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The measurements of the potential distributions in the boundary layer near meshes with different mesh spacing

were conducted in weakly collisional plasmas using a fine-structured emissive probe and the results of the sheath

thickness and electric field at the sheath-presheath edge were compared with theoretical models of collisional presheath

and collisionless sheath. It was shown that, because the meshes are partially transparent to ions, the sheath is thinner

and the electric field is stronger for the mesh of higher transmissivity, owing to the increased ion density in the sheath

contributed from the ions transmitted from the other side of the mesh. However, the potential profiles in the presheath

remain almost the same for different meshes except for the shift of the sheath-presheath edge. The thickness of the

sheath decreases while the electric field at the edge increases with the increase of the neutral gas pressure. Furthermore,

depending on the pressure, the measured electric fields at the edge are close to that from the models of a transition

region.
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1. Introduction

Close to a wall or any surface in contact with
plasma, a nonneutral sheath region forms across which
electron and ion densities no longer balance. Next to
the sheath is a quasineutral presheath region which
connects the sheath to bulk plasma. The plasma-wall
transition is one of the classical problems in plasma
physics and has received extensive investigations since
the time of Langmuir.l' %! Because of the fundamental
importance in plasma-material processing and elec-
trostatic probes as well as in plasma-wall interac-
tions of magnetic fusion devices, the plasma sheath
and presheath have attracted much interest in recent
years.[6_28]

The sheath is a narrow region with thicknesses
on the order of a few electron Debye lengths Ap de-
pending on the bias on the wall. The length of the
presheath is of the order of the minor of ion collision
mean-free-pass A; and plasma extent L depending on
It is well known that at the
sheath-presheath edge (hereafter termed Bohm sheath

neutral gas pressure.

edge) the ion velocity must exceed the Bohm velocity

(ion-acoustic-speed)? ug = ¢, = (To/m;)/?, where
T. and m; are electron temperature and ion mass, re-
spectively. It is also well known that the quasineutral
presheath equations yield the discontinuity of the elec-
tric field and plasma density gradient at the Bohm
sheath edge.[¥ In order to overcome this difficulty,
Riemann!® proposed a transition region between the
presheath and sheath with a characteristic length on
the order of )\4D/55)\41 /% and a characteristic electric field

1

T./ eA%ésA?/ 5, where the electron Debye length Apg is
evaluated at the sheath edge.

The sheath and presheath have been widely ex-
plored theoretically in different depths and in di-
verse areas of plasma physics but there still remain
open questions.22-28] However, experimental diagnos-
tics are rather rare owing to the difficulties of ac-
curate measurement without significant disturbances
to the sheath. Up to now, only two practical diag-
nostics techniques have been applied to measure the
sheath, one using laser-induced fluorescence (LIF) to
measure the ion velocity distribution function[0—32
and the other using an emissive probe to directly mea-

(33]

sure the potential distribution,'*? though some other
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techniques have also been proposed.[?4=36 Tt was ex-
perimentally shown that the potential distribution in
the sheath is in agreement with Riemann’s transition
region model,®3] but other properties have not been
verified.

Previous investigations on the plasma-wall tran-
sition were for the case of totally absorbing walls.
In laboratory devices, however, partially transpar-
ent meshes were often introduced into plasmas to
control the plasma parameters or launch collective
waves.37~41 Such a process depends sensitively on
the boundary structure near the meshes. It often hap-
pens that the size of the spatial grid is less than the
Debye length and sheath thickness for laboratory ten-
uous plasmas. Thus, an overall smooth sheath forms
around the meshes except the region very close to the
wires of the meshes. Obviously, the sheath structure
near the partially transparent walls is quite different
from that near the totally absorbing walls. In a pre-
vious work, we measured the potential profiles near
a metal plate and a mesh and found that the sheath
region is much thinner in the case of the mesh than
that of the plate.[*?) However, the detailed structures
of the boundary layer near the meshes need further
investigations.

This paper presents the experimental studies on
the sheath and presheath structures near negatively
biased meshes with different grid spacing immersed
in a weakly collisional plasma in a modified double-
plasma device. The experimental arrangement is de-
scribed in Section 2. The measured potential distri-
butions and the electric fields at the sheath-presheath
edge and the comparison with theoretical models are
presented in Section 3. The main conclusions are sum-

marized in Section 4.

