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lonization front in a high-current gas dischargea)
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Spectroscopic measurements of ion/neutral density ratio profiles are made inside the high-current,
low-pressure discharge of a coaxial magnetoplasmadynamic thruster and show the existence of a
thin ionization front, upstream in the discharge, that effectively ionizes the incoming gas to
ionization levels above 50%. The measurements allow an estimate of the width of this ionization
front to be on the order of a few millimeters. Due to the known existence of microturbulence in the
plasma, which can produce suprathermal electrons, an explanation of the measurements based on
the existence of a suprathermal tail in the electron energy distribution function is sought. A
theoretical model for the width of the ionization front is combined with a multilevel excitation
model for argon and shows that a Maxwellian electron distribution function cannot account for the
small length scale of the ionization front, and that the latter is more consistent with an electron
distribution function having a suprathermal population, the magnitude of which is estimated by
comparing the model to the experiments. © 2007 American Institute of Physics.

[DOLI: 10.1063/1.2646365]

I. INTRODUCTION

In a Brief Communication' Abramov and co-workers de-
scribed experimental measurements that indicate that an
anomalously thin ionization front may exist immediately
downstream of the gas inlet of a quasistationary high-current
discharge between coaxial electrodes. Unfortunately little
quantitative information on this ionization front was given
and its small width (axial extent) was inferred from a sharp
jump in the axial intensity profiles of ion emission lines and
not from a more direct measurement of the ion/neutral den-
sity ratio profile. In a concluding sentence, the authors specu-
lated that a presence of a population of suprathermal elec-
trons may be responsible for this abrupt ionization.

There has been a few theoretical investigations which
have proposed a mechanism for the ionization of neutrals
injected in such high-current low-pressure discharges. Koba-
yashi et al.* and Sheppard and Martinez-Sanchez™>* proposed
that a back (upstream) diffusion of the plasma towards the
gas inlet can occur, and may enhance the ionization rates
leading to a shortening of the ionization region’s length
scale. Their models relied on a 1D description of the flow,
including nonequilibrium ionization effects, under the as-
sumption of subsonic neutral gas injection. In many real
plasma sources, however, including the one used in our
study, the gas is injected supersonically and the role of back
diffusion may not be easily invoked. Burton and Tiliakos
considered the case of supersonic injection and their calcu-
lations suggested a role for photoionization in the initial ion-
ization process. Their focus however was on the predischarge
gas injection region (in which they found the ionization frac-
tion to reach a value not higher than 107*) and not on the
ionization front, located within the discharge, that can lead to
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almost full ionization of the incoming gas (as our measure-
ments in Sec. III C will show). The relevance of the mecha-
nisms proposed in these studies and their connection to our
work is discussed in more detail in Sec. VI.

The above mentioned studies were conducted in the con-
text of the magnetoplasmadynamic thruster"® (MPDT),
which is a coaxial plasma accelerator in which a high-current
diffuse arc discharge ionizes and electromagnetically
accelerates’ the injected propellant to exhaust velocities on
the order of 10* m/s (significantly exceeding those of chemi-
cal thrusters) for spacecraft propulsion applications ranging
from near-earth missions = to planetary exploration.11 The
ionization process in the MPDT is of paramount importance
to its operation (since a strongly ionized plasma must be
created) and its efficiency (since the electrical power re-
quired to ionize the propellant is typically of the same order
of magnitude as the directed kinetic power in the accelerated
exhaust beamg). Moreover, it has been shown
experimentally12 that in such plasma accelerators, less than
10% of the ionization energy is recovered through recombi-
nation, even several exit diameters downstream of the accel-
eration region. Addressing the fundamental issues related to
the existence, extent, and nature of the ionization front that
controls plasma production in such high-current discharges
may help improve the understanding and control of one of
the most important energetic sinks in current-driven plasma
thrusters and may enhance the realism of the inlet ionization
models adopted in codes'*™! used for the numerical simula-
tion of such plasma devices.

We report the results of a study in which, first, we ex-
perimentally ascertain the existence of a thin ionization front
through which the neutral gas flow, injected in a high-current
(100—480 A) low-pressure (10> mTorr) discharge, is almost
fully ionized. We describe the ionization front and its axial

© 2007 American Institute of Physics
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FIG. 1. Schematic drawing of standard coaxial MPD thruster.

extent quantitatively using emission spectroscopy in the dif-
fuse high-current discharge inside the interelectrode region
of a coaxial steady-state magnetoplasmadynamic thruster.
Since current-driven microinstabilities and their effects have
been experimentally observed'®'® in the plasmas of such
devices (and in particular16 the same device used in our
study) and the resulting microturbulence is known to cause
significant suprathermal electron heating and anomalous
transport,lg’19 we look into the role of suprathermal electrons
which has not been considered in previous studies of the
ionization process in such devices. Specifically, we quantify
the extent to which a Maxwellian electron energy distribu-
tion function fails to explain the measured width (axial ex-
tent) of the ionization front, and calculate the magnitude of
the suprathermal electron tail needed to account for the ex-
perimental measurements.

