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This study presents a quantitative evaluation of the influence of radiation upon the param-
eters of a long induced discharge in argon at atmospheric pressure. Radiation heat trans-
fer in the optically transparent (in plasma layers with thickness of the order of several
centimeters) and reabsorption spectral intervals is examined. Experimental error produced
by inaccurate knowledge of the transfer and optical characteristics of the plasma is eval~
uated. The effect of convection on radial temperature profile is evaluated.

The temperature profile of an electrodeless induced discharge is determined by the spacial distribu-
tion of Jouleian energy, loss of this energy from the discharge, and redistribution within the discharge due
to the processes of thermal conductivity, light radiation, and convection. Despite the significant number
of works on this subject (cf. [1-4]), until the present there has been no detailed presentation concerning the
influence of the individual processes upon the temperature profile and other parameters of an induced dis-
charge [5-7].

The authors of [5] reached the conclusion that radiation has no significant effect upon the parameters
of the discharge, and that in calculation of the discharge radiation could be neglected. The appearance of
an axial dip in the radial temperature distribution is determined, in such a case, solely by the presence of
planar heat emission. However, the calculations of the same authors [8] show that the axial dip in radial
temperature profile produced by axial heat emission within the central portion of the tube does not exceed
~100°K even at I > 2p;, where [ is the length of the inductor, and pg is the radius of the discharge tube.
Moreover, in [9] it was noted that an axial dip was produced less frequently in gasses possessing higher
radiation capabilities.

Yet the authors of [7] feel that in calculation of discharge parameters it is absolutely necessary to
consider not only radiation losses in the optically transparent (in layers with thickness 1-10 cm) spectral
intervals, but also radiation transfer in the reabsorption spectral intervals. In fact, the degree of influ-
ence which radiation transfer has upon axial dip has yet to be clarified [1]; the possibility of levelling the
temperature proﬁle,by this mechanism was not excluded in [6], either.

This study will present an analysis of the effect of loss of optically transparent radiation and redis-
tribution of reabsorption radiation on the radial temperature distribution in an induced discharge in argon
at afmospheric pressure. In view of the great complications produced by consideration of the finite length
of the discharge [8] and passage of gas through the discharge chamber [10, 11] calculations were conducted
for the much simpler case of an infinitely long discharge in thermal equilibrium in a nonmoving plasma.
The results of calculations were compared with the experimental data of [1].

Calculations without Radiation. In the majority of calculation studies, plasma radiation has been
neglected. Without considering the validity of such an approach for the meantime, we will examine the nu-
merical results of calculations of the discharge equations of [12-16] with no consideration of radiation, in
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order to clarify the peculiarities of discharge behavior unconnected with radiation. Simultaneously, we
will compare the calculations aceomplished in this study with the results of [17], which were further de-
veloped in the works of R. E. Rovinski and A. P. Sobolev [18, 19].

Figure 1 shows the relationship between maximum temperature T* and number of ampere-turns per
unit inductor length Iw, obtained by numerical calculations with the discharge equations of [12-16], with
radiation power equal to zero, and the same relationship from the formula proposed by Rovinski and
Sobolev in [17-19],

-
S % (T) o (T) dT = 2 (Tw/2)* ' (1)

0

®(T) and ¢ (T) are the thermal and electrical conductivities, respectively, just as in [16]. Equation
(1) is a definite integral of the equations for the electromagnetic field and energy bhalance within the plas-
ma for H2 (0) « H? (pg), where H is the magnetic field intensity. Calculations were performed for argon at
pg=1.5 cm and f =10 MHz. Curve 1 is the calculation of [12-16] with initial data from [16], neglecting ra-
diation; curve 2 is the calculation of [19] with data from [16]; curve 3 is the calculation of [19] with data
from [20]; curve 4 is the calculation of [12~-16] with data from [16], considering radiation, the relative ra-
diation power being the same as in [16]; curve 5 is the calculation of {12-16], with data from [16], but with
radiation power decreased by a factor of two as compared with [16]. The calculations performed in this
study agree well with Eq. (1) for T=9000°K* At the same time we note that the condition for the validity
of Eq. (1), B = 2p,2/8% > 1, (where 6 is the skin layer thickness corresponding to maximum temperature),
as introduced in [17], is not completely accurate. The skin layer thickness A, corresponding to a drop in
the magnetic field by a factor of e, is strongly dependent on the radial temperature profile, and can differ
significantly from 6, as calculated from maximum temperature. Thus even at T=7200°K 8= 10> 1.

If radiation is neglected, the maximum temperature is attained on the axis of the discharge; the axial
dip in radial temperature profile is absent.

