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Energy Balance and Plasma Potential in Low-Density Hot-Filament Discharges

Scott Robertson, Scott Knappmiller, and Zoltan Sternovsky

Abstract—Electron energy balance is shown to play an important role in determining the
plasma potential in low-density hot-filament discharges. The confined electrons that are
lost to the walls are those with energy just above the plasma potential, thus the electron
energy loss rate is the product of the electron loss rate and the height of the potential
barrier. The sources of the electron energy are the energy at creation plus the energy
gained from equilibration with energetic, unconfined electrons. An experiment in a soup-
pot plasma device demonstrates that the plasma potential has values that satisfy the
energy balance equation. The ion loss rate affects the electron loss rate through the
quasineutrality condition, thus collisions of ions play a role in determining the plasma

potential by reducing the particle loss rates.
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I. INTRODUCTION

A recent model for particle balance and energy balance in low-density, hot-
filament discharges' gives values for electron temperature and plasma potential that agree
(to within about 25%) with values measured in a soup-pot type® of plasma device
operated at neutral gas pressures of 0.1-1 mTorr. In this work, the energy balance model
is extended to higher pressure (8 mTorr) by including the effect of charge-exchange
collisions of the ions. An important dimensionless parameter is the ratio of the plasma
radius r to the charge-exchange mean free path A. At the higher pressure of 8 mTorr, /4
= 30 and charge-exchange collisions significantly reduce the ion loss rate. The model
with collisions is in agreement with experimental data at higher pressure.

The energy balance model can be summarized as follows. The confined electrons
are those with energy below the plasma potential ®,. Electrons are lost from the confined
population by diffusion in velocity that allows some of the confined electrons to pass
over the potential barrier. If there are no other significant energy loss mechanisms, the
rate at which the population of confined electrons loses energy is simply the product of
the electron loss rate and q®p where  is the elementary charge. In a steady state, this
energy loss is balanced by two sources. The first is the equilibration of the confined
electrons with the more energetic unconfined electrons that include the primary electrons
as well as the more numerous secondary electrons from the walls.*** The second energy
source is the energy with which the electrons are created. This work and ref. [1] builds

upon earlier work®*> that enumerated the processes affecting energy balance in soup-



pot types of devices. These devices have not previously been modeled with the level of
detail that has been used for DC discharges at higher pressure.”*”’

Charge-exchange collisions replace ions that have been accelerated toward the
wall with ions that move more slowly, thus the ion loss rate is decreased by collisions.
The electron and ion loss rates are coupled by quasineutrality, thus an effect of ion-
neutral collisions is a reduction in both the ion and electron loss rates. A reduction in the
electron loss rate results in the electrons gaining more energy through equilibration and
thus a greater plasma potential (or a greater electron loss rate) is required to satisfy
energy balance. We observe in the experiment an increase in plasma potential with
neutral gas pressure. This increase is approximately equal to that predicted by the energy-
balance model when the effect of charge-exchange collisions is included.

In Sec. II, the model for electron energy balance is developed. The rate of ion loss
to the wall is derived, including the effect of collisions, and an expression for energy
balance is derived from which the plasma potential can be calculated. In Sec. III, the
experiment is described and the measured plasma potentials are compared with those

calculated using the energy balance model. Section IV is a conclusion.

Il. THE ENERGY BALANCE MODEL

A. lon production and loss
Electron-ion pairs are assumed to be created at the rate RV where R is the

volume-average of the rate of ionization and V is the plasma volume. The loss rate of ions



1s I'; A, where T'; is the flux of ions to the walls and A is the wall area. The volume-

averaged rate of ionization may then be found from

A

R=—"—.
Vv
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In the absence of collisions, the flux of ions to the walls in cylindrical geometry is ~0.42

Ne Cs, Where ne is the electron density, ¢, = /T, /m, is the ion sound speed, T is the
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temperature of confined electrons in energy units, and m; is the ion mass.
flux is reduced by charge-exchange collisions.'>'* Sternovsky'* has used a kinetic model

to calculate I'; for a range of /A, where r is the plasma radius and A is the charge-

exchange mean free path. The numerical results for r/4 < 1000 can be fit to the function

