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Abstract

A high power quasi-steady MPD thruster
is investigated in the HITOP device of To-
hoku University. We have measured several
parameters such as an axial and rotational
flow speed and ion/electron temperatures of a
plasma blowing off from an MPD thruster in
various magnetic configurations. It is found
that a Mach number of the plasma flow is al-
most unity in a parallel magnetic flux tube
and increases in a magnetic nozzle configu-
ration. The Mach number increases propor-
tionally to the gradient of the magnetic field.
It attains up to almost 3 and then decreases
in the downstream region due to collisional
processes which may be caused by a limited
capability of the neutral gas pumping.

Introduction

An MPD thruster is one of the promis-
ing electric propulsion system with appropri-
ate thrust, high specific impulse and long life
time. Many researches have been done to
obtain a high efficient structure of an MPD
thruster.

One method to increase the thrust of an
MPD thruster is to operate it in an exter-
nally applied magnetic field.l'! A plasma is
expected to be accelerated in a nozzle type

magnetic field where a magnetic field expands.

gradually. 12 '

There are several acceleration mechanisms
for an MPD thruster with an externally ap-
plied magnetic field. A plasma in an MPD
thruster is accelerated axially by the J,. x By
force, where J, is a radial discharge current
and By is a self-induced azimuthal magnetic
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field. In a magnetic field B, applied exter-
nally in the axial direction, the interaction
between B, and J, results in azimuthal elec-
tromagnetic force J, x B,, which drives the
plasma to rotate azimuthally. The rotational
flow energy converts to the axial flow energy
in the nozzle field. Under appropriate con-
dition electron Hall current J, interacts with
B, to accelerate the plasma in the axial di-
rection.

An axial velocity of a single charged par-
ticle also increases in a nozzle field from the
conservation law of a particle kinetic energy
E=im? = %m(vﬁ + %) and an adiabatic
invariant = mwv3 /B, in the magnetic field.

It is very important to investigate a
plasma flow field in a magnetic nozzle not
only to clarify an acceleration mechanism of
the MPD thruster but also to carry out ba-
sic plasma physics experiments on MHD phe-
nomena, in the flow.?!

The purpose of the present work is to mea-
sure several parameters such as an axial and
rotational flow speed and ion/electron densi-
ties and temperatures of a plasma blowing off
from an MPD thruster in various externally
applied magnetic configurations and to clar-
ify the acceleration mechanism of the MPD
thruster with an externally-applied magnetic
nozzle.

Experimental Apparatus

A high power quasi-steady MPD arcjet
plasma is investigated in the HITOP (HIgh
density TOhoku Plasma) device of Tohoku
University.lYl The HITOP consists of a large
cylindrical vacuum chamber (diameter D =
0.8 m, length L = 3.2 m) with eleven mag-
netic 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.
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FIG. 1. Schematic view of the HITOP device.

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 1ms with a
pulse forming network (PFN) system and a
fast puffing of Helium gas.

Discharge voltage V; and current I, are
kept nearly constant during the discharge.
Iy can be controlled by varying 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 ac-
celerated 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.

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 triple-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. Varia-
tion of Mach number and density 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. The Mach probe has two plane

tips, one of which faces to the plasma flow
direction and the other faces to the perpen-
dicular direction. The Mach number is ob-
tained from the ratio of the two ion satura-
tion currents.[3, 5]

A spectroscopic technique is used to mea-
sure an ion temperature T; and a flow veloc-
ity Up from Doppler broadening and spectral
shift of Hell line spectrum. Emission from
the plasma is collected by a quartz lens and is
transferred to a spectrometer by a single fiber
cable. A spectrum is detected with an image
intensifier tube coupled with a CCD camera
(ICCD), which is set at the exit plane of a
Im Czerny-Turner spectrometer with a grat-
ing of 2400 grooves/mm. Hell line spectra
are obtained in every 0.lmsec time interval
during a shot with the spectral resolution of
0.02nm.

Several other diagnostics are installed in
the HITOP device as shown in Fig.1. A time-
of-flight (TOF) neutral particle energy ana-
lyzer is attached at the end of HITOP along
the z-axis, the plasma flow direction. An ion
temperature and a flow velocity of plasmas
are also obtained from the TOF data. A
microwave reflectometer and a multi-channel
magnetic probe array are also utilized to
measure the density and magnetic field fluc-
tuations associated with MHD activities such
as instabilities and a magnetic reconnection
in the supersonic plasma.

