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Abstract—This work describes calculational methods and the results of systematic calculations of the
thermodynamic properties, composition, spectral and mean absorption coefficients for air, water, silicon
dioxide and the atmosphere of Mars (0.965 CO,+0.035 N,). The range of the considered temperatures
from 0.1 to 10° eV includes the molecular state of the substances, dissociative gas, low temperature plasma
and multicharge plasma. The selected density range p = 10~°~10-? g cm ™~ includes the most interesting
states for applications. The main mechanisms which determine the absorption coefficients of gases and
plasma (inverse bremsstrahlung; photoionization from the ground and excited states of particles;
photodissociation of molecules ; photoionization from internal particle shells ; electronic—vibrational tran-
sitions in rolecules; line absorption by atoms and ions) were taken into account. Absorption coefficients
were determined for photon energies ¢ = 3 x 1072-10* eV.

1. INTRODUCTION

Knowledge of the thermodynamic and optical proper-
ties of a substance is necessary to solve a number of
problems in the field of radiative hydrodynamics and
plasma dynamics, associated with the investigation of
high-temperature hydrodynamic phenomena, such as
the entry of space vehicles or meteorites into the atmo-
sphere of planets [1], powerful explosions and high-
speed impacts [2, 3], interaction of laser radiation with
materials [4, 5], radiative discharge [6], etc. Because of
this, it is very important to have data banks containing
data on the thermodynamic and optical properties of
gases over a wide range of temperatures, densities and
photon energies. The use of real characteristics allows
one to investigate such phenomena on a quantitative
level, which is essential for the creation of new tech-
nological processes associated with high energy con-
centration. At present such data banks exist for air
[7-12], some metals and dielectrics [13—18], a number
of inert gases [19, 20] and mixtures [21].

The results of systematic calculations of the ther-
modynamic properties, composition, spectral and
average absorpticn coefficients for air, water, silicon
dioxide and the atmosphere of Mars (0.965
CO0,+0.035 N,) are presented in this paper. The range
of temperatures considered, 0.1-10° eV, includes the
molecular state of the substances, dissociative gas,
low temperature plasma and multicharge plasma. The
selected range of densities, & = p/p, = 107°-10" (p,
corresponds to the concentration of particles equal to
Np = 2.687x 10" cm™?), allows one to make cal-
culations in the most widely used Debye approxi-
mation for an equilibrium plasma, and includes the
most interesting states for applications. A wide spec-

tral region and detailed spectral descriptions facilitate
investigation of the problems of radiation transfer
by using the spectral or multigroup approach, and
consideration of the interaction of nonthermal radi-
ation with materials.

The results obtained differ substantially from those
presented in other publications (e.g. ref. [21]) in that
they take into account, firstly, the processes of molec-
ular absorption at low temperatures and, secondly,
the contribution of bound—bound transitions of atoms
and ions to the absorption value. This allows one to
investigate radiation transfer from a hot gas to the
surrounding cold space and to consider radiation
transport of energy in a high temperature plasma,
since line radiation is the principal mechanism of
energy losses in high ionized states of a substance [22].

2. THERMODYNAMIC PROPERTIES

Calculations of composition, thermodynamic func-
tions and absorption coefficients were performed on
the scale of temperatures enabling one to describe the
changes in state of a gas in the processes of dis-
sociation and ionization. To this end, in the tempera-
ture range 1000-6000 K, a temperature step of 500 K
was selected, in the range 6000 < T < 10 000 K the
step was 1000 K, and for 10000 < T < 20 000 K
it amounted to 2000 K. The logarithmic scale
Alg T = 0.1 was used at higher temperatures (28 iso-
therms from 1.99 to 10* V). The density step was
Algd = 0.5 (15 isochors beginning from é = 10~°).

