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Several interrelated phenomena near the surface ablated into a discharge plasma, such as ablation
and ionization in accelerated plasma are studied. Two characteristic ablation modes are identified,
namely, ablation mode with a velocity at the Knudsen layer edge smaller than the local sound speed
and a velocity at the Knudsen layer edge close to the sound speed. The existence of these two
ablation modes is determined by the current density in the acceleration region. The nonequilibrium
ionization region in the presence of strong electromagnetic plasma acceleration is studied. In the
subsonic regime, the ionization region thickness is proportional to the ionization rate and inversely
proportional to the magnetic field. Conditions for ionization equilibrium in the accelerating plasma
are determined. The specific example of a micropulsed plasma thruster is considered. It is concluded
that both the equilibrium and nonequilibrium ionization regimes occur in this device. ©2004
American Institute of Physics. [DOI: 10.1063/1.1805726]

I. INTRODUCTION

In electrical discharges where plasma generation occurs
at the surface such as a vacuum arc or an ablation controlled
discharge(pulsed plasma thruster, capillary discharge, elec-
troguns, circuit breakers, laser ablation devices, etc.) the
plasma-wall interaction plays an extremely important role.1–6

The accurate description of the plasma-wall interaction is of
high importance for theoretical investigations of such dis-
charges, because it helps to formulate proper boundary con-
ditions for the overall discharge model. There are several
characteristic subregions near the surface in which different
physical phenomena play a leading role, namely, space-
charge sheath, Knudsen layer, presheath, and a region where
transition to ionization equilibrium occurs, or nonequilibrium
ionization region(NEIR). These subregions constitute the
entire transition region between the equilibrium plasma and
the wall. The role of NEIR in the overall dynamics of the
transition region is very important in order to calculate the
energy and particle fluxes to the wall.7–9

There are some physical situations in which plasma is
accelerated by the external forces in the region near the wall.
An example of this is ablative pulsed plasma accelerator.10 In
these accelerators, rapid heating of a thin dielectric surface
layer leads to decomposition of the wall material. Ablative
products are ionized in the vicinity of the dielectric and are
accelerated by an electromagnetic force. Ionization of the
ablative products and plasma acceleration take place in the
same region and therefore both phenomena are interrelated.
These phenomena are interesting from the standpoint of
smooth transition between the two ablation modes with small
(subsonic) and sonic plasma velocity at the edge of the
Knudsen layer that strongly affect ablation.11 The conditions
at the Knudsen layer edge are very important for calculation
of the flux of returned particles to the surface. For instance it

was shown that the backflux is responsible for surface car-
bonization in the case of Teflon™ ablation.12 The effect con-
sists in the flux of returned particles to the surface that is
determined by the bulk plasma density and temperature. In
principle two limits are possible. When plasma density is
very high the flux of returned particles is strong. As a result
the velocity at the edge of the Knudsen layer and the corre-
sponding ablation rate are small. The opposite limit corre-
sponds to the case when plasma density is small. The actual
limit for the high and small plasma density is determined by
specific conditions of the experiment, but is close to the equi-
librium vapor density. The plasma density and temperature
depend on the flow conditions in the plasma bulk. One can
expect that there should be smooth continuous transition be-
tween these two regimes. In small plasma devices, the spatial
extension of the ionization layer may become comparable to
the size of the device. An example of such a device is a
micropulsed plasma thruster.13 The conditions of ionization
equilibrium in the presence of strong plasma acceleration
were not addressed previously and therefore require special
attention. In this paper, the phenomena associated with con-
tact between the surface and plasma under conditions of
strong plasma acceleration are considered taking into ac-
count neutral generation(ablation) and neutral ionization.

The rest of the paper is organized as follows. In Sec. II,
the problem of surface ablation into a discharge plasma is
formulated in the general case. The model of the NEIR under
the condition of strong plasma acceleration is developed in
Sec. III. Application of the results to the specific physical
situation of a micropulsed plasma thruster is considered in
Sec. IV.

