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Abstract
The Bohm sheath criterion was studied with laser-induced fluorescence (LIF) in three ion species
plasmas using two tunable diode lasers. It was found in the first LIF studies of three ion species
plasma (Yip et al 2016 Phys. Plasmas 23 050703) in which krypton was added to a mixture of
argon and xenon plasma confined in a multidipole, dc hot filament discharge, that the addition of
krypton served to turn off instability enhanced collisional friction (IEF) found in two ion species
plasma (Yip et al 2010 Phys. Plasmas). In this study, neon, a less massive atomic gas than argon
was added. Argon and xenon ion velocity distribution functions (IVDFs) were measured at the
sheath-presheath boundary near a negatively biased boundary plate, and the Ne+ density was
systematically increased. We found in both cases that once the added ion density significantly
exceeded the density of the other two ions, IVDF measurements consistent with the absence of
the instability were obtained, and the measured ion sheath edge speeds tended toward their
individual Bohm velocities. For all other relative concentrations, the ions reached the sheath
edge neither at their Bohm speeds nor the ion sound speed of the system, consistent,
qualitatively, with the action of the IEF.

Keywords: sheath formation, Bohm’s criterion, multiple ion species plasma, laser-induced
fluorescence, kinetic theory

1. Introduction

Plasma sheaths [1, 2] are non-neutral regions that form at
plasma boundaries to balance electron and ion losses. They
are the most ubiquitous feature of bounded plasma. The
Bohm criterion [2, 3] in a single ion species plasma asserts
that positive ions equal or exceed the sound speed at the
sheath boundary in order for a stable sheath to form at the
material bounding the plasma. This notion underpins dis-
cussions throughout plasma physics [4], including probe
diagnositics [5], plasma processing [6], astrophysical plasmas
[4], and even plasma-wall interactions in the context of fusion
research [7, 8]. Since the terms sheath and plasma arose at the

same time in pioneering studies in the early 1920s, nearly 100
years ago, it is often assumed that the assumptions underlying
theories of sheath formation have been richly benchmarked
by direct experiment. This is beginning to be true for one and
two ion species weakly collisional, electropositive plasmas,
where a comparison to the Bohm Criterion generalized to
multiple ion species has now been done for two-ion species
plasmas [9]. It is important to note that the test of Bohm’s
criterion in two ion species plasmas revealed unexpected
results [10, 11] which were treated by a novel application of
the kinetic theory of streaming instabilities developed by
Baalrud, Callen, and Hegna [12, 13] in the presheath-sheath
boundary region, the theory of instability enhanced collisional
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friction (IEF), and which were validated to a significant extent
[14–16]. Measured instabilities associated with the IEF were
presented previously [11, 14]. In addition, PIC simulation has
predicted both the existence of these instabilities and a causal
relation between these instabilities and the frictional
force [17].

Simple experimental tests of Bohm’s criterion are still
lacking at higher pressure cases where the ion-neutral mean
free path is comparable with the Debye length. In this regime
(and only for single ion species plasmas) there are a great
many theoretical works, [18–23] but no experiments confirm
which of the manifestly different theoretical results are cor-
rect. It is fair to say that all agree that for single species
plasmas the ions will be subsonic at the sheath edge. Our
paper does not address this problem. It is also true that
benchmarking experiments are are still lacking in the case of
electronegative plasmas, and our work does not address this
problem either.

Our paper addresses the problem of sheath formation in
three ion species, weakly collisional, electropositive plasmas
in which the IEF instability mechanism was expected to affect
ion flow at the end of the presheath near the plasma boundary.
We extend the results of our very recent work with argon–
krypton–xenon plasmas in which we demonstrated [24] that
the IEF led to the result that under most circumstances, the
ions do not reach the sheath edge at either their individual
Bohm speeds or the ion sound speed of the system. In that
work the conditions for which IEF become unstable were
observed to be altered with the addition of an ion species of
intermediate mass, namely krypton. In the present work we
show that when an ion of smaller mass than either xenon or
argon is added, the phenomena is more complex, and yet the
IEF remains the determining factor controlling sheath edge
flow speeds until that light ion density dominates.

In section 2 we describe the experiment and diagnostics,
in section 3, the physics of the model we use to estimate the
ion concentrations. In section 4, we present a theoretical
model of the IEF in three ion species plasmas, and in
section 5 we discuss our results and conclusions.

