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To optimize the “Face-to-face Double Probe (FDP)” method, which is proposed by the authors
to measure the Mach number of a plasma flow [Saitou and Tsushima, Jpn. J. Appl. Phys. 40, L1387
(2001)], performances of an FDP have been investigated focusing on a characteristic length of a pair of
electrodes using a two-dimensional particle-in-cell simulation. Resulting from the simulation, both the
characteristic length needed for a good FDP performance and a correction factor needed for the FDP

with small electrodes are presented.
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1. Introduction

A plasma flow velocity or its Mach number is one
of important parameters to investigate phenomena ob-
served in plasmas. In addition to the well known
methods such as the Mach probe [1] or the directional
probe [2, 3], the authors have proposed a new probe
named “Face-to-face Double Probe” (FDP) [4-6]. The
structure of an FDP is simple since it just consists of
a pair of electrodes, which are face to face each other,
with a variable power supply and an ammeter as illus-
trated in Fig. 1. Evaluation of the flow Mach number
using the FDP is also simple because an analysis given
in the next section suggests that a voltage without a
net current between the electrodes is proportional to
the Mach number under an adequate approximation.
The simplicity of the FDP method contributes to relia-
bility, and might break a new ground in its application
such as an instrument for a rocket or a satellite.

Furthermore, the FDP method is superior to the
conventional Mach probe (CMP) method from a view
point of a spatial resolution. For the FDP, the spa-
tial resolution is determined by a distance between the
electrodes because an expansion of the presheath re-
lated to its measurement is restricted in the distance.
On the contrary, in the case of the CMP, the presheath
expands far away along a magnetic field line as seen in
Fig. 2, where the cases of the CMP and the FDP are
illustrated at the top and the bottom, respectively,
with the presheath symbolized by a gradation from
black to white. It may be worth noting that the good
spatial resolution of the FDP comes from its structure.
Considering the characteristics mentioned above, the
FDP method is expected to be applicable to Mach
number measurements under various conditions.

Performances of the FDP have been analyzed on
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Fig. 1 Schematic drawing of the FDP and its measure-
ment circuit.

the basis of the one-dimensional fluid model with a
strong magnetic field case of aAp > p;, where a is the
characteristic length of the FDP electrode normalized
by the electron Debye length, A\p, and p; is the char-
acteristic radius of the ion gyro-motion [4,5]. In fact,
the FDP method has been applied to the boundary
plasma of tokamaks [7] and, under such strong mag-
netic fields, the one-dimensionality is realized. It is,
however, easily found that this condition makes the
probe quite large when the magnetic field is weak, i.e.,
the size of the electrode, a\p, is larger than p; ~ 10
(mm) for a singly ionized argon plasma with T; ~ 1
(eV) under the magnetic field of 0.1 T, for example.
Existence of such a large electrode disturbs the plasma
surrounding the probe by itself. The size of the elec-
trode has to be as small as possible to decrease such
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Fig. 2 Comparison of presheath expansion in case of the
conventional Mach probe (top) and the FDP (bot-
tom). The expansion of the presheath is shown as
gradation from black to white.

a disturbance to the plasma. In order to optimize the
size of the FDP electrode even under the weak mag-
netic field, where aAp < p;, the performance of the
FDP has been investigated using a two-dimensional
particle-in-cell (PIC) simulation [8] in this paper.

2. Fluid Model
By the steady state fluid model [9],

di ~
dM  di
AM e + d—z = (14 a)(1 — 7) (Mo — M),

the behavior of the plasma in the presheath of an FDP
as well as a CMP can be analyzed, where n is the
density normalized to the background plasma density
ng, M and M., the Mach numbers of ions inside and
outside the electrodes, respectively, £ = z/Ap the nor-
malized spatial coordinate, and o = n/nm;D the nor-
malized viscosity with the ion mass m; and the diffu-
sivity D. After tedious calculation, we obtain a V' — I
characteristics between the electrodes such that

eVo 2+a+(1+a)My]’
kpTe :ln{2+a(1+a)MoJ
+aMOO tan~* 1+ )2~ M)
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(3)
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where e is the elementary charge, V| the voltage when
a net current flowing through the electrodes is 0, kp
the Boltzmann constant, and T, the electron temper-
ature of the plasma between the electrodes, respec-
tively. Parameters § and ¢ are given as follows:

24+«
22+ a)’
g=4(1+a)— 1+ a)’M=.

5= (4)

()

For —1 < M., < 1, the solution (3) can be approxi-
mated by

1 eVo
Moo 1+Ltan*1 V1+aksTe ®
Vi+a
€V0
. 7

It is found that the Mach number is proportional to
the voltage Vj as long as the electron temperature is
constant. In applying this method to experiments,
the Mach number can be estimated by measuring the
voltage Vp and the electron temperature T.. Figure
3 in Ref. [4] is helpful to see the relation between Vj
and M in more detail. In the following sections, a
notation M is used instead of M.

