
coherent beatings of level populations, as in [13], 
and with orthogonal polarizations – by nonlinear 
interference effect (NIEF) [14]. The results of 
[16,17] are also valid for transitions of type J J®  
and 1J J® -  ( > 1J ), since on these transitions the 
spectra of nonlinear resonances are also formed in 
open Λ-schemes. 

A different situation occurs on transitions of type 
1J J® +  [17, 19], where due to the difference in 

oscillator strengths between magnetic sublevels, the 
nonlinear resonance spectrum is formed mainly in 
V-schemes of transition, formed by sublevels with 
maximum magnetic number M . It is in V-schemes 
that closed two-level transitions are realized, in 
which the form of narrow resonance structures 
radically depends on the degree of openness of the 
atomic transition [13]. The effect of spontaneous 
MC level transfer on this type of transitions does not 
affect the qualitative form of the narrow resonance 
structure. Moreover, the action of an intense probe 
field can change the type of narrow resonance (from 
EIT to EIA) [17]. 

Note that the main patterns of nonlinear 
resonance formation, including MC level effects, 
were obtained through resonant interaction of a two-
frequency field with degenerate atomic transitions 
[16–18] and numerical solution of the problem, 
since analytical solutions for transitions with level 
momentum > 1J  are complex and difficult to 
analyze. 

In this regard, it is of interest to consider the 
processes of absorption resonance formation 
in a single-wave field of linear polarization in 
simple Λ- and V-type atoms with a magnetically 
degenerate level structure. In these types of 
atoms, during resonant interaction with a 
linearly polarized electromagnetic (EM) wave 
field, the level population values are determined 
by contributions from the incoherent saturation 
process of level populations and a coherent addition 
due to magnetic coherence of levels induced by the 
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linearly polarized wave field. The specifics of the 
considered transitions allow obtaining analytical 
solutions to the problem in quadratures, while 
numerical solutions make it possible to isolate the 
contribution of each process in its pure form, both 
in the populations of transition levels and in the 
form of absorption resonances during frequency 
and magnetic scanning. Furthermore, these results 
will help determine the applicability conditions of 
approximations used in the probe field method for 
atoms with more complex level structures. 

2. SATURATION EFFECT OF LEVEL 
POPULATIONS IN Λ- AND V-TYPE 

TRANSITIONS BY LINEARLY POLARIZED 
EM-WAVE FIELD

Let us consider the problem of resonant 
interaction between a monochromatic linearly 
polarized traveling EM wave of arbitrary intensity 
and atoms having Λ- or V-type transitions. Such 
transitions occur between atomic state levels with 
total moments = 0J  and = 1J . It is assumed that 
the atomic medium is placed in a magnetic field with 
strength H, which magnitude can vary, and the EM-
wave propagates along the magnetic field direction. 
We will consider the problem in a coordinate system 
with the quantization z axis z along the direction of 
vector H. In this coordinate system, in atoms in 
a linearly polarized EM field, transitions between 
levels with a change in the magnetic quantum 
number = 1M∆ ±  are allowed and processes shown 
in Fig. 1 are induced. Meanwhile, levels with 
magnetic number = 0M  of the state with moment 

= 1J  (not shown in Fig. 1) do not interact with the 

EM-field and do not affect the processes formed by 
the field. 

When solving the problem, we proceed from the 
kinetic equations for the atomic density matrix in 
the model of relaxation constants [14, 20]. In this 
case, the dynamics of diagonal =ii iρ ρ  and non-
diagonal ikρ  elements of the density matrix in the 
field of monochromatic EM wave is described by the 
following system of equations: 

	 = 2Re ,i
i i i ki k ij ji

k j

d
Q A i V

dt
ρ

Γ ρ ρ ρ
æ ö÷ç ÷ç+ + - ÷ç ÷ç ÷÷çè ø

å å 	(1)

	 ( ) = [ , ] .ik
ik ik ik ik

d
i i V

dt
ρ

Γ ω ρ ρ+ + - 	 (2)

In equations (1), (2), the total derivative 

operator is =d
dt t

υ¶
+ Ñ

¶
, iΓ  — level widths, ikΓ  — 

half-widths of transition lines, iQ   — excitation 
rates of levels in the absence of EM f ield, 

= exp( ( ) )) H.c.V G i tω- × - +k r   — operator of 
atom-field interaction, = / 2G dE  , d  — operator 
of generalized dipole moment, E  — field strength 
vector, ω — frequency, k — wave vector of the wave, 
υ — atomic velocity vector. The term ki kk

A ρå  in 
equations (1) determines the spontaneous decay 
of magnetic sublevels of the upper state m to the 
sublevels of the lower state n (the rate of this process 
is mnA ). We will solve the problem for stationary 
atoms. When solving the problem, an important 
value is 0 = /mn ma A Γ , called the radiation 
branching parameter from the upper state. On open 
transitions, the parameter 0 < 1a , and on closed 
transitions in the absence of collisions 0 = 1a . The 
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Рис. 1. Схема процессов, индуцируемых ЭМ-полем линейной поляризации в Λ-типах (а) и V-типах (б ) атомов: сплошные

линии � разрешенные переходы между магнитными подуровнями в ЭМ-поле; пунктирные линии � индуцированная по-

лем когерентность магнитных подуровней; штриховые линии � спонтанный распад подуровней состояния m на подуровни

состояния n и прочие лежащие ниже уровни, 1− a0 � доля этого процесса

где ωmn � частоты нерасщепленных переходов),
rlk � коэффициенты поляризации атома на запре-
щенных переходах, которые определяют индуци-
руемую ЭМ-полем когерентность (интерференцию)
магнитных подуровней нижнего или верхнего состо-
яний, ωkl � частоты переходов между этими под-
уровнями.

