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In the article, for limited system conditions that form the spatial structure of the field, the attenuation processes of wave packets of
finite amplitude are considered. The line width of the wave field may be the result of the dissipative processes (in a quantum system it
is inverse of the lifetime of energy levels) or the result of reactive processes (in classical waveguide systems this is the spectral width
of the packet). In the case of filling the waveguide with an active two-level medium, a description is possible using a quasiclassical
model of the interaction of the field and particles. In this case, the quantum-mechanical description of the medium is combined with
the classical representation of the field. Here, the Rabi frequency plays an important role, which determines the probabilities of induced
radiation or absorption of field quanta and the oscillatory change in population inversion (nutation). Depending on the relationship
between the Rabi frequency and the line width of the wave packet, the process can change the nature of the field behavior. In strong
fields or with a significant population inversion, the line width can be neglected, while the field energy density is quite high. In this
case, one should expect noticeable nutations of population inversions with different frequencies corresponding to the local Rabi
frequency in different regions of the waveguide, the interference of which will determine the oscillatory behavior of the wave field. At
a low level of electric field intensity or a slight population inversion, the mode of changing the field amplitude becomes monotonic.
Plasma field damping (Landau damping) is considered. The role of population inversion is assumed by a quantity proportional to the
derivative with respect to velocity of the electron distribution function. If the spectral width of the packet is small, the process of wave
attenuation acquires a characteristic oscillatory form due to the exchange of energy between the wave and the plasma electrons captured
by its field. The attenuation of wide packets is almost monotonic with the formation of a characteristic “plateau” in the vicinity of the
phase velocity of the wave on the electron velocity distribution function.

KEYWORDS: attenuation of a wave pacadge, two-level active medium, interference of oscillations of population inversion, Landau
damping

Let us consider the attenuation processes of wave packets of finite amplitude in bounded systems that impose a
possible set of mode wavelengths in such a package and form the spatial field structure in the waveguides. If the
waveguide is filled with an active two-level medium (a system of dipoles), a description is possible using a quasiclassical
model of the interaction of the field and particles (see, for example, [1]). In this case, the quantum-mechanical description
of the medium is combined with the classical representation of the field. In this approach, the Rabi frequency plays an
important role, which determines the probabilities of induced radiation or absorption of field quanta [2,3] and the
oscillatory change in population inversion (nutation).

Depending on the relationship between the Rabi frequency Q=|d , || E(¢)|/h (where d, the dipole moment of the
particle and E the amplitude of the electric field, respectively) and 7, the line width of the wave packet, the process can
change the nature of the field behavior. Here, the line width is inversely proportional to the lifetime of states (the lifetime
of energy levels), which is due to relaxation processes.

The population inversion = p,—p, (where p,,p, are the numbers of particles at the upper and lower energy
levels, respectively) is related to the energy conservation law with the number of field quanta
N=|E@®)[ /4nho=pu=p,-p,. In strong fields or with a significant population inversion the line width can be
neglected, while the field energy density is quite high ¥, <Q=|d,, || E(¢)|/h (similar ratio can be given for population
inversion & >> ., -h/(w|d, ). In this case, one should expect noticeable nutations of population inversions with
different frequencies corresponding to the local Rabi frequency €2 in different regions of the waveguide, the interference
of which determines the behavior of the wave field [4].

If the opposite inequality holds 7;, >, this case corresponds to rather low levels of electric field intensity or small
values of population inversion, which describes the behavior of a two-level system, first formulated in [5]. The mode of
changing the field amplitude becomes monotonic, the characteristic time of the field change is proportional 7, = 7, / Q
while the population inversion tends to zero.

However, the wave field line width can be defined as dissipative processes (in a quantum system this is the reciprocal
of the lifetime of energy levels) or reactive processes of wave packet formation (in classical waveguide systems this is

the spectral packet width).
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When considering the field damping in a plasma (Landau damping [6, 7] on electrons), the role of population
inversion is taken by the quantity u=n,—n = f(v,+hk/m)— f(v,)=(hk/m)-9of (v)/ov]| where f(v) is the

v=vy 2
velocity distribution function of electrons, n,,n, is the number of electrons whose velocity is less than and greater than

the wave phase velocity [8,9] . In this case, it is the final spectral width of the wave packet that can affect the character
of the velocity distribution of particles. With a large packet width, as is known [10], one can observe the process of so-
called quasilinear relaxation, which leads to the formation of a “plateau” on the particle distribution function in the
velocity space. By the way, the role of the Rabi frequency here is played by the oscillation frequency of the trapped

particles in the potential well of the field €, = \/ekE / m, (here e,m, is the charge and mass of the electron, and £ is
the wave number of oscillations, v,, = @/k the phase velocity of the wave).

