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INTERIM ABSORPTION COEFFICIENTS AND OPACITIES
FOR HYDROGEN PLASMA AT HIGH PRESSURE
by R. W. Patch

Lewis Research Center

SUMMARY

The spectral absorption coefficient was calculated for hydrogen for photons with
wave numbers from 500 to 400 000 cm'1 (infrared, visible, and ultraviolet), neglecting
scattering. The plasma was assumed to be in local thermodynamic equilibrium at tem-
peratures from 3000° to 90 000° R (1667 to 50 000 K) and pressures from 100 to 1000 atm
(1. 013><107 to 1. 013><108 N/m2). Fifteen absorption processes were included, and each
was found to make a significant contribution to the spectral absorption coefficient at
some combination of pressure, temperature, and photon wave number. The calculation
was performed on a high-speed digital computer and included the hydrogen triatomic
molecular ion Hé’ in the composition as well as deviations of the real index of refraction
from 1 near the plasma wave number. Both caused significant effects on the spectral ab-
sorption coefficient. The calculation excluded atomic lines because no reliable shapes
were available for the far wings.

The Planck and Rosseland mean opacities were derived for a nonscattering plasma
with real index of refraction varying with photon wave number and were calculated for
hydrogen. The Planck mean opacity was larger than the Rosseland mean opacity for all
conditions; in the most extreme case, the Planck mean opacity was 2. 5><108 times the
Rosseland mean opacity. For easily explained reasons, the Rosseland mean opacity dif-
fered significantly from earlier results.

More analytical work, especially on line shapes, is needed to obtain more reliable
values for the spectral absorption coefficient and opacities for the conditions cited above_.

INTRODUCTION

In high-temperature propulsion devices such as gaseous-core nuclear rockets, an
important mechanism of heat transfer is radiant energy exchange between volumes of



plasma and betweer; the plasma and the wall (refs. 1 and 2). To calculate such heat
transfer, it is'necessary to know the spectral absorption coefficient and opacities of the
plasma. The usual propellant in such devices is hydrogen.

The problem of calculating the speciral absorption coefficient and opacities of hydro-
gen is an old one in astrophysics, but most of the calculations for temperatures up to
50 000 K are for the low pressures that occur in the outer layers of stars and have small
quantities of helium and metals added to the hydrogen. For pure hydrogen, Menzel and
Pekeris (ref. 3) did one of the earliest calculations of the Rosseland mean opacity.

Later Tsao (ref. 4) calculated the Rosseland mean for very high density. Aroeste and
Benton (ref. 5) calculated the hemispherical emissivity. Mastrup (ref. 6) computed the
spectral absorption coefficient of the continua. Olfe (ref. 7) found the hemispherical
emissivity. Stewart and Pyatt (ref. 8) found the spectral absorption coefficient.
Krascella (ref. 9) determined the spectral absorption coefficient and Rosseland mean
opacity. Lasher, et al. (ref. 10) calculated the hemispherical emissivity. Yakobi, et
al. (refs. 11 and 12) computed the flat layer emissivity. Moskvin (ref. 13) found the
hemispherical emissivity. The latter three works were published last year. The studies
cited were all theoretical, but there have also been a number of experimental studies.
However, these cover only isolated ranges of temperature, pressure, and photon wave
number (the reciprocal of wavelength).

A review of the applicability to gaseous-core nuclear rockets of the eleven calcula-
tions mentioned above revealed at least one of six types of deficiencies for each calcula-
tion. The six types of deficiencies were: (1) temperature range insufficient, (2) pres-
sure range insufficient, (3) composition incorrect, (4) important transitions omitted,

(5) lack of Planck or Rosseland mean opacity or both, and (6) invalid treatment of the far
wings of the Lyman « line of atomic hydrogen.

The purpose of this report is to provide better values for spectral absorption coeffi~
cient, Planck mean opacity, and Rosseland mean opacity than heretofore available for
use in studies of gaseous-core nuclear-rocket heat transfer and to discover what remain-
ing problems are likely to be most important. The results should be considered interim
rather than final.

This report gives spectral absorption coefficient, Planck mean opacity, and Rosse-
land mean opacity for hydrogen for temperatures from 3000° to 90 000° R (1667 to
50 000 K), pressures from 100 to 1000 atm (1. 0132x10" to 1.0132x10% N/m?2), and photon
wave numbers from 1000 to 400 000 cm'l. No atomic lines, molecular bands, or scat-
tering are included. '

Differences between this report and Krascella's calculations (ref. 9) are of particu-
lar interest because until now reference 9 has been used almost exclusively for studies
of gaseous-core nuclear rockets. In reference 9 the small photon wave number (red)
wing of the Lyman & resonance line of atomic hydrogen was the principal contributor to
the spectral absorption coefficient for a wide range of conditions. However, Krascella's

2



I3 ‘ >
expression for the absorption of Lyman « is only believed to be valid for photon wave

numbers from about 81 300 to 83 300 cm'l, which includes the line center (private com-
munication from R. G. Breene, Jr., Physical Studies, Inc., Reno, Nev.). Measure-
ments on monatomic gases (ref. 14) indicate that the resonance line wing far to the red
of the line center has an absorption coefficient much less than the theory in reference 9
predicts. There is no valid theory for far wings of resonance lines at present. Conse-
quently, Lyman a was omitted from this report because it was believed this procedure
caused less error than including it incorrectly. Other differences between this report
and reference 9 are given under RESULTS AND DISCUSSION. To facilitate comparison
with reference 9, tables in this report are for the same conditions and have format re-
sembling that in reference 9.

The novel features of this report are the inclusion of the hydrogen triatomic molec-
ular ion H; in the composition and allowance for a variable real index of refraction.

ANALYSIS

This section is divided into five subsections. First the composition of hydrogen is
found. From that, the real index of refraction and spectral absorption coefficient is cal-
culated. The opacities are then computed by taking averages of the spectral absorption
coefficient. The last subsection describes the computer program to accomplish these
calculations.

Composition

The plasma was assumed to be in local thermodynamic equilibrium. For tempera-
tures above 2000 K, the species included were the hydrogen atom H, the proton H+, the
free electron e, the hydrogen molecule Hz, the negative hydrogen ion H™, the hydrogen
diatomic molecular ion Hg, and the hydrogen triatomic molecular ion H; The Debye-
HMiickel theory was used, and composition was found by minimizing the Gibbs free energy
of a closed, neutral system at constant temperature and pressure. For temperatures
below 2000 K, the species included were H, e, H,, H™, and Hg, and composition was
found by using equilibrium constants. The details of both methods of calculation are
given in references 15 and 16, together with results. For this report a dimensionless
density p; was defined for each species.

N.
piE—l (i=1: 2’°'~, 7) (1)
/ No



where Ni is the number density of species i and N0 is the Loschmidt number. (Sym-
bols are definéd in appendix A.)

Real Index of Refraction

In most calculations of opacity, the real index of refraction is assumed to be 1.
However, for plasmas the real index of refraction may be significantly different from 1
for photon frequencies near the electron plasma frequency wp. From reference 17,
page 5,

1/2
(N3e2> )
W, = ; 2
p me

0

where e is the charge of an electron, m is its mass, and ¢ o is the electric permit-
tivity of free space. The photon wave number corresponding to the electron plasma fre-
quency is designated ;’p and is found\from the relation 'D’p = wp/21rc. In this report ;’p
is called the plasma wave number. -

The real index of refraction is found from the complex dielectric-coefficient for
transverse electromagnetic waves KT' This dielectric coefficient is given by (ref. 17,
eqs. 3.46 and 3. 94)

~y 9 ~ 2
Ko=1-(2P -1(12 Ye,t (3)
T ~y ~J ~J
v \v 2mcy

where i is the imaginary unit, Ve t is the total effective collision frequency for free
~ H
electrons, and v is the photon wave number.
The calculation of Ve t requires several approximations. In this report it is as-
H

sumed that

Vet = Ve,31 % Ve, 32 Ve,34 * Ve, 36 * Ve, 37 “)

where Ve, 31 Ve’ 39 Ve, 34’ Ve, 36 and Ve, gy are the effective collision frequencies of
electrons with ground state H, H+, ground electronic state Hz, HE; and Hg, respec-
tively.
The frequencies Ve. 31 and Ve 34 are found from equation (3.91) of reference 17
? J

~ 2
- v ~
Ve, 31 —nc(-;,——> a5 ®)
P
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Ve, 34~ I).C(;,\',-") o V,X (6)
jY

where as il and a~ >, X are the spectral linear absorption coefficients for H™ inverse

bremsstrahlung and H2 inverse bremsstrahlung, respectively. Obtaining values of

o and a~ > X for use in equations (5) and (6) presented a problem because the values
in the 11terature were all calculated for a dilute gas with real index of refractmn n as-
sumed to be 1. However, Ve, 31 and Ve, 34 must be independent of v (ref. 17), so-
as i and a~ > X need not be known for 7 .near v , where n differs substantially
from 1. Instead the value of 7 in equations (5) and (6) may be enough greater than Vp‘
that the value of n is as near 1 as desired and hence the values of oz;" I and a;; X
given in the literature are essentially correct.

The approach used here was to evaluate equations (5) and (6) for a dilute gas and
with 7 enough greater than 'z;’p that n ~ 1 but with ¥ nevertheless small enough that
a;', I and oz';, x Wwere inversely proportional to '172 This gives an excellent approxi-
mation for d11ute gases. To carry out this approach, relations for o i and a~ > X
for small » were obtained from Ohmura and Ohmura (ref. 18) and Somerv111e (ref 19),
respectively. These relations involve temperature-dependent quantities tabulated near
the top of table III of reference 18 and table I of reference 19. In this report these
temperature-dependent quantities are called 'PIII and ¥y respectively. In terms of
them equations (5) and (6) become

2 3
m chnlekalnpliT
v = M
e, 31 3 6
16€Oh
1%eN m%e®ky 50, 4T
v = (8)
e, 34 3.6
IGeoh

where n has been set equal to 1.

Equations (7) and (8) apply to a dilute gas, but many of the cases in this report are _
not dilute. In fact, for the latter cases it is impossible to find a value of v enough
greater than v that n~1 and nevertheless small enough that oz il and o~ > X from
references 18 and 19 are given exactly in terms of ’I’III and gl/X (are 1nverse1y propor-
tional to v2) However, for all cases a value of 7 could be found such that n did not
deviate greatly from 1, and the use of t[/HI and le introduced no great error. Hence
equations (7) and (8) are fair approximations for all cases in this report. In applying
equations (7) and (8), Y and Y5 were calculated from the relations in references 18
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and 19 rather than use the tables.
The effective collision frequency of electrons with H' is found by equating equations
(3.66) and (3. 91) of reference 17 and using equations (1) and (2) of this report.

4 —
e Nosz

©)

v, =
e, 32 1/2
’ 6€§(6ﬂn_1k3T3) /

Here G is the Gaunt factor for bremsstrahlung averaged over the electron velocity dis-
tribution. In this report it is approximated by 1. Equation (9) agrees with equa-
tion (3. 95) of reference 17 for the case Pgy =Pg.
It is assumed that the effective collision frequency of electrons with Hg or H“3L is
given to a first approximation by equation (9) with py replaced by the appropriate
.density and G =1.
4
v = ® NPy G = 36, 37) (10)
e,i 1/9
Gei (61rmk3T3)

This completes the calculation of the five effective collision frequencies needed to find

V. ..
e,t
’ The real index of refraction n is found from equations (3. 46) and (3. 47) of refer-
ence 17.

n - Ge (kY2 (11)

where ®e is an operator which takes the real part of a complex number.