Исключив из систем уравнений (3), (4) слагае-
мые, обусловленные коэффициентами поляризаций
Rik и rlk, получим системы уравнений для населен-
ностей уровней в виде

Γnρk=Qk+A5kρ5+(ρ5 − ρk)γ5k − (ρ5 − ρl)δ5l,

Γmρ5 = Q5 −
∑
k

[(ρ5 − ρk)γ5k − (ρ5 − ρl)δ5l]
(5)

в Λ-схеме, где

γ5k = 2|G5k|2Re
1

α5k
,

δ5l = 2|G5k|2|G5l|2Re
1

α5k(Γn + iωlk)Γl5
,

α5k = Γmn−iΩ5k+
|G5l|2

Γn+iωlk

(
1− |G5k|2

(Γn+iωlk)Γl5

)
,

Γ5k = Γmn − iΩ5k +
|G5l|2

Γn + iωlk
,

(6)

и

Γnρ2=Q2+
∑
k

[Ak2ρk+(ρk−ρ2)γk2−(ρl−ρ2)δl2],

Γmρk = Qk − [(ρk − ρ2)γk2 − (ρl − ρ2)δl2]

(7)

в V-схеме, где

γk2 = 2|Gk2|2Re
1

αk2
,

δl2 = 2|Gk2|2|Gl2|2Re
1

αk2(Γm + iωkl)Γ2l
,

αk2=Γmn−iΩk2+
|Gl2|2

Γm+iωkl

(
1− |Gk2|2

(Γm+iωkl)Γ2l

)
,

Γk2 = Γmn − iΩk2 +
|Gl2|2

Γm + iωkl
.

(8)

Значения индексов в Λ- и V-схемах указаны выше.

Аналитические решения систем уравнений (5),
(7) в общем виде сложны для анализа. Поэтому
при их решениях используются или численные ме-
тоды, или приближения, которые позволяют прово-
дить аналитический анализ в ограниченной области
значений параметров атомной системы и интенсив-
ности ЭМ-поля.

2.1. Аналитические решения систем

уравнений (5), (7) с учетом эффекта МК

уровней

При решении уравнений (5), (7), как и в системе
двух уровней [13, 14], полагаем населенности уров-
ней в виде: ρi = Ni + ri, где Ni � населенности
уровней в отсутствие ЭМ-поля, а ri � добавки в
населенности, обусловленные действием этого поля.
Тогда величины Ni и ri будут определяться решени-
ями следующих систем уравнений:

ΓnNk = Qk +A5kN5, k = 1, 3,

ΓmN5 = Q5,
(9)

463
2*

a b

Fig. 1. Scheme of processes induced by linearly polarized EM field in Λ -types (a) and V-types (b) of atoms: solid lines stand for allowed 
transitions between magnetic sublevels in EM field; dotted lines stand for field-induced coherence of magnetic sublevels; dashed lines 
stand for spontaneous decay of sublevels of statem to sublevels of state n and other lower levels, 01 a-  is the fraction of this process
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value 01 a-  determines the fraction of particles that 
decay from the upper m state to other lower-lying 
states. In closed transitions, the decay of the upper 
state occurs within the transition levels. 

Solutions for non-diagonal elements of the density 
matrix in the field of a traveling EM wave can be 
represented = exp( ( )) H.c.ik ikR i tρ ω- - × +k r  [14, 
20]. Then, in the stationary case from equations (1), 
(2) in Λ- and V-schemes (Fig. 1), we respectively 
obtain systems of algebraic equations 

	

( )5 5 5 5

5 5 5 5

5 5 5 5 5

5 5 5 5

= 2Re ,

= 2Re ,

( ) = ( ) ,
( ) = ( ),

n k k k k k
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k
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n kl kl k l l k
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Q iG R

i R iG iG r
i r i G R G R

Γ ρ ρ

Γ ρ
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Γ ω
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- - - +

+ -

å 	 (3)

= 1,3k , = 3,1l  in Λ-scheme and 
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2 2
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= 2Re ,

= 2Re( ),
( ) = ( ) ,

( ) = ( ),
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mn k k k k kl l
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i R iG ir G

i r i G R G R
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Γ ρ
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æ ö÷ç ÷ç+ + ÷ç ÷÷çè ø
+
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å å
	 (4)

= 4,6k , = 6,4l  in V-scheme. In equations (3), (4) 
iρ  determine the populations of transition levels, 
5kR  and 2kR  — are polarization coefficients of the 

atom at allowed transitions, =ik ikΩ ω ω-  — are 
detunings of EM field frequency from frequencies 

ikω  of transitions between sublevels of upper m 
and lower n states (in the absence of level splitting 

0= =ik mnΩ Ω ω ω- , where mnω  are the frequences 
of unsplit transitions), lkr  are the polarization 
coefficients of atom at forbidden transitions, 
which determine EM field induced coherence 
(interference) of magnetic sublevels of lower or upper 
states, klω  are the frequencies of transitions between 
these sublevels.

After excluding from equation systems (3), (4) the 
terms caused by polarization coefficients ikR  and lkr , 
we obtain systems of equations for level populations 
in the form 

  
5 5 5 5 5 5

5 5 5 5 5 5

= ( ) ( ) ,
= [( ) ( ) ]

n k k k k k l l

m k k l l
k

Q A
Q

Γ ρ ρ ρ ρ γ ρ ρ δ
Γ ρ ρ ρ γ ρ ρ δ
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- - - -å 	 (5)

in Λ-scheme, where 
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	(6)

and 

2 2 2 2 2 2 2

2 2 2 2

= [ ( ) ( ) ],

= [( ) ( ) ]

n k k k k l l
k

m k k k k l l

Q A

Q
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Γ ρ ρ ρ γ ρ ρ δ
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in V-scheme, where 

2
2 2
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2 2
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2
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	(8)

Values of indices in Λ- and V-schemes are 
indicated above. 

Analytical solutions of equation systems (5), (7) 
in general form are complex for analysis. Therefore, 
their solutions use either numerical methods or 
approximations that allow analytical analysis in a 
limited range of values for atomic system parameters 
and EM-field intensity. 

2.1 Analytical solutions of systems of equations 
(5), (7) considering the effect of MC levels

When solving equations (5), (7), as in the two-
level system [13,14], we assume the level populations 
in the form: =i i iN rρ + , where iN  are level 
populations in the absence of EM field, and ir  are 
additions to populations due to this field's action. 
Then the values iN  and ir  will be determined by 
solutions of the following systems of equations: 

	 5 5

5 5

= , = 1,3,
= ,

n k k k

m

N Q A N k
N Q

Γ
Γ

+
	 (9)
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population differences between upper and lower 
levels in the absence of EM field. Further, we 
assume these population differences are equal: 

= .ikN N∆ ∆  Analytical solutions of systems 
(10), (12) in general form are expressed through 
ratios of third-degree polynomials, they are 
given in Appendix A. Solutions of these systems 
simplify in the absence of level splitting and with 
equal decay probabilities of levels and interaction 
parameters for each channel: at 51 53 0= =Ω Ω Ω ,  

2 2 2
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Λ-scheme and 42 62 0= =Ω Ω Ω , 42 62 2A = A = A k ,  
2 2 2

42 62| | =| | =| |VG G G  in V-scheme. In this case, 
expressions for additions to level populations and 
their differences from Appendix A will be as follows: 
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	(14)

= 4,6k

in V-scheme. Here values Λγ , Λδ  and Vγ , Vδ  are 
determined by expressions (7), (8), in which splitting 
values for lower and upper levels should be taken as 
zero.