We start in Sec. II with a description of the facilities,
hardware and optical diagnostics used to obtain the results
discussed in Sec. III. The measured ion/neutral density pro-
files, which allow estimating the ionization front’s axial ex-
tent, are presented and discussed in Sec. III C. A theoretical
model for the front’s width based on a multilevel atomic
model of argon, and an electron energy distribution function
that allows for a suprathermal tail is developed in Sec. IV
and used to explain the measurements. The results are sum-
marized in the final section.

Il. EXPERIMENTAL SETUP
A. Hardware and facilities

A schematic drawing of the longitudinal cross section of
the standard-configuration 20-kW-class self-field MPDT is
shown in Fig. 1. The coaxial device, also used and described
in previous studies,'® consists of a cylindrical graphite anode
(outer electrode) with an exit diameter of 3.5 cm and a tung-
sten cathode rod (central electrode) with a diameter of
0.64 cm. The cathode is connected to the power supply by a
copper bus bar and the anode is connected to ground through
a 300 W resistor. A boron nitride insert between the two
electrodes serves as an insulator. Propellant is injected annu-
larly between the cathode/insulator interface. Small circum-
ferential triangular grooves on the anode/body assist radia-
tive cooling. Water cooling is provided at the anode and
cathode bus connections to the power lines. The thruster in
this study was operated with an argon mass flow rate of
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7 mg/s at current levels between 100 A and 480 A, which
span the nominal MPDT operation regime defined by9

=1, (1)

where £ is the electromagnetic scaling number (a measure of
how far the current is from the level corresponding to an
exhaust kinetic energy equal to the ionization potential) dis-
cussed in Ref. 9 and given by

n-,ll/2(2 ei/mi) 1/4 |-1

gEJ(/,L—r>”2 . (2)
_oln_“

4T 1,

Here J is the total discharge current, m2 is the mass flow rate,
r,/r, is the effective anode to cathode ratio (=5) and ¢; and
m; are the ionization potential and atomic mass of the pro-
pellant. For the conditions stated above and argon propellant,
we have 0.5=¢=2.5, and the two current levels, 100 A and
480 A, selected for this study, correspond to the lower and
upper bounds of this nominal operation range.

The terminal voltage ranged between 20 and 40 V and
the typical duration of steady state thruster firings is between
20 and 40 s. All data reported here were obtained during the
steady-state operation mode reached within 5 s of ignition.

The thruster is placed at one end of a large vacuum
facility, consisting of a 1.5 m diameter by 6.4 m long steel
tank pumped by a 1.2 m diffusion pump, which is backed by
a Roots blower and mechanical pump. This vacuum system
maintains a background pressure below 5 X 10~* Torr during
thruster operation. The high-current discharge is initiated us-
ing a high-voltage (2000 V) capacitor bank which enables a
50 kW high-current power supply to drive the thruster into
steady-state operation.

To obtain optical access to the thruster interelectrode re-
gion, two major modifications were made to the standard
MPDT thruster described above. The first one consisted of a
3 mm wide radial slot machined from the interior surface of
the insulator to the exterior surface of the graphite body as
shown in Fig. 2. The 7 cm long slot extends axially from the
propellant inlet port to the thruster exit plane allowing opti-
cal access to the entire interelectrode region. A quartz win-
dow, secured by a ceramic holder, is used to prevent propel-
lant flow out the slot. A fiberglass thread is used to secure the
ceramic holder and provide a well defined axial geometric
reference on all recorded spectra.

One concern for obtaining accurate spectroscopic data
from this thruster configuration was discharge asymmetries
induced by the radial slot. The thruster was checked for
asymmetries in electron density and temperature profiles by
an existing Langmuir probe system.16 Measurements made in
the near field plume revealed that no major radial asymme-
tries existed. Visual inspections of the interelectrode region
showed that no significant preferential current attachment oc-
curred during operation.

The second modification was the replacement of the
standard cathode shown in Fig. 1 with a composite cathode
shown in Fig. 3 that moves the discharge current pattern
downstream enough so that the region where the injected gas
encounters the discharge is visible through the optical access
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window described above. This composite cathode consists of
a machined thoriated tungsten piece with boron nitride and
copper sleeves slipped over its shaft. The copper sleeve pro-
vides an electrical connection between the copper bus and
thoriated tungsten shaft, while the boron nitride sleeve re-
stricts current attachment to the thoriated tungsten tip.

B. Spectroscopic system

The optical system used to analyze the radiation emitted
from the MPDT interelectrode region is shown in Fig. 4.
Light emitted from the interelectrode region passes through
the radial slot in the thruster and a quartz window in the
vacuum chamber, and is collected by an achromatic lens. A
first surface mirror reflects the emitted light through a dove
prism, which rotates the horizontal image of the thruster slot
and aligns it with the 2 cm long vertical spectrometer en-
trance slit. The 0.75 m Czerny-Turner spectrometer disperses
the emitted radiation along its output plane, the abscissa cor-
responding to wavelength and the ordinate corresponding to
the thruster axial position.

