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1. Introduction.

The question concerning the absorption coefficient of
light in fully ionized gases of high density was raised
in the discussion about heating up plasmas by the intense
light of Lasers.l)g)j) Besides of these theoretical cal-
culations it was experimentally found that intense light
with E-fields higher thi?5%07 V/em could ionize gases in

therefrom is in what manner the ionization takes place.

a resonanceless manner. The primary question following

Secondary, to interpret the properties of the plasma it

is necessary to know the optical constants of high density
plasma. Last not least it is necessary for plasma diagno-

stics hy lasers6) to krniow the absorption of the laserbeam

in the observed plasma.

There are three different ways to calculate the absorption
coefficient of plasmas. First it was possible under the
assumption of Kirchhoffs' law to calculate the absorption
from the emission of bremsstrahlung. The difficulties for
high densities arose when plasma effects should be derived
from the quantum mechanical treatment. The second way 1is

the calculation from the microscopic plasma theory where

the difficulty is to introduce the impact mechanism. Dawson
and Oberman7) used a way of self-consistert field method to
introduce the impacts into the formalism of the Vlasov equa-
tion. The third way is to evaluate the optical constants of
a plasma given by the macroscopic theory of the two-fluid-
model.8 The last way can be treated without any additional
assumptions from the linearized macroscopic eguations. It
will be shown that the macroscopic theory, which covers com-
pletely the whole interesting range of densities and tem-
peratures, especially with regard to the plasma frequency,
gives nearly the same values as the other theories in their
special ranges of validity. Limitations of the macroscopic

theory are only given by a not too small Debyeradius and the




occurence of Boltzman statistics. The first two ways in
principle can be expanded beyond this limitation, but it
seems that for the moment it has not been necessary to

carry out this rigorous task.

As the here given calculations are nonrelativistic, a limi-
> ev.
We shall calculate down formally to energies of 1 eV, though

tation is given for high electron energies near to 10

it is clear that fully ionized Plasmas of densities around

10°1 electrons/cmj

only exist at higher temperatures than

10 eV. Further we shall calculate Plasmas under the assump-
tion of fully ionization for nuclear numbers from 1 to 10.
These values may be taken as an approximation for the mul-
tiple but not fully ionized very heavy atom, neglecting the
discrete emission and absorption processes of the transition
from the n to the (n+l) ionization step. The different mass
of such an +-Ion in comparison to the mass of a nucleus with

number n is not important for the following discussion.




2. Calculation of Absorption Coefficient.

To calculate the optical constants of a plasma by the

macroscopic theory it is suitable to start with the basic

8).

locityqr » the plasma density @ , the current density J

equations, given by Schliiter With the macroscopic ve-

and an external magnetic field H, the equation of motion

is in,Cga—unlts

o
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when nonlinear terms are neglected; this is always possible
if the amplitude of oscillations is small. In case of laser
application with high power densitles it is necessary to
know, at what electrical fields of the light this lineari-
zation is still allowed. Hitherto fields of lolov/cm are

far from realization. These fields correspond to a power
density of 2.7x1017 Watts/cmg. The electrical field of

ruby laser light witha {requency w-—~2.?h15;a'bf‘ this power den-
sity would accelerate electrons during a half period of

light oscillation to move on 5 e8 x 10‘10 cm. A Debye distance
being specially small for our cases 1is 2_35;(10_8 cm for
an electron density B, = 102)cm_) and a temperature of 102 ev.

This seems to be applicable also for the above very strong

fields of the linearized equation (1).

The second basic equation with the electrical field E ,
the electron and ion masses m, resp. m; and the electron

charge e is Ohm's law
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Here is the plasma frequency
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and the collision frequency with the atom number Z
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with the averaged ratio of Debye distance to the impact

parameter

2 k3T2 ya,
(5) -A— = ch"( T Neg )

and Spitzer's 9) function p, (Z) taking into account the
electron-electron impacts in addition to the electron-ion

impacts. For the electron-ion impacts here the propositions

of the Lorentz gas are used, whose applicability is good

enough 101 for in all following interesting cases the col-
lision frequency is very much smaller than the light fre-

quency .

