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The work based on a semiclassical description, presents the results of studying the processes of absorption and radiation of a field in
the form of a standing wave in a waveguide filled with a two-level active medium. Under conditions of spatial inhomogeneity of the
field intensity, interference of quasi-periodic oscillations of population inversion occurs in different local regions of the waveguide.
A quasiperiodic change in population inversion is determined by the Rabi frequency, which is known to be associated with the
probability of induced radiation with a positive population inversion, or induced absorption with its negative value. Since the
population inversion change is accompanied by absorption or emission of field quanta, this leads to the exchange of energy between
the field and the active medium located in the waveguide. It is shown that the attenuation of a large-amplitude field to a waveguide
filled with an unexcited active medium is nonlinear. In the developed mode, this process has the character of energy exchange
between the field and the active medium. In this case, the wave attenuation is replaced by its growth, just as it happens in the well-
known case of Landau kinetic damping. Competition of the processes of radiation and absorption leads to the fact that the nature of
the oscillations (nutations) of the population inversion at different points of the waveguide space is different. The interference of
nonsynchronous spatially localized oscillations of the population inversion in the volume of the waveguide leads to changes in the
field amplitude. The paper also discusses the process of field excitation in a waveguide with a pre-inverted two-level active medium,
taking into account external mechanisms for the absorption of wave energy. Consideration of these problems is important for
understanding the processes of generation of induced radiation, which, as noted by C. Towns, is to a large extent coherent radiation.
KEYWORDS: absorption and radiation of the field, two-level active medium, Rabi frequency, interference of oscillations of
population inversion.

The quasiclassical model of the interaction of the field and the active system, in particular, a system of dipoles
with two energy levels, allowed consider these phenomena in the media [1-4]. This model combined a quantum-
mechanical approach using a density matrix to describe a system of dipoles, and the classical field representation in
limited volumes, particularly in waveguides. An important characteristic of the dynamics of a dipole system in the
presence of an external electric field is the Rabi frequency, which determines the probabilities of induced emission or
absorption of field quanta [1, 2] and describes the population inversion oscillations (nutation).

Previously, the focus was on the processes of relaxation and excitation of a quantum system in the external media
[1-2], as well as modes of oscillation generation in unbounded media with nonlinearity, dispersion and finite
temperature [3-4] (see also [5-9]). However, a consequence of the limitations of the system is the appearance of line
spectra of oscillations and standing waves, which leads to a noticeable non-uniformity of the field intensity distribution.
This can change the nature of the field interaction with the active medium placed in the waveguide, because in areas
with different field intensities the Rabi frequency and, accordingly, the nature of the oscillatory behavior of the
population inversion of the active substance will differ significantly.

Below we discuss the influence of the spatial inhomogeneity of the field on the nature of its interaction with the
active medium. Let us consider the features of the absorption and excitation of a field in a waveguide filled with an
active two-level medium. Let the field in the waveguide be a standing wave, and at each point in space, it changes only
with time. We show that the interference of quasi-periodic changes in population inversion in different areas with the
Rabi frequency, depending on the local field intensity in these areas, determines both the nature of the attenuation of a
large amplitude wave and the nature of the field generation.

The aim of the article is to present the physical mechanism of attenuation of a large-amplitude wave in a
waveguide filled with an active two-level medium, as well as to elucidate the nature of electromagnetic field excitation
at finite levels of population inversion.

RABI FREQUENCY
If the waveguide is filled with an active substance, the semiclassical theory, which was actively discussed in
particular in [2-4], describes the generation of oscillations. To simplify the description, we consider a one-dimensional
model for disturbances of the electric field E , polarization P and population inversion y that slowly varies with

time, describing the excitation of electromagnetic oscillations in a two-level active medium, whose equations can be
represented as
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where the frequency of the transition between the levels corresponds to the field frequency. We are neglect the line
width in the equation for polarization and the inversion relaxation due to external causes. There are § - the decrement

of field absorption in the medium, d _, - the matrix element of the dipole moment (or rather its projection on the
direction of the electric field), the population difference y=n-(p,—p,) in the unit volume, and the relative populations

p.-p, of levels in the absence of a field, n is the density of the dipoles of the active medium. Fields are
represented by E=[E(f)-exp{—iax}+E*(t)-exp{iax}]/2 and P=[P(t)-exp{—iax}+P*(f)-exp{iax}]/2 . Wherein
<E*>=EWJ 2.