The optical system is focused in the interelectrode region
at a radial position midway between the inner and outer radii
of the discharge chamber. Spectroscopic data obtained in this
fashion have fine spatial resolution (better than 0.2 mm) but
since the lens focuses over an approximately 1 cm radial
range, the radiation profile is essentially radially integrated
over that distance. The radially integrated measurements can
be taken to be representative of the average properties of the
bulk interelectrode plasma since plasma properties are
known to be relatively constant throughout most of this
region,l’zof22 unlike in the exhaust plume where they have
strong gradients. Consequently we expect the assumption of
radial uniformity to hold downstream only to the beginning
of the expansion region, i.e., x=4.4 cm in Fig. 5.

The resulting photographic spectra are digitized with an
8-bit (300 dpi) scanner and analyzed on a personal computer.

Tungsten Tip

Copper

Boron Nitride Tungsten
Sleeve

Sleeve Shaft

FIG. 3. Schematic drawing of the composite cathode.
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FIG. 2. Schematic drawing of the
MPD thruster showing the radial slot
for optical access. Left panel: side
view; right panel: front view.

Each spectrum represents a three-dimensional array of inten-
sity, wavelength and axial position along the thruster’s axis
of symmetry.

lll. EXPERIMENTAL RESULTS

An extensive identification of emission lines in this
plasma over a wide spectral range (3491-5740 A) and at
various current levels (100-490 A) was reported in Ref. 23.
Although noticeable levels of impurity species were found to
exist in the spectra due to erosion product from the insulator
sleeve, they are all upstream of the insulator sleeve/cathode
interface and do not contribute significantly to the interelec-
trode plasma. Through weight and volume loss consider-
ations, the total impurity contribution to the interelectrode
plasma through erosion of electrode and insulator materials
was found to not exceed a few percent of the argon mass
flow rate.”

Photographic Shutter

Spectrometer

Mirror Dove Prism
Fo===TTFl

|
| Entrance Slit

é> Lens

Plume Thruster

Vacuum Tank

FIG. 4. Experimental setup.



033502-4 E. Y. Choueiri and T. Randolph

N“’M

Insulator

Inlet

Cathode

I T T T T T
0 1 2 3 4 5 6 7

Axis (cm)

FIG. 5. Schematic of the thruster’s interelectrode region showing the axial
abscissa that corresponds to the x axis of all the profile plots.

A. Argon ionic and atomic intensity profiles

The intensity profiles for the 4014 A AII and 4259 A Al
emission lines corresponding to the geometry shown in Fig.
5 are shown in Figs. 6 and 7, respectively, for low (100 A)
and high current (480 A) levels. Comparison in absolute in-
tensity between the 100 A and 480 A profiles should not be
made due to the different exposure times and spectrometer
slit widths used to compensate for the difference in overall
brightness.

The intensity drop at the 4.4 cm point in each line profile
is due to the fiberglass thread, used to secure the quartz win-
dow to the thruster body. The dramatic intensity drop that
occurs within several millimeters of the thruster exit point
and the low intensity in the immediate vicinity (a few mm)
of the inlet are due to the vignetting effect of the spectrom-
eter mirrors. The use of a noncylindrical lens also contributes
to optical aberrations at these points. Consequently, data
within several millimeters of the inlet and exit region should
not be viewed with any confidence.

We will address quantitatively the ion/neutral density ra-
tios in Sec. III C but already some general comments on the
extent of the initial ionization region can be drawn from
these two figures.

80x10™

Intensity (Arbitrary Units)

4
Axial Location (cm)

FIG. 6. AIl 4014 A line intensity versus thruster axis at two current levels.
Argon mass flow=7.0 mg/s.
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FIG. 7. Al 4259 A line intensity profile. Same conditions as Fig. 6.

In the 100 A case, the 4014 A Al emission line inten-
sity rises sharply at x=3.5 cm, approximately 1.6 cm down-
stream of the current attachment point at the junction be-
tween the boron nitride sleeve and the exposed tungsten
cathode. The 4259 A AI emission line profile is compara-
tively flat at x=3.5 cm; therefore the propellant ionization
must be increasing dramatically over a region that has an
axial extent of about 3 mm. When the current is increased to
480 A, the 4014 A AII emission line front moves upstream
to within 0.5 cm of the current attachment point.

This type of interelectrode ionization behavior has been
reported briefly and qualitatively by Abramov and co-
workers in Refs. 1. Their photographic spectra revealed the
existence of characteristic ionization dimensions on the order
of a few millimeters or less. The shift of the characteristic
ionization front upstream, as the parameter J>/m was in-
creased, was also observed.