If the spectral width of the packet is small Ak-v, =Aw<<Q,, the process of wave attenuation acquires a

tr >
characteristic oscillatory form associated with the exchange of energy between the wave and plasma electrons captured
by its field. In the case of the opposite inequality, the field attenuation is almost monotonous with the formation of a
characteristic “plateau” in the vicinity of the phase velocity of the wave on the electron velocity distribution function
corresponding to the state with zero population inversion, which is represented in this case
U= (hk/m)-of (v)/ov l,,, = 0 . Note that in the case of simultaneous filling of the waveguide with plasma and an active

medium [11], both mechanisms of expansion of the spectral generation width should be taken into account.

And in the quantum case of field attenuation at a finite line width (finite lifetime of inverted states) and at attenuation
of a wave packet of finite spectral width in the classical case, one can observe a transition from an oscillatory energy
exchange between particles and a wave to a regime of monotonic change in the field amplitude, with the inversion
(u=p,—p,) or the value corresponding to it (& = (hk /m)-9f (v)/dv l,-,,) tends to zero, although the nature of these

changes is different. Since the real processes of propagation of oscillations in limited systems are accompanied by the
formation of wave packets, the dynamics of which have not been studied enough, their evolution should be considered in
more detail.

The aim of the work is to elucidate the influence of the spectral line width of the wave packet on the wave attenuation
pattern in waveguides filled with active medium and plasma.

MODEL OF A RESONATOR FILLED WITH AN ACTIVE TWO-LEVEL ENVIRONMENT
Let us discuss a one-dimensional model describing the attenuation of a wave with a finite spectral line width in
limited space, filled with an active medium. Generally speaking, this process can also be considered as the transition of
the nonequilibrium state of the system to a stable equilibrium state, which is accompanied by the exchange of energy
between the wave and the active medium. We restrict ourselves to a two-level system. For perturbations of the electric
field, polarization, and population inversion slowly varying over time, describing the excitation of electromagnetic waves
in an active medium, the equations can be represented in the form [1].

82E+58E_0282E__4”82P |
YE Y, ox’ EYERR M
o°P oP 2w|d, |’
?JF%zEerz'P:——h“h' UE ()
ou 2 oP
- = < F—
ot hw ot > (3

moreover, the transition frequency @ between the levels corresponds to the field frequency, we neglect the relaxation of
the inversion due to external reasons. We define O - the decrement of field absorption in the medium, d ,, - the matrix
element of the dipole moment of the fixed dipoles (more precisely, its projection onto the direction of the electric field),
and write the population difference per unit volume as y=n-(p,—p,). Here, p, and p, the relative population of
levels in the absence of a field 7, is the inverse relaxation time of states, which in this case determines the width of the
spectral line, 7 is the density of the dipoles of the active medium. Fields will be represented as
E=[E(t)-exp{—ian}+ E*(t)-exp{iax}] and P=[P(¢)-exp{—iar}+P*(t)-exp{iax}]. Note that in doing so
< E* >=2| E(t) |’ .The number of field quanta is then equal < E> > /Axhw=2|E |’ /Athw= N .
For slowly varying quantities, the equations
0E(t)

= +0-E(t) =2inwP(1), 4)
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oP(t) |dy
PO =— —uE, (5)
ou 2i N N
§=;[E(f)P (—E*@)P@)]. ©6)
From equation (6), by simple transformations we find
oN

N 126N = L IPOE*() - P*(OEW),
ot h

where can one get the conservation law

N
N +20N +a—ﬂ =0.
ot 20t

To transform the above system of equations, we can wuse the notation u/p, =M,
Q,=d, | |E,|/h=d, | {47wu, / h]"* — the Rabi frequency corresponding to the value of the amplitude of the electric