For slowly varying field amplitudes £ (#) and polarizations P () , the following equations are valid
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Using (3) - (5) in the absence of energy loss, you can get the ratio
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from which the equation for population inversion follows
ou_20E|d,)
_'u = l—b,U , (7

ot 2h
the meaning of this equation is that population inversion oscillates with the Rabi frequency Q (the so-called nutation
of population inversion)
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It can be shown [10] that equation (7) remains valid also in the case when the energy loss is significant, that is, at® # 0 .

EQUATIONS OF MODEL
Here it is useful to pay attention to the fact that population inversion is a real value. Therefore, only the real part of

the expression Reu = ( U+ ,u*) / 2 we may use. From equation (3) you can get the law of energy conservation in the

system
Re(p—y)=N,~N-8[N(t)dr ©)
0

We use the following notation:

N = iNI. N, = 2~%N~Cos2 {27zé+a} ., M;=U,; exp(i®;) - initial population inversion, N =E | /drhau,-
j=1

relative number of quanta in the system. Here the waveguide length is chosen equal to the radiation wavelength!, - the

constant phase. The spatial structure of the field, which is determined by the boundary conditions, the nature of

!'If the waveguide length is longer, but a multiple of the emission wavelength, which, generally speaking, the description will not
change qualitatively, only the value of the damping factor will be different.
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reflection and radiation, will be considered constant for fixed values and, the time scale will be determined from the

(470)"”* | o |1, |
h1/2
single population inversion value 0 < j <.5=100.

relation 7 = Qt = t, thend, =6/Q,, we divide the entire system length into segments with a

Consider the case when the field in the waveguide will attenuate in the presence of an unexcited active medium. In
this case, we choose the initial conditions

1 . '
M,(0)=M,, =—é, @ (r=0)=0, N(t=0)=N, =145, N,(T=0)=2E'No~5m2{2ﬂé}.

When this equation (7), (9) can be written as

0D,

PR A (10)
S
ZM].O Cos®, +1=N,-N . (1)

j=1
If the active medium is excited, it is possible to consider problems of field excitation in a waveguide under

conditions of different absorption levels. You can choose the initial conditions M, (0) =M, =S, ®,(r=0)=0,

1 . '
N(r=0)=N,=0.001, N;(7=0)=22-N, -sz{zf:é} ,

In this notation, the system of equations (7), (9) is written in the form

oD
= IN. 12
57 JN; (12)
S T S T
> M, Cos®,~1=N,~N=8 [dT'N(z") = N,~) N, -6, [dr'N(z"). (13)
Jj=1 0 J=1 0

RESULTS OF NUMERICAL CALCULATIONS
Absorption of a large amplitude wave in the waveguide with unexcited active medium

Each region of space of the active medium contributes to the total number of field quanta in the waveguide. The
field in the waveguide is a standing wave, so the amplitude of the field and the Rabi frequency at each point in the
waveguide space depend only on time. An increase in population inversion leads to absorption of field quanta by the
active medium, a decrease in population inversion, on the contrary, increases the number of quanta in the system. In
each region of space, the Rabi frequency is different and the total field is formed under the influence of the interference
of local oscillations (local nutation) of population inversion in the entire waveguide volume. For this case, described by
equations (10) and (11), changes in the relative number of quanta in the system N = N(7) are shown in Fig.1. The first

minimum N, =0.047 and the maximum field N =0.75 are reached at 7 = 45.47 and 7 =90.92, respectively.
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Fig. 1. The process of field attenuation - the relative number of quanta N = N(7) in the system with time

in the absence of external losses ( 51 =0).
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Periodic changes in the number of quanta in the nonlinear mode are attenuated due to the interference of
population inversion oscillations in different segments. The behavior of the population inversion of individual segments

is presented in detail in Fig.2. The linear decrement of the field attenuation &, = (dN / NdT) in the selected time

scale at the linear stage of the process, obtained from the analysis of Fig. 1 is equal to 6, =—0.113
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Fig. 2. The behavior of the real part of the population inversion Re M ; =M ; |- Cos @ ; in each of the segments 0 < j<.S/4 in
the phase space (Cos® ;@) (left), and in the diagrams for all segments 0<j<85=100 (right) for points in time 7 = 45.47
(above) and 7 = 90.92 (below)

This type of attenuation is nonlinear attenuation and is characterized by a periodic energy exchange between the
wave and the active medium, just as it happens in the case of Landau attenuation [11].