3. PIC Simulation Model

A two-dimensional PIC simulation is used to in-
vestigate plasma behaviors in the space between the
FDP electrodes and in the envelope around the space.
In Fig. 3, a schematic drawing of the simulation re-
gion is shown and the simulation region is symmetric
against Y = 0, where the spatial variables are normal-
ized by Ap, i.e., X = x/A\p and Y = y/Ap with the
spatial steps of dX = dY = 0.1. The temporal vari-
able, t, is normalized by the ion plasma angular fre-
quency, T = wp;t, and the temporal step of dr = 0.01
is used. A ratio of the ion mass to the electron mass
is m;/m. = 200 and a ratio of the ion temperature to
the electron temperature is T; /T, = 1. The two elec-
trodes with the characteristic length, a, are located at
the simulation boundaries of X = 0 and 0 <Y < q;
and X = 6.4and 0 <Y < a. The other boundaries ex-
cept for Y =0,ie, X =0anda <Y <51.2; X =64
and a <Y <51.2;and 0 < X <64 and Y = 51.2,
are free boundaries. A potential of each electrode is
a floating potential. The outside region between the
electrodes, 0 < X < 6.4 and Y > a, the plasma flows
with M = 0.2 along the X-axis and the plasma is as-
sumed to diffuse into the space between the electrodes.
Here, in the whole region, a magnetic field with the
normalized magnitude of B,, = |e|B/wpim; = 5.645
along the X-axis is assumed and the Bohm diffusion
is taken into account. The size of the electrode is in a
range of 0.2 < a < 25.6, or 0.33 < aA\p/p; < 4.4 since
pi/Ap ~ 0.6 in the simulation.
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Fig. 3 Simulation region and its boundaries. The poten-
tial of the electrodes is floating.

4. Results and Discussion

A spatial distribution of the two-dimensional elec-
trostatic potential normalized as ® = ep/kpT, was
calculated for several values of the electrode length, a.
The results in the cases of a =, 0.2, 0.8, 3.2, and 12.8
are shown in Fig. 4. In the region outside the space
between the electrodes, 0 < X < 6.4 and Y > a, con-
tour lines of & are almost parallel to the X-axis. In
the region between the electrodes, 0 < X < 6.4 and
Y < a, the contour line of the potential is convex to
the lower side and the convexity is clearer for larger a.
For all the cases, the potential distribution is asym-
metry between the left-hand and the right-hand sides.
Thus, this asymmetrical potential distribution due to
the plasma flow makes a difference between the float-
ing potentials of the electrodes. In the present case,
the plasma flows from left to right, the potential of
the right-hand side electrode is expected to be higher
than that of the left-hand side one, i.e., ®r > @1, as
expected from the fluid model. The dependence of the
potential difference, A® = ¢ — @y, on a is shown in
Fig. 5.

The lowest limit of the saturation of AP is deter-
mined by an intersection of two lines, A and B, which
are depicted in Fig. 5. The lowest value of a is 5.3
with the potential difference A® = AP, = 0.135 at
the intersection. For a > 5.3, the potential difference
is almost saturated around a value of A® ~ 0.15, al-
though the line, A, has a small gradient. In this case,
since the line A is approximated by the equation of
AP = (0.0022a + 0.12), the Mach number is given as
follows:

1 eAD

M ~
0.016a + 0.89 kpT.

(8)
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from Eq. (6) with @ = 1 as long as the electron tem-
perature between the electrodes is the same as the
electron temperature of the flowing plasma. The simu-
lation result almost coincides with the result obtained
from the fluid model.

For 0 < a < 5.3, A® gradually increases with
increasing a. Since the line B is approximated by the
equation of A® = 0.025a, the corrected equation for
0 < a < 5.3 is give by

| 5 cAP
- a k‘BTe

(9)

from Eq. (6) with & = 1 as long as the electron tem-
perature between the electrodes is the same as the
electron temperature of the flowing plasma, as well.
Using this correction factor, it is considered that the
FDP method is applicable to measure the Mach num-
ber of the plasma flow even when 0 < a < 5.3.

As for the distance, d, of the FDP electrodes to be
used, the condition of d > Ap should hold, because
the fluid model is used to analyze the plasma between
the electrodes.
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Fig. 4 Typical example of obtained electrostatic potential

distribution for a = 0.2, 0.8, 3.2, and 12.8, where
a is the length of the electrode. The potential at a
left top is assumed to be 0.

5. Summary

The studies of the FDP were performed using the
two-dimensional PIC simulation. The difference be-
tween the electrostatic potentials of the floating elec-
trodes saturates and almost coincides with the value
given by the fluid model when the electrode length,
a, is greater than 5.3 and the Mach number is given

by Eq. (8). The potential difference increases with
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Fig. 5 Dependence of the potential difference on the
length of the electrode (closed circles), the left hand
side, and the right hand side electrodes (open nor-
mal and inverse triangles), respectively. The dotted
lines, A and B, are approximation lines for the po-
tential difference.

If the
electrode length lies within this range, the corrected
equation, Eq. (9), should be adopted and it might
be possible to estimate the adequate Mach number
as long as the electron temperature does not change.
This may suggest that the FDP method can be used
to estimate the Mach number of the plasma flow even
when 0 < a < 5.3 with the corrected equation reduced
from Fig. 5. In cases of other Mach numbers, the cor-
rection factors appeared in Eqs. (8) and (9) may be
different. To determine the factors, PIC simulations
for several Mach numbers should be performed. To
convert the potential difference to the Mach number,
it is required to estimate the electron temperature of
the plasma between the electrodes. The electron tem-
perature has to be estimated in the simulation, which

increasing the value of a for 0 < a < 5.3.

is one of our future tasks.

To apply the FDP method to laboratory experi-
ments or space plasma observations, the method may
be used under the condition that a plasma flows
obliquely and some amount of charged particles di-
rectly enter into the electrodes, since the electrodes
are not always placed along the stream line. It is easy
to suspect that the directly incoming charged parti-
cles change the electrode potential. In addition, the
detailed study of the distance between the electrodes
has not yet been done, although it should be suffi-
ciently larger than the Debye length from the analysis
of the fluid model. These are our future tasks for fur-
ther improvement of the FDP method.
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