B. Electron temperature profiles

Electron temperatures, needed for the determination of
ion/neutral ratios, were obtained from the ratio of excited
state emission line intensities according to the following
prescription:24

En - El
kT, = ————, 3)
! ( ANA 8l ik )
n
)\nmAlkglInm

where k is the Boltzmann constant, 7, is the electron tem-
perature, E, is the energy of the excited state with respect to
ground, Ay is the wavelength of the transition between states
l and k, A,,, is the transition probability from state m to n, g,
is the degeneracy of the excited state, and /,,, is the intensity
of the emission line. The subscripts n and [ refer to the upper
state of a given transition and the subscripts m and k refer to
the lower state. Transition probabilities and degeneracies for
AII were taken from Refs. 25-27. The implicit assumption of
an optically thin plasma is well justified for nonresonant
transitions in our low-pressure discharge (T,=1-2 ¢V, n,
=10"3-10" cm™). Also, the assumption of equilibrium be-
tween the excited states n and m is well justified for the
range of electron densities and temperatures of this
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FIG. 8. Electron temperature profiles obtained from the relative line inten-
sities of the 4014 A and 4104 A lines. Same conditions as Fig. 6.

discharge.24 The electron temperature measurements ob-
tained from this method were compared to those obtained
from the method of a Boltzmann line fit and were found to
be in good agreement.23

The two primary sources of error in such electron tem-
perature measurements are uncertainties in the Einstein co-
efficients, and the resolution of the relative intensity mea-
surements. Errors arising from the uncertainty of the Einstein
coefficients grow linearly with 7,; but such errors only affect
the absolute measurement of the electron temperature. With
uncertainties of 10% and 26% for the 4014 A and 4104 A
transitions, respectively, the resulting error in electron tem-
perature at 1 eV is 0.12 eV. Errors induced by relative inten-
sity uncertainties are primarily the result of the scanner’s bit
resolution and dominate the error bars shown in Fig. 8 where
the resulting electron temperature profiles for each of the two
current levels are plotted.

Both profiles are relatively constant over the thruster
axis, only undergoing an approximately 15% temperature
rise at the upstream edge. As the current is increased from
100 A to 480 A; the electron temperature, throughout the
interelectrode region increases by about 15% only. This in-
sensitivity of the electron temperature to both the current
level and the spatial location within the discharge is consis-
tent with the results of previous measurements'?' at much
higher power (megawatt) power levels.

C. lon/neutral ratio profiles

By comparing the relative intensities of ion and neutral
emission lines, it is possible to determine the ion/neutral
number density ratio. The intensities of atomic emission
lines are directly proportional to the excited state number
density24

Ty > IM, 4)

Nk
where N, is the number density of state /. In a nonequilibrium
plasma, the excited state number density is related to the
ground state number density (subscript 1 referring to the
ground state) by a modified Boltzmann distribution®®
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E
N;=B)N,— exp( an) (5)

where B, is the nonequilibrium coefficient for state / and
accounts for the departure from equilibrium for the excited
states due to radiation escaping the plasma, and g, is the
excited state degeneracy. By taking the ratio of ion and neu-
tral emission line intensities, and substituting Eq. (4) for the
ion and neutral excited state number densities, the ratio of
ion/neutral ground number densities can be determined,

NT Ny Augid.giBi E, - E
N + _+ + &X ’
Ny NyALL8 kg 1B, kT,

(6)

where the superscript + refers to the ionic state. For the non-
equilibrium, low temperature conditions investigated here,
the total ion and neutral number densities are well approxi-
mated by the population of their respective ground states.”’
Using a radiative-collisional argon plasma model, the
nonequilibrium coefficients were found to be well approxi-
mated by the ratio of collisional to radiative de-excitation
rates of the given excited states (Ref. 23, Appendix A),

2k<1Alk

where N, is the electron number density and Fy is the elec-
tron collisional de- excitation rate, expressions for which
were taken from Drawin.’ By substituting Eq. (6) for ion
and neutral states, Eq. (5) becomes independent of electron
density; therefore ion/neutral ratio measurements can be
made with a known electron temperature (from the relative
intensities of two AIl emission lines) by comparing the rela-
tive intensity of an Al and AIl emission line.

Specifically, we compare the relative intensities of the
4014 A AI and 4259 A AlI emission lines. The transition
probability for the argon 4259 A line was determined from
Ref. 31. The energy level structure and additional needed
transition probabilities were taken from Refs. 32-35. Colli-
sional coefficients for Drawin’s electron collision de-
excitation rate expression for Al were obtained from Ref. 36.

Error sources in ion/neutral density ratio measurements
are essentially the same as those in electron temperature
measurements; however the resulting uncertainty is much
larger due to the exponential dependence on electron tem-
perature in Eq. (6). Again the effects of the scanner’s bit
resolution on the uncertainty in relative line intensity domi-
nate the error bars associated with the measured ion/neutral
ratio profiles shown in Fig. 9. These error bars become larger
at the ion/neutral ratio profile edges where either the Al or
AlI emission line signal eventually drops into the noise level.

For the 100 A case, we see from Fig. 9 that the propel-
lant ionization level increases by an order of magnitude in an
approximately 3 mm front at x=3.5 cm. The drop in the ion/
neutral density ratio further downstream should not necessar-
ily be taken as a measure of recombination because, as al-
ready mentioned in Sec. II B, the assumption of radial
uniformity cannot be expected to hold in the expansion re-
gion (x=4.4 cm).

(7)
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FIG. 9. Profiles of ion/neutral number density ratio at two current levels.
Same conditions as Fig. 6.

As the current is increased to 480 A, the peak ionization
point becomes higher and moves upstream; however the ion-
ization front’s width (axial extent) cannot be accurately mea-
sured, unlike the 100 A case, due to a weak Al signal in this
region. For the same reason stated in the previous paragraph,
the rise in the ion/neutral ratio for x=4.4 cm cannot be taken
with confidence.

