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This paper considers particle and power balances to estimate the bulk plasma potential of a
hot-filament discharge plasma produced in a multidipole plasma device. The bulk plasma
potential dependence on positive dc bias applied to an anode is analyzed, and the predicted
characteristics of the plasma potential are compared to the experiment. It is shown that the
plasma potential can be more positive or more negative than the anode bias potential. When

the potential is more negative, a steady-state potential dip in front of an anode is observed
using emissive probes with the zero-emission inflection point method. Conditions for the

potential dip formation are discussed.

I. INTRODUCTION

Hot-filament discharge plasmas have been widely em-
ployed for studying basic plasma phenomena.' The addition
of multidipole surface magnetic fields at the plasma boun-
daries has improved the confinement of charged particles
and thus enhanced plasma density and uniformity.” As a
result, such multidipole devices can be operated at neutral
pressures that are several orders of magnitude lower than in
conventional discharge devices. Source characteristics, such
as parametric dependencies of plasma parameters, i.e., den-
sity, electron temperature, neutral pressure, cusp magnetic
field geometry, plasma potential, etc., have been the subjects
of many investigations.”"

In this experiment a few movable disk electrodes with
known surface area were placed in a multidipole device.
They were individually biased to control the charged-parti-
cle collections. Grounded electrodes were present at the
multidipole cusps. The resulting plasma potential was deter-
mined.

In general, the plasma potential is determined by the
balance of electron and ion creation and loss, and by the
power batance, There are three main charged species in the
multidipole device since plasma is produced by a hot-fila-
ment discharge. They are isotropic and monoenergetic (at
low neutral pressure) primary electrons emitted from the
hot filament, Maxwellian plasma electrons, and relatively
cold ions (T, <1 eVand 7, €7,, where T, and 7, denote
ion and electron temperatures). Secondary electrons emit-
ted by the energetic primary-electron bombardment have
been identified as playing an important role in determining
the plasma potential.?

The plasma system considered here is shown in Fig. 1
with a sketch of estimated plasma potential profiles. The
spatial plasma potential profile is generally considered to
have a profile similar to trace A in Fig. 1(b). Plasmas float
above the anode potential, a few times 7, /e more positive
than the anode bias, thus establishing a weak sheath that
limits the electron loss at the anode. This type of weak sheath
can be estimated from the particle balance.* However, de-
pending on the detailed power balance in the plasma system,
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a profile similar to trace B in the figure is also possible which
shows a potential dip with potential ¥, < V. Here the dip
plays the same role in confining plasma electrons as the po-
tential decrease associated with the sheath ¥, in the case of
the trace A. A potential dip similar to trace B in a dc system
has been experimentally observed by Forest and
Hershkowitz.®

This paper describes the particle and power balances of
a bulk plasma in a multidipole device for the estimation of a
bulk plasma potential, as well as the plasma sheath potential
at the anode, and the condition is analyzed for the potential
dip formation at the anode. Comparison is made to the ex-
perimental results.
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FIG. 1. (a) The plasma system configuration for particle and power bal-

ances and (b) possible steady-state plasma potential profiles.
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Il. PARTICLE AND POWER BALANCES IN A HOT-
FILAMENT DISCHARGE PLASMA

A. Particle balance

In a steady-state system, the primary-electron source is
the filament discharge current /;. These primary electrons
are lost to ionization processes, nonionizing energy-transfer
collisions with neutrals, and to the walls. Balancing sources
and losses gives

I I
—‘*=an(—‘-+—+-—1——), (1)

e T Tw Ty
where decay times associated with the losses are

7, = (one,)”" (for ionization),

T = (UH”oUp)_] (2)

(for losses due to collisions with neutrals),

and 7, is for losses to the walls and boundaries, n, is the
density of the primary electron, n, is the neutral density, o,
is the ionization cross section, o is the total energy-transfer
cross section for electron-neutral collisions, and V is the
plasma volume. Electrons are created at the hot filaments by
ionization and secondary emission, and lost at the wall cusps
and the electrodes. Assuming Maxwellian electrons for the
plasma electrons, the balance of plasma electron creation
and loss gives