Spectral Absorption Coefficient

In this subsection the contributions of various transitions to the spectral linear ab-
sorption coefficient are found and added.

Transitions considered. - Fifteen processes were included in the calculation of the
spectral absorption coefficient. They are as follows:

H+hey - HY + e @)

where heV is the energy of a photon. In this photoionization (or bound-free) transition,
H can have different principal quantum numbers.
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H++e"+hc'17-»H++e' (b)

This is a free-free transition, also known as H inverse bremsstrahlung (bremsstrahlung
is called by the particle that would result if the two particles were to recombine).

HE +e + hc;-—Hg +e ()
H“:; +e + hc;-Hg +e” @)
H+e +hep ~H+e” (e)'
Hy + e +hey —Hy +e” (f),
H+H +hey~H+H &)

These are also inverse bremsstrahlung. The particles are assumed to be in their
ground electronic states.

H +hey -~ H+e” (h)

This is photodetachment, also known as a bound-free transition. The H atom is in its
ground electronic state.

H, +hey -~ H+H” 1)

This is photodissociation. The molecule H2 and the atom H were both assumed to be in
their ground electronic states, but H is an atom in an electronically excited state.

H2+hc'17—-H"2'"+e- G)

This is photoionization. The molecule H, was assumed to be in its ground electronic
state.

H + H + heb - Hy ),

This is quasimolecular transition. The two atoms are in their ground electronic states,
but Hy is a molecule in its 1s02s0 32; excited electronic state.

H, + Hy + hev' — Hy + H, 1)



This is a pressure-induced translational transition with all the molecules in their ground
electronic states. The product molecules have more kinetic energy than the reactant
molecules.

This is a pressure-induced rotatiorlal transition with all the molecules in théir ground
electronic states. The molecule Hy has more rotational energy than initially.

~ * % .
Hg + Hg + hev ~Hy  + Hy (n)

This is a pressure-induced vibrational tralisition with all the molecules again in their
%

ground electronic states. The molecule H2 has one more vibrational quanta than ini-

tially. Rotational energy can also change.

HJ2'+hc;-—H+H+ (0)

This is photodissociation. The H atom is in its ground electronic state.

The absorption coefficients for these transitions are given in the following para-
graphs.

H photoionization. - The relations used for process (a) were identical to those in
reference 9. The spectral linear absorption coefficient for this process is designated
a';, [ in this report. Neither a';, 1 hor the following a;', Roman include the reduction of
the absorption by stimulated emission.

H, H2, H3 inverse bremsstrahlung. - The spectral linear absorption coefficient for

processes (b), (c), and (d) collectively was found by dividing Kramer's formula (ref. 3)
by the real index of refraction because of the reasons given by Bekefi (ref. 17, pp. 47-52,
89).

12)

2
1 ( 2 >1/2 e®Nipg(0y + PG + £y)

arvy o=
v, II 3KT 4 3/253 .3,
(8]

4875

H™ inverse bremsstrahlung. - The absorption coefficient a;" I for process (e) was
found by two methods. For photon wave numbers greater than twice the plasma wave
number, the relations in reference 9 were used because for these conditions n is
essentially 1. For photon wave numbers less than twice the plasma wave number, equa-
tion (3.91) of reference 17 was used.
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a3 oy _17p e,31 ¥'<25) (13)
n ‘;2 C(l - e—hCV/kT)

This can also be derived from equation (5) by use of the general relation between as
and ay for local thermodynamic equilibrium.

as = a;’(l - e-hcv/kT) (14)
where the factor in parentheses is called the stimulated emission factor and is always
less than 1. The effective collision frequency Ve’ 31 in equation (13) was obtained from
equation (7).

H~ photodetachment. - The absorption coefficient a;', v for process (h) was found
from the relation and numerical fit in reference 9.

Hy photodissociation and photoionization. - The transitions (i) and (j) were con-
sidered collectively because their photon wave numbers overlap, and the sum of the two
absorption coefficients is measured experimentally. All experiments have been per-
formed at room temperature (see fig. 1). To avoid complicated calculations, it was as-
sumed that the cross sections for both transitions were independent of temperature. A

12x10722

Faired curve used in this report
————— Weissler (ref, 30) (experimental)
/',\, —— — Cook and Metzger (ref. 31) {experimental)

10— \ ——-— Samson and Cairns {ref. 32) (experimental)

Sum of cross sections, ¢, me
[~

6 | l | | 1 3
100 150 200 250 - 390 350 400x10
Photon wave number, v, cm”~

Figure 1. - Sum of cross sections for photodissociation and photoionization of Hy.
All experimental curves are for room temperature, The faired curve merges
with Cook and Metzger's curve at 124 000 cm™ and below and with Samson and
Cairn's curve above 270.000 cm ™,



faired curve was drawn through the experimental sum of cross sections for the two tran-
sitions, as shown in figure 1. The absorption coefficient was found from the relation

a;’ v = Nocrp4i (15)

where the stimulated emission factor was omitted because it was essentially 1 for the
high photon wave numbers involved.

H-H quasimolecular. - The absorption coefficient for process (k) was calculated
by Doyle. His paper (ref. 20) contains a table of absorption coefficient ks for tem-
peratures from 3000 to 8000 K. A more complete table of k= (2500 to 10 000 K) was
very kindly provided (private communication from Robert O. Doyle, Smithsonian Insti-
tution Astrophysical Observatory, Cambridge, Mass. ) and used in this report. The ab-
sorption coefficients a;', VI and k;' are related by

~ vN2A2
au, VI~ kaopli (16)

Ho-Hy pressure-induced translational. - The absorption coefficient for process (1)
has been calculated for temperatures of 600 to 3000 K by using a model which fits the
room temperature data (ref. 21). The given absorption coefficient Key. includes the
stimulated emission factor. A numerical fit is provided for photon wave numbers less
than 2000 cm™ L.

Ky = ap2e-v/b ¢ <) ) (17)
ks = Ce™V/d (2000=7=7) (18)
where
o - 10-7-02391-1.3380 log1oT (19)
b =91.67 + 0.1033 T (20)
C = [15. 57906 - 2.06158 log; (T - 0. 477352 (log; o T)> X107 @1)
4 - 102-31317+3.8856x10” T 22)
v, =274.3+0.2762 T (23)
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with T in K and K5 incm"1

are related by

—2 3 101 ~ ~
Amagat “. The absorption coefficients «7;, and ay VI

2
Kp
a% v :...___1/__4%___ (24)
’ 1 - o~hev/kT

H2-H2 pressure-induced rotational. - The absorption coefficient for process (m) has
also been computed for temperatures of 600 to 4000 K by using a model which.fits the
room temperature data (ref. 21). A numerical fit to the results is provided.

-(-5)%/b

Kk = ae <150 (25)
Ky = Ce'd; @»=1.5 '170) (26)
where
a=4.2432x10"% - 2.8854x10° " In T @7)
b = 1.2171x10° + 258.28 T 28)
C = 2.583010™ - 4.3420x10°8 T @9)
d=1.1332x10"2 - 1.1943x10°3 In T (30)
v, =-2973.3 + 600.73 In T (31)

The absorption coefficients KT and a‘;,VIII are related by equation (24) with the sub-
script VII replaced by VIII.

HZ'HZ pressure-induced vibrational. - The absorption coefficient for the process ()
has likewise been estimated for temperatures of 600 to 3000 K by using a model which
fits the room temperature data (ref. 21). A numerical fit to the results is provided.

~ @-1)/0.6952T -
Ky =2 dve @' <) (32)

~

K o '0y G =57=<7 +1.50) (33)
T 3 0 0
(V—YVO) +0

v
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K> = ave > 370 +1.5 ) (34)
where

62 = 1.2750x10° + 437.50 T (35)

-7.0659+0. 2825 log, T
a' =10 10 (36)
a= 1 317)

1.6288x108 + 1. 4904x10° T

0.9376+0. 5668 long

b =10 (38)

and ‘170 - 4161.1 cm™ 1. The absorption coefficients k5 and agy ¢ are related by equa-
?

tion (24) with the subscript VII replaced by IX.

Hé inverse bremsstrahlung. - The absorption coefficient for process (f) has been
calculated by Somerville (ref. 19) using exchange phase shifts calculated by Massey and
Ridley (ref. 22) by Hulthen's variational method. Somerville gives a table of absorption

coefficient for limited ranges of temperature and photon wave number. These ranges
were too restricted for this report, so all absorption coefficients were calculated by nu-
‘merical integration instead.

The first step in calculating the absorption coefficient was to fit Massey and Ridley's
exchange phase shifts 7 o calculated by Hulthen's variational method.

"o(ki) =2.941 + (k1 - 0.143){-2.129 + (kl - 0.143)[0.1655 + 0. 27230{1 - 0.143)]}
Clﬁ = 1. 429) 39)
where k1 is the wave number of the incident electron in atomic units and is given by
ki = mv,a O/ﬁ. Equation (39) is based on calculated points for ki between 0. 143 and

1. 429, so its use for 1«11 between 0 and' 0. 143 is an extrapolation. For ki larger than
1. 429, the extrapolation

n, () = arcctn (o. 6512 k, - & 5213) (40)

k;

was used, where 7 o is in the first quadrant.

12



The final step is to calculate the spectral linear absorption coefficient from equa-
tions (39) and (40) and an appropriate relation. The general procedure used for H™ in-
verse bremsstrahlung was also used here. For photon wave numbers greater than twice
the plasma wave number, Somerville's (ref. 19) relations were used.

2 3

2 4 . 2 4 .2 . 2, 2 2
. 32N a ah P43P3 k,'sin no(kf) + k¢ sin no(ki) e-h ki/ZtkTma,0 .
v, X 3/2 5 3 kf dkl
3(27mkT)"/ “(AK")

> 2’v"p) (41)

-

where kf is the final wave number of the electron and

AK® = ki - ki2 (42)°
ConseQuently
- 2
> o _hak” (43)
81r2ma§c

For photon wave numbers less than twice the plasma wave number, equation (3. 91) of
reference 17 was used.

'p Ve,34
52 e - e-hcv/kT)

o~

v, X

_1 @< 207) (44)
n

The effective collision frequency Ve g4 In equation (44) was obtained from equation (8).

HE photodissociation and inverse bremsstrahlung. - The absorption coefficient for
processes (g) and (o) collectively has been calculated by Bates (ref. 23) for small photon
wave numbers and by Solomon (ref. 24) for large photon wave numbers. Bate's table
was used for photon wave numbers less than 25 000 cm'l. Bate's absorption coefficient
k 1s related to the spectral linear absorption coefficient a;" XI by

KNGpy; Py
1 - ¢-he/kT

a3 g1 = (> < 25 000 cm™ 1) 45y

A numerical fit to Solomon's (ref. 24) results has been given by Matsushima (ref. 25)

13
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for temperatures from 5000 to 15 000 K and was used in this report for photon wave
numbers from 25 000 to 118 260 cm™ 1.

2.92-4.2 \)8+1. 49 A /
flO( pP++P
112 (> 25 000 em™1) (46)

avy o = -
V’ XI 1 - e'th/kT

where X is wavelength in microns, 6 = 5040° K/T, and f = 0.014545 em™ 1.

Spectral linear absorption coefficient. - The spectral linear absorption coefficient
o including stimulated emission is the sum of the absorption coefficients for the vari-
ous processes multiplied by the stimulated emission factor.

~ XI
- ~hey/kT ~
ay = 1-e ) E ay 47
‘ i=1

Unfortunately, for various reasons, a';’ j were not available for all‘transitions for all
temperatures and photon wave numbers. The temperatures and photon wave numbers
for which ax;, i were available are given in table I. For other temperatures and photon
wave numbers they were neglected.