*The disagreement noted earlier [21] in the data of numerical calculations neglecting radiation from [17~
19], as was clarified later, was explained by the use in [17~19] of amplitude values for ampere-turns, in-
stead of the generally employed rms effective values over time.
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At A ~p, the number of ampere-turns passes through a minimum, the existence of which follows
from very basic reasons [16]. In this region Eq. (1) is not valid. We note that the minimum value of Iw is
significantly dependent on the radius of the discharge chamber, the frequency of the excitation field, and
the nature of the plasma-forming gas [16]..

Selection of Basic Data. In Fig. 1 the dependence of maximum temperature on ampere-turns, pro-
posed in [19], is presented. Its marked difference from the dependence as calculated in the present study,
using the same Eq. (1),is due solely to the use in [19] of data on electrical and thermal conductivity differ-
ing from that employed in [12-16].

In [19] the experimental data of Emmons [20] were employed. In [12-16] the calculated data of [12-
14] and [22], presented in [16], were used.

The calculated data of Krinberg [22] and Devoto [23] on thermal conductivity agree well with each
other over the entire temperature range. The corresponding curves of thermal conductivity as a function
of temperature are presented in Fig. 2. Curve 1 is the calculation of [22], curve 2 is the calculation of
[23], curve 4 is the calculation of [24], which agrees within the limits of 30-50% error with the experiment
conducted in the same study, while curve 3 is the experiment of [20]. The data from the experiments of
[20] and [24] differ significantly for T>10,000°K. Below 10,000°K, the experimental data of [20] are evi-
dently less reliable than calculated values, since they were obtained at the limit of the measurement range
with the points obtained being widely scattered [20].

Inasmuch as experimental data on electrical conductivity are ambiguous and require further refine-
ment, the calculated values for electrical conductivity coefficients for argon plasma at atmospheric pres-
sure [12-14] presented in Fig. 3 were employed. Curve 1 is the calculation of [12-14] (results presented
in [16] with consideration of electron-electron collisions), curve 2 is the calculation of [12-14] (without
consideration of electron-electron collisions), curve 3 is the experimental data of [20], and curve 4, the
caleulation of [23]. The data of [12-14] agree with Devoto's results [23] with accuracy up to the coefficient
employed in [12-~14], with consideration of interelectron collisions [25].

Calculation of Radiation Loss. Due to the fact that the first excited level of the atom is high (I;=11.5
eV for an ionization potential of I* =15.8 eV, the argon plasma radiation at atmospheric pressure in layers
with thickness of the order of several centimeters is divided into a completely transparent component,
corresponding to free-to-bound and free{fo-free transitions to the excited levels of the atoms, and free-to-
free transitions in the fields of neutral and ionized atoms (A= 2000 A), and a strongly reabsorbed compo=
nent: an ionization continuum (A =790 A) [26, 27], and lines corresponding to transitions to the fimdamental
level of the atom (790 A=)=1066 A). Due to the shortness of the path length, the strongly reabsorbed ra-
diation will be found to be in equilibrium with the matter in a first approximation.

The power level of the transparent radiation exiting completely from the discharge plasma can be
found by using the results of a calculation of the degree of blackness of a hemisphere with radius R at
various temperatures [28]. In [12-16] the transition between the degree of blackness of a hemisphere ¢
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TABLE 1

Curve No. (see _—_ .
Fig. 5) o T*, K | o (MWkmS[16] |div F O,Wem®
1 8500 8800 11 +0.030
2 8600 9500 13.5 —0.080
3 8660 | 40700 15.5 —0.75
¢ 8700 | 12500 17.5 —2.90
5 9600 | 10100 90 | 40.09%
6 9300 | 10400 53 —0.44

with radius R=0.1 ¢m to the radiation power per unit plasma volume ¢(T) is accomplished with the
formula

9 (1) = 5ol

(o is the Stefan-Boltzmann constant), obtained in the supposition of an optically thin hemisphere. However,
in [12-16] the data of [28] were employed for total blackness, including therein the reabsorbed segments.
To exclude these from consideration, as was indicated in [1], the data on radiation power in [12-16] must
be reduced by a factor of approximately two [28]. We note that the calculated data of [28] agree well with
the experimental data of {20, 24, 29].