I,/e+n,V/r, +én,v,W,L,
=inuv, (WL .+ A4,)exp( —eV,/T,)
+ inv dexp( —eAV/T,) +n,V /71, (3)

where v, =4.2X10"J(2E,) cm/s with the primary-elec-
tron energy E, in eV, v, are the speed of the primary and
thermal electrons, & is the secondary-electron emission coef-
ficient by the primary-electron bombardment, 4, and 4,
[see Fig. 1(a)] are the areas of grounded and positively bi-
ased (anode) electrodes,and AV =V, —V,. L, is the total
cusp length in the system, and L,,. is the total cusp length for
the primary-electron loss which can differ from L because
primary electrons can be lost directly to cusps at the plasma
boundary. Note that the filament in Fig. 1(a) is located
within the magnetic field between two line cusps, and so the
primary leak occurs mainly at the neighboring cusp lines. If
the filament is located outside the cusp field, the surface area
of the electrodes and other boundaries should also be count-
ed as a leak area. W, and W, are the effective leak widths of
primary and plasma electrons at the cusp (grounded wall)
which are approximately twice the corresponding character-
istic widths,” i.e., the primary-electron gyroradius (r,) and
the hybrid width (7, ), respectively. The leak widths are

W,=2r,=6.78yE,x107* em (for B=1kG),

We =2rh =4\/(reri)’ (4)
where E, is the energy of the primary electron. If we assume
the potentials shown in Fig. 1(b) (trace B) as eV ,/7,>1
and AV ~T, /e, that is, the grounded wall will not contribute
to the plasma electron loss, then Eq. (3) can be approximat-
ed as
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I/e+n,V/r, +6én,0,W,L,
=~ln.uv,A,exp( —eAV/T,) +n,V/7,. (5)

Ions are lost to the grounded boundary (i.e., the
grounded electrode at the wall cusps) in the plasma. Note
that the biased electrode potential ¥, is more positive than
V,, and so there is no ion loss at the anode since
e(V, —V,)/T;>1, where V, is the potential at the dip
shown in Fig. 1(b) (trace B). The ion balance becomes

n,V/r =4ne (WL +A4,), (6)
where c; is the ion-sound velocity. It has been observed ex-
perimentally that the effective ion-leak width W, is approxi-
mately 4W, .2

Using Egs. (1), (5), and (6), one can solve for AV.
Using the condition of charge neutrality, ie., n, + n,
+ n,. =n;, the solution is

¢

eAV~]n( UL'AZ )
T,  \2(W,L.+A4,)
SW L.
_ 1n(z+1’—+~——" "L). (N
Ty on,V

If we consider the trace A with the same assumptions as
for Eq. (7), AV will be described by the same expression
with the denominator replaced by 2¢ (W,L, + 4, + 4,) in
the first term of the right-hand side (RHS). As one can see
from Eq. (7), the addition of area 4, in the denominator will
not affect the result significantly. For the case of trace A, the
plasma potential is simply ¥, = V, + AV. The plasma po-
tential for trace B cannot be determined by Eq. (7) alone.

B. Power balance

The power balance provides an additional relationship
that must be satisfied and allows the determination of ¥, for
trace B. The power removed from the system is carried away
by the charged particles lost at the plasma boundaries. This
has to be balanced with the input power which is supplied by
the primary electrons from the filament discharge E,I,/e.
Note that the primary-electron energy E, equals
e(V, + V) since the filament is biased at — V' and the
primary electrons are accelerated as they enter into the plas-
ma having potential V.

Biasing the anode more positive increases the potential
energy of the system, but it also can enhance electron loss
from the system. Using the particle loss at the boundaries
discussed above, the electron and ion power flow to the
boundary, @, and @;, can be written

Q.=[2T, +e(V, V) ]invA,exp( —eAV /T,)
+6V0%nscvseA2+Ep(an/Tw); (8)
Qiz(eVp)%nics(mLc +A])’ (9)
where n,, is for the density of secondary electrons emitted by
the primary-electron bombardment, and n,, is the primary-
electron density. The secondary electrons ernitted at the wak
(grounded) become monoenergetic with energy approxi-
mately eV, because they are accelerated by the wall sheath
[the second term in the RHS of Eq. (8)]. The 27, in the
RHS of Eq. (8) comes from the fact that for the Maxwellian
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distribution, the energy flux in the x direction, is just 27,
times the particle flux in the x direction,® and they acquire
the energy of e(V, — V) as they accelerate toward the an-
ode after passing the dip. The eV, in the RHS of Eq. (9)
comes from the fact that ions falling to the sheath gain ener-
gy of e¥,. The ions are assumed to be cold (T, €1 eV). Itis
assumed that each primary electron makes only a single ion-
izing collision and the secondary electrons do not contribute
to ionization. Other energy-loss processes, such as charge
exchange, radiation, etc., are also neglected.
The power balance is

aEpId/e:Qe + Qll (10)

where a denotes the fraction of the effective power coupled
to the plasma. Note that some emitted electrons go directly
to the cusp of the source. Substituting Eqgs. (8) and (9) into
Eq. (10) and arranging the resulting equation for ¥, gives