0.42 n.c
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and the ionization rate can then be found from more easily measured quantities using

A 0.42 n AT, /m,
R(n,, T, 4) = : 3)
V{1+0.18(r/ 1)

B. Electrons from ionization
Only a fraction of the electrons from electron impact ionization have energy

sufficiently low to be confined by the plasma potential. The distribution in energy S(E) of



secondary electrons from ionization, Fig. 1 A, has been measured for several gases by

Opal et al. " and is approximately

2 1
SE=T0 [1+(E/W)2]’ @

where E is the energy of the secondary electron and W =10 eV for Ar. A more accurate
normalization to unity can be made by cutting off the distribution at the maximum energy
of a secondary electron. This energy is P = (Epri — Ej)/2, where Epy 1s the energy of the
primary electrons from the filaments and E; is the ionization energy. The fraction F(®y)

of the source distribution that is confined by the plasma potential is then'®

B arctan(q@ ) /W) . qP,

F(®p)= arctan(P/W) ~ W arctan(P/W)

)

The final expression is valid for q®, << W. The rate at which confined electrons are

created and lost in a steady state is Ii(ne T, DF(@ ).

C. Electron heating from equilibration with secondaries

Figure 1B illustrates the electron distribution function that is found from probe
measurements.'’ The electrons with energy below qdy are typically confined for many
electron-electron collision times, thus this part of the electron distribution is nearly

Maxwellian. Ionization is from energetic primary electrons which usually have energy in



the range 40—100 eV. The primaries release secondary electrons from the walls that have
a distribution in energy that is approximately Maxwellian with a temperature of Tg = 2
eV. The secondary electrons from the wall are accelerated through the sheath potential
and are thus shifted upward in energy by qCI)p.3’4 The distribution in velocity of wall

secondaries within the plasma is then

m. )2 —-0.5mv’> +qd 2
f = e < P ve22qd ,/m,
se (V) nse(zn-rse] eXp|: Tse :| q p
(6)
=0, vi<2qd,/m,

where N 1s the number density of wall secondaries that would be observed at the wall.
This density is found consistently from the probe data using the random current of
secondaries collected by the probe when it is at zero potential relative to the wall.

The rate at which a single energetic electron transfers energy to the confined

electrons is'®!"’

du _ Ynm,

dt v o ™

where ne is the density of the confined electrons, Vv is the relative velocity of the

collisions, Y = 47z(q2 /4re,m, )2 InA and In A is the Coulomb logarithm. The energy



loss rate can be integrated over the distribution of wall secondaries to find the rate at

which energy is transferred from the wall secondaries to the confined population’'

3
=Yn,mnn, [ 2::_'19 Jz exp(qCD o/ Tee );!; exp(— m,v* /2T, )472Vdv , (8)

~2m,JYn,n

[

27T /m,

where the angled brackets denote an average over the distribution function of wall

secondaries and w=,/2q® /m, is the minimum velocity of wall secondaries within the

plasma. The final result for the heating rate is independent of the potential @, and the
minimum velocity of the secondaries W because the factors containing these variables

cancel.

D. Electron energy balance
The energy balance equation for confined electrons must include both the energy

from equilibration dQ/dt and the mean energy that the electrons from ionization have

initially. The distribution of initial energy, Eq. (4) and Fig. 1A, is nearly flat from zero

energy to (®y, thus the mean initial energy is approximately 1 q®,. The rates of energy

input are set equal to the rate at which energy is carried to the wall to obtain the energy

balance relation
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4R, T,, AF(a, ko, = R, T, (a0, o, ©)

which can be rearranged to give

,4Q

dt
O =— ) 10
" aR(n,.T,,A)F(q®,) 1o

Equations (3) and (5) can then be used to find the relationship between the plasma

potential and other parameters that can be found from probe data

1/2
1] 9.3W arctan(P/W )Ym n_V~/1+0.18r /A
T, A)=— : (11)
q A’\) 2TETeTse /mime

(0] p(nse,T

se?