E(t
field | E, |=[4nhou, ], E=——2O __ p__ PO 410 o r _y /0, ©=5/Q,. Note that
[47hau,] [4mhau,] Q,
the absence of time derivatives in equations (4)-(6) is associated both with the immobility of the dipoles and with the
formation of a standing wave in a limited resonator system, the shape of which does not change during the development

of the process. Using these notations, we rewrite equations (4) - (6) in complex form

oE

i
—+OE=—P
37 2 ™
oP
$+ I',P=-iME | (8)
aa—l\;[ =-2i[E*P-EP*], 9)

The generation cases described by equations (10) - (12), when the natural line width is much less than the Rabi
frequency I',, << 1, under the conditions of the formation of a standing electromagnetic wave due to reflections from its

boundaries, were considered in [4]. If the conditions I', >>1 are satisfied, the oscillatory character (nutations) of the
population inversions can be neglected and equations (7-9) can be written in the form

oN N-M

—+26N =

a7 T, (10)
%—_2N.M 11
ot r, (b

Note that the transition from equation (7) to equation (10) is similar to the transition to the case noticeable spectral
field width, when the spectral line width is greater than the inverse characteristic time of the change in the amplitude of

perturbations [12, 13]. In dimensionless variables, this condition can be written as T, >> , or something the same

P-or
Y, >>Q=d , || E(t)|/h . Obviously, the line width noticeably exceeds the Rabi frequency, while the characteristic time
of the field change is proportional 7, = ;, / Q* . This case corresponds to rather low levels of electric field intensity or

small values of population inversion y,, >> [4z®]"* |d,, | u /1" .

That is, the system of (balanced) equations (9) - (10) describes the behavior of a two-level system in the presence of
an electric field, first formulated in [5].

It should also be noted that the interval of variation of the inversion is determined by the choice x4, and the initial

conditions, that is, the inversion at the initial moment can be both equal (0) = . = p, and much smaller.

ATTENUATION OF A WAVE PACKAGE IN A RESONATOR FILLED WITH AN ACTIVE MEDIUM
In the resonator, the electromagnetic field is established due to reflection from the ends of the system partially or
completely, as in the case under consideration. However, the inversion and polarization of the quantities localized in
space, which allows us to determine these variables in individual spatial sectors. That is, the electromagnetic field can be
represented as a standing wave, and in each of the spatial sectors 1< j < .S the field intensity can be represented in the

form
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1 . i
|EJ.(T=0) |2=2E-|E(T=0) & -Sln2{272'é+05}, (12)
where ¢ is an almost constant phase associated with the absorption of field energy o . In the general case
~—|E| (x —O)/(<|E| >b) where b =mA is the waveguide length.

It is easy to see that |E[* (x=0)=<|E[*>Sin* & and & = c¢(Sin* @)/ 2b where ¢ is the group velocity of the
wave outside the waveguide. However, we neglect the radiation from the waveguide below « =0. We can verify that

z2é8in2 {27[?} =m in the case under consideration, when a countable number of waves m  fit along the length of
J
the waveguide b = mA . The total (relative) number of field quanta can be written in the form
s
N(z)=2) |E (0)[' =2|E(D)[*. (13)
j=1

It is clear that without violating generality we can consider the case m =1. The system of equations (7) - (9) in this
case is transformed as follows.

P,

a—T’+F12Pj =-iM E,, (14)
M, =9; * *

?_zz[Eij -E,*P,], (15)

. S
where E (1)= (\/%). |E(7) | .Sin{Zﬂ'é} s %Z(Mj +M *)=M.
j=1
We can also write down the conservation law, a consequence of equations (7) and (9)
1 oM M  oN oN
2097 or

Note that the time scale in this description is related to the scale of a simple model [4], as follows 7 — JS . A
remarkable circumstance is the quality identity of the calculation results for the case of a simple model [4] and the more
complicated description given below for the case of a narrow spectral line (I, =0), which indicates a rather simple

(16)

mechanism of energy exchange between the wave and the active medium. It demonstrates the importance of interference
of oscillations (nutations) population inversions to describe changes in the amplitude of the field of a steady form in a
waveguide.