Let us briefly discuss the main features of our cal-
culations. The concentrations of particles were deter-
mined in accordance with the laws of chemical and
ionized equilibrium. For example, in the case of air,
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A atomic weight

ay Bohr radius [cm]

C,  Stark constant of broadening [cm* s™']
E internal energy [erg g™ ']

E,  Coulomb energy [erg g ']

€ charge of electron [g'? cm*? s™1]

Ji oscillator strength

G free—free Gaunt factor

g bound-bound Gaunt factor

g statistical weight of i-level

h Planck’s constant [erg s]

I ionization potential [eV]

K,  mass coefficient of absorption [cm® g™']
Ky  Planck’s mean absorption coefficient

[em™']
k Boltzmann constant [erg eV ™!
ke extinction coefficient [cm™']
k scattering coefficient [cm ™!
k. linear coefficient of absorption [cm™!)
L;  Rosseland mean free path [cm]
m mass of electron [g]
M molecular weight, mean molecular
weight
n; concentration of particle [cm ]
g, Franck—Condon factor
P pressure [dn cm—?

P, Coulomb pressure [dn cm™?]
Pu binding energy of level [eV]
line strength of transition {g cm® 77

NOMENCLATURE

Ry Rydberg constant [eV]
T temperature [eV, K]

z; spectroscopic symbol.
Greek symbols

o fine-structure constant

r nonideality parameter

Y nonideality parameter

Ve Lorentzial width of line [eV]

Vi electronic width of line [s~']

Yer adiabatic factor

Al,  lowering of ionization potential [eV]
Aep Doppler width of line [eV]

Av  width of vibrational band [s~!}

o relative density

£ photon energy [eV]

v frequency [s~]

p density [g cm ™)

Z; partition function

ao cross-section of elastic scattering [cm?)

¢®  bound-bound cross-section of
absorption [cm?]

6" bound-free cross-section of
absorption [cm?]

o" free—free cross-section of absorption
[em?]

% nondimensional coefficient defined by
equation (9)

) cyclic frequency [s7'].

these are N,, O,, NO molecules, N7, 03, NO* molec-
ular ions, N, O, Ar atoms, their ions and electrons.
For the reactions

N, +M<N+4+N+M 0,+M<«0+0+M
NO+M<eN+O+M N+O<«NO*+e
N+N<N7+e O+0<«<0F +e ¢))
the equations of chemical equilibrium are :
(nN)2 = Fl"N2 (no)2 = Fz”o2
nnto = Filino Mo+ = Fahnno
Rehn; = F (nx)? ot = Fg(no)*. )]

The concentrations of ions of consecutive ionization
stages are described by the Saha equation in the Debye
approximation [23]:

Mo oM, =2Z,-+l 4nmkT mex _L—-Al 3
n; Z h? P kT J°

The equilibrium constants in equations (2)—(3) are

determined by a set of atomic and molecular charac-
teristics. Their values, particularly energy levels, stat-
istical weights, dissociation and ionization energies
etc. were defined according to refs. [24-27].

The lowering of ionization energy due to the Cou-
lomb interaction of particles is

AL (L+y/2)[1+ @+ 1)%y/2)
—=In
kT (1+27/2)

@)

where z; is the ion charge of species i(i =1 is for a
neutral atom), y is determined as a positive root of
the equation

nz}

i (€2
T (kT> LT ©

For a slightly nonideal plasma, the magnitude of y
coincides with the ordinary nonideality parameter,

eZ eZ 3/2 ) 1/2
r= AT = (E]_") {47: (Z n,z; +ne>} . (6)

The statistical sums of atoms and ions are calculated
in accordance with the Planck—Larkin approach
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Fig. 1. Composition of air plasma vs Tat § = 1073 (A) N,,

(B) 0,, (C) NO, (D) N, (E) O, (F) N7, (H) NO*, (I) N¥,

) 0%, (K) Ar, (L) Ar*, M) e, (N) N?*, (O) O**, (P) Ar*™.