Figure 1 presents the dependence of maximum temperature T* and axial temperature T, on ampere-
turns, as calculated with the data on radiation power both as originally given in [12-16] and with the level
reduced by a factor of 2. At low temperatures (in this case at T < 8000°K) radiation exerts practically no
influence on the temperature profile, the maximum temperature is attained divectly at the discharge axis,
and coincides with the temperature as calculated with no consideration of radiation. As temperature in-
creases, radiation begins to play an ever greater role, and a dip near the axis is formed in the radial tem-
perature profile, which increases as the number of ampere-turns per wit inductor length is increased.
This is illustrated in Fig. 1 by the branching of the curves of maximum and axial temperature versus am-
pere-turns at Iw for A ~p, (the lower branch in Fig. 1 is the axial temperature; the higher, the maximum),

The condition that A «pg, employed in [1], indicates a significant radiation loss. In view of the ab~
sence of ohmic energy losses in the large-volume internal regions of the discharge, radiation losses must
determine the temperature characteristics of the discharge to a significant degree. Thus, in particular,
for the mode examined in {1, 2] py=1.3 em, f =9 MHz, Iw=40 A-turn/cm, Fig. 4 presents the radial tem-
perature profile in induced argon discharges at atmospheric pressure. Curve 1 is a calculation in accor-
dance with [12~16], with original data of [16]; curve 2 is the calculation of [12~16] with radiation power de-
creased by a factor of two [16], #(T) and ¢ (T) from [16]; curve 3 is the calculation of [12~16] with radia-
tion power reduced by a factor of two [16], % (T) and ¢ (T) from [20]; curve 4 is the ionization temperature,
measured by the absolute intensity of the continuous argon plasma spectrum {[1]; and curve 5 is the tem-
perature of the population of a series of Ar I levels from the 3p°5p configuration, measured by absolute
intensity of the lines. The calculations conducted in this study, with consideration of optically transparent
radiation loss, give 2 maximum temperature T =10,000~10,500°K (depending on the data taken for the opti-
cal properties of the plasma), which agrees well with the experimental value (9800 + 400°K). At the same
time, calculations without consideration of radiation with the same data for electrical conductivity o (T)
and thermal conductivity % (T) of the plasma give T=12,200°K (see Fig. 1).

As has already been noted, the error in computational results for the discharge temperature char-
acteristics, produced by inaccurate values for the plasma transfer characteristics, is great in the case of
calculation without consideration of radiation, and attains, as follows from Fig. 1, values of hundreds and
thousands of degrees. When the effect of radiation is considered, the error is reduced. In fact, we assume
that the use of lowered values for ¢ (T) and ®(T) must lead to an increase in the calculated temperature
value; however, at the same time radiation losses are increased, which leads to a temperature decrease.
Thus, for example, a change in the data for »(T) and o (T) which, in calculations without consideration of
radiation, leads to a change in calculated temperature of 1200°K (Fig. 1), in calculations with consideration
of radiation produces a temperature change of only 200°K (Fig. 4). Data on the radiation peculiarities of
argon are known to an accuracy of tens of percents. As an illustration of the error introduced by this fact,
Fig. 4 presents calculated temperature profiles based on radiation power, distinguished by a factor of 2
(error =500°K).
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N As follows from Fig. 4, calculation with the data of Emmons [20] pro-
/ duces better agreement with experimental data with respect to both the rela-
radok / tive contour and the absolute values of temperature. Nevertheless, there
remains approximately a twofold increase in the calculated value of the axial
p / temperature drop, as compared to experimental data.

Radiation Transfer. The evaluations. presented in [1]. as an approxi-
J mation of radiative thermal conductivity indicated that radiation transfer in
Q the strongly reabsorbed ionization continuum and the central portions of the

11

argon resonance lines at T~ 10,000°K is insignificant. For a final explana-
tion of the role of radiation transfer it is necessary to examine radiation

Y
7 transfer in the further regions of the spectrum, which correspond to transi-
/g\

tions to the umexcited state of the atom. The divergence of the radiant flux
in the spectral lines along the axis of a long cylindrical volume of plasma in

L

, \ thermal equilibrium is equal fo
) L div F (0) = 4nB.,, (0) S (0) — _ p 2)
— 25§ v pap § sk (0) 5, 0) B, (0) (0* 4 2t exp (— YEEZ (i, oap)
7.5 7.0 p.cm R . '
Fig. 5 where S (p) = _o§k, (0)dv is the complete absorption within a line; p and z are

0
the radial and axial co-ordinates; ki) is the spectral absorption index; B,,O (p) is the Planck function, cal-

culated for one steradian, v, is the transition frequency; and R is the cyclinder radius.
With the change of variables
p? -+ 22 = p*sin~2 9, dz = — p sin™? 848
integrating in Eq. (2) over p by parts, assuming that on the walls
T (R) = B, (R) =
we obtain

div F (0)
=/2 % R o .
. 4B, (v) - N
= — 4n § sin 940 S., k, (0) de] 295 oXP (- sin :ﬁgokv (p")dp )dp (3)

It follows from Eq. (3) that in flows where always 9T /8p <0, the radiant flux divergence is negative,
i.e., the radiant energy departs from the axial points of the flow. In induced discharges, where portions
exist with 8T /3p >0, there may appear a radiant energy flow toward the axis.