Opacities

Planck mean opacity. - The Planck mean opacity is used fo calculate heat transfer
from optically thin (semi-transparent) plasmas. A definition and derivation of the
Planck mean opacity apy for a nonscattering plasma with real index of refraction vary-
ing with photon wave number is given in appendix B. The relation between apy and o
(eq. (BT)) is the same as for a plasma with real index of refraction of 1.

Rosseland mean opacity. - The Rosseland mean opacity is used to calculate heat
transfer inside optically thick (opaque) plasmas. A definition and derivation of the
Rosseland mean opacity o Ro for a nonscattering plasma with real index of refraction
varying with photon wave number is given in appendix C. The relation between « Ro and
as (eq. (C11)) contains an n2 in its integrand, which may be omitted if the plasma has
a real index of refraction of 1, thereby giving the customary relation for n = 1.

Computer Program

The composition, absorption coefficient, and opacity calculations in this report were

14



performed with a program for a high-speed digital computer., The progra{n was written
in FORTRAN IV, IBM version 13. The Program for Components of a Hydrogen Plasma
Including Minor Species (ref. 15) was included as a subprogram.

RESULTS AND DISCUSSION

This section is divided into six subsections. The results for composition, real index
of refraction, spectral absorption coefficient, and opacities are given and discussed.
Then a comparison with other investigators is made. Finally, the need for more work
is outlined.

Composition

As pointed out in Analysis, the compositions were calculated by the methods in ref-
erence 15. However, the temperatures are, in general, different from those in refer-
ence 15, as well as most of the pressures. Consequently, the number densities of the
seven species are given for reference in tables II to VII for pressures of 100, 250, 300,
500, 750, and 1000 atm (0.1013x108, 0.2533x10%, 0.3040x108, 0.5066x108, 0.7599%10°,
and 0. 1013><109 N/ mz). The number densities of H and H2 are divided into contributions
due to the ground electronic state and to excited electronic states. The total number
denSity of all species as well as the mass density of the plasma (or simply density) are
also given. The ionization potential of the ground electronic state of H is included in .
these tables too. It varies due to the Debye-Hiuckel effect. '

Real Index of Refraction

The real index of refraction is a function of temperature, pressure, and photon wave
number. In this report contributions to the real index of refraction due only to plasma
effects were included (egs. (3) to (11)), so the index differs appreciably from 1 only near
the plasma wave number. The plasma wave number never exceeded 3000 cm'1 in this
report, so the real index of refraction differed 51gn1f1cant1y from 1 only in the infrared.
The real index of refraction for 1000 atm (1. 013><10 N/m ) is shown in flgure 2. The
real index of refraction effects the spectral absorption coefficient through equations (12),‘
(13), and (44) and effects the Rosseland mean opacity not only through the spectral ab-
sorption coefficient but also through equation (C11).

15



3.5r

Temperature,
R (K}

50 000 (27 778)

Real index of refraction, n

/ £20 000 (11 111)
L1000 (5556)

0 oo bl 1 L ] o1y
400 600 800 1000 2000 y 4000 6000 8000 10 000
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Figure 2, - Real index of refraction for hydrogen at pressure of 1000 atmospheres
(1.013x108 N/m?) in the infrared.

Spectral Absorption Coefficient

Spectral linear absorption coefficients o are given in the three columns labeled
""absorption coefficient'' in each part of tables II to VII. Corresponding photon wave
numbers are printed before them.

The solid lines in figure 3 give the spectral absorption coefficient plotted against
photon wave number for two different temperatures and a pressure of 1000 atm
. 013><108 N/m2 ). Figure 3(@a) is for _50000 R (2778 K). The first and second peaks are
due to H2-H2 pressure-induced rotational and vibrational transitions, respectively. In
the valley in the visible region, most of the absorption is due to H  photodetachment.
This valley would be much deeper if H§ had not been included in the composition. The ‘
third peak is due to H-H quasimolecular absorption. It ceases at 64 935 em™! because
no reliable calculations of quasimolecular absorption were available for larger photon
wave numbers. In the valley around 10° cm” 1, most of the absorption is due to H™ photo-
detachment. From 109 678 to 118 257 cm'1 most of the absorption is due to H photo-
jonization. To the violet of 118 257 cm'l, most of the absorption is due to H2 photo-
dissociation or photoionization.
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Figure 3(b) is for 70 000° R (38 889 K). To the red of 15 996 em™! most of the ab-
sorption is due to H inverse bremsstrahlung. The curvature at small photon wave num-
bers is due to variation in the real index of refraction. To the violet of 15 996 cm'1
most of the absorption is due to H photoionization.

. The restricted ranges of photon wave numbers and temperatures for which calcula-
tions were available for various transitions (see table I) seriously effected the accuracy
of some of the spectral absorption coefficients as. One such instance has already been
discussed with regard to figure 3(a). The lack of calculations for high temperatures for
H2-H2 pressure-induced vibrational and rotational transitions was also serious, as
shown in figure 4. Lack of calculations for high temperatures for H-H quasimolecular

,._.
<
o~

No calculations for HZ'HZ pressure-
induced vibrational transitions

P
oI
a4

ot
ol
W

No calculations for Hy-Hy
pressure induced

| | '— rotational transitions
| |

6 7 8 9 10x10°
Temperature, T, °R

Spectral absorption coefficient, ag, em”L

-
<
S

ST T VT |/|||||l

l l J
3000 4000 5000
Temperature, T, K

Figure 4. -~ Effect of lack of calculations for high temperatures for
Ho-Hy pressure-induced vibrational ansd rotational transitions.
Pressure, 1000 atmospheres (1.013x10° N/m¢). Photon wave
number, 4000 reciprocal centimeters.

absorption was likewise bad, as shown in figure 5. Less serious, but not negligible,
were discontinuities in ay due to lack of HZ'HZ pressure-induced translational transi-
tion calculations at high temperatures and lack of HE photodissociation calculations at
temperatures outside the range 5000 to 15 000 K for photon wave numbers around

10° em™1.

The relative importance of the transitions considered aids in understanding the
sbectrum, but space limitations precluded publishing such tables in this report for each
pressure and temperature of tables II to VII. However, relative importance tables
were calculated. The relative importance of the various categories of transitions varied
greatly with photon wave number, {emperature, and pressure, but each category was
important for some combination of these three variables. This result is summarized in
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Figure 5. - Effect of lack of calculations for high temperatures for
quasimolecular transition. Pressure, 1000 atmospheres
(1.013x108 NIim?). Photon wave number, 60 000 reciprocal cen-
timeters.

table VHI, which includes all transitions considered in this report. Each of the cate-
gories of transitions in table VIII had a relative contribution to ay of at least 36 per-
cent for some combination of photon wave number, temperature, and pressure. How-
ever, table VIII is based on only 55 combinations of temperature and pressure and on 50 '
photon wave numbers between 500 and 400 000 cm'l, so the true maximum relative con-
tributions may be slightly higher than given. Also, no allowance could be made for the
lack of calculations for certain transitions for certain photon wave numbers and temper-

atures (see table I).

Opacities

The Planck and Rosseland mean opacities were found from o and n calculated

for 50 different photon wave numbers between 500 and 400 000 cm'l. Numerical inte-

gration of equations (B7) and (C11) was by the trapezoidal rule. The lower limit of inte-
gration was 500 cm'1 and the upper limit was the smaller of 400 000 cm'1 and 40kT /hc.
Results are given in tables II to VII and in figures 6 and 7.

Figure 6 gives the Planck mean opacity o py for hydrogen. The discontinuities are
due to lack of calculations for high temperatures for pressure-induced vibrational and
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rotational transitions. Lack of calculations for high temperatures for quasimolecular
absorption and HE photodissociation did not cause discernible discontinuities because the
Planck mean is most sensitive to peaks in az for photon wave numbers near where B;'
peaks. For temperatures below 5400° R (3000 K) the Planck mean opacity is propor-
tional to the square of the pressure. For higher temperatures, the relation is more
complicated.

The solid curves in figure 7 give the Rosseland mean opacity o Ro for hydrogen.
There is a discontinuity at 5400° R (3000 K) in the 1000 atm curve due to lack of calcula-
tions for pressure-induced vibrational transitions at higher temperatures. The discon-
tinuities at 5400° R in the other three solid curves occur below the bottom of the éraph.
All four solid curves have discontinuities at 7200°, 18 000°, and 27 000° R (4000, 10 000,
and 15 000 K) due to lack of calculations at high temperature for pressure-induced rota-
tional, quasimolecular, and HE photodissociation transitions, respectively. The latter
two discontinuities are discernible because the Rosseland mean opacity is most sensitive
to valleys (or "'windows'') in as. '

The Armstrong bound (ref. 26) states that o p; must be greater than or equal to
0. 947 Opo For the cases in this report Op was always greater than %po The ratio
aPl/oeR o had a maximum value of 2. 5x108.

At temperatures up to 9000° R (5000 K), the opacities of hydrogen are so small that
it would probably be necessary in a gaseous-core nuclear rocket to add something to the
hydrogen to make it more opaque, thereby protecting chamber walls from excessive
thermal radiation. i

Comparison with Other Investigators

A comparison of Krascella's (ref. 9) spectral absorption coefficient with the one in
this report is given in figure 3(a) for 1000 atm (1.013x10% N/m2) and 5000° R (2778 K).
For photon wave numbers less than 109 677 cm'l, his a3 is almost entirely due to the
Lyman a line of H. Unfortunately, his expression for the absorption of Lyman a is
only believed to be valid from about 81 300 to 83 300 cm'l. Well to the red of this the
correct value is probably much less than Krascella's value. Krascella's ay for photon
wave numbers less than 104 cm'1 is too small because he neglected pressure-induced
absorption. His a7 is essentially the same as the ay values in this report for photon
wave numbers between 109 677 and 211 400 cm'l. For greater photon wave numbers
Krascella's ax is too low because he neglected H2 photoionization.

A similar comparison of a7 with Krascella's results is given in figure 3(b) for
70 000° R (38 889 K). For photon wave numbers less than 3000 cm'l, the differences
are primarily due to the inclusion of n in equation (12) of this report but not in refer-
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';‘ence 9. For photon wave numbers greatér than 3000 cm'l, the differences are prinéi-
pally due to the erroneous equation of state used by Krascella. This is discussed in ref-
erence 15.

A comparison of Krascella's dp.. with the one in this report is given in figure 7.
For temperatures greater than 15 000~ R (8333 K), the differences are primarily due to
differences in equations of state. For temperatures less than 6000° R (3333 K), the dif-
ferences are due to the factors discussed above for figure 3(a), except that szphoto-
ionization has no appreciable effect.

Additional comparisons with Krascella's work may be made by direct comparison
of tables XIII to XVIII of reference 9 with tables II to VII of this report because they are
for the same temperatures, pressures, and photon wave numbers. 4

Values of o calculated by the procedure in this report are in good agreement with
values from Mastrup (ref. 6) for 10 080 K and 1 atm (1. 013><1O N/m ) pressure.

A comparison with Lasher et al. (ref. 10) is difficult because they have included
atomic lines and have neglected H™ photodetachment and inverse bremsstrahlung,
thereby causing their continuum absorption coefficients to be too low at 10 000 K and
slightly higher temperatures. However, a comparison of their figures 6 to 8 shows that
the continuum intensity becomes larger relative to the line intensity as pressure is in-
creased. Consequently, for the pressures of 100 to 1000 atm (1. 013><10'7 to 1.013x108
N/m?') included in this report, the neglect of lines is not as serious as might be sus-
pected, although the resulting error is undoubtedly appreciable. Even for 10 atm
(1. 013><106 N/mz) pressure, Lasher et al. (ref. 10) point out that the validity of the
Lyman line shapes is questionable far from the line centers. At higher pressures this
situation is aggravated, which is why lines were neglected here.