Results of numerical simulation. For calculations, we use equations (13)- (15), as well as the following quantities

1 1 , '
N(r)=§ZNj(T), M(T)=EZM].(T), E (1)= 2N(T)~Sln(27réj. Below we used the initial conditions

N,=145, M,=-1, §=100, © =0. Attention should be paid to the oscillations caused by the interference of the

processes of induced radiation and absorption of field quanta in different parts of the waveguide (Fig. 1.). This
phenomenon is discussed in detail in [4].

N
M
I\AN\NV

-1
0 5 10 15 T

Fig. 1. The behavior of the relative number of quanta (bold line) and relative population inversion (thin line) over time with a
negligible line width I'), =0.

The population inversion oscillation frequency corresponds to the Rabi frequency and is proportional to the electric
field in this local region. From the equations of a simple model presented in [4] for the same initial conditions it follows
N+0.5M =N, +0.5M,=0.95. It turns out in our case with different line widths over time N — 0.95, moreover
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M — 0. With an increase in the width of the oscillation line of the field intensity (the number of quanta) and population
inversions weaken (Fig. 2.)

N
M
1 \/W 0.95

-1

0 5 10 15 T
Fig. 2. The behavior of the relative number of quanta (bold line) and the relative population inversion (thin line) over time with a
small line width I'), =0.25.

With a sufficiently large line width, the mode of changing the field intensity (number of quanta) and population
inversion becomes monotonic (Fig. 3.)

N
M
1\_

B 0.95

-1

0 5 10 15 T

Fig. 3. The behavior of the relative number of quanta (bold line) and relative population inversion (thin line) over time with a line
width I, =3.

This behavior of the number of quanta and the population inversion of a two-level system in the presence of an
electric field is characteristic of the case when the process is described by balance equations, first presented in [5]. It is
important to note that the finite width of the wave packet is able to suppress the interference of population inversion
sections oscillating with different local Rabi frequencies in the field of a standing wave.

In conclusion of the section, we note that the broadening of the vibrational spectrum can occur not only due to
relaxation of states (i.e., changes in the number of particles at the upper and lower energy levels) of the quantum system
at small (or, which is one and the same, polarization attenuation, which can be seen from the equation (16)). In the case
of a long waveguide, the field in the waveguide may exist in the form of a wave packet, the spectral width of which

Ak-c=Qr/A)[m™" —(m-1)"1=w/m’. When @/m* >, the dynamics of the field attenuation in the waveguide

can determine the spectral width of the wave packet. We consider this case below, where the processes of changing the
number of particles at the upper and lower energy levels in the absence of a field are not significant.

ATTENUATION OF THE LANDAU WAVE PACKAGE IN A HOT PLASMA

Consider the process of attenuation of plasma (Langmuir) waves on plasma electrons. Electrons effectively interact
with the wave, moving at a speed close to the phase velocity of the wave packet. For simplicity, we restrict ourselves to
the one-dimensional case [6] (see also [7]). In this one-dimensional representation, plasma electrons emit and absorb
quanta of longitudinal (Langmuir) waves - plasmons whose energy is equal (k). According to [8, 9], we determine the
number of longitudinal wave quanta emitted per unit time in the range of wave numbers dk in cases of spontaneous and
induced processes n,,u, ,dk and n,w, N, dk ,accordingly.

In this case, the particles emitting the quantum of the field — the plasmon, pass from state m to state n. In the same
wavelength range, we similarly determine the plasmon absorption rate n,w,,, N, dk , where n  is the number of particles

in the state m, and N, is the number of field quanta, %, w, , w,, are the coefficients in A. Einstein's equations which

are equal to each other in the onedimensional case, considered below [14].

anm/at:_(u +wmn-Nk).nm+an.Nk-nn’ (17)

mn
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on,/ot=-w, -N,-n +u, +w, -N,)n, (18)

To describe the dynamics of the number of plasmons, we obtain the equation
dN,/dt=u, -n {1-n/n) N, +1}. (19)