Experimental Results

A temporal evolutions of the HITOP
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plasma parameters are shown in Fig.2. The
discharge voltage V; and current I; are kept
nearly constant over Ims. Ion saturation cur-
rent densities, Jp,r, and Jperp, and their ra-
tio are also shown in the figure. Here, the ion
saturation currents are measured by a Mach
probe located at 1.6m downstream from the
MPD outlet. Jpare and Jperp are those ob-
tained from the plane probe, the surface of
which is parallel and perpendicular to the
plasma flow, respectively. The electron den-
sity ne and temperature 7, are measured by
a triple probe and attains up to 3x 104 ¢cm=3
and 10 eV, respectively, with I; of 10 kA
and uniform axial magnetic field B, of 0.17T.
The electron density increases almost linearly
with the increase of I; and B, for a certain
range of the gas flow rate.
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FIG. 2. Temporal cvolutions of the HITOP plasma.
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A. Uniform magnetic field

Mach number is calculated from the ratio
as M = & X (Jpara/Jperp) , where & = 0.4
assuming T, = 7;.15 When the B, profile is
uniform, the Mach number is almost constant
around M = 1 in the downstream region. As
I increases, M increases dightly in a low cur-
rent (Iy < 3kA) region and saturates around
M =1 in a high current region.

Temporal evolutions-of the ion tempera-
ture 7; and the flow velocity U, are mea-
sured by spectroscopy as shown in Fig.3. T;
and U, are almost constant during a shot
and are 10 eV and 25 km/sec, respectively,
when I; is 8 kA. The Mach number is calcu-
lated from the measured 7} and Upas M =
Up/(T: + Te) /)2 = U /(2T /o) /2
assuming T, = T;.
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FIG. 3. Temporal evolutions of (a) the plasma cur-
rent 1q4, (b) the plasma flow velocity U, (c) the ion
temperature Ty and (d) the Mach number M, in a

uniform magnetic field configuration.
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The obtained Mach numbers are almost
equal to those measured by Mach probes.
The dependences of Uy, T; and M on I; are
shown in Fig.4. U, as well as T; increases
gradually as I; increases. This is the reason
why Mach number is kept constant as I, in-
creases. This indicates that the plasma flow
chokes in a uniform magnetic channel.

B. Magnetic nozzle configuration

As mentioned in the previous section, Uy,
is expected to increase in a nozzle config-
uration of the axial magnetic field. Fig-
ure 5(a) shows three types of magnetic noz-
zle configurations, each of which has a sim-
ilar nozzle shape with different nozzle po-
sition.  Jpara/Jperp and Jperp are shown in
Fig.5(b),(c), respectively. As shown in the
figure, the Mach number calculated from
Jpara/ Jperp increases in the nozzle region. As
B, decreases, M increases and attains up to
almost 3 and then decreases to unity. The
reason why M decreases in the downstream
region will be discussed later.
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FIG. 4. Dependences of (a) U,, (b) the flow energy
Ep, (c) Ty and (d) M on 14 in a uniform magnetic
field.
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In the magnetic nozzle configuration the
equation of motion in the axial direction for
a single charged particle is expressed as,

v

ey - 1)
Here, m is particle mass and p is the adia-
batic invariant. Fj is axial force driving a
particle to the axial direction. It is expected
that particle acceleration rate depends on the
magnetic field gradient. Three types of the
nozzle configurations with different magnetic
field gradient are adopted to obtain M and
n;, as shown in Fig.6. As the gradient in-
creases, M increases faster.

We have measured the axial profiles of the
Uy, and T; by the spectrometer and the TOF
analyzer in the magnetic nozzle configura-
tion (magnetic channel #4). The results are
shown in Fig.7. The flow energy increases by
almost 10 eV, which corresponds reasonably
to the decrease of T;. It also indicates that -
the particle thermal energy is converted to
the flow energy.
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The Mach number in the upstream re-
gion (2 < 90cm) is calculated from
spectroscopically-obtained U, and 7T; as :

M = % = _UP__ (2)
Cs VT, +T;)/m;
1 2
_ smily

where T, = T; is also assumed.

The data obtained by the TOF analyzer
are also plotted in the figure. Though the
TOF signal is the value integrated along the
viewing sight, the location of main contribu-
tion to the signal is estimated at z=1.5m,
considering the charge exchange probability
and the neutral particle density profile. The
Mach number cal culated from the TOF data
are indicated by a dotted line in Fig.7(b). It
is noted that the Mach numbers obtained by
these diagnostics are in good agreement with
each other.

% 0.05 |~ Magnetic channel #4
" Magnetic channel #1
ooo0L— 1 . 1 . 1
71771 3.0
- b - «
g 6 _(xio(m) .5 le) (o) %6 _4 g-g
SR U= LR R R by
£ L0 o8 * 410
= 2r - ’
| { 13 ] 0 0
ol 1 .
80— 77— —1— 80

ol B ],
00 05 10 t5 20 25 30
z(m)

FIG. 6.

zle magnetic configurations, (b) Jpara/Jperp, and (c)

Amial profiles of (a) three types of noz

Jperp. Open circles, closed rectangles and open tri-
angles correspond to mag. channel #1, #4 and #5,

respectively.

