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Thermal radiation of a semibounded medium with a transition layer

Alexander S. Usenko*
Bogolyubov Institute for Theoretical Physics, 252143 Kiev 143, Ukraine

~Received 9 February 1998!

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 detail.@S1063-651X~98!15710-0#

PACS number~s!: 52.25.Gj, 52.25.Sw
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I. INTRODUCTION

Theoretical studies of the radiation spectra of heated b
ies are important for an interpretation of the experimen
data that allow one to determine the parameters of radia
bodies without a direct contact of these bodies with reco
ing equipment. The Kirchhoff law is the foundation of th
classical theory of equilibrium radiation@1#. This law gives a
simple relation between the radiating and absorbing pro
ties of bodies by means of a universal function of the f
quency and the temperature, namely, the radiation inten
of a blackbody defined by the Rayleigh-Jeans or Planck
tributions, which correspond, respectively, to the classica
quantum description.

At the same time, the approach based on the Kirchh
law is restricted by the approximation of the geometric o
tics. One can remove this restriction by using an alterna
approach proposed by Rytov@2#, which is based on the gen
eral correlation theory of thermal fluctuations of electroma
netic field. Numerous investigations@2–5# of thermal radia-
tion spectra for bodies of various geometry carried out on
basis of this approach by Rytov and his followers permit
them to construct a theory of electromagnetic radiation
heated bodies without restrictions on the sizes of the b
and the wavelength. It turns out that expressions for ther
radiation spectra can be presented in the same form as t
in the case of the classical Kirchhoff law; moreover, t
results of the theory are also generalized to the case of
rotropic media.

Henceforward, many authors developed the theory
thermal radiation in different directions: extension of radi
ing bodies under study to the case of plasma@6–10# and
plasma-molecular@11,12# media, an account of spatial dis
persion@13,14#, nonequilibrium state@15#, inhomogeneity of
radiating bodies@16–19#, etc. It is worth noting that the
study of thermal radiation emitted by plasma systems is
particular interest to researches in various fields of phys
because the results on thermal radiation spectra of plasm
intensively used for solving many problems of radiati
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transfer in laboratory plasma, astrophysics and inertial
sion, physics of the ionosphere, plasma diagnostics, ra
physics, spectroscopy, plasma technology including proc
ing and depollution of materials, laser welding, etc.

However, the conventional approaches used for calcu
ing thermal radiation spectra~based either on a calculation o
the losses of electromagnetic fields in absorbing media p
duced by some auxiliary sources@3–5# or on the representa
tion of thermal fields as the radiation of random sources d
tributed in the volume occupied by the body@2,12–15#! do
not take into account the proper thermal radiation field of
external transparent medium. The approach proposed
Refs. @20–24# generalizes the results of the correlatio
theory for a semibounded medium to the case of a nonc
transparent external medium and an account of the z
point oscillations of the field in it. We derived condition
when the contribution of the proper thermal field of th
transparent external medium to the correlation functions
the electromagnetic field~including the thermal radiation
spectra! was significant.

Since, as a rule, there exists a transition~in the general
case, inhomogeneous! region between a radiating body an
the external medium, it is of interest to use the approa
proposed for studying the radiation spectra of inhomo
neous systems. According to the results obtained by simu
ing the transition layer by an arbitrary number of homog
neous@16# or inhomogeneous@17# layers, the presence of
transition layer can lead to a considerable rearrangemen
the radiation spectra of semibounded homogeneous me
However, just as for homogeneous media, the radiation s
tra of inhomogeneous bodies were studied in the case of
cold external medium. In addition, the expressions for
thermal radiation spectra turn out to be so complica
@16,17# that even in the simplest case of a single transit
layer, one failed in presenting results in a form similar to t
Kirchhoff law.

In the present work, we calculate the thermal radiat
spectra of a system consisting of a semibounded nonisot
mal plasmalike medium with a homogeneous layer on
taking into account the proper thermal field of the exter
transparent medium~Sec. II!. The thermal radiation spectr
are presented in the form of a generalization of the Kirchh
6465 © 1998 The American Physical Society
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6466 PRE 58ALEXANDER S. USENKO
law to a case that takes into account the inhomogeneit
the radiating system, different temperatures of the media
the system, and plasma nonisothermality. We found the c
tribution of the proper thermal field of the external mediu
to the energy density of the one-sided thermal radiation fl
The general relation for the thermal radiation intensity
shown to reduce to the Kirchhoff law in a particular case
a uniformly heated spatially inhomogeneous radiating s
tem. We established conditions for which the contribution
the proper thermal field of the external medium to the ene
density of the one-sided thermal radiation flux was domina
In the particular case of a cold plasma approximation,
results of a numerical analysis for the frequency and ang
dependences of the thermal radiation intensity for vari
thicknesses of the transition layer are given in Sec. III.

II. THERMAL RADIATION SPECTRA OF A SYSTEM
WITH A HOMOGENEOUS TRANSITION LAYER

A. General relations

Let us find the thermal radiation of a piecewise homo
neous system that occupies thez,L region into the externa
transparentz.L medium with the dielectric permittivity«3 .
We restrict ourselves to the simplest case when the radia
system consists of two homogeneous media: a half-spac
a quasineutral, in the general case multicomponent, plas
like system~the third medium! that occupies thez,0 region,
and a dielectric layer~the second medium! with the dielectric
permittivity «2(v)[«2 occupying the 0,z,L region ~Fig.
1!. We consider the case of a nonisothermal plasma w
every speciess of charged particles is defined by its tem
peratureTs. We take into account the spatial dispersion
the plasma system by using the model of specular reflec
of all free charged plasma particles from thez50 boundary.
The temperatures of the first (z.L) and second media are
respectively,T1 andT2 . The origin of the Cartesian coord
nate system is taken in the plane between the second
third media.

The thermal radiation energy density through a unit s
face area oriented in parallel to the boundaryz5L plane is
of
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defined as the statistical average of the normal componen
the Umov-Pointing vector

^Pz&5
c

4p
ezi j^Ei~rW,t !Bj~rW,t !&[E

0

`

dv P~v!, ~1!

where

P~v!5
c

4p2
Reezi j^EiBj* & rWv ~2!

is the spectral energy density of the thermal radiation fl
taken atz.L, EW (rW,t) and BW (rW,t) are the electromagneti
fields generated by random sources distributed in the wh
of space, the bracketŝ•••& imply the statistical averaging
andezi j is the third rank absolutely antisymmetric unit te
sor. We substitute the expressions for the fluctuating elec
magnetic field in the system at hand taken atz.L @25# in Eq.
~2!, and carry out statistical averaging by using the corre
tion functions of the random sources@25# calculated with
regard to the boundedness of the media and the spatial
persion of the plasmalike medium. By omitting cumberso
intermediate calculations, we present the spectral ene
density of the thermal radiation fluxP(v)[P(v,T1 ,T2 ,T)
that describes the radiant heat transfer between the inho
geneous (z,L) and transparent external (z.L) media in the
following form:

FIG. 1. Geometry of the system under investigation.
stem,

he
P~v,T1 ,T2 ,T!5E
u<p/2

dV cosu I „v,u,T1 ,T2 ,Tp
eff~k' ,v!,Ts

eff~k' ,v!…. ~3!

Here, the variable T implies a set of temperatures of all subsystems that form the plasma sy
I „v,u,T1 ,T2 ,Tp

eff(k' ,v),Ts
eff(k' ,v)… is the thermal radiation intensity into the unit solid angledV5sinu du dw (u andw are

the polar and azimuth angles giving the direction of the axis of the solid angledV that are measured, respectively, from t
Z and theX axes! that is equal to the sum of thermal radiation intensities of independentp ands polarizations,

I „v,u,T1 ,T2 ,Tp
eff~k' ,v!,Ts

eff~k' ,v!…5 (
a5p,s

I a„v,u,T1 ,T2 ,Ta
eff~k' ,v!…, ~4!

wherek'5k1 sinu, kn
25v2«n /c25k0

2«n , n51 and 2.