Ty
[1{, +al, — I,(l +—)] V,,
Ty

~V. (I +1,)+AVI,

2T,
+ I.—-Vglal, -1, —1{,

(1)

e
where

I, =A4,T.=lenv A4,exp( —eA/T,),

I, =4, +WLHT, =lenc (W, L +A4,),

Iw = Alrxe = :l‘ enscvscAZ’

AV=V,-V,

The results derived here are approximate because only
one-dimensional characteristics are considered, and the var-
jations of electron and ion distribution functions are simpli-
fied by assuming Maxwellian distribution for electruns and
cold ions. If we neglect the power loss by the secondary elec-
trons in Eq. (11), and assume 7,/7,, ~1 (valid near 10—*
Torr) and I, > (al, — 21,) with T, > T;, then V,, is approx-
imately

2T, al,
V-V, + AV A4 —— =V, ;
€

¢

(12)

Equation (12) indicates that ¥, linearly follows the an-
ode voltage with a slope of approximately 1.0. Equation (12)
also shows that ¥, becomes more negative for the fixed V, as
the fraction of the primary-electron current to the electron-
loss current increases. The last term in Eq. (12) also shows
that ¥, becomes more negative as ¥, (magnitude of the
filament bias) increascs. However, varying the primary-
electron energy affects the ionization, the secondary-elec-
tron emission, and other plasma parameters as well, and so it
is not as simple of a problem as it appears to estimate the
effect of ¥ on V, from Eq. (12).

So far, the power balance for trace B has been consid-
ered. However, based on the preceding discussion, it must be
that the power balance cannot be satisfied when V, >V,
(i.e., for the case of trace A). For the simplicity, we consider
the bulk plasma electrons and ions. Then Egs. (8) and (9)
for curve A become
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Q. =V, (8")
Q.= (2T, /e)I, exp[ —e(V, - V,)/T.], (9
where

11’ = % enics(Al +A2 +Aw)’
1, =}en,v A,

The power balance, P,, = Q, + @,, using Egs. (8') and (9’),

gives
m, —e(V, -V,
T, [— Az exp( e(v, o)
m, Al + A2 + Aw Te
eP,
= I —_— eVp’ (13)

where P, = aE,I,/eistheinput powerasin Eq. (10). Fora
fixed input power, one can solve Eq. (13) for V, graphically.
Figure 2 shows the graphic solution, where y,(eV,) is the
left-hand side (LHS) and y,(eV,) is the RHS of the Eq.
(13). The solution exists for V,>V,, only when y, and y,
intersect (the region above the solid lined y,). The particle
balance determines one solution out of two intersection
points. Depending upon the input power and the ion-loss
rate, as one can see in the RHS of Eq. (13), Eq. (13) may not
have a solution, which suggests that the assumption of
V,>V, to derive Eq. (13) is not valid for our arbitrary
plasma system.

. EXPERIMENTAL OBSERVATIONS

It was found that the bulk plasma potential can be con-
trolled by introducing a biased conducting boundary, i.e., an
additional anode, in a plasma. The surface area of this addi-
tional anode must be relatively large so that the dominant
loss of the plasma electrons occurs at the anode. When a
positive voltage (with respect to ground) is applied to an
anode, plasmas, in general, float above the anode voitage
such that the anode sheath limits the electron loss as a part of
the balancing process. However, as described earlier in Sec.
I1, situations exist where the plasma potential stays negative
with respect to the anode potential.’

1

e(Vp-Va)

FIG. 2. Graphical solution for the power balance [see Eq. (13)].