From expressions (13), (14) it follows that with 
radiative decay of levels on closed transitions (at 

5= 2 =m k mnA AΓ  in Λ-scheme or 2= =m k mnA AΓ  
in V-scheme) additions to lower level populations, as 
in closed two-level system [13, 17], equal zero, and 
population changes under EM field action occur 
only at upper transition levels.

2.2 Analytical solutions of systems of equations 
(5), (7) without considering MC levels effect 
In approximation without considering MC levels 

contribution to their population (such approximation 
is used in studying nonlinear resonance spectra on 
degenerate atomic transitions [3, 14, 20]) coefficient 
values in equations (10), (12) from (6), (8) are 
following: 
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in V-scheme. Then in this approximation systems of 
equations (10), (12) take form 
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0 0 0
5 5 5 5 5

( ) ( ) = ,
( ) = ,

= 1,3

n k k k k k k

m k k k k k
k k k

r A r N

r r N

k

Γ γ γ γ ∆

Γ γ γ γ ∆

+ - +

+ - -å å å 	 (15)

in Λ-scheme and 

	

0 0 0
2 2 2 2 2

0
2 2

0 0 0
2 2 2 2 2

( ) ( ) =

= ,

( ) = ,
= 4,6

n k k k k k
k k

k k
k

m k k k k k

r A r

N

r r N
k

Γ γ γ γ

γ ∆

Γ γ γ γ ∆

+ - +

+ - -

å å

å 	 (16)

in V-scheme.
Analytical solutions of systems (15), (16) 

are expressed through ratios of third-degree 
polynomials, they are given in Appendix B. The 
solutions of equations (15), (16) are also simplified 
in the absence of level splitting and when the 
probabilities of spontaneous decay of levels and 
interaction parameters for each channel are equal. 
In this case, the expressions for additions and 
differences in level populations from Appendix B 
will have the form 
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and in the case of V-scheme 
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Thus in this approximation, as in the exact 
solution, the action of the EM field in closed  
Λ- and V-transitions in the absence of collisions 
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does not change the populations of lower levels, as in 
works [13, 17, 21], and additions to the populations 
of upper levels and differences in their populations 
grow with increasing saturation parameters ,VΛκ  
(field intensity) according to a linear law at small 
values of parameters , 1VΛκ   and reach a saturated 
value at large values , 1VΛκ  .

2.3 Results of numerical calculations of 
the contribution of the MC effect to level 
populations in Λ- and V-type transitions

Studies of the contributions of the MC effect 
of levels induced by the EM wave field of linear 
polarization to the saturation effect of level 
populations in (Λ)- and V-type transitions 
were conducted based on numerical solutions 
of equations systems (10)–(14) and their 

approximate analytical solutions (17), (18) with 
variation of EM field saturation parameters in 
the range of values = 0.01Vκ –5, ratios of level  
relaxation constants / = 0.01n mΓ Γ –0.1 and the 
magnitude of level splitting by magnetic field 

/ = 0H n∆ Γ –50 at closed and open ( 0 = 0.8a –
0.9) types of transitions. Several results of these 
calculations are presented in Figs. 2–5 at the ratio 
of relaxation constants / = 0.1n mΓ Γ . The figures 
show with dashed lines the results of numerical 
solutions to equations (10)–(14) taking into account 
the contribution of the MC levels effect, and with 
solid lines – solutions to equations (17), (18) without 
the contribution of this effect. 

Analysis of both analytical and numerical 
calculations showed qualitative similarity in the 
manifestation of the level population saturation 
effect, including the manifestation of the MC Э. Г. Сапрыкин, А. А. Черненко ЖЭТФ, том 166, вып. 4 (10), 2024
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Рис. 2. Формы добавок в населенности уровней в Λ-схеме на закрытом (а) и открытом (б, a0 = 0.8) переходах:

Γn/Γm = 0.1, κΛ = 0.01 (1), 0.05 (2), 0.1 (3), 0.3 (4), 0.9 (5). Пунктирные линии � полное решение, сплошные �

решение без вклада МК уровней
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Рис. 3. Формы добавок в населенности уровней в V-схеме на закрытом (а) и открытом (б, a0 = 0.8) переходах:

Γn/Γm = 0.1 κV = 0.01 (1), 0.1 (2), 0.9 (3), 1 (4), 5 (5). Пунктирные линии � полное решение, сплошные � реше-

ние без вклада МК уровней

констант релаксации уровней Γn/Γm = 0.01–0.1 и
величины расщепления уровней магнитным полем
∆H/Γn = 0–50 на закрытом и открытых (a0 = 0.8–
0.9) типах переходов. Ряд результатов этих расчетов
представлен на рис. 2–5 при отношении констант ре-
лаксации Γn/Γm = 0.1. На рисунках пунктирными
линиями показаны результаты численных решений
уравнений (10)–(14) с учетом вклада эффекта МК
уровней, а сплошными линиями � решения уравне-
ний (17), (18) без вклада данного эффекта.