II. ABLATION PHENOMENA AND THE KNUDSEN
LAYER

In this section, the problem of evaporation under the
condition of strong plasma acceleration near the ablated sur-a)Electronic mail: keidar@engin.umich.edu
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face is studied. An example of a pulsed plasma thruster10–13

is considered(see Fig. 1). In the pulsed plasma thruster, a
discharge is struck between two electrodes across the dielec-
tric (propellant). Propellant is heated during the discharge by
the plasma and ablates. The ablated vapor is ionized in the
vicinity of the propellant and is accelerated by the electro-
magnetic force.

Similarly to the previous work,11 we consider the
multilayer structure of the near surface region(see Fig. 2).
One can distinguish two different characteristic regions be-
tween the surface and the plasma bulk:

(1) A kinetic nonequilibrium layer adjacent to the surface
with a thickness of a few mean free paths(the Knudsen
layer); boundary 1 corresponds to the Knudsen layer
edge.

(2) A collision-dominated(hydrodynamic) region; boundary
2 constitutes the edge of the hydrodynamic region.

The definitions for the edge of the Knudsen layer and the
hydrodynamic region are considered below.

We start from a formulation of the equation set for the
hydrodynamic region. For our primary purpose of consider-
ing the ablation effects, we simplify the present analyses and
assume that ionization equilibrium is reached near the edge
of the hydrodynamic region(boundary 2). Detailed analysis
of the ionization phenomena is presented in the following
section. Here we assume that the thickness of the NEIR is
smaller than the thickness of the hydrodynamic region. The
specific conditions under which this assumption is justified
are considered in the following section. In this case the elec-
tron density at the boundary 2 will be calculated using Saha
equilibrium. In the typical range of parameters(plasma den-
sity is about 1023–1024 m−3 and electron temperature is
about 2–4 eV) almost fully ionized plasma is expected ac-
cording to Saha equilibrium. The plasma parameterssn,Td in

the hydrodynamic region depend on the conditions at the
boundary 1, which is the Knudsen layer edge. To find the
parameters at the edge of the Knudsen layer as a function of
velocity at the Knudsen layer edgeV1 we use the mass, mo-
mentum, and energy conservation equations in accordance
with relations(listed in the Appendix) between parameters at
the edge of the Knudsen layer and those at the surface pre-
sented in Refs. 14–16 and compared with Monte Carlo simu-
lation in Ref. 17.

First, the simple model for the heavy particles(including
ions and atoms) flow is considered. Starting from the bound-
ary 1, in the hydrodynamic region we apply the conservation
laws for mass, momentum, and energy. We will consider a
simplified, single fluid magnetohydrodynamics(MHD) ap-
proximation taking into account the self-magnetic field. The
magnetic field has a primary component inx direction as
shown in Fig. 1 and decreases between boundaries 1 and 2
due to magnetic diffusion. The mass conservation equation
for the heavy particles,

dsnVd
dy

= 0, s1d

where n is the plasma density andV is the velocity. The
momentum conservation equation for the plasma,

MsnVd
dV

dy
= −

dsnkTd
dy

+ jB, s2d

whereM is the atomic mass,T is the plasma temperature,j is
the current density, andB is the magnetic field. The relation
between current density and magnetic field can be deter-
mined from Faraday’s law:

j = −
1

m

dB

dy
. s3d

Substituting Eqs.(1) and(3) into Eq. (2) and integrating Eq.
(2) one can obtain the following relationship between param-
eters at the boundaries 1 and 2:

n1kT1 + Mn1V1
2 +

1

2

B1
2

m
= n2kT2 + Mn2V2

2 +
1

2

B2
2

m
. s4d

The plasma density and velocity distribution in the hydrody-
namic region as well as the values ofB1 andB2 depend on
the specific geometry of the accelerator. Let us consider a
planar geometry as an example(see Fig. 1). Further analyses
will be based on additional assumptions regarding the
plasma acceleration in the electromagnetic thruster. Using
theMACH2 computer code, it was demonstrated that the mag-
netosonic condition exists at the thruster exit plane.18 The
magnetosonic condition is associated with the Alfvén critical
speedVc.

19 This velocity is proportional to the ionization
potential,Vc=s2eUi /Md0.5, whereUi is the ionization poten-
tial. Originally, Alfvén put this idea forward20 in his theory
on the origin of the solar system. The idea states that if the
relative velocity between plasma and neutral gas in a mag-
netic field reaches or exceeds a certain critical value, the gas
is efficiently ionized. This velocity is determined by the con-
dition that the ion kinetic energy is equal to the ionization
energy of the gas. Sometimes this relation is called the

FIG. 1. Schematic of the electromagnetic pulsed plasma thruster.