Need for More Work

It is clear that for many conditions the o in this report is not accurate to within a
factor of 2 and that the accuracy of ap and %Ro is thereby degraded. To remedy
this, additional calculations are needed for a number of processes. Accurate line shapes
should be derived so that atomic lines can be included with confidence. Calculations for
higher temperatures for HZ'HZ pressure-induced vibrational transitions are needed.
There are no calculations for HZ'H pressure-induced vibrational transitions, although
this process is probably important around photon wave numbers of 4000 cm'1 when dis-
sociation of H2 is appreciable. Calculations for higher temperatures and photon wave
numbers for quasimolecular transitions are needed. The Lyman and Werner electronic
transitions of Hy (refs. 27 and 28) would probably be important if thermal radiation from
a hot source was incident upon hydrogen containing appreciable H2, as in a gaseous-core
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nuclear rocket. The empiriéal treatment of Hz photodissociation and photoionization
should be replaced with a theoretical treatment so temperature effects could be included.
After all these refinements, it is not clear if HE photodissociation would still be of any
importance. Calculations for higher temperatures for HZ'Hz pressure-induced trans-
lational and rotational transitions should have low priority because their small wave

numbers correspond to regions of small radiant heat transfer in gaseous-core nuclear
rockets.

CONCLUDING REMARKS

The spectral absorption coefficient, Planck mean opacity, and Rosseland mean
opacity for hydrogen were calculated including 15 photon absorption processes. The
treatment included Hz; in the composition as well as deviations of the real index of re-
fraction from 1 near the i)lasma wave number. Both caused significant effects on the
spectral absorption coefficient. The spectral absofption coefficient and Rosseland mean
opacity were significantly different than the results of Krascella (ref. 9). However, at
temperatures up to 9000° R (5000 K) the calculated opacities of hydrogen are still so
small that it would probably be necessary in a gaseous-core nuclear rocket to add some-
thing to the hydrogen to make it more opaque, thereby protecting chamber walls from
excessive thermal radiation.

Unfortunately, calculations for some of the 15 processes considered were not avail-
able for some photon wave numbers and temperatures. This caused inaccuracies and
large discontinuities in the spectral absorption coefficient and Planck and Rosseland
mean opacities. This situation should be corrected and some additional photon absorp-
tion processes (especially atomic lines) should be included in the calculation of the spec-
tral absorption coefficient and opacities in order to obtain more reliable results.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, July 28, 1969,
122-28,
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APPENDIX A

SYMBOLS
a . parameter in numerical fit to pressure-induced absorption coefficient
a, first Bohr radius of hydrogen atom

ay spectral linear absorption coefficient at photon wave number v excluding stimu-
lated emission factor

B integrated Planck function (also called integrated blackbody intensity) (see ref. 29)

B~  Planck (or blackbody) function at wave number 7 (see ref. 29)

B, Planck (or blackbody) function at angular velocity

b parameter in irumerical fit to pressure-induced absorption coefficient
C parameter in numerical fit to pressure~induced absorption coefficient

c velocity of light in vacuum

d parameter iny numerical fit to pressure-induced absorption coefficient
e charge of electron ‘
F  radiant heat flux

E; radiant heat flux per unit photon wave number at photon wave number v
f constaﬁt in numerical fit for HE absorption coefficient

G Gaunt factor for bremsstrahlung averaged over the electron velocity distribution
h Planck’s constant

il h/2n

1 integrated intensity (see ref. 29)

Iy specific intensity at photon wave number 7 (see ref. 29)

Iw specific intensity at angular velocity w
i 11
5. unit vectof in x direction

KT complex dielectric coefficient for transverse electromagnetic waves
k Boltzmann constant
kf final wave number of free electron

ki initial wave number of free electron

o
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Ve 1 = 31,32,
34,36,37)
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quasimolecular absorption coefficient excluding stimulated emission
factor and given in ref. 20

plasma thickness

mass of electron

number density of species i

Loschmidt number

real index of refraction

operator which takes real part of complex number
distance along a ray

temperature

initial velocity of free electron

distance from point A measured in direction of VT
fine structure constant

parameter in numerical fit to pressure-induced vibrational absorption
coefficient

Planck mean opacity
Rosseland mean opacity

spectral linear absorption coefficient at photon wave number 7 in-
cluding stimulated emission factor
2 2

kf - ki

parameter in numerical fit to pressure-induced vibrational absorption
coefficient

electric permittivity of free space

exchange phase shift

5040° K/T

absorption coefficient for Hg photodissociation and inverse
bremsstrahlung collectively, including the stimulated emission fac-
tor and given in ref. 23

absorption coefficient for pressure-induced absorption given in ref. 21
wavelength

effective collision frequency of free electrons for collisions of type i



¥ (i = L, X)

Q

“p

Subscripts:

A

Roman

] O U b W N -
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total effective collision fréquency of free electrons
photon wave number

parameter in numerical fit to pressure-induced translational ab-
sorption coefficient

parameter in numerical fit to pressure-induced rotational absorp-
tion coefficient

wp/ 2mc
fundamental vibrational frequency of ground electronic state of H2
dimensionless density of species i, Ni/N0

sum of cross sections for photodissociation and photoionization of

ground electronic state of H2 including stimulated emission factor

optical depth at photon wave number v
optical depth at angular velocity w

angle between light ray and x axis

function for finding limiting absorption coefficient for small photon

wave number for process i
solid angle

electron plasma frequency

point A

any Roman numeral Ito XI

hydrogen atom, H

proton, H'

free electron, e~

hydrogen molecule, H2

negative hydrogen ion, H™

hydrogen diatomic molecular ion, HE
hydrogen triatomic molecular ion, HE;
e -H collisions (H in ground state)

e -H' collisions
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e’ -H, collisions (H2 in ground electronic state)
e"-H; collisions

e'--HZ,,r collisions

H photoionization

H, H2, and H3 inverse bremsstrahlung collectively”
H™ inverse bremsstrahlung

H™ photodetachment

H2 photodissociation and photoionization collectively
H-H quasimolecular transition

H,-H, pressure-induced translational transition
Hz-Hz pressure-induced rotational transition

H2-H2 pressure-induced vibrational transition

Hé inverse bremsstrahlung

HE photodissociation and inverse bremsstrahlung collectively

ground electronic state



APPENDIX B

PLANCK MEAN OPACITY FOR A NONSCATTERING PLASMA
WITH REAL INDEX OF REFRACTION VARYING
WITH PHOTON WAVE NUMBER

In this appendix the intensity emitted by a layer of plasma with varyingreal index
of refraction is found in terms of the spectral absorption coefficient and other quantities.
The Planck mean opacity for such a plasma is defined in terms of the emitted intensity.
Combining these two expressions gives the Planck mean opacity in terms of the spectral
absorption coefficient.

Consider a nonscattering, isotropic, homogeneous, isothermal, vertical layer of
plasma of thickness L with a vacuum on either side. Assume no radiation is incident
upon it from the left and neglect reflections at the boundaries. Bekefi (ref. 17) gives an
expression (eq. (1.141)) for the specific intensity for one direction of polarization along
a ray in the vacuum to the right of the layer and perpendicular to the boundaries. In de-
riving equation (1.141) Bekefi used the Rayleigh-Jeans approximation, which is unnec-
essary. The expression for two directions of polarization, local thermodynamic equi-
librium, and no Rayleigh-Jeans approximation is obviously

-T .
- - w
I w= Bw(l e ) (B1)
where I w is the specific intensity per unit angular velocity, B w is the Planck function
per unit angular velocity, and T, is the optical thickness of the layer. The quantities
I w and B w in this report are for two directions of polarization collectively. Note that

equation (B1) is independent of the real index of refraction. The corresponding expres-
sion per unit photon wave number is

-T
~ = B~ (1 - v
Iv -BV(l e Y) (B2)
where
‘ I
T = =asL (B3)

The layer is assumed to be optically thin at all photon wave numbers ('r'; <<'1) so the ex-~
ponential in equation (B2) can be expanded, with the result

Iy =Byas L~ (B4)
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Integrating equation (B4) over all photon wave numbers gives the integrated intensity

o0,
I=L '4. Byas dv (B5)

i
We define the Planck mean opacity dpy for a nonscattering plasma layer with
varying real index of refraction by

where 1 is, as before, the integrated intensity in the vacuum to the right of the layer
and along a ray perpendicular to the boundaries. The quantity B is the integrated
Planck function. Equation (B6) is the same as customarily used for a nonscattering
plasma layer with real index of refraction assumed to be 1.

Combining equations (B5) and (B6) gives

= ) ~
j; B;a;' dv -
o =

Pl B

This is the desired relation for the Planck mean opacity in terms of the spectral absorp-
ticn coefficient. The quantities B and B'; are of course to be evaluated for the tem-
perature of the plasma. Equation (B7) is identical to the customary expression for the
Planck mean opacity for a nonscattering plasma with real index of refraction assumed

to be 1.
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APPENDIX C

ROSSELAND MEAN OPACITY FOR A NONSCATTERING PLASMA
WITH REAL INDEX OF REFRACTION VARYING
WITH PHOTON WAVE NUMBER

In this appendix the radiant flux for a plasma with varying real index of refraction
is found for conditions where the diffusion approximation is valid (optically thick plasma
with small temperature gradients). This radiant flux is given in terms of the spectral
absorption coefficient and other quantities. The Rosseland mean opacity for such a
plasma is defined in terms of the radiant flux and the temperature gradient. Combining
these two expressions gives the Rosseland mean opacity in terms of the spectral absorp-
tion coefficient.

Consider a nonscattering, isotropic, infinite plasma with a small temperature
gradient and with real index of refraction varying with angular velocity. For local ther-
modynamic equilibrium and two directions of polarization the transfer equation (ref. 17,
eq. (1.136)) becomes

I\ I
_d__(_9> -Y.p_ (1)
dr n2/ 2

where the 6ptica1 depth 7  is defined by

w

4

dr, =-a dS C2)

and is measured from some point A. Here S is the distance along a ray.
The quantities I  and B in equation (C1) are per unit angular velocity. The
corresponding equation per unit photon wave number is

a %\ I
___(__> -2 B (C3)
df;' n2 n2
where 7~ =17 . (

v w ;
Let x be distance from point A measured in the direction of VT (and hence VB;').