Generation of a field in a waveguide filled with an excited active medium
The description of this process is possible within the framework of the system of equations (12) and (13). We first

consider the case of the absence of external losses in the waveguide (51 = 0). The change in the relative number of

quanta N = N(7) in the system is shown in Fig.3.

It is not difficult to see that the periodic changes in the number of quanta in the nonlinear mode are attenuated due
to the interference of the oscillations of population inversion in different segments. The behavior of the population
inversion of individual segments at 7 =72 and 7 = 94 is shown in detail in Fig.4.
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Fig. 3. The behavior of the relative number of quanta N = N(7) in the system with time

in the absence of loss (6, = 0)
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Fig.4. The behavior of the real part of the population inversionRe M, =| M ; |-Cos @, in each of the segments 0< j <§/4=25in
the phase space (Cos® ;@) (left), and in the diagrams for all segments 0<;j<§5=100
(right) for points at T="72 (above) and T =94 (below)
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Accounting for the absorption or removal of energy from the system corresponds to the case
60=00/Q))/y,=6,/y,>0, where y, =y(0=0)=(dN/Ndr),,, = 0.138 is the linear increment of instability
development in the selected time scale at the linear stage of the process, obtained from the analysis of Fig. 5. It is easy
to see that @ here the ratio of the field absorption decrement in the system in the absence of an active medium 9, to the

increment of the non-dissipative (or non-radiative) instability mode y, = (6 =0) .

In the case of radiation from a waveguide, when & # 0, better to choose N (7 =0) = 2% -N, -Sin’ {27[é+(p} , Where
<|E[>
4w
is the waveguide length, where, by our assumption, a countable number of modes fit. It is easy to see that
| E(x=0)]’=2<| E ’>Sin* ¢ and & = (2¢/b)-Sin” ¢. It is important to note that ifb=mA, where A is the wavelength,

then under conditions of a fixed attenuation value § = § = (2¢-m / b)-Sin” ¢ . The result of this does not change.

@ is an constant phase associated with § the following way. Generally speaking § ~ 4i |[E(x=0) /( b), where b
4

1.4

1.225

1.05

0.875

N 0.7
0.525

0.35

0.175

0 30 60 90 120 150 180 210 240 270 300

t
Fig. 5. The behavior of the relative number of quanta in a system with absorption (radiation)
with time (6, = 0.01, or =0.073)

In this case, the behavior of the number of quanta in the system acquires a damped oscillating character. It is
useful to present the change in the linear increment of the process dN / Ndt , the maximum attainable relative field

intensity N,,,, , as well as the maximum energy flow from the system (8- N),,,, as a function of @ (Fig. 6.).
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Fig. 6. The values of the linear increment of the process dN / Nd7 , the maximum attainable relative number of quanta N,y » as well

as the maximum energy flux from the system (6- N),,,, as a function of &

CONCLUSION
Above, we consider the energy exchange between the field, which is a standing wave in the waveguide and the
active medium that fills its space. In each region of the waveguide space, the amplitude of the field of a standing wave
formed due to partial or full reflection from the ends of the system is different and varies only with time. A quasi-
periodic change in population inversion is determined by the Rabi frequency, which, is associated[1, 2], with the
probability of induced radiation with a positive population inversion, or induced absorption with its negative value. An
increase in population inversion leads to absorption of field quanta by the active medium, a decrease in population
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inversion, on the contrary, increases the number of quanta in the system. The total field is formed under the action of
the interference of oscillations of population inversion of the local regions of the active medium in the entire volume of
the waveguide.

The attenuation of a field of large amplitude to a waveguide filled with an unexcited active medium is nonlinear.
In the developed mode, this process has the character of energy exchange between the field and the active medium. In
this case, the wave attenuation is replaced by its growth, just as in the well-known case of Landau kinetic damping [11].