Z[ = Zy.y exp (— Ey/kT)W); 0

L—E\ (Bl
M»-l-—(l-}- T )exp( T )

The thermodynamic characteristics (density, pressure,
specific internal energy, effective adiabatic factor) are
determined by the formulae

p=167x10"2*Ynd, P=kTY n—P,

3kT kT
E=p Lt 5y L
1 hwg, 1 _
+ ;;nm;éxp (ho/kT)—1 +pzni(Qi+8i)_Ek
P
Yee = 1+ — ®

pE

where A, is the atomic weight, Q; and &, are the energy
of formation of particles and the mean energy of their
excitation, respectively, g,, and g, are the number of
the rotational degrees of freedom of a molecule and
the statistical weight of its vibrational mode, respec-
tively. The Coulomb corrections to the thermo-
dynamic functions have the form

kiy? kTy? kT
Po=a =g 1=V5 O

In view of a large vaporization heat of silicon diox-
ide, the thermodynamic equilibrium of vapor with
the condensed phase was considered. Therefore, at
temperatures below 6000 K, the vapor density was
restricted from above by its value on the vapor-con-
densed phase boundary [28].

Some of the results obtained are illustrated in Figs.
1 and 2, showing the composition of gases as a func-
tion of temperature. All the components are presented
in non-dimensional form, 7i = n/éN,. Thus, when T —
0, the sum of all the particles is equal to 1. With an
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Fig. 2. Composition of steam vs T at § = 1. (A) H,0, (B)
0,, (C) OH, (D) H,, (E) OH", (F) 07, (G) H}, () H, (I)
0, (M e, (K) HY, (L) OF, (M) O**.

increase in temperature, the full particle concentration
also increases due to dissociation and ionization.

It is interesting to note that, at low temperatures,
the electron concentration is determined by con-
centrations of molecular ions (NO* for air and for
the atmosphere of Mars, OF for steam and SiO* in
silicon dioxide). It is seen that the interval of tem-
peratures in which molecules are present is con-
siderably expanded with the growth in density, and
the gas properties appear to be dependent on an ever-
growing number of components.

Note that the equations of chemical equilibrium
were solved with the help of the relaxation method. In
the absence of molecules, the system of Saha equations
was solved by using the iterative method where the
temperature and the electron density were selected as
independent variables [29].

Table 1 shows the influence of the density of gas on
its properties. It lists the values of pressure P, internal
energy E, adiabatic factor y.;, mean molecular weight
M and concentration of particles #; = n,/0N, for sev-
eral isotherms of the atmosphere of Mars.

The dependence of the thermodynamic values of
silicon dioxide on temperature for a number of den-
sities is presented in Fig. 3. The curves A, B,...H
correspond to the change in density from é = 10~% to
10" every other order of magnitude. The figure also
illustrates the saturation curve for the vapor and con-
densed phases of SiO, [28]. The dependence of the
saturation density and pressure on temperature for
Si0, is given in Table 2.

For gas-dynamic applications, it is often necessary
to represent the data as functions of the variables p
and E. Interpolation of the results to the planes of new
independent variables leads to the loss of accuracy,
especially in the range of parameters corresponding
to the pauses of dissociation and ionization. There-
fore, the gas characteristics were tabulated as depend-
ing on p-T, as well as p—E. Figure 4 shows the
behaviour of these values as functions of E—p for air.
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Table 1. Composition of the atmosphere of Mars as a function of density