I a„v,u,T1 ,T2 ,Ta
eff~k' ,v!…5I a~v,u,T1 ,T2!1I a„v,u,T1 ,Ta

eff~k' ,v!…, ~5!

I a~v,u,T1 ,T2!5
1

2
@ I 0~v,T2!2I 0~v,T1!#Ga

~2!~k' ,v!, ~6!
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I a„v,u,T1 ,Ta
eff~k' ,v!…5

1

2
@ I 0„v,Ta

eff~k' ,v!…2I 0~v,T1!#Ga
~3!~k' ,v!, ~7!

I 0~v,T!5
v2«1

4p3c2

\v

exp~\v/T!21
~8!

is the radiation intensity of a blackbody with the temperatureT which is measured in energy units into a transparent med
with the dielectric permittivity«1 . Ga

(n)(k' ,v) is the absorption coefficient by the layer (n52) or the plasma half-spac
(n53) of a plane electromagnetica-polarized wave incident at the angleu from the first region upon the piecewise hom
geneous system

Ga
~2!~k' ,v!5

1

uda~k' ,v!u2
$Ga

~1,2!~k' ,v!@11R a
~2,3!~k' ,v!exp~2y!#@12exp~2y!#

14 exp~2y! Im Ra
~1,2!~k' ,v! Im @„12exp~ ix !… Ra

~2,3!~k' ,v!#%, ~9!

Ga
~3!~k' ,v!52uTa

~2!~k' ,v!u2 Rer a
~1,3!~k' ,v!, ~10!

wherex52L Rekz2, y52L Im kz2, kzn5(kn
22k'

2 )1/2, Im kzn > 0, n51 and 2,
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da~k' ,v!511Ra
~1,2!~k' ,v!Ra

~2,3!~k' ,v!exp~ i2Lkz2!,
~11!

Ta
~2!~k' ,v!5

Ta
~1,2!~k' ,v!Ta

~2,3!~k' ,v!

da~k' ,v!
exp~ iLkz2!

~12!

is the transmission coefficient of a plane electromagn
a-polarized wave through the layer, whereTa

(n,m)(k' ,v)
511Ra

(n,m)(k' ,v), R a
(n,m)(k' ,v)5uRa

(n,m)(k' ,v)u2 (n,m
51,2,3,nÞm),

Ra
~n,m!52

11r a
~m,n!~k' ,v!

12r a
~m,n!~k' ,v!

, ~13!

Ga
~n,m!~k' ,v!512R a

~n,m!~k' ,v!. ~14!

If the nth medium is transparent, the quantiti
R a

(n,m)(k' ,v) and Ra
(n,m)(k' ,v) have the meaning of the

energy and the amplitude Fresnel reflection coefficients fr
themth medium of homogeneous~for k',kn) or inhomoge-
neous~for k'.kn) plane electromagnetica-polarized waves
incident on it from the adjacent transparent half-space w
the dielectric permittivity«n : the quantityRa

(n,m)(k' ,v) is
the ratio of the tangential electric components of reflec
and incident electromagnetic waves; andTa

(n,m)(k' ,v) and
Ga

(n,m)(k' ,v) are, respectively, the Fresnel transmission a
absorption coefficients of themth semibounded medium of
plane electromagnetica-polarized wave incident on this me
dium from a transparent semibounded medium with the
electric permittivity«n .

As it follows from Eqs. ~9!–~11!, the quantities
Ga

(n)(k' ,v) that determine the absorbing properties of t
inhomogeneous radiating system under consideration
completely defined by the quantitiesr a

(n,m)(k' ,v), which
can be presented as
ic

m

h

d

d
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re

r a
~n,m!~k' ,v!52

Za
~n!~k' ,v!

Za
~m!~k' ,v!

, n,m51,2,3, ~15!

whereZa
(n)(k' ,v) is the surface impedance of thenth me-

dium for fields witha polarization. For the system at han
these quantities are@15,26#

r s
~2,1!~k' ,v!52

kz1

kz2
, r p

~2,1!~k' ,v!52
«1

«2

kz2

kz1
, ~16!

r s
~3,n!~k' ,v!52

i

p

c2kzn

v2 E
2`

`

dkz

exp~ ikzz!

DT~k,v!
, ~17!

r p
~3,n!~k' ,v!52

i

p

«n

kzn
E

2`

`

dkzF k'
2

«L~k,v!
1

kz
2

DT~k,v!
G

3
exp~ ikzz!

k2
, ~18!

wheren51, 2,

DT~k,v!5«T~k,v!2
c2k2

v2
, ~19!

and«L,T(k,v) are the longitudinal and transverse dielect
permittivities of an unbounded plasma:

«L,T~k,v!5«014p (
a5p,s

kL,T
s ~k,v!. ~20!

«0[«0(v) is the dielectric permittivity of the backgroun
~the dielectric permittivity of the medium in which fre
charged particles are placed in the case of a gaseous pl
or the dielectric permittivity of the lattice in the case of
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solid-state plasma!, kL,T
s (k,v) are the longitudinal and trans

verse electric susceptibility of free charged particles of s
ciess @9,10#, and

kL
s~k,v!5

1

4p

vps
2

k2v
E

2`

`

dvW
~kWvW !2

• ] f 0s~v !/]v

v2kWvW 1 ins

,

~21!

kT
s~k,v!5

1

8p

vps
2

k2v
E

2`

`

dvW
@kWvW #2

• ] f 0s~v !/]v

v2kWvW 1 ins

.

-
vps5(4pes

2n0s /ms)1/2, es , ms , n0s , and f 0s(v) are the
plasma frequency, charge, mass~or effective mass in a cas
of a degenerate plasma!, mean density, and unperturbed di
tribution function that is assumed to be isotropic for charg
particles of speciess, andns is the effective collision fre-
quency of charged particles of speciess with neutral par-
ticles ~the simplest relaxation model is used here for desc
ing collisions of charged particles with neutral particles!.

The quantitiesTa
eff(k' ,v) have the meaning of the effec

tive temperatures for the polarizationa and are defined as
diating
spectra
in any

ux
external
ero-point

itely
exp@\v/Ts
eff~k' ,v!21#2152S 2c

v D 2 1

Re„kz2
21r s

~3,2!~k' ,v!…
(

b5s,m
@exp(\v/Tb21!] 21

3E
2`

`

dkz

Im kT
s~k' ,v!

uDT~k,v!u2
,

~22!

exp@\v/Tp
eff(k' ,v)21#2152

4«2

Re@kz2r p
~3,2!~k' ,v!#

(
b5s,m

@exp(\v/Tb21!#21E
2`

`

dkz

1

k2

3F k'
2 Im kL

s~k' ,v!

u«L~k' ,v!u2
1

kz
2 Im kT

s~k' ,v!

uDT~k,v!u2 G ,

where, for the sake of the uniform representation of the relations, we introduce the notationkL,T
m (k' ,v); however, for a

subsystem of bound charged particles~the background! that enters into the plasma medium and has the temperatureTm , only
the frequency dispersion is taken into account, i.e.,kL,T

m (k' ,v)[km(v)5„«0(v)21…/4p.
It is worth noting that the introduction of external random sources of radiation only in the region occupied by the ra

system@2,3# leads to the appearance of the component of the energy flux of the zero-point oscillations of the field in the
of heated bodies, which then is discarded by assuming that the energy flux of the zero-point oscillations of the field
direction is suppressed by the opposing flux. Since expression~3! for the spectral energy density of the thermal radiation fl
does not contain a term connected with the zero-point oscillations of the field, this means that the introduction of
random sources in the whole of space automatically ensures the compensation of opposing energy fluxes of the z
oscillations of the field.

If the proper thermal field of the external~the first! medium is regarded as the radiation field generated by some infin
far sources@2,22#, then we can present the spectral energy density of the thermal radiation flux~3! as a superposition of two
one-sided fluxes directed in mutually opposite directions

P~v,T1 ,T2 ,T !5Pu~v,T1 ,T2 ,T!1Pd~v,T1! ~23!

away from thez5L boundary (Pu) and toward it (Pd), equal to

Pu~v,T1 ,T2 ,T!5E
u<p/2

dV cosu I u
„v,u,T1 ,T2 ,Tp

eff~k' ,v!,Ts
eff~k' ,v!…, ~24!

