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Thermal radiation of a semibounded medium with a transition layer
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We obtained the thermal radiation spectra of a semibounded nonisothermal plasmalike medium separated by

a homogeneous layer from the external region. The results are written in the form of the Kirchhoff law,
generalized to the case of account for the proper thermal field of the external medium and different tempera-
tures of the radiating media. We note the possibility of the dominant contribution of the proper thermal
radiation field of the external medium to the one-sided energy flux. We study the conditions of frequency and
angular enlightening for a transparent layer. The influence of the transition layer and the thermal radiation field
of the external medium on the frequency spectra of thermal radiation of the system under consideration is
investigated in detai[S1063-651X98)15710-0

PACS numbds): 52.25.Gj, 52.25.Sw

[. INTRODUCTION transfer in laboratory plasma, astrophysics and inertial fu-
sion, physics of the ionosphere, plasma diagnostics, radio-
Theoretical studies of the radiation spectra of heated bodshysics, spectroscopy, plasma technology including process-
ies are important for an interpretation of the experimentaing and depollution of materials, laser welding, etc.
data that allow one to determine the parameters of radiating However, the conventional approaches used for calculat-
bodies without a direct contact of these bodies with recording thermal radiation spectfaased either on a calculation of
ing equipment. The Kirchhoff law is the foundation of the the losses of electromagnetic fields in absorbing media pro-
classical theory of equilibrium radiatidd]. This law gives a  duced by some auxiliary sourcE-5] or on the representa-
simple relation between the radiating and absorbing propettion of thermal fields as the radiation of random sources dis-
ties of bodies by means of a universal function of the fre-tributed in the volume occupied by the bof,12—-15) do
qguency and the temperature, namely, the radiation intensitgiot take into account the proper thermal radiation field of the
of a blackbody defined by the Rayleigh-Jeans or Planck disexternal transparent medium. The approach proposed in
tributions, which correspond, respectively, to the classical oRefs. [20—24 generalizes the results of the correlation
guantum description. theory for a semibounded medium to the case of a noncold
At the same time, the approach based on the Kirchhoffransparent external medium and an account of the zero-
law is restricted by the approximation of the geometric op-point oscillations of the field in it. We derived conditions
tics. One can remove this restriction by using an alternativavhen the contribution of the proper thermal field of the
approach proposed by Ryt¢2], which is based on the gen- transparent external medium to the correlation functions of
eral correlation theory of thermal fluctuations of electromag-the electromagnetic fieldincluding the thermal radiation
netic field. Numerous investigatiof2—5] of thermal radia-  spectra was significant.
tion spectra for bodies of various geometry carried out on the Since, as a rule, there exists a transitiam the general
basis of this approach by Rytov and his followers permittedcase, inhomogeneousegion between a radiating body and
them to construct a theory of electromagnetic radiation othe external medium, it is of interest to use the approach
heated bodies without restrictions on the sizes of the bodproposed for studying the radiation spectra of inhomoge-
and the wavelength. It turns out that expressions for thermateous systems. According to the results obtained by simulat-
radiation spectra can be presented in the same form as thoggy the transition layer by an arbitrary number of homoge-
in the case of the classical Kirchhoff law; moreover, theneous[16] or inhomogeneougl7] layers, the presence of a
results of the theory are also generalized to the case of gyransition layer can lead to a considerable rearrangement of
rotropic media. the radiation spectra of semibounded homogeneous media.
Henceforward, many authors developed the theory oHowever, just as for homogeneous media, the radiation spec-
thermal radiation in different directions: extension of radiat-tra of inhomogeneous bodies were studied in the case of the
ing bodies under study to the case of plasfalQ and cold external medium. In addition, the expressions for the
plasma-moleculaf11,12 media, an account of spatial dis- thermal radiation spectra turn out to be so complicated
persion[13,14], nonequilibrium stat¢15], inhomogeneity of [16,17) that even in the simplest case of a single transition
radiating bodieg16—19, etc. It is worth noting that the layer, one failed in presenting results in a form similar to the
study of thermal radiation emitted by plasma systems is oKirchhoff law.
particular interest to researches in various fields of physics, In the present work, we calculate the thermal radiation
because the results on thermal radiation spectra of plasma aspectra of a system consisting of a semibounded nonisother-
intensively used for solving many problems of radiative mal plasmalike medium with a homogeneous layer on it,
taking into account the proper thermal field of the external
transparent mediuntSec. ). The thermal radiation spectra
*Electronic address: usenko@gluk.apc.org are presented in the form of a generalization of the Kirchhoff
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law to a case that takes into account the inhomogeneity of z

the radiating system, different temperatures of the media of

the system, and plasma nonisothermality. We found the con- o /08¢
tribution of the proper thermal field of the external medium EREIOM 7

to the energy density of the one-sided thermal radiation flux.
The general relation for the thermal radiation intensity is
shown to reduce to the Kirchhoff law in a particular case of TRANSITION
a uniformly heated spatially inhomogeneous radiating sys-
tem. We established conditions for which the contribution of
the proper thermal field of the external medium to the energy
density of the one-sided thermal radiation flux was dominant.
In the particular case of a cold plasma approximation, the, _. -
results of a numerical analysis for the frequency and angula‘fmf""":“d as th? S.tat'St'Cal average of the normal component of
dependences of the thermal radiation intensity for varioudn® Umov-Pointing vector

thicknesses of the transition layer are given in Sec. lIl.

FIG. 1. Geometry of the system under investigation.

C N N =]
(PZ>:Eezij<Ei(r,t)Bj(r,t)>EJ‘O dw P(w), (1)
Il. THERMAL RADIATION SPECTRA OF A SYSTEM

WITH A HOMOGENEOUS TRANSITION LAYER

where
A. General relations
Let us find the thermal radiation of a piecewise homoge- C
neous system that occupies the L region into the external P(w)= FReeziKEiBf)Fw 2
r

transparent>L medium with the dielectric permittivity ;.
We restrict ourselves to the simplest case when the radiating
system consists of two homogeneous media: a half-space & the spectral energy density of the thermal radiation flux
a quasineutral, in the general case multicomponent, plasm&ken atz>L, E(r,t) and B(r,t) are the electromagnetic
like system(the third mediumthat occupies the<0 region, fields generated by random sources distributed in the whole
and a dielectric layefthe second mediupwith the dielectric  of space, the brackets - -) imply the statistical averaging,
permittivity e,(w)=e, occupying the 8<z<L region(Fig.  ande,; is the third rank absolutely antisymmetric unit ten-
1). We consider the case of a nonisothermal plasma whegor. We substitute the expressions for the fluctuating electro-
every speciesr of charged particles is defined by its tem- magnetic field in the system at hand takemat. [25] in Eq.
peratureT,. We take into account the spatial dispersion of(2), and carry out statistical averaging by using the correla-
the plasma system by using the model of specular reflectiotion functions of the random sourc¢25] calculated with
of all free charged plasma particles from e O boundary. regard to the boundedness of the media and the spatial dis-
The temperatures of the firsgfL) and second media are, persion of the plasmalike medium. By omitting cumbersome
respectively,T; andT,. The origin of the Cartesian coordi- intermediate calculations, we present the spectral energy
nate system is taken in the plane between the second amtnsity of the thermal radiation fluR(w)=P(w,T1,T,,7)
third media. that describes the radiant heat transfer between the inhomo-
The thermal radiation energy density through a unit surgeneous£<L) and transparent externa> L) media in the
face area oriented in parallel to the boundaryL plane is following form:

P(w,T,,T,,7)= . /2dQcos¢9 (w,0,T1, T2, T3k, ,0),T(k, ). 3

Here, the variable 7 implies a set of temperatures of all subsystems that form the plasma system,
1(w,0,T1,T,, T (k, ,0),TE"(k, ,®)) is the thermal radiation intensity into the unit solid andf@ =singd¢de (6 ande are

the polar and azimuth angles giving the direction of the axis of the solid alfgléhat are measured, respectively, from the
Z and theX axes that is equal to the sum of thermal radiation intensities of indepenmantl s polarizations,

(w,0,T1, T2, TS (K, ,0), Tk, @)= 2 1,(w0,0,T1,T,, Tk, ,0)), (4)

a=p,s
. 2_ 2 2_ 12 -
wherek, =k, sin§, kj=w“e,/c“=kze,, n=1 and 2.

| o(0,0,T1, T2, Tk, 0)=1(0,0,T1,To)+1 (0,0,T1, Tk, ,)), (5)

1
lo(©,0,T1,T2) = 5[lo(@,T2) = lo(@, T) T (K, ), ©®)
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1
|o(0,0,T1, TGk 0)= 5 [To(w, TE (KL @) = lo(@, TS (k. ), (7)
_ w’e, ho
lo(e, T)= 4732 expholT)—1 ®

is the radiation intensity of a blackbody with the temperaflinghich is measured in energy units into a transparent medium
with the dielectric permittivitye . l“g‘)(l<L ,) is the absorption coefficient by the layem=2) or the plasma half-space
(n=3) of a plane electromagnetie-polarized wave incident at the anghefrom the first region upon the piecewise homo-
geneous system

Ik, ,0)= %{Fi}@(h @)[1+R Ik, ,w)exp—y)][1-exp—y)]
|da(ki ,(D)l
+aexg—y) ImRM(k, ,0) Im[(1—expix)) RZ?(k, ,0)]}, (9)
Ik, ,0)=—|T?k, ,0)> Rer™(k, ), (10)

wherex=2L Rek,, y=2L Imky, k,n=(k3>—k%)'? Imk,, = 0,n=1 and 2,

do(k, ,0)=1+RM(k, ,0)RZ¥(k, ,0)expi2Lky,), ZW(k, o)
(12) fﬁln'm)(ki,w):—m, n,m=1.23, (15
a 1w
T2k, 0) T2k, ) . _
TPk, ,0)=-"2 Tk < expliLk,,) whereZ{"(k, ,w) is the surface impedance of timth me-
oKy, 0) 12 dium for fields witha polarization. For the system at hand,
(12 these quantities afel 5,26
is the transmission coefficient of a plane electromagnetic K K
a-polarized wave through the layer, whe®é"™(k, , o) r@9(k, 'w):_k_ﬂ’ r@3(k, 'w):_ﬂk_zz, (16)
=1HRE™(k, @), REM (k@) =R (K, ,@)[? (nm 2 f2a
=1,2,3,n#m),
i C%Kypn [ exp(ik,z)
(3,“) _ zn z
- L[ g D)
R(n'm)—_ w (13) s ( * w) ™ wz — o0 z AT(k,(U) ( 7)
M) ) )
(BN, w)=—— [ dk L
Ik, ,w)=1-R™(k, ). (14) p \RL@ 7 Kyl - J e (Kw)  Ar(K o)
If the nth medium is transparent, the quantities expik,2)
RMM(k,  w) and RM™M(k, ,w) have the meaning of the x Z (18)

energy and the amplitude Fresnel reflection coefficients from
the mth medium of homogeneoufor k, <k,) or inhomoge-
neous(for k; >k,) plane electromagnetie-polarized waves
incident on it from the adjacent transparent half-space with 22
the dielectric permittivitye,: the (.quanutng"m)(kL L) is A7(K, @)= e7(K, @) — ——, (19
the ratio of the tangential electric components of reflected
and incident electromagnetic waves; a'ﬁﬁ’m)(kL ,w) and
ri"m(k, ,w) are, respectively, the Fresnel transmission and@nd e r(k,») are the longitudinal and transverse dielectric
absorption coefficients of theth semibounded medium of a Permittivities of an unbounded plasma:
plane electromagnetie-polarized wave incident on this me-
giggrréor?;r?n:ti?vl?;iir?nt semibounded medium with the di 8L,T(kvw)=80+477a;)‘5 ¥ 1K ). (20)

As it follows from Egs. (99-(11), the quantities
T'"(k, ,w) that determine the absorbing properties of theg =g ,(w) is the dielectric permittivity of the background
inhomogeneous radiating system under consideration anghe dielectric permittivity of the medium in which free
completely defined by the quantitieﬁ”'m)(kL ,w), which  charged particles are placed in the case of a gaseous plasma
can be presented as or the dielectric permittivity of the lattice in the case of a

wheren=1, 2,
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solid-state plasmax{ +(k,w) are the longitudinal and trans- wpg=(4we§n00/mg)l’2, e,, M,, No,, andfy,(v) are the
verse electric SUSCGptibi”ty of free Charged particles of Spep|asma frequency, Charge, mdass effective mass in a case

cieso [9,10], and of a degenerate plasmanean density, and unperturbed dis-
5 S tribution function that is assumed to be isotropic for charged
(ko) = imf“’ 42 (kv)*- 9fos(v)/dv particles of species, andv,, is the effective collision fre-
ke k20 J - v RS ' quency of charged particles of specieswith neutral par-
) w—kv+iv ! ) . ) .
o 21) ticles (the simplest relaxation model is used here for describ-
1 w2 [kv]z of (v)/&v ing collisions of charged particles with neutral partigles
k9(K,w)= 2"" ; 0o The quantitiesT®"(k, ,») have the meaning of the effec-
8m T Kw w—Ku+i Vo tive temperatures for the polarizatienand are defined as
1

> [expliolTg—1)] 1

© ) Re(kz'Td?(k, ) p=am

2
exgh o/ Tk, ,0)—1]"1=— (E)

o Imkf(k, ,w
XJ kT )
- Ak )]

(22)
482

oo 1
exlfio/ Tk, ,w)—1] 1=~ > [exptiolTz—1)] 1f dkzﬁ

Re[kzzr(“) L,w)] B=om

K2Imkl(k, ,0) k2Imk(k, ,o)

oLk, @)]? |Ar(k,@)[?

where, for the sake of the uniform representation of the relations, we introduce the no:tal;i()huL ,w); however, for a
subsystem of bound charged particiféee backgroundthat enters into the plasma medium and has the tempergturenly
the frequency dispersion is taken into account, iyc\‘-g‘,.T(kL )= Kmy(w)=(go(w)—1)/4m.

It is worth noting that the introduction of external random sources of radiation only in the region occupied by the radiating
system 2,3] leads to the appearance of the component of the energy flux of the zero-point oscillations of the field in the spectra
of heated bodies, which then is discarded by assuming that the energy flux of the zero-point oscillations of the field in any
direction is suppressed by the opposing flux. Since expre$3)dor the spectral energy density of the thermal radiation flux
does not contain a term connected with the zero-point oscillations of the field, this means that the introduction of external
random sources in the whole of space automatically ensures the compensation of opposing energy fluxes of the zero-point
oscillations of the field.

If the proper thermal field of the extern@he firs) medium is regarded as the radiation field generated by some infinitely
far sourceg2,22], then we can present the spectral energy density of the thermal radiatioi@)flag a superposition of two
one-sided fluxes directed in mutually opposite directions

P(w,T1,T,,7)=P%o,T,,T,,)+PYw,T,) (23

away from thez=L boundary P") and toward it P%), equal to

PUw,T,,T,, 7= dQ cost 1%(w,0,T1, T, Te(k, ), TS (k, @), (24)
o<ml2

Pl w, T =mlg(w,Ty), (25)

where 1%(w,0,T1,T,, TM(k, ,0))

=12(0,0,T)+13(0,0, Tk, ,0))

lu(w101T11T21Tgﬁ(kL 1w)1T§ﬁ(kL vw)) ’ :
+ 510w, TRk, , @) (27

= 1%(@,0,T1,T,, Tk, ,0)), 26
azzp,s (@011, To T (ky 1 0)) (28 is the thermal radiation intensity for the polarizatierof the
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one-sided energy flux directed away from theL boundary = medium due to multiple reflections of electromagnetic waves
into the unit solid angledQ, and 1¥(w,0,T,) and from thez=0 andz=L boundaries.