FIG. 2. Schematic of the near surface layers.
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Alfvén hypothesis and is used in the model of plasma accel-
eration in a pulsed plasma thruster(PPT) (Ref. 21). The
Alfvén hypothesis was experimentally verified and shown to
be correct.22 Recent simplified model of the plasma accelera-
tion showed that the Alfvén sound speed is proportional to
the Alfvén critical velocity and is about 50% higher.19 Also
recent simulations usingMACH2 shows (Ref. 18) that the
flow speed near the exit of the thruster equals the local value
of the Alfvén wave speed. It was shown that in the frame-
work of the MHD approach, there exists the so-called mag-
netosonic condition i.e., plasma accelerates up to the velocity
equal to the Alfvén sound speed. Based on the above we will
make here an assumption about the existence of a magneto-
sonic point where the flow velocity equals Alfvén’s wave
speed. The assumption about the magnetosonic point allows
us to reduce the number of unknowns in the problem. We
take the boundary 2 at the distance where the plasma veloc-
ity V2 approaches the Alfvén velocity. In other words, this
assumption is equivalent to the condition that most of the
plasma acceleration takes place in the region between bound-
aries 1 and 2 and that the kinetic energy density approaches
the magnetic energy density at the boundary 2,

V2 =
B2

smn2Md0.5, s5d

wheren2 is the electron density at the boundary 2. To close
the system of equations for the hydrodynamic layer, and tak-
ing into account that the magnetic field decreases along the
channel, we can estimate the magnetic field at the edge of the
Knudsen layer(boundary 1) as

B1 = mI/d, s6d

where d is the characteristic length of the electrode width
(Fig. 1) andI is the current. Combining Eqs.(4)–(6) one can
obtain the following expression for the velocity at the outer
boundary of the kinetic(Knudsen) layer:

MV1
2

2kT1
=

n1

2
−

T2n2

2T1
+

1

4

msI/dd2

kT1

3

2

n1
2

n2
− n1

. s7d

One can see that the velocity at the edge of the Knudsen
layer depends upon density at the exit plane(boundary 2),
electrode geometrysdd, and current. In the case ofI =0 (i.e.,
electrothermal thruster or ablative capillary discharge) this
equation reduces to the one obtained previously[Eq. (4) in
Ref. 11].

In order to study the general trends of the dependence of
the velocity at the Knudsen layer edgeV1 on the current
density without details of the flow field along the channel we
consider the plasma density at the magnetosonic plane
(boundary 2, Fig. 2) as a parameter. The calculated velocity
V1 is shown in Fig. 3 as a function of current density. Pa-
rameters(T1 andn1) at the Knudsen layer edge(boundary 1)
are calculated using Knudsen layer relations(Appendix).
Heavy particle density distribution along the acceleration
channel depends upon the specific geometry of the channel
(for instance the length of the channel and interelectrode dis-

tance as shown in Fig. 1). One can see that the solution with
a small current density corresponds to small velocity in com-
parison to the sound speed. The calculation shows that the
value V1 is close to that obtained in the case of an electro-
thermal plasma accelerator23 and corresponds to ablation into
the dense background plasma1,11,15 when I =0. The velocity
V1 increases with current density and approaches the sound
speed limit at some high current density dependent on the
plasma density at the boundary 2. According to the model,
the electromagnetic force in the region between boundaries 1
and 2 leads to significant plasma acceleration that in turn
affects the plasma parameters(n1 andT1) at boundary 1. At
some value of current density, the solution approaches the
limit of the local sound speed. Note that no solution exists
beyond the case when velocityV1 equals the sound speed,
since no physical mechanism for supersonic acceleration in
the Knudsen layer exists. Therefore, densityn2 when V1

=Cs can be considered as a limiting possible density under
the considered conditions. This means that a combination of
the current density and the geometry(that determine the flow
field, i.e., n2) uniquely determine the solution. This rather
general model(in which three parameters are considered as
known) can be coupled with a model of the plasma flow and
details of the energy conservation in the particular system. In
this case the number of free parameters will be reduced and
a self-consistent solution can be obtained. An example of
such a model in the case of an electrothermal device was
presented earlier.23