Pd~v,T1!5pI 0~v,T1!, ~25!
where

I u
„v,u,T1 ,T2 ,Tp

eff~k' ,v!,Ts
eff~k' ,v!…

5 (
a5p,s

I a
u
„v,u,T1 ,T2 ,Ta

eff~k' ,v!…, ~26!
I a
u
„v,u,T1 ,T2 ,Ta

eff~k' ,v!…

5I a
~2!~v,u,T2!1I a

~3!
„v,u,Ta

eff~k' ,v!…

1 1
2 I 0~v,T1!Ra~k' ,v! ~27!

is the thermal radiation intensity for the polarizationa of the
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one-sided energy flux directed away from thez5L boundary
into the unit solid angledV, and I a

(2)(v,u,T2) and
I a

(3)
„v,u,Ta

eff(k' ,v)… are, respectively, the thermal radiatio
intensities for the polarizationa of the second and third me
dia into the externalz.L medium; moreover, the expres
sions for them are defined by the Kirchhoff law for eve
independent polarization

I a
~2!~v,u,T2!5 1

2 I 0~v,T2!Ga
~2!~k' ,v!, ~28!

I a
~3!
„v,u,Ta

eff~k' ,v!…5
1

2
I 0„v,Ta

eff~k' ,v!…Ga
~3!~k' ,v!,

~29!

and the absorption coefficientsGa
(2)(k' ,v) andGa

(3)(k' ,v)
are defined by Eqs.~9! and ~10! obtained with regard to the
influence of inhomogeneity of the radiatingz,L system on
the absorption properties of each of its homogeneous c
ponents.

HereRa(k' ,v)5uRa(k' ,v)u2, where

Ra~k' ,v!5
Ra

~1,2!~k' ,v!1Ra
~2,3!~k' ,v!exp~ i2Lkz2!

da~k' ,v!
~30!

is the reflection coefficient of a plane electromagne
a-polarized wave from the piecewise homogeneous sys
(z,L) under consideration.

Equations~24!, ~26!, and ~27! generalize the classica
Kirchhoff law in the Levin-Rytov form for the energy flux
density of the thermal radiation of a uniformly heated bo
to the case of a radiating system consisting of two differen
heated media, and account for the contribution of the pro
thermal field of the external medium to the one-sided ther
radiation flux. The first two terms in Eq.~27! correspond to
the radiation of the piecewise homogeneous systemz
,L), and the last describes the thermal radiation of the
ternal medium into the solid angledV.

The presentation of the thermal radiation intensity@Eqs.
~26!–~29!# in the form of the Kirchhoff law that connects th
radiating and absorbing abilities of the body allows us,
some cases, to make quantitative conclusions about fea
of the radiation spectra, without recourse to numerical ca
lations, by using only the well-known results of the theory
the propagation of electromagnetic waves. For example,
particular case of the transparent second medium (Im«2
50), the radiation of the homogeneous system is indep
dent of the temperatureT2 of this medium. Indeed, if the
dissipation of the medium is absent, electromagnetic wa
are not absorbed by it@Ga

(2)(k' ,v)50 for any thickness of
the layer#. For the quantities that define the contribution
the second medium to the thermal radiation intensity spe
of the inhomogeneous system (z,L), it yields
I a(v,u,T1 ,T2)50 and I a

(2)(v,u,T2)50. Therefore, the
thermal radiation intensities of two-@Eq. ~4!# and one-sided
@Eq. ~27!# energy fluxes of a semibounded body separated
a transparent layer from the external medium have the s
form as the corresponding quantities@21,22# found for a
semibounded system without a transparent layer. This me
that the presence of a transparent dielectric layer has an
fect only on the absorption properties of the semiboun
-
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medium due to multiple reflections of electromagnetic wav
from thez50 andz5L boundaries.

B. Isothermal plasma

In the case of an isothermal plasma (Ts ,Tm5T3), the
effective temperatures forp- and s-polarized fields are the
same:Tp

eff(k' ,v)5Ts
eff(k' ,v)[T3 . For this reason, there i

no need for dividing the thermal radiation flux into comp
nents corresponding to the independent polarizations.
expressions for the thermal radiation intensities of two-@Eq.
~4!# and one-sided@Eq. ~27!# fluxes are simplified to the
forms

I ~v,u,T1 ,T2 ,T3!5 (
n52

3

I ~v,u,T1 ,Tn!, ~31!

I u~v,u,T1 ,T2 ,T3!5 (
n52

3

I ~v,u,Tn!1I 0~v,T1!R~k' ,v!,

~32!

where

I ~v,u,T1 ,Tn!5 (
a5p,s

I a~v,u,T1 ,Tn!

5@ I 0~v,Tn!2I 0~v,T1!#G~n!~k' ,v!,

~33!

I ~v,u,Tn!5 (
a5p,s

I a~v,u,Tn!

5I 0~v,Tn!G~n!~k' ,v!, ~34!

G~n!~k' ,v!5 1
2 (

a5p,s
Ga

~n!~k' ,v! ~35!

comprise the absorption coefficient of a plane unpolariz
wave by thenth medium that is a part of the inhomogeneo
z,L system, and

R~k' ,v!5 1
2 (

a5p,s
Ra~k' ,v! ~36!

is the energy reflection coefficient of a plane unpolariz
wave from the piecewise homogeneousz,L system.

By introducing external random sources of the fluctuat
electromagnetic field into the whole of space, on the basi
direct calculations, we obtained the representation of
thermal radiation intensity of the one-sided flux as the Kirc
hoff law in the Levin-Rytov form@Eqs. ~27! and ~32! for a
nonisothermal and isothermal plasma, respectively# in the
case of an inhomogeneous system consisting of two ho
geneous media. Since every term in Eqs.~27! and ~32! de-
scribes the thermal radiation of a separate homogeneous
dium that is a part of the inhomogeneous system un
consideration, and is determined by the Kirchhoff law w
the temperature of this medium, we can assume that
more general case, when the transition layer between
plasma and external media is inhomogeneous and can
simulated by an arbitrary numberN of homogeneous layers
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each being determined by its temperatureTn and dielectric
permittivity «n(v), the expression for the thermal radiatio
intensities of two- and one-sided fluxes hold the forms si
lar to Eqs.~31! and~32! @or Eqs.~5! and~27! in the case on
nonisothermal plasma#, namely,

I ~v,u,T1 ,T2 , . . . ,TN11 ,TN12!

5 (
n52

N12

I ~v,u,T1 ,Tn!, ~37!

I u~v,u,T1 ,T2 , . . . ,TN11 ,TN12!

5 (
n52

N12

I ~v,u,Tn!1I 0~v,T1!R~k' ,v!. ~38!

The summation in Eqs.~37! and~38! extends over all media
of the transition layer (n52,3, . . . ,N11) and the plasma
(n5N12) and quantitiesI (v,u,T1 ,Tn) and I (v,u,Tn) are
defined by laws~33! and ~34!, whereGa

(n)(k' ,v) is the ab-
sorption coefficient of an unpolarized wave by thenth me-
dium that is a part of the inhomogeneousz,L system at
hand, andR(k' ,v) is the energy reflection coefficient of a
unpolarized wave from thez5L boundary. In addition, it
seems possible to assume that representations~37! and ~38!
for the thermal radiation intensity are valid in the case of
simulation of the transition region by an arbitrary number
inhomogeneous layers~with constant temperatures! without
defining concretely the character of inhomogeneity with
each of the layers.

It follows from this that in a particular case of a transpa
ent mth medium (2<m<N11) of the transition layer, the
thermal radiation intensities of two- and one-sided fluxes
independent ofTm , due to the absence of radiation inten
ties corresponding to themth medium: I (v,u,T1 ,Tm)50
and I (v,u,Tm)50.

