HTML AESTRACT * LINKEES

JOURNAL OF APPLIED PHYSICS VOLUME 96, NUMBER 10 15 NOVEMBER 2004

lonization and ablation phenomena in an ablative plasma accelerator
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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 device0@
American Institute of Physic§DOI: 10.1063/1.1805726

I. INTRODUCTION was shown that the backflux is responsible for surface car-

bonization in the case of Teflon™ ablatibfiThe effect con-

In electrical discharges where plasma generatlon OCCUTSsts in the flux of returned particles to the surface that is
at the surface such as a vacuum arc or an ablation controlle termined by the bulk plasma density and temperature. In

discharge(puls_ed plasma thruster, Capillary discharge, eIeC'principle two limits are possible. When plasma density is
troguns, circuit bregkers, laser ablation qlewces,)eﬂtlne very high the flux of returned particles is strong. As a result
plasma-wall mteract_lon plays an extremely lm_portant_ FOF?' he velocity at the edge of the Knudsen layer and the corre-
The accurate description of the plasma-wall interaction is o ponding ablation rate are small. The opposite limit corre-

h'hgh |mch)rtance fc.)rrfhleoretlial mvlestlgatlons t?f SLéCh dIS'sponds to the case when plasma density is small. The actual
charges, because it helps to formulate proper boundary COfg,i ¢y the high and small plasma density is determined by
ditions for the overall discharge model. There are sever

" X . . . pecific conditions of the experiment, but is close to the equi-
characteristic subregions near the surface in which dlfferer“brium vapor density. The plasma density and temperature

physical phenomena play a leading role, namely, Spacedepend on the flow conditions in the plasma bulk. One can

charge sheath, Knudsen layer, presheath, and a region Whe&pect that there should be smooth continuous transition be-

transition to ionization equilibrium occurs, or nonequilibrium tween these two regimes. In small plasma devices, the spatial

ionization region(NEIR). These subregions constitute the xtension of the ionization layer may become comparable to
entire transition region between the equilibrium plasma an he size of the device. An example of such a device is a

the VY"?‘"- The. rok_a of NE.IR in the c_)veraII dynamics of the micropulsed plasma thrustérThe conditions of ionization
transition region 1s very Important (lz:Porder to calculate theequilibrium in the presence of strong plasma acceleration
energy and particle fluxes to the wall _were not addressed previously and therefore require special

Tlher;e srbe ‘:’ﬁme ?hyS'IC?l SItU&}tI(:}:]S n \.Nh'Ch pl?ﬁma Syttention. In this paper, the phenomena associated with con-
accelerated by the external Iorces In the region near e Wai, -+ pepyveen the surface and plasma under conditions of

An example of this is ab_latlve pulsed p'aS!“a gccele_ﬂgtbr. strong plasma acceleration are considered taking into ac-
these accelerators, rapld_heatmg of a thin dlele_:ctnc sur_facgoum neutral generatiogablation and neutral ionization.

layer leads tq d(_acom_posmon_ (_)f_the wall mate”a_l' Ablative The rest of the paper is organized as follows. In Sec. II,

products are ionized in the vicinity of the dielectric and arey o problem of surface ablation into a discharge plasma is

accelerated by an electromagnetic force. lonization of th(i’ormulated in the general case. The model of the NEIR under

ablative p_roductj te;]nd [})Ias%atﬁccrfleratmn take F?'atce 'T :Wﬂe condition of strong plasma acceleration is developed in
same region and theretore both pnenomena are Interreialegy; ) Application of the results to the specific physical

These phenqmena are interesting fro.m the standpomt ituation of a micropulsed plasma thruster is considered in
smooth transition between the two ablation modes with smal ec. IV

(subsonig and sonic plasma velocity at the edge of the

Knudsen layer that strongly affect ablatitriThe conditions

at the Knudsen layer edge are very important for calculation!- ABLATION PHENOMENA AND THE KNUDSEN
of the flux of returned patrticles to the surface. For instance itAYER