The nature of the excitation of a field by an inverted active medium in a waveguide is also discussed. Under the
conditions of the final level of external losses, absorption or output of the radiation energy leads to a decrease in the
field intensity in the active zone. The competition of the processes of radiation and absorption leads to the fact that the
nature of oscillations (nutation) of population inversion at different points in the waveguide space is different. The
interference of asynchronous spatially localized oscillations of population inversion in the waveguide volume leads to
changes in the amplitude of the field. The change in the linear increment of the process dN / Ndt , the maximum
attainable relative field intensity N,,,, , and the maximum energy flow from the system(&-N),,,, as a function of @

which determine the level of wave energy absorption, are presented. Consideration of these problems is important for
understanding the processes of generation of induced radiation, which, as noted by Towns Ch. [12], is to a large extent
coherent radiation.

ACKNOWLEDGEMENTS
The authors are sincerely grateful to V. A. Buts and V. D. Khodusov for useful discussions and attention to the work.

ORCID IDs
Volodymyr Kuklin@http://orcid.org/0000-0002-0310-1582, Eugen Poklonskiy = https://orcid.org/0000-0001-5682-6694

REFERENCES
[1] A.S. Davydov, Quantum mechanics, (Fizmatgiz, Moscow, 1963), pp. 748. (in Russian)
[2] L. Allen and J. Eberly, Optical resonance and two-level atoms, (John Wiley and Sons, New York, London, Sydney, Toronto,
1975), pp. 222.
[3] S.G. Zeiger, Yu.L. Klimontovich, P.S. Landa, E.G. Lariontsev and E.E. Fradkin, Wave and fluctuation processes in lasers,
(Nauka, Moscow, 1974), pp. 415. (in Russian)

[4] Landa P.S. Auto-oscillations in distributed systems, (Nauka, Moscow, 1983), pp. 320.

[5] G. Haken, Synergetics, (Mir, Moscow, 1980), pp. 403. (in Russian)

[6] V.V. Yanovskiy, Jlexyuu o nenunetinvix senenusx. Tom 1 [Lectures on nonlinear phenomena, Vol. 1], (Institute of Single
Crystals, Kharkiv, 2006), pp.456; V.V. Yanovskiy, Jlexyuu o nenuneiinvix senenusx. Tom 2 [Lectures on nonlinear
phenomena, Vol. 2], (Institute of Single Crystals, Kharkiv, 2007), pp. 448. (in Russian)

] V.A. Buts, Problems of Atomic Science and Technology, 5(6), 146-148 (2012).

1 V.M. Vorobiev, V.M. Kuklin, Letters in ZhTF, 13(22), 1354-1360 (1987).

] E.V.Belkin, A.V. Kirichok and A.S. Petrenko, Problems of Atomic Science and Technology, 4, 299-301 (2010).

0] V.M. Kuklin, Problems of atomic science and technology, Series ‘“Plasma Electronics and New Methods of Acceleration”,

4(122), 91-95 (2019).

[11] A.A. Andronov, Izvestiya Vuzov. Radiophysics, 4(5), 861-866 (1961). (in Russian)

[12] Ch. Towns, UFN, 88(3), 461-483 (1966). (in Russian)

—

Ob OBMEHE YHEPTMEA MEXY IIOJIEM H AKTUBHOM CPEJIOM BOJTHOBOJIA
B.M. Kykiun, E.B. Iloxknonckuii
Xapvrosckuii Hayuoranvrvlid YyHueepcumem umenu B. H. Kapasuna, Xapvxos, Ykpauna
nn. Ce0600wl 4, 2. Xapvros, Ykpauna, 61022