C. Uniformly heated medium

In the case of a uniformly heated (T25T3[T) z,L sys-
tem, Eqs.~31! and ~32! are reduced to the forms

I ~v,u,T1 ,T!5@ I 0~v,T!2I 0~v,T1!#G~k' ,v!, ~39!

I u~v,u,T1 ,T!5I 0~v,T!G~k' ,v!1I 0~v,T1!R~k' ,v!,
~40!

where G(k' ,v)5(n52
3 G (n)(k' ,v)512R(k' ,v) is the

absorption coefficient of an unpolarized wave by the inh
mogeneous semibounded system.

The first term in Eqs.~39! and ~40! corresponds to the
thermal radiation intensity of the piecewise homogenouz
,L medium with the temperatureT into the external region
It is a form of representation of the thermal radiation inte
sity when the dielectric properties of the radiating system
hand have an effect only on the absorption coefficie
G(k' ,v) that corresponds to the classical Kirchhoff law.

In the case of an inhomogeneous system, Eqs.~39! and
~40! have the same form as the expressions for the ther
radiation intensities of two- and one-sided fluxes in the c
of a homogeneous half-space@22#, and differ from the last
only by a specific form of the absorption@G(k' ,v)# and
i-

e
f

-

e

-

-
t
s

al
e

reflection@R(k' ,v)# coefficients. By assuming the validit
of representations~37! and ~38! for the thermal radiation
intensities of an inhomogeneous system consisting of an
bitrary number of variously heated media, we obtain t
same relations@Eqs. ~39! and ~40!# „with the corresponding
absorption @G(k' ,v)5(n52

N12Ga
(n)(k' ,v)512R(k' ,v)#

and reflection@R(k' ,v)# coefficients… for the thermal radia-
tion intensities of two- and one-sided fluxes in the case of
arbitrary inhomogeneous body with the temperatureT. The
same representation of the thermal radiation intensities
inhomogeneous and homogeneous systems seems to be
natural because, by virtue of the Kirchhoff law, the ratio
the radiating power of a body to its absorption ability d
pends neither on the properties of the body nor on its co
position and form.

For the quasiclassical approximation (\v!T,T1), Eqs.
~39! and ~40! are reduced to the forms

I ~v,u,T1 ,T!5I 0~v,T2T1!G~k' ,v!, ~41!

I u~v,u,T1 ,T!5I 0~v,T!H G~k' ,v!1
T1

T
R~k' ,v!J ,

~42!

where

I 0~v,T!5
v2«1

4p3c2
T ~43!

is the radiation intensity of a blackbody with the temperatu
T, defined within the framework of the classical approxim
tion.

As seen from Eq.~41!, the intensity of heat transfer be
tween the transparent external and inhomogeneous med
defined by the same expression as the expression for
thermal intensity radiation of a uniformly heated system co
sisting of a semibounded plasma and a homogeneous tr
tion layer into the external cold medium, if in the last expre
sion we substituteT2T1 for T. This allows us to use directly
the results @16# concerning the radiation of piecewise
homogeneous media relative to problems on heat tran
between homogeneous and inhomogeneous media, prov
that the temperature of the radiating system is measured f
the temperature of the external medium. Equations~38!,
~40!, and~42! for the thermal radiation intensity of the one
sided flux generalize the results for a semibounded pla
@13# and for a plasma with a coating@16# to the case where
the proper thermal field of the transparent external medium
taken into account.

Let us study the role of the proper thermal field of t
external medium in the total flux. This may be useful f
analyzing the experimental data which are used for eval
ing the temperature of the radiating body, as well as conc
sions about the composition and properties of the plas
systems. It is clear that an account of the proper thermal fi
of the external medium may be significant if the tempe
tures of the external and radiating media are of the sa
order. At the same time, even in the case of media w
significantly different temperatures, neglect of the contrib
tion of the radiation of the external medium may consid
ably affect the results. This is most simply seen from E
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~42!. Indeed, in the case of slightly absorbing media,
cannot ignore the second term in Eq.~42! despite the fact
that T1 /T!1. In addition, if the condition

T1

T
@

G~k' ,v!

R~k' ,v!
~44!

is satisfied, the one-sided radiation flux is, mainly, defined
the radiation of the external medium, i.e.,

I u~v,u,T1 ,T!'I 0~v,T1!. ~45!

To evaluate the possibility of the realization of conditio
~44!, here we consider the simplest case corresponding to
radiation of a homogeneous electron semibounded pla
without a transition layer disregarding the spatial dispers
of the plasma. In this case,

«~v!5«02
vpe

2

v~v1 ine!
. ~46!

For frequencies lower than the cutoff frequencyvcut
5vpe /(«02«1sin2u)1/2 («0 is assumed to be real!, the value
of R(k' ,v) is close to unity. In the frequency rangene
!v!vcut, when the condition u«1sin2u2Re«(v)u
@Im «(v) is valid, condition~44! is reduced to the form

T1

T
@

Y

~X1sin2u!1/2

cosu

X11

3 sin2u1~11cos2u!X

sin2u1X cos2u
, ~47!

where X5sgn(vpe /«0
1/22v)uRe«(v)u/«1 , and Y

5Im «(v)/«1 .
For frequencies lower thanvpe /«0

1/2 at X@1, Eq.~47! has
the form

T1

T
@

Y

X1/2

~11cos2u!cosu

sin2u1X cos2 u
. ~48!

For angles when tanu!X1/2, we obtain a simple criterion fo
the temperatures and the plasma parameters

T1

T
@S cosu1

1

cosu D ne

vpe
«1

1/2. ~49!

As an example, we consider the radiation of a se
bounded gaseous plasma with the temperatureT5104 K into
the external medium at room temperatureT15300 K. If the
radiation is recorded along the normal to the plasma bou
ary, at «151, condition ~49! holds atne /vpe!0.015. For
typical values of the ratione /vpe equal to 1023 for a gas-
eous plasma, we have that, atu50, the radiation of the
plasma accounts only about 6% of the total radiation int
sity of the measured one-sided flux.

At angles when tanu@X1/2 ~angles which are close to th
grazing angle of a wave!, condition ~47! can be written as
follows:

T1

T
@

cosu

«1
1/2

ne

vpe
S vpe

v D 2

. ~50!
e

y

he
a

n

i-

d-

-

In the low-frequency rangev!ne , for angles cosu
@Y21/2, the criterion for the temperatures

T1

T
@S cosu1

1

cosu D ne

vpe
S 2«1

v

ne
D 1/2

~51!

turns out to be weaker than Eq.~49!. Therefore, as the fre
quency decreases, the contribution of the plasma radiatio
the total one-sided thermal radiation flux reduces. In parti
lar, for the case at hand, it is less than 1% of the one-si
thermal radiation flux. In the case of well conducting meta
criteria ~47!–~51! can be more easily realized and, hence,
thermal radiation of the external medium is dominant in t
one-sided thermal radiation flux.

D. Transparent transition layer

In the case of a transparent layer, the thermal radia
intensity is defined by the temperatures of external a
plasma (T3[T) media, and, in accordance with Eqs.~32!
and~34!, the thermal radiation intensity of the one-sided fl
for the polarizationa has the form

I a
u~v,u,T1 ,T!5 1

2 I 0~v,T!Ga~k' ,v!

1 1
2 I 0~v,T1!Ra~k' ,v!, ~52!

where Ga(k' ,v)512Ra(k' ,v) is the absorption coeffi-
cient of a planea-polarized electromagnetic wave by th
inhomogeneous semibounded system.