When the external magnetic field H,_, is zero - the question
up to what limitation this is allowed, should not be discussed

here - the equations (1) and (2) 1lead by the ansatz

cat

(6) E - E-e

with the faotor.E,. being independent from time to

: 1
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This gives together with the Maxwellian equations

x 1
(8) A-E-r +§:(4"E€: 4-—(.3".- )_E_,.-"—"—O
P

[Z3)



The factor of E___,- is the square of the complex dielectric
constant. Twice the imaginary part of this is the absorption
coefficient K , which describes the decrease of energy with
the depth x corresponding to ~ exp(-Kx). From (8) is

g |

(9) K= 15’1& H(" s (2 521»)': ~(1- :&%‘:‘)]

1f m A would be put constant, K would be a function

of the lEth degree in n. and 18thdegree in T .




5. Range of Validity and Results.

The formula (9) is only valid when /L corresponding to (5)
is higher than 1. Therefore must be with [T] =eV and [n J=cwm

e Z.I—I-ZX/]DLOTB
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(10) e 42‘34

Furthermore it is necessary that Boltzmann statistics hold
true. This is surely the case if the particle energy equi-
valent to the temperature of the plasma is higher than
10-time of the Fermi energy ;; at T = 0. A¢ the Fermi
energy decreases to zero with increasing temperature, this
limit in any case gives the quite sure validity of Boltzmann

statistics. With Planck's constant h is

(11) ¢, = —(3”)””

g 4

and with T in eV and [n.] = cm -~ we get the condition
-1k
(12) T 10§, = 3,65x40

As the moment of equienergetic ions is higher than that of
electrons the condition (12) gives the existence of Boltz-

mann statistics for all particles with higher mass than mg

In figures 1 to 10 the absorption coefficient (9) when light
of the frequency of a ruby laser falls in (w = 2:%1n40'5ec)
is given for the fully ionized elements with nuclear number

1 to 10 depending on the temperature with the atom density
as parameter. The curves are full drawn for the case that
the condition of Boltzmann statistics with respect to (12)

is valid and simultaneously the condition (10) is holding.

In the case that Boltzmann statistics are not surely given
but condition (10) is valid the curves are dashed. The con-
Linuation of the physically correct full drawn curves into

the dashed region is only to get a wiader survey.
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From Fig. 1 to 10 it is to te seen that by the electron
density hg,=Zn;,=ZN =2.32x40"eni® ( N~number of atoms/cm
for which the plasma frequercy is equal to the light fre-

2

quency a significant difference is given for higher and
lower densities. At ¢ J for temperatures higher than 102 eV
the value of 3‘</’9n¢ becomes extremely high according
to the singular nature of the K-function near the density
connected with a plasma freguency equal to the light fre-
quency .

In the case w,in)<<w and y<<w in K under the second
square root the first squared term is so much higher than
the second squared term that a binomial progression leads

to the approximation formula
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4. Comparison with Dawson's Results.

Dawson's and Obeman's treatment of the absorption coeffi-
cient on the bhasis of the microscopic plasma theory 7) led

to a value

LS Gre
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of the complex dielectric constant s in a wave equation (8).
With the splitting in a real inimaginary part and little

formal changes (w<<w,)

(15) Z(w) = R (w) +c X(w)
-y, wEe” 2Kpn Wy
(16) L R(w)= 4 (T) m[%(——-_—m—w ) - ¢]
P s A=
(17) s Kol = ::: (4 = l&rd 6m¢u::‘)

where y = O0.53?... is the Euler constant, w, is the velocity
maximum of the equilibrium distribution and k ,, ., 15 the
maximal value of the argument of a Fourier transform.

Especially Dawson and Oberman put
\ Yz 10° 2
(18) Kmex =12 10 “
a4

The value of the absorption coefficient is then

A -
o .‘.’:“_ " 2 L
(19) KD& =2 - r’__.—mlkl“_wlx&v‘E(leR ,\.(wx...q,-) wk

&
In Fig. 11 the values of K, , with a temperature T =410 eV

and Z = 1 are calculated under the assumption (18) for elec-

Z

g _% o, -~
tron densities n., Dbetweer 1081 em -~ and 10;‘l cm ~ and are
compared with the absorptior coefficients K, calculated in

the former section by the macroscopic theory. Taking inlo




account the complexity of the propositions of Dawson's and
Oberman's treatment with the microscopic theory,one may

say that the agreement of K and K po is quite good.