5 1.00—06 1.00—04 1.00-02 1.00+00
T=3000K
P 2.18401 2.09+03 1.57+05 1.25+07
E 143411 1.34411 792410 4.51+10
Yt 1.08+00 1.08+00 1.10+00 1.14+00
M 2.21+01 2.31+01 3.08+01 3.88+01
e 9.76—07 2.81-07 3.91-08 3.08—09
Co, 2.69—04 2.25-02 3.15-01 7.37—01
co 9.65—01 9.43-01 6.50—01 2.28—01
N, 3.43-02 3.24—02 2.99—02 3.15-02
0, 7.82—04 5.72—02 2.36—01 1.05—01
NO 6.27—04 5.21-03 1.02—02 6.96—03
N 7.80—04 7.58—05 7.29-06 7.48—07
o) 9.63—01 8.23-01 1.67--01 1.12—02
C 22707 2.60—09 8.81—11 4.64—12
T=30000K
P 1.07+03 9.33+04 6.99-+06 5.44+08
E 4.93+12 375+12 212412 143412
Vor 1.11+00 1.13+00 117400 1.20+00
M 4.53+00 5.16+00 6.82+00 8.40+00
e 6.62+00 545400 3.40+00 2.20+00
Cco 4.11-28 3.59—18 1.04—10 2.06—05
N, 8.15-31 49921 1.58—13 2.60—08
0, 1.00-26 27917 1.51—10 1.71-05
C, 2.10—30 5.74—20 9.00—12 3.10—06
N 9.79—11 7.66—07 43004 1.75-02
o) 1.44—08 7.62—05 1.77-02 5.96—01
C 1.32—10 2.18—06 2.73-03 1.61—01
NI+ 6.45—05 6.19—03 5.88—02 5.23-02
o'+ 7.11-03 4.60—01 1.81+00 1.334-00
c'* 1.44—04 2.91-02 6.17—01 7.93-01
N2+ 5.36—02 6.36—02 1.07—02 2.49—04
o 1.84+00 1.47+00 1.03—01 1.98—03
cr 3.66—01 9.17-01 3.45-01 1.16—02
N+ 1.63-02 24204 7.51—07 447-10
o 8.64—02 8.62—04 1.11-06 547-10
cH 5.98—01 1.87—02 1.29-04 1.11-07
cH 5.78—04 2.27-07 2.94—11 6.02—16

3. OPTICAL PROPERTIES

Let us now turn to discussion of the optical proper-
ties of gases. The spectral absorption coefficients were
determined for the photon energies & = 3 x 10710
eV. The following spectral intervals were chosen : the
£ < 17.354 eV range contained 560 intervals with a
step of 250 cm™' [9]; beginning from ¢ = 17.354 €V,
the logarithmic scale of energy was used, for which
the energy step is determined as Ag = g10¢~>69/300,
where &, = 8.010259 x 10~2 V. Thus the full spectral
scale inctuded 1941 intervals.

In order to determine the absorption coefficients, it
is necessary to summarize the contributions of differ-
ent types of transitions (free—free, bound—free,
bound-bound) from many particles. The dominant
processes vary considerably with temperature and
depend on the spectral interval. The main mechanisms
which determine the absorption coefficients of gases
and plasma are: inverse bremsstrahlung; photo-
ionization from the ground and excited states of par-
ticles; photodissociation of molecules; photo-
ionization from the internal shells of particles;

electronic-vibrational transitions in molecules; and
line absorption by atoms and ions. The contribution
of just-cited processes was determined using the fol-
lowing approximations.

The cross section for free—free transitions in the
fields of a neutral particle was expressed in terms of
the electron elastic scattering cross-section o, For
atoms the formula obtained in ref. [30] was used

16./2 Ry \*?
a(e) = —\/oma?)ao <Ty>

3\/75

e \'/2 & X £
x (‘z‘z{f) exp (m) (‘zk—r) (10)

Here « = 2ne’/he, Ky(x) is the Bessel function of an
imaginary argument. Inverse bremsstrahlung on mol-
ecules was determined by analogy with refs. [31, 32] :

v = 22 gaonatos (R (KIY" (1435
o'(g) = 32\/ oy MaAGo (s) (Ry 1+4kT .

T
(1
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Fig. 3. Thermodynamic properties of silicon dioxide.

Absorption in the process of electron scattering on
an ion was calculated according to the Kramers
approximation with the use of the Gaunt factor [33],

076 = 20T g e (&>m <&) G(T, ).

