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Abstract—It has been shown that the refraction of radiation in circularly symmetrical, optically-
thin plasma sources may be the cause of systematic errors in spectroscopic measurements. The
magnitude of this error depends upon the refractive index gradient and the plasma length.

A numerical procedurce is described which permits evaluation of the light trajectory in an
axisymmetric plasma.

INTRODUCTION

i1 1s well known that, whenever a beam of light passes through ¢ non-uniform medium,
deviation must occur towards the region of higher refractive index."” This effect forms the
basis of the Schlieren technique so frequently used for the investigation of plasmas.®’ The
importance of the angular deviation of the light ray, when it passes through an inhomogen-
ous plasma in interferometric measurements, has been studied in the past.?~* However,
s same effect has been utterly neglected in the ficld of plasima spectroscopy.

The aim of this paper is to draw attention to possibie sources of systematic error in the
spectroscopic measurements caused by refraction of radiation in circularly symmetrical
plasma sources.

THEORY

The angular deviation of a light ray in a non-homogenous medium may be estimated
(SN T . - S
irom the radius of curvature, R, of the deviated path and is given by’

(I/R) = (1/w)(Vi - m), (H

Vvherr’ 1 1s the local phase refractive index and n is the local unit vector perpenc"wlar to the
¥. Since this work deals with axial investigations of plasmas, only deflections of the ray
r a cylindrically-symmetric geometry, i.e., the radial distribution of the refractive index,
\\‘fi': be considered here in detail. For this two-dimensional model, the “x”" axis coincides
with the plasma axis and is assumed to be paraliel to the incident ray. The differential
tquation of the ray path, obtained from equation (1), is therefore

ia
for

d?y/dx? _ ldp 1
|1+ (dy/dx)? |32 pdy |1+ (dy/dx)? |2

integration of equation (2) gives

(dy/dx), = / (Halt0)* — 1, 3)
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where e is the local refracuve index and ;i 1s the refractive index at the point of inc1dc;,,.C
Cr . . “
of the ray. The radius of curvature of this aiectory 1s given by

1

’ foldp dr), )
The radial variation of the refractive index is given, approximately, by the follow

mg
refation:

iy =ty — bexp(—cyy), o)

vhere p, is the refractive index at the plasma axis and & and ¢ are constants. It is pot
however, possible to solve equation (3) analytically. In order to obtain the ray trajectory, it js
necessary to employ a numerical method.

NUMERICAL PROCEDURE

The ray trajectory is obtained by determining the equation of the corresponding cirele
and 1ts subsequent evolution at the starting point of the ray trajectory. The next point of
the trajectory is computed from this equation and the whole procedure is then repeated.
This development may be easily understood from the following equations and the notation
given in Fig. 1.

Fig. 1. Hlustration of the numerical procedure.

Starting from the equation of the circle in the ¥~ ¥ plane
oo = Yol + (Xyiy = X)? = R, (6)
and taking into account equation (3), one obtains

XCII = Xll - jeﬂ \/liri—w(ﬁl:l‘(;/il’lj-)mz’ (7)
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while the coordmates of the next point on the trajectory arc given by

Xn»i 1 ’\>(’n o /1 -+ [\)11 \/'I o (/1()"/1,/"17 Cd
Vigy = Yen \/”Rn2 - [Xn1 — ch]za
where /1 1s the step length.

It is possible to obtain, from equations (3)—(5) and (10), all of the points on re T
path with an accuracy determined by the magnitude of the step length . Theentire maine -
tical procedure was programmed in FORTRAN language and computations were perforinsl
on an 1BM-360/44 computer in 200-2000 steps.

<

PLASMA REFRACTIVE INDEX

A general review of plasma refractive index theory has been given by AsCoLi-BarTon. -
and by ALpHER and WHITE.®) Therefore, only minimal details needed for explanziien o
our work will be given here.

Considering a plasma as a mixture of electrons, neutral atoms and jonized particies. s
refractivity may be expressed as

=1 —Hojo) + 2y o N, i

where w = 27 ¢/2, ¢ is the speed of light, 1 is-the wavelength, w,” = (N, e? eom). N, = clec-
tron concentration, ¢, = permeability of the vacuum, ¢ and m are the electronic charge and
mass, respectively, N; is the number density of atoms (or ions) in the ith quantum stzte, and
%, is the polarisability of this electronic state. Equation (11) has been further used for the
cemputation of plasma refractive index for wavelengths between 4000 A and 7000 A. Th
wavelength dispersion of o, has been neglected in these evaluations, as has also the coniribu-
tion of excited species.?)