Although the ionization front’s width cannot be accu-
rately measured for the 480 A case, it cannot be longer than
1 cm; because the current attachment point (x=1.9 cm) is
only about 1 cm upstream of the peak ionization point (x
=3 cm). This provides an upper bound for the ionization
front dimension but it is likely, given the higher energy den-
sity that must be available at the higher current and the ob-
served upstream recession of the ionization region, that the
actual ionization front’s width for the 480 A case is even
smaller than that (3 mm) measured more accurately at
100 A.

From both profiles we can also deduce that the ioniza-
tion fraction defined as N*/N*+N reaches values as high as
90% and above. Within the experimental uncertainty ex-
pressed by the error bars on this plot, we can conservatively
state that the ionization fraction immediately downstream of
the ionization front is at least 50% for the nominal operation
regime investigated here (0.5=¢=2.5).

IV. THEORETICAL INVESTIGATION

From the above experimental investigation we learn that
the width of the ionization front, Ax;, for the parameters of
our plasma, is typically on the order of a few millimeters and
does not exceed 1 cm. The question we will now address is
whether this small length scale can be explained by a Max-
wellian electron distribution function (EEDF) with an aver-
age electron temperature equal to that measured and reported
in Sec. III B. We will find out that such a Maxwellian EEDF
falls considerably short of explaining the measured ioniza-
tion front length scale, which is much smaller than the theo-
retically predicted one even under the most favorable condi-
tions for the ionization kinetics. The smallness of this length
scale, and the fact that strong current-driven microinstabili-
ties are known experimentally to exist in this plasm2116’17 and
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are of the type that produces suprathermal electrons,'’ lead
us to consider the role of an EEDF with a suprathermal tail
in enhancing the ionization process. Consequently we will
carry out an analytical estimate of the ionization front’s
width using a detailed atomic physics model for argon and an
EEDF that allows for the existence of such a tail. By setting
the tail parameter to zero, we recover the Maxwellian EEDF
which will allow us to contrast the “classical” prediction for
Ax; with the above measured range. Furthermore, by allow-
ing the tail parameters to adjust to match the measured data
we obtain a measure of the magnitude of the electron su-
prathermal tail required to explain the experiments.

V. A MODEL FOR A MINIMUM IONIZATION FRONT
WIDTH

Consider a 1D ionization region of extent Ax; in which
neutral gas enters at position x, and reaches maximum ion-
ization at position xy+Ax;. Let T, and n, be the average
values of the electron temperature and density in that region.
Making the good assumption that the ionization is due to
electron impact with the incoming neutrals we can write the
following continuity equation:

\E (nnvn) = RSZ’ (8)

where n, and v,, are the density and velocity of the neutrals,
respectively, and Riln) represents the reaction rate of the ion-
ization process.

In terms of the rate coefficient Ki’rz, defined as

K9 = RO/n.n,, )
the above equation, in 1D, becomes
d .
_(nnvl’l) = nenanlrz N (10)
dx

By approximating the spatial derivative using finite changes
over the region’s extent Ax; (assuming that this distance is
appropriately small) we have

n,Av, +v,An ;
S ":nenan,’,z, (11)
Axi '

which can be solved for Ax;,

Ay, = An, v,

1

o 1K "
where we have assumed that the neutrals are not accelerated
much in this region (i.e., Av,=0), which is a good assump-
tion at the upstream end of the acceleration region.

Since we expect the measured Ax; to be significantly
shorter than the value calculated with a Maxwellian EEDF,
we seek a model and an estimate of the minimum possible
Ax;. If this minimum possible Ax; calculated with a Max-
wellian EEDF is larger than the experimentally measured
value, we will calculate the departures from the Maxwellian
EEDF (in the form of a suprathermal tail) needed to explain
the experimental data.

In order to minimize Ax; we neglect all reactions that
tend to increase Ax; and thus limit ourselves to collisional
excitation and neglect the reverse processes. This also carries
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the implicit assumption that once an atom is in a highly
excited state it is easily (and is thus considered) ionized.
Radiative absorption is one mechanism that could theoreti-
cally enhance ionization and thus shorten Ax; but it will not
considered here as it is negligible at the low temperature
(T,=1-2¢V) and low density (n,=10"-10'"* cm™) con-
ditions of such optically thin plasmas.

Consistent with the above assumptions, we consider, in-
stead of the ionization process represented by the subscript
(i) in the above expressions, excitation processes that can
bring the atom from the ground level (denoted by 1) to an
excited level j from which it can be easily ionized. We there-
fore write

A
Mo Un (13)

Axi = i
n —J
n n62j>1 Ken

Furthermore, since we expect considerable ionization to oc-
cur in the ionization region, we take An,/n, to be of order
unity and write the final expression

v

n
A= —n
”e2j>l Ky,

(14)

where we have replaced the particle subscripts e and n with
the energy level transition notation 1j, which represents tran-
sition from the ground level to the excited level ;.

In order to estimate Ax; using the above expression we
need to evaluate the integrals associated with the reaction
coefficients for the relevant collisional excitation reactions®

2 112
k= ()] raoyaera 15

ij

where as expected for a threshold-type collisional reaction,
the lower limit of the integral has been set to the threshold
energy for that transition €;;, below which the corresponding
cross section Q;; vanishes.