(12)

Different approaches were employed for describing
bound-free processes. For N and O atoms and their
ions in the ground state and low levels of the basic
configuration, the corresponding cross-sections were
found with the help of the Hartree-Fock method [34].

Table 3 presents a list of states for which the photo-
ionization cross-sections were tabulated.

The cross-sections of hydrogen and H-like ions are
calculated by exact formulae [35] for n < 4. For C, Si
and their ions, the cross-sections for all the levels were
calculated using the quantum defect method [36] :

4o e\ [Ry\?
o) = —mad [ — | [—= Crlgpt? (13
1 (8) 3 o <Ry) (pnl) . =ZI¢1 rlgut? (13)

where p,, = Z*Ry/n** is the electron-binding energy
of level nl, C, is the factor dependent on the spin and
orbital momentum of the system in the initial and final

Table 2. The temperature dependence of density and pressure saturation for SiO,

T[K] 2000 2500 3000 3500 4000 4500 5000
plgem7 2.55-9 1.16—6 3.86—5 5.75—4 4.16—3 1.84—2 5.74-2
P [atm] 1325 6.80—3 2.64—1 4.40+0 3.62+1 1.78+42 6.15+2
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Fig. 4. Thermodynamic properties of air as functions of E for various p.
Table 3. Configurations of atoms and ions with tabulated photoionization cross-sections
Residual ion Residual ion
Ion State state Ton State state
NI Ol
1 2s2p* *S 2s2p* °P 1 2s22p* °P 2s22p* 48, %P, D
2 2572p® D 25%2p*°P,'D 2 2522p* 1D 2s?2p* 2P, D
3 2s22p° P 2s22p* P, 'D, 'S 3 2s2p* 'S 2s%2p* 2P
NII (0311
1 25%2p? °P 25%2p P 1 25%2p° S 25%2p? 3P
2 2s2p’ 'D 2s2p P 2 2522p* 2D 2s2p* °P,'D
3 2s02p* 'S 2s2p P 3 2s22p® P 2s2p?'8,%P, 'D
NI (03111
1 2s2p P 25218 1 252p? °P 2s2p 2P
2 2s2p® ‘P 2s2p °P 2 2s2p* 'D 2s2p P
3 252p° D 2s2p °P,'P 3 2s2p” 'S 2s%2p P
NIV oIV
1 2¢*'S 25?8 1 2s2p *P 28%1S
2 2s2p °P 25?8 2 2s2p? P 2s2p °P
3 2s2p 'P 2528 3 2s2p* D 2s2p °P
NV oV
1 258 1s*'S 1 2s?'S 25’8
2 2p P 1s?'S 2 252p °P 2578
N VI 3 2s2p 'P 25?8
1 1s* 'S 1s 28 OVl
O VII i 2s %S 1s?'S
1 1s?'S 1s7S 2 2p P 1s*'S
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states ; the function g is related to the radial integral
as

9y = (%) r" R, (n)Rg(r)rdr =

]

NN
Here E is the kinetic energy of a photoelectron, n}
is the effective quantum number of the nl-level;
M, = n—ntis the i series quantum defect; y,(E) is the
quantum defect of the n'/’ series, which is extrapolated
in the region of positive energies; functions G, v,
Y, { are tabulated in ref, [36]. The photoionization
cross-section of all the particles from excited states
with the principal quantum number r, which is greater
than that of the ground state of the outer electron,
was calculated by applying the quantum defect
method. The H-like approximation

64
(e =——an
3/3

Gu(nt) (&\™"
Gy (nf) (i) cos a(n+ up (E) + xu).

e (14
ne
was used for levels which have a small binding energy
and for levels with orbital number / > 3. The Hartree—
Fock-Sleter method [37] was used to calculate the
innershell photoionization cross-sections.
The stepped approximation based on the exper-
imental data of refs. [38, 39] was used to calculate the
photoionization of the H,, CO, C,, CN molecules:

09
" (e) = {

Ops

£ <&,

. (15)
The parameters ¢, and o, are given in Table 4.