2. Experimental arrangement

The experiment was conducted in a modified

[43] which consists of two identi-

double-plasma device,
cal grounded chambers each 500 mm long and 500 mm
in diameter, as schematically shown in Fig. 1. The
plasma was generated in the source region by the dis-
charge between hot filaments and anode mesh and
diffused through a separation grid (SG, 440 mm in
diameter, 3.15 lines/mm, grounded) into the experi-
mental region. The plasma parameters in the exper-
imental region measured by a cylindrical probe (CP)

were: electron density n. a few times of 102 cm=3 and

temperature T, around 1-2 eV. The ion temperature
was close to room temperature.

In the experiment, the separation grid was located
near the anode and filaments to enlarge the experi-
mental region. Three small meshes with same diame-
ter (94 mm) but different mesh spacing (M1: 0.79,
M2: 3.15, and M3: 4.33 lines per millimeter, the
corresponding geometrical transmissivities are 80%,
60%, and 50%, respectively) were mounted in the right
chamber. The negatively biased meshes were placed
near the centre of the right chamber one after an-
other, where the potential profiles around each mesh
were measured by an emissive probe (EP). When the
sheath around one of the meshes was measured, the
other two meshes were moved to near the end wall
or side wall of the chamber to minimize their distur-
bance to the plasma. The emissive probe was made of
tungsten wire 6 mm in emitting length and 0.025 mm
in diameter. The detailed structure can be found in
Ref. [42].
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Fig. 1.
The symbols denote A: anode, F: filament, SG: separation

Schematic diagram of the experimental setup.

grid, CP: cylindrical probe, EP: emissive probe, and M1,
M2, M3: small meshes with grid spacing 0.79, 3.15, and
4.33 lines per milimeter, respectively.

The movement of the emissive probe was con-
trolled by a ballscrew and the displacement was ac-
curately determined by a vernier scale bound to the
probe rod and sliding on a fixed ruler.[*2) The plasma
potential V' was obtained by the inflection point
method of the -V curve of the emissive probe in the
limit of zero-emission,*445 which is the extrapolation
of the curve of V' versus emission current to the point
of zero emission current.

The pressure of the Ar gas was in the range
of 3.6 x 1072-1.5 x 107! Pa.
sions are mainly due to the charge-exchange collisions

Since the ion colli-

with Ar atoms, the cross section ¢ is of the order of
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6 x 1071% ¢m?2.143:46] Thus, the ion mean-free-path is
in the range of A\; ~ 51-213 mm. In addition, the elec-
tron Debye length in the bulk plasma is A\p ~ 1 mm.
Therefore, the experimental condition is in the weak
collision regime L > \; > Ap, where L is either the
density scalelength or the dimension of the setup.

3. Results and discussions

3.1. Overall potential distribution

Figure 2 shows the axial variations of the plasma
potential with the distance from the small meshes bi-
ased at Vi, = —40 V with respect to the common
ground. Obviously the sheath region is reduced with
the high geometrical transparency of the mesh, but
different meshes almost coincide in presheath profiles.
This feature can qualitatively be understood as fol-
lows. If the meshes totally absorb the ions, the usual
ion sheaths build up on both sides of the negatively bi-
ased meshes. However, since the meshes are partially
transparent, the ions streaming towards the mesh on
one side can partially traverse through the mesh and
enter into the sheath on the other side, adding to the
ion density there. The larger the geometrical trans-
parency, the higher the ion density is in the sheath.
Thus, for the same bias voltage, the electric field is
stronger near the mesh with the larger geometrical
transparency, which results in the narrowing of the
sheath region.
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Fig. 2. Potential profiles near three different meshes bi-
ased at —40 V with respect to the ground. The vertical
dashed line at = = 0 represents the location of the mesh.