The evaluation therefore requires

* a model of the EEDF, F(e),
* expressions for the relevant cross sections, Qj,
e an atomic model of the gas in question.

We start in Sec. V A, with a model for the electron en-
ergy distribution function that allows the representation of
suprathermal electron tails such as those produced by the
nonlinear effects of plasma microturbulence. In Sec. V B, we
describe aspects of the calculations of collisional excitation
reaction rates that are central to our investigation. The result-
ing numerical model is then used in Sec. V C for a study of
the parametric dependencies of the minimum ionization
characteristic length on the tail parameters. The calculations
are compared with the experimental measurements reported
in Sec. III C.
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A. Electron distribution function with a suprathermal
tail

We start by assuming that the bulk of the electrons, cor-
responding to a fraction (1—pu) of the entire distribution
(where u is the tail fraction), are represented by a Maxwell-
ian speed distribution with a temperature 7,

dN 4v° 2
N = T exp[— mv*/2kTldv,  (16)
B B

where the B subscripts refer to the “bulk” part of the distri-
bution.

In order to control the extent and shape of the tail, we
introduce a distribution for the fraction w representing the
suprathermal tail contribution, with a velocity drift u,; and its
own equivalent “temperature” 77 which we will refer to as
the “tail energy scaling parameter,”

4o? 5
AN\ _ kT P Y AT
( _> - s dv,
T

N Q
(17)
where the T subscripts refer to the suprathermal part of the
distribution, and () is a normalization term.
The composite distribution function F(v) is the sum of

the bulk Maxwellian and the tail model adjusted by their
respective fractions,

dN dN dN
W=F(v)dv=(1—,U,)(W)B+,U,<W>T. (18)

By imposing the normalization

= [ AN o
fo <F>=fo F)dv=1, (19)

we can solve for the normalization factor (),

Y
m(v —uy) }dv
2kTy

Q Jw 4v°
= exp| —
KT\ 2
0 71_1/2( T)
m
2
=z+<zﬂ) : (20)
Uth,.
where vy, =(2kT;/ m)!’?
ity.

is the corresponding thermal veloc-

A parametric plot showing the shape of the resulting
distribution and its tail is shown in Fig. 10, where a bulk
2 eV temperature (8.4 10° m/s) was chosen along with a
tail energy scaling parameter of 6.4 eV (as discussed in Sec.
VI). The drift speed was set equal to the thermal velocity at
that “temperature,” i.e., 15X 10° m/s and the tail fraction
was varied parametrically.

The integral of F(v)dv is plotted as a function of v in
Fig. 11 showing the contribution to the integral of a given
velocity range with the varying tail fraction, .

Since our goal is the calculation of reaction rates which
are obtained by weighing the cross sections with vF(v) and
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FIG. 10. Adopted distribution model for a range of tail fractions, w. T,
=6.4, =0y, =15X10° m/s.

integrating from a certain reaction energy level to infinity, we
choose to use the following convenient parameters:

iLUj
T 1

s
i

<
=

=, @1
61“

where the energy € becomes the implicit variable and ¢;
represents the energy involved in going from level i to level
Jj. The resulting model for the distribution function becomes

F(U )dUU_(] ILL) 1/2M3/2U1/2 X exp[— Ml]UU]dUU
L WU expl- u, U,
Falr(1 4 22) "

+27u}*U")dU; (22)

lj’

where we have also introduced the tail spread parameter 7
defined by

T=—. (23)

Integral of F(v)dv

0 10 20 30 540 50 60
Electron Velocity (107 m/s)

FIG. 11. Integral of the adopted distribution model for various tail fractions
. Same conditions as in Fig. 10.
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B. Reaction rate models for collisional excitation

In order to estimate the impact of distributions with su-
prathermal tails on shortening the effective ionization length
from its classical values, we need to use the above model
along with the relevant cross sections to calculate the asso-
ciated reaction rates.

We first recast Eq. (15) to give an expression for the
reaction coefficients Kj; in terms of the new and more con-
venient variable and parameters U;; and vy, defined
above,

ij> Uij

ij_ <Ql]v> J<l vthulle”le}(U:})F(U )dUU’ (24)

where Q;; is the cross section for the transition in question.
Since we are dealing with excitation by electron impact from
the ground state, we have i=1.

For cross sections of atomic excitation by electron im-
pact, we use the well-established semiempirical formulas of
Drawin:*’

a.  For allowed transitions the cross section Qf is:

e £ ]

b.  For parity-forbidden transitions the cross section QS
is:

}111(1 258,U;).  (25)

’J

U;-1
Of =4magaly| —5—|. (26)
L Uy |
c.  For spin-forbidden transitions the cross section Qisj is:
]
Q; =4majaj, lUS (27)

In the above, j"4 is the absorption oscillator strength for
optically allowed transitions, a;; and f3;; are fit coefficients.
All these parameters are part of the atomic physics model
adopted for the calculations. Finally, efl is the ionization po-
tential of hydrogen from ground state (13.6 eV).