The photoionization cross-sections of N,, O,, NO
were calculated in accordance with ref. [40] ; they were
determined under atmospheric conditions. Their aver-
aging gives the following expressions (¢in eV, o x 10'%)
[39]:

2.5+338.416(:~" —1)
on, =9 17.5exp [—298.75(c~ ' —0.0605)]

2

1
30
7
0'02 =
10exp [—142.56(¢ =" —0.06857)]
0.3
7.5+387.80(e~' —0.016134)
20— 1053.75(e~" —0.048402)
Ono = % 3.0+ 1756.5(s7" —0.06454)

20exp [—97.72(s7" —0.07422)]
22
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Table 4. The photoionization cross-section parameters

H, COo G, CN
£, [€V] 15.43 14.22 12.00 14.61
6,(107"%) [cm?] 7.00 15.00 10.00 5.00

In the harder region of the spectrum, the molecular
absorption cross-sections were calculated in terms of
the atomic cross-sections on the assumption of their
additivity [41].

In accordance with ref. [42], the molecular photo-
ionization absorption cross-section can be represented
as

1 £
BECY o 22 2
c”(e) = 37m0a <_Ry> RZ:(e)

X Z,, WU"(T)qu” (3)(,0(8 — ev’,v”) (1 7)

where W, is the Boltzmann probability of particle
existence on the v” level, g,.(¢) is the Franck—Condon
factor for transitions between the vibrational levels of
the neutral molecule and residual ion, R?(a.u.) is the
electron part of the transition dipole moment, and ¢
takes into account the v"—’ transition threshold and
its frequency-dependence. In the present calculations,
simple approximations were used, e.g. for the O, mol-
ecule [40],

(0.4 9.456 < £ < 9.745
22 9.238 < ¢ < 9.456
7.0 9.036 < & < 9.238
%=1 120 8.160 < ¢ < 9.036
12exp[—189.66(s~' 7.083 < &< 8.160
| —0.1225)]
(18)
16.487 < ¢ < 61.980
14.750 < ¢ < 16.487
12.396 < & < 14.750
15.495 < & < 26.400
14.578 < & < 15.495
11.806 < & < 14.578
9.669 < & < 11.806
20.676 < & < 61.980
15.495 < ¢ < 20.676
13.475 < 5 < 15.495 (16)
10326 < & < 13.475
8.729 < ¢ < 10.326.
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Table 5. The quantity of levels and lines for the components of air

Ton 1 2 3 4 5 6 7 8
levels 18 21 32 20 12 18 10
lines 37 78 54 51 83 125 45

(6] levels 16 35 40 27 30 12 18 10
lines 37 59 61 61 55 83 125 45
Ion 15 16 17 18

Ar levels 30 25 22 10
lines 66 42 46 45

When calculating absorption in the atom and ion
spectral lines, the profile of the latter was specified as
having the Voigt shape (the electron impact broad-
ening and thermal Doppler effect were accounted for
in this case),

2

h
e = f0() (19)
1
s) = MH(% u)
+ 0 _ 2 d
H(a,u)zgﬁx %. (20)

Here f; is the transition oscillator strength ; a = y./2A¢p
is the collisional half-width to Doppler width ratio;
Aep = £o(2kTIMc*)'?; u = (e—&y)/Aep,. The electron
half-width of lines was calculated according to ref.
[43] : for neutrals

. SKT\'S
?2'1=11.4<n—n3> n.C3?

w8, .S,
¢ ”ez[‘+—/}

@n

3k T gy gy

for ions
h__g E 3/2 ha() & 172
2 <3> 2nm kT)
L 3kT
Xne[ZKli’l 1>|29(m>

R 3kT
+Z{:|<]|V|1>| g<m>]

All the dipole transitions from the initial i and final j
states make contributions to the broadening.