IEPC-99-175
0.12 — T v
0.1 1 =7.0(kA)
c 0.08 m=0.13(g/sec)
~ 0.06 4
@ 0.04} ]
.02+ 1
0 0 L 1 J(a)
3 T T v v -
2.5F ¢T5 .................. 1TOF
= 2t o o« Mach probe
1.5} 1
1+ « ¢ % o i
| °(b)
0 1 1 4 A 4
40 T T T T T 30
'\(; 30 | ! ﬁ\ 420 %‘
E 20}l ; TOF 410 <
=3 \T {s
- 10 1 spectrometer ©1 w
0 ' A s ‘ : 0
20 T T T T v
15} % : .
< [ ]
ol -
" si 2 :
. 4 (d)
0 0.5 1 1.5 2 2.5 3
v Z(m)
FIG. 7.  Azial profiles of (a) the magnetic nozzle

configuration #4, (b) M, (c) Uy, 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.

Not only the gyrating thermal motion of
charged particles but also a plasma rotation
should contribute to the increase of M in the
nozzle configuration. The swirling energy of
the plasma is expected to be converted into
the axial flow energy by the applied nozzle
field. The radial profile of plasma rotation
speed is measured at 25cm downstream of
the MPD outlet by the spectrometer. Maxi-
mum rotation speed is 10 km/sec, which cor-
responds to the rotational energy of 2 eV.
Then, the contribution of the plasma rota-
tion on the increase of M seems to be weak
for the present experimental conditions.

Effect of electron Hall current is estimated
to be also weak, since both electron and ion
are strongly magnetized in the present exper-
Iiments.

In the downstream region of the magnetic
nozzle, M begins to decrease. This phe-
nomenon can be explained from collisional
processes with neutral particles.
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FIG. 8. Temporal evolutions of the axial pro-

files of (a) the magnetic nozzle configuration #2, (b)
Jpara/Iperp, and (¢) Jperp.

Figure 8 shows the temporal evolutions of
the axial profile of M. In the earlier phase of
the plasma flow duration the decrease of M
cannot be seen.

At t = 1ms, the decrease of M appears
as shown in the figure. This temporal be-
havior indicates that neutral particles, gen-
erated at end-plates placed on the end frange
of HITOP, diffuse back into the plasma and
charge-exchange with fast ions.

As shown in Fig.8, M begins to decrease
at z = 1.5m. At this point the plasma ra-
dius 7y, calculated under the assumption that
Bzrg is constant, is equal to the ionization

mean free pass of Helium neutral atoms Age.

In the region where the ratio Tp/Aqe is smaller
than 1, neutral particles can penetrate into
the plasma core region from the peripheral re-
gion, and charge-exchange with fast ions. It
should be noted that neutral particles gener-
ated at the end cannot penetrate far into the
upstream plasma along the flow axis due to
the short-ionization mean free path. This col-
lisonal process is also valid in understanding
why the velocity measured by TOF is ncarly
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equal to the peak velocity in the expanded
region of the magnetic nozzle in Fig.7(b).
The charge exchange collision between the
fast ions and atoms produce slow ions, decel-
crates the plasma flow and results in the de-
crease of M. Since the neutral particles gen-
erated at the end-plate move with a thermal
velocity determined by the wall temperature,
it takes 1lms for the particles to diffuse back
to the expanded downstream region of the
magnetic nozzle (z = 1.5m). This is the rea-
son why there is the time delay of the Mach-
number-decreasing phenomena in the down-
stream region of the magnetic nozzle.

Conclusion

In conclusion, a high density (more than
10'cm™) and supersonic plasma flow is
formed by a high power MPD arcjet in the
HITOP device. We have measured several
parameters such as an axial and rotational
flow speed and ion/electron temperatures of
a plasma blowing off from an MPD thruster
in various magnetic configurations.

In a uniform magnetic configuration, 7T,
and n, increase with an increase of the mag-
netic field B, and of the discharge current
I;. The plasma flow is choked with the Mach
number of unity, though I; increases. This
result is consistent with spectroscopic mea-
surements of the increase of both the ion tem-
perature 7; and the flow velocity U,. The
Mach numbers obtained by a Mach probe and
a spectrometer agree well with each other.

The Mach number increases in a magnetic
nozzle configuration. An increasing rate of M
is proportional to the gradient of magnetic
field strength. The increase of M is mainly
due to adiabatic change of thermal energy
into flow energy. It attains up to almost 3
and then decreases in the downstream region
due to charge-exchange collisional processes
between fast ions and neutral particles gener-
ated at the end-plate through surface recom-
bination process. This is caused by a limited
pumping capability of the neutral gas.
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