Plasma acceleration in the hydrodynamic layer causes
transition from the ablation mode with small velocity at the
Knudsen layer edge and significant backflux to the ablation
mode with sonic velocity at the Knudsen layer edge, which is
the situation for ablation into vacuum. When the plasma ve-
locity is sufficiently small1,15,23 it can be assumed that equi-
librium ionization (according to Saha equation) takes place.
However, when strong plasma acceleration takes place in the
hydrodynamic region, this may affect equilibrium conditions.
In the following section we will consider ionization pro-
cesses under the effects of plasma acceleration.

III. IONIZATION IN THE PRESENCE OF PLASMA
ACCELERATION IN THE HYDRODYNAMIC REGION

We start our consideration from the Knudsen layer edge.
The reason for this is that in the typical conditions the mean

FIG. 3. Velocity at the edge of the Knudsen layer as a function of current
density with density at the edge of hydrodynamic layer as a parameter.L
=d=1 cm.
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free path is much larger than the Debye length and therefore
the sheath thickness is much smaller than that of the Knud-
sen layer length. This simplifies the problem significantly
since the boundary conditions are known at the Knudsen
layer edge(see the Appendix). By definition the ionization
region is collision dominated and therefore hydrodynamic
approximation can be used. Considering that the thickness of
the ionization region is much smaller than the transversal
dimensions, the system of governing equations in a one-
dimensional form can be written as

dsniVid
dy

= ainina − arni
2, s8d

niksTh + Ted + nakTh = P, s9d

MniVi
dVi

dy
= −

dsPi + Ped
dy

−
1

2m

dsB2d
dy

− MaininaVi , s10d

j = ssE + VBd = −
1

m

dB

dy
, s11d

whereai is the ionization rate,ar is the recombination rate,
ni, na are ion and neutral density,Te, Th are electron and
heavy particles(ions, atoms) temperature.Pi, Pe, P are ion,
electron, and total pressure, respectively. We will use the
equation of state for an ideal gas(i.e., P=nkT). Due to the
high electron conductivity, electron temperature variation
across the ionization layer is expected to be small and is
neglected. We will assume that the ionization rate determines
the length of the ionization layer and therefore for simplicity
recombination is neglected. As a first approach we will con-
sider plasma flow with uniform current distribution that ap-
proximately corresponds to the slow moving current stage of
a pulsed plasma thruster.10,24This means that we assume that
j =ssE+VBd=const.

We use the following dimensionless variables:j
=yainio /Cia, b=B/B1, n=ni /nio, v=Vi /Cs, whereCia is the
heavy particle thermal velocity,B1, is the magnetic field at
the edge of the Knudsen layer,nio, is the plasma density in
the hydrodynamic region at the edge of the NEIR. In the
absence of acceleration, the NEIR edge corresponds to full
ionization, i.e.,n=1. This density is determined by the con-
ditions in the plasma bulk. By NEIR definition, this density
can be determined from equilibrium analyses. Taking the
above into account, the system reduces to the following:

db

dj
= − a, s12d

sv2 − 1d
dv
dj

= − sv2 + 1d«0.5s1 − nd −
v
2n

b
dsbd2

dj
, s13d

v
dn

dj
= − n

dv
dj

+ n«0.5s1 − nd, s14d

wherea=Cia / sdainiod, b=sVa /Csd2, «=sTi +Ted /Ti, and Va

=sB1/mmniad0.5, andd is the electrode width. For this system
of equations, the following boundary conditions can be used:
n=0 andb=1. Another additional boundary condition is the

velocity at the edge of the hydrodynamic region. It was
shown in the preceding section that the velocity at the edge
of the Knudsen layer varies in the range from very smallv
!1 up to the local sonic speed. Note that the velocity at the
Knudsen layer edge(shown in Fig. 3) is normalized by the
local sound speed determined by the heavy particle tempera-
ture at the Knudsen layer edge. This temperature is close to
the surface temperature and much smaller than that of the
electrons in the ionization layer. Therefore, a physically rea-
sonable condition for the velocity isv=0 whenj=0.