2. Experimental details

Plasma was produced in a multidipole chamber through
impact ionizations of energetic primary electrons emitted by
hot thoriated tungsten filaments biased at −60V with respect
to the grounded chamber wall. The base pressure of the
chamber was approximately 0.5 mTorr. 0.1 mTorr argon and
0.04 mTorr xenon were added to the chamber to create an
approximately 55–45 mix of Ar–Xe ion plasma. Krypton
(0–0.14 mTorr) or neon (0–5 mTorr) was then added to create
three ion species plasmas, with a neutral pressure that is the
sum of all three constituents. A Langmuir probe with a
6.4 mm diameter double sided disc was inserted from the end
wall opposite to the one which tungsten filaments were
installed to measure the plasma density ne and the electron
temperature Te. An emissive probe was inserted from the
same end wall as the Langmuir probe to measure the plasma

potential Vp using the inflection point technique in the limit of
zero emission. A MacKenzie’s Maxwell Demon [25, 26] was
employed to control Te at 1.95 eV. The system sound
speed cs was determined by measuring the ion acoustic wave
(IAW) phase velocity of a continuous wave launched from a
10 cm diameter grid with the direct coupling filtered by a
boxcar averager [27]. A movable 15 cm diameter plate on axis
of the chamber was biased at−90 V to create a sheath-pre-
sheath structure. A schematic of the multidiople chamber is
shown in figure 1.

Ion velocity distribution functions (IVDFs) of Ar+ and
Xe+ ions were directly, non-invasively measured through the
employment of laser induced fluorescence (LIF). Two tunable
diode lasers were employed to separately measure ArII and
XeII metastable ions in the system. XeII LIF was obtained by
exciting ions in the metastable state ( ) [ ]p P d5 5 34 3

1 7 2 to the
( ) [ ]p P p5 6 24 3

1 5 2
0 excited state with a laser wavelength cen-

tered at 680.580 nm (in air) finely tuned over a 10 GHz range.
The excited ions spontaneously emit at 492.15 nm wave-
length (in air) and decay to the ( ) [ ]p P s5 6 14 3

1 3 2. ArII LIF
was obtained through exciting metastables in the s P4 4

3 2 state
to the p D4 4

5 2
0 at 668.614 nm (vacuum). Spontaneous emis-

sion is measured at 442.6 nm (vacuum) in the decay to the
s P4 4

3 2 state. The collection optics consist of an objective
lens, an iris at the focal plane of the diagnosed volume, a short
focal length lens placed one focal length from the iris so that
light collected from the diagnosed is normally incident upon
the interference filters, and then upon a face-on photo-
multiplier tube, as shown in figure 1. The movable biased
plate was moved so as to cause the sheath-presheath structure
to pass through the diagnosed volume (fixed by the location
of the collection optics) to permit measurement of axial
profiles of the LIF. The LIF signal was collected as a function
of detuning frequency, wD , and a change of variables was
performed using the first order Doppler shift equation,
wD = k vl z. This gives the LIF signal as a function of velocity

(the component of the velocity along the beam, and normal to
the movable boundary plate) and while not the equivalent of
the IVDF, it is proportional to it. This constant of pro-
portionality cancels out in the velocity space averaged cal-
culations of the flow speeds.

Figure 1. A schematic diagram of the experimental setup.
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3. Estimation of ion densities

Recent work by Kim et al [28] developed a model to estimate
the relative ion concentrations in two-ion species plasmas
created in a multi-dipole confined filament discharge.
Through balancing the relative ion production predominately
by primary electron impact and the relative ion loss pre-
dominately to the walls, Kim et al showed that

s
s

=
( )

( )
( )n

n

n n E

v A

v A

n n E
, 1

n

n

1

2

,1 pri 1 PE

1 Wall

2 Wall

,2 pri 2 PE

where n1 and n2 are the ion densities, nn,1 and nn,2 are the
neutral densities, npri is the primary electron density, AWall is
the ion loss area to the chamber wall, s1 and s2 are the
electron impact ionization cross sections at the primary
electron energy EPE, and where v1 and v2 are the respective
loss velocities at the sheath-edge of the two ion species
respectively. The ion loss velocities for two-ion species
plasmas was calculated from the IEF theory determining the
generalized Bohm criterion for two ion species. Such calc-
ulation requires solving a system of equations including
equation (1), the generalized Bohm criterion, the IEF condi-
tion (described below) and the condition of quasi-neu-
trality, + =n n ne1 2 .