Анализ результатов как аналитических, так
и численных расчетов показал качественную
схожесть проявления эффекта насыщения населен-
ностей уровней, включая и проявление эффекта
МК уровней, при действии ЭМ-поля на рассматри-

ваемых переходах, а обнаруженные различия носят
лишь количественный характер. Прежде всего
отметим одинаковый характер изменений (добавок)
населенностей уровней от степени открытости
(значения параметра a0) атомного перехода. На
закрытых переходах в Λ- и V-схемах в отсутствие
расщепления уровней действие ЭМ-поля не влияет
на населенности нижних уровней (рис. 2 а, 4 а),
а населенности верхних уровней растут с ростом
интенсивности параметров κΛ,V ЭМ-поля (кри-
вые 1–5). Из вида зависимостей следует, что вклад
МК уровней уменьшает величину населенностей
верхних уровней (пунктирные линии лежат ниже
сплошных). Причем в Λ-схеме эффект МК проявля-
ется в населенности верхнего уровня при значениях
параметра насыщения κΛ≥0.01, а в V-схеме � при
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a b

Fig. 2. Forms of additions to level populations in Λ-scheme at closed (а) and open (b, 0 = 0.8a ) transitions: / = 0.1n mΓ Γ , = 0.01Λκ  
(1), 0.05 (2), 0.1 (3), 0.3 (4), 0.9 (5). Dashed lines stand for the complete solution, solid lines stand for the solution without MC levels 
contribution 
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Γn/Γm = 0.1 κV = 0.01 (1), 0.1 (2), 0.9 (3), 1 (4), 5 (5). Пунктирные линии � полное решение, сплошные � реше-

ние без вклада МК уровней

констант релаксации уровней Γn/Γm = 0.01–0.1 и
величины расщепления уровней магнитным полем
∆H/Γn = 0–50 на закрытом и открытых (a0 = 0.8–
0.9) типах переходов. Ряд результатов этих расчетов
представлен на рис. 2–5 при отношении констант ре-
лаксации Γn/Γm = 0.1. На рисунках пунктирными
линиями показаны результаты численных решений
уравнений (10)–(14) с учетом вклада эффекта МК
уровней, а сплошными линиями � решения уравне-
ний (17), (18) без вклада данного эффекта.

Анализ результатов как аналитических, так
и численных расчетов показал качественную
схожесть проявления эффекта насыщения населен-
ностей уровней, включая и проявление эффекта
МК уровней, при действии ЭМ-поля на рассматри-

ваемых переходах, а обнаруженные различия носят
лишь количественный характер. Прежде всего
отметим одинаковый характер изменений (добавок)
населенностей уровней от степени открытости
(значения параметра a0) атомного перехода. На
закрытых переходах в Λ- и V-схемах в отсутствие
расщепления уровней действие ЭМ-поля не влияет
на населенности нижних уровней (рис. 2 а, 4 а),
а населенности верхних уровней растут с ростом
интенсивности параметров κΛ,V ЭМ-поля (кри-
вые 1–5). Из вида зависимостей следует, что вклад
МК уровней уменьшает величину населенностей
верхних уровней (пунктирные линии лежат ниже
сплошных). Причем в Λ-схеме эффект МК проявля-
ется в населенности верхнего уровня при значениях
параметра насыщения κΛ≥0.01, а в V-схеме � при
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Fig. 3. Forms of additions to level populations in V-scheme at closed (а) and open (b, 0 = 0.8a ) transitions: / = 0.1n mΓ Γ  = 0.01Vκ  (1), 
0.1 (2), 0.9 (3), 1 (4), 5 (5). Dashed lines stand for the complete solution, solid lines stand for the solution without MC levels contribution 
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levels effect, under the action of EM field on 
the considered transitions, and the discovered 
differences are only quantitative in nature. First 
of all, we note the same character of changes 
(additions) in level populations depending on the 
degree of openness (parameter value 0a ) of the 
atomic transition. On closed transitions in Λ- and 
V-schemes in the absence of level splitting, the EM 
field action does not affect the populations of lower 
levels (Figs. 2 а, 4 а), while the populations of upper 
levels increase with increasing intensity of ,VΛκ  EM 
field parameters (curves 1–5). The dependencies 
show that the contribution of MC levels reduces the 
population of upper levels (dashed lines lie below 
solid ones). Moreover, in the Λ-scheme, the MC 
effect manifests in the population of the upper level 
at saturation parameter values 0.01Λκ ³ , and in the 
V-scheme – at values 0.1Vκ ³ . The magnitudes of 
MC contributions grow with increasing saturation 
parameter values, and their share in the field-formed 

level population can be determining. Thus, in the  
Λ-scheme at parameter values = 0.3Λκ –0.9 (Fig. 2 а,  
curves 4, 5) the additions to the upper level 
population at the line center due to the MC effect 
constitute more than 50% of the field-saturated level 
population without accounting for the MC effect. 
In the case of V-scheme (Fig. 3 а, curves 4, 5) the 
maximum contribution of the addition is realized 
at parameters = 1Vκ –5 and reaches (30 –50)% 
of the level population values without the MC effect 
contribution. Meanwhile, the MC effect contribution 
reduces the absolute values of upper level populations.

As noted above, the absence of EM field influence 
on lower level populations in closed Λ- and V-type 
transitions was also found in works [13, 17, 21] and 
is a general property of closed transitions.

In the case of open Λ- and V-type transitions, 
the EM field action affects the populations of all 
transition levels: with increasing field intensity 

a b

Fig. 4. Dependencies of additions to populations of lower (a) and upper (b) levels in Λ-scheme on the magnitude of level splitting H∆  at 
0 = 0Ω , 0 = 0.8a , / = 0.1n mΓ Γ , = 0.01Λκ  (1), 0.1 (2), 0.3 (3), 0.9 (4). Dashed lines stand for the complete solution, solid lines stand for 

the solution without MC levels contribution 
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Fig. 5. Dependencies of additions to populations of lower (a) and upper (b) levels in V-scheme on the magnitude of level splitting H∆  at 
0 = 0Ω , 0 = 0.8a , / = 0.1n mΓ Γ , = 0.01Vκ  (1), 0.1 (2), 0.9 (3), 1.0 (4), 5 (5). Dashed lines stand for the complete solution, solid lines 

stand for the solution without MC levels contribution 
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(parameters ,VΛκ ) upper level populations increase 
while lower level populations decrease (Figs. 2 b, 3 b). 
Moreover, according to the provided data, MC level 
contributions reduce the magnitude of additions 
in populations of both lower and upper levels, 
thereby increasing the populations of lower levels 
and decreasing these values at upper levels of both 
transition types Furthermore, in open transitions, 
the MC effect manifests in level populations at higher 
intensities (values of parameters ,VΛκ  of EM field) 
than in closed transitions. At the same parameter 
values ,VΛκ  the magnitudes of MC contributions 
to level populations are smaller than in closed 
transitions. Thus, in transitions with branching 
parameter 0 = 0.8a  in Λ-scheme, the MC effect 
appears in level populations at values 0.05Λκ ³ ,  
and in V-scheme  – at > 0.1Vκ . Meanwhile, in 
Λ-scheme, the maximum MC contribution to 
populations of all levels is 50 % (Fig. 2 b, curves 4, 5, 

= 0.3Λκ –0.9),and in V-scheme (Fig. 3b, curves 5, 
= 5Vκ ) this value is 18£ % (for lower level) and less 

than 15% (for upper levels) of the level population 
values without considering the MC effect. Note that 
the MC contribution decreases the differences in 
transition level populations and thereby increases 
the EM wave absorption coefficient.