For further examination of the deviation of the light rays, the plasma of a wall-stabilized
hvdrogen arc at atmospheric pressure has been chosen. There are several reasons for this
choice: (a) a stable hydrogen arc can only be obtained in narrow-bore confinement tubes,
i.c., with high density gradients; (b) there exist a number of very extensive spectroscopic
measurements: () the plasma is close to the state of thermal equilibrium®®’ and calculated
composition data can be used, if necessary, with reasonable confidence. Since it is preferred
lo use a steady-state plasma with well known radial distribution of plasma parameters and
high refractive-index gradients for the illustration of the effect of light refraction, the choice
of the hydrogen arc is reasonable.

Two examples of the radial variation of the refraction index at 4 = 5000 A and 6500 A are
given in Fig. 2. These were evaluated for temperature profiles reported by Wirst 7 al.*”’
and by STeiNBERGER'® for the arc burning in 3 mm and 2 mm dia tubes, respectivelyv. The
values are based upon the calculated composition of hydrogen at atmospheric pressure.”!
The data for mean electronic polarizabilities of hydrogen molecules and atoms are waken
from ALLEN.® The influence of anomalous dispersion (the refractive indeces given in fig
were calculated at wavelengths in the vicinity of the hydrogen lines H, and Hy) was neglected
In these computations. This neelect is possible since the number density of electrons Is
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NUNMBRICAL RESULTS

o)

. he radial distribution of thie refractive indes, Pro, 200 !

Con cotraeciary of the radiation
pron . , .
Jy the pliasma has been computed using the procedure described previously and as-

RIS

~ that the plasmais opticably thin. [tis necessary to approsamate the radial distribution

RESREREIS i . . . . . L . .
. e refractive index with onc of the curves described by equation (3). 1he distribution in
{1, 2b comprises two parts: from the mimimum of the refractive mdex to the axis of the
- and from the mimmum to the arc periphery.

The results for the ray paths through the plasma are given in Fig. 3. where the deviation
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Yig. 3. Ray trajectories through the plasma at 5000 A (—) and at 6500 A (---); (a) 3 mm dia.,
40 A3 (b) 2 mm dia., 150 A.‘®
of the light ray is given as a function of the plasma column length. Figure 3 gives the magni-
tude of deviation showing that, for a high-current arc.'® end-on spectroscopic measurements
406500 A may be affected by the Schlieren effect even at a plasma length of a few centi-
meters, Obviously, the distortion decreases with the wavelength (refractive index gradients
~'4er Mainty due to the refraction of electrons) and it is practically negligible below 3500 A for
"¢ experimental condition treated in this paper. Therefore, a comparison of the radial

distrilyg e . L. . . . X
Stribution of the continuum radiation taken in the u.v. and in the visible regions of the
VSpCC[rUnq should he made with cantian cince the latter mav he diciarted Thic affect se
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Fig. 4. Oistortion of the radial hght intensity distribution at 6500 A by 3cm of plasmaina 150 A
arc.'®

Finally. an attempt has been made to assess the magnitude of the deviations in the case of
side-on plasma observations. It was found negligible for the experimental conditions
treated inthis paper. Ina way. this result can be seen from Fig. 3, where no deviation 1s noted
through the plasma length of few milimetres i the presence of gradients perpendicular
to the ray path [which correspond to the case of largest bending of a ray. see equa-
tion (1)]. This situation does not arise in the radial direction in cylindrically-symetric plas-
mas; where the deviations are even smaller.

CONCLUSIONS
The results presented here show that refraction of the radiation along the axts of the
plasma may introduce a svstemauce error in spectroscopic end-on measurements. The
magnitude of this error depends upon the refractive index gradient and the plasma length.
The detailed mathematical procedure for the evaluation of this effect is given. Although it
has been applied (o the hydrogen are. it may be used for any axisymmetric plasma.
Finally, it has been shown that bending of the side-on light ray in the plasma may be
neglected. However, if measurements are taken further in the infrared region, the influence
of the Schlieren effect ought to be examined carefully.
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