This equation shows that the plasma potential is not explicitly dependent upon ne or R
and is only weakly dependent upon Te. The strongest dependence is upon the density of
secondary electrons which are the source of heating for the confined electrons. The
energetic primaries have not been included as a source of heating because their transfer of
energy is much smaller as a consequence of their higher velocity and lower density.

In ref. [1], three variables (Ne, Te, and @) were treated as unknowns and were
found by solving simultaneously ion particle balance, electron particle balance, and
electron energy balance. In this work, the electron particle balance equation is omitted

and the number of unknowns is reduced by taking T, from probe data. Having a measured
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value for T, rather than a model value for T, removes any questions that might arise about

the accuracy of the model value for Te.

I11. THE EXPERIMENT

A. The apparatus

The experiments are performed in a soup-pot type of plasma device, Fig. 2. The
vacuum chamber is of aluminum with an inner diameter of 31 cm and a length of 70 cm.
The chamber has a stainless steel liner to cover contamination and to make the surface
potential more uniform.*® A turbomolecular pump creates the vacuum and the base
pressure is < 10 Torr. The plasma is generated by primary electrons from four filaments
located on the end walls. The filament bias potential is —80 V and the emission current is
20-160 mA. The working gas is argon at pressures of 0.1— 8 mTorr. The pressure is
measured by an ionization gauge with an extended range. The mean free path for
scattering of the primary electrons is about 5 cm at the highest pressure, thus the
ionization rate is higher near the filaments than at the center of the chamber. The
confined electrons (with energies below ~0.5 eV) have a mean free path comparable to
the chamber diameter, thus these electrons should fill the chamber nearly uniformly
except in the sheath region at the walls. Probe measurements indicate that the density of
confined electrons at the center of the chamber is about 10% lower than the density 10
cm from the end walls.

The plasma parameters are determined by means of a cylindrical probe of

stainless steel with a diameter of 190 um and a length of 27 mm. The probe is discharge-
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cleaned before data are taken. A digital data acquisition system with 16-bit resolution
averages 25 current readings at each probe voltage. A subset of the probe data from —40
to —10 V are fit to a model for the ion current and this current is subtracted from the
probe current to obtain the electron current alone, Fig. 3. This current shows two electron
distributions: a low energy (<0.5 eV) distribution that is the confined electrons and a
higher energy (>0.5 eV) distribution that is the wall secondaries. Orbit-motion-limited
theory?'** is used to find the densities and temperatures of the two populations as
described in ref. 17. The electrons contributing to the probe current for voltages from 0 to
—2 volts is identified as secondaries from the wall because the slope of the
semilogarithmic plot corresponds to the expected temperature of 2-3 eV. This part of the
probe current cannot be primary electrons because primaries have energy near 80 eV and
would create a probe current with a much smaller slope. The density of the wall
secondaries is typically a few percent of the total electron density.

The analysis locates the effective wall potential by finding the probe voltage at
which the current of confined electrons begins to rise above the current of wall
secondaries. This point is typically within 0.1 volt of the ground potential. The plasma
potential is located at the maximum in the slope® of a function fit to the probe data. The
potential @ is found from the difference between the probe voltages at the plasma
potential and at the wall potential. These are each uncertain by 0.1 V as a consequence of

the spacing of the data points. These two uncertainties are added in quadrature to obtain

the uncertainty of 0.14 V in @,
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B. The data

The model is tested by comparing the measured plasma potential with the
potential calculated from the model. Parameter scans are made by varying either the
filament emission current or the filling pressure. The plasma potential is dependent upon

Nse, Tse, and Te, which are found from the probe data, and upon the mean-free-path A. The

mean-free-path is determined from A =1/n,c where n, is the gas density calculated

from the pressure gauge reading and o is the charge exchange cross section. This cross
section is 72 x 10™'° cm? for argon ions on argon neutrals.** Figure 4 shows emission-scan
data from 20 mA to 160 mA at a constant pressure of 0.5 mTorr. The top panel shows the
measured plasma potential and the plasma potential from the model, Eq. (11). The lower
two panels show the data that are the inputs to the model. The mean free path for charge
exchange is approximately half the chamber radius, and the collisional decrease in ion
flux to the wall [from Eq. (2)] is only 16%. The number density of the secondary
electrons responsible for heating is varied by more than a factor of six. The different
values of emission change every parameter that enters into Eq. (11) except A, and also
changes the number density of confined electrons n.. The model for the plasma potential
agrees with the data to within the uncertainty in the measurements.