To demonstrate that this model was suitable for use in
our particular plasma source, we employed it to predict the
relative ion concentrations of our previous experiments.
Figure 2 shows relative ion concentration data [29] in Xe–Ar
plasmas measured in our multi-dipole filament discharge
compared with predictions using the production-loss balance
equation. It is clear that good agreement between the previous
experimental result and the theoretical predictions is
achieved.

To extend the model to the three ion species plasmas in
our system, we similarly compared the loss-production rates
between the different ion species. Specifically, we applied
equation (1) with argon being species 1 and xenon or the third
ion species being species 2. The resultant ratios (e.g., n n2 Ar)

were then normalized by + +( )n n n n1 Xe Ar 3 Ar to obtain
the relative ion concentration of each species. In addition, we
applied the LIF measured ion drift velocities at the sheath/
presheath boundary to obtain the argon and xenon ion loss
velocities required in equation (1). The resolution of the ion
loss velocities of the third ion species is described as follows.

To obtain a reasonable estimation of relative ion densities
of Ne–Ar–Xe plasmas, we resolved the self-consistent
equations for the neon (krypton) ion drift velocity and the
relative densities in the following loop: resolved Kim et alʼs
production-loss balance equations mentioned above using the
measured neutral pressures of the three ion species, the
measured primary energy and the measured xenon and argon
escape velocities. Starting with these measured parameters,
we first assumed that the neon (krypton) ions were lost at their
individual Bohm velocities and obtained an approximation of
the relative ion densities with Kim et alʼs equations men-
tioned above. We then used this approximate relative ion
concentration to calculate the neon (krypton) ion sheath edge
velocity using the generalized Bohm criterion. Then the new
neon sheath edge velocity was used again to estimate the
relative ion densities. The loop of calculating the escape
velocity and relative ion concentration was repeated until
convergence was reached.

Figure 3 shows the resultant ion sound speed of the
system calculated from the model in this manner, along with
the actual ion acoustic speed measured in the bulk plasma.
The figure is no more than a gross check of the consistency of
the model and experimental results despite the fact that the
model curves agree with the measurements within exper-
imental error. Where krypton is added to a plasma comprising
roughly equal concentrations of argon and xenon, the ion
sound speed of the system is expected to fall as a result of the
increased average ion mass, though weakly, as its mass is
intermediate between that of argon and xenon, and of course

Figure 2. Measured Xe–Ar relative ion concentrations compared
with predictions using the modified model of [28].

Figure 3. Measured ion sound speeds compared with the calculated
ion sounds speed graphed against the fractional densities of the
added ion using results of the modified version of the model of Kim
et al 0–0.14 mTorr krypton and 0–5 mTorr neon gases were added to
0.14 mTorr argon–xenon plasmas.
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the opposite is expected where neon is added under the same
initial conditions. But the experimental uncertainty in these
IAW measurements, particularly obvious in the krypton data
set, is large enough to admit a perfectly flat trend that is
independent of the addition of krypton. Further both data sets
are graphed versus the model estimates of the relative con-
centration of the added ion, whether neon or krypton, which
assumes that the argon and xenon ion concentrations
remained unchanged, thus, the comparison graphed in
figure 3 is not a direct experimental test of that particular
assumption. Nevertheless, it is clear that that assumption is
not obviously a bad one.

4. Theoretical model

Assuming Maxwellian distributions, and looking for waves
satisfying w  kvTe, the electrostatic dielectric function in a
plasma with 3 species of ions is

åe
l

w
= + - ¢ -

=

⎡
⎣
⎢⎢

⎛
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⎞
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2
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2
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where Z is the plasma dispersion function, and the prime
denotes its first derivative with respect to the argument. Here

=v T m2Ti i i for each ion species =i 1, 2, 3, k is the
wavenumber and zi are the ion charges. In the solutions that
follow, stability boundaries and sheath edge flow speeds are
obtained from solving e =ˆ 0 numerically directly from
equation (2). We attempt to answer the question: how does
the speed that each ion species attains at the sheath edge
change if one starts with a mixture with equal concentrations
of Ar+ and Xe+, then adds Kr+ or Ne+? Furthermore, how
much of the third species must be added to entirely turn off
the two-stream instability throughout the presheath? The IEF
would be effectively turned off for cases in which argon and
xenon ions reach the sheath edge at their individual Bohm
speeds.