13w, 0, TM(k, ,w)) are, respectively, the thermal radiation

intensities for the polarizatioar of the second and third me- B. Isothermal plasma

d_ia into the externak>.L medium; moreover, the expres- | the case of an isothermal plasm@, (T,=Ts), the
sions for them are defined by the Kirchhoff law for every gfective temperatures fqu- and s-polarized fields are the
independent polarization same:T,‘j“(kL ,0)=TM(k, ,w)=Tj,. For this reason, there is
no need for dividing the thermal radiation flux into compo-

(2) 1 (2
I (0,6,T2)= 7 lo(@, T)T 7 (k,,0), @8 nents corresponding to the independent polarizations. The
1 expressions for the thermal radiation intensities of tyxg.
|(g[3)(w:9,T§ﬁ(k¢ ,w))=§|o(w,Tiﬁ(ki ,w))Ff)(kL o), 154)] and one-sidedEg. (27)] fluxes are simplified to the
orms
(29) 5

and the absorption coefficienE?(k, ,») andI'®(k, ,w) (,0,T1,T2,Ta)= 2 1(@,6,T1,T,), (31)
are defined by Eqg9) and (10) obtained with regard to the n=2
influence of inhomogeneity of the radiatizg<L system on 3
the absorption properties of each of its homogeneous com—lu(w,e’leszTs): 2 1(0,0,T)+ o0, T)RK, o),
ponents. =

HereR,(k, ,0)=|R,(k, ,0)|?, where (32)

- Rk, ,0)+RZI(k, ,w)expi2Lky,) where

a( va)_ da(ki,w)
(30 (0, 0,T1,T)= 2 1,(0,0,T1,Ty)
a=p,s

is the reflection coefficient of a plane electromagnetic
a-polarized wave from the piecewise homogeneous system =[lo(@,Tp) —lo(@, TYITM(k, , o),
(z<L) under consideration. (33)

Equations(24), (26), and (27) generalize the classical
Kirchhoff law in the Levin-Rytov form for the energy flux
density of the thermal radiation of a uniformly heated body (,0,T,)= 2 | o(@,60,Ty)
to the case of a radiating system consisting of two differently a=hs
heated media, and account for the contribution of the proper =g, THT (K, ), (34)
thermal field of the external medium to the one-sided thermal
radiation flux. The first two terms in E§27) correspond to . -
the radiation of the piecewise homogeneous system ( r™k, ,0)=3 Z I''(k @) (35
<L), and the last describes the thermal radiation of the ex- amps
ternal medium into the solid angti). comprise the absorption coefficient of a plane unpolarized

The presentation of the thermal radiation inten$igs.  \yave by thenth medium that is a part of the inhomogeneous
(26)-(29)] in the form of the Kirchhoff law that connects the ;| system, and

radiating and absorbing abilities of the body allows us, in

some cases, to make quantitative conclusions about features

of the radiation spectra, without recourse to numerical calcu- Rk ,0)=3 > Ra(k, ) (36)
lations, by using only the well-known results of the theory on amhs

the propagation of electromagnetic waves. For example, in & the energy reflection coefficient of a plane unpolarized
particular case of the transparent second mediumeglm \yave from the piecewise homogeneassL system.

=0), the radiation of the homogeneous system is indepen- By introducing external random sources of the fluctuating
dent of the temperaturg, of this medium. Indeed, if the glectromagnetic field into the whole of space, on the basis of
dissipation of the medium is absent, electromagnetic wavegijrect calculations, we obtained the representation of the
are not absorbed by ji"{?)(k, ,w)=0 for any thickness of thermal radiation intensity of the one-sided flux as the Kirch-
the layel. For the quantities that define the contribution of hoff law in the Levin-Rytov form[Egs.(27) and (32) for a

the second medium to the thermal radiation intensity spectraonisothermal and isothermal plasma, respectivlythe

of the inhomogeneous systemz<(L), it yields case of an inhomogeneous system consisting of two homo-
| o(0,0,T,,T,)=0 and 1¥(w,0,T,)=0. Therefore, the geneous media. Since every term in E(&) and (32) de-
thermal radiation intensities of twdEg. (4)] and one-sided scribes the thermal radiation of a separate homogeneous me-
[Eq. (27)] energy fluxes of a semibounded body separated bgium that is a part of the inhomogeneous system under
a transparent layer from the external medium have the sameonsideration, and is determined by the Kirchhoff law with
form as the corresponding quantiti€@1,22 found for a  the temperature of this medium, we can assume that in a
semibounded system without a transparent layer. This meamsore general case, when the transition layer between the
that the presence of a transparent dielectric layer has an gilasma and external media is inhomogeneous and can be
fect only on the absorption properties of the semiboundedimulated by an arbitrary numb&r of homogeneous layers,
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each being determined by its temperatlireand dielectric  reflection[ R(k, ,w)] coefficients. By assuming the validity
permittivity £,(w), the expression for the thermal radiation of representationg37) and (38) for the thermal radiation
intensities of two- and one-sided fluxes hold the forms simi4intensities of an inhomogeneous system consisting of an ar-
lar to Egs.(31) and(32) [or Egs.(5) and(27) in the case on  bitrary number of variously heated media, we obtain the
nonisothermal plasnjanamely, same relation$Eqs. (39) and (40)] (with the corresponding
absorption [T'(k, ,0)=3N2IrM(k  w)=1-R(k, ,0)]
Hw,0,T1,To, oo Tie1s The2) and reflectiof R(k, ,w)] coefficient3 for the thermal radia-
N+2 tion intensities of two- and one-sided fluxes in the case of an
=> (w,0,T1,Ty), 37 arbitrary inhomogeneous body with the temperaflireThe
n=2 same representation of the thermal radiation intensities for
" inhomogeneous and homogeneous systems seems to be quite
(@,6,T1, T2, - g Tea) natural because, by virtue of the Kirchhoff law, the ratio of
N+2 the radiating power of a body to its absorption ability de-
=> Hw,0,T)+lo(w,T)RK, ,0). (38  Pends neither on the properties of the body nor on its com-
n=2 position and form.

o ) For the quasiclassical approximatiohd<T,T,), Egs.
The summation in Eqg37) and(38) extends over all media (39) and (40) are reduced to the forms

of the transition layerrf=2,3,... N+1) and the plasma

(n=N+2) and quantitie$(w,0,T,,T,) andl(w,6,T,) are (,0,T,, T)=lg(0, T-T)I'(k, ,0), (41
defined by laws33) and (34), whereI'("V(k, ,w) is the ab-
sorption coefficient of an unpolarized wave by thté me- " T,

dium that is a part of the inhomogeneors L system at 1%(@,6,T1, T)=lo(w, T)| I'(k, ’“’)’L?R(ki @) 1
hand, andR(k, ,w) is the energy reflection coefficient of an (42)
unpolarized wave from the=L boundary. In addition, it

seems possible to assume that representa{@fsand (38) where

for the thermal radiation intensity are valid in the case of the

simulation of the transition region by an arbitrary number of w’e;

inhomogeneous layersvith constant temperaturesvithout lo(w,T)= A3 2T (43)
defining concretely the character of inhomogeneity within