Assuming n independent of position, x and S are related as shown in the following
sketch:
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Consider radiation in the +S direction. The corresponding solution of equation (C3) is

I~(A) : -
4 - ~ V Qg
5 " / Bv e d'rv (C4)
n 0

The quantity B;' may be expanded as a Taylor series about the point A and substituted
into equation (C4) with the result

I~ (A B~
V()=B';(A)+( ”) ... (C5)
n2 aT';

Retaining only the first two terms and substituting d'r;' =-or dx/cos ¢ gives

I> (A)

=B~(A) - 22 ¢ vp- (ce)

o
n v

Let ; be a unit vector in the x direction. The spectral flux is given by the usual ex-
pression

Fr = / I~(A) cis ¢ dQ CT)
v 47T 14
where df2 is an element of solid angle about A. Substituting (C6) into (C7) gives
Fr o Am® op (C8)
v 30 ~ v
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Integrating equation (C8) over all photon wave numbers gives

00
- 2 9B~
=_ﬂ D _Yayvr (C9)
3 a~ 9T
b v

We define the Rosseland mean opacity Ap, by the same equation as for plasmas
with real index of refraction of 1, namely

F---41 _dB gp (C10)
3ap, dT
Combining equations (C9) and (C10) gives
® B~
v dv
oT
_ 0
ORo = P — (C11)
n_ v /d;
a;' aT

Jo

This is the desired relation for the Rosseland mean opacity in terms of the spectral ab-
sorption coefficient. Equation (C11) contains nz, whereas the customary expression for
dR o for a plasma with real index of refraction of 1 does not.
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TABLE I. - PHOTON WAVE NUMBERS AND TEMPERATURES

IN THIS REPORT FOR WHICH VARIOUS TRANSITIONS

WERE INCLUDED IN THE COMPUTER PROGRAM

Transition Photon wave Temperature,
' numbers, K
cm”

H photoionization A1l All
H inverse bremsstrahlunga All 2000 to 50 000
H2 inverse bremss‘cramlunga All 2000 to 50 000
H3 inverse bremsstrahlunga All All :
H™ inverse bremsstrahlunga All All
H™ photodetachment 6583 to 109 679 All
Hy photodissociation and photoionization 118 257 to 400 000 All

H-H quasimolecular

HZ'HZ pressure-induced translational

Hz—H2 pressure-induced rotational

H2-H2 pressure-induced vibrational

Hé inverse bremsstrahlung®

H3 photodissociation and inverse
bremsstrahlunga

14 999 to 64 935
500 to 2000
All
All
All
500 to 25 000
{25 000 to 118 260

1667 to 10 000
1667 to 3000
1667 to 4000
1667 to 3000
All
2500 to 12 000
5000 to 15 000

mverse bremsstrahlung is referred to by the particle that results if the two free
particles were to recombine. Hence H inverse bremsstrahlung involves H' and

e, and similarly for H,, Hg, H™, and Hé inverse bremsstrahlung. However,
H; inverse bremsstrahlung involves H and H.
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TABLE II. - ABSORPTION COEFFICIENTS AND OPACITY OF HYDROGEN
AT 100 ATMOSPHERES (1. 013><10,7 N/m2) PRESSURE?

(a) Temperature, 3000° R (1667 K)

"PRESSURE C.1013E 08 N/M2 TOTAL NUMBER DENSITY D.4434E 27 1/M3.
TEMPERATURE 3000. R H IONIZATION POTENTIAL 109679. L/CM
TEMPERATURE 1667. K PLANCK MEAN OPACITY J3.3280E-03 1/7CM
DENS ITY O.14T4E-02 3/CM3 ROSSELAND MEAN OPACITY J.2432E-11 1/CM
SPECIES NJ . DENSITY (1/M3) SPECIES NO. DENSITY (1/M3)
H{ GROUND STATE) 4.699E 21 H2{EXCITED STATES) J.
HUEXCITED STATES) 2.716E-09 H= 5.786E 05
H¥ 0. HZ+ 0.
€ 3.7T70E 08 H3+ 3.775E 08
H2{GROUND STATE) 4.404E 26
WAVE ABSORPTION WAVE AB SORPTION WAVE ABSORPTION
NUMBER COEFFICIENT NUMBER COEFFICIENT NUMB ER COEFFICIENT
{1/CK) {1/7CM) (1L/CM) {1/CM) {L/CM) . {L/CM)
1000. 0.4068E~03 11000« 0.5486E-07 70000. 0.6516E-17
1500. 0.5885E-03 12000. 0,1069E-07 75000, 0.5760E~17
2000. 0.3700£-03 13500. 0.9070£-09 33000. 0.5134E-17
2500, 0.1320E-03 15000, 0.7603E~10 93000, 0.4196E-17
3000. O.1168E-03 20000. 0.1844E-13 103000. 0.3486E-17
4000. 0.6876E-03 25000. 0.3740E-16 125000. 0.2412E 04
5000. 0.5568E~03 21500, 0.2897E-106 150000. 0.3700E 04
5500. 0.36076-03 30000. 0.2543E-16 175000. 0.2533E 04
6000. 0.1649E-03 40000. 0.360%E-16 200000, 0.1938E 04
8000. 0.7009E-05 50000. 0.2312&-13 300000. J.5897E 03
10000. 0,2793E-06 60000, 0.4207E-11 402000. 0.2258E& 03

(b) Temperature, 5000° R (2778 K)

PRESSURE C.1013E 08 N/M2 TOTAL NUMBER DENSITY J.2642E 27 1/M3

TEMP ERATURE  5000. 3 H IONIZATION POTENTIAL 109679. 1/CM

TEMPERATURE 2778. K PLANCK MEAN OPACITY J.8492E-04 1/CM

DENS ITY 0.8810E-03 G/2M3 ROSSELAND MEAN OPACITY J,2630E-07 1/CHM
SPECIES NO. DENSITY (1/M3) SPECIES NO. DENSITY (1/M3}

H{GROUND STATE) 1.983E 24 H2{EXCITED STATES) 1.072E 07

H{ EXCITED STATES) 2.486E 06 H- 8.575E 13

H+ 6. 109t 10 H2+ 4.504E 10

E 2.439E 15 H3+ 2.525E 15

H2{ GROUND STATE) 2.622: 26

WAVE ABSORPTION WAVE ABSORPTION WAVE ABSORPT ION

NUMBER COEFFICIENT NUMB ER COEFFICIENT NUMBER COEFFICIENT

(1/CM) (1/7CM) (1/cM) (1/CH) (1/7cM) (1/7CM)
1000. 0.1060E-03 11000. 0.2725E-06 73000, 0.4988E£-09
1500. 0.1871E-03 12000. 0.8484E-07 75000. 0J.4352E-09
2000, 0.1984E-03 13500. 0.1723&E-07 83000, J.3830E-09
2500. 0.1251E-03 15000. 0.5997E~08 33000. 0,3078E-09
3000. 0.1036E-03 20000. 0.3005E-08 103000, 0.2503E-09
4000. 0.2472E-03 25000. 0.2350E-08 125000. O0.1445E 04
5000. 0.2188E-03 27500, 0.2105E-08 153000, 0.2209E 04
5500, 0.1567E-03 30000. 0.1901E-08 L75000. D.1512E 04
6000, 0.9263E-04 40000, 0.3431E-08 202000. 0.1156E 04
8000. 0.9352E-05 50000. 0.1536E~-06 300000, 0.3519E 03
10000. 0.8897E-06 60000. 0.4103E-05 403000. 0.1348E 03

29.447E25 means 2.447x1025, etc. Wave numbers in table are photon wave
numbers.



TABLE H. - Continued. ABSORPTION COEFFICIENTS AND OPACITY OF

HYDROGEN AT 100 ATMOSPHERES (1. 013><1017 N/ m2) PRESSURE?

(c) Temperature, 7000° R (3889 K)

0.5932E-03 G/CM3

PRESSURE 0.1013E 08 N/M2
TEMP ERATURE 7000. R
TEMPERATURE 3889. K
DENS ITY

SPECIES

H{ GROUND STATE}

NO . DENSITY (1/M3)

2.300E 25

TOTAL NUMBER DENSITY
H IONIZATION POTENTIAL 109673, L/CHM
PLANCK MEAN OPACITY
ROSSELAND MEAN OPACITY 0.6211E-05 1l/CH

SPECIES

H-
H2+
H3+

AB SORPTION
COEFFICIENT
{L/CM)
0. 8635E-05
0. 8784E-05
0. 8609E-05
0. 8LTLE-05
0. 63 80E-05
0.5035E-05
0. 4539€E-05
0.4162E-05
0. 7323E-05
0. 1068E-03
0.1167E-02

0.1887E 27 L/M3

0.1057E~04 1/CM

NO. DENSITY {1/M3)
H2{EXCITED STATES) 6.400E 12

1.878E 17
5.889E 15
2.073E 18
WAVE ABSORPTION
NUMBER COEFFICIENT
(L/CH) {1/7CM)
73000. J.1071E-05
75000. 0.9336E~06
80000. 0.8212€E-05
93000, 0.6595E-06
103000. 0.5358E-06
125000. 0.1008E 04
150000. D.1454E 04
175000. 0.9934E 03
200000. 0.,7572E 03
300000. 0.2309%E 03
400000. 0.8894E 02

d) Temperature R K
(d) , 10 000° R (5556 K)

HUEXCITED STATES) 5.635E 12
H+ 1.678E 16
E 1.915E 18
H2{GROUND STATE) 1.657E 26
WAVE ABSORPTION WAVE
NUMBER COEFFICLENT NUMB ER
{1/CNH) (/cm) (170 M)
1000. 0.9102E-04 11000,
1500. 0.8420E-04 12000.
2000. 0.8588E-04 13500.
2500. 0.6587E-04 15000,
3000, 0.4924E-04 20000.
4000. 0.1356E-04 25000.
5000. 0e460BE-05 27500.
5500. 0.3001lE-05 30000.
6000, 0.2112E-05 40000.
8000. 0.5712E-05 50000.
10000. 0.8156E-05 60000.
PRESSURE 0.1013E 08 N/M2
TEMPERATURE 10000. R
TEMPERATURE 5556. K
DENS ITY 0.2971E-03 G/IM3
SPECIES NJ . DENSITY {(1/M3)
H{ GROUND STATE) 8. 670E 25
H{ EXCITED STATES) 2.072E 17
H+ l.538E 20
[ 2. 634E 20
H2{GROUND STATE) 4.541lE 25
WAVE ABSDRPTION WAVE
NUMBER COEFFICIENT NUM3 ER
{1/CH) {1/CM) (1/0M)
1000. 0.1103E-01 11000.
1500. 0¢4906E-02 12000.
2000. 0.2764E-02 13500.
2500. 0.1773E-02 15000.
3000. 0.1235E-02 20000,
4000. 0O.7005E-03 25000
5000. 0.4541E-03 27500,
5500. 0.3783E-03 30000.
6000. 0.3209E-03 40000.
8000. 0.8662E-03 50000.
10000. 0.1230E-02 60000.

49 447TE25 means 2,447x10

numbers.

25

TOTAL NUMBER DENSITY
H IONIZATION POTENTIAL 109624, L/CM
PLANCK MEAN OPACITY
ROSSELAND MEAN OPACITY 2.9233E-03 1/CM

SPECIES

H-
H2+
H3+

AB SORPTION
COEFFICIENT
(1/CM)
0.1308E~02
0.1337E-02
0.1321€-02
0.1263E-02
0. 1008E-02
0. 8154E-03
0. 7264E-03
0. 67T90E-03
0. 96 05£-03
0.5353E~-02
0, 2804E-01

J.1321E 27 1/M3

0.1065E~02 1L/CM

NO. DENSITY (1/M3)
H2 (EXCITED STATES) 5 .222E 16

2.860E 19

2.759€ 19

1.106E 20
WAVE ABSORPTION
NUMBER COEFFICIENT

{(L/C™M) {1/Ccm)

706000, 0.2198E-03
75000. 0.2018E-03
83000. 0.1873E-03
30000, 0.1672E-03
133000. 0.1523E-03
125000, 0.6276E 03
150000. 0.6129E 03
175000. 0.4129E 03
203030. 0.3048E 03
3)0000. 0.9461E 02
43J000. 0.3828E 02

, ete, Wave numbers in table are photon wave
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TABLE II. - Continued. ABSORPTION COEFFICIENTS AND OPACITY OF

HYDROGEN AT 100 ATMOSPHERES (1. 013><107 N/ mz) PRESSURE?