On the axis of the discharge, 8T /8p =0, dByy/0p =0, so that integration in Eq. (3) leads to some
p* «Al, where A] is the characteristic length for change in the parameters of the discharge in the axial
region. Considering that for strongly reabsorbed resonance lines in argon the condition is fulfilled that
k" ~107% em «p* «Al~0.1 cm, with a great degree of accuracy one may substitute in Eq. (3) for thetrue
absorption contour in the line the asymptotic expression for the further regions of the lines. In this pro-
cess, neither Doppler widening nor shift in the lines playsarole in the integration of Eq. (3), since they
change the line contour significantly only near the center of the line.

For a line with dispersion wings

by (0) = 171 § (P)Av (p) (v — vg)™° @)
we have
div # (0)
1 &
3, NG w O» R ’ 7 ’ Y aB‘Jo (i)
=~ 200 WO (((s, @) av, @) ae) g ds (5)
0o 0

where T (») is the Gamma function, A;) (p) is the shock half-width, and W is the equivalent width of the dis~
persion line in a layer of thickness R (in sec™?
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Sy (€)= 5 €)/SO), Av, () = Av (E)/Av (0), E = p/R

We note that Eq. (5) can also be obtained from more complex formulas, presented in [30] (with an
accuracy equivalent to the factor, omitted in [30], which is close to unity).

Analogously, one may obtain an expression for the divergence of the radiant flux in the strongly re-
absorbed lines with the dispersion form of the further wings in the case of spherical symmetry:

divF(O)=~2nﬂ%@~S(SS (g)Av*(g)dg) h aB“g(g) ds (6)
i}

From Eqgs. (5), (6)there follows a law of similarity: for a change in radius of the plasma volume,
while preserving the relative temperature profile (the flux not disturbing the relationship ky~1 «A7)

div Fy (0) W0, Ry) Rs s
divFp ©) ~ wO,R)R R1

We note that the regions where 0B,, (E)/ 9% = 0, in general produce no contribution to Egs. (5, 6).
Data on the widening of argon resonance lines, widened basically by electrons, has beentaken from [31]:

Mv (p) = CN. (p)
where Ay (p) is in sec™!, Ny is the electron concentration, C=1.3 .10~ sec™!. cm?.

The oscillator absorption power was taken as equal to 0.2 and0.05 for the lines Ar I 1049 A and 1067
A respectively [32-34]. Of all the lines related to transitions to the fundamental state, these are the most
important.

Calculated results for the radiant flux divergence in the argon resonancelines for various temperature
profiles accordingto Eq. (5) are presented in Table 1. The corresponding radial temperature distributions for
which the radiant flux divergence was calculated in the Ar I resonancelines at the axial point of the discharge div
F(0)arepresented in Fig. 5. The digits indicate the numbers of the profiles data for which are presented
in Table 1. Curve 5 is the experimental result of [1]. Radiant transfer proves to be insignificant up to
temperature transitions of several thousand degrees.

Under experimental conditions, within the argon discharge spectrum, there is often observed an in-
tense brightness in the lines of atomic hydrogen, present in the plasma as a minor impurity. The lines of
the Balmer series are clear, and energy transfer can take place only in lines of the Lyman series. Cal-
culation of radiation transfer in the most intense line Ly was conducted with the same Eq. (2), using the
contour tabulated in [31]. The final formula for calculation of radiant flux divergence in 2a line on the axis
of a discharge in argon at atmospheric pressure with a small admixture of atomic hydrogen then has the
form

&y Fy, (0) = —9.75 S_’%"j_'@—S(SS @ Nrea )

0

where Ng, (£)=Ng (£) /N (0),8(£) is the complete absorption in the line, and Ng is the electron concentra-
tion per cm3. The formula is valid for a discharge radius Py~ 1-2 cm and temperatures of the order of
10,000°K.

Evaluations for the case of a molar concentration of atomic hydrogen in argon of ~ 1% indicate that
radiant transfer in the hydrogen lines is small, and cannot lead to a noticable change in the radial tem-
perature profile under the conditions of the experiment {1].

The Effect of Convection. Inasmuch as experimental temperature profiles have a less sharply de-
fined temperature drop at the center than is predicted by the theory of [12-16], and radiation transfer plays
no significant role under these conditions, some other mechanism of temperature equalization in the in-
duced discharge must exist. It is natural to assume that the cause of this equalization is convection, es-
pecially when

AT / (Ap)* < e0pmAT / Ap
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where the coefficient of thermal conductivity n~ 4 - 10 erg/cm - sec - deg, the thermal capacity cp=0.2
cal/g- deg, argon density py,~5.3 - 1078 g/em® (T ~9500°K), the characteristic radial length Ap~1 cm
[1], which leads to convective flow velocities V> 10% cm/sec. Such velocities are attainable and have been
observed even in low power carbon arcs of small dimensions [35].
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