7 C
each of the layers. is the radiation intensity of a blackbody with the temperature

It follows from this that in a particular case of a transpar-T defined within the framework of the classical approxima-
entmth medium (2<m=<N-+1) of the transition layer, the tjon.

thermal radiation intensities of two- and one-sided fluxes are As seen from Eq(41), the intensity of heat transfer be-
independent off ,,, due to the absence of radiation intensi- tween the transparent external and inhomogeneous media is
ties corresponding to theth medium:I(w,0,T1,T)=0  defined by the same expression as the expression for the

andl(w,6,Ty,)=0. thermal intensity radiation of a uniformly heated system con-
sisting of a semibounded plasma and a homogeneous transi-
C. Uniformly heated medium tion layer into the external cold medium, if in the last expres-

sion we substitutd — T, for T. This allows us to use directly
the results[16] concerning the radiation of piecewise-
homogeneous media relative to problems on heat transfer
w,0,T1,T)=[lo(w,T)—lo(w, T)IT (K, ,0), (39 between homogeneous and inhomogeneous media, provided
that the temperature of the radiating system is measured from
1Y(0,0, T, T)=ly(0, K, ,0)+1o(w,T)RK, ,0), the temperature of the external medium. Equati¢d8),
(400 (40), and(42) for the thermal radiation intensity of the one-
sided flux generalize the results for a semibounded plasma
where T'(k, ,0)=33_,I'M(k, ,0)=1-R(k, ,0) is the [13] and for a plasma with a coatiig6] to the case where
absorption coefficient of an unpolarized wave by the inho-the proper thermal field of the transparent external medium is
mogeneous semibounded system. taken into account.

The first term in Eqs(39) and (40) corresponds to the Let us study the role of the proper thermal field of the
thermal radiation intensity of the piecewise homogennus external medium in the total flux. This may be useful for
<L medium with the temperaturBinto the external region. analyzing the experimental data which are used for evaluat-
It is a form of representation of the thermal radiation inten-ing the temperature of the radiating body, as well as conclu-
sity when the dielectric properties of the radiating system asions about the composition and properties of the plasma
hand have an effect only on the absorption coefficientsystems. It is clear that an account of the proper thermal field
I'(k, ,w) that corresponds to the classical Kirchhoff law. of the external medium may be significant if the tempera-

In the case of an inhomogeneous system, E89. and  tures of the external and radiating media are of the same
(40) have the same form as the expressions for the thermalrder. At the same time, even in the case of media with
radiation intensities of two- and one-sided fluxes in the cassignificantly different temperatures, neglect of the contribu-
of a homogeneous half-spaf22], and differ from the last tion of the radiation of the external medium may consider-
only by a specific form of the absorptigi’(k, ,w)] and ably affect the results. This is most simply seen from Eq.

In the case of a uniformly heated {=T3;=T) z<L sys-
tem, Egs.(31) and(32) are reduced to the forms
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In the low-frequency rangaw<v,, for angles co®
>Y~12 the criterion for the temperatures

Tl . 1/2
T o 2015

turns out to be weaker than E@9). Therefore, as the fre-

is satisfied, the one-sided radiation flux is, mainly, defined byguency decreases, the contribution of the plasma radiation to
the radiation of the external medium, i.e., the total one-sided thermal radiation flux reduces. In particu-
lar, for the case at hand, it is less than 1% of the one-sided
thermal radiation flux. In the case of well conducting metals,
criteria(47)—(51) can be more easily realized and, hence, the

To evaluate the possibility of the realization of condition thermal radiation of the external medium is dominant in the
(44), here we consider the simplest case corresponding to thehe-sided thermal radiation flux.
radiation of a homogeneous electron semibounded plasma
without a transition layer disregarding the spatial dispersion

(42). Indeed, in the case of slightly absorbing media, we
cannot ignore the second term in E42) despite the fact
that T, /T<<1. In addition, if the condition

Ve w

1
cosf+ —— (51)

cosé

T, T(k o)
T Rk, )

e

(44)

Y(,0,T1, T)~lg(w,Ty). (45

of the plasma. In this case,
2
__ @pe
w(otive)’

(46)

e(w)=gg

For frequencies lower than the cutoff frequenay,
= wpel (£9— &15IPO)? (£ is assumed to be reathe value
of R(k, ,w) is close to unity. In the frequency rangeg
<w<wgy, When the condition |&;Sirfd—Ree(w)]
>Im e(w) is valid, condition(44) is reduced to the form

T1> Y cosé 3 sirfd+ (1+cogh)X “
T (X+site)2X+1  siPg+Xcods
where  X=sgn(wpe/ey°— w)|Ree(w)|/e;, and Y

=Ime(w)/e,.
For frequencies lower tham,./3? atX>1, Eq.(47) has
the form

Tl> Y (1+cos6)cosd
T X2 sir2g+Xcod 6

(48)

For angles when taf< X2, we obtain a simple criterion for
the temperatures and the plasma parameters

Tl Ve

1/2
> —e7 .
T L

1
cosf+ —— (49

cosé

Wpe

As an example, we consider the radiation of a semi
bounded gaseous plasma with the temperafurd 0* K into
the external medium at room temperatirge= 300 K. If the

radiation is recorded along the normal to the plasma bound-

ary, ate;=1, condition (49) holds atve/wp<0.015. For
typical values of the ratio’/w, equal to 103 for a gas-
eous plasma, we have that, a=0, the radiation of the

plasma accounts only about 6% of the total radiation intenSuc

sity of the measured one-sided flux.

At angles when tas> X' (angles which are close to the
grazing angle of a wavyecondition (47) can be written as
follows:

T

cosé ve
> _
T

P %/2

(50

wpe

D. Transparent transition layer

In the case of a transparent layer, the thermal radiation
intensity is defined by the temperatures of external and
plasma [3=T) media, and, in accordance with Eq82)
and(34), the thermal radiation intensity of the one-sided flux
for the polarizatione has the form

1%(@,0,T1,T)= 3 lo(,T)T o(K, ,®)

+ % IO(w!Tl)Ra(kL ,(1)), (52)
whereT" (k, ,w)=1-R,(k, ,w) is the absorption coeffi-
cient of a planea-polarized electromagnetic wave by the
inhomogeneous semibounded system.

Let us turn our attention to the behavior of the energy
reflection coefficienfR ,(k, ,w) that determines the thermal
radiation spectra of the system under consideration. Since
k, =k;sing < k;, the quantity ky,=(k3—k?)¥2=kq(e,
—g,sirf6)2 is either rea[for any angled in the case where
£,>€, Of atf< B, Whered. = arcsing,/e;)*?is the total
internal reflection angle i,<e;] or imaginary(at 6> 6 if
£,<e7). We consider the case when the quarikity is real,
which corresponds to homogeneous waves propagating in
the layer. It follows from definition(30) of the quantity
R.(k, ,®) that in the case where the double thickness of the
layer is greater than the wavelength inNt=X\o/23 (A
= 2mcl w is the wavelength in a vacuyrrfor fixed values of
the thickness of the layer and the wavelength of the incident

wave, there exisN=[2L]>1, whereL=L/\, is the nor-
‘malized thickness of the layer afd] is the integer part of
the numben, values of the quantitk, for which the layer
enlightening occurs:

Ra(Kin,®)=RM(k n,0), n=12,...