Let us turn our attention to the behavior of the ener
reflection coefficientRa(k' ,v) that determines the therma
radiation spectra of the system under consideration. S
k'5k1sinu < k1, the quantity kz25(k2

22k'
2 )1/25k0(«2

2«1sin2u)1/2 is either real@for any angleu in the case where
«2.«1 or atu,ucut, whereucut5arcsin(«2 /«1)

1/2 is the total
internal reflection angle if«2,«1# or imaginary~at u.ucut if
«2,«1). We consider the case when the quantitykz2 is real,
which corresponds to homogeneous waves propagatin
the layer. It follows from definition~30! of the quantity
Ra(k' ,v) that in the case where the double thickness of
layer is greater than the wavelength in it,l25l0 /«2

1/2 (l0

52pc/v is the wavelength in a vacuum!, for fixed values of
the thickness of the layer and the wavelength of the incid
wave, there existN5@2L̃#.1, whereL̃5L/l2 is the nor-
malized thickness of the layer and@a# is the integer part of
the numbera, values of the quantityk' for which the layer
enlightening occurs:

Ra~k'n ,v!5Ra
~1,3!~k'n ,v!, n51,2, . . . ,N. ~53!

The quantitiesk'n5k2„12(n/2L̃)2
…

1/2 are determined in
such a way that the optical wavelength in the layer (L̃p) is
equal to an integer of half-waves in it,

2L̃p5n, n51,2, . . . ,N, ~54!

wherep5„12(k' /k2)2
…

1/2.
Therefore, regardless of polarization, when an elec

magnetic wave of a given frequency reflects from a transp
ent layer whose thickness is greater than a half-wavelen
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in it, there existN incident anglesun (u1.u2.•••.uN and
u1,ucut[u0) in the case where«1.«2 ,

un5arcsinX«2

«1
S 12S n

2L̃
D 2D C1/2

, n51,2, . . . ,N,

~55!

for which the layer enlightening occurs. In the case wh
«1,«2 , the conditionk',k1 decreases the number of the
angles, becausen can take on only the valuesn5M ,M
11, . . . ,N, whereM is the minimum integer that exceed
the quantity 2L̃(12«1 /«2)1/2.

Note that for p-polarized waves, there exists on
more incident angle@uB

(1,2)5arctan(«2 /«1)
1/2 is the Brewster

angle# for which the presence of a dielectric layer
any thickness has no effect on the energy reflection co
cient. At u5uB

1/2, Rp(uB
(1,2) ,v)5R p

(1,3)(uB
(1,2) ,v), whereas

Rp(uB
(1,2) ,v)5Rp

(1,3)(uB
(1,2) ,v)exp„i4pL̃(«11«2)1/2

….
Thus the reflection coefficientRa(k' ,v) of an electro-

magnetic wave from a transparent layer is an oscillat
th
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function of the angle of incidence which coincides with t
quantityRa

(1,3)(k' ,v) at the enlightening angles of the laye
un . As a result, the angular dependence of the thermal ra
tion intensity of the system under consideration also has
oscillating behavior.

As the thickness of the layer grows, the number of ha
waves which are present along the thickness of the la
increases. This leads to an increase in the number of osc
tions of the reflection coefficient. For this reason, in the c
of very thick layers, the quantitiesRa(k' ,v) and
I a

u(v,u,T1 ,T) turn out to be fast-oscillating functions of th
angleu. Since measurement equipment does not record
exact value of thermal radiation flux at a specified value
the angleu but a certain value of the flux averaged ov
some interval of anglesDu in the vicinity of the angleu, in
the case where the thermal intensity has many oscillati
within the interval Du, we should average the quantit
Ra(k' ,v) over the interval of anglesDu. In the limit of an
infinitely thick transparent layer (L→`), the result of aver-
aging atk',min(k1,k2) is the following:
lim
L→`

Ra~k' ,v!5
Ga

~1,2!~k' ,v!1Ga
~2,3!~k' ,v!22Ga

~1,2!~k' ,v!Ga
~2,3!~k' ,v!

Ga
~1,2!~k' ,v!1Ga

~2,3!~k' ,v!2Ga
~1,2!~k' ,v!Ga

~2,3!~k' ,v!
. ~56!
ef-
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In a particular case of the same media adjacent to
layer @in this case, all media are transparent a
R a

(1,2)(k' ,v)5R a
(2,3)(k' ,v)[R a

(1,2)(u)#, Eq. ~56! for the
energy reflection coefficient of an electromagnetic wa
from an infinitely thick transparent layer is reduced to t
form

lim
L→`

Ra~k' ,v!5
2Ra

~1,2!~u!

11R a
~1,2!~u!

. ~57!

SinceR a
(1,2)(u)<1, by virtue of Eq.~57!, an account of

the infinitely distant second boundary leads to a natural
crease in the energy reflection coefficient of electromagn
waves as compared with the energy reflection coefficien
electromagnetic waves from a semibounded med
R a

(1,2)(u). The ratio of the energy reflection coefficient
electromagnetic waves from an infinitely thick transpar
layer to that in the case of a semibounded system does
exceed 2 and the specific value of the ratio is defined by
angle of incidence and the ratio of dielectric permittivities
the adjacent media.

As an illustration, in Figs. 2 and 3, the oscillating beha
ior of the angular dependence of the energy reflection c
ficientRa of the electromagnetic wave from the transpar
dielectric layer incident on it from a vacuum («151) ~curves
2! is shown for the simplest case corresponding to a tra
parent dielectric base («3 is the dielectric permittivity of the
base!. Here we also present the angular dependences o
energy reflection coefficients from the semibounded die
tric mediumR a

(1,3)(u) ~curves 1! and from the infinitely
e
d

e
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f
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ot
e

f

-
f-
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thick layer ~dashed curves! calculated by Eq.~56!. For the
given thickness of the layerL/l0510, for both polariza-
tions, there exist eight@for «2,«3 ~Fig. 2, N528 andM
521)# or three @for «2.«3 ~Fig. 3, N563 and M561)#
enlightening angles of the layer at which the reflection co
ficients from the layer reach their local extremal values eq
to the values of the reflection coefficient from the base wi
out a coating. These figures visually illustrate well-know
theoretical conclusions@27# about the influence of the dielec
tric coating on the reflection coefficients of electromagne
waves in the case of a transparent base at«151;that is, for
any angle of incidence a one-layer coating may only
crease at«2,«3 @Fig. 2~a!#, or increase at«2.«3 @Fig. 3~a!#,
the reflection coefficient ofs-polarized waves, whereas in th
case ofp-polarized waves@Figs. 2~b! and 3~b!# the same
influence of the coating takes place only for angles less t
the Brewster angleuB . In the interval of anglesuB

(1,2),u
,p/2, the presence of the coating gives the opposite eff
that is, it leads to an increase at«2,«3 @Fig. 2~b!# or a
decrease at«2.«3 @Fig. 3~b!# in the reflection coefficient of
p-polarized waves, while if the angle of incidence is equal
the Brewster angle, the energy reflection coefficient ofp-
polarized waves is independent of the thickness of the la
The last case corresponds to the intersection of a das
curve with curves 1 and 2 at a pointu5uB

(1,2) @uB
(1,2)

'54.7° in Fig. 2~b!, anduB
(1,2)'72.5° in Fig. 3~b!#. Note that

in the case of a transparent base, if the condit
«2«3 /„«1(«21«3)…,1 is valid for p-polarized waves, there
exists one more enlightening angle. This angle is indep
dent of the thickness of the layer, and equal to the Brew
angle @27# uB

(2,3)5arcsin@«2«3 /„«1(«21«3)…#1/2, which is
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greater~at «3.«1) or smaller~at «3,«1) thanuB
(1,2) . How-

ever, for the values of the dielectric permittivities given
the present work, this case cannot be realized beca
«2«3 /„«1(«21«3)….1.

FIG. 2. Angular distributions of the energy reflection coef
cients of planes- ~a! and p-polarized ~b! electromagnetic waves
from the dielectric layer atL50 ~1!, L510l0 ~2!, and L5`
~dashed curves!; «151, «252, and«3510.