The influence of level splitting (by magnetic field) 
on the magnitude of additions in level populations in 
Λ- and V-schemes under linearly polarized EM field 
action is shown in Fig. 4 and 5 for the line center 
(at 0 = 0Ω ) of open transition ( 0 = 0.8a ) at different 
values of parameters ,VΛκ  of EM field. In closed 
transitions, the behavior of additions in upper level 
populations depending on the magnitude of level 
splitting practically coincides with the behavior of 
additions for upper levels of open transitions with 

0 = 0.8a .
From Figs. 4 and 5, it follows that the dependencies 

of population additions to energy levels, including 
those due to the MC effect, on the magnitude of 
level splitting in Λ- and V-schemes have a similar 
form, with only quantitative differences in the 
magnitude of additions, ranges of level splitting, 
and intensities (saturation parameters) of the EM 
field at which the MC effect manifests. Thus, in the  
Λ-scheme, the influence of MC on the populations of 
split levels is detected at parameter values > 0.01Λκ  
(Fig.  4, curves 2–4), and in the V-scheme  – at 
values 0.9Vκ ³  (Fig.  5, curves 2–4). At small 
level splittings < (2H∆ –5) nΓ  in the Λ-scheme and 

< (7H∆ –10) nΓ  in the V-scheme, the contribution 
of the MC effect leads to a decrease in population 
additions at all levels of the considered transitions. 
At level splittings > (2H∆ –5) nΓ  in the Λ-scheme 
and > (7H∆ –10) nΓ  in the V-scheme, the MC effect 
additions change sign, leading to a small increase 
in upper level populations (dashed lines above solid 
ones) and a decrease in lower level populations (here 
dashed lines are below). The critical splitting values 
at which the additions change sign depend on the 
saturation parameter values and change (increase) 
in the specified ranges with increasing parameter 
values Λκ  and Vκ .

In the case of the Λ-scheme, the magnitude 
of the MC contribution is maximal at small level 
splittings 0H∆   (Fig. 4, curves 4) and amounts to 
more than 50% (as well as in Fig. 2b) relative to the 
level population without accounting for the effect 
contribution, while at level splittings (7H∆  –10) nΓ  
the maximum MC contribution is less and amounts 
to 20 % of the above value.

In the case of the V-scheme (Fig. 5), at small level 
splittings, the MC additions to level populations are 
significantly smaller than in the Λ-scheme, and 
at parameter = 5Vκ  (curves 5) amount to 18£ % 
for the lower level and less than 15% for the upper 
levels, while at large splittings (2H∆ » –3) mΓ  
the maximum MC contributions reach values of  

(15 –20)% relative to the additions without 
accounting for the MC effect. It should be emphasized 
that for all types of transitions, MC contributions in 
the region of small level splittings lead to a decrease 
in upper level populations and an increase in lower 
level populations, while in the region of large 
splittings – to an increase in upper level populations 
and a decrease in lower level populations.

3. MC LEVELS EFFECT IN ABSORPTION 
SPECTRA OF LINEARLY POLARIZED EM 
WAVES IN Λ- AND V-TYPE TRANSITIONS 
DURING FREQUENCY AND MAGNETIC 

SCANNING

3.1 Absorption line shapes of linearly polarized 
EM waves in Λ- and V-type transitions during 

frequency and magnetic scanning

The absorption line shapes of linearly polarized 
EM waves during frequency or magnetic scanning 
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are determined through the EM field work by the 
following expression [14]: 

	 2
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where 2
0 = 4 /mn mnd cα πω Γ   — is the resonant 

absorption cross-section, and values ikR  are 
determined by solutions of equations systems 
(3)–(7) in corresponding approximations. With 
exact solution of these equations (considering 
MC contribution to level populations), analytical 
expressions for absorption line shapes (19), like 
expressions for level populations (Appendix A), are 
complex and difficult to analyze. In this case, line 
shapes were determined based on expression (19) 
and numerical solutions of equations systems (3)–(7)  
with variation of atomic transition parameters and 
EM field intensity (saturation parameters). 

In approximation without considering MC 
contribution to level populations, analytical 
expressions for absorption line shapes in Λ- and 
V-type transitions can be represented as 
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where level population differences are determined by 
expressions (B.1), (B.2) of Appendix B. Expressions 
(20), (21), like expressions for population differences, 
take simple form when interaction parameters 
and spontaneous decay probabilities are equal for 
each transition channel: at 2 2 2

51 53| | =| | =| |G G GΛ , 
51 53=A A  (in Λ-scheme) and 2 2 2

42 62| | =| | =| |VG G G ,  
42 62=A A  (in V-scheme). Further we will consider 

transitions with such parameters. 

During frequency scanning in absence of level 
splitting ( = 0klω ) frequency detunings 0=ikΩ Ω ,  
and absorption line shapes from (20), (21) will be as 
follows: 
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Hence on closed transitions absorption line 

shapes can be represented as 

	

1
0

2 2 2
0 0

2

2 2
0

( ) (1 0.5 )
2

(1 0.5 )

0.5
1

s mn
m

mn

mn

mn

NΛ Λ

Λ

Λ

α Ω Γ κ
Γ ∆

α Γ κ Ω

κ Γ

Γ Ω

+
» - ´

+ +
é ù
ê ú´ - ´ê ú
ê ú+ë û

	
2

2 2
0

2
1

(1 2 / )
n mn

m mn n m

Λ

Λ

Γ κ Γ
Γ Γ κ Γ Γ Ω

é ù
ê ú´ -ê ú
ê ú+ +ë û

	 (24)