Note that the change in the plasmon energy density dE, /dt = hw(k)-u,, -n, due to spontaneous emission of particles

per unit time is equal w (k) . With this in mind, the complete equation for the plasmon energy density takes the form:
dE, /dt =w(k)-{(1-n,/n,) N, +1}. (20)
The change in the momentum of the particles upon plasmon emissionm - (v, —v,) = fik , whence it follows

v, =v +h-k/m, which is also the case if the velocity interval over which the particle distribution function changes

significantly exceeds 7k /m
u=n,—n,=f,+hk/m-fQ,)=0k/m)-of (v)/ov]._, @n

moreover, the value # has the meaning of population inversion. For the spectral intensity of spontaneous emission of

plasma particles w(k), one can obtain the expression [9]
w(k) = 2ée j dv-v- f(v)-Im[ke(kv, k)] = 27[262[0); /K] flak)/ k], (22)

and equation (19) describing the spontaneous (first term of the right-hand side) and induced radiation (second term of the
right-hand side) of Langmuir waves by plasma particles takes the form

dE, /dt = e’ (@’ (k)/kz]-{f[a)(k)/k]+Ek (k! aXk)-m)-9f (v)/dv |V:w(k)/k} . (23)
2
If the velocity distribution function has the form f(v) = (n, /v, Jr )-exp{— v—z} , then the second term determines
Vr
the linear decrement of the Landau damping of the Langmuir wave 6, whose phase velocity @/ k is on plasma particles
(we neglect spontaneous emission)

E, \/—af(kkv 9 i (v—a)z/k)z

The complex equation for the field, which describes the process of induced absorption of the plasma wave field by
plasma electrons, can be written as

dE, / dt =-268,E, = [ (k)/ n,k] af(v) 1E, . (24)

d(we) JE, . drewof ¢ . .
%?+ZW€~E,, = P af _J/kdfo:[ vodv, exp(ik,& +ip,) (25)

where ES=x-vit, Av=v-vy,, n,= j fodv, Ay, o< b1 |7/| / ky, and the initial  conditions
& =8t=0)c(-x/ky,/k,) and Av, = Av(t =0) c (-Av,,Av, ).

Results of numerical simulation. For calculations we use the equations

o = —87z7 ! 5 d{jﬂ dn-1-exp{-27ni&}s (26)
2r- ng =— Re[z A, -exp{2nmi&}] (27)

where are the modes of the wave packet 4, =| 4, |exp{ig,} , the main wave of n, =5, the satellite n=3;4;6;7, under
the following initial conditions: As = 1.0 - the amplitude of the main wave, the amplitudes of the satellites - 43 = 47=0.2;
d f hx

6= o
The behavior of the wave packet over time is 1nvest1gated by changlng the sum of squares of modules of all

As = As= 0.7; the number of particles is 5000, £ = (0,1) and 77 = L

A, * . We observe the

amplitudes |An|>.
n=3

decrease of the intensity of the wave packet, associated with the energy exchange between the field and the captured wave

plasma electrons (Fig. 4).
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I
2
1.9 0 | > <

Fig. 4. The behavior of the intensity of wave / over time for the wave packet
In single-mode mode (the case of a narrow line width of the wave packet) oscillation of the wave intensity is
observed. This mode of wave attenuation at the initial stage is known as Landau attenuation. In the calculated scheme,

the intensity of the monochromatic wave is equal to / = |A5|2 . In the developed mode the process becomes nonlinear
[9, 10] with weak fading oscillations of the field (see Fig. 5).

1

1.5

0 1 2 3 4 T

Fig. 5. The behavior over time of the intensity of wave / in single mode.

The electron distribution function in the vicinity of the phase wave velocity for different time instants for wave
packets with different line widths is shown in Fig. 6,7.

We can cite the change in the distribution function of plasma electrons with time. In the single-mode the distribution
function has a large change in oscillations of the wave amplitude (Fig. 6)

f(n)
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—-0.0 —0.01 0 0.01 n

Jn)
s /\

0.1

0.05

0
~0.02 —0.01 0 0.01 n

Fig. 6. Function of electron distribution in vicinity of phase velocity of the wave for time moments t = 0; 3; 4 in single-mode mode.
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The attenuation of the packet leads to the formation of a stable state of the electron velocity distribution function
with a practically zero velocity derivative near the phase velocity of the packet (Fig. 7)

Q)

0.15
0.05
0

-0.01 -0.005 0 0.005 "
f@n)

0.1

0.05
0

~0.01 -0005 0 0.005 7
f)
0.15
0.1

0.05
0

-0.01 -0.005 0 0.005 "

Fig. 7. The function of distribution of electrons in vicinity of phase velocity of the wave for time moments T = 0; 2; 5 in case of
attenuation of the wave packet.