(e) Temperature, 13 000° R (7222 K)

PRESSURE 0.1013E 08 N/M2
TEMPERATURE 13000. R
TEMP ERATURE 7222. K
DENS ITY 0.1816E-03 G/IM3
SP ECIES No« DENSITY (1/M3)
H{ GROUND STATE) 9.469E 25
H{ EXCITED STATES) 3.493E 19
H+ 648228 21
E , 6.989E 21
H2{GROUND STATE) 6.918E 24
~
WAVE AB SORP TIDN WAVE
NUMBER COEFFICIENT  NUMBER
(1/CH) {1/CM) (1L/CM)
1000. 0.2714E 00 11000,
1500. 0.1209E 00 12000.
2000. 0.6824E-01 13500,
2500, 0.4389E-01 15000.
3000. 0.3067E-01 20000,
4000. 0.1754E-01 25000,
5000. 0.1149E-01 27500,
5500. 0.%627E-02 30000.
6000, 0.8211E-02 40000,
8000, 0.1330E-01 50000.
10000, 0.17326-01 60000,
(f) Temperature,
PRESSURE 0.1013E 08 N/M2
TEMP ERATURE 16000. R
TEMPERATURE 8889. K
DENS ITY C.1405E-03 G/CM3
SPECIES NO. DENSITY {1/M3)
HU GROUND STATE)  8.099E 25
H{ EXCITED STATES) 7.686E 20
H+ . 5.938E 22
E 5.948E 22
H2{GROUND STATE) 1.463E 24
WAVE AB SURPTION WAVE
NUMBER COEFFICIENT  NUMBER
(1/CM) t1/cM) (17:M)
1000. O0.1981E 01 11000.
1500, 0.88l10E 00 12000.
2000. 0.4965E 00 13500,
2500. 0.3188E 00 15000.
3000. ©0.2223E 00 20000.
4000. 0.1279E 00 25000,
5000. 0.8321E-01 27500,
5500. 0.6947E-01 30000.
6000. 0.5905E-01 40000.
8000. 0.6812E-01 50000,
10000. 0.7894E-01 60000,

TOTAL NUMBER DENSITY 0.,1016E 27 1/M3
H IONIZATION POTENTIAL 109439. 1/CM
PLANCK MEAN OPACITY J.1541E-01 1/CM

ROSSELAND MEAN UPACITY J.1198E-01 1/CM

SPECIES NO. DENSIFY {1/M3)

H2 (EXCITED STATES) 2.958E 18

H- 3.856E 20

H2+ 4.437€ 20

H3+ 1.085E 20
AB SORPTION WAVE ABS ORPT ION
COEFFICIENT NUMBER COEFFICIENT

{(L/cm (L/7CM). (L/CH)
0.1822E-01 70000. 0.3153E-02
0.1862£-01 75000. 0.2891E-02
0. 1837E~01 80000. 0.2678E-02
0.1761E-01 93000. 0.2378E-02
0.1421E-01 100000+ 0.2153E-02
0. 1155&E-01 125000, 0.4517£ 03
0. 1037E-01 152000. 0.3108E 03
0. 94 80E-02 175000. 0.2055& 03
0. 8238E-02 233000. J.1450E 03
Oe 1599E-01 300000. 0.4617E 02
0. 4524E-01 4+00000. 0.1992E& 02

16 000° R (8889 K)

TOTAL NUMBER DENSITY J8257TE 26 1/M3
H IONIZATION POTENTIAL 109055, 1/CM

PLANCK MEAN OPACITY 0.7959E-01 1/CM
ROSSELAND MEAN COPACITY 0.4434E-01 1/CM

SPECIES NO. DENSITY {(1/M3)

H2 (EXCITED STATES) 2.413E 19

H- 1.630€ 21

H2+ 1.668E 21

H3+ 6.761E 19
ABSORPTION WAVE ABSORPTION
COEFFICIENT NUMBER COEFFICIENT

{(L/cM) {1L/CM) {1/7CM)
0. 8125E-01 73000, 0.1345E-01
O. 8365E—-01 75000, 0.1219E-01
0. 8146E-01 80000. 0.1117€E-01
0. 7758E-01 93000.  0.9711E-02
0. 6234E-01 130000 0.8613E-02
0. 5050E-01 125000. 0.3619E 03
0.5023E-01 153000, 0.2284E 03
0. 4491E~O1 175000. 0.1501E 03
0.3222E-01 200000. O.l044E 03
0. 3344E-01 300000. . 0.3353E 02
0.5060E-01 400000. 0.1476E 02

g, 447TE25 means 2. 447><1025; ete, Wave numbers in table are photon wave

numbers.



TABLE II. - Continued. ABSORP TION COEFFICIENTS AND OPACITY OF

HYDROGEN AT 100 ATMOSPHERES (1.013x10" N/m?%) PRESSURE?

(g) Temperature, 20 000° R (11 111 K)

TOTAL NUMBER DENSITY 0.6608E 26 1/M3
H IONIZATION POTENTIAL 108266. 1/CM

PLANCK MEAN OPACITY 0.4322E 00 1/7CM
ROSSELAND MEAN DPACITY 0.1120& 00 "1/CH

SPECIES NO. DENSITY (1/M3)

HZ {EXCITED STATES) 1.382E 20

H- 4.972€ 21

H2+ 4.735E 21

H3+ 4.475E 19
ABSORPTION WAVE ABSORPTION
COEFFICLENT NUMBER COEFFICIENT

{1/CM) {L/7CM) (1/7CM)
0.3302E 00 70000. 0.4587E-01
0. 3155E 00 75000+ 0.4100E-01
0.2935E 00 80000. D0.3706E-01
0.2717€ 00 90000, 0.3140E-01
0.2092E 00 103000. 0.2723€-01
0. 1660E 00 125000. 0.2857E 03
0.2198E 00 150000~ 0.1761E 03
0. 1895E 00 175000. O0.1156E 03
0.1158E 00 200000. 0.8006E 02
0. 8011E-01 300000. 0.2576E 02-
0.5931E-0L $03000. J.1140E 02

(h) Temperature, 23 000° R (12 778 K)

PRESSURE 0.1013E 08 N/M2
TEMPERATURE 20000. R
TEMPERATURE 11111l. K
DENS ITY 0.1105E-03 G/oM3
SPECIES N3 . DENSITY (1/M3)
H( GROUND STATE) 6.495E 25
HU EXCITED STATES) 1.152E 22
H+ 3.870E 23
E 3. 868E 23
H2{GROUND STATE) 3.326E 23
WAVE ABSORPTION WAVE
NUMBER COEFFICIENT  NUMBER
{1/CH) (1/cM) (L/cM)
1000. 0.1211E 02 11000.
1500. 0.5347€ Ol 12000,
2000. 0.2995E 01 13500,
2500. 0.1912E 01 15000,
3000. 0.1385E 0Ol 20000,
4000. 0.7784E 00 25000,
5000, “0.4998E 00 27500.
5500, 0.4602E 00 30000.
6000, 0.3875E 00 40000,
8000. 0.3081lE 00 50000,
10000. 0.2956E 00 60000.
PRESSURE 0.1013E 08 N/M2
TEMP ERATURE 23000. R
TEMP ERATURE 12778. K
DENS ITY 0.9479E-04 G/-M3
SPECIES ND . DENSITY {1/M3)
H{ GRUUND STATE) 5.526E 25
HUEXCITED STATES) 4.789E 22
H+ 1. 031E 24
€ 1.030E 24 '
H2(GROUND STATE) 1l.412E 23
WAVE ABSORPTION WAVE
NUMBER COEFFICIENT  NUMBER
(1/CM) {1/CM) (1/0M)
1000. 0.3594E 02 11000.
1500. 0.1564E 02 12000.
2000. 0.8679E 0Ol 13500.
2500. 0.5920E 01 15000.
3000.  0.4073E Ol 20000,
4000. 0.2250E Ol 25000,
5000. 0.1661E 01 271500.
5500. O0.1361E 01, 30000.
6000.  0.1133E 01 40000,
8000. 0.7478E 00 50000.
10000. 0.6122€ 00 60000.

TOTAL NUMBER DENSITY 0.5752E 26 1/M3
H IONIZATION POTENTIAL 107534, 1/CM

PLANCK MEAN DOPACITY 0.1151E Ol 1/CM
ROSSELAND MEAN OPACITY J.1873E 00 1/CM

SPECIES NO. DENSITY (1/M3)

H2Z{EXCITED STATES) 3.280E 20

H- 8 .224E 21

H2+ 7.660E 21

H3+ 3.567E 19
AB50RPTION WAVE ABSORPTION
COEFFICIENT NUMBER COEFFICIENT

{L/CM) (L/7CM) {1/CM)
0. 7355E 00 70000. 0.8845E-01
0.6685E 00 75000. 0.7812E-01
0.5872E 00 33000. 0.6983E-01
0.5210& 00 90000. 0.5794E-01
0. 3666E 00 100000. 0.4937E-01
0.2754E 00 125000, 0.2423E 03
0.5222E 00 153000+ 0.1486E 03
0. 44 RE 00 175000. 0.9749E 02
0. 2508E 00 200000. 046749E 02
0. 1648E 00 300000. - 0.2173E 02
0.1176E 00 400000.  0.9630E 01

29.447E25 means 2.447><1025, etc. Wave numbers in table are photon wave

numbers,
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TABLE 1II. - Continued. ABSORFTION COEFFICIENTS AND OPACITY OF
HYDROGEN AT 100 ATMOSPHERES (1. 013x10° N/m2) PRESSURE®

(i) Temperature, 26 000° R (14 444 K)

PRESSURE 0.1013E 08 N/M2 TOTAL NUMBER DENSITY D.5102E 26 1/M3
TEMPERATURE 26000. R H IONIZATION POTENTIAL 106758. L/CHM
TEMP ERATURE 14444, K PLANCK MEAN OPACITY J.24THE 01 1/ CM
DENS ITY. C.8189E~04 G/LM3 ROSSELAND MEAN OPACITY J3.2794E 00 1l/CM
SPECIES ND. DENSITY {(1/M3) SPECIES ND. DENSITY {1/M3)
H{ GROUND STATE) 4. 646E 25 H2{EXCITED STATES) 5.932E 20
HUEXCITED STATES) 1l.422c 23 H~ l.115€ 22
He 2. 165t 24 H2+ 1.029E 22
E 2. 164E 24 H3+ 2.795E 19
H2(GROUND STATE) 6.626E 22
WAVE AB SURPTION WAVE ABSORPTION WAVE ABSORPTION
NUMBER COEFFICIENT NUMBER COEFFICIENT NUMBER COEFFICIENT
(1/CM) (1l/7CM) {(1/CM) T {1/CM) (1/7CM} (1/CcmM)
1000. 0.9362E 02 1L000. 0.1556E 01 73000. 0.1471E 00
1500. 0.4290E 02 12000. 0.1360E 01 75000. 0.1283E 00
2000. 0.2364E 02 13500. O0.1137t 01 80000. ©0.1134E 00
2500. 0.1490E 02 « 15000, 0.9693E 00 90000. 0.91%98E-01
3000. 0.1020E 02 20000. 0.6255E 00 100000. D.7688E-01
4000. 0.6721E 01 25000. 0.1260& Ol 125000. 0.2034E 03
5000. 0.4208E 01 27500. 0.1045E 01 152000. 0.1245E 03
5500. 0.3439E 0Ol 30000. 0.8663E 00 175000. 0.8168E 02
6000. 0.2857E 0Ol 40000. 0.4664E 00 200000. 0.5652E 02
8000, 0.1702E 01 50000. 0.2925E 00 300000, 0.1820E 02
10000. O0.1811E O1 60000, 0.2011lE 00 433000, O0.8071E 01