	 COHERENCE EFFECTS OF MAGNETIC SUBLEVELS INDUCED	 451

JETP, Vol. 166, No. 4(10)  2024

in Λ-scheme and 
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in V-scheme.
During magnetic scanning at the center of unsplit 

transition line (at 0 = 0Ω ) frequency detunings ikΩ  
in expressions (20), (21) are determined by splitting 

klω  of lower or upper levels as = / 2ik HΩ ∆±   
( =| |H kl∆ ω ). In this case absorption line shapes 
can be represented as 
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	 2 2 51
1 = 1 1 2 ,n

s mn
m

A
Λ

Γ
Γ Γ κ

Γ

é ùæ ö- ÷çê ú÷ç+ + ÷ê úç ÷÷çè øê úë û
in Λ-scheme and 

	

1

2 2
0

2 2

2 2 2 2

2 2

2 2 2 2
1

( ) 2
=

/ 4

1
( )( / 4)

(1 )
1 1 ,

/ 4 / 4

sV H m mn

mn H

V m mn

m H mn H

V mn V mn

s H s H

N
α ∆ Γ Γ

∆
α Γ ∆

κ Γ Γ

Γ ∆ Γ ∆

β κ Γ βκ Γ

Γ ∆ Γ ∆

- ´
+

é ù
ê ú´ - ´ê ú
ê ú+ +ë û

é ùæ ö+ ÷çê ú÷ç´ - - ÷ê úç ÷ç ÷ê ú÷ç+ +è øë û

	 (27)

where 
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From here, the closed transitions of the absorption 

line shapes during magnetic scanning in Λ- and 
V-schemes are determined respectively as 
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2 2= (1 ).sV mn VΓ Γ κ+

From expressions
it follows that the absorption line shapes during 
magnetic scanning in Λ- and V-type transitions 
in the approximation without considering the MC 
effect manifest as Lorentzian peaks, whose widths 
and amplitudes depend on the intensity (saturation 
parameters) of the EM field. With saturation 
parameters , 1VΛκ   as their values increase, the peak 
widths grow according to the root law, while peak 
amplitudes decrease linearly. Near the peak centers, 
dips are formed: in the Λ-scheme – with a half-width 
of the lower level nΓ , and in the V-scheme – with a 
half-width of the upper level mΓ . Therefore, with 
the ratio n mΓ Γ  the dip width in the Λ-scheme is 
significantly smaller, and its contrast is significantly 
greater, and it manifests at lower saturation parameters 
(intensities) of the EM field than in the V-scheme.

Note that the physical reason for the formation 
of dips with half-width of the lower or upper level in 
the magnetic scanning line shape is the polarization 
induced by the linearly polarized field on forbidden 
transitions between levels of the lower or upper state 
of the considered atom, and these dips are coherent 
in nature. 

3.2 Results of numerical studies of the MC 
levels effect contribution to the absorption 

line shape of a linearly polarized wave during 
frequency and magnetic scanning on Λ- and 

V-type transitions 
Studies of MC levels contributions, induced 

by linearly polarized EM field in Λ- and V-type 



	 JETP, Vol. 166, No. 4(10)  2024

452	 SAPRYKIN, CHERNENKO	

transitions, to the absorption spectra of this wave 
during frequency and magnetic scanning were 
conducted, as mentioned above, based on expression 
(19) and numerical solutions of equations (3)–(7), 
or their approximate solutions (22)–(29) with 
variation of EM field saturation parameters in the 
range of values , = 0.01VΛκ –5, relaxation constants 
ratio / = 0.1n mΓ Γ –0.01 and level splitting values 

/ = 0H n∆ Γ –50 on closed and open ( 0 = 0.8a –0.9) 
types of transitions. Analysis of research results 
showed that the nature of MC levels contributions 
to absorption line shapes both during frequency 
and magnetic scanning in Λ- and V-schemes is 
qualitatively similar for open and closed transitions, 
with only small quantitative differences. Therefore, 
the figures below show results for closed transitions 
with constants ratio / = 0.1n mΓ Γ . Dashed lines in 

the figures correspond to numerical solutions taking 
into account the MC levels effect, while solid lines 
represent solutions without this effect's contribution.

The absorption line shapes during frequency 
scanning are shown in Fig.  6. At low EM-field 
intensities (parameters , < 0.01VΛκ ) absorption 
lines appear near the atomic transition frequency 
as a Lorentzian peak with transition half-width mnΓ  
(curves 1). With increasing EM-field intensity (at 
values , > 0.01VΛκ ) there is a decrease in absorption 
coefficients (curves 2, 3) due to the decrease in 
level population differences (population saturation 
effect) and an increase in spectral line width. 
Moreover, at saturation parameter values 0.05Λκ £  
in Λ-scheme and 0.1Vκ £  in V-scheme, the line 
shapes are described by expressions (24) and (25) 
respectively, obtained without considering the MC 
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Рис. 6. Формы линий поглощения при частотном сканировании в Λ-схеме (а) и V-схеме (б) при a0 = 1, Γn/Γm = 0.1.

а � κΛ = 0.01 (1), 0.05 (2), 0.1 (3), 0.2 (4), 0.3 (5), 0.9 (6); б � κV = 0.01 (1), 0.1 (2), 0.9 (3), 1 (4), 5 (5). Пунктирные

линии � полное решение, сплошные � без вклада МК уровней
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Рис. 7. Формы линий поглощения при магнитном сканировании в Λ-схеме (а) и V-схеме (б) при a0 = 1, Γn/Γm = 0.1,

Γmn = 5.5Γn. а � κΛ = 0.01(1), 0.05 (2), 0.1 (3), 0.3 (4), 0.9 (5); б � κV = 0.01 (1), 0.1 (2), 0.9 (3), 1 (4), 5 (5).

Пунктирные линии � полное решение, сплошные � без вклада МК уровней

ний, что обусловлено проявлением МК уровней. Как
показано в разд. 2, вклад МК уровней приводит к
увеличению разности их населенностей, что прояв-
ляется в увеличении поглощения на переходах (на
графиках пунктирные линии лежат выше сплош-
ных), а также к небольшому сужению линий погло-
щения. При этом относительные изменения величи-
ны поглощения в центре линии за счет МК уровней,
согласно рис. 6, могут составлять ∼ (75–100)% (кри-
вые 3, 4). В Λ-схеме это реализуется при значениях
параметров насыщения κΛ ≥ 0.3, а в V-схеме � при
значениях κV ≥ 1.

Анализ форм линий поглощения с учетом вкла-
да МК уровней (рис. 6, пунктирные линии) показал,
что при значениях параметров κΛ,V > 0.05 полуши-

рины резонансов в Λ-схеме подчиняются линейному
закону Γ ≈ Γmn(1 + 2κΛ), а в V-схеме � корневому
Γ ≈ Γmn

√
1 + κV . При этом амплитуды резонансов

уменьшаются нелинейным образом.