In this section, the problem of evaporation under the
dElectronic mail: keidar@engin.umich.edu condition of strong plasma acceleration near the ablated sur-
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L h the hydrodynamic region depend on the conditions at the
Anode 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 edyg we use the mass, mo-
Plasma mentum, and energy conservation equations in accordance
with relations(listed in the Appendixbetween 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 particl@scluding
ions and atomssflow is considered. Starting from the bound-
FIG. 1. Schematic of the electromagnetic pulsed plasma thruster. ~ ary 1, in the hydrodynamic region we apply the conservation
laws for mass, momentum, and energy. We will consider a
face is studied. An example of a pulsed plasma thrifster  simplified, single fluid magnetohydrodynami@siHD) ap-
is consideredsee Fig. 1 In the pulsed plasma thruster, a proximation taking into account the self-magnetic field. The
discharge is struck between two electrodes across the diele@agnetic field has a primary componentndirection as
tric (propellanj. Propellant is heated during the discharge byshown in Fig. 1 and decreases between boundaries 1 and 2
the plasma and ablates. The ablated vapor is ionized in th@ue to magnetic diffusion. The mass conservation equation
vicinity of the propellant and is accelerated by the electrofor the heavy particles,

Propellant

Cathode

magnetic force. d(nv)
Similarly to the previous work! we consider the — =0, (1)
multilayer structure of the near surface regi@ee Fig. 2 dy
One can distinguish two different characteristic regions bewhere n is the plasma density and is the velocity. The
tween the surface and the plasma bulk: momentum conservation equation for the plasma,
(1) A kinetic nonequilibrium layer adjacent to the surface dv d(nkT) .
with a thickness of a few mean free patlise Knudsen M nV)d— =~ gy TIB (2
layen; boundary 1 corresponds to the Knudsen layer y y
edge. whereM is the atomic mas§, is the plasma temperatuieis

(2) A collision-dominatedhydrodynamig region; boundary the current density, andl is the magnetic field. The relation
2 constitutes the edge of the hydrodynamic region. between current density and magnetic field can be deter-

mined from Faraday’s law:
The definitions for the edge of the Knudsen layer and the
hydrodynamic region are considered below. .__1dB (3)

We start from a formulation of the equation set for the 1= wdy’

hydrodynamic region. For our primary purpose of consider- - . . .
ing the ablation effects, we simplify the present analyses an%ubstltutmg Egstl) and(3) into Eq.(2) and integrating Eq.

assume that ionization equilibrium is reached near the edg ) one can obtain th? following r.elatlonsh|p between param-

of the hydrodynamic regiotboundary 2. Detailed analysis eters at the boundaries 1 and 2:

of the ionization phenomena is presented in the following ) 15% ) 1|3§

section. Here we assume that the thickness of the NEIR is  NiKTi+Mn,Vi+ 20 NKT, + Mn,Vs + 2u (4)

smaller than the thickness of the hydrodynamic region. The

specific conditions under which this assumption is justifiedThe plasma density and velocity distribution in the hydrody-

are considered in the following section. In this case the elechramic region as well as the values Bf and B, depend on

tron density at the boundary 2 will be calculated using Sahdhe specific geometry of the accelerator. Let us consider a

equilibrium. In the typical range of parametémasma den- planar geometry as an examgpsee Fig. 1. Further analyses

sity is about 18-10?*m™= and electron temperature is will be based on additional assumptions regarding the

about 2—4 eV almost fully ionized plasma is expected ac- plasma acceleration in the electromagnetic thruster. Using

cording to Saha equilibrium. The plasma parameter$) in ~ theMACH2 computer code, it was demonstrated that the mag-
netosonic condition exists at the thruster exit pl&h&he

relative velocity between plasma and neutral gas in a mag-
netic field reaches or exceeds a certain critical value, the gas
P ®~o-ii‘17-‘1:3'“u'-i"i°-m o is efficiently ionized. This velocity is determined by the con-
dition that the ion kinetic energy is equal to the ionization
FIG. 2. Schematic of the near surface layers. energy of the gas. Sometimes this relation is called the