The thickness of the Child-Langmuir sheath can
approximately be estimated by the Child—Langmuir
law. Neglecting the electrons in the Child-Langmuir
sheath and accounting for the transmitted ions from

the other side of the mesh, the Poisson equation can
roughly be written as

d*V/da? = —e(1 + t)n; /e, (1)

where ¢ is the transmission coefficient of the mesh, e
and n; are the electronic charge and ion density, re-
spectively, and ¢ is the vacuum dielectric constant.
It is obvious that z scales with (1+¢)~!/2. Therefore,
the sheath thickness is reduced roughly by a factor of
(1+1)'/2. The estimation gives the ratio of the sheath
thickness among the three meshes 1 : 1.06 : 1.1. Ex-
perimentally, the Child—Langmuir sheath can be re-
garded as starting at the point ne/n; < 1%.1? The
experimentally measured thicknesses of the Child-
Langmuir sheath are 5.3, 6.9, and 9.0 mm, respec-
tively, for the three meshes, corresponding to the ratio
1:1.3:1.7. Thus, a qualitative agreement is obtained
between the rough estimation and the experimental
data but more elaborate model is required to account
for the contribution of the transmitted ions.

3.2. Presheath potential drop

Since the measured presheath profiles are almost
unchanged for the different meshes except for the shift
of the sheath-presheath edge, the presheath regions
are essentially governed by the same set of equations.
It is generally accepted that the Bohm sheath begins
at the point where the ion velocity equals the Bohm
velocity. In a collisionless presheath, it is well known
that the potential drop is T./2e. But in a collsional
presheath the potential drop depends on the neutral
gas pressure since the ions have to overcome the col-
lisional friction. The presheath potential drop can be
calculated with the fluid equations

eV

Ne = Neo €XP <T> ) (2)
d TV
% = VionTe, (3)

d(nivf)
my dx = —enla — Vimin;vi, (4)
2V e
G = o (e =), (5)

where n, and ney are the electron density in the
presheath and in the bulk plasma, respectively, v; is
the ion velocity, v; is the effective ion collision fre-
quency which is mainly due to the ion-neutral charge
exchange collisions, and v, is the electron impact
ionization rate given by

Vion = nnﬁecf (I + 2Te) eXp(_I/Te) ) (6)
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where n,, is the number density of neutral gas, v, is the
mean velocity of the electrons, C; = 2x 10717 cm?/eV
for Ar gas, and I = 15.8 €V is the ionization energy.*”]
To calculate the presheath potential drop, the
conditions at the boundary of the bulk plasma and the
presheath were first determined experimentally. The
bulk plasma density neg and electron temperature T,
were diagnosed by the cylindrical probe, while the po-
tential V' was measured by the emissive probe. The
ion flow velocity (here is the diffusion velocity) was
determined with the method of the phase velocities of
two counter propagating ion-acoustic waves.[*3] With
these input parameters, equations (2)—(5) were numer-
ically solved until the ion velocity reached the Bohm
speed. The typical potential drops in the presheath
under three different pressures are AV = 1.47, /e for
p=15x10"1 Pa, AV = 1.2T, /e for p = 8 x 1072 Pa,
and AV = 1.0T./e for p = 3.6 x 1072 Pa, respec-
tively. It is obvious that the potential drop increases
with the neutral pressure since it is needed to acceler-
ate the ions to overcome the collisional energy loss.

3.3. Electric field at Bohm sheath edge

With the calculated presheath potential drop, the
electric field at the position of the Bohm sheath edge
can experimentally be determined from the overall
potential distribution. The experimentally measured
electric field Es at the Bohm sheath edge for the
cases of three different meshes under a fixed pressure
p = 0.08 Pa, together with two characteristic elec-

6.25] are presented

tric fields from theoretical models
in Fig. 3. It is shown that the values of Ej for the three
meshes are close to each other, implying that the influ-
ence of the transmitted ions on the electric field in the
transition region is insignificant. The measured Ej is
higher than the electric field in Riemann’s transition
region T,/ e/\%/f)\?/ ? [6] but is close to Franklin’s result
T./ 6)\4D/S5>\i1 /5 125] This is in contrast with the result in
the case of the sheath near a solid metal plate?342] in
which the edge electric field is in agreement with that
of Riemann’s transition region. However, the experi-
mental data also show that Fg is almost not affected
by the potential drop V) — Vi, between the bulk plasma
and the mesh. The reason is that, with the increase
of the potential drop, the plasma can adjust itself to
widen the sheath region simply by shifting the Bohm
sheath edge toward the plasma side, thus keeping the
edge electric field unchanged.
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Fig. 3. Variations of the electric field at the Bohm sheath
edge with respect to the potential drop Vo — Vin between
the bulk plasma and meshes. Squares, triangles and cir-
cles are the experimental data for the meshes M1, M2, M3,
respectively, and the dashed and dash-dotted lines are the
values from the models of the transition region.

