PRL 99, 155004 (2007)

PHYSICAL REVIEW LETTERS

week ending
12 OCTOBER 2007

Exact Solution for the Generalized Bohm Criterion in a Two-Ion-Species Plasma
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For a weakly collisional two-ion species plasma, it is shown that the minimum phase velocity of ion
acoustic waves (IAWs) at the sheath-presheath boundary is equal to twice the phase velocity in the bulk
plasma. This condition provides a theoretical basis for the experimental results that each ion species leaves
the plasma with a drift velocity equal to the IAW phase velocity in the bulk plasma [D. Lee et al., Appl.
Phys. Lett. 91, 041505 (2007)]. It is shown that this result is a consequence of the generalized Bohm
criterion and fluid expressions for the IAW phase velocities.
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Plasma-wall interactions are important to the character-
istics of all bounded plasmas. In many situations, low
temperature plasmas with an electron temperature of a
few eV are present. Low temperature, weakly collisional
plasmas are essential to the fabrication of many semicon-
ductor devices [1-3]. They also can be used to produce
novel surface coatings [4,5]. The scrape-off layers of mag-
netically confined fusion plasmas often consist of low
temperature plasmas [6,7], as do space plasmas [8,9] and
many other plasmas. All of these involve multiple species
of ions. All require an understanding of the ion flux to the
plasma boundary in multiple-ion species plasmas. This
understanding currently does not exist.

In weakly collisional plasmas, the ion collisional mean
free paths are significantly larger than the Debye length.
There are three regions of interest near plasma boundaries:
bulk plasma, presheath, and sheath [10,11]. Ions gain most
of their energy from acceleration over the sheath. An
important question is how fast ions are leaving the plasma
at the sheath-presheath boundary. For single-ion species
plasmas, the answer is well known. The ion drift velocity
v, at the sheath-presheath boundary is given by the Bohm
criterion with equality,

vy = Cy =4T,/m;, )

where C; is the Bohm velocity, T, is the electron tempera-
ture, and m; is the ion mass. Here, T, is assumed to be
much greater than the ion temperature 7;. This result was
first proven theoretically almost 60 years ago [12], and
demonstrated experimentally [13,14].

For multiple-ion species plasmas, a consensus agree-
ment has not yet emerged. Riemann [15] derived a gener-
alized Bohm criterion,
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where j numbers the ion species, ¢ is the ion charge, v is
the ion drift velocity, n is the ion density at the sheath-
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presheath boundary, y is the specific heat ratio, and n,
denotes the electron density. However, the generalized
Bohm criterion does not specify each ion’s drift velocity
at the boundary. Among the infinite solutions, two simple
solutions are easily considered. One is that all ions reach
the sheath edge with the same velocity called the ““system
sound velocity,” and the other is that each ion species has
its own C,. This problem has been investigated both theo-
retically [16,17] and experimentally [14,18—-21]. Franklin
showed that in the presence of uniform ionization all ions
left with their own C; [17]. A recent experiment in a
weakly collisional two-ion species plasma where the ion-
ization could be ignored demonstrated that each ion spe-
cies did, in fact, leave with the system sound velocity [21].
However, the question still remains as to why. In this
Letter, we show that this result is a consequence of the
generalized Bohm criterion and the ion acoustic wave
(IAW) dispersion relation.

Laser-induced fluorescence (LIF) provides a way to
determine ion velocity distribution functions (IVDFs) if a
suitable laser is available [22—25]. Measurements near a
sheath-presheath boundary were made with a diode laser in
a single-ion species argon plasma [13,14,20]. It was shown
that the Bohm criterion is well satisfied at the sheath-
presheath boundary and that the equality applies, i.e., v, =
C,. In a two-ion species Ar-He plasma, IAW data [19]
combined with argon LIF data [14] showed that the argon
ion drift velocity at the sheath-presheath boundary was
faster than the argon Bohm velocity, and the helium ion
drift velocity was slower than the helium Bohm velocity. In
fact, the data suggested that at the sheath-presheath bound-
ary, both ion species approached the same velocity, the
IAW phase velocity in the bulk plasma (system sound
velocity).

Subsequent argon LIF data for Ar-Xe plasma found the
Ar* drift velocity was slower than its own Bohm velocity
at the sheath-presheath boundary [20]. Unlike the previous
experiment with argon-helium, the argon ions were the
lighter species. Again, these results suggested that the
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measured argon ion speed approached the ion sound speed
of the system. Recently, a suitable transition was found to
study xenon ions with a diode laser in an argon-xenon
plasma [26]. LIF measurements were made for both argon
and xenon IVDFs near a negatively biased plate. These
measurements directly demonstrated for the first time that
each ion species reached the system sound velocity at the
sheath-presheath boundary [21], the result that the previous
measurements had inferred.

