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Abstract

A flow velocity of the plasma blowing off
from an MPD thruster with a supersonic ve-
locity is measured by a Mach probe, which
consist of two plane collection surfaces facing
to the parallel direction (upwards to the flow
direction) and to the perpendicular direction.
A Mach number M is determined by a simple
formula using the ratio between the ion satu-
ration currents collected by the two surfaces.
This formula is applicable in the supersonic
(M>1) region. Several theories on the con-
ventional Mach probe applicable to M<1 re-
gion are critically compared with the experi-
mental results. The obtained Mach numbers
are compared with those obtained by other
diagnostics, that is a 1m spectrometer with
ICCD photo-detector. The data obtained by
the Mach probe are in good agreement with
those calculated from the Ti and U obtained
by the spectrometer.

Introduction

In many electric propulsion systems the
thrust is obtained by blowing off a plasma
including a neutralized ion beam from a
thruster. The generated thrust depends on
the plasma ion mass m;, the ion density n;
and its exhaust velocity U, according to:

T =my / nU? ds (1)

Then, a flow velocity of plasma blowing
off from a thruster is one of the important
parameters to develop a high-efficient elec-
tric propulsion system. Among several diag-
nostics to measure a plasma flow velocity, a
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Mach probe is a most simple and useful tool
to obtain a plasma Mach number M, defined
by a ratio of a plasma flow velocity U, to an
ion acoustic velocity C.

Theoretical works and experimental re-
searches have been done to determine M from
a Mach probe measurement, mostly in the
M<1 region. A conventional Mach probe
consists of two plane tips facing upward and
downward direction to the plasma flow with
a separating barrier between them. A Mach
number can be obtained from a ratio of the
ion saturation currents collected by each tip.
The conventional Mach probes are discussed
in the following section. Though the Mach
probe has good spatial resolution and simple
configuration, precise calibration is needed by
other diagnostics to obtain accurate Mach
number. Moreover, this formula cannot be
used in the supersonic M>1 region.

In order to establish the Mach probe mea-
surement in a magnetized plasma flow, we
have used a Mach probe which has two col-
lection surfaces facing to parallel (upward to
the flow) and perpendicular directions. The
Mach numbers of the plasma are measured
in the HITOP device, where a high power
MPD device is attached and a high den-
sity (10'em™) helium plasma flowing with
supersonic velocity is formed quasi-steadily
during 1 ms. The data are in good agree-
ment with ones measured by spectroscopy.

Conventional Mach probes

The basic principle of the conventional
Mach probe is illustrated in Fig.1. It con-
sists of two plane tips facing upward and
downward direction to the plasma flow with
a separating barrier between them.  Each
probe tip receives an ion flux from one di-
rection. A Mach number M can be obtained
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from the two ion saturation current densities,
one obtained by the tip facing upward J“P
and the other by the tip facing downward
Jwn  Theoretical works have been done on
the Mach probe including plasma viscosity
and presheath effect and M is calculated by
the ratio R = J*/J%%" according to the
model.

Hudis and Lidsky!! calculated a collecti ng
current based on a one-dimensional free fall
kinetic model including the presheath effect.
In the presheath region an electric field is
generated to accelerate plasma ions to the ion
acoustic velocity in order to satisfy the Bohm
criterion at the probe sheath edge. In a flow-
ing plasma the electric field in the presheath
region is affected by the flow. The ion satu-
ration current collected by the tip facing up-
ward to the flow is different from that by the
other one. They obtained the Mach number

as :
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where T, and T; are the electron and ion tem-
perature, respectively, AJ = Jw — jdown g
the difference between the two ion satura-

tion current densities and < J >= (J¥ +
Jdown) /2 is the average.
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FIG. 1.
probe.

Schematic view of a conventional Mach

|[EPC-99-180

Stangeby!? derived a more simple formula
by the one-dimensional fluid model, where
electrons obey the Boltzmann relation and
ions flowing in the plasma satisfy conserva-
tion of mass and momentum. He obtained
the Mach number as:

AJ R—-1
M = =2
<J> R+1

(4)

Hutchinsonl® introduced cross-field vis-
cosity in his analysis and extended two di-
mensional fluid calculations and Chung4®!
developed a full kinetic treatment. An ar-
bitrary parameter «, which is the ratio of
plasma viscosity to the diffusivity, is intro-
duced to present the effect of viscosity. Their
expression of M is as follows,

M=MhR |, (5)

where M, is a constant which depends on «.

If the difference between the two current
densities, JU¥P and Jwn is small, InR is
nearly equal to the ratio AJ/ < J >,

Jv '
Jur _ Jdown B AJ (7)
(Jup + Jdown) /9~ < J >

Q

Then, the above relations (2)-(4) are also ex-
pressed as eq. (5).

In the Stangeby’s fluid model (o« = 0)
eq.(4) corresponds to eq.(5) with the constant
M, of 1. Hutchinson’s analytical model with
a =1 gives M, of 0.4-0.45.