Отметим, что в приближении без учета вклада
МК уровней в центре линий поглощения при пара-
метрах насыщения κΛ > 0.1 (в Λ-схеме) и κV > 0.9 (в
V-схеме) формируются провалы (рис. 6, сплошные
линии 3, 4), амплитуды которых с ростом парамет-
ров κΛ,V принимают отрицательные значения (кри-
вые 5). Это означает неприменимость данного при-
ближения в указанной области параметров насыще-
ний (интенсивностей) ЭМ-поля. В решениях задачи
с учетом вкладов МК в населенности уровней рас-
щеплений в форме линий поглощения, а также об-

471

a b

Fig. 6. Absorption line shapes during frequency scanning in Λ-scheme (а) and V-scheme (b) at 0 = 1a , / = 0.1n mΓ Γ . а — = 0.01Λκ  (1), 
0.05 (2), 0.1 (3), 0.2 (4), 0.3 (5), 0.9 (6); b — = 0.01Vκ  (1), 0.1 (2), 0.9 (3), 1 (4), 5 (5). Dashed lines stand for the complete solution, solid 
lines stand for the without MC levels contribution
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ляется в увеличении поглощения на переходах (на
графиках пунктирные линии лежат выше сплош-
ных), а также к небольшому сужению линий погло-
щения. При этом относительные изменения величи-
ны поглощения в центре линии за счет МК уровней,
согласно рис. 6, могут составлять ∼ (75–100)% (кри-
вые 3, 4). В Λ-схеме это реализуется при значениях
параметров насыщения κΛ ≥ 0.3, а в V-схеме � при
значениях κV ≥ 1.

Анализ форм линий поглощения с учетом вкла-
да МК уровней (рис. 6, пунктирные линии) показал,
что при значениях параметров κΛ,V > 0.05 полуши-

рины резонансов в Λ-схеме подчиняются линейному
закону Γ ≈ Γmn(1 + 2κΛ), а в V-схеме � корневому
Γ ≈ Γmn

√
1 + κV . При этом амплитуды резонансов

уменьшаются нелинейным образом.

Отметим, что в приближении без учета вклада
МК уровней в центре линий поглощения при пара-
метрах насыщения κΛ > 0.1 (в Λ-схеме) и κV > 0.9 (в
V-схеме) формируются провалы (рис. 6, сплошные
линии 3, 4), амплитуды которых с ростом парамет-
ров κΛ,V принимают отрицательные значения (кри-
вые 5). Это означает неприменимость данного при-
ближения в указанной области параметров насыще-
ний (интенсивностей) ЭМ-поля. В решениях задачи
с учетом вкладов МК в населенности уровней рас-
щеплений в форме линий поглощения, а также об-
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a b

Fig. 7. Absorption line shapes during magnetic scanning in Λ-scheme (a) and V-scheme (b) at 0 = 1a , / = 0.1n mΓ Γ , = 5.5mn nΓ Γ . а — 
= 0.01Λκ (1), 0.05 (2), 0.1 (3), 0.3 (4), 0.9 (5); b — = 0.01Vκ  (1), 0.1 (2), 0.9 (3), 1 (4), 5 (5). Dashed lines – stand for the complete 

solution, solid lines – stand for the without MC levels contribution
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levels effect. In this case, the absorption resonance 
amplitudes decrease according to the linear law 

,VΛβκ , where 1β »  (in Λ-scheme) and 2β »  (in 
V-scheme), and the resonance widths follow the root 
( ,1 VΛκ+ ) dependence, as in a two-level system 
[14]. At saturation parameter values > 0.05Λκ  (in  
Λ-scheme) and > 0.1Vκ  (in V-scheme), differences 
in the behavior of absorption line shapes of different 
approximations are observed, which is due to the 
manifestation of MC levels. As shown in section 2, 
the contribution of MC levels leads to an increase 
in their population difference, which manifests 
in increased absorption at transitions (on graphs, 
dashed lines lie above solid ones), as well as in 
slight narrowing of absorption lines. The relative 
changes in absorption magnitude at line center 
due to MC levels, according to Fig.  6, can be  

(75 –100)% (curves 3, 4). In Λ-scheme, this is 
realized at saturation parameter values 0.3Λκ ³ , 
and in V-scheme – at values 1Vκ ³ .

Analysis of absorption line shapes taking into 
account the contribution of MC levels (Fig.  6, 
dashed lines) showed that with parameter values 

, > 0.05VΛκ  half-width resonances in Λ-scheme 
follow a linear law (1 2 )mn ΛΓ Γ κ» + , and in 
V-scheme – a square root law 1mn VΓ Γ κ» + . The 
resonance amplitudes decrease nonlinearly. 

Note that in the approximation without 
considering the contribution of MC levels at the 
center of absorption lines with saturation parameters 

> 0.1Λκ  (in Λ-scheme) and (in V-scheme), dips are 
formed (Fig. 6, solid lines 3, 4), whose amplitudes 
with increasing parameters ,VΛκ  take negative values 
(curves 5). This indicates the inapplicability of this 
approximation in the specified range of saturation 
parameters (intensities) of the EM field. In solutions 
considering MC contributions to level populations, 
no splitting in absorption line shapes or regions with 
negative absorption occurs (dashed lines 3-5).

Absorption line shapes during magnetic scanning 
are shown in Fig.  7. At low EM field intensities 
(saturation parameters < 0.01Λκ  in Λ-scheme and 

0.1Vκ £  in V-scheme), absorption lines appear 
near zero magnetic field as a Lorentzian peak with 
transition half-width mnΓ  (curves 1). With increasing 
intensity (parameters ,VΛκ ) peak amplitudes 
decrease, and at saturation parameters > 0.01Λκ  
(in Λ-scheme) and > 0.1Vκ  (in V-scheme), dips 
form near zero magnetic field in the line shapes, 

whose amplitudes and widths depend on of level 
relaxation constants, atomic transition type, and 
EM field intensity. The common feature is that the 
contribution of the MC levels effect to magnetic 
scanning line shapes at any transitions (dashed 
curves 2-5) leads to decreased amplitudes and 
increased widths of absorption line structures (in the 
form of peaks and dips), while reducing the contrast 
of these structures.

