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HEAT ENERGY BALANCE IN A LOW-PRESSURE
SHF SURFATRON

P. 5. Bulkin, A. P. Ershov, G. S. Solntsev, M. M. Rakhman, and L. I. Tsvetkova

Analysis is presented of the results of experimental studies of a radial heat flow
Qr(z) along the plasma column of an SHF surfatron in Xe at a pressure of
0.5-1.2 Torr. Energy loss caused by the energy transfer to the walls by positive
ions accelerated by the ambipolar diffusion field and the potential gradient near
the discharge tube wall was found to play an important part. This channel of
energy loss is most effective in heavy gases. In the experimental conditions of
this study. the properties of the discharge along its total length can be described
by means of a single kinetic plasma model.

HF and SHF surfatrons are a promising type of low-pressure gas-discharge devices to be used in plasnia
chemistry, deposition of film coatings, and in gas lasers {1-4]. The discharge in the SHF-surfatron is a plasma
wave-guide along which a gas-ionizing surface wave propagates. As this takes place, a plasma column of
a considerable length can be obtained in a wide frequency range (10°-10'% Hz). whose shape would vary
depending on the discharge-confining dielectric wall. _

A peculiar feature of a surface wave discharge is a high concentration of electrons n, excseding the
critical value for the given frequency, and its drop along the discharge in the wave propagation direction
oz [1-4]. These two factors are responsible for the appreciable and uneven heating of the neutral gas in
the discharge giving rise to a gas density gradient V along the oz direction (or a “reduced” pressure pr{:})
and, as a result. to a change in other plasma parameters. The longitudinal nonuniforinity of the discharge
is confirmed by calculations and measurements of the gas temperature T, and dn/dz [L. 3. 53], Therefare, in
contrast to a positive plasma column of a d. c. discharge, a principal requirement to be met when describing
the surface wave discharge is that its longitudinal nonuniformity must be saken into acconnt.

The analysis of the densizy balance of the electrons n and metastable atoms V™ made iu [3. 3] has
shown that in a low-pressure surfatron {p = 1 Torr} in Xe, the basic elementary processes are the single
tonizatzion of atoms by electron impact and the ambipolar diffusion of electrons, i.e.. the diffusion model of
the discharge is valid. The heat energy balance and the radial heat flow 1o the walls are also very tipartant
for some practical applications of the surfatron.

~ This communication is a study, based on experimental data, of the contribution of various kinetic
processes to the heat flow and of the possibility of using a single model to describe the heat loss in the
discharge along its length.

The experiments were conducted in a stationary SHF-discharge produced by-a syvmmetrical surface
wave in Xe under an initial gas pressure py = 0.5-1.2 Torr in a tube with a radius R = .24 cm at a field
frequency of about 3 GHz [3]. Table 1 lists the values of pr(2), n{z), and n/N for a fixed power of 140 W,
Under these conditions, the discharge does not fill the whole length of the tube. Owing to the diffusion
spreading of the plasma column boundary for a distance exceeding half the length of the surface wave that
produces the discharge, the wave reflection from the end part of the discharge is insignificant. Therefore,
the amplitude of the standing surface wave 1s small, there is no periodic lengitudinal nonuniformity of the
discharge, and the parameters n{z) and pr(z) of the plasma, as well as the radial heat flow @ per unit
length are monotonic funcsions of the distance from the surface wave generator. Curve 1 in Figs. 1 a, b,
and c, shows the experimentally found longitudinal distribution Qr(z) at different initial pressures py.

Over the discharge length (53 cm), the concentration n of the electrons. the reduced pressure pr and
the heat flow Q1 change several times while the degree of ionization n/V changes by an order of magnitude.

When calculating the heat loss at the walls. one usuvally proceeds from the amount of energy lost by
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Fig. 1

Heat loss per unit length of the tube as a function of the discharge length: R = 0.24 cm,
W= 140 W, pg = 0.5 Torr {a). 0.7 Torr {b), and 1.2 Torr {¢); (1) experiment; (2) calculared
Maxwellian FEED with no allowance for the ion contribution: (3} calculated Maxwellian
FEED with allowance for the ion contribution: (4} calculation for the two-temperature
FEED with allowance for the ion contribution.

the electron per unit time:

2m

w; = 'A/_I(erl) -+ ;(yj)gj + (U)V; + Pu. "

Here ¢ is the electron energy; V;, V; are the energies of excitation and ionization of the atom: w.(, »;, 1
are the frequencies of the elastic, exciting and ionizing electron-atom collisions. The term P; corresponds
to the energy loss at the wall. It usually includes only the energy directly transferred by the electron:
Py = {(£){v;} [6], i.e., the energy spent by the electrons to maintain the ambipolar diffusion field in the
plasma and for the potential jump i, near the wali is neglected. This energy is used to accelerate the ions
in the plasma and in the near-wall layer and is transferred by these ions to the wall. Taking this into account,
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Table 1