A. Limit of small plasma acceleration

First let us consider an asymptotic solution for the case
of small plasma accelerationsv2!1d. In this case Eq.(13)
reduces to

dv
dj

= «0.5s1 − nd +
v
2n

b
dsbd2

dj
. s15d

By substitution of this equation and Eq.(12) into Eq.(14) we
have

dn

dj
= abs1 − ajd. s16d

The last equation has a solution in the form

n = abj − 0.5a2bj2. s17d

One can see that the problem is determined by two param-
etersa and b. Therefore, the region thickness wheren=1
can be determined as a solution of this equation,

j* =
1

a
S1 −Î1 −

2

b
D , s18d

in the most common case ofb@1 the last expression can be
approximated as

j* < 1/sbad, s19d

wherej* is the thickness of the ionization layer.

B. Regular sonic transition

In this section we describe the asymptotic behavior of
the solution in the case of strong acceleration, i.e.,v→1. Let
us first calculate the plasma density near the sonic transition
place sv=1d. The physically meaningful solution with
smooth transition requires that the right-hand side of Eq.(13)
be zero at the sonic plane. In general, usingL’Hopital‘s rule
one can find the velocity gradient near the sonic plane, which
is finite. This procedure was used by a number of authors
(see Refs. 25 and 26). The numerator on the right-hand side
of Eq. (13) has the following form in this case:

0 = − sv2 + 1d«0.5s1 − nd −
v
2n

b
dsbd2

dj
. s20d

Using the above assumption about constant current density
one can find from Eq.(12) that s1/2dfdsbd2/djg=−as1
−ajd. Taking this into account the equation for the density
reads
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n2 − n +
ab

2«0.5s1 − ajd. s21d

Considering that the ionization layer thickness does not
change significantly near the sonic transition region(as
shown below) we can approximate the thickness as,1/ab
[according to Eq.(19)]. Taking all the above into account,
finally the physically meaningful solution that allows smooth
transition has the following expression for density in the vi-
cinity of the sonic point:

n = 0.5F1 −Î1 −
2ab

«0.5 S1 −
1

b
DG . s22d

This is an expression for density behavior at the sonic plane
in the case of regular sonic transition. One can see that a
small degree of ionization due to significant convection
(plasma acceleration) sn,1d can be expected if the function
2abs1–1/bd /«0.5,1 as will be shown in the following sec-
tion.

C. Numerical examples

In this section we describe some numerical examples of
the solution of the ionization layer problem[Eq. (12)–(14)]
which depends on three parametersa, b, and«. These cal-
culations are shown in Figs. 4 and 5. Plasma density and
velocity in the ionization layer witha as a parameter are
shown in Fig. 4. By definition, the parametera is inversely
proportional to the ionization rate. One can see that whena
is large, the ionization layer thickness(determined by condi-
tion n=1) becomes smaller. This happens because in the sub-
sonic flow considered here, collisions(ionization in our case)
lead to acceleration(which is usual for any one-dimensional
gas flow). Whena is small enoughsa,0.03d the ionization

equilibrium condition cannot be met. This is shown in the
bottom of Fig. 4, where plasma velocity in the ionization
layer is plotted. It can be seen that the plasma accelerates up
to the sonic velocity whena is small before ionization equi-
librium can be reached.

Similarly, a dependence on the parameterb is found.
Parameterb represents an effect of the electromagnetic ac-
celeration. Whenb is large, plasma acceleration is small in
the subsonic region and as a result ionization equilibrium can
be reached.

One can conclude that there is a range of parameters
when equilibrium ionization can be achieved, i.e., when
b.60 anda,0.03. These conditions are necessary condi-
tions for the existence of the ionization equilibrium near the
ablated surface under strong acceleration effects. An impor-
tant conclusion that can be derived is that in order to have
significant ionization, the ionization and accelerations re-
gions must be separated. It should also be noted that the
above numerical results are obtained considering only the
subsonic region and therefore a singularity is found. In real-
ity, this singularity will disappear if the condition for regular
sonic transition is taken into account.

In this case, the electron density is calculated according
to Eq.(22). In the following section, we apply this model for
the specific case of a micropulsed plasma thruster(m-PPT),
where the driving parameters are determined for a specific
situation and also current density is calculated instead of us-
ing a simplified approach.