The following discussion follows closely the model
introduced in our previous work [24] that treated the case in
which the third ion species added was intermediate in mass
between Ar and Xe, namely Kr. Here we introduce a mod-
ification of that model which makes the model less dependent
on assumptions as yet unsubstantiated by experiment, and we
use it to treat the case in which the third ion species is less
massive than the other two, namely Ne. Here we use the
labels: 1 = Ar, 2 = Kr and 3 = Xe (lightest to heaviest) to
denote the different species, for the case that Kr II is the
added ion. Here, = = =z z z 11 2 3 , and we assume that all ion
temperatures are the same, = = =T T T Ti1 2 3 . We assume, in
agreement with the experimental results, that argon and xenon
concentrations are approximately equal, so:

= = -
⎛
⎝⎜

⎞
⎠⎟ ( )n

n

n

n

n

n

1

2
1 . 3

e e e

1 3 2

We consider different values of n ne2 .
The critical differential flows at which the two-stream

instability arises are calculated from equation (2) in the

following way. First, it is useful to redefine the arguments of
the plasma dispersion functions, which we note are dimen-
sionless: x w= -( · )k v kvi i Ti. We introduce the auxiliary
variable Ω via the relation

w = + + D W· ( ) · ( )k v v k v
1

2
. 41 3 13

Then, w - = D W -· · ( )k v k v 1 21 13 ,
w - = D + D W -· · · ( )k v k v k v 1 22 12 13 , and
w - = D W +· · ( )k v k v 1 23 13 , where D = -v v v13 1 3 and
D = -v v v12 1 2. This is useful because now the arguments of
the plasma dispersion function (x w= -( · )k v kvi i Ti) in
equation (2) can be written in terms of the differential flow
speed between species 1 and 2 and the differential flow speed
between species 1 and 3:

x = D W -¯ ( ) ( )v a1 2 , 51 13

x = D + D W -( ¯ ¯ ( )) ( )T

T

m

m
v v b1 2 , 52

1

2

2

1
12 13

x = D W +¯ ( ) ( )T

T

m

m
v c1 2 , 53

1

2

3

1
13

where the D = Dv̄ v vT13 13 1, where the bar denotes speed in
units of vT1. Finally, taking the limit of small k, and assuming
that all ion species have the same temperatures, then
equation (2) allows us to find the zeroes of the function ( )f Vc

to solve for the threshold condition for the critical differential
flows:

x x

x

D » ¢ + ¢

+ ¢ - =

( ) ( ) ( )
( ) ( )

f V z x Z z x Z

z x Z T T2 0, 6

c

i e

1
2

1 1 2
2

2 2

3
2

3 3

subject of course to the quasineutrality constraint:
+ + =z x z x z x 11 1 2 2 3 3 . Here, =x n n1 1 is the concentration

of species 1, and z1 refers to the ion charge (which we assume
to be 1 here).

Equation (6) is solved for the threshold speed between
species 1 and 3 (Dv13) assumingDv12 is known from another
constraint (discussed below). The system of equations is then
closed using the generalized Bohm criterion, which in the
units above can be written:

D +
+

+
D + - D

=

( ¯ ¯ ) ¯

( ¯ ¯ ¯ )
( )

x
v v

x
m

m v

x
m

m v v v
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1 1

1
2 . 7

e

1
12 2

2 2
1

2 2
2

3
1

3 12 2 13
2

1

In our previous work, the additional constraint to provide
Dv12 was obtained by assuming that the speed of the inter-
mediate mass species (v2, which was Kr in that case) was its
own sound speed at the sheath edge. Here, we would like
arrive at a model independent of that assumption since we
cannot yet measure the ion flows for the third ion. To do so,
consider the evolution of the differential flow speeds from the
bulk through the presheath. In the absence of any collisions
(including ion-neutral or ion–ion), we would expect ballistic
motion of the ions in response to the potential drop through
the presheath. Energy conservation would then give

f= Dv e m2i i for each species i. Plugging this into the
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Bohm criterion provides fD =e T 2e , so =v ci si. This is the
traditional solution. It has been shown (see for example
Meige et al [30]) that if one considers modest energy loss due
to the ion-neutral friction, a larger presheath potential drop
arises, but the ion flow speeds at the sheath edge remain the
same. This implies that to a first approximation, ion-neutral
drag does not significantly influence the differential ion flow
speed. The only time one gets something different is if one
ion species has a much larger neutral drag than the other, and
this is not considered in the model described here.