CONCLUSIONS

When considering the processes of wave attenuation in a resonator filled with an active medium and in a plasma
with a finite electron temperature, there is the reason for the transition of the nature of the change in the field amplitude
from oscillatory to monotonic with increasing line width of the wave packet.

The nature of the oscillations in a resonator filled with an active medium is associated with the interference of
oscillations of the population inversion in local regions. Inversion changes occur with the Rabi frequency, which depends
on the electric field of a standing wave formed as a result of reflections from the ends of the resonator. In this case, strong
fields or with a significant population inversion, the line width can be neglected. In this case, the field energy density is
quite high | E(t)|" /4z >> y 0’/ |d,, |' (a similar relation can be given for population inversion iz >> ¥, -h/(@|d,, ).
At low levels of electric field intensity or a small population inversion, the inverse inequalities are satisfied and the line
width should be taken into account, which leads to suppression of the interference of individual local inversion regions
along the waveguide. This mode corresponds to the behavior of the system discussed for the first time in [5]. The nature
of the change in the field amplitude becomes monotonic.

In a similar way, the width of the spectrum of the wave packet affects the character of the Landau damping [6] on
plasma electrons. In this case, the role of population inversion is played by the quantity
H=n,—n =f,+hk/m)— f(v,)=k/m)-of (v)/dv| where f(v) is the velocity distribution function of the

electrons, n,,n, are the numbers of electrons whose velocity is less than and greater than the phase velocity of the wave.

v=v,

The role of the Rabi frequency here is played by the oscillation frequency of the trapped particles in the potential
well of the field Q, = \/JekE / m, (here e,m, the charge and mass of the electron, a & is the wave number of oscillations,

and v, =w/k 1S the phase velocity of the wave).

the process of wave attenuation acquires a

In the case of a small spectral width of the packet Ak-v,, =~Aw<<Q,,
characteristic oscillatory form associated with the exchange of energy between the wave and plasma electrons captured
by its field. In the case of the reverse inequality, the monotonic character of the field attenuation is observed with the
formation of a characteristic “plateau” in the vicinity of the phase velocity of the wave on the electron velocity distribution

function corresponding to the state with zero population inversion, which is presented in this case as
u=(hk/m)-of (v)/av|_, =0.
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3ATYXAHUE BOJTHOBOI'O ITAKETA B 3ATTIOJTHEHHBIX AKTUBHOM CPEJIOM M IIJIA3MO¥ B
OI'PAHUYEHHBIX CUCTEMAX
B.M. Kykaun, E.B. Iloknonckuii, C.M. CeBunoB
Xapvrosckuil Hayuonanvhvll yHueepcumem umenu B. H. Kapasuna, Xapvkos, Ykpauna
ni. Ce0600wi 4, 2. Xapvros, YVkpauna, 61022