We consider 23 known excitation transitions from the
ground level of the argon atom. These levels are part of the
65-level lumped atomic model for argon compiled and de-
scribed by VIcek in Ref. 36. All the information needed to
represent these 23 transitions in the above equations are
listed in Table I extracted from Ref. 36.

C. Results

We now illustrate the calculations by comparing the
minimum Ax; calculated from Eq. (14) with the experimen-
tally measured values.

In order to find the shortest possible Ax; from Eq. (14)
we set v, to its lowest value in the MPDT v,=0;y
=320 m/s and set n, to the highest measured density16 n,
=10" cm™3. In the same spirit we choose for the electron
(bulk) temperature T the high end of the values measured
for this thruster. Since we know that 7, does not exceed 2 eV
we take Tp=2 eV. This will give the Maxwellian EEDF the
best possible chance for accounting for the smallness of Ax;.
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TABLE 1. Data for the 23 transitions considered in our calculations. A,
optically allowed; P, parity-forbidden; S, spin-forbidden transitions. From
Ref. 36.

Level Excitation ~ Type of Coefficients
n Designation energy (eV) transition af ; or a/;‘}-f‘l‘j,ﬁl j
1 3p° 0
2 4s[3/2], 11.548 S 6.70X 1072
3 4s[3/2] 11.624 A 1.92X 10724
4 4s'T1/2], 11.723 S 9.50x 1073
5 45'[1/2], 11.828 A 462X 10724
6 4P[1/2], 12.907 P 3.5X1072
7 4P[3/2],,.[5/2],5 13.116 p 1.15%X 107!
8 4P'[3/2];, 13.295 P 3.50%x 1072
9 4P'[1/2], 13.328 P 7.00x 1073
10 4P[1/2], 13.273 p 7.00X 1073
11 4P'[1/2], 13.480 P 3.50x 1072
12 3d[1/2]y,.[3/2], 13.884 S 1.50x 107!
13 3d[7/2]54 13.994 S 9.00X 1072
14 3d'[3/21,,[5/2]),5 14.229 P 420X 1072
15 55’ 14.252 A 3.71X1073 4
16 3d[3/2],,[5/2],5+5s 14.090 A 3.33X10724
17 3d'[3/2], 14.304 A 1.79X 10722
18 5p 14.509 P 7.00X 1072
19 5p’ 14.690 p 5.00% 107
20 4d+6s 14.792 A 515X 10721
21 4d' +65’ 14.976 A 3.06X 10721
26 5d"+7s’' 15.324 A 6.50x 10741
27 5d+7s 15.153 A 3.69 X 1072,1
33 6d+8s 15.347 A 240X 10721

In our parametric study, we set the tail spread parameter
7 to unity (i.e., ug=vy, ) to reduce the number of tail control
parameters, and vary the other two tail quantities: the tail
fraction, p and the tail energy scaling parameter 77. The
integral in Eq. (24) is evaluated with a 16-point Gauss-
Legendre quadrature to insure high accuracy.

Figure 12 shows results from these calculations along
with the upper and lower bounds for the experimentally mea-
sured values. The Maxwellian limit is obtained when the tail

Tr=15eV
6.4
5

TMaxwellian Limit

-

0.01
31 Experiments’ Upper Bound

-}
54
44

7| Experiments' Lower Bound

2-4

Tonization Front Width, Ax; (m)
L

0.001

6]

l T
0.0001 0.001 0.01 0.1
Tail Fraction, u

T T T TITT] T T T T TITT] T T T TTITr] T

FIG. 12. Calculated minimum values of Ax; as a function of the tail fraction.
T,=2.0eV, 7=1.
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FIG. 13. Calculated minimum values of Ax; as a function of the tail energy
scaling parameter, 77. 7,=2.0 eV, 7=1.

fraction goes to zero. It is thus clear that even under the most
favorable conditions, Maxwellian electrons cannot account
for the smallness of Ax;. It is also clear that at these condi-
tions, tail fractions of the order of a few percent can bring
down Ay; in the millimeter range that encompasses the ex-
perimentally measured values. Since we have assumed the
most favorable conditions for the smallest Ax;, these tail pa-
rameters represent a lower bound for the values needed to
account for the experimental results.

It should also be noted that Ax; is not always a mono-
tonic function of the tail parameters due to the complex in-
terplay between the tail’s shape and the cross-section-energy
dependence. Depending on the energy level and the tail pa-
rameters, contributions to Ax; from allowed, spin-forbidden,
and parity-forbidden transitions, alternate in importance.

An illustration of how increasing the tail’s energy scal-
ing parameter T, can either increase or decrease Ax; is
shown in Fig. 13. The curves go through a minimum around
20 eV. At that minimum, tail fractions of 1% and higher can
bring Ax; down to within the experimental bounds.

VI. DISCUSSION AND CONNECTION TO PREVIOUS
WORK

Previous theoretical studies® of inlet ionization in MPD
thrusters have considered three mechanisms that can poten-
tially contribute to controlling the width of the ionization
region: (1) upstream flux (from the plasma to the ionization
region) of charged particles, (2) photoionization, and (3)
(thermal) electron impact.