n, B | B magnetosonic condition is associated with the Alfvén critical
To | Vi IV, speedVC.19 This velocity is proportional to the ionization
“ P : P potential,V,=(2eU,/M)®5, whereU; is the ionization poten-
]:I g : tial. Originally, Alfvén put this idea forward in his theory
= % : on the origin of the solar system. The idea states that if the
) |
|
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Alfvén hypothesis and is used in the model of plasma accel-
eration in a pulsed plasma thrust@?PT) (Ref. 21). The
Alfvén hypothesis was experimentally verified and shown to
be correct? 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% high&rAlso
recent simulations usinglaACH2 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 Alfven Sour_‘d speed. Based.on the above we WIHIG. 3. Velocity at the edge of the Knudsen layer as a function of current
make here an assumption about the existence of a magnet@nsity with density at the edge of hydrodynamic layer as a paranteter.
sonic point where the flow velocity equals Alfvén's wave =d=1 cm.
speed. The assumption about the magnetosonic point allows
us to reduce the number of unknowns in the problem. Weance as shown in Fig.)1One can see that the solution with
take the boundary 2 at the distance where the plasma veloa-small current density corresponds to small velocity in com-
ity V, approaches the Alfvén velocity. In other words, this parison to the sound speed. The calculation shows that the
assumption is equivalent to the condition that most of thevalueV; is close to that obtained in the case of an electro-
plasma acceleration takes place in the region between bounthermal plasma accelerafdand corresponds to ablation into
aries 1 and 2 and that the kinetic energy density approacheke dense background plashi&'®when1=0. The velocity
the magnetic energy density at the boundary 2, V, increases with current density and approaches the sound
B speed limit at some high current density dependent on the
= —205 (5)  plasma density at the boundary 2. According to the model,
(unpM)™ the electromagnetic force in the region between boundaries 1

wheren, is the electron density at the boundary 2. To close?nd 2 leads to significant plasma acceleration that in turn
the system of equations for the hydrodynamic layer, and tak@ffects the plasma parameterg andTy) at boundary 1. At
ing into account that the magnetic field decreases along thgPMe value of current density, the solution approaches the

channel, we can estimate the magnetic field at the edge of tNit of the local sound speed. Note that no solution exists
Knudsen laye(boundary } as beyond the case when velocit§; equals the sound speed,

since no physical mechanism for supersonic acceleration in
By =wul/d, (6)  the Knudsen layer exists. Therefore, density when V,
=C, can be considered as a limiting possible density under
the considered conditions. This means that a combination of
the current density and the geometilyat determine the flow
field, i.e., n,) uniquely determine the solution. This rather
general mode(in which three parameters are considered as

081 0.03 i . i

0.6 1

0.4 n,/n,=0.001

0.2 1

0.0

0 1 2 3 4 5 6
Current density, j, x10° A/m?

Velocity at the Knudsen layer edge, V,/C,

Va

whered is the characteristic length of the electrode width
(Fig. 1) andl is the current. Combining Eqé&4)—(6) one can
obtain the following expression for the velocity at the outer
boundary of the kineti¢Knudsen layer:

n, Ton, 1u(l/d)? known) can be coupled with a model of the plasma flow and

MVZ 2 2T, "2 KT, details of the energy conservation in the particular system. In
KT, = 32 . (7) this case the number of free parameters will be reduced and
] a self-consistent solution can be obtained. An example of
2n, such a model in the case of an electrothermal device was

One can see that the velocity at the edge of the KnudseRrésented earliéf. o ,

layer depends upon density at the exit plaheundary 3, Plasma acceleration in the hydrodynamic layer causes
electrode geometrd), and current. In the case b£0 (i.e., transition from the ablation mode with small velocity at the
electrothermal thruster or ablative capillary dischargs Knudsen layer edge and significant backflux to the ablation

equation reduces to the one obtained previo(isly. (4) in mode with sonic velocity at the Knudsen layer edge, which is
Ref. 11. the situation for ablation into vacuum. When the plasma ve-