Table 5 presents information on the quantity of
individually incorporated levels and lines for different
components of the air plasma.

It should be noted that in calculations the air was
assigned as a mixture of gases with the volume ratio
of components N, 0.7812, O, 0.2095, Ar 0.0093. Only
multicharge ions of argon were used, since the con-
tribution of argon to absorption is appreciable at high

(22

temperatures only when N and O are fully ionized.
This table specifies the numbers of transitions in con-
tinuous and discrete spectra, which were included in
these calculations.

The absorption cross-section of the electronic—
vibrational transition of diatomic molecules was cal-
culated using an approximate method, which employs
the expression for integral absorption in the band of
electronic—vibrational transitions (per particle) [44]:

4n kTq,.
bb _ a2 vt
K> (v) 3 TmOaQ(T)B,w vS,
EA+E, hv
X exp(— T )[l—exp<—ﬁ>} (23)

Here B, is the rotational constant of the lower level,
4. 18 the Franck—Condon factor, Q(T) is the stat-
istical sum over the inner degrees of freedom of a
molecule, S.(a.u.) is the strength of electron transition,
v is the frequency. Division of equation (23) by the
width of the vibrational band, Av = (v, +v..)/2, yields
the average cross-section of absorption in the band
v'v”. Table 6 gives the electronic—-vibrational bands,
which were taken into account in calculations. The
data necessary for calculation are taken from refs. [26,
32, 39, 45].

To calculate the contribution to absorption of
three-atom CO, and H,0 molecules, the experimental
information on cold absorption coefficients {46, 47]
and data on temperature-dependences of cross-sec-
tions at separate spectral intervals [48, 49] were used.

Detailed information about the spectral and mean
absorption coefficients is presented in ref. {50]. Let us
consider some results of the present calculations.

The temperature dependence of the air absorption
coefficient in the region of states, when k, is deter-
mined by atoms and ions and when the role of mol-
ecules is negligibly small, is illustrated in Fig. 5. It is
seen that, with a raise in temperature, the absorption
caused by the optical shell electron transitions
increases for low energy quanta and decreases for high
energy quanta. Such behavior of this coefficient is
typical for a multicharge plasma where bremsstrah-
lung processes determine the absorption of photons
with ¢ & T, and photoionization processes determine
the absorption of harder photons.
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Table 6. Electronic-vibrational bands of diatomic molecules

0 Schumann-Runge

N, first positive
second positive
Birge-Hopfield 1
Birge-Hopfield 2
Lyman-Birge-Hopfield

NO B
é
€
&
NS Meinel

first negative

violet

C, Swan
Miilikan
Deslandres
Fox—Herzberg
Freymark

CcO 4th positive
Angstrom

COo* comet tails

first negative

CN fundamental red
violet

OH violet

H, two Lymen
two Verner

) L L . L 1 L
1.0 1.8 2.0 28 3.0 3.8 4.0
e, 10 oV

0.0 0.5

Fig. 5. Absorption coefficient of air at 6 =10"". (A)
T=3x10°K; (B) 10°,

The mass absorption coefficient K, = k,/p is fre-
quently used instead of the linear coefficient for solv-
ing the problems of radiation gas dynamics. The mass
coefficient has a weak density dependence, which is
convenient for the interpolation of spectral charac-
teristics by p. The following results are obtained for
the mass coefficient K.

Figure 6 illustrates calculations of the absorption
coefficients of the atmosphere of Mars. The con-

g K.
SN wWws~ad o NOO
T

0.8 1.0

e, 10 eV

Fig. 6. Absorption coefficient of the Mars atmosphere.
T=8x10K,5§=10"2

tributions of molecular components (curve B), atoms
and ions (C) to the full absorption coefficient (A) are
shown at T=8x10* K and 6 = 1072 In fact, the
total absorption for ¢ > 2 eV at the points located
beyond the spectral lines is basically determined by
molecular absorption.