Figure 4 shows the variations of the measured
E, with respect to Vy — Vi, in the sheath of one
of the meshes (M3) under different gas pressures
(squares: p = 0.036 Pa, triangles: p = 0.080 Pa,
and dots: p = 0.15 Pa). The electric field Es un-
der p = 0.036 Pa is much weaker than that un-
der p = 0.08 and p = 0.15 Pa, while those under
p = 0.08 and p = 0.15 Pa are very close (approxi-
mately 0.5 V/mm). This might be understood qual-
itatively by the ratio of the ion mean-free-path \;
to the electron Debye length Ap, which character-
ize the spatial scales of the presheath and sheath.
The values of Aj/Ap under p = 0.15 and 0.080 Pa
are 130 and 140 respectively, while the value under
p = 0.036 Pa is 190, which is much greater than
that under the other two pressures. This means that
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Fig. 4. Variations of the electric field at the Bohm sheath
edge with respect to the potential drop Vp — Vin between
the bulk plasma and the mesh M3 under different pres-

sures.
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the ions under higher pressures need stronger electric fields to be accelerated to the Bohm velocity in the

presheath. To see the effect in more details, we compare in Table 1 the measured Eg with several characteristic

electric fields in the transition region from Refs. [6] and [25].

It is shown that at the lower pressure the

experimental F5 at the Bohm sheath edge is close to Riemann’s result T,/ e)\3D/SS)\i2/ 5,[6] while at the higher

pressure the experimental Fy is close to Franklin’s result T, /e

4D/55)\i1 /5 125] The theoretically calculated edge

electric field E*" based on the one-dimensional fluid equations is close to T,,/);, which is much smaller than the

experimental Eg. Thus, the simple fluid model underestimates the edge electric field since the contribution of

the transmitted ions is not included.

Table 1. Comparison of the measured electric field E; v1, Es M2, and E, vz at the Bohm sheath edge near the
meshes M1, M2, and M3 and under three pressures with the electric fields from the models of the transition region
and the edge electric field E" calculated from Egs. (2)-(6). The meshes were biased at —20 V. The unit for the

electric fields is V/mm.

p/Pa Esant Eon2 Funs Te/eXS/PA2/® T./eXEPAM® Te/eX; Eth

0.036 0.20 0.22 0.16 0.19 0.48 0.011 0.020
0.080 0.65 0.60 0.51 0.24 0.57 0.018 0.031
0.15 0.71 0.56 0.50 0.24 0.54 0.022 0.038

3.4. Bohm sheath thickness

Using the presheath potential drop determined in
Subsection 3.2, the position of the sheath-presheath
edge and thus the thickness of the Bohm sheath can
experimentally be determined. In addition, according
to the measured electric field Eg at the Bohm sheath
edge, the Bohm sheath thickness can also be calcu-
lated by numerically solving Eqgs. (2)—(5).

Figure 5 shows the variations of the experimen-
tally measured and theoretically calculated Bohm
sheath thickness with respect to the potential drop
between the bulk plasma Vj and the mesh V, in
the case of a fixed mesh (M2) but under different
neutral pressures. Since the plasma parameters vary
with the pressure, the thickness is normalized by Ap,
while the potential drop is normalized by T,/e. It is
shown that both the experimental and the theoreti-
cal sheath thickness increase along with the potential
drop. However, the normalized thickness is reduced if
the pressure is raised. In the low pressure case when
p = 3.6 x 1072 Pa, the experimental sheath thickness
can be as large as a few tens of Debye lengths, but
in the high pressure case when p = 1.5 x 107! Pa,
it is only about several to a little more than 10 De-
bye lengths. Since plasmas under these pressures are
weakly collisional, the sheath region is essentially col-
lisionless. Thus, the decrease of the normalized thick-
ness with the increase of the pressure might be related
to the asymmetry of the sheaths on the two sides of the
mesh, which needs further investigation but is beyond
the scope of this paper. It is noted that under rel-