IV. APPLICATION TO THE CARBON-FLUORINE
PLASMA IN A MICROPULSED PLASMA THRUSTER

In this section we apply the above results to a particular
plasma device—a micropulsed plasma thruster(m-PPT).
This is a simplified version of a pulsed plasma thruster that

FIG. 4. Plasma density and velocity distribution in the ionization layer with
a as a parameter.«510.

FIG. 5. Plasma density and velocity distribution in the ionization layer with
b as a parameter.«510.
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was recently developed at the Air Force Research Laboratory
(AFRL) for delivery of very small impulse bit.13 In order to
make analyses of this particular device, we estimate the pa-
rameterb and we calculate the current density distribution in
the vicinity of the ablated surface instead of using an as-
sumption about constant current density. The main objective
of considering this particular example is to show under
which conditions the effect of nonequilibrium ionization due
to plasma acceleration is important. The characteristic ion-
ization and recombination times are less than typical time for
discharge parameter change in PPT(Refs. 2 and 23) and
therefore steady state ionization model developed in Sec. III
is employed.

The schematic of the plasma layer near the ablated sur-
face is shown in Fig. 6. The plasma is created near the sur-
face and the plasma layer is separated from the surface by
the ionization layer described above. In order to calculate
plasma properties we develop a model that includes Joule
heating, heat transfer from the plasma to the wall, and dielec-
tric (Teflon) ablation. Mechanisms of the energy transfer
from the plasma include heat transfer by particle convection
and radiation. It is assumed that within the plasma layer all
parameters vary in the radial direction as shown in Fig. 6.
The energy balance equation can be written in the following
form:

3
2nedTe/dt = QJ − Qr − QF, s23d

whereQj is the Joule heat,Qr is the radiation heat, andQF is
the heat associated with particle flux.

According to Ref. 27, radiation in the continuum from a
C+2F plasma in the considered parameter range provides the
main contribution. The radiation energy fluxQr includes the
radiation for a continuum spectrum based on a theoretical
model.28,29 In the expression forQr =AZi

2ne
2T1/2s1+xgd, the

coefficient A is a constant(1.6310−38 in SI units) and xg

=Eg/Tp with Eg as the energy of the low excited state. The
particle convection fluxQF includes energy associated with
electron and ion fluxes to the dielectric wall that leads to
plasma cooling. It was shown previously that the energy is
carried off mainly by the particle convection.2,23

The full system of equation is described in detail in Refs.
2 and 23. The general procedure of calculation of the plasma
properties consists of the following. Electron temperature is
calculated from the energy balance. For known plasma den-
sity and electron temperature, the heat flux to the surface is

calculated. In turn, the surface temperature is calculated from
the heat transfer equation with boundary conditions that take
into account vaporization heat and conductivity. The solution
of the heat transfer equation is considered for two limiting
cases of small and large ablation rate similar to that de-
scribed in Ref. 2. The density at the Teflon surface is calcu-
lated using the equilibrium pressure equation for Teflon and
the density at the Knudsen layer edge is determined in the
framework of the kinetic model(see the Appendix). For
known pressure and electron temperature one can calculate
the chemical composition of the C+F plasma assuming local
thermodynamic equilibrium2,23 (LTE) or using the nonequi-
librium ionization approach developed in the previous sec-
tions. The results of calculation according to these two mod-
els will be compared. Using this approach the electron
temperature and Teflon surface temperature can be calcu-
lated.

In order to calculate current density in the near field(as
shown in Fig. 6) we assume that the magnetic field has only
an azimuthal component and also neglect the displacement
current. The main plasma density gradient developed in the
axial direction and therefore gradient mechanism30 should
not affect magnetic transport in this system. The combination
of the Maxwell equations and electron momentum conserva-
tion gives the following equation for the magnetic field in the
case of isothermal flow:

] B/] t = 1/ssmd=2B − = 3 fj 3 B/senedg

+ = 3 sV 3 Bd. s24d

A scaling analysis shows that the various terms on the right-
hand side of Eq.(24) may have importance in different re-
gions of the plasma plume and therefore a general and end-
to-end plasma plume analysis requires keeping all terms in
the equation. In the case of the near plume of them-PPT with
a characteristic scale length of about 1 cm, the magnetic
Reynolds number Rem!1 and therefore the last term can be
neglected.