IAWs are electrostatic waves with electron-ion oscilla-
tions and electric field fluctuation in the direction of the
wave propagation. The IAW phase velocity v, for weakly
collisional, nondrifting single-ion species plasmas derived
from the fluid equations is

vph = w/k = C,, 3)

where w is the wave frequency and k is the wave number.
The ion acoustic wave dispersion relation can be derived
from the fluid equations for multiple-ion species plasmas,
and can be shown to be [27]
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The sum is over all charged particles (e = electron, 1,2 =
ions) and Wpis Vjs and Uy, are the plasma frequency, drift
velocity, and thermal velocity of jth charged species, re-
spectively. The LIF experimental results, carried out in low
temperature weakly collisional plasmas, showed that the
ion temperatures were approximately room temperature
(i.e., much less than the electron temperature) [13,20,24].

For cold, nondrifting bulk plasma with Maxwellian
electrons and two-ion species, Eq. (4) becomes
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where k;, is the wave number in the bulk plasma. Because
the phase velocity in the bulk plasma (w/k;) is much
slower than the electron thermal velocity, Eq. (5) can be
arranged as
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where Ap is the Debye length. In the limit of small Debye
length (Ap < 1/k;,), Eq. (6) can be approximated by
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where v, ,(= w/k;) is the IAW phase velocity in the bulk
plasma (system sound velocity). Equation (7) describes the
IAW dispersion relation in the bulk plasma. The phase
velocity vy, can be measured by launching an IAW and
from Eq. (7) is given by

2 _ ny Te
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Given charge neutrality (n, = n; + n,) in the case of
singly ionized gases, the ratios of each ion density to the
electron density can be calculated with the electron tem-
perature (7,) measured by the Langmuir probe.

The IAW dispersion relation at the sheath-presheath
boundary can be derived in a similar manner. Assuming
cold ions and Maxwellian electrons again, the dispersion
relation Eq. (4) becomes
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where k; is the wave number at the sheath-presheath
boundary. Making the same assumptions used above,
Eq. (9) yields
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If it is further assumed that the ion density ratio and 7, do
not change over the presheath, Eqgs. (7) and (10) can be
combined into
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where v, (= w/k;) is the IAW phase velocity at the
sheath-presheath boundary. This assumption was verified
for the data presented in Ref. [21]. Expressing Eq. (11)
with the each ion’s mass and density ratio in the case of
singly ionized gases,

_ny/my + ny/my

= . . (12)

vph,b

ny/m ny/my

(Uph,S - U1)2 (Uph,s - ‘U2)2

The generalized Bohm criterion Eq. (2) can be simpli-
fied in the singly ionized two-ion species plasma,

ﬂii_}_ﬁﬂi:] (13)
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where the equality is applied. Equation (13) has only two
unknowns, v; and v, at the sheath-presheath boundary.
Therefore, Egs. (12) and (13) can be solved for v and v,
depending on the phase velocity vy, in Eq. (12).

In order to investigate the solutions (v;, v,) of the
equations, we chose the parameters from Ref. [21] as
representative. The neutral pressures of argon (ion spe-
cies 1) and xenon (ion species 2) were 0.5 and
0.2 mTorr, respectively. The electron temperature was
0.69 eV, which gives each ion’s Bohm velocity as Cy, =
1290 m/s and Cx, = 710 m/s, respectively. The plasma
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FIG. 1 (color online). Plots of the generalized Bohm criterion
(dash-dotted, red) and the dispersion relation at different vy,
values: vy = 1.5vp,, [blue (or dark gray)], vy, [green (or
light gray)], and 2.5vy,;, [purple (or gray)]. The numbers on the
curves label each value. Both the curves meet at only one point
(dot) in the region I when vy, = 2v, ;. Each ion’s Bohm
velocity is shown for comparison.

potential changes in the presheath were less than 27,. The
measured vy, was 1030 = 50 m/s, so the relative ion
ratios from Eq. (8) were nu./n, = 0.48 and nx./n, =
0.52 in the bulk. A stainless steel plate, 15 cm in diameter,
was positioned in the middle of the chamber and biased at
—30 V to establish an ion sheath.

The ion velocities at the sheath boundary are given by
the intersection of the two equations shown in Fig. 1. The
generalized Bohm criterion, Eq. (13), is given by a dash-
dotted curve (red in the electronic version). Three sets of
curves for the IAW dispersion relation, Eq. (12), corre-
sponding t0 vy, = 1.5vpy 5, 2Upp 5, and 2.5vy,, are also
graphed. Figure 1 shows that the two equations have
solutions with two, three, or four real roots. There are three
regions where the solutions exist. First consider regions II
and III. Solutions in these regions are not physically ac-
ceptable because in each of these regions, one ion species
requires a velocity much too large to be achieved by
acceleration in the presheath. For example, the presheath
potential drop should be =97, which is much larger than
the measured presheath potential drop.