Cho, Hershkowitz, and Intrator 3256

Downloaded 05 Apr 2007 to 128.104.198.190. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



Experiments were carried out in a multidipole device
which was built using a 40-¢stainless-steel soup pot (35.5-
cm-diam and 40.5-cm-high cylinder). Fourteen columns of
permanent magnets were equaily spaced around the circum-
ference. Top and bottom plates were also covered with per-
manent magnet strips which produce multidipole surface
magnetic fields covering the whole chamber (total length of
line cusp is approximately 800 cm). Plasmas were produced
by hot-filament discharge. Typical plasma parameters were
T,~3 eV, T;~03 eV, and n, ~1x10° cm™? at neutral
pressure of argon gas ~1x10~* Torr. Planar Langmuir
probes (0.7 cm in diameter) were used for plasma density
and the electron temperature measurements. The plasma po-
tential is measured using an emissive probe based on the
zero-emission inflection point method, which whch is de-
scribed in detail elsewhere.’

The anode introduced in the multidipole device was
made out of Cu or stainless-steel plates with a diameter of 7.5
cm and thickness of 0.1 cm, and the back side was either
covered with an insulating layer (ceramic paste or mica
plate) or left exposed to the plasma. The arrangements of the
anode, grounded electrode, and the filament are shown sche-
matically in Fig. 1(a), and they are all movable to accommo-
date different boundary conditions, e.g., trapped and un-
trapped primary electrons, a bare metal anode, an anode
partially covered with an insulating layer, etc. Here
“trapped” means that the hot filament is located inside one
of the cusp magnetic fields, as shown in Fig. 1(a), such that
the emitted primary electrons are confined in the magnetic
field lines and most of them do not get directly into the bulk
plasma region, and “‘untrapped” means that the filament is
located well inside the chamber so that the primary electrons
bounce around reflected (by the cusp magnetic field) in the
bulk plasma region.

When the primary electrons are trapped, one can ob-
serve a bluish purple column (for argon gas) confined along
the line cusp where the filament is located. The glowing col-
umn tends to have a much higher plasma density (approxi-
mately 10 times higher than that of the bulk plasma in the
middle of chamber at an argon neutral pressure of
~2X107* Torr). This plasma, isolated from the bulk plas-
ma by the cusp magnetic field, acts as an electron supply
source, i.e., charged particles diffuse into the bulk plasma
region by collisions because of the density gradient, and
VB X B drift.

When a bare anode (without any insulating layer) bias
was varied from 0 to 50 V, the plasma potentials closely
followed the anode voltage (slope ~ 1.0-for V,, above 10 V)
shown in Fig. 3 for a few different neutral-pressure cases
with the filament located in the bulk plasma region (un-
trapped). Figure 4 shows the trapped primary-electron case.
The solid straight line in the figures represents the line
V, =V, for comparison. We find that the plasma potential
becomes more negative as the neutral pressure decreases or
as the energy of the primary electron decreases. However,
the change of the plasma potential is within a few volts (for
the anode bias up to 50 V) except when the primary-electron
density is a signficant fraction of the plasma density (when
there can be more than a 10V drop as seen in the lowest trace
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FIG. 3. Bulk plasma potential vs anode voltage for the untrapped primary-
electron case. Plasma parametersat V, = 50 Vare T, ~2eV, n, ~ 1 X 10°
cm” * for P,>1x107* Torr, and T.~4 eV, n,~5x10°¥ cm~* for
Py < 1x107* Torr.

in Fig. 3). The plasma potential in Fig. 4 (trapped) is a few
volts lower than the plasma potential in Fig. 3 (untrapped)
for a pressure greater than 1x 10~* Torr when the anode is
biased above 10 V. The reason for the more negative poten-
tial in the trapped primary case is that the plasma electrons
produced in the cusp region (biased at the ground), where
the filament is located, acquire energy when they diffuse into
the bulk plasma region (positively biased), and so they be-
have like energetic primary electrons.

When the anode with the back side covered with an in-
sulating area was biased such that the part of the anode sur-
face was at the floating potential, the plasma potentials were
generally more negative than the anode voltage. Figure 5
shows the change in the plasma potential ( ~ 10 V at 50-V
bias) found using two different insulating layers (mica plate
and ceramic paste) for untrapped primary electrons. These
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FIG. 4. Bulk plasma potential vs anode voltage for the trapped primary-
electron case (7, ~3eV,n, ~7x10%cm™ *at ¥, =50 V).
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FIG. 5. Bulk plasma potential vs anode voltage. The back side of the anode
surface (7.5-cm-diam Cu disk) is covered with an insulating layer (mica
and ceramic layers are tested). Plasma parametersat ¥, = 50Vare T, ~3
eV, P,~1.5%10 *Torr.and n, ~1.4x 10°cm ™"

data indicate the importance of the surface condition. Note
that mica has a secondary-electron emission coefficient of
8,un ~ 2.4 at 350 eV.* and the ceramic paste is expected to
have higher 6.