In addition our estimations show that the Hall parameter
is small (svt!1) if the plasma density near the Teflon sur-
facene.1023 m−3. This case is realized in them-PPT so the
Hall effect is expected to be small for this particular case.
Therefore all results presented below are calculated from
simple magnetic diffusion equation without considering the
Hall effect, i.e., the second term in the right-hand side of Eq.
(24) can also be neglected.

The following boundary conditions are employed. We
assume that the current is uniform on both electrodes that
allows us to estimate the current density on the cathodejc
and on the anodejn. The magnetic field is assumed to vary as
1/r on the upstream boundary between the electrodes. At the
lateral boundary we assume that the normal currentjn=0.
The downstream boundary is considered to be far enough
away so thatB=0 can be assumed and finally along the
centerline the magnetic field is zero. More details about this
model can be found elsewhere.12,31From the magnetic trans-
port equation[Eq. (24)], the magnetic field and current den-
sity distributions can be calculated. In order to calculate the

FIG. 6. Schematic of the plasma-surface interaction in a micropulsed
plasma thruster.
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ionization layer properties near the Teflon surface, we will
use the magnetic field distribution in the plume instead of
assumingj =const as was done in the above.

A. Results

In order to calculate the ionization rate for the C-F
plasma, the electron impact ionization cross sections(avail-
able from a database32) are used. In these calculations a spe-
cific example is considered.12,13 The micropulsed plasma
thruster geometry and scale is shown in Fig. 6. It has a cen-
tral electrode(cathode) with radius of about 0.4 mm and an
outer electrode(anode) with inner radius of about 1.5 mm.
The ablative propellant is Teflon™. In these simulations, the
experimental current wave form is used and it can be de-
scribed in a first approximation as an underdamped LCR
circuit current,

Istd = Ip sin sVtdexps− gtd,

where Ip=Î2E/L, V=Î1/LC, g=R/2L, L is the effective
inductance in the circuit,C is the capacitance,R is the total
circuit resistance, andE is the pulse energy. Results pre-
sented below correspond toE=2.25 J andC=0.5 mF. The
best fit with the experimental wave form12,13(frequency) cor-
responds toV=4.73107 rad/s and circuit inductanceL
=90 nH.

First, we calculate the ionization layer properties[ac-
cording to Eqs.(12)–(21)] to understand if ionization equi-
librium is achieved. In the Teflon surface temperature–
electron temperaturesTs-Ted plane, these dependencies are
shown in Fig. 7. It can be seen that in general both regimes
with ionization equilibrium and without it can be achieved in
the considered range of parameters. One can see that the
separation curve depends upon the total current in the dis-
charge. For comparison we calculate theTs-Te dependence
from plasma layer model(see previous sections). These data
are shown in Fig. 8. It follows from comparison of Figs. 7
and 8 that during the discharge there are regimes where equi-
librium cannot be achieved. Therefore, the plasma composi-
tion in the plasma layer cannot always be calculated based
on LTE assumption but rather the more general model[Eqs.
(12)–(21)] should be employed.

V. SUMMARY

In this paper we studied several interrelated phenomena
near the surface ablated into a discharge plasma, such as
ablation, formation of the ionization layer, and plasma gen-
eration. We found that there is a smooth transition between
two ablation modes in the pulsed plasma accelerator, namely,
one mode with a small velocity at the Knudsen layer edge
and one with large(sound) velocity at the Knudsen layer
edge. In the first case, the fraction of backflux is very large,
while in the second case it is about 18%(16% according to
Monte Carlo simulations) of the primary flux. It was con-
cluded that the transition between the two modes occurs as
current density increases. The current density, which corre-
sponds to this transition, depends on accelerator geometry
and details of the flow in the acceleration channel. A model
of the nonequilibrium ionization layer was developed. In two
limiting cases, namely, small acceleration and smooth sonic
transition, the analytical solution was obtained. It was found
that plasma acceleration significantly alters the ionization re-
gion. The model of the nonequilibrium ionization region was
applied to the specific configuration of the plasma thruster, a
m-PPT. It was found that during the thruster operation, both
ionization regimes of LTE and nonequilibrium ionization
take place.
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APPENDIX: ON THE ABLATION MODE
Ablation modes were considered in Refs. 11, 14, 16, and

17. It was shown that dependent on the density of the back-
ground plasma there are two solutions with the same ablation
rate. One solution corresponds to the case of ablation into a
dense plasma when backflux is very strong. This condition is
realized for instance in an electrothermal PPT(Ref. 23), an
ablation controlled capillary discharge(Ref. 11), and in the
cathode spot of the vacuum arc(Refs. 1 and 15). On the

FIG. 7. Separation between two regions with equilibrium and nonequilib-
rium ionization conditions.