(j) Temperature, 30 000° R (16 667 K)

PRESSURE 0.1013E 08 N/M2 TOTAL NUMBER DENSITY J4454E 26 1/M3

TEMPERATURE 30000. R H IONIZATION POTENTIAL 105786, 1/CM

TEMPERATURE 16667, K PLANCK MEAN OPACITY 2.4715E 01 1/CH

DENS ITY 0.6715E~04 G/CM3 ROSSELAND MEAN OPACITY J3.3440E 00 1/(CM
SPECIES ND. DENSITY {1/M3) SPECIES NO. DENSITY (1/M3)

H{ GROGUND STATE) 3.524F 25 H2{EXCITED STATES) 7.885E 20

H{ EXCITED STATES) 3.514c 23 H- 1.291€E 22

H+ 4.448E 24 HZ2+ 1.186E 22

[ ) 4. 44 TE 24 H3+ 1.767E 19

H2{GROUND STATE) 2,492 22

WAVE ABSORPTION - WAVE AB SORPTION WAVE ABSORPTION

NUMBER COEFFICIENT NUMB ER COEFFICIENT NUMB ER COEFFICIENT

{1/CM) {1/CM) (1/2M) {(L/¢cM) {(L/7CM} tsem)
1000. 0.3114E 03 11000. 0.3453E 01 70000. 0.2128BE 00
1500. 0.1159E 03 12000. 0.2923& Ol 75000. 0.1792E 00
2000. ©0.6239E 02 13500. 0.2337€ 01 83000. 0.1527& 00
2500. 0.33888E 02 15000, 0.1915E 01 30000. 0.1149E 00
3000. 0.3167& 02 20000. O0.1115€& 01 100000, 0.8894E£-01
4000, 0.1736E 02 25000. 0.2514E Ol 125000+ 0.1542Ec 03
5000. 0.1082E 02 27500, 0.2016E 01 150000. 0.9426E 02
5500, ©0.8827E 01 30000, O.l64bE Ol 175000. 0.6181E 02
6000. 0.7321E 01 40000. 0.8297E 00 233000. 0.4276E 02
8000. 0.4082E 01 50000. 0.4855E 00 303000, 0.1377E 02
10000. 0.4152E 01 60000. 0.3117E 00 402000. 0.6109E 01

29, 447E25 means 2.447x10%0

numbers.

, ete. Wave numbers in table are photon wave



TABLE II. - Continued. ABSORPTION COEFFICIENTS AND OPACITY OF
HYDROGEN AT 100 ATMOSPHERES (1. 013x10° N/m?) PRESSURE®
(k) Temperature, 40 000° R (22 222 K)

PRESSURE 0.1013E 08 N/M2 TOTAL NUMBER DENSITY 0.3422E 26 1/M3

TEMP ERATURE 40000. R H IONIZATION POTENTIAL 104475, 1/CM
TEMP ERATURE 22222. K PLANCK MEAN OPACITY J.6658E Ol 1/7CM
DENS ITY 0.3951E-04 5/1M3 ROSSELAND MEAN OPACITY J .4260€ 00 17CM
SPECIES NJ. DENSITY {(1/M3) SPECIES NO. DENSITY (1/M3)
H{ GROUND STATE)} 1.222E 25 H2{EXCITED STATES) 3.031E 20
HL EXCITED STATES) 7T.451lt 23 H- 5.072E 21
H¥ 1. 062E 25 H2+ 5.622E 21
13 1.062E 25 H3+ 1.781E 18
H2Z{GROUND STATE] l.448E 21
WAV E ABSORPTION WAVE AB SORPTION WAVE ABSORPT ION
NUMB ER COEFFICIENT NUMB ER COEFFICIENT NUMBER COEFFICIENT
{1/CM) (1/CM) {1/CM) (1/CM) (L7CM) {1/7€M)
1000. 0.2336E 04 11000. 0.8241lE Ol 73000. 0.3271€ 00
1500. 0.400LlE 03 12000. 0.6813E 01 75000, 0.2711E 00
2000. 0.2130E 03 13500. 0.5254E 01 33200. 0.2274E 00
2500. O0.1334E 03 15000. 0.4154E 01 33000. 0J.1652E 00
3000. 0.8990FE 02 20000, 0.2162E Ol 103000. 0O.l1241E 00
4000. 0.4857E 02 25000, 0.4583E 01 125000. 045347 02
5000. 0.3012E 02 27500. 0.3650E 01 150000. 0.3266E 02
5500. 0.2453E 02 30000. 0.2954& Ol 175000. 0.2142€ 02
6000. 0.2032c 02 40000, U.1435E 0Ol 200000, D0.1481E 02
8000. 0.1636E 02 50000. 0.8048E 00 300000. 0.4772E 01
10000. 0.1014E 02 60000, 0.4960t GO 400000. 0.2117E 01

(1) Temperature, 50 000° R (27 778 K)

PRESSURE 0.1013E 08 N/M2 TOTAL NUMBER DENSITY D.2744E 26 1/M3
TEMP ERATURE 50000. R H IONIZATION POTENTIAL 104743. 1/CHM
TEMPERATURE 27778. K PLANCK MEAN OPACITY J.3167E 01 1/CM
DENS ITY 0.2593E-04 G/LM3 RUSSELAND MEAN OPACITY 0.2839E 00 1/CM
SPECIES NO. DENSITY {1/M3) SPECIES NO. DENSITY (1/M3)
H{ GROUND STATE} 249028 24 H2 (EXCITED STATES) 3.953E 19
HU EXCITED STATES) 6.432E 23 H= 1.071E 21
H+ l. 1958 25 HZ+ 1.003E 21
E 1. 195 25 H3+ 4.878E 16
H2Z{GROUND STATE) 5.019E 19
WAV E ABSORPTION WAVE ABSORPTION WAVE ABSORPT [ON
NUMB ER COEFFICIENT NUMBER COEFFICIENT NUMBER COEFFICIENT
{1/CM) {1/CM) (L/CM) (1/CM) (L/CM) {1/7CM)
1000. 0.3740E 04 11000.° 0Q.6716E 01 73000. 0.2188& 00
1500. 0.3667E 03 12000. 0.5546E 01 75000. 0.1806€ 00
2000. 0.1927€ 03 13500. 0.4268t 01 82000. 0.1508E 00
2500. 0.ll6lE 03 15000. 0.3366E 01 90000. 0.1084E 00
3000. O0.7799E 02 20000. 0.1732€ 01 103000. 0.8051E-01
4000. 0.4210E 02 25000. 0.3071E O1 125000. 0.1270E 02
5000. 0.2615E 02 27500. 0.2453€ Ol 153000. 0J.7764E 01
5500, 0.2133E 02 30000. 0.1990E 01 175000. 0.5092€ 01
6000. O0.L1770E 02 40000. 0.9728E 00 200000, 0.3522€ 01
8000. 0.1334F 02 50000. 0.5445E 00 300000. 0.1134€ O1
10000. 0.8257E 01 60000. 0.3339E 00 403000. 0.5033E 00

39, 447E25 means 2. 447x102°

numbers.

, ete. Wave numbers in table are photon wave



TABLE II. - Continued. ABSORPTION COEFFICIENTS AND OPACITY OF
HYDROGEN AT 100 ATMOSPHERES (1. 013><107 N/mz) PRESSURE?

(m) Temperature, 60 000° R (33 333 K)

PRESSIRE 0.1013E 08 N/M2 TOTAL NUMBER DENSITY ) .2268E 26 1/43
TEMP ERATURE 60000, R H IONIZATION POTENTIAL 105405. 1/CM
TEMPERATURE 33333, K PLANCK MEAN OPACILTY 0.1169E 01 1/7CM
DENS ITY 0.1997E-04 G/IM3 ROSSELAND MEAN OPACITY J.1759E 00 1/CM
SPECIES NO . DENSITY {1/M3) SPECIES NO. DENSITY (1/M3)
H{GROUND STATE) Ts441E 23 H2 {EXCITED STATES) 5.053E 18
H{ EXCITED STATES) 4.413E 23 H- 1.781E 20
H¥+ 1.075E 25 H2+ 1.686E 2)
E 1. 075 25 H3+ 1.419E 15
H2{GROUND STATE) 2.293E 18
WAVE AB SORPTION WAVE AB SORPTION WAVE ABSORPTION
NUMB ER COEFFICIENT ™ NUMBER COEFFICLENT NUMB ER COEFFICIENT
{1/CH) (1/CH) (1/0M) {L/cM) {L/7CM) (L/CM)
1000. 0.1564E 04 11000, 0.3993E 01 70000. 0.1186E 00
1500, 0.2175E 03 12000. 0.3304E Ol 75000, 0.9806E-01
2000. 0.1056E 03 13500. 0.2550E 01 83000, 0.8198E~01
2500, 0.6358E 02 15000. 0.,2017€ Ol1 93000. 0.5893E-01
3000. 0.4758E 02 20000. 0.1047& 01 102000. 02.4373E~01
4000. 0,.2583E 02 25000, 0.1593E 01 125000. 0.326)E 01
5000. , 0. 1612E 02 27500. 0.1278E Ol 150000. 0.1996E Ol
-5500. O0.1317€E 02 30000, 0.104LlE 01 175000. 0.1310E 01
6000. 0.1095E 02 40000. 0.5161E 00 200000, 0,9061E 00
8000, 0.7883E 0} 50000. 0.2918E 00 300000, 0.2918E 00
10000. 0.4904E Ol 60000, 0.1802E 00 402000, 0.1295E 00

(n) Temperature, 70 000° R (38 889 K)

PRES SURE 0.1013E 08 N/M2 TOTAL NUMBER DENSITY 0.1930E 26 1/M3
TEMP ERATURE 70000. R H IONIZATION POTENTIAL 105984. 1/CM
TEMP ERATURE 38889. K PLANCK MEAN OPACITY J3.4620E 00 1/CM
DENS ITY 0.1661E-04 G/CM3 ROSSELAND MEAN OPACITY J.1078E 00 1/7CM
SPECIES NO . DENSITY (1/M3) SPECLES ND. DENSITY {1/#3)
H{GROUND STATE) 2.396E 23 H2 (EXCITED STATES) B8.B46E 17
H{ EXCITED STATES) 3.14lE 23 H- 3.819E 19
H+ 9.373E 24 H2+ 3.649E 19
E 9.373E 24 H3+ 7.231E 13
H2{GROUND STATE) 1.777¢ 17
WAVE AB SURP TION WAVE AB SORPTION WAVE ABSORPT ION
NUMB ER COEFFICIENT NUMBER COEFFICIENT NUMBER COEFFICIENT
{L/CM) (1/7CM) (L/CM) {L/CM) (1/7CHM) (1/7CM)
1000. 0,554l 03 11000, 0.237lE Ol 73000, 0.66064E-01
1500. 0.1274E 03 12000. 0.1965& 01 75000, 0.5526E-01
2000. 0.6370E 02 13500, 0.1521E 01 33300, 0.4630&E-01
2500. 0.3875E 02 15000. 0.1207 Ol 33300, 0.3341E-01
3000. 0.20612E 02 20000. 0.6322E 00 100000. 0.2485£-01
4000, 0.1569E 02 25000. 0.8530E 00 125000. 0.1050E 01
5000. 0.9825E 01 27500. 0.6868E 00 153000. 0.6445E 00
5500. 0.8042E 01 30000. 0.561l7E Q0 L75030. 0.4235E 00 -
6000. 0.6696E 01 40000. 0.2823E 00 203020. J.2931E 00
8000. 0,3638E 01 50000, -0.1614E 00 300000« J.9441E-01
16000. 0.2906E 01 60000. 0.1006E 00 400000. 0.4188€E-01