We assume then that ion-neutral drag does not influence
the difference in ion flow speeds: Dvij. We use ballistic
motion to relate the difference in ion flow speeds from the
bulk plasma, through the presheath, up to the point that
instability-enhanced friction acts (if that occurs somewhere
along the presheath). Ballistic motion implies

f

f

D =
D

-

D =
D

-

⎛
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⎞
⎠⎟

⎛
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The bar symbol denotes D = Dv̄ v vij ij T1. This provides a
relation between Dv̄12 and Dv̄13

D = D
-

-
¯ ¯ ( )v v

m m

m m

1

1
. 912 13

1 2

1 3

Now, ignoring ion-neutral collisions, the ions flow through
the presheath essentially ballistically (satisfying equation (9))
until they run into the instability threshold condition. After
that point, we will assume that the flow differences between
each species (Dvij) is locked to the value at which instability
first onset (i.e., the threshold condition). Since all differential
flows get locked at this point of onset, a central assumption in
this model, the relationship from equation (9) will also be
satisfied in the region with instability. In other words,
equation (9) is valid in both the instability-free region of the
presheath (because of ballistic flow), and in the unstable
region (because of locked differential flows). Thus,
equation (9) provides the closure we are after.

The computation was carried out as follows. Figure 4
shows a plane of Dv̄12 versus Dv̄13, along with the line
defined by equation (9) (black line). The dashed lines denote
D = -v c cs s12 1 2 and D = -v c cs s13 1 3, which are the max-
imum possible values of these flow differences in the pre-
sheath. As the species enter the presheath, the flow
differences begin at a low value (bottom left corner). As they
fall through the presheath, these increase along the solid line
shown in the figure (following the arrow), which is defined by
equation (9). They proceed along this line until they run into
the instability threshold (either mode 1 or mode 2, which ever
has the lower threshold). After this point, the flow differences
are locked to these values. If the thresholds for instability are
above the dashed lines, then there is no instability in the
presheath, and we say that each species has it is own sound
speed at the sheath edge. Note that in figure 4, we chose

= =T T 1.95 0.026 75e i , =x 0.31 , and assumed =x x2 3

(the species are Ne, Ar and Xe) for the illustration. Finally, we
put the Dv values from figure 4 into the Bohm criterion and
solved for each of the individual flow speeds. The result is
shown in figures 5 and 6.

5. Results and discussion

At the outset of the discussion of the theoretical model in
section 4, we noted that a clear indication of the streaming
instability turning off was that the ion flow speeds became

Figure 4. Illustration of the evolution of flow differences through the
presheath for = =T T 1.95 0.026 75e i , =x 0.31 , and assumed

=x x2 3 (the species are Ne, Ar and Xe). There are two possible
unstable modes here, we only need to identify the one with the
lowest threshold for instability (along the solid line). In this case, it is
mode 2.

Figure 5. Velocities at the sheath edge for argon (red) and xenon
(blue online). The theory calculations assumed

= =T T 1.95 0.026 75e i , and assumed =x x1 3. Theory curves are
solid lines, given for all three ions, krypton in black, and the
individual sounds speeds are indicated by dashed lines. For all data
points in this figure = T 1.95 0.08 eVe .
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their individual Bohm speeds at the sheath edge, whether
measured or calculated. Also, a central practical concern was
about the amount of a third ion density needed to turn off the
instability. Heuristically, one could assume that the effect of
adding neon to a streaming unstable two ion plasma in the
presheath region is different than that of adding krypton. For
an ion population already unstable with two separated warm
peaks in velocity space with the critical Dv between argon
and xenon calculated in section 4, the addition of a third ion
component with an intermediate mass would serve to fill up
the valley in velocity space between the argon and xenon
peaks, whereas the addition of neon, less massive than both,
is expected to add a third peak and a second valley, and
therefore not cause to increase the velocity space gap between
argon and xenon peaks at which the IEF turns on, at least not
for small and intermediate fractional densities. We argue here
that data and theory support this qualitative argument.