Sheppard and Martinez-Sanchez™* treated the particular
case of subsonic neutral gas injection into the MPD dis-
charge chamber and showed that the thickness of the ioniza-
tion region near the inlet is controlled by an upstream flux
(back-diffusion) of electron-ion pairs. It is doubtful that the
case they considered corresponds to our measurements since
the low pressure in the discharge chamber of our thruster
should insure that the gas flow from the choked injection
annulus is supersonic by the time it reaches the ionization
front, which, in our experiments, is more than 2 cm from the
inlet. A supersonic gas injection, in the words of the authors,
“erases any possible effect that back-diffusion may have on
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inlet ionization.” Furthermore, their model, when evaluated
using the relevant dimensional parameters of our experiment
(mass flow rate=7 mg/s; current=100-480 A; magnetic
field strength=1-4.8X 1073 T; T,=1-2 eV; channel radius
=2 cm) predicts an ionization front thickness of a few cen-
timeters at least.

Burton and Tiliakos® treat the complimentary case of
subsonic inlet gas injection, which is more relevant to our
experiments, and consider the roles of photoionization and
electron impact in controlling the inlet ionization process.
They find that while photoionization plays an initial role in
inlet ionization by raising the ionization fraction from an
initial level of 1077 to 107>, it is quickly surpassed by elec-
tron impact when the ionization fraction reaches the latter
level. Both mechanisms are shown to bring the ionization
level to no more than 10 over a distance of 3-6 mm.
Therefore, this region of relatively very low ionization can-
not be identified as the ionization front observed in our ex-
periments and those of Abramov et al.,1 but rather, using the
term proposed by Burton and Tiliakos, as a “preionization
region.” Such a region may play an important role in the
ignition of the discharge, as explained by the authors, but is
not the strong ionization front that is the focus of our study.

The inability of (thermal) electron impact ionization, as
considered in Burton and Tiliakos’s model, to raise the ion-
ization level beyond relatively miniscule levels over a dis-
tance of a few millimeters is not surprising in light of our
results where ionization with a Maxwellian distribution (rep-
resenting such a thermal electron impact process) requires a
distance of many centimeters at the least to lead to substan-
tial ionization (see Fig. 12 for the limiting case of no su-
prathermal tail).

Finally, it is relevant to mention the recent 2004 study of
Borghi et al.,”™® where spectroscopic measurements of elec-
tron energies in the argon plasma of a MPD thruster show the
existence of a suprathermal electron population. This seems
to be the first time such direct experimental evidence is re-
ported. While the measurements show a thermal electron
population with a bulk temperature of 1.2 eV and a suprath-
ermal one at more than twice that temperature (2.5 eV), the
reported measurements are not in a form of an energy-
resolved distribution function and thus do not allow the ex-
traction of a value for the tail fraction.

The discussion above, along with the results of our
study, compel us to deduce that a non-Maxwellian electron
distribution function with a suprathermal tail is the most
likely explanation for the thinness of the observed ionization
front. While there could potentially be more than one mecha-
nism in MPD thruster plasmas that could result in the gen-
eration of such a suprathermal tail, a likely suspect are the
current-driven microinstabilities that have been observed ex-
perimentally and studied theoretically in the literature.'®'%7
Numerical simulations of ionization driven by counter-
streaming instabilities, such as those reported in Ref. 39,
show that such microinstabilities can generate significant su-
prathermal tails. A scaling of the calculated distribution func-
tions from such a simulation to the parameters of the MPD
thruster was made in Ref. 40 and gave an estimate of 6.4 eV
for Ty. (Consequently, we included a calculated curve for

Phys. Plasmas 14, 033502 (2007)

that value of T in Fig. 12.) Since the focus of the present
study is the thickness of the ionization front and not the
mechanism generating the suprathermal tail, we will refrain
from speculating further on their origin.

VIl. CONCLUSIONS

The above spectroscopic and theoretical analysis of the
spatial extent of the plasma production region in the high-
current discharge of a nominally operated MPD thruster al-
lows us to draw the following conclusions:

1. Spectroscopic measurements of ion/neutral density ratio
profiles showed that an ionization front exists upstream
in the discharge and effectively ionizes the incoming gas
to ionization levels above 50%.

2. The width (axial extent) of this ionization front was de-
termined experimentally to be on the order of a few
millimeters.

3. An analytical model of the ionization front’s width was
developed to explain the measurements using a multi-
level atomic model of argon coupled to a prescription
for the electron energy distribution function that allows
the representation of suprathermal electron tails such as
those produced by the nonlinear effects of plasma mi-
croturbulence.

4. With the tail parameters set to zero, the resulting Max-
wellian EEDF, even under the most favorable condi-
tions, overpredicts the ionization front’s width by more
than a factor of 10.

5. The measured width of the ionization front is shown to
be more consistent with electron distributions having su-
prathermal tails as would be expected in such a plasma
where current-driven microinstabilities have been ex-
perimentally observed'®'” and are known to result sig-
nificant suprathermal electron heating and anomalous
transpor‘[.lg’19

6. Tail fractions as small as a few percent were found to
reduce the spatial extent of the ionization front down to
the observed millimeter level.
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