FIG. 3. Angular distributions of the energy reflection coef
cients of planes- ~a! and p-polarized ~b! electromagnetic waves
from the dielectric layer atL50 ~1!, L510l0 , andL5` ~dashed
curves!; «151, «2510, and«352.
se

III. NUMERICAL ANALYSIS OF THERMAL RADIATION
SPECTRA OF A SEMIBOUNDED PLASMA

WITH A TRANSPARENT COATING

We can study the influence of the temperature, the die
tric properties of the media, the plasma parameters, and
thickness of the transparent layer on angular and freque
distributions of the thermal radiation intensity of the on
sided energy flux, on the basis of the numerical analy
which can be carried out by using the general relations~27!–
~30! or ~32! and~34!–~36! for nonisothermal and isotherma
plasma, respectively. For the sake of simplicity, in t
present work, we restrict ourselves below, mainly, to stu
ing the thermal radiation spectra of a gaseous plasma~except
for Fig. 9!, without regard to the spatial dispersion of th
plasma@the dielectric properties of the plasma is describ
by the well-known relation~46! at «051, which corresponds
to the cold plasma approximation@10## that is separated by a
homogeneous dielectric layer from the external mediu
Since, as shown above, the presence of a transparent di
tric coating is reduced to a simple change in the Fres
reflection coefficients in the radiation spectra due to multi
reflections of waves radiated by the plasma and the exte
medium, for the radiation spectra we use a more simple
lation @Eq. ~52!# given at Im«250.

We consider the thermal radiation of a plasma with t
parametersT5104 K, n0e51012 cm3, and ne /vpe51023

@except for Fig. 4~a!, where the frequency spectra of the r
diation intensity are given for various ratiosne /vpe#, which
are typical of a gas-discharge plasma of low pressure@28#
into the external medium («151) which is kept at room
temperatureT1520 °C. The significant difference betwee
the temperatures of the plasma and the external medium
lows us to illustrate clearly the necessity of an account of
proper thermal field of the external media even under
condition T1!T. The solid curves in Figs. 4–8 correspon
to the thermal radiation intensityI u of the one-sided energy
flux that involves the radiation of both the plasma and
external medium. The radiation intensityI u is normalized to
the radiation intensity of a blackbodyI 0(v,T) ~in the case of
radiation along the normal, Figs. 4 and 7! with the tempera-
ture of the plasma or to the radiation intensity of a blackbo
for a single polarizationI 0(v,T)/2 ~Figs. 5, 6, and 8! if the
radiation is recorded separately for each of the polarizatio
For comparison, in the figures we give the normalized dis
butions of the radiation intensity in the case of the cold e

FIG. 4. Frequency spectrum of the normalized thermal radia
intensity of the one-sided energy flux atne /vpe51023 ~1! and
ne /vpe51022 ~2!; u50.
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ternal medium (T150 K, dashed curves!, which describe the
plasma thermal radiation and, according to the Kirchh
law, coincide with the absorption coefficientGa

(3) of a plane
a-polarized wave by a plasma half-space without~Figs. 4–6!
and with ~Figs. 7 and 8! a coating incident upon the syste
under investigation from the external medium at an an
equal to the angle of radiation. A study of the absorpt
coefficients of electromagnetic waves by plasma and plas

FIG. 5. Frequency spectrum of the normalized thermal radia
intensity of the one-sideds- ~a! andp-polarized~b! energy flux at
u5p/6 ~1! andu5p/3 ~2!.

FIG. 6. Angular distribution of the normalized thermal radiati
intensity of the one-sideds- ~a! andp-polarized~b! energy flux at
v/vpe50.5 ~1! andv/vpe51.5 ~2!.
f

e
n
a-

like systems is of interest in its own right due to its numero
applications. In the case of a semibounded plasma, the
quency and angular distributions of the absorption coe
cients were studied in detail~see, for example, Refs.@29–34#
and references cited therein!. Similar investigations, and the
numerical analysis of these quantities carried out with reg
to the spatial dispersion of the plasma system@14,35–38#,
showed that the absorption coefficients of electromagn
waves depended significantly on the mechanism of inte
tion of charged plasma particles with the boundary surfa

First let us consider, in greater detail, the behavior
frequency~Figs. 4 and 5! and angular~Fig. 6! distributions
of the thermal radiation intensities of the one-sided ene
flux in the absence of a coating (L50). When radiating
along the normal to the boundary~Fig. 4!, the normalized
radiation intensity is, in fact, constant at frequencies low
than the plasma frequency. Forne /vpe51023 ~curve 1!, a

n

FIG. 7. Frequency distributions of the normalized thermal rad
tion intensity of the one-sided energy flux in the case of the pr
ence of a transparent dielectric coating forL50 ~1!, L50.1 cm~2!,

andL51 cm ~3!; u50.

FIG. 8. Frequency distributions of the normalized thermal rad
tion intensity of the one-sideds- ~a! andp-polarized~b! energy flux
in the case of the presence of a transparent dielectric coating
L50 ~1!, L50.1 cm~2!, andL51 cm ~3!; u55p/12.
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constant level of the normalized radiation intensity is w
described by the ratioT1 /T'0.029, which is in good agree
ment with the conclusion of the above-mentioned analyt
investigations of the dominant role of the proper therm
field of the external medium in one-sided thermal radiat
energy flux in the case where estimation~49! is valid. For
frequenciesv,0.8vpe , the thermal radiation intensity o
the plasma~dashed curve 1! accounts for less than 10% o
the total thermal radiation intensity of the one-sided ene
flux. For this reason, neglect of the proper thermal radiat
of the external medium in this frequency range leads to
derestimating~more than by an order! the radiation in the
direction perpendicular to the boundary of both media. T
thermal radiation of the plasma proves to be significant in
one-sided thermal radiation energy flux only near the plas
frequency atv<vpe , and dominates in it at frequenciesv
.vpe . In the last case, the radiation of the plasma into
external region is produced, in fact, by almost all of its v
ume, and not only by a thin subsurface plasma layer that i
the order of the depth of field penetration into the plasma
in the case wherev,vpe . For this reason, at frequencie
v.vpe , the plasma radiates almost like a blackbody.
v.vpe , the proper thermal radiation intensity of the exte
nal medium accounts to less than 3% of the total ther
radiation intensity of the one-sided energy flux, and it m
be neglected. Therefore, in this frequency range, the ther
radiation intensity is quite well described by the results p
sented in Ref.@39#, which correspond to the thermal radi
tion intensity of a semibounded plasma into the external c
medium.

As the collision frequency increases, the dissipation of
plasma system grows. The last process is accompanied b
increase in the plasma radiation. However, atne /vpe
51022, at frequenciesv,0.7vpe , the thermal radiation in-
tensity of the plasma~dashed curve 2 in Fig. 4! does not
exceed the radiation intensity of the external medium. The
fore, in the frequency rangev<vpe , the thermal radiation
intensity of the one-sided energy flux is defined by bo
components~as opposed to the case wherene /vpe51023,
the plasma radiation cannot be neglected!.

In studies of spectral thermal plasma distributions,
problem of the necessity of an account of the spatial disp
sion of the plasma is of special interest. We can make so
quantitative conclusions about the influence of the spa
dispersion of the plasma on the thermal radiation inten
spectra of the one-sided energy flux without recourse to
merical calculations by using the results of Ref.@38#, accord-
ing to which, atn/vpe>1022, the collision mechanism o
generation of waves in a plasma is dominant. This fact,
gether with the numerical results obtained in the pres
work, allows us to conclude that, at least at plasma temp
tures lower than 104 K, an account of the spatial dispersio
of the plasma has a slight influence on the thermal radia
intensity of the one-sided energy flux over all frequen
ranges: for small values of the dissipation, when the spa
dispersion is significant, the level of the thermal radiation
the plasma is much lower than the level of the proper ther
radiation of the external medium; however, for values of
dissipation when the radiation intensity of the plasma and
external medium have the same order, we can ignore
l
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collisionless mechanism of generation of radiation in t
plasma.