In the carc NS, ‘e values (15) to (17) are not applicable.
Instead of using the concerning values given by Dawson and

ObermanT) for this range of validity we take the following an-

proximation formula, evaluated by Dawsonj)
4
K = 327> Z ‘Mence” pm A
(209 e > cor(irmekT)?2 (4 - = :)"L
[Z%]

This is identical with the here given approximation formula
(13) of the same range of validity except the numerical

factors of both formulas

Y
(21) e =
Koo Ye(Z)

and with the neglection of the impact frequency & 1in the
formula (13). Proposing y =< w this can be done, and

in (20) the same proposition is made like in other case of
microscopic theory to study impact processes on the basis

of the Vlasov equation ll), where the duration of the studied
processes ( E; ) must be small compared with the collision

. A
time ( = ¥a
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5. Comparison with the Theory of the Bremsstrahlung.

The guantum mechanical treatment of Bremsstrahlung and its
application under the condition of Kirchhoff's law leads

to an absorption coefficient for the case «w =« | Taking
inbaccount stimulated emission the absorption coefficient

is with the Gaunt factor g 12)

¢
Ghn® Zinen;e q
22 = ==
b }<B 373 cw(21mckT)

when h¥/7kT ig very much smaller than 1; this is always the
case because the guantums W» of the ruby lasers are of

1.77 eV energy and here h v -values much higher than 10 eV
are of interest. Comparing the result (13) of the macros-
copic theory with w, <<« and vecw one finds an identical

equality besides of a factor

An L
(23) X . o6.324
Ktb A’E(‘E)g

the dependence of which from n,, T and 7 is very slightly.
It seems to be very remarkable that this correspondence is
only fulfilled if the stimulated emission is considered.
Otherwise an other power of the dependence of e and T 1is
given than in (22). Herein it is shown that the macroscopic
theory bears implicitly the collective character of the
plasma. In the microscopic theory the collective properties
of the plasma must be introduced more or less explicitly.
The absorption coefficient from Dawson's and Oberman's
treatment for the case W< also gives a good pa-

rallelity comparable with (22) and leads to

L N
(24) Koo _ 6. 23¢

Ke 2
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Using a special representation of the Gaunt factor, whose
validity is limited like that of the formula (22) 13) with

[TIz @V and [nel= cma™?

(25) %zA,zc:eS(?.&S‘-r&?T—-i-ﬂoghe)

and writing with the same dimensions after equ. (5)

(26) G =% 45( 6632 48e3T = L Loy~ 3 Rog )

we FTind

(27) K _ ©.T83

Yo e ()

0.6 + % Reg 2 )
.45 + ey T -3 Logne

l

and

K O.F6 + 5459 2 )

po _ =

(28] E“*°'?‘(4 7.4y + €oqg T— 4 €oy s
B

With respect to X}_(.%) which goes monotoneously from
0.582 to 1 when Z changes from 1 to og one can say that the
agreement of the quantum mechanical formula (22) with the
formula of the macroscopic theory is better than with K, .
Furthermore, the fact that the macroscopical values K are
heigher than K s , as shown in equ. (21), gives those a
better physical reliability.
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6. Calculation of Refractive Index.

In connection with the section 2) the refractive index n 'S
given by

e Ll

‘,4—{ et )ty (X e L1—%’1—"“;)
(29) n "YE( (4 —wz-rv‘) +(f:’- w‘w—V") W v

where the dependence of the plasma frequency «/_ and the
impact frequency from the electron density ng and the tem-
perature T is given by (3) to (5). The validity of the
formula (29) is again given by (10) and (12). In the Fig. 11
to 21 the refractive indices for fully ionized gases with

7Z =1 to 10 are calculated in dependence of the temperature T
with the atom density as parameter. The curves are fully
drawn in the case of fulfilling both conditions (10) and

(12) and are dashed continued when (10) still holds but the

condition of Boltzmann statistics is not longer true.
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