In order to study the general trends of the dependence dpcity is sufficiently smaﬁ:15'23 it can be assumed that equi-
the velocity at the Knudsen layer edyg on the current librium ionization (according to Saha equatiptakes place.

density without details of the flow field along the channel weHowever, when strong plasma acceleration takes place in the
consider the plasma density at the magnetosonic plan@ydrodynamic region, this may affect equilibrium conditions.
(boundary 2, Fig. pas a parameter. The calculated velocityln the following section we will consider |or1|zat|0n pro-
V, is shown in Fig. 3 as a function of current density. Pa-C€SSes under the effects of plasma acceleration.

rametergT, andn,) at the Knudsen layer edgboundary }
l1l. IONIZATION IN THE PRESENCE OF PLASMA

are calculated using Knudsen layer relatiowppendiy. o oe) FoaTioN IN THE HYDRODYNAMIC REGION
Heavy particle density distribution along the acceleration

channel depends upon the specific geometry of the channel We start our consideration from the Knudsen layer edge.
(for instance the length of the channel and interelectrode disthe reason for this is that in the typical conditions the mean
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free path is much larger than the Debye length and thereforeelocity at the edge of the hydrodynamic region. It was
the sheath thickness is much smaller than that of the Knudshown in the preceding section that the velocity at the edge
sen layer length. This simplifies the problem significantlyof the Knudsen layer varies in the range from very small
since the boundary conditions are known at the Knudser<l up to the local sonic speed. Note that the velocity at the
layer edge(see the Appendix By definition the ionization Knudsen layer edgéhown in Fig. 3 is normalized by the
region is collision dominated and therefore hydrodynamidocal sound speed determined by the heavy particle tempera-
approximation can be used. Considering that the thickness dfire at the Knudsen layer edge. This temperature is close to
the ionization region is much smaller than the transversalhe surface temperature and much smaller than that of the
dimensions, the system of governing equations in a oneelectrons in the ionization layer. Therefore, a physically rea-

dimensional form can be written as sonable condition for the velocity i5=0 whené&=0.
d(n,V;
LI aining = o,y (8) - .
dy A. Limit of small plasma acceleration
_ First let us consider an asymptotic solution for the case
K(Th+ To) + NKT, =P, 9 i -
k(T + To) + KTy © of small plasma acceleratia@?<1). In this case Eq(13)
My, 3V - _ 9P Po) _ 1d@B) -MannyV;, (10) edues @
i Vi dy - dy 2/1« dy aillilg Vi, d—U:sO'S(l—n) +Lﬂﬂ (15)
dé 2n" d¢
. 1dB _ . . .
j=o(E+VB)=———, (11 By substitution of this equation and Ed.2) into Eq.(14) we
wdy have
where ¢; is the ionization rateg, is the recombination rate,
n, n, are ion and neutral densit,,, T, are electron and Ezaﬂ(l—a@- (16)
heavy particlegions, atomg temperatureP,;, P, P are ion,
electron, and total pressure, respectively. We will use th&he last equation has a solution in the form
equation of state for an ideal gése., P=nkT). Due to the n= Bt - 0.5288. (17)

high electron conductivity, electron temperature variation
across the ionization layer is expected to be small and i©®ne can see that the problem is determined by two param-
neglected. We will assume that the ionization rate determinesters« and 3. Therefore, the region thickness where 1

the length of the ionization layer and therefore for simplicity can be determined as a solution of this equation,

recombination is neglected. As a first approach we will con- 1 5
sider plasma flow with uniform current distribution that ap- &= —(1 —1/1- —), (18
proximately corresponds to the slow moving current stage of a B
a pulsed plasma thrustér®* This means that we assume that in the most common case @& 1 the last expression can be
j=a(E+VB)=const. approximated as

We use the following dimensionless variableg:
=yajniy/Cia, b=B/By, n=n;/n;,, v=V,/Cs, whereCj, is the £~ (e, (19)

heavy particle thermal velocity,, is the magnetic field at \here¢" is the thickness of the ionization layer.
the edge of the Knudsen layer,, is the plasma density in

the hydrodynamic region at the edge of the NEIR. In the
absence of acceleration, the NEIR edge corresponds to fuB. Regular sonic transition