Pabora Ha OCHOBE MOJTYKIIACCHYECKOTO OIMCAHMS TIPEJCTAaBISIET PEe3yIbTAaThl U3YYEHHs IPOLIECCOB MOTIIOMEHNUS U H3ITyUeHHUS OIS B
¢dopMe cTosiuell BONHBI B BOJHOBOJE, 3allOIHEHHOM JBYXYPOBHEBOIl aKTHBHOI cpemod. B ycnoBHsSX NpoCTpaHCTBEHHOM
HEOJHOPOJHOCTU MHTEHCHBHOCTH I10JI1 BO3HUKAET MHTEP(EPCHINS KBA3UIIEPHOINYECKUX OCUMULILIMH HHBEPCUM HACEIEHHOCTEH B
Pa3IHYHBIX JIOKATBHBIX 00JIACTSIX BOTHOBOAA. KBasumeproandeckoe N3MEHEHHE HHBEPCHU HACENICHHOCTEH OmpeensieTcs 4acToToH
Pabu, koTopas Kak H3BECTHO, CBSI3aHA C BEPOSTHOCTHIO MHAYLHPOBAHHOTO W3IyYeHHS HPH IIOJOXKUTENbHON HHBEPCHU
HACEJICHHOCTEH, WM WHAYIUPOBAHHOTO IIOTJIOIICHUS MpPH €€ OTPUIATeNbHOM 3HaueHHMH.Tak Kak W3MEHEHHE HHBEPCHU
HACEJICHHOCTEH COMPOBOKIACTCS MOTIOMEHNEM HIH H3Iy4eHHeM KBAaHTOB TIOJISI, 3TO HPHBOIUT K OOMEHY SHEPIHEH Mex Iy HoJIeM U
aKTHBHOM cpenoi, pa3MeleHHOH B BOJIHOBOJE. [lokazaHo, 4TO 3aTyxaHHe IOJS OOJIBIION aMIUTUTYJBI BOJHOBOJE, 3all0JIHEHHOM
HEeBO30Y K/ICHHOH aKTUBHON CPEJIOif, SBIISIETCSI HEMTMHEHHBIM. B pa3sBUTOM peXMMe TOT Ipolecc HOCHT XapakTep oOMeHa SHepruei
MEXJIy TOJIeM M akTUBHOW cpemoil. IIpu 3TOM 3aTyXaHHe BOJHBI CMEHSETCSl €€ POCTOM, MOJOOHO TOMY, KaK 9TO HPOUCXOAUT B
H3BECTHOM Cllyyae KMHeTH4Yeckoro 3aryxanus Jlannay. KoHKypeHIus mporeccoB M3My4eHHs U HOTIOMCHHS IPUBOAUT K TOMY, YTO
XapakTep OCHWUIALMKA (HyTal[ui) HHBEPCUH HACENEHHOCTEH B Pa3HBIX TOYKAX MPOCTPAHCTBA BOJHOBOJA OKA3BIBACTCS PA3HUHBIM.
W B 3TOM ciydyae MMEHHO HHTep(EpEHINS HECHHXPOHHBIX HPOCTPAHCTBEHHO JIOKAJIM30BAaHHBIX OCLMJUIALMIA HHBEPCHUH
HaCeJICHHOCTeH B 00beMe BOJTHOBOJA NMPUBOAUT K M3MEHEHMSIM aMIUIUTYABI Hosis. B pabore obcyxmaercs mporece BO30yKICHUS
Mo B BOJHOBOJE IIPEIBApUTENFHO WHBEPTUPOBAHHON JBYXYpOBHEBOW AKTHBHOM CpefoH IpH ydeTe BHEIIHHX MEXaHU3MOB
TIOTJIOIICHNUS YHEPTHH KoJjebaHuid. PaccMoTpenue STHX IpobiaeM BaKHO Uil TOHMMAaHUS IPOIECCOB T'eHEepaliy HHIyTHPOBAaHHOTO
H3ITydeHus, KoTopoe kak orMeTwi1 Y. TayHzac B GOJIBIION CTENeHH SBISETCS U3IIydeHHEM KOTepEHTHBIM.

KJIIOUEBBIE CJIOBA: morinomeHnss ¥ W3IydeHHs HOJs, IBYXYpPOBHEBas aKTHBHas cpena, dactora PaOu, mHTepdepeHuuns
OCLUMIISIIUI HHBEPCUU HaCEIEeHHOCTEH.
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ITPO OBMIH EHEPI'TEIO MIK IIOJIEM TA AKTUBHUM CEPEJJOBUIIEM XBUJIEBOAY
B.M. KykiJin, €.B. [lokjioHCchKMit
Xapxiecvkuil Hayionansuutl ynieepcumem imeni B.H. Kapa3zina, Xapxis, Ykpaina
M. Ce0600u 4, m. Xapkis, Ykpaina, 61022