These conventional analyses remain the
uncertainty of «, which should be derived em-
pirically in each plasma condition. Though
the Mach probe has good spatial resolution
and simple configuration, precise calibration
is needed by other diagnostics to obtain accu-
rate Mach number. Moreover, these formulae
include presheath condition which cannot be
used in the supersonic M>1 region.

Experimental Apparatus

Experiments are performed in the HITOP
(HIgh densi ty TOhoku Plasma) device of To-
hoku University.8=8 The HITOD consists of
a large cylindrical vacuum chamber (diame-
ter D = 0.8 m, length L = 3.2 1n) with eleven
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magnetic coils, which can generate a uniform
magnetic field up to 0.2 T. Various types of
magnetic field configurations can be formed
by adjusting the external coil current.

The MPD arcjet, which is installed at one
end port of the HITOP, has a coaxial struc-
ture with a center tungsten rod cathode and
an annular molybdenum anode. The inner
diameter of the anode is 3cm. A quasi-
steady discharge continues for lms with a
pulse forming network (PFN) system and a
fast puffing of Helium gas.

A discharge voltage V; and a current I, are
kept nearly constant during the discharge. I,
can be controlled by changing the charging
voltage of capacitor banks of the PFN power
supply. The maximum discharge current is
10 kA with a typical discharge voltage of 200
V.

A high density (more than 10'%cm™3)
plasma is initially formed in the muzzle re-
gion of the MPD arcjet. The plasma is accel-
erated in the axial (Z-axis) direction by the
J x B force, and expands in the large vacuum
tank. Then, a high density, highly ionized
plasma flow is produced in the HITOP.

&
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FIG. 2.

saturation current is measured on upstream and per-

Schematic view of the Mach probe. Ton

pendicular facing tips.
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The blow-off plasma characteristics are
measured by several diagnostics installed
on the HITOP. Electron temperature and
density profiles are measured by a mov-
able double- and trple-Langmuir probe. A
plasma flow is characterized by a Mach num-
ber M which is defined as a ratio of plasma
flow velocity to ion acoustic velocity. The
Mach number is measured by Mach probes
in the HITOP.

The schematic view of the Mach probe
used in this experiment is shown in Fig.2.
The Mach probe has two probe tips, one
of which faces to the plasma flow direction,
called as a parallel tip, and the other faces to
the perpendicular direction, called as a per-
pendicular tip, hereinafter. %1% The Mach
number is obtained from the ratio of the two
lon saturation currents Iparq and Iperp, which
are obtained in the parallel and perpendicu-
lar tips, respectively. The probe tips are bi-
ased -40V to a thin wire that is wound around
the probe and has large collection area. This
operation is similar to an asymmetric double
probe and ion saturation current can be mea-
sured in spite of a large change of the plasma,
potential at an initial phase of the discharge.

When T, is much larger than 7; (T, > T;),
the ion saturation current I, is expressed as:

Lis = 0.61A,ne\/T./m; (8)

where A, is the collection area of the probe
tip, e is the charge of an electron and n; is the
ion density. In the MPD plasma T; is larger
than T¢. In this case I, is expressed as :

Lis = kApnie/ (T + T3) /mi (9)
where the coefficient s depends on the ratio
T;/T, as shown in Fig.3.1'1

Since the ion saturation current collected
by the perpendicular tip is not affected by
the plasma flow, Ip,er, is also expressed as
eq.(9). The effect of the magnetic field is
negligible in the ion saturation current, be-
cause the ion Larmour radius is much larger
than the collection length in this experiment.
The plasma flow changes the presheath re-
gion formed in front of the negatively-biased
probe and affect I, as discussed in the pre-
vious scction.
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FIG. 3. The coefficient & as a function of T;/Ts.
In the supersonic region (M > 1) the
presheath region is thought to be disappeared
and Ip.r, is expressed in a very simple form
as :
Lpara = Apniel, (10)

where U, is a plasma flow velocity. Then the
Mach number is calculated as :

U, U,
M=1"2 =— P 11
C‘s \/(TC+T1-)/mZ‘ ( )
Ipara
= K (12)
IPCTP

The Mach number variation along and
across the field lines is measured by a mov-
able and an array of 13ch Mach-probes set
at 1.6m downstream from the MPD outlet in
the HITOP.

A spectroscopic technique is used to mea-
sure anion temperature 7; and a flow velocity
Up from the Doppler broadening and spec-
tral shift of Hell line spectrum (468.575nm).
An emission from the plasma is collected by
a quartz lens and is transferred to a spec-
trometer by a single fiber cable. A spec-
trum is detected with an image intensifier
tube coupled with a CCD camera (ICCD),
which is set at the exit plane of a 1m Czerny-
Turner spectrometer with a grating of 2400
grooves/mm. Hell line spectra are obtained
in every 0.Imsec time interval during a shot
with the spectral resolution of 0.02nm.