In figure 5 we see evidence that the addition of krypton
increases the critical Dv13 (argon, 1, xenon, 3, numbered in
order of increasing mass) as the relative concentration of
krypton grows. The solid lines are model calculations indi-
cating the flow speeds in the presheath at which the system
becomes marginally unstable because the IEF turns on. This
occurs some spatial distance before the end of the presheath
as the ions pick up speed on the way to the sheath edge. The
instability then locks the velocity difference the rest of the
way to the sheath, and so yields an estimate of the sheath edge
flow speeds. That Dv13 increases with the relative krypton
density indicates that the former critical velocity difference
between argon and xenon ions is no longer unstable even for
a small addition of krypton. The IEF can only become mar-
ginally unstable as the velocity space gap between the the
argon and xenon peaks increases. This trend continues until
the critical velocity difference equals the difference between

the individual Bohm speeds of argon and xenon ions, in
which case the IEF is effectively turned off, at least in the
plasma. This trend is noticeable in the solid theory curves and
in the measured argon and xenon ion sheath edge flow speeds.
However, the measured speeds and the model predictions do
not everywhere agree within experimental error, as the theory
prediction is faster (slower) for the argon (xenon) ions, up
until the instability turns off. And the experimental data
indicate that the IEF turns off at a relative krypton ion density
of roughly 60%–65% while the theory curves indicate a
higher relative density, roughly 85%. The uncertainties on the
data points included a conservative or maximum estimation of
error on the sheath-edge and v=0 determination. These
uncertainties were systematic, as the method of sheath-edge
and v=0 determination is consistent for all measured velo-
cities of any given ion species. The scattering of the data
points is not random, leading to visible trends of the data. The
overall agreement is qualitative.

Figure 6 shows results in the case for which neon is
added as the third ion, with the argon and xenon ion sheath
edge drift velocities graphed as data points, the flow speeds
for the onset of the instability and flow locking graphed as
solid curves, and the individual Bohm speeds as dashed lines.
Here, we observe different trends than the krypton case in
which an ion of intermediate mass was added. The theory
curves now indicate that until a relative concentration of neon
exceeds 90%, the criticalDv23 between argon and xenon ions
does not begin to increase as was expected heuristically.
Further the instablility does not turn off until the relative
concentration is well above 90%, also as expected. These
trends are indeed apparent in the measured sheath edge flow
speeds, although, as with the case of krypton, the measured
sheath edge flow speeds reach their individual Bohm speeds
at a relative neon ion density closer to 80%, somewhat
smaller than indicated by the theoretical model. Again, the
agreement is qualitative. The phenomena is more complex for
the argon ion sheath edge flow speed. The argon ion flow
speed is seen to reach its own Bohm speed for both low and
high relative concentrations of neon ions, not simply because
the IEF has been turned off, but also because the IEF has
driven the argon ions to that speed.

The individual Bohm speed is still used as the default
assumption in the literature for modeling ion flow to the
plasma boundary in multiple ion species plasma in a wide
variety of bounded plasma systems ranging from processing
plasma to the scrape off layer in tokamaks [6, 31]. The chief
result of the work presented here is that in a three ion species
plasma, this is generally not true. The ion speed at the sheath
edge is generally intermediate between the ion sound speed of
the system and the individual Bohm speed, where conditions
are such that the IEF becomes marginally unstable in the
presheath. This was first noted [24] for the case of an inter-
mediate mass ion added to a two ion species plasma unstable
to the IEF, and is now confirmed for the case in which the
added ion is less massive than the other two, and which is
found to be understandable using the same theoretical
framework.

Figure 6. Velocities at the sheath edge argon (red), and xenon (blue
online). The theory calculations assumed = =T T 1.95 0.026 75e i ,
and assumed =x x2 3. Theory curves are solid lines, given for all
three ions, neon in black, and the individual sound speeds are
indicated by dashed lines. For all data points in this
figure = T 1.95 0.08 eVe .
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