22.447E25 means 2. 447x1025, etc, Wave numbers in table arfe photon wave
numbers.-



TABLE II. - Concluded. ABSORPTION COEFFICIENTS AND OPACITY OF
HYDROGEN AT 100 ATMOSPHERES (1. 013x10" N/m?) PRESSURE®
(o) Temperature, 80 000° R (44 444 K)

PRESSURE 0.1013E 08 N/M2
TEMP ERATURE 800u0. R
TEMP ERATURE 44444%. K

TOTAL NUMBER DENSITY 0.1680E 26 1/M3
H [ONIZATION POTENTIAL 106439, 1/CM
PLANCK MEAN OPACITY J3.2020E 00 l/7CM

DENS 1TY 0.1433E-04 G/CM3 ROSSELAND MEAN OPACITY 2.6299E-01 1/CM
SPECIES NO. DENSITY {1/M3) SPECIES NO. DENSITY (1/M3)
H{ GROUND STATE) 9.415E 22 H2 {EXCITED STATES) 2.02BE 17
H{ EXCITED STATES) 2.324€ 23 H- 5 " 1.049E 19
He 8.238E 24 H2+ 1.010E 19
E 8.238E 24 H3+ 6.066E 12
H2({GROUND STATE) 2.153E 16
WAVE AB SORPTION WAVE ABSORPTION WAVE ABSORPTION
NUMBER COEFFICIENT  NUMBER COEFFICIENT  NUMBER COEFFICIENT
{1/CM) {1/CH) (/M {1/CHM) (1L/7CM) (L/CM)
1000. 0.2703E 03 11000, 0.1458E 01 70000. 0.3986E-01
1500. 0.7768E 02 12000. 0.1210E Ol 75000. D.3315€-01
2000. 0.3959E 02 13500. 0.939E 00 80000. 0.2785E-01
2500. 0.2425 02 . 15000, 0.7468E 00 90000. 0.2019E-01
3000, O.l64LE 02 20000. 0.3943E 00 100000, 0.1507E-01
4000. 0.9788E 01 25000, 0.4885E 00 125000. 0.4123E 00.
5000. 0.6147E 01 27500. 0.3945E 00 150000, 0.2540E 00
5500. 0.,5037E 01 30000, 0.3236E 00 175000, D.1672E€ 00
6000. 0.4199E OL 40000, 0.1645E 00 200000, 0.1158E 00
8000. 0,2291E 01 50000, 0.9505E-01 300000, 0.3732E-01
10000. O0.1784E 01 60000, 0.5972E-01 400000, 0.1655E-01
(p) Temperature, 90 000° R (50 000 K)
PRESSURE 0.1013E 08 N/M2 TOTAL NUMBER DENSITY 0.1488E 26 1/M3

TEMPERATURE 90000. R
TEMPERATURE 50000. K

H IONIZATION POTENTIAL L06797. 1/CM
PLANCK HMEAN OPACITY 0.9655E~-01 L/CM

DENS'ITY 0.1264E- 04 G/CM3 ROSSELAND MEAN OPACITY 0.3450E-01 1/CM
SP ECIES NO. DENSITY {(1/M3) SPECIES NO. DENSITY {1/M3)
H{ GROUND STATE)}  4.305E 22 H2(EXCITED STATES) 5.935E 16
H( EXCITED STATES) 1.780t 23 H= 3.,497E 18
He 7.330E 24 H2+ 3.388E 18
E  7.330E 24 H3+ 7.454E 11
H2{GROUND STATE} 3.655E 15
WAVE ABSORP TION WAVE AB SORP TEON WAVE ABSORPTION
NUMBER COEFFICLENT  NUMBER COEFFICIENT  NUMBER COEFFICIENT
(/emy  {17eM) (1/2M) (L/CM) {1/CM) (1/CH)
1000. 0.1577E 03 11000. 0.9456E 00 70000. 0.2537E-01
1500. 0.4853E 02 12000. 0.7863E 00 75000.- 0.2116E-01
2000. 0.2593E 02 13500. 0.6112€ 00 80000. 0.1782E-01
2500. 0.1597E 02 15000. 0.4869E 00 30000. 0.1298E-01
3000. 0.1084E 02 20000. 0.2587E 00 120000. 0.9724E~02
4000. 0.6427E 01 25000. 0.2993E 00 125000. 0.1882E 00
5000. 0.4044E 01 27500, 0.2424E 00 150000, 0.1164E 00
5500. 0.3317E Ol 30000. 0.1993E 00 175000. 0.7680E-01
6000. 0.2767E 01 40000. 0.1023E 00 200000. 0.5327E-01
8000. 0.1515t 01 50000, 0.5963E-01 303000. 0.1T719€-01
10000. 0.1156E Ol 60000. 0.3775E-01 432000. 0.7621E-02
25

82.447E25 means 2. 447x10
numbers,

, etc. Wave numbers in table are photon wave
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TABLE III. - ABSORPTION COEFFICIENTS AND OPACITY OF HYDROGEN
AT 250 ATMOSPHERES (2. 533><107 N/m?‘) PRESSURE?

(a) Temperature, 3000° R (1667 K)

46

PRES SURE 0.2533E 08 N/M2 TOTAL NUMBER DENSITY 0.1101E 28 1L/M3
TEMP ERATURE 3000, R H IONIZATION POTENTIAL 109679 1/CM
TEMP ERATURE 1667. K PLANCK MEAN OPACITY 0.2050E~02 1/CM
DENS ITY 0.3685E~02 G/IM3 ROSSELAND MEAN OPACITY D.1169E-10 1/7CM
SPECIES NO . DENSITY (1/7M3) SPECIES NO. DENSITY {1/M3)
H{ GROUND STATE) 1.430E 21 H2{EXCITED STATES) 0.
H{EXCITED STATES) 4.294E-09 H- 1.818E 06
H+ 0. H2+ Do
E ) T.491E 08 H3 + 7.509E 08
H2{ GROUND STATE) 1. 1018 27
WAVE ABSORPTION WAVE ABSORPTION WAVE ABSORPTION
NUMB ER COEFFICIENT NUMBER COEFFICIENT NUMBER COEFFICIENT
(1/CM) (L/CM) (1/CH) {1/CM) (/cm (1/CM)
1000, 0. 2543E-02 11000. 0. 3429E-06 72000. 0.2643E-16
1500. 0.3678E-02 12000. 0. 66 T9E-07 75000. 0.2344E~-16
2000. 0.2312E-02 13500. 0. 5669E-08 83000. J.2095E-16
2500, 0.8252E-03 15000. 0.4752E-09 90000. DJ.1719E-16
3000. O0.7300E-03 20000. Qa1152E~12 133000. 0.1435E~16
4000. 0.,4297E-02 25000. 0.1635E~15 125000. 0.6029E 04
5000. 0.3480E-02 275004 0.1192E-15 15000, 0s,9250F 04
5500, 0.2254E~02 30000, 0., L039E~15 175000. 0.6332E 04
6000, 0.1031E-02 40000. 0. 1154E-15 203000. U0.4845E 04
8000. 0,4381E-04 50000, 0.578lE-13 300000, J.1474E 04
10000, 0.1746E-05 60000, 0.1052E-10 400000, 0.564%4E 03
(b) Temperature, 5000° R (2778 K)
PRESSURE 0.2533E 08 N/M2 TOTAL NUMBER DENSITY 0.6606E 27 1/M3
TEMP ERATURE 5000. R H IONIZATION POTENTIAL 109679. 1/7CM
TEMP ERATURE 2778, K PLANCK MEAN OPACITY ) .5337E-03 1/CM
DENS ITY 0.2206E~02 G/CM3 ROSSELAND MEAN OPACITY J.9769E-D07 1/CM
SPECIES NDe DENSITY (1/M3) SPECIES ND. DENSITY {(1/M3)
H{ GROUND STATE) 3., 139E 24 H2 (EXCITED STATES) 2.687E 07
HUEXCITED STATES) 3.937€ 06 H— 2.679E 14
H+ 4.,903E 10 H2+ 5.7T23E 10
E 4.812E 15 H3+ 5.082E 15
H2{GROUND STATE) 6.5T4E 26
WAVE AB SORPTIDON WAVE AB SORPTION WAVE ABSORPTION
NUMBER COEFFICIENT NUMBER COEFFICIENT NUMBER COEFFICIENT
{1/CM) (1/CM) {L/CM) (1/CM) {1L/7CM) {1L/CHK)
1000. 0.6658E-03 11000. 0. L 7TO00E~-05 73000. 0.1587E~08
1500e 0.1176E-02 12000. 0. 5204E-006 75000 D.1386E-08
2000. 0.1247€- 02 13500. 0. 95 T8E-Q7 80000, 0.122)E-08
2500e 0. 7865E-03 15000. 0.2584E-07 90000. 0.9809E-09
3000. 0.6513&—03 20000. Q. 9665E~08 132000, 0.7982E-09
4000, Oal1553E-02 25000, (0.7512E-08 125000 0.3614E 04
- 5000, 0.1375E-02 27500 0. 6717E-08 152000. 0.5532E 04
5500, ©0.9851E-03 30000, 0. 6053E-08 175000 0.3786E 04
6000, 0.5822c£-03 40000, 0. 9457E~-08 203000, 0.2897E 04
8000, 0.5877E-04 50000, 0.3856E-06 303000, O0.8816E 03
10000. 0.5580E-05 60000. 0. L029E~-04 400000. 0.3376E 03

%W ave numbers in table are photon wave numbers.



TABLE TI. - Continued. ABSORP TION COEFFICIENTS AND OPACITY OF

HYDROGEN AT 250 ATMOSPHERES (2. 533x10° N/m2) PRESSURE®

(c) Temperature, 7000° R (3889 K)

PRESSURE 0.2533E 08 N/M2 TOTAL NUMBER DENSITY J4T1I8E 27 L/43
TEMP ERATURE 7000. R H IONIZATION POTENTIAL 109671. 1/CM
TEMPERATURE 3889, K PLANCK MEAN OPACITY " 0.5105E-04 L/CM
DENS ITY 0el517E-02 5/CHM3 ROSSELAND MEAN OPACITY J.2257E-04 1/CM
SPECIES ND . JENSITY (1/M3) SPECIES NO. DENSITY {1/M3)
H{ GROUND STATE) 3.725E 25 H2 (EXCITED STATES) l.677E 13
H{ EXCITED STATES) 9.114E 12 H- 5 .084E 17
H+ 1.360E 16 H2+ 2,.,038E 15
E 3.830E 18 H3+ 4.416E 18
H2{GROUND STATE} %4.346E 26
WAYE ABSORPTION WAVE AB SORP TION WAVE ABSORPTION
NUMB ER COEFFICIENT NUMBER COEFFICIENT NUMBER COEFFICIENT
{1/CH) (1/CM) {1/ M) {1 /CM) {1L/CM) {L/CM)
1000, 0.49L9E-03 11000. 0. 2859E-04 79000 0.3487E-0D5
1500, 0.5197E-03 12000. 0.2897E-0% 75000. 0.3041E-05
2000, 0.5574E£-03 13500, 0.2829E-04 80000. 0.2675E-05
2500. 0.4319E-03 15000. 0. 2679E-04 92000. 0.2149E-05
3000. ©0.3240E-03 20000, 0. 2084E-04 102230, 0.1746E-05
4000. 0.8520E-04 25000. 0. 1641E-04% 1250