B pabore st ycoBHit OrpaHHYEHHBIX CHCTEM, KOTOPbIE ()OPMHUPYIOT IPOCTPAHCTBEHHYIO CTPYKTYPY HOJISI, PACCMOTPEHEI HPOIECCHI
3aTyXaHUS BOJIHOBBIX I1aKeTOB KOHEYHOW aMIuuTyisl. lllupuHa NMHUM BOJHOBOIO IOJIS OIpEAEseTcs Kak IUCCUINATHBHBIMU
mnporeccaMu (B KBAaHTOBOM cuUcCTeMe 3TO BEIUYMHA, OOpaTHAash BPEMEHHU JKU3HM SHEPreTHUUYECKUX YpPOBHEH) WIM pPEeaKTHUBHBIMU
mpoueccaMu (B KJIACCHMYECKHX BOJHOBOIHBIX CHUCTEMaxX 3TO CHEKTpanbHas IIMPHHA MakeTa). B ciyuae 3amoiiHeHHs BOJIHOBOJA
AaKTUBHOM JBYXYPOBHEBOH CPElOH ONMCaHHE BO3MOMXKHO C NOMOILBIO KBa3UKJIACCUUECKON MOJENH B3aUMOJEHCTBUSI OIS U YACTHIL.
[Tpu 5TOM KBaHTOBOMEXaHHYIECKOE OIHCAHHE CPeIbl OOBEANHSIETCS ¢ KIACCHIECKUM NPEACTaBICHUEM HOusl. 31eCh CYIIECTBEHHYIO
pomb wmrpaer dactora Pabm, ompenemnsiomas BEpOSTHOCTH HHIYIMPOBAHHOTO W3TyYCHUS WM IOTJIOMICHWS KBAaHTOB MONSA U
OCIIJUIITOPHOE M3MEHEHNE MHBEPCHUH HAaCeJICHHOCTEH (HyTanuio). B 3aBHCHMOCTH OT COOTHOIICHMSI MEXIY 3HAUCHUSIMU YacTOTHI
Pabu ¥ mUpHHBI JHHUM BOJHOBOTO ITaKeTa IPOILECC MOXKET MEHSTh XapakTep IOBEICHHS IOis. B CIIBHBIX HONSX WM IpH
3HAUUTENILHOW WHBEPCHUM HACEIEHHOCTEH IIMPUHOW JIMHUM MOXKHO IpeHeOpedb, IPH STOM ILIOTHOCTH SHEPrHU HOJIS JOCTAaTOYHO
BeJMKa. B 3TOM ciydae ciefyeT 0XKuaTh 3aMETHBIX HyTalluii HHBEPCHM HACEJICHHOCTEH ¢ pa3HON yacTOTOM, OTBeYarollei J0KalbHON
yactore Pabu B pa3HbIX 00JIACTAX BOJHOBOJA, HHTEP(EPEHIUs KOTOPBIX ONPENEINT OCLHIUIATOPHOE MOBEJCHHE MO BOJIHBL [Ipu
HHU3KOM YyPOBHE MHTEHCUBHOCTH 3JIEKTPHUYECKOTO MOJ MM HEOOMbIIOH MHBEPCHH HACEIEHHOCTEH, PEXKUM U3MEHEHHS aMILTHTYIbI
TI0JI CTAHOBHTCSI MOHOTOHHBIM. PaccMOTpeHo 3aTyxaHue 1mois B miasMe (3atyxanue Jlangay). Pons mHBepcun HaceneHHOCTEH OepeT
Ha ce0s1 BeNMYMHA, MPOMOPIUOHANBHAS TPOU3BOAHOM MO CKOPOCTH OT (DYHKIMM pacHpeeseHus >IeKTpoHoB. Eciu crekTpambHas
IIMpUHA [IaKeTa MaJla, MpOIEecC 3aTyXaHWs BOJHBI NMPHOOpETaeT XapaKTepHBIH OCHMIUIATOPHBIM BHA, O0OYCIOBJICHHBIH OOMEHOM
JHEprueil Mex 1y BOIHOM U 3aXBaYCHHBIMU €€ II0JIEM MIEKTPOHAMHU ILIa3Mbl. 3aTyXaHUE MIUPOKUX AKETOB IPAKTUYECKU MOHOTOHHOE
¢ hopMupoBaHHeM B OKpecTHOCTH (ha30BOM CKOPOCTH BOJHBI XapaKTEPHOTO «IUIATO» Ha (YHKIMHU PACIpeleeHHs dJIEKTPOHOB I10
CKOPOCTSIM.

KJIIOUEBBIE CJIOBA: 3aryxaHue BOJHOBOIO IaKeTa, AByXyPOBHEBask aKTHBHAs cpela, NHTEp(HEePEeHINs OCHMULIINI HHBEPCUT
HaceJleHHOCTeH, 3aTyxanue Jlanaay.