An example of calculation of the absorption spec-
trum for water is presented in Fig. 7. The results
were obtained on the above-described energy scale
containing 1941 spectral intervals.

Figures 8 and 9 illustrate the results of calculations
of the Planck mean opacities and Rosseland mean
free paths. It is appropriate to use the Planck mean
absorption coefficient to calculate the emission from
an optically thin gas. Under the conditions where a
gas volume is fairly opaque, the Rosseland mean free
path is frequently used in radiation transport con-
siderations. Curves 1-15 fit the relative densities

= 10"%-10" with half-order steps. In these cal-
culations the radiation scattering on free electrons was
accounted for, thus limiting the magnitudes of mean
values at high temperatures (full ionization) and low
densities :

1g £, eV

Fig. 7. Absorption coefficient of water. § = 10°, (A) T =1
eV, (B)3.16 eV, (C) 10 eV.
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Fig. 9. Planck and Rosseland mean opacities in silicon dioxide.
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where k; = k(x) +k,, k(x) = k(¢/T) is the absorption

coefficient, and the scattering coefficient &, is defined
by

24

k= ?aé atn,.
Let us briefly discuss the limits of the applicability
of the data obtained. At high densities these data are
restricted by the manifestation of nonideality effects
(at temperatures 7 =~ 1 eV and densities 4 ~ 1) when
y~ 1. In this case, the calculation of the ther-
modynamic properties and composition with the use
of the Debye approximation may be considered as
a reasonable extrapolation to the region of strong
nonideality. In the remaining region of 7—4, this
approximation is quite applicable.
The nonideality influences the optical properties of

25)

plasma causing broadening, merging and transition
to a continuous spectrum of some excited levels of a
discrete spectrum [50]. Besides, due to the action of
the plasma microfield, the probability for the re-
alization of certain states decreases [23]. The first effect
shifts the photoionization threshold to smaller ener-
gies and increases the absorption coefficient
exp (hAv/kT) times on average. The second effect
causes decrease of absorption in the long-wave region,
due to the decrease in the photoionization con-
tribution of unrealized levels. Although these effects
cause deviation from the ideal spectrum in different
intervals of quantum energy, the second effect neu-
tralizes the first one, since the broadened lines and
those shifted to continuum turn out to be unrealized
in the vicinity of the photoionization threshold. In
turn, the bremsstrahlung processes make a large con-
tribution to the absorption of quanta with the energy
& < Tand therefore the role of the level nonrealization
is not predominant. Besides, this spectral region is not
the most important one in thermal radiation transfer.
Calculation of optical properties without account for
nonideality is justified, due to the reasons stated above
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and to the absence of a workable theory for the effect
of nonideality on the optical characteristics of plasma.

4. CONCLUSION

In the present study the following results were
obtained :

(1) the composition and thermodynamic functions
of air, water, silicon dioxide and the atmosphere of
Mars at temperatures from 0.1 to 10° eV and densities
107°-10~2 gem™’;

(2) the spectral coefficients of continuous absorp-
tion ; these were determined on the floating scale of
energy, including the absorption thresholds of par-
ticles ; these data make it possible to average spectra
over any spectral intervals;

(3) integral absorption in each line at given 7 and
& ; the constants of line broadening which are necess-
ary to account for the contribution of the lines to total
absorption at averaging over spectral intervals;

(4) the total spectral absorption coefficients which
allow one to resolve separate features of a spectrum,
such as line profiles ;

(5) the total small-group absorption coefficients for
quanta with energies from 3 x 1072 to 10* eV (1941
spectral groups) ;

(6) the group mean absorption coefficients; the
data mentioned in the previous item allow one to
calculate the group mean absorption coefficients for
arbitrary division of a spectrum into groups;

(7) the Planck mean and Rosseland mean group
and integral absorption coefficients and paths;

(8) the data on the absorption cross-section of sep-
arate components in the region of their existence,
which allow the estimation of their contribution to
total absorption depending on temperature, density
and energy.
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