Pobota Ha OCHOBI HamiBKJIIACHYHOTO OMHCY MPEACTABISE PE3yIbTATH BUBUEHHS MPOLECIB IMOTIMHAHHA Ta TeHEpalil mois B Gopmi
CTOSIYIM XBHWJII B XBHIJIEBOZI, IO 3alOBHEHWI JBOPIBHEBHM aKTUBHUM CEpeIOBHUINEM. B yMoBax mpocTOpoBOoi HEOTHOPIJHOCTI
IHTEHCHUBHOCTI TIONIs1 BHHUKA€ IHTEp(EpeHIls OCHWIAMIN iHBepcil 3aceleHOCTI B PI3HMX JIOKAJIBHMX OOJIACTSX XBHIIEBOY.
KBaszinepionnuHi 3MiHa iHBepCii 3aceJIeHOCTi BU3HAYAEThCS YacToTor0 Pabi, sika sk BioMo, IOB's13aHa 3 HMOBIPHICTIO iHyKOBaHOTO
BUIIPOMIHIOBAHHS IIPH IO3UTHUBHII iHBepcii 3acelneHocTi, abo iHIYKOBaHOTO NOIVIMHAHHS IIPH i HEraTMBHOMY 3HaueHHI. Tak sk
3MiHa iHBepcii 3aceneHOCTi CYMPOBOMKYETHCS MOIJMHAHHAM a00 BUIIPOMIHIOBAHHSM KBAHTIB IOJIS, 1€ HNPH3BOAUTH IO OOMiHY
SHEPri€l0 MiX I0JIeM Ta aKTHBHHM CEPEIOBHILEM, 110 PO3MIlIeHO Y XBHIeBO i [Toka3aHo, 1110 3aTyXaHHs MOJIs BEJIMKOT aMILTITY/IU B
XBHJICBO/II, 1110 3a[IOBHEHHH aKTUBHUM CEPEIOBHIIEM, € HEMIHIHUM. Y PO3BHHEHOMY PEXHUMI LIeH MPOIeC HOCHTh XapaKkTep 0OMiHy
SHEPri€l0 MiX IMOJeM i aKTHBHUM cepeoBuiieM. [Ipu 1IbOMy 3aracaHHsi XBHIII 3MIiHIOEThCS 1i 3pOCTaHHAM, MOMIOHO O TOTO, SIK Ie
BiOyBa€ThCS y BIJOMOMY BHNAAKy KiHETHYHOTo 3aracaHHs Jlanmay. KoHKypeHIis mporieciB BUIPOMIHIOBaHHS 1 MOTJIMHAHHS
MPHU3BOUTH 10 TOTO, IO XapaKTep OCUWIALIN (HyTamiif) iHBepCii 3aCeICHOCTi B PI3HUX TOYKAX MPOCTOPY XBHJICBOIY BUSBISAETHCS
pisanM. | B boMy BHIazky came iHTepdepeHIis HECHHXPOHHHX IPOCTOPOBO JOKATi30BaHMX OCIWILALIN iHBepcii 3aceleHoCTi B
00cs131 XBUIICBOY IIPU3BOAXTEH 10 3MiH aMIUTITYAH IMOJs. Y poOOTi OOrOBOPIOETHCS TaKOX IpoIiec 30y HKEHHS OISl B XBHIJIEBOJI
MONIEPEJHFO 1HBEPTOBAHOIO JBOPIBHEBUM aKTUBHUM CEPENOBHUILIEM IPH OOJIKY 3O0BHIIIHIX MEXaHi3MIB IOTJIMHAHHS €Hepril
KOJIMBaHb. Po3risi nux mpoGiieM BaXKJIMBUI JUTs pO3YMIHHS IPOIECIB reHepalil iHIyKOBaHOTO BUIIPOMIHIOBAHHS, SIKE SIK 3a3HAYMB
Y. TayHzc B BENUKIi Mipi € BUTIPOMiHIOBAHHSM KOTE€PEHTHHM.

KJIFOYOBI CJIOBA: mornuHaHHS 1 BUIIPOMIHIOBAHHS TIOJIS, IBOPIBHEBE aKTHUBHE CepelOBHIIE, YacToTa Pabi, iHTepdepenis
OCHWIIALIH iHBEpCii 3aCETICHOCTI.