:;)itr;:azr?stlci)r?’trl{s.'r;;slrﬁ;rg)lﬁlsega%IIESIIREj%t:fri?iltinoend tbr?istr:jeerfgi?_ In this section we describe the asymptotic behavior of
P - BY ' Y the solution in the case of strong acceleration, e 1. Let

can be. determined from equilibrium analyses. Takmg _theus first calculate the plasma density near the sonic transition
above into account, the system reduces to the following:

place (v=1). The physically meaningful solution with
db smooth transition requires that the right-hand side of(E8).
d_g T (12) be zero at the sonic plane. In general, udiftgopital‘'s rule

one can find the velocity gradient near the sonic plane, which
d(b)? is finite. This procedure was used by a number of authors

v
o (13)  (see Refs. 25 and 26The numerator on the right-hand side

(2 - 1)3—1; =- 2+ 1)1 -n)-—p

2n’ dg of Eq. (13) has the following form in this case:
dn dv 05 v d(b)?
—=-n— +ne’(1-n), 14 0=-(?+1)e®(1-n) - : 20
Ve "ae ne>~(1-n) (14) "+ e A(1-n) Zang (20)

where a=C,,/ (da;ni,), B=(V,/Cy? e=(T,+To)/T;, andV, Using the above assumption about constant current density
=(B,/umn,)°>, andd is the electrode width. For this system one can find from Eq.12) that (1/2)[d(b)?/d¢]=-a(1

of equations, the following boundary conditions can be used:=«¢). Taking this into account the equation for the density
n=0 andb=1. Another additional boundary condition is the reads
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FIG. 5. Plasma density and velocity distribution in the ionization layer with

FIG. 4. Plasma density and velocity distribution in the ionization layer with
B as a parametee=10.

a as a parametee=10.

5 equilibrium condition cannot be met. This is shown in the
a—os(l—ag). (21)  bottom of Fig. 4, where plasma velocity in the ionization
2e™ layer is plotted. It can be seen that the plasma accelerates up

Considering that the ionization layer thickness does nof© the sonic velocity whew is small before ionization equi-
change significantly near the sonic transition regi@s llbrium can be reached. _

shown below we can approximate the thickness-ad/af Similarly, a dependence on the parameteis fOUW_i
[according to Eq(19)]. Taking all the above into account, ParametelB represents an effect of the electromagnetic ac-

finally the physically meaningful solution that allows smooth celeration. Wherg is large, plasma acceleration is small in
transition has the following expression for density in the vi- the subsonic region and as a result ionization equilibrium can

n-n+

cinity of the sonic point: be reached. .
One can conclude that there is a range of parameters
n=051- 1_2Lﬁ(1_l> 22) when equilibrium ionization can be achieved, i.e., when
' 0 ' B>60 anda<0.03. These conditions are necessary condi-

tions for the existence of the ionization equilibrium near the
Sblated surface under strong acceleration effects. An impor-
fAnt 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
C. Numerical examples sonic transition is taken into account.

In this section we describe some numerical examples otf Eln t;nzs (I:astﬁ, tfhe” ele_ctron O,Ifns'ty 'S CaIICL{[ﬁ.ted ag(:(l)][dlng
the solution of the ionization layer problef&q. (12)<14)] tﬁe q.(ec%:c r::a Z gf (;err?'g (S)ec lloené Wgaﬂ;}ihrls ml(a)Pe or
which depends on three parametetsB, ands. These cal- specil S cropuised pias USteP ),

culations are shown in Figs. 4 and 5. Plasma density anffiEC 10 |3 EEETE IE B S e e
velocity in the ionization layer withw as a parameter are y

shown in Fig. 4. By definition, the parameteris inversely ing a simplified approach.
roportional to the ionization rate. One can see that wdaen
brop IV. APPLICATION TO THE CARBON-FLUORINE