In the case of Λ-transitions scheme (Fig.  7 a), 
a strong dependence of the dip parameters on the 
ratio of level relaxation constants is observed Thus, 
with the ratio of relaxation constants / 1n mΓ Γ   
we have a narrow dip against the background of a 
wide peak in the line shape, and with parameters 

0.1Λκ £  (curves 1–3) the resonance shape is well 
described by expression (28) without considering the 
contribution of the MC effect. When the lower levels 
split mn H nΓ ∆ Γ   the shape of the narrow dip 
(near the line center) is determined as 

	
1 2

0
2 2

0

( ) 2
= 1 ,s H m n

mn n H

NΛ Λα ∆ Γ κ Γ
∆

α Γ Γ ∆

é ù
ê ú- -ê ú
ê ú+ë û

	 (30)

i.e., we have a dip with a half-width determined by 
the relaxation constant of the lower level nΓ , whose 
amplitude increases while the contrast decreases 
linearly with increasing value Λκ . At level splittings 

n H mnΓ ∆ Γ   the resonance shape will be 
determined by the wing of the peak Lorentzian (28) 
in the form 

1
0

2 2
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( ) 2
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/ 4
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∆ Γ ∆
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ê ú´ -ê ú
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In this case, with increasing parameter Λκ  the 
width of the peak part of the resonance grows 
according to the root law, while the amplitude 
decreases linearly. The maximum peak value 
depends on the parameter value Λκ  and is found 
from relation (28) by solving a cubic equation. With 
saturation parameters > 0.1Λκ  the contribution 
of MC levels to the resonance shape becomes 
significant, which is manifested in the difference 
between the numerical solution (dashed curves 4, 5)  
and the analytical solution (28) (solid curves). A 
significant difference is observed in the amplitude of 
the narrow dip, its width values, and contrast. Thus, 
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when changing the values Λκ  in the range 0.1–0.3  
the amplitude and contrast of the dip decrease 
approximately by 2 times, while its width increases 
by more than 2 times (curve 4). The changes in 
the resonance wing due to the contribution of MC 
levels are manifested as a slight decrease in the peak 
amplitude and a shift of its maximum towards larger 
values of level splittings. 

In the case of a V-scheme transition (Fig. 7 b), 
a dip is also formed in the magnetic scanning 
line shape near its center at saturation parameters 

> 0.1Vκ  with its width being significantly larger 
and its amplitude and contrast significantly lower 
than those of a similar dip in the Λ-scheme. The 
influence of the MC levels effect on the dip shape is 
detected at parameter values > 0.1Vκ  (curves 3–5). 
Moreover, at values 0.3 1Vκ£ £  (curves 3, 4) the 
action of the MC levels effect leads to a decrease 
in the dip amplitude and especially its contrast in 
the line center, but weakly affects the line wing. 
At saturation parameters > 1Vκ  the contribution 
of MC levels becomes important in forming the 
spectrum of the entire resonance (curve 5). In 
this case, the effect influences both the amplitude 
and width of the dip at splittings <H mn∆ Γ , and 
the line wing structures at >H mn∆ Γ . It should be 
noted that accounting for MC levels in absorption 
spectra during magnetic scanning, as well as 
during frequency scanning (see above), prevents 
the occurrence of anomalies in resonance shapes 
that arise in approximations that do not take into 
account the contribution of the MC levels effect 
(Figs. 5 а, b, curves 5).

4. CONCLUSIONS

Thus, the presented results of numerical and 
analytical studies of MC levels induced by linearly 
polarized EM field in Λ- and V-type transitions 
demonstrate the important role of this effect in 
forming both the population of transition levels 
and EM field absorption spectra during frequency 
and magnetic scanning. Under optimal conditions, 
the contribution of the MC effect can constitute 
more than 50% of the populations of levels 
under conditions without considering the MC 
contribution and lead to (75–100)-percent changes 
in absorption coefficients at line centers during 
frequency and magnetic scanning The Λ-scheme is 
more critical in this case, where the manifestation 
of the MC effect in level populations and absorption 

spectra is detected at significantly lower saturation 
parameters (intensities) of the EM field and in 
a narrower range of level splittings. Thus, in the  
Λ‑scheme, the splitting range near the line center 
was determined by the relaxation constant of 
the lower level and amounted to 2 nΓ , while in 
the V-scheme, this range was determined by the 
constant of the upper level and amounted to .mΓ  
Using calculations that do not take into account 
the contribution of the MC levels effect induced 
by linearly polarized EM field to level populations 
in Λ-type transitions leads to significant errors in 
determining both the populations of these levels 
and the results of processes depending on level 
populations even at low saturation parameters 
(intensities) of the EM field In particular, this is 
detected in the shapes of EM field absorption lines 
during frequency and magnetic scanning. When the 
contribution of MC levels is taken into account in 
the solutions, no anomalies arise in the shapes of 
nonlinear absorption lines.

Attention should be paid to the dips with the 
width of the lower level nΓ  (in Λ-scheme) or with 
the width of the upper level mΓ  (in V-scheme) in the 
absorption line shapes during magnetic scanning 
near zero splitting of transition levels. As noted, the 
cause of these structures in absorption line shapes is 
coherence induced by a linearly polarized field on 
forbidden transitions between magnetic sublevels of 
lower or upper states in the considered three-level 
atoms, and these structures are coherent in nature. 
Resonances with lower level width appeared in 
saturated absorption spectra of the probe wave during 
magnetic scanning in atoms with more complex level 
structure [17–19, 21]. In these works, it was noted 
that these resonances were caused by the action of the 
saturating wave field and were also coherent in nature. 

In conclusion, we note that the narrow resonance 
occurring in the absorption spectrum of a traveling 
linearly polarized EM wave in an atom with  
Λ-scheme of levels during magnetic scanning may 
be of interest for several practical applications, 
particularly for measuring weak magnetic fields.
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APPENDIX A 

In Λ-scheme, solutions of the equation system 
(11) are as follows: 

5 5 5 5 5 5
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In V-scheme, solutions of the equation system 
(12) have the form 
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APPENDIX B

In Λ-scheme, solutions of the equation system 
(17) for level population additions at 5 =kN N∆ ∆  
are as follows: 
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In V-scheme, solutions of the equation system (18) 
for level population additions at =ikN N∆ ∆  have 
the form 
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