atively high pressures, the theoretical thickness (dot-
ted curve) fits well to the experimental data (circles).
However, under low pressures, there is a big discrep-
ancy between the theoretical curve (solid line) and
experimental data (squares). One of the reasons for
the discrepancy is that the theoretical model is for the
idealized absorbing walls which does not account for
the partially transparent boundaries. Another effect
might be the flow of the bulk plasma which depends
on the gas pressure but is lacking the modeling. Thus,
much more sophisticated model is needed to explain
the experimental results.

40 T T T T T T
n p = 0.036 Pa n
- A ---.p=0.080 Pa - .
® eennn p = 0.150 Pa ]
301 M2, t=0.6 |

d/\p

15

20
e(VO - ‘/m)/Te

35

Fig. 5.
d/Ap near the mesh M2 with respect to the normalized

Variations of the normalized sheath thickness

potential drop e(Vo — Vin)/Te. Squares, triangles, and cir-
cles are the experimental data for p = 3.6x 1072, 8 x 10~ 2,
and 1.5 x 10~! Pa, respectively. Solid, dashed, and dot-
ted lines are the theoretical curves for p = 3.6 x 1072,
8 x 1072, and 1.5 x 10~ ! Pa, respectively.

Under a fixed pressure, figure 6 shows the varia-
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tions of the measured thickness of the Bohm sheath
near different meshes together with the theoretical
curve calculated from Eqs. (2)—(6) (solid line) with re-
spect to the potential drop (Vo —Vy,). It is shown that
the thickness for the mesh M1 (¢ = 0.8) is appreciably
smaller than that for the other two meshes. The over-
all variations of d are in qualitative agreement with
the theoretical curve, but the theoretical values of d
are systematically greater than the experimental ones.
The difference between the experiment and theory is
reduced when the transmission coefficient of the mesh
is decreased. The discrepancy is partially because the
effect of the transmitted ions is not involved in the

simple one-dimensional fluid model.

20 T T T T T T
s Ml1,t=08 p=0.15Pa
A M2,t=0.6
16 o M3,t=05 o
F—— theory
A
g 12 + A A L. E
= n
< ]k . J
4_ -
n
O_ 1 1 1 1 1 1 1

0 10 20 30 40 50 60
VO —Vm /V

Fig. 6. Variations of the thickness d of the Bohm sheath
near different meshes with respect to the potential drop
Vo — Vim under a fixed pressure. Squares, triangles, and
circles are the experimental data for M1, M2, and M3,
respectively, and solid line is the theoretical curve.

4. Conclusion

The potential distributions in the sheath and
presheath regions near meshes of different transmis-
sivity under different neutral gas pressures were mea-
sured with a fine structured emissive probe in the
modified double-plasma device. The measured sheath
thickness and electric field were compared with theo-
retical models. It is shown that, because of the partial
transmission of the ions, the sheath region becomes
narrower and the electric field in the sheath is stronger
for the mesh of higher transmissivity, owing to the
increase of the ion density in the sheath region con-
tributed from the ions transmitted from the other side
of the mesh. However, the presheath potential profiles
remain almost the same for different meshes because
of the self-adjustment of the plasma except the shift
of the sheath-presheath edge. The thickness of the
Bohm sheath decreases while the electric field at the
Bohm sheath edge increases with the increase of the
pressure. Under the relatively high pressure, there is a
good agreement between the measured and the calcu-
lated sheath thicknesses, while under the low pressure,
there is a big discrepancy between the experimental
and theoretical results. Furthermore, the measured
edge electric field under low pressure is close to Rie-
mann’s model of the transition region,®’ while that
under high pressure is close to Franklin’s result.[??!
The calculated values of the electric field at the Bohm
sheath edge based on the one-dimensional fluid equa-
tions for absorbing walls are much lower than the ex-
perimental data, which indicates that elaborate mod-
els for the sheath structures near partially transmit-
ting meshes need future investigations.
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