Pressure-scan data from 0.125 to 8 mTorr with a constant emission of 80 mA are
shown in Fig. 5. The range of pressure corresponds to r/A increasing from 0.5 to 30, and
at the highest value the ion flux is reduced by a factor of 0.4. As in the emission scan, the
differences between measured plasma potentials and those from Eq. (11) are
approximately the uncertainty in the potential measurements. Figure 5 also shows, for

comparison, the model with the charge-exchange correction omitted. The uncorrected
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model differs significantly from the data at pressures above 1 mTorr where the correction
for collisions is largest. Although the current of primaries is held constant at 80 mA, there
is an increase in the number of secondary electrons as the plasma density is increased.
This increase may be due to the impact of ions, metastable neutrals, or ultraviolet photons
releasing additional secondaries from the walls. The temperature found for the
secondaries varies with gas pressure indicating that the additional secondaries have an
energy distribution different from that of the secondaries from the impact of primary

electrons on the walls.

IV. SUMMARY AND CONCLUSION

A model for the energy balance of confined electrons gives values of plasma
potential that are near to measured values for plasmas in a soup-pot type of plasma
device. In the model, the confined electrons are heated by equilibration with unconfined
secondary electrons from the wall, and the confined electrons lose energy when they pass
over the sheath potential barrier at the wall. The energy-balance model requires as input
parameters the density N and temperature T of the secondary electrons, the density ne
and temperature T of the confined electrons, and the mean-free-path for charge exchange
collisions A. In the experiment, the characteristics of both the confined and the
unconfined electrons are found from Langmuir probe data. The ionization rate is found
from the plasma parameters using an expression for ion particle balance that includes the
effect of charge-exchange collisions on the ion flux to the walls. The calculated and

measured values for plasma potential show good agreement over a factor of 8 in filament
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emission current (20 — 160 mA), a factor of 64 in pressure (0.125 — 8 mTorr), and a factor
of 30 in electron density (0.4 — 13 x 10° cm’). The differences between the model and the
data are comparable to the resolution of the potential measurements, 0.14 V. If the
charge-exchange correction to the ion flux is not considered, the model differs from the
data by nearly a factor of two at the highest pressure, where the effect of the collisions is

the greatest.
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Figure Captions:

Fig. 1. (A) A sketch of the source distribution S(E) of electrons created by impact
ionization of the neutral gas. Electrons created with energy below q®, replenish the
confined electrons. (B) A sketch of the electron energy distribution F(E) found from

probe measurements.

Fig. 2. The experimental apparatus. Grids cover the filaments to make the boundary

conditions more uniform.

Fig. 3. Plot of the probe current as a function of probe voltage. The modeled ion current
has been subtracted. The two vertical lines indicate the probe voltage when at the wall

potential and at the plasma potential.

Fig. 4. Plasma parameters from the Langmuir probe measurements with the emission
current varied. In the uppermost graph, line segments connect the points for the model
function @y(Nse, Tse, Te, A). For each set of conditions, three probe sweeps are made,
analyzed, and the parameters are averaged. Repeated sweeps closely spaced in time with
the same plasma conditions indicate that the uncertainty in the densities and temperatures
are less than 10%, which is the uncertainty indicated by the error bars. The error from the
probe analysis does not include systematic error. The errors in the model values are
smaller than those in the measurements on which they are based as a consequence of the

square-root dependencies in Eq. (11).



Fig. 5. Plasma parameters found from probe measurements with the gas pressure varied.
In the uppermost graph, the line segments connect the points for the function ®y(Nse, Tse,
Te, A). The function @p(Nse, Tse, Te, A = ) that omits the charge-exchange correction is

also plotted.
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