Variation of the Reduced Pressure pp, Concentration n
of Electrons, and the Degree of lonization n/N
Along the Discharge Length

pr, | nox 1012, 2« 107t pr. | nox 1047, 2 10-4 pr. nx L(]‘l'"': 2 x 10~
- m Torr| em™3 ‘ Torr} ecm~? ’ lore e~ 1
po = 1.2 Torr pg = 0.7 Torr po = 0.5 Torr
3 0.18 5.4 5.3 0.11 +.75 12 0.084l ~ 3.9 13

15 0.2 4.6 6.5 0.14 4.1 8.3 0.1} 3.3 9.0

25 0.25 3.75 4.2 0.18 3.4 6.¢ 0.13 3.1 6.8

35 0.3 29 2.7 0.19 2.75 4,1 0.15 2.7 5.1

45 0.4 1.95 14 0.26 2.3 2.5 0.19 2.2 3.3

55 0.39 1.6 1.2 0.3 1.2 1.8 i
]

the total energy loss @ per eleciron leaving the plasnia is given by [7]:

r‘\.!- %
0="T Zi‘.-i-lnr—“‘)—-i-lni-——[—1 . i
Ny | T |

where M; and m are the masses of the ion and the electron, respectively; ng and n,, are the concentrations
of electrons on the plasma axis and at the boundary near the wall. Their ratio is written as

—  m |
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where A, is the average length of the ion path and T) is the ion temperature. Therefore. in Eq. (1) Py = ©{1,)
{here. the fact that in the diffusion mode the frequency of departure of electrons to the wall is 2qual 1o the
lomization frequency is taken into account). The heat flow Q per uniz length of the tube is given by

o 2m . , R /TyM % .
QT:WR-<”>){?(EV‘31>+{Li'i‘"Tg(?)'F’ln;:( ) )]{yi)}. (3)

i,m

We assume that the atomic radiation passes through the walls without being absorbed and gives no
contribution to the heat flow Q7. The energy transfer to the wall by the metastable atoms is negligible.

Tlie results of comparison of the experiment with the calculation of @Qr(z) from (3) are shown in
Fizs. 1 a. b. and ¢. Use is made of the values of (n)(z) and pr(s) taken from Table 1. The inclusion ol the
coutribution of the 1ons (curves 3) provides better agreement of the theoretical data with 1he experiniental
ones (curves 1} compared to the calculation with no allowance for the ion contribution {curves 2). ‘I'le
distinction remains only for pg = 1.2 Torr.

This distinction stems from the deviation of the function of electron energy distribution (FEED) from
the Maxwellian one {8]. The Maxwellian trend of the FEED under the given conditions depends on two fac-
tors: interefectron collisions and spatial nonlocality of the FEED {9]. The numerical calculation of the FEED
for the experimental conditions has shown that the effect of the electron-electron collisions is insufficient to
produce a Maxwellian disstribution at energies £ 2 V;. When the radial electric field is taken into account,
the deviation from the Maxwellian distribution is considerable only for electron energies exceeding the wall
potential p,,. With low pR we have ez, > V[, and this results in a Maxwellian of energy distribution of fast
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electrons. However, at pg = L.2 Torr and R = (.24 cm e, ~ Vi, L.e., the deviation of the FEED must be
taken into consideration. The effect of the FEED type on the value of Qr is shown in Fig. 1 ¢ (curve 4) by
an example of the model distribution
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where 2, = 11 eV. T, /T2 = 2. Hence. the calculation shows {Fig. 1 ¢. curve 1) thar the consideration of
the effect of the potential barrier near the wall on the FEED can significantly improve the agreement with
the experiment.
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Fig. 2
Relative contributions of various processes to the heat loss balance during an SHF-discharge
in Xe.

The contribution of different mechanisms of heat transfer to the wall depending on pR in Xe is illustrared
in Fig. 2. The FEED was assumed to be Maxwellian. the relationship between T, and pfl was deterine
using the Schottky and Langinuir-Tonks theory. The portion of energy transferred by the fons in the total heat
flow increases with a decrease of pR froi: about 20% at pR = 1 Torr em to about 50% at pit = 1077 Torr ern.

In the above calculations no account was taken for the plasma resonance region. in which a local energy
release is possible. However, we may show that this plasma region has a size ¢ = 1073 cm and. therefore,
the energy contribution in this region may be neglected {wd/c < 1) [10. 11].

Thus, we have demonstrated that, in spite of considerabie longitudinal nonuniformity of the ST
discharge on the surface wave, it can be analyzed on the basis of a single kinetic plasma model.

It is also shown that heat transfer by ions, accelerated by the radial fields of the ambipolar diffusion and
the near-wall plasma laver, is an important channel of heat loss in a low-pressure SHF-surfarron (particularly
in heavy gases). This channel can play an important role in the process of plasma-ilielectric interaction in
plasma chemistry.
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