N. (53

The quantitiesk, ,=k,(1—(n/2L)?)*? are determined in
h a way that the optical wavelength in the laylep) is
equal to an integer of half-waves in it,

2Lp

=n, n=12,...N, (54)
wherep=(1— (k, /k,)?)*2

Therefore, regardless of polarization, when an electro-
magnetic wave of a given frequency reflects from a transpar-

ent layer whose thickness is greater than a half-wavelength
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in it, there existN incident angle®,, (6,>6,>--->6yand function of the angle of incidence which coincides with the

0, <0c,= o) in the case where,;>¢,, quantityR(*3(k, ,w) at the enlightening angles of the layer
2 \1/2 0, . As a result, the angular dependence of the thermal radia-
0, =arcsi bl I C n=12,...N, tion intensity of the system under consideration also has an
€1 2L oscillating behavior.
(55 As the thickness of the layer grows, the number of half-

waves which are present along the thickness of the layer

for which the layer enlightening occurs. In the case wherg reases. This leads to an increase in the number of oscilla-
e1<¢3, the conditiork, <k, decreases the number of thesetions of the reflection coefficient. For this reason, in the case

angles, becausa can take on only the values=M,M of very thick layers, the quantitiesR,(k, ,») and

L. N vv~hereM IS thﬁzmlnlmum integer that exceeds I%(w,6,T,,T) turn out to be fast-oscillating functions of the
the quantity 2.(1—e,/e5)™ _ angle 8. Since measurement equipment does not record the
Note that for p—pclJlglrlzed waves, there exists One gyact value of thermal radiation flux at a specified value of
more incident 'anglée(B' )=arctang,/s,) " is the Brewster ihe angleg but a certain value of the flux averaged over
angld for which the presence of a dielectric layer of some interval of anglea ¢ in the vicinity of the angleg, in
any thickness has no effect on the energy reflection coeffithe case where the thermal intensity has many oscillations
cient. At 0= 057, Rp(05?,0)=R I(65?, ), whereas within the interval A6, we should average the quantity
Rp(6052,0) =R 652, w)expli47L (e1+ ). R.(k, ,w) over the interval of anglea 6. In the limit of an
Thus the reflection coefficierR,(k, ,w) of an electro- infinitely thick transparent layerl.(—<), the result of aver-
magnetic wave from a transparent layer is an oscillatingaging atk, <min(ky,k,) is the following:

im Rk, o) 'k, )+ T2k, ,0)—2T M2k, ,0)T?I (K, ,0)
Imi<, , W)= .
Low T2k, ,w)+ T2k, ,0)-TE2(k, ,0)T 2K, )

(56)

In a particular case of the same media adjacent to thénick layer (dashed curvescalculated by Eq(56). For the
layer [in this case, all media are transparent andgiven thickness of the layelt/\,=10, for both polariza-
Rk, ,0)=RE3I(k, ,0)=R 12 (0)], Eq. (56) for the tions, there exist eighfifor e,<e3 (Fig. 2, N=28 andM
energy reflection coefficient of an electromagnetic wave=21)] or three[for e,>¢3 (Fig. 3, N=63 andM =61)]
from an infinitely thick transparent layer is reduced to theenlightening angles of the layer at which the reflection coef-

form ficients from the layer reach their local extremal values equal
to the values of the reflection coefficient from the base with-
2R, 12(9) out a cpating. Thgse figures visua!ly illustrate well—known
lim R, (k, ,0)= # (57)  theoretical conclusiong7] about the influence of the dielec-
Lo 1+R () tric coating on the reflection coefficients of electromagnetic

waves in the case of a transparent base;at1;that is, for

SinceRSﬂz)(g)sl' by virtue of Eq.(57), an account of any angle of incidence a one-layer coating may only de-
the infinitely distant second boundary leads to a natural increase at,<e3[Fig. 2a)], or increase at,>e3[Fig. 3@)],
crease in the energy reflection coefficient of electromagnetiéhe reflection coefficient of-polarized waves, whereas in the
waves as compared with the energy reflection coefficient ofase ofp-polarized waveqFigs. 2b) and 3b)] the same
electromagnetic waves from a semibounded mediuninfluence of the coating takes place only for angles less than
R (12(6). The ratio of the energy reflection coefficient of the Brewster angleds . In the interval of angleg)f <6
electromagnetic waves from an infinitely thick transparent</2, the presence of the coating gives the opposite effect,
layer to that in the case of a semibounded system does n#tat is, it leads to an increase ay<ej [Fig. 2(b)] or a
exceed 2 and the specific value of the ratio is defined by théecrease at,>e3 [Fig. 3b)] in the reflection coefficient of
angle of incidence and the ratio of dielectric permittivities of p-polarized waves, while if the angle of incidence is equal to
the adjacent media. the Brewster angle, the energy reflection coefficientpof

As an illustration, in Figs. 2 and 3, the oscillating behav-polarized waves is independent of the thickness of the layer.
ior of the angular dependence of the energy reflection coefThe last case corresponds to the intersection of a dashed
ficient R,, of the electromagnetic wave from the transparentcurve with curves 1 and 2 at a poirt= 652 [65?
dielectric layer incident on it from a vacuum {=1) (curves  ~54.7° in Fig. 2b), and64?~72.5° in Fig. 3b)]. Note that
2) is shown for the simplest case corresponding to a transn the case of a transparent base, if the condition
parent dielectric basesg is the dielectric permittivity of the e,e5/(e1(s,+£3))<1 is valid for p-polarized waves, there
base. Here we also present the angular dependences of thexists one more enlightening angle. This angle is indepen-
energy reflection coefficients from the semibounded dielecelent of the thickness of the layer, and equal to the Brewster
tric medium R 3)(4) (curves 1 and from the infinitely angle [27] 6%%=arcsifie,e3/(e1(e2+£3))]Y2 which is
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FIG. 4. Frequency spectrum of the normalized thermal radiation
intensity of the one-sided energy flux at/w,e= 102 (1) and
vl wpe=10"2 (2); 6=0.

Ill. NUMERICAL ANALYSIS OF THERMAL RADIATION
SPECTRA OF A SEMIBOUNDED PLASMA
WITH A TRANSPARENT COATING

We can study the influence of the temperature, the dielec-
tric properties of the media, the plasma parameters, and the
thickness of the transparent layer on angular and frequency
o )  distributions of the thermal radiation intensity of the one-

FIG. 2. Angular distributions of the energy reflection coeffi- gjqeq energy flux, on the basis of the numerical analysis,
cients of pl.anes— .(a) and p-polarized (b) electromagnetic waves ,nich can be carried out by using the general relati@Ts—
from the dielectric layer at.=0 (1), L=10xo (2), andL== 30 o (32) and(34)—(36) for nonisothermal and isothermal
(dashed curvgse, =1, ,=2, ande;=10. plasma, respectively. For the sake of simplicity, in the

present work, we restrict ourselves below, mainly, to study-
greater(at e3>¢,) or smaller(at e3<e;) than6%+?. How-  ing the thermal radiation spectra of a gaseous pla@xeept
ever, for the values of the dielectric permittivities given in for Fig. 9), without regard to the spatial dispersion of the
the present work, this case cannot be realized becaugdasmalthe dielectric properties of the plasma is described

%0 15 30 45 60 75 90
0 (deg)

eo83/(e1(e0+£3))>1. by the well-known relatiori46) ateo= 1, which corresponds
to the cold plasma approximatid@O]] that is separated by a
homogeneous dielectric layer from the external medium.
Lo Since, as shown above, the presence of a transparent dielec-
' L tric coating is reduced to a simple change in the Fresnel
0.8t (a) 7 reflection coefficients in the radiation spectra due to multiple
- reflections of waves radiated by the plasma and the external
0.6 2 e medium, for the radiation spectra we use a more simple re-
Rs .- . lation [Eq. (52)] given at Ime,=0.
O ---F"7 We consider the thermal radiation of a plasma with the
ozl parametersT=10" K, nge=10" cn?, and ve/wp=10"3