FIG. 8. Calculated dependence of the surface temperature and electron tem-
perature. Sampling was taken at two locations, midway between the elec-
trodes and near the outer electrode.
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other hand, in the case of small background plasma density,
the ablation mode is close to that realized in the vacuum
case. This mode is realized for instance in an electromagnetic
PPT and laser ablation(Refs. 14 and 31).

The main structure that is studied in this respect is the
Knudsen layer, which is the layer attached to the surface in
which the distribution function of the emitted particles is
transformed from a half-Maxwellian into a drifted Maxwell-
ian at the Knudsen layer edge.14 This transformation can be
viewed as jump conditions in the hydrodynamic
description.16 The relations between parameters at the Knud-
sen layer edge are as described by the following set of equa-
tions:

no

2spdod0.5 = n1V1 + b
n1

2spd1d0.5hexps− a2d

− ap0.5 erfcsadj, sA1d

no

4do
=

n1

2d1
hs1 + 2a2d − bfs0.5 +a2derfcsad

− a exps− a2d/p0.5gj, sA2d

no

spdod1.5 =
n1

sd1d1.5p−1fasa2 + 2.5d − b/2hs2.5

+ a2da erfcsad − s2 + a2dexps− a2d/p0.5jg,

sA3d

where do=m/2kTo, d1=m/2kT1, a=U1/ s2kT1/md0.5;
erfcsad=1−erfsad, erfsad is the error function,To is the sur-
face temperature, andno is the equilibrium density. One can
see that in this system of equations, the velocity at the edge
of the Knudsen layer remains a free parameter.

Mainly, the ablation mode is determined by the mecha-
nisms of plasma acceleration in the immediate vicinity of the
ablated surface. In order to study this effect, the model of the
hydrodynamic layer should supplement the Knudsen layer
analyses. Using particle and momentum conservation the ve-
locity at the edge of the Knudsen layer can be calculated.
This approach was undertaken in Ref. 11 where plasma ac-
celeration in the hydrodynamic layer without magnetic force
effects was investigated. To illustrate the effect of the back-
ground plasma parameters on the ablation rate, the contours
of the ablation rate(G) in the plasma density–surface tem-
perature plane with electron temperature as a parameter can
be calculated. These calculations are shown in Fig. 9. Com-
paring ablation rates corresponding to several electron tem-
peraturessT2d, one can see that in the case of larger electron
temperature the ablation rate decreases. Another interesting
effect that is shown in Fig. 9 is that in the low density re-
gime, electron temperature does not affect the ablation rate.
On the other hand in the high density regime there is a very
strong effect ofT2 on the ablation rate. This happens because
the total ablation rate is the resulting flux between the pri-
mary flux and the backflux. In the case of higherT2, the
backflux increases due to the higher electron temperature in
the plasma bulk leading to a decrease in the ablation rate.

It seems to be appropriate to mention additional effect
related to the ablation mode. In pulsed plasma accelerators as
well as in most ablation controlled capillary discharges the
Teflon or other compound materials are used. Therefore one
can consider an additional effect associated with the poly-
atomic structure of the vaporized molecular such as an inter-
nal degree of freedom.16 Change of the internal degree of
freedom should affect the energy conservation equation[Eq.
(A3)] in the way shown previously.33 However, our estima-
tions show that the main portion of the propellant ablates in
the monoatomic form under typical conditions in pulsed
plasma thrusters. In part, it is due to significant fraction of
the atoms that returned back during the quasisteady state
operation.12,31 In addition it was estimated that this is rela-
tively small effect which can be neglected in comparison
with effects of the plasma acceleration, background plasma
density, and the electron temperature.
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