It has been observed that the spatial plasma potential
profiles have a potential dip near the anode, typically
V, — V4 = 2-3'V, when the bulk plasma potentials are neg-
ative with respect to the anode voltage, i.e., when
(V, — V,) >3 V. The dip is apparent in the lowest trace in
Figs. 3 and 5. The size of the potential dip, as a function of
plasma potential, was observed to be constant within the
resolution of measurement.

IV. DISCUSSION

The expression of plasma potential (¥, ), derived in an
earlier section for the case of trapped primary electrons [see
Eq. (12)], qualitatively agrees with the observed dependen-
cies, that is, the linear dependence on the anode voltage
(V,), and the plasma potential becomes more negative as
the fraction of the primary-electron current to the electron-
loas current increases. However, many parameters in the
equation, i.e., I,, I, n,, 0,, 8, etc., are all interrelated and
cannat be controlled separately in the experiment. The sim-
plified model described here does not include the detailed
dependencies.

The plasma potential change due to the plasma density
change can be understood qualitatively as follows. To
change plasma density in a hot-filament discharge system,
one has to vary either neutral density or the filament dis-
charge current (or both). When one chooses the former
method, for example, lowering the neutral pressure to de-
crease the plasma density, the ratio of the primary-electron
density to the plasma-electron density increases due to the
decreased collisionality. This is equivalent to the situation
which occurs when one adds extra primary electrons in the
system. Since the bulk of plasma maintains quasineutrality
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of the charge, the bulk plasma potential has to be more nega-
tive to enhance the plasma electron loss. However, when the
discharge current is varied with the neutral pressure fixed,
the plasma potential does not change because the fraction of
the primary-electron density stays constant (note that the
plasma density is linearly proportional to the filament dis-
charge current).

Using plasma parameters for the lower trace in Fig. 5,
Eq. (7) gives eAV/T,=e(V,—V,;)/T,~0.82, or
AV ~2.5V, and this agrees closely to the measured potential
dip. As one can see from Eq. (7), this result is insensitive to
the change of the primary-leak area [the last term in Eq.
(7) ], but sensitive to the anode area (the numerator in the
first term). For example, again using the above parameters,
when the anode area is 4,<20 cm, the result becomes nega-
tive, i.e., ¥, > V,,, and the analysis breaks down. This indi-
cates that the electrode can no longer control the bulk plas-
ma potential in the system and is similar to the case of a
positively biased Langmuir probe. For the profile similar to
trace A in Fig. 1(b), the ion leak also occurs at the anode;
thus the ion leak area in Eq. (6) should be changed to in-
clude this (the denominator of the first term in the RHS).
However, as one can see in the equation, the difference in
eAV /T, is very small. From the particle balance there is no
way of knowing the plasma potential ¥, when V, has the
spatial profile similar to the trace B (i.e., ¥, <V, ), because
the potential is referenced at the plasma potential.

Again using the same parameters as above [Eq. (12)],
1.e., the power balance equation, gives

V,~76 —50a (V).

This gives ¥, ~40 V when a =0.7. Note that the parameter
a was chosen as an indication of the primary-electron effec-
tiveness for the production of plasma.

V. CONCLUSION

The model presented in this paper does not describe the
system exactly, but shows that one can get a rough estimate
of the plasma potential and/or plasma parameter depen-
dence of the plasma potential for a given plasma system
(steady state) by properly applying the particle and power
balances.

Based on the discussions and the examples given here, it
can be concluded that the potential dip, which occurs in
front of the positively biased anode in a steady-state hot-
filament discharge plasma, s the result of the charged-parti-
cle production and loss balance with the condition V, < V,,
which is determined by the balance of the input power and
the power carried away by the charged particles. The condi-
tion ¥, <V, can be obtained by the continuous supply of
extra electrons or continuous removal of ions from the plas-
ma system.
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