[except for Fig. 4a), where the frequency spectra of the ra-
diation intensity are given for various ratiog/ ], which
are typical of a gas-discharge plasma of low pres$as
into the external mediume(=1) which is kept at room
temperaturel; =20 °C. The significant difference between
the temperatures of the plasma and the external medium al-
lows us to illustrate clearly the necessity of an account of the
proper thermal field of the external media even under the
condition T{<<T. The solid curves in Figs. 4—8 correspond
to the thermal radiation intensity' of the one-sided energy
flux that involves the radiation of both the plasma and the
external medium. The radiation intensity is normalized to
‘ - : the radiation intensity of a blackbody(w,T) (in the case of
0 15 30 45 60 75 90 I ) /
 (deg) radiation along the normal, F|g_s. _4 a!’n)j\ﬂlth the tempera-
ture of the plasma or to the radiation intensity of a blackbody
FIG. 3. Angular distributions of the energy reflection coeffi- for a single polarizationy(w,T)/2 (Figs. 5, 6, and Bif the
cients of planes- (a) and p-polarized (b) electromagnetic waves radiation is recorded separately for each of the polarizations.
from the dielectric layer at =0 (1), L=10X\,, andL=» (dashed ~For comparison, in the figures we give the normalized distri-
curves; e,=1, £,=10, ands;=2. butions of the radiation intensity in the case of the cold ex-
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! FIG. 7. Frequency distributions of the normalized thermal radia-
(b) tion intensity of the one-sided energy flux in the case of the pres-
10 -k ence of a transparent dielectric coatinglfor0 (1), L=0.1 cm(2),
Y 2 andL=1 cm(3); =0.

10 % | like systems is of interest in its own right due to its numerous
Fe ) / applications. In the case of a semibounded plasma, the fre-
FTTT T i quency and angular distributions of the absorption coeffi-

0T o7 15 19 s cients were studied in detd@ee, for example, Reff29-34

@/ @pe and references cited thergirSimilar investigations, and the

numerical analysis of these quantities carried out with regard

FIG. 5. Frequency spectrum of the normalized thermal radiatiorto the spatial dispersion of the plasma systdm,35-3§,

intensity of the one-sided (a) and p-polarized(b) energy flux at

0= /6 (1) and 6= /3 (2).

ternal medium T, =0 K, dashed curvgswhich describe the

showed that the absorption coefficients of electromagnetic
waves depended significantly on the mechanism of interac-
tion of charged plasma particles with the boundary surface.

First let us consider, in greater detail, the behavior of

plasma thermal radiation and, according to the Kirchhofffrequency(Figs. 4 and % and angulafFig. 6) distributions

law, coincide with the absorption coefficieﬁff’) of a plane
a-polarized wave by a plasma half-space with@tigs. 4—6

of the thermal radiation intensities of the one-sided energy
flux in the absence of a coatind.€0). When radiating

and with (Figs. 7 and Ba coating incident upon the system along the normal to the boundaffig. 4), the normalized
under investigation from the external medium at an angléadiation intensity is, in fact, constant at frequencies lower
equal to the angle of radiation. A study of the absorptionthan the plasma frequency. Fog/w,e=10"3 (curve 1, a
coefficients of electromagnetic waves by plasma and plasma-

L

1 (a) 1 3
— 10 'k 20
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FIG. 8. Frequency distributions of the normalized thermal radia-

FIG. 6. Angular distribution of the normalized thermal radiation tion intensity of the one-sidest (a) andp-polarized(b) energy flux

intensity of the one-sided (a) and p-polarized(b) energy flux at

0l wpe=0.5 (1) and w/wpe=1.5 (2).

in the case of the presence of a transparent dielectric coating for
L=0 (1), L=0.1 cm(2), andL=1 cm(3); 6=5x/12.
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constant level of the normalized radiation intensity is wellcollisionless mechanism of generation of radiation in the
described by the rati®; /T~0.029, which is in good agree- plasma.

ment with the conclusion of the above-mentioned analytical For the nonzero recording angle of radiatién at fre-
investigations of the dominant role of the proper thermalquencies lower than the cutoff frequeney,= w,e/cosé,
field of the external medium in one-sided thermal radiationthe behavior of the thermal radiation intensity of the plasma
energy flux in the case where estimatiet9) is valid. For ~ (dashed curvess different fors [Fig. 5a] andp polariza-
frequenciesw<0.8w,e, the thermal radiation intensity of tions[Fig. Sb)J; that is, as the anglé grows, the thermal
the plasmaldashed curve )laccounts for less than 10% of radiation intensity of the plasma decreases dquolarized
the total thermal radiation intensity of the one-sided energyvaves and increases fprpolarized waves. However, at
flux. For this reason, neglect of the proper thermal radiatiori~ @cut: €ven thep-polarized thermal radiation intensity of
of the external medium in this frequency range leads to unth® plasma accounts for not more than 12% of the total ra-
derestimatingimore than by an ordgtthe radiation in the diation intensity of the one-sided flux. As a result, tx@nd
direction perpendicular to the boundary of both media. Thd>-polarized thermal radiation intensities of the one-sided en-

thermal radiation of the plasma proves to be significant in th&"9Y flux differ only near the cutoff frequency: the more

one-sided thermal radiation energy flux only near the plasmgIStInCt difference between the mtlen.smes IS opseryed for
Smaller values of the angle of radiatipourves 1 in Figs.

Zequenlcytf;]\twlsu;pe, an(:hdom:jr!a:_es mf'ihat frlequen(_:le'z[s h 5(a) and §b)]. Outside this frequency range, the normalized
@pe- 1N the fast case, the radiation of the plasma Ito &, 5 radiation intensity, just as a0, is close either to
external region is produced, in fact, by almost all of its VOI'TllT (for w<wqy) Or to unity (for @> w,). This behavior

ume, and not only by a thin subsurface plasma layer that is Qf¢ the thermal radiation intensity of the one-sided energy flux
the order of the depth of field penetration into the plasma agyr poth polarizations allows us to extend all conclusions
in the case where <wpe. For this reason, at frequencies mentioned above at=0 concerning the dominant contribu-
w>wpe, the plasma radiates almost like a blackbody. Attion of the plasma or the external medium to the thermal
0> wye, the proper thermal radiation intensity of the exter-radiation intensity of the one-sided energy flux, as well as
nal medium accounts to less than 3% of the total thermahllowing the possibility to neglect the spatial dispersion of
radiation intensity of the one-sided energy flux, and it maythe plasma in the case of arbitrary angles of radiation.
be neglected. Therefore, in this frequency range, the thermal Angular distributions of the normalized thermal radiation
radiation intensity is quite well described by the results predintensity of the one-sided energy flux presented in Fig. 6
sented in Ref[39], which correspond to the thermal radia- show that, at frequencies lower than the plasma frequency,
tion intensity of a semibounded plasma into the external coldhe distributions coincide with each other for both polariza-
medium. tions, and are independent of the angle of radiatiores 1

As the collision frequency increases, the dissipation of thavhich are parallel to the abscissa axiat o> w, (curves
plasma system grows. The last process is accompanied by &h the difference between the polarizations is observed only
increase in the plasma radiation. However, @a/w,, in the vicinity of the cutoff anglef,= arcsin(l—wz/wf,e)l’2
=102, at frequencies < 0.7y, the thermal radiation in-  (for the given frequency=1.5we, 6.,~48°). Except for
tensity of the plasmddashed curve 2 in Fig.)4does not the vicinity of the angled., the angular distributions of the
exceed the radiation intensity of the external medium. Therenormalized thermal radiation intensity of the one-sided en-
fore, in the frequency range<w,., the thermal radiation ergy flux have approximately the form of a double step,
intensity of the one-sided energy flux is defined by bothwhich takes the values (blasma radiates like a blackbady
componentgas opposed to the case wherg/ w,.= 103, at #< 6., or T,/T (electromagnetic waves, which are inci-
the plasma radiation cannot be neglegted dent on the boundary from the plasma, almost totally reflect

