OPTICAL CONSTANTS OF FULLY IONIZED PLASMAS
FOR THE RADIATION OF RUBY, NEODYMIUM-GLASS,
AND CO2 LASERS

Heinrich Hora, Hannelore Miiller

3/81

November 1968
6/71

INSTITUT FUR PLASMAPHYSIK
GARCHING BEI MUNCHEN




INSTITUT FUR PLASMAPHYSIK

GARCHING BEI MUNCHEN

OPTICAL CONSTANTS OF FULLY IONIZED PLASMAS
FOR THE RADIATION OF RUBY, NEODYMIUM-GLASS,
AND CO2 LASERS

Heinrich Hora, Hannelore Miiller

3/81

November 1968
6/71

Die nachstehende Arbeit wurde im Rahmen des Vertrages zwischen dem Institut
fiir Plasmaphysik GmbH und der Europdischen Atomgemeinschaft iiber die
Zusammenarbeit auf dem Gebiete der Plasmaphysik durchgefiihrt.




IPP 3/81 Heinrich Hora Optical constants of fully
6/71 Hannelore Miiller ionized plasmas for the
radiation of ruby, neody-

mium-glass, and 002 lasers

(in English)

Abstract

The refractive index n and the absorption constant K are
numerically evaluated for fully ionized plasmas with atomic numbers
7 = 1 to 4 as functions of the electron temperature T and atomic
density N for the case of ruby, neodymium-glass, and 002 laser ra-
diation and for the second harmonics of each type of radiation on
the basis of the two-fluid model of hydrodynamics using Spitzer's
collision frequency »




Since the first successful measurement of laser light

1)

by lasers for the purpose of controlled thermonuclear reac-

scattering by plasmas and the advent of plasma production
tionsg), knowledge of the plasmas at the frequencies of laser
radiation has become increasingly important. A detailed evalua-
tion of the optical constants c¢f the lasers of the two-fluid
modelj) has already been given4)5) using the electron collision
frequency v of SpitZer6 . Comparison w%gh the theory of the

optical constants of Dawson and Oberman and of the inverse
bremsstrahlung theory8) shows agreement within a factor of
about 2 to 3. While the bremsstrahlung theory is only valid for

electron densities Ne[cm_j]which give a plasma frequency wp

F A
2 é&-’:rN,_e, =2
= T (1)

e

4.812 x 107}

(e ~ electron charge C)Cqs)

(me ~ electron mass 20 0106 o 10-28 9 )

much smaller than the radian frequency w of the incident electro-
magnetic radiation, the Dawson-Oberman theory and the two-fluid
model also give the optical constants for overdense (wp:, w)
plasmas. The fairly good agreement obtained between the values

in the overdense case5) by these essentially different treatments
justifies using the collision frequency in the high-frequency case
of the two-fluid model though Y was derived from the low-fre-
quency conductivity of plasmas ‘.

For practical applications of the optical constants of

plasmas,the formula of the two-fluid model was appropriate in se-

9)to 18)

veral cases . A relatively simple way 1is given for purposes

of numerical programming, especially with respect to using exact
values in the overdense case, since 1t was necessary to study the
thermokinetic expansion properties of plasmas produced by lasers

from free-falling solid speckslg). An other way of overcoming

20)

the complications of overdense plasmas is to take the approxi-

mation formula of the optical constants for low densities, as gi-

7]

ven by Dawson and Oberman or,in the same way, to apply the

et e e e




5)

bremsstrahlung theoryg) or the two-fluid model™ °, and use for
overdense properties a certain metallic absorption constant.

The overdense properties of a plasma surface have also been stu-
died with respect to the relaxation mechanisms associated with

the absorption processel).

Limitations on applying the usual optical constants are
imposed by nonlinear effects at high laser intensities. One of
these effects is interaction between the electromagnetic field
and an inhomo%eneous plasma, which produced a time averaged acce-

ler‘ationgg)25 2k)

. Discussion of the importance of this process
is still in the early stage. Under the conditions of the lasers
available at present, the process is of comparable magnitude in-
side of plasmas if an important denominator is not neglected in

25)

an estimation of specilal case . Furthermore the mentioned non-

26)27) surface

linear process should govern the observed nonlinear
acceleration28) of laser produced plasmas. An other nonlinear effect
is the decreaSeeg)jo) of the collision frequency v at high intensi-
ties where the oscillation energy of the electrons in the electro-
magnetic field attains the magnitude of the thermal energy kT of

the electrons. The maximum electric field strength EO of the radia-
tion which produces an osclllation energy equal to the value kT is

given by

1

Eo= 4_.__.__1'::“‘ KT , which (2)

for ruby lasers ( [Eo] = V/em; [T] = eV), is
E.= 1.263210\T (3)

for neodymium-glass lasers

—t
= g, 2F # 10;11_ (%)

for CO2 lasers

(5)




The complex refractive index T for a plasma without ex-
fternal magnetic fields is found from the Maxwellian equations
and the equations of the two-fluid model without pressure terms
and neglecting relativistic motions of the plasma to be

i B 1
Xt 1 - 22 —— (6)
1-
W

Spatial inhomogeneities are covered very generally by the ex-
pression (6). The electron collision frequency of Spitzer6) in
Gaussian units is

w,F T mo 2 e bu (7)

g g (B) (20T)%e

where we have used the atomic number Z of the fully ionized
plasma, Spitzer's correction y . (2)6), and the Coulomb loga-
rithm

2 =3 1,
A= = ( k™7 ) (8)
2Z* 7= N 2

With fﬂe] = em™ and [T | = eV we obtain

A 3/
Y. C4& A 10-; Z N . (4.gg‘§x4oé_1-__z’)
EFS ZWNe
A,.E(g) T

}(9)

which 1is slightly more general than beforeu) and where the values6)
Y, (1) = 0.582; v _(2) =0.683; v E(j) = 0.744; vy _ (4) = 0.785.




The real part of T, the refractive index n, is found
from (6) to be

B |
l‘-&"‘

4 3,F \ 2 bk e
m “‘{iﬂf(i’ e ) (X)) + - S (10)

The imaginary part of T is the absorption coefficient e,
which we express by the absorption constant K:

@ oatevt wev>

2 S
Ko=2ge- 22 |4l sty 28y -1+ 5] o

The simple meaning of K can be seen in the special case of
a homogeneous plasma from the attenuation of the intensity I
of the electromagnetic radiation propagating along x

S Lberge
1T =1,e 3 (12)

The following plots give a numerical evaluation of n and K
for Z = 1 to 4 for the case of ruby, neodymium-glass, and
CO2
nics of each of these types of radiation As it

5)

was done in the plots before”’, the curves of n and ¥ as a

laser radiation and for the second harmo-

functior of the electron temperature T for different atomic den-
sities N are drawn continuously in cases where the Boltzmann
statistics are valid, while the dashed curves show the range

of conditions of Fermi statistics which may disturb our assump-
tions of the collision frequency ¥ . The curves terminate at

low temperatures under conditions where the Coulomb logarithm
reaches the value 1. Under such conditions the assumption of

the full ionisation of the plasma is no longer valid.
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