In region I, it is important to note that two roots are
apparent when vy, ¢ = 2wy, 5, This condition sets the mini-
mum value of vy, ; for the generalized Bohm criterion to
have physically meaningful solutions. When v, =
2,5, @ double root exists and this corresponds to each
ion species having a drift velocity equal to vy, . This result
was determined for almost equal ion density ratios of the
two species. In fact, it is evident from Egs. (12) and (13)
that the condition vy, , = 2wy, ;, does not depend on the ion
ratios when v = v, = v, In that case, both the equa-

tions have the same form. This provides an understanding
of the experimental result found in weakly collisional
plasmas where ionization was not significant [21].

From the IAW dispersion relation and the generalized
Bohm criterion in the two-ion species plasma, we have
shown that meaningful solutions only exist when the IAW
phase velocity at the sheath-presheath boundary is greater
than or equal to twice the phase velocity in the bulk plasma.
This equality condition corresponds to each ion species
having the bulk ion sound velocity at the boundary. This
provides the theoretical basis that has been absent in our
previous experimental results. It is now apparent that the
results for two-ion species plasmas are the same as for
single-ion species plasmas. In both situations, the ion drift
velocity at the sheath-presheath boundary is equal to the
bulk ion sound velocity.

We are grateful to S. Baalrud and Professor G. Severn
for discussions. This work was supported by DOE Grant
No. DE-FG02-97ER54437. D. Lee acknowledges addi-

tional support from the Samsung Foundation of Culture.

(11
(2]
(3]

(4]
(51
(6]
(71
(8]
(9]
[10]
(1]

[12]

[13]
[14]

[15]
[16]

(17]

[18]

155004-3

*Author to whom all correspondence should be addressed.
hershkowitz@engr.wisc.edu
D. Zhang and M.J. Kushner, J. Vac. Sci. Technol. A 19,
524 (2001).
D. Hegemann, M. M. Hossain, E. Korner, and D. J. Balazs,
Plasma Process. Polym. 4, 229 (2007).
G. A. Curley, D. Mari¢, J.-P. Booth, C. S. Corr, P. Chabert,
and J. Guillon, Plasma Sources Sci. Technol. 16, S87
(2007).
J.R. Conrad, J.L. Radtke, R. A. Dodd, F.J. Worzala, and
N.C. Tran, J. Appl. Phys. 62, 4591 (1987).
K.C. Walter, M. Nastasi, and C. Munson, Surf. Coat.
Technol. 93, 287 (1997).
J.N. Brooks, Phys. Plasmas 3, 2286 (1996).
B. Unterberg, Trans. Fusion Sci. Technol. 49, 215 (2006).
T. Neubert et al., J. Geophys. Res. 95, 12209 (1990).
D.L.Cook and I. Katz, J. Spacecr. Rockets 25, 132 (1988).
L. Oksuz and N. Hershkowitz, Phys. Rev. Lett. 89, 145001
(2002).
L. Oksuz and N. Hershkowitz, Plasma Sources Sci.
Technol. 14, 201 (2005).
D. Bohm, in The Characteristics of Electrical Discharges
in Magnetic Field, edited by A. Guthrie and R.K.
Wakerling (McGraw-Hill, New York, 1949), Chap. 3.
L. Oksuz, M.A. Khedr, and N. Hershkowitz, Phys.
Plasmas 8, 1729 (2001).
G.D. Severn, X. Wang, E. Ko, and N. Hershkowitz, Phys.
Rev. Lett. 90, 145001 (2003).
K.-U. Riemann, IEEE Trans. Plasma Sci. 23, 709 (1995).
H.-B. Valentini and F. Herrmann, J. Phys. D 29, 1175
(1996).
R.N. Franklin, J. Phys. D 33, 3186 (2000); 36, 1806
(2003); 36, R309 (2003).
G.D. Severn, X. Wang, E. Ko, N. Hershkowitz, M. M.
Turner, and R. McWilliams, Thin Solid Films 506-507,
674 (20006).



PRL 99, 155004 (2007)

PHYSICAL REVIEW LETTERS

week ending
12 OCTOBER 2007

[19] X. Wang and N. Hershkowitz, Phys. Plasmas 13, 053503
(20006).

[20] D. Lee, G. Severn, L. Oksuz, and N. Hershkowitz,
J. Phys. D 39, 5230 (2006).

[21] D. Lee, N. Hershkowitz, and G.D. Severn, Appl. Phys.
Lett. 91, 041505 (2007).

[22] S.L. Gulick et al., J. Nucl. Mater. 176/177, 1059 (1990).

[23] G. Bachet, L. Chérigier, M. Carréere, and F. Doveil, Phys.
Fluids B 5, 3097 (1993).

[24] R.F. Boivin and E. E. Scime, Rev. Sci. Instrum. 74, 4352
(2003).

[25] D.C. Zimmerman, R. McWilliams, and D.A. Edrich,
Plasma Sources Sci. Technol. 14, 581 (2005).

[26] G. Severn, D. Lee, and N. Hershkowitz (unpublished).

[27] F.F. Chen, Introduction to Plasma Physics and Con-
trolled Fusion (Springer, New York, 2006), 2nd ed.,
Chap. 4.

155004-4