In studies of spectral thermal plasma distributions, theat 6> 6.
problem of the necessity of an account of the spatial disper- As the plasma temperature increases, the contribution of
sion of the plasma is of special interest. We can make somthe proper thermal radiation of the external medium to the
guantitative conclusions about the influence of the spatiabne-sided energy flux decreases, on the one hand, and on the
dispersion of the plasma on the thermal radiation intensityother hand, we observe the growth of plasma radiation due to
spectra of the one-sided energy flux without recourse to nuthe Cherenkov mechanism of excitation of transveise¢he
merical calculations by using the results of H88], accord- range of the anomalous skin-effeeind longitudinal(in the
ing to which, atv/wpealofz, the collision mechanism of frequency range Od,.<w<w,) electromagnetic fields.
generation of waves in a plasma is dominant. This fact, toAt temperatures of the order @f=10°K, even the thermal
gether with the numerical results obtained in the presenintensity radiation of a cold plasma is comparable with the
work, allows us to conclude that, at least at plasma temperaatio T, /T. This means that for such a system, we must take
tures lower than 10K, an account of the spatial dispersion into account contributions of radiations of both the plasma
of the plasma has a slight influence on the thermal radiatioand the external medium to the one-sided energy flux. For
intensity of the one-sided energy flux over all frequencysuch temperatures, and higher temperatures, we must also
ranges: for small values of the dissipation, when the spatiaiake the spatial dispersion of the plasma into account. It is
dispersion is significant, the level of the thermal radiation ofworth noting that, in this case, the thermal radiation spectra
the plasma is much lower than the level of the proper thermabf a plasma significantly depend on the nature of interaction
radiation of the external medium; however, for values of theof charged plasma particles with the boundary surfdeg,
dissipation when the radiation intensity of the plasma and théhat is, the radiation intensities of a plasma with the diffusive
external medium have the same order, we can ignore thand specular boundaries can differ more than by an order.
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The curves in Figs. 7 and 8 illustrate the influence of aplasma system the reflection coefficiédy, at the frequency
transparent dielectric coating on the frequency distributions, = ,, does not reach a local extremum equal to the value of
of the thermal radiation intensity for various recording the reflection coefficienk () of the electromagnetic wave
angles. As a material of the coating, we take a dielectric with,y 5 semibounded plasma without a coating. Both, these fac-
the dielectric permittivitye,=1.58, which is typical of a  qrs (oscillations of the absorption coefficient of the plasma
glass in the optical range. In the frequency range below th@jith a coating about the absorption coefficient of the semi-

cutoff frequency (.= wpe at #=0 in Fig. 7, andwcy b . . . ~.
= = . pe ounded plasma, and additional enlightening frequensjes
=3.86w,e at #=57/12 in Fig. §, the presence of the coat- for a laye) are caused by the condition Rg<0, and by

ing has a noticeable effect only on the level of the plasma__. _.: . .
radiation. As the coating thickness grows, the difference be- issipation of the plasma system. Unlike the frequenaigs

tween the radiation intensities of plasma wittashed at which both amplitudes and phases of the Fresnel reflection
2 and 3 and without(dashed cur\f)es)la coelltins ﬁ]cgg;/gi coefficients of electromagnetic waves from a semibounded
For small values of the collision frequeney wg can showl medium with and without a transparent dielectric coating
that at frequencies ' coincide, at frequencies, only the equality of amplitudes

of these quantities is valid.

. Let us estimate the frequencies w, at
Wp=N—p———=Nwy, (58 Im e3(w)/|Rees(w)|<1 by restricting ourselves by the sim-
&3 L COSy plest case o=0 and the conditionv,<w,e. In the fre-
o . quency rangev.<w<wp., Where the dissipation of the
wheren are positive integers ang; is the angle of propaga- plasma system can be neglected, possible enlightening fre-
tion of an electromagnetic wave in a layer defined by Snell’squencies?o are less than the corresponding frequenaigs
law &3%sin6,=s17sing, the radiation intensities of the ;4 ap /I <1, they can be defined as follows:
plasma with and without a coating coincide. In what follows, " ’ '
for the sake of brevity, frequencies at which the presence of N
a dielectric coating has no effect on the radiation spectra of Z,nwwn( 1— ﬁ) (59)
the plasma are called “enlightening” frequencies for the L
layer. The frequencies,, correspond to the well-known en-
lightening condition[27,4Q (54), according to whichL ~ where\,.=27c/w,.. Note that atd+0, the enlightening

=N\, /(2 cosby). Taking into account that the normalized frequencieso, depend on the polarization of an electromag-
radiation intensity of the plasma is equal to the absorptiometic wave, whereas the enlightening frequenaigshave
coefficient of the electromagnetic wave by the plasma systhe same value for both polarizations. In addition, the num-

tem (in Figs. 4-8, these quantities are shown by (_jaShe%er of enlightening frequencies, for p ands polarizations
curves, for the sake of convenience of comparison with the;

K lts[27 4 » f elect i is different. As seen from Figs.(& and 8b), in the fre-
nown resu s[27.40 on propagation of electromagnetic guency range below the cutoff frequency where the real part
waves, in what follows we discuss the absorption coefficien

bf the dielectric permittivity of the base is negative, for a

of e'eCtTO‘.“ag.”e“C waves by the plasma instead of the therIEiyer 0.1 cm thickdashed curves 2 in Fig)8there are two
mal radiation intensity of the plasma system. It follows from "~ . .~ L
Eq. (58) that at fixed values of the radiation angle and the€nlightening frequencies, for the p polarization, and only

thickness of the |ayer, in the frequency rangs,in<w onewyp for thes pOlarization. AtL=1 cm (daShed CUrveS)3

<Wmax there exisN=N,,.,— Ny, enlightening frequencies, in addition to two enlightening frequencie®, (w;
where N,=[2L cosfy/\Y], )\(27):2770/(8%/%7)' and y =142, andw,=2.84w;e), which are independent of po-
—min,max. According to calculations carried out for the larization, trlere are, respectively, four and three enlightening
given thicknesses of the layer by E&8), below the cutoff ~ frequenciesw,, for p ands polarizations.
frequency we have no frequencies, at /=0, whereas, at At frequenciesn™ w., as in the case of a plasma with-
6#=5m/12, there are two enlightening frequencies,( Out a coating, the one-sided thermal radiation energy flux is
~1.420, and w,~2.84w,) only for a layer 1 cm thick, defined, mainly, by the radiation of the plasmaFig. 7, the
and no frequency,, atL=0.1 cm. thermal radiation intensities of the one-sided energy flux and

However, as seen from Figs. 7 and 8, these conclusiori§€ plasma are, in fact, indistinguishable
do not agree with the numerical results, because the number According to a general conclusi¢@7,4Q, in the case of
of enlightening frequencies in these figures is greater thaffansparent media the presence of a coating leads to oscilla-
that defined by Eq(58), the effect of layer enlightening be- tions of the absorption coefficietit, of an electromagnetic
ing observed even in cases where there is no enlighteningave by the base which, ay> e, are below the absorption
frequencyw, . For example, dashed curves 1 and 3 in Fig. 7 coefficientI ™) of a semibounded medium without a coat-
which correspond, respectively, to a semibounded plasmang, and which reach its level only ai=w,. In the fre-
without and with a coating 1 cm thick, intersect at the pointquency ranges> w¢, this conclusion is clearly confirmed
0~0.540,c, Whereasw;~1.1wye> o= wpe. FOr alayer by curves 1 and 3 in Fig. 8, corresponding, respectively, to
of thicknessL=0.1 cm, the effect of layer enlightening oc- the absorption coefficient of a semibounded plasma, with and
curs also at=5m/12 (dashed curve 2 in Fig.)8though in  without a transparent dielectric coating. However, a more
this casew;> wqy. detailed numerical analysis shows that at the frequancy