Several other diagnostics are installed in

the HITOP device. A time-of-flight (‘TOF)
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neutral particle energy analyzer is attached
at the end of HITOP along the Z-direction,
the plasma flow direction.!? The TOF can
detect a velocity distribution of charge-
exchanged neutral particles coming from a
plasma. An ion temperature and a flow ve-
locity of plasmas are also estimated from the
TOF data. A microwave reflectometer and a
multi-channel magnetic probe array are also
utilized to measure the density and magnetic
field fluctuations associated with MHD ac-
tivities such as instabilities and a magnetic
reconnection in the supersonic plasma.

Experimental Results

A temporal evolutions of the HITOP
plasma parameters are shown in Fig.4. The
discharge voltage V; and current I, are kept
nearly constant over Ims. Ionsaturation cur-
rent densities, Jperp and Jpara, and their ratio
are also shown in the figure.
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FIG. 4. Temporal evolutions of the HITOP plasma.
3=0.023T. The Mach probe 1s located at Z=18{cm
apart from the MPD outlet.
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Here, the ion saturation currents are mea-
sured by an Mach probe located at 1.6m
downstream from the MPD outlet. The elec-
tron density n. and temperature 7. are mea-
sured by a triple probe and attains to 3 x 10'*
cm™3 and 10 eV, respectively, with I; of 10
kA and uniform axial magnetic field B, of
0.1T. The electron density increases almost
linearly with the increase of I; and B,. T,
and U, are measured near the MPD outlet by
the spectrometer. Typical ion temperature
is 10-20eV, higher than Te (5-10eV), and the
flow velocity is 3 x 10*m/s (the drift energy
Edrift = QOEV)

We have observed an increase of the Mach
number M in a magnetic nozzle configura-
tion. Fig. 5 shows the axial profiles (z-axis)
of the magnetic field strength, M, U, and T;.
As shown in the figure, M increases in the
magnetic nozzle region. This phenomenon
are reported in another paper.!8! In this figure
the Mach number in the downstream region
(Z > 85cm) is measured by the Mach probe
and calculated by eq.(12), where k = 0.4 as-
suming T, = T;. Since there is a high den-
sity and high temperature plasma in the up-
stream region (Z < 90cm), the Mach number
cannot be measured by the probe. The spec-
troscopic technique is utilized in this region
to obtain T; and U,. The Mach number is
derived from these data as :

U, U,
M= — P 13
Cs \/(Te—{-ﬂ);mi ( )

1 2

B §miUp

where T, = 7T is also assumed. It is noted
that the Mach numbers obtained by the two
diagnostics are in good agreement with each
other.

The data obtained by TOF analyzer are
also plotted in the figure. Though the TOF
signal is the value integrated along the sight,
the location of main contribution to the sig-
nal is estimated at Z=1.5m, considering the
charge exchange probability and the neutral
particle density profile. The Mach number
calculated by eq.(14) is indicated by a dotted
line in Fig.5(b). The data are also consistent
with the Mach probe’s data.
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FIG. 5. Azial profiles of (a) the magnetic noz-
e configuration, (b) M, (c¢) U, and (d) T;. Open
circles, closed circles and open triangles are the data
measured by the Mach probe, the spectrometer and the

TOF analyzer, respectively.

We measure an ion saturation current as
a function of a yaw angle 6 between a probe
tip surface and a plasma flow direction. Fig.6
shows the ratio of 1,44 t0 Ierp as a function
of  measured at Z=1.1m in the condition
of Fig.5. These data are obtained by rotat-
ing the Mach probe around the probe axis
which is perpendicular to z-axis. Eq. (12)
gives M = 1.3, which agreces well with the
spectroscopic data. It can be compared with
Mach numbers cal culated by the conventional
methods by using the ratio 17 /%% of 14.5
obtained in the figure. Hudis and Stangeby
models give M = 0.4 and M = 1.7, respec-
tively, and differ from the spectroscopic data.
Though Hutchinson and Chung models give
M =12 and M = 1.5, respectively, and are
nearly equal to the spectroscopic data, there
1s no guarantee to be applicable in the super-
sonic region.
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FIG. 6. The ratio Ipare/Ipery as a function of 6.

Conclusion

In conclusion, a high density (more than
10'ecm™3) and supersonic (M > 1) plasma
flow is measured by a Mach probe in the
HITOP device. Several theories on the con-
ventional Mach probe applicable to subsonic
(M < 1) region are critically compared
with the experimental results. It is clari-
fied that a Mach number can be obtained
by a Mach probe whose tips are facing up-
wards(parallel) and perpendicularly to the
magnetized plasma flow. A Mach number
is determined by a simple formula using the
ratio between parallel and perpendicular ion
saturation currents. This formula is applica-
ble in the supersonic (M > 1) region.

The obtained Mach numbers are com-
pared with those obtained by other diagnos-
tics and are in good agreement with those
calculated from 7; and U, obtained by the
spectrometer and the TOF analyzer.
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