For the nonzero recording angle of radiationu, at fre-
quencies lower than the cutoff frequencyvcut5vpe /cosu,
the behavior of the thermal radiation intensity of the plas
~dashed curves! is different fors @Fig. 5~a!# andp polariza-
tions @Fig. 5~b!#; that is, as the angleu grows, the thermal
radiation intensity of the plasma decreases fors-polarized
waves and increases forp-polarized waves. However, atv
,vcut, even thep-polarized thermal radiation intensity o
the plasma accounts for not more than 12% of the total
diation intensity of the one-sided flux. As a result, thes- and
p-polarized thermal radiation intensities of the one-sided
ergy flux differ only near the cutoff frequency: the mo
distinct difference between the intensities is observed
smaller values of the angle of radiation@curves 1 in Figs.
5~a! and 5~b!#. Outside this frequency range, the normaliz
thermal radiation intensity, just as atu50, is close either to
T1 /T ~for v,vcut) or to unity ~for v.vcut). This behavior
of the thermal radiation intensity of the one-sided energy fl
for both polarizations allows us to extend all conclusio
mentioned above atu50 concerning the dominant contribu
tion of the plasma or the external medium to the therm
radiation intensity of the one-sided energy flux, as well
allowing the possibility to neglect the spatial dispersion
the plasma in the case of arbitrary angles of radiation.

Angular distributions of the normalized thermal radiatio
intensity of the one-sided energy flux presented in Fig
show that, at frequencies lower than the plasma freque
the distributions coincide with each other for both polariz
tions, and are independent of the angle of radiation~lines 1
which are parallel to the abscissa axis!. At v.vpe ~curves
2!, the difference between the polarizations is observed o
in the vicinity of the cutoff angleucut5arcsin(12v2/vpe

2 )1/2

~for the given frequencyv51.5vpe , ucut'48°). Except for
the vicinity of the angleucut, the angular distributions of the
normalized thermal radiation intensity of the one-sided
ergy flux have approximately the form of a double ste
which takes the values 1~plasma radiates like a blackbody!
at u,ucut or T1 /T ~electromagnetic waves, which are inc
dent on the boundary from the plasma, almost totally refle!
at u.ucut.

As the plasma temperature increases, the contributio
the proper thermal radiation of the external medium to
one-sided energy flux decreases, on the one hand, and o
other hand, we observe the growth of plasma radiation du
the Cherenkov mechanism of excitation of transverse~in the
range of the anomalous skin-effect! and longitudinal~in the
frequency range 0.1vpe,v,vcut) electromagnetic fields
At temperatures of the order ofT5105 K, even the thermal
intensity radiation of a cold plasma is comparable with t
ratio T1 /T. This means that for such a system, we must ta
into account contributions of radiations of both the plas
and the external medium to the one-sided energy flux.
such temperatures, and higher temperatures, we must
take the spatial dispersion of the plasma into account. I
worth noting that, in this case, the thermal radiation spec
of a plasma significantly depend on the nature of interact
of charged plasma particles with the boundary surface@14#,
that is, the radiation intensities of a plasma with the diffus
and specular boundaries can differ more than by an orde
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The curves in Figs. 7 and 8 illustrate the influence o
transparent dielectric coating on the frequency distributi
of the thermal radiation intensity for various recordin
angles. As a material of the coating, we take a dielectric w
the dielectric permittivity«251.532, which is typical of a
glass in the optical range. In the frequency range below
cutoff frequency (vcut5vpe at u50 in Fig. 7, andvcut
53.86vpe at u55p/12 in Fig. 8!, the presence of the coa
ing has a noticeable effect only on the level of the plas
radiation. As the coating thickness grows, the difference
tween the radiation intensities of plasma with~dashed curves
2 and 3! and without~dashed curves 1! a coating increases
For small values of the collision frequencyne , we can show
that at frequencies

vn5n
pc

«2
1/2L cosud

[nv1 , ~58!

wheren are positive integers andud is the angle of propaga
tion of an electromagnetic wave in a layer defined by Sne
law «2

1/2sinud5«1
1/2sinu, the radiation intensities of the

plasma with and without a coating coincide. In what follow
for the sake of brevity, frequencies at which the presenc
a dielectric coating has no effect on the radiation spectra
the plasma are called ‘‘enlightening’’ frequencies for t
layer. The frequenciesvn correspond to the well-known en
lightening condition @27,40# ~54!, according to whichL
5nl2 /(2 cosud). Taking into account that the normalize
radiation intensity of the plasma is equal to the absorpt
coefficient of the electromagnetic wave by the plasma s
tem ~in Figs. 4–8, these quantities are shown by das
curves!, for the sake of convenience of comparison with t
known results@27,40# on propagation of electromagnet
waves, in what follows we discuss the absorption coeffici
of electromagnetic waves by the plasma instead of the t
mal radiation intensity of the plasma system. It follows fro
Eq. ~58! that at fixed values of the radiation angle and t
thickness of the layer, in the frequency rangevmin<v
<vmax, there existN5Nmax2Nmin enlightening frequencies
where Ng5@2L cosud /l2

(g)#, l2
(g)52pc/(«2

1/2vg), and g
5min,max. According to calculations carried out for th
given thicknesses of the layer by Eq.~58!, below the cutoff
frequency we have no frequenciesvn at u50, whereas, at
u55p/12, there are two enlightening frequencies (v1
'1.42vpe and v2'2.84vpe) only for a layer 1 cm thick,
and no frequencyvn at L50.1 cm.

However, as seen from Figs. 7 and 8, these conclus
do not agree with the numerical results, because the num
of enlightening frequencies in these figures is greater t
that defined by Eq.~58!, the effect of layer enlightening be
ing observed even in cases where there is no enlighte
frequencyvn . For example, dashed curves 1 and 3 in Fig
which correspond, respectively, to a semibounded plas
without and with a coating 1 cm thick, intersect at the po
v'0.54vpe , whereasv1'1.1vpe.vcut5vpe . For a layer
of thicknessL50.1 cm, the effect of layer enlightening oc
curs also atu55p/12 ~dashed curve 2 in Fig. 8!, though in
this casev1.vcut.

It is also worth noting that, as opposed to a transpar
dielectric base (Im«350 and Re«3.0), in the case of the
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plasma system the reflection coefficientRa at the frequency
v5vn does not reach a local extremum equal to the value
the reflection coefficientR a

(1,3) of the electromagnetic wave
by a semibounded plasma without a coating. Both, these
tors ~oscillations of the absorption coefficient of the plasm
with a coating about the absorption coefficient of the se
bounded plasma, and additional enlightening frequenciesṽn
for a layer! are caused by the condition Re«3,0, and by
dissipation of the plasma system. Unlike the frequenciesvn ,
at which both amplitudes and phases of the Fresnel reflec
coefficients of electromagnetic waves from a semiboun
medium with and without a transparent dielectric coati
coincide, at frequenciesṽn only the equality of amplitudes
of these quantities is valid.

Let us estimate the frequencies ṽn at
Im «3(v)/uRe«3(v)u!1 by restricting ourselves by the sim
plest case ofu50 and the conditionṽn!vpe . In the fre-
quency rangene!v!vpe , where the dissipation of the
plasma system can be neglected, possible enlightening
quenciesṽn are less than the corresponding frequenciesvn
and, atlpe /L,1, they can be defined as follows:

ṽn'vnS 12
lpe

pL D , ~59!

where lpe52pc/vpe . Note that atuÞ0, the enlightening
frequenciesṽn depend on the polarization of an electroma
netic wave, whereas the enlightening frequenciesvn have
the same value for both polarizations. In addition, the nu
ber of enlightening frequenciesṽn for p ands polarizations
is different. As seen from Figs. 8~a! and 8~b!, in the fre-
quency range below the cutoff frequency where the real p
of the dielectric permittivity of the base is negative, for
layer 0.1 cm thick~dashed curves 2 in Fig. 8!, there are two
enlightening frequenciesṽn for the p polarization, and only
oneṽn for thes polarization. AtL51 cm ~dashed curves 3!,
in addition to two enlightening frequenciesvn (v1
51.42vpe andv252.84vpe), which are independent of po
larization, there are, respectively, four and three enlighten
frequenciesṽn for p ands polarizations.

At frequenciesv.vcut, as in the case of a plasma with
out a coating, the one-sided thermal radiation energy flu
defined, mainly, by the radiation of the plasma~in Fig. 7, the
thermal radiation intensities of the one-sided energy flux a
the plasma are, in fact, indistinguishable!.