It is also worth noting that, as opposed to a transparent w,, the absorption coefficient does not reach its local
dielectric base (Ine;=0 and Res3>0), in the case of the maximum value, and that there exists a very narrow fre-
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quency rangew,<w<w, where a plasma with a coating 1.00 @)
absorbs electromagnetic waves greater than the plasma with- 1 R
out a coating; however ab=w, and w=w,, the presence 098 7 _N-f--V7"
of a dielectric coating has no effect on the absorption coef- Rs
ficient. As in the cas@< wg,, atw=w,, there is a coinci- 0.96 °
dence of both amplitudes and phases of the Fresnel reflection
coefficients of electromagnetic waves of a plasma with and 0.94 71
without a coating; however ab=w,, only the amplitudes
coincide. While atw< w, in the case of a small dissipation 092 =530 25 80 75 90
of a plasma, the appearance of additional enlightening fre- O (deg)
quenciesw, for a layer is caused, mainly, due to the condi- 1.00
tion Ree3<0, in the frequency range> w.,, Ree;>0 (b)
and frequencies,, appear only provided that the dissipation 099t
of the plasma system is not equal to zero. R .

For 6=0, the frequencies w, Wwith n ¥ o8l
>(2L/)\pe)2(82/80) can be approximated in the following SRR SNYA b
way: 097} ~Ne -/

2
Ve 882 L 3 1 0.96 L L L L .
wn w“1+w_ . S | 70 15 30 45 680 75 90
pe TeQN"\ Ape &y ot ) £, @ (deg)
be (60) FIG. 9. Angular distributions of the energy reflection coeffi-

cients of planes- (a) and p-polarized (b) electromagnetic waves
As follows from Eq.(60), the additional enlightening fre- from the dielectric layer applied to the metallic base Ifor 0 (1),

quenciesw,, shift to the right of the corresponding frequen- L =2 #m (2), andL =2 (dashed curves

cies wy (wn>wy), whereas, aw<wey, by virtue of Eq.  non g dielectric layer applled to a metallic ba&g (curves
(59), there must be another sequence for the enhghtenmg) and a semibounded metBI 3 (curves 1 given in Fig. 9
frequencies, namelyy, < @, . The detuning between the fre- can serve as illustrations of the above-mentioned results. The
quenciesw, and o, (A,=w,— w,) decreases rapidly with dependences are calculated fqy=0.5um, L=2 um, and
an increase in the frequency of the incident wave and a des,=1.52 in the case of a silver base with the parameters
crease in the effective collision frequengy. [41] hwpe=9.33 eV andiiv,=0.058 eV, and the typical
The inequalityo,> w, also remains valid ap#0. Usu-  Vvalue of the dielectric permittivity of the backgroung
ally, the detuning\ , is very small, and for the given param- =3.6 in the optical frequency range. The conditionsge
eters we cannot see(iturve 3 in Fig. 8 even if the scale of # 1 should be taken into account because, for example, for
the abscissa axis is increased by a factor of 1000. Numeric&l!ver, the frequencyw,. predicted by the theory of free
analysis confirms the conclusion about the growth of theelectrons at =1 is significantly greater than the experimen-
detuningA, with an increase in the ratio,/ we. tally obtained value. A shift of the frequency at which the
An account of the frequency dispersion of the base alseondition Rezs(w)=0 holds to a low-frequency range is
leads to a change in the behavior of the angular dependen€é@used by the contribution of bound electrons ineRg). It
of the energy reflection coefficieft,, of the electromagnetic Should be noted that bound electrons also affect the imagi-
wave and, consequently, the thermal radiation intensity ofary part of the dielectric permittivity of a metal. In this case,
the third medium as compared with those quantities whicihe quantity Imeq(w) depends significantly on the fre-
correspond to the transparent ba§égs. 2 and B In the  quency, which is in agreement with the experimental data
frequency range<w.,, the dissipation of the system dis- [42] obtained for noble metals. In the present work, we ne-
turbs the condition®,, =R > (for any angles for spolar-  glect the dissipation of the background. As in Figs. 2 and 3,
ization and forg< 0(1 ) for p polarization and R, <R(1 3) t_he dashed_ curve in F|g._ 9_ c_orresp_onds to the energy ref_lec-
(at 0(1 2< 9<m/2), which are valid if the d|electr|c permlt- tion coefflc_lents from an infinitely thick transparent dielectric
layer applied to the base calculated by Ef6). For the
tivity of the base is less than that for the laysee Figs. @) . ; " ) .
. . given parameters, in addition to three enlightening angles
and 3b)]. As a result, at the enlightening anglés, the o o o .
energy reflection coefficierR, (6 ):R(lvg)(e ) is not ex- (0,~56.7°, 6,~40.4°, andf;~14.2°), which are the same
gy e\ Un a \%n for both polarizations, and the Brewster anglé{®

tremal, and there appear additional enlightening angles ~56.7°) at whichR (0(1 2))—7%(1 3)(0(1 2)), there are also
which depend on the polarization of the incident wave. As P

oppose to enlightening anglés , there takes place only an three additional enlightening angiés whose values are dif-
equality for amplitudes of the reflection coefficients of elec-€rent forp ands polarizations.
tromagnetic waves fr.o.m the Iayer and the base, whereas the V. CONCLUSIONS
phase of these coefficients are different.

The angular dependences of the energy reflection coeffi- In the present work, we found the thermal radiation spec-
cients of electromagnetic waves incident from a vacuuntra of a nonisothermal homogeneous semibounded plasma
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into an external medium, taking into account the proper therthe proper thermal field of the external medium makes a
mal field of the external medium and the homogeneous trarsignificant(and even predominantontribution to the ther-
sition layer between the plasma and external media. The heatal radiation intensity spectra of the one-side energy flux.
transfer intensity due to radiation between the inhomogeWe studied in detail the influence of the transparent dielec-
neous system and the external medium is presented as thé coating on the radiation spectra. The general relations
sum every term of which describes heat transfer between th@1)—(34) for the thermal radiation intensity of two- and one-
external medium and the corresponding medium, which is aided energy fluxes can be used for studying the thermal
part of the inhomogeneous system under investigation. Weadiation spectra of not only a gaseous plasma, for which a
found a one-sided thermal radiation energy flux in the direchumerical analysis was carried out in this work, but of other
tion away from the inhomogeneous system, the intensity ofmedia(for example, well conducting metalas well. Since
the flux being presented as the generalization of the classicttie temperature of these media is, as a rule, significantly
Kirchhoff law in the Levin-Rytov form to the case which lower than the plasma temperature, an account of the proper
takes into account the different temperatures of the medithermal field of the external medium may be no less impor-
which make up the radiating system, nonisothermality of theant than in the case of a gaseous plasma.
plasma, and the proper thermal field of the external medium. It is of interest to generalize the results of this work to the
The representation of the thermal radiation intensity, in thecase of an inhomogeneous transition layer. In particular, by
form where the contribution of the proper thermal radiationdirect calculations, one should be able to prove the validity
of the external medium is given as an isolated term, may bef the assumption of representatideq. (38)] for the thermal
useful for identifying the radiation spectra of heated bodiegadiation intensity of the one-sided energy flux in the form of
by using the experimental data. the generalized Kirchhoff law, in the case of a simulation of
On the basis of analytical estimations and numerical calthe transition layer by an arbitrary number of homogeneous
culations carried out in the work, we found conditions when(or inhomogeneouydayers with different temperatures.
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