ITPO 3ATACAHHS XBHJIBOBOTI'O ITAKETY Y 3AIIOBHEHUX AKTUBHUM CEPEJIOBUIIEM TA IIVIASMOIO ¥
OBMEXEHUX CUCTEMAX
B.M. Kykuain, €.B. Iloknoncbkuii, C.M. CeBinos
Xapxiecvruil HayionanvHutl ynieepcumem imeni B.H. Kapasina, Xapxie, Ykpaina
m. Ce0600u 4, m. Xapkis, Ykpaina, 61022
B po6oTi ast yMOB 0OMEXEeHUX CUCTeM, SIKi (OPMYIOTh MPOCTOPOBY CTPYKTYPY IIOJISI, PO3IIISHYTI IPOLIECH 3aracaHHsl XBHIBOBHX
nakeTiB KinieBoi ammtityqu. [1lupuna miHil XBHIBOBOTO MOJIST BU3HAYAETHCS SIK AUCCUMATHUBHUMHE MpoliecaMu (B KBAaHTOBIH cucTeMi
1Ie BEJINYMHA, 3BOPOTHA YacCy JKHTTS CHEPreTHYHUX PiBHIB) a00 PEaKTHMBHUMH MpoLecaMy (B KIACHYHUX XBHICBOJHHMX CHCTEMax 1€
CIEKTpalbHA IIMpHHA TaKera). Y pa3i 3alOBHEHHS XBWJIEBOJY AKTUBHUM JBOPIBHEBUM CEPEJOBMILEM OIUC € MOXIMBHM 32
JIOTIOMOT 010 KBAa3iKJIaCHYIHOI MOZENI B3a€MOii oM 1 yacTHHOK. [Ipy IboMy KBaHTOBOMEXaHIYHHUI OTHC cepeoBHUILA 00'€THY€EThCS 3
KJIaCHYHHM YSBJICHHSM IoJs. TyT iCTOTHY poib rpae gactora Pali, 1o Bu3Ha4Ya€e IMOBIpHICTh 1HyKOBaHOTO BUIIPOMIHIOBaHHS 200
TIOTTIMHAHHS KBaHTIB ITI0JIS 1 OCHWIIATOPHY 3MiHY (HyTalilo) iHBepcii 3aceleHoCTi. 3aje)HO Bij CIIBBIAHOIIEHHS MiX 3HaYCHHSIMHI
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yacToTu Pabi i mupuHH JiHiT XBUIIBOBOTO MAKETy MOXKE 3MiHIOBATHCh XapaKTep MOBEIIHKU MOJsl. Y CHIBHHX MOJSIX a00 MpH 3HAYHIN
iHBepCii 3aCeNICHOCTI IUPHHOIO JIiHIT MOJKHA 3HEXTYBATH, IIPH LIbOMY IIIIbHICTh €HEpPrii HOJIs TOCHTh BeJiMKa. B 11boMy BUMaAKy CIij
OYiKyBaTH TIOMITHHX HyTallill iHBepcii 3aCeNeHOCTi 3 Pi3HOI0 YacTOTOIO, 1[0 BiAMOBIAAE JIOKANBHINA YacToTi Pabi B pi3HUX 007acTIX
XBHJICBOAY, iHTep(EpeHIIis IKUX BU3HAYNTH OCHIATOPHY MTOBEIIHKY OIS XBIUIL. [Ipy HU3bKOMY PiBHI IHTEHCHBHOCTI €IEKTPUYHOTO
moJisi 00 HEBENMKUH 1HBEPCii 3aCENCHOCTI, PEXKUM 3MiHH aMIUTITYAH ITOJISl CTA€ MOHOTOHHUM. PO3rIsiHYTO 3aracaHHs MOJA B IDTa3Mi
(3aracanns Jlangay). Pons inBepcii 3acenenocti 6epe Ha ceGe BeMIrHa, MPOIOPIiifHA MOXiAHII IO MBUIKICTI Bifl GYHKIIT pO3IOaiTy
eJIEKTPOHIB. SIKIIO CIIEKTpajbHa IIMPHUHA MaKeTa Malia, MPOLEC 3aracaHHs XBHJII Ha0yBae XapaKTepHOTO OCLUHUJISTOPHOrO BUIIISLY,
00yMOBJICHOTO OOMIiHOM EHEpPIi€l0 MK XBHJICHO 1 3aXOIUICHHUMH ii MOJIEM CIEKTPOHAMHU IUIa3MH. 3aracaHHsl IIMPOKHX MaKeTiB
MPaKTHYHO MOHOTOHHE 3 ()OPMYBAaHHSIM B OKOJHUII ()a30BOi MIBUAKOCTI XBWJII XapaKTEPHOTO «IUIATO» Ha (QYHKIT pO3MOAiTY
€JICKTPOHIB 32 IBHUAKOCTAMH.

KJKOUYOBI CJIOBA: 3aracanHHs XBHJIBOBOIO MaKeTy, JBOPIBHEBE aKTHBHE CEpelOBHINE, iHTephepeHIis OCHWLii iHBepcil
3aCeNeHoCTi, 3aracanHs Jlanzay.