According to a general conclusion@27,40#, in the case of
transparent media the presence of a coating leads to os
tions of the absorption coefficientGa of an electromagnetic
wave by the base which, at«2.«3 , are below the absorption
coefficientGa

(1,3) of a semibounded medium without a coa
ing, and which reach its level only atv5vn . In the fre-
quency rangev.vcut, this conclusion is clearly confirmed
by curves 1 and 3 in Fig. 8, corresponding, respectively
the absorption coefficient of a semibounded plasma, with
without a transparent dielectric coating. However, a m
detailed numerical analysis shows that at the frequencyv
5vn , the absorption coefficient does not reach its lo
maximum value, and that there exists a very narrow f
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quency rangevn,v,ṽn where a plasma with a coatin
absorbs electromagnetic waves greater than the plasma
out a coating; however atv5vn andv5ṽn , the presence
of a dielectric coating has no effect on the absorption co
ficient. As in the casev,vcut, at v5vn , there is a coinci-
dence of both amplitudes and phases of the Fresnel refle
coefficients of electromagnetic waves of a plasma with a
without a coating; however atv5ṽn , only the amplitudes
coincide. While atv,vcut, in the case of a small dissipatio
of a plasma, the appearance of additional enlightening
quenciesṽn for a layer is caused, mainly, due to the con
tion Re«3,0, in the frequency rangev.vcut, Re«3.0
and frequenciesṽn appear only provided that the dissipatio
of the plasma system is not equal to zero.

For u50, the frequencies ṽn with n
.(2L/lpe)

2(«2 /«0) can be approximated in the followin
way:

ṽn5vnF 11
ne

vpe

8«2
2

p«0n4S L

lpe
D 3 1

«22«01S 2L

lpen
D 2

«2
G .

~60!

As follows from Eq.~60!, the additional enlightening fre
quenciesṽn shift to the right of the corresponding freque
cies vn (ṽn.vn), whereas, atv,vcut, by virtue of Eq.
~59!, there must be another sequence for the enlighten
frequencies, namely,ṽn,vn . The detuning between the fre
quenciesṽn and vn (Dn5ṽn2vn) decreases rapidly with
an increase in the frequency of the incident wave and a
crease in the effective collision frequencyne .

The inequalityṽn.vn also remains valid atuÞ0. Usu-
ally, the detuningDn is very small, and for the given param
eters we cannot see it~curve 3 in Fig. 8! even if the scale of
the abscissa axis is increased by a factor of 1000. Nume
analysis confirms the conclusion about the growth of
detuningDn with an increase in the ratione /vpe .

An account of the frequency dispersion of the base a
leads to a change in the behavior of the angular depend
of the energy reflection coefficientRa of the electromagnetic
wave and, consequently, the thermal radiation intensity
the third medium as compared with those quantities wh
correspond to the transparent base~Figs. 2 and 3!. In the
frequency rangev,vcut, the dissipation of the system dis
turbs the conditionsRa>R a

(1,3) ~for any angleu for s polar-
ization and foru,uB

(1,2) for p polarization! andRp<R p
(1,3)

~at uB
(1,2),u,p/2), which are valid if the dielectric permit

tivity of the base is less than that for the layer@see Figs. 3~a!
and 3~b!#. As a result, at the enlightening anglesun , the
energy reflection coefficientRa(un)5R a

(1,3)(un) is not ex-

tremal, and there appear additional enlightening anglesũn
which depend on the polarization of the incident wave.
oppose to enlightening anglesun , there takes place only a
equality for amplitudes of the reflection coefficients of ele
tromagnetic waves from the layer and the base, whereas
phase of these coefficients are different.

The angular dependences of the energy reflection co
cients of electromagnetic waves incident from a vacu
th-

f-

on
d

e-

g

e-

al
e

o
ce

f
h

s

-
he

fi-

upon a dielectric layer applied to a metallic baseRa ~curves
2! and a semibounded metalR a

(1,3) ~curves 1! given in Fig. 9
can serve as illustrations of the above-mentioned results.
dependences are calculated forl050.5mm, L52 mm, and
«251.522 in the case of a silver base with the paramet
@41# \vpe59.33 eV and\ne50.058 eV, and the typica
value of the dielectric permittivity of the background«0
53.6 in the optical frequency range. The condition Re«0
Þ1 should be taken into account because, for example,
silver, the frequencyvpe predicted by the theory of free
electrons at«51 is significantly greater than the experime
tally obtained value. A shift of the frequency at which th
condition Re«3(v)50 holds to a low-frequency range i
caused by the contribution of bound electrons in Re«3(v). It
should be noted that bound electrons also affect the im
nary part of the dielectric permittivity of a metal. In this cas
the quantity Im«0(v) depends significantly on the fre
quency, which is in agreement with the experimental d
@42# obtained for noble metals. In the present work, we n
glect the dissipation of the background. As in Figs. 2 and
the dashed curve in Fig. 9 corresponds to the energy re
tion coefficients from an infinitely thick transparent dielectr
layer applied to the base calculated by Eq.~56!. For the
given parameters, in addition to three enlightening ang
(u1'56.7°, u2'40.4°, andu3'14.2°), which are the sam
for both polarizations, and the Brewster angle (uB

(1,3)

'56.7°) at whichRp(uB
(1,2))5R p

(1,3)(uB
(1,2)), there are also

three additional enlightening anglesũn whose values are dif-
ferent forp ands polarizations.

IV. CONCLUSIONS

In the present work, we found the thermal radiation sp
tra of a nonisothermal homogeneous semibounded pla

FIG. 9. Angular distributions of the energy reflection coef
cients of planes- ~a! and p-polarized ~b! electromagnetic waves
from the dielectric layer applied to the metallic base forL50 ~1!,
L52 mm ~2!, andL5` ~dashed curves!.
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6478 PRE 58ALEXANDER S. USENKO
into an external medium, taking into account the proper th
mal field of the external medium and the homogeneous t
sition layer between the plasma and external media. The
transfer intensity due to radiation between the inhomo
neous system and the external medium is presented a
sum every term of which describes heat transfer between
external medium and the corresponding medium, which
part of the inhomogeneous system under investigation.
found a one-sided thermal radiation energy flux in the dir
tion away from the inhomogeneous system, the intensity
the flux being presented as the generalization of the clas
Kirchhoff law in the Levin-Rytov form to the case whic
takes into account the different temperatures of the me
which make up the radiating system, nonisothermality of
plasma, and the proper thermal field of the external medi
The representation of the thermal radiation intensity, in
form where the contribution of the proper thermal radiati
of the external medium is given as an isolated term, may
useful for identifying the radiation spectra of heated bod
by using the experimental data.

On the basis of analytical estimations and numerical c
culations carried out in the work, we found conditions wh
l
w,

ic

d

c

d

ys

r.
r-
n-
at
-

the
he
a
e
-
f
al

ia
e
.

e

e
s

l-

the proper thermal field of the external medium makes
significant~and even predominant! contribution to the ther-
mal radiation intensity spectra of the one-side energy fl
We studied in detail the influence of the transparent diel
tric coating on the radiation spectra. The general relati
~31!–~34! for the thermal radiation intensity of two- and on
sided energy fluxes can be used for studying the ther
radiation spectra of not only a gaseous plasma, for whic
numerical analysis was carried out in this work, but of oth
media~for example, well conducting metals! as well. Since
the temperature of these media is, as a rule, significa
lower than the plasma temperature, an account of the pro
thermal field of the external medium may be no less imp
tant than in the case of a gaseous plasma.

It is of interest to generalize the results of this work to t
case of an inhomogeneous transition layer. In particular,
direct calculations, one should be able to prove the valid
of the assumption of representation@Eq. ~38!# for the thermal
radiation intensity of the one-sided energy flux in the form
the generalized Kirchhoff law, in the case of a simulation
the transition layer by an arbitrary number of homogene
~or inhomogeneous! layers with different temperatures.
.
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