is large, the ionization layer th|_ckne(1$eterm|ned by _condl- PLASMA IN A MICROPULSED PLASMA THRUSTER
tion n=1) becomes smaller. This happens because in the sub-

sonic flow considered here, collisiotisnization in our case In this section we apply the above results to a particular
lead to acceleratiofwhich is usual for any one-dimensional plasma device—a micropulsed plasma thrustgrPPT).
gas flow. Whena is small enoughfar<0.03 the ionization  This is a simplified version of a pulsed plasma thruster that

in the case of regular sonic transition. One can see that
small degree of ionization due to significant convection
(plasma acceleratigrin<<1) can be expected if the function
2aB(1-1/B)/°5<1 as will be shown in the following sec-
tion.
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m N o calculated. In turn, the surface temperature is calculated from
S o 71“""/’ the heat transfer equation with boundary conditions that take
REae : Y into account vaporization heat and conductivity. The solution
- of the heat transfer equation is considered for two limiting
-Z - Cathode — - —| = _ ; cases o_f 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
\ N framework of the kinetic mode(see the Appendjx For
known pressure and electron temperature one can calculate
FIG. 6. Schematic of the plasma-surface interaction in a micropulsec}he chemical qompo_s,lthn Ofgthe C+F pla_sma assuming I_ocal
plasma thruster. thermodynamic eqwhbnu?m2 (LTE) or using the nonequi-
librium ionization approach developed in the previous sec-
. tions. The results of calculation according to these two mod-
was recently dgveloped at the A|r!:orce Regearch Laboratorgls will be compared. Using this approach the electron
(AFRL) for delivery O_f very-small |mpulse bt In.order to temperature and Teflon surface temperature can be calcu-
make analyses of this particular device, we estimate the pgz;q
rameterB and we calculate the current density distribution in

he vicinity of the ablated » . 4 of usi In order to calculate current density in the near figld
the vicinity ot the ablated surtace instead of USing an &Sy, in Fig. 6 we assume that the magnetic field has only

sumption about constant current density. The main objectlvgm azimuthal component and also neglect the displacement

of _con5|der_|r_19 this particular exampl_e Is to s_hov_v underyrrent, The main plasma density gradient developed in the
which conditions the effect of nonequilibrium ionization due

| leration is i The ch ... .~ axial direction and therefore gradient mechariSshould
to plasma acceleration is important. The characteristic 10Ny o 4¢te magnetic transport in this system. The combination

ization and recombination times are less than typical time Ol the Maxwell equations and electron momentum conserva-
discharge parameter qha_nge_ in PfRefs. 2 and 2),3 and tion gives the following equation for the magnetic field in the
therefore steady state ionization model developed in Sec. Il <o of isothermal flow:

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- dB/dt=1(ou)V?B -V X [j X B/(en)]
face_ an_d the plasma Iaye_r is separated from the surface by +V X (VXB). (24)
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® Sc@ling analysis shows that the various terms on the right-
tric (Teflon) ablation. Mechanisms of the energy transferhand side of Eq(24) may have importance in different re-
from the plasma include heat transfer by particle convectio@ions of the plasma plume and therefore a general and end-
and radiation. It is assumed that within the plasma layer alfo-€nd plasma plume analysis requires keeping all terms in
parameters vary in the radial direction as shown in Fig. 6the equation. In the case of the near plume ofdHePT with
The energy balance equation can be written in the followin% characteristic scale length of about 1 cm, the magnetic

Flux

Particle

form: eynolds number Rg< 1 and therefore the last term can be
neglected.
gned're/dt: Q- Q - QF, (23) In addition our estimations show that the Hall parameter

is small ((wt<1) if the plasma density near the Teflon sur-

whereQ is the Joule hea®, is the radiation heat, an@¢ is  facen,>10? m™, This case is realized in the-PPT so the
the heat associated with particle flux. Hall effect is expected to be small for this particular case.

According to Ref. 27, radiation in the continuum from a Therefore all results presented below are calculated from
C+2F plasma in the considered parameter range provides tismple magnetic diffusion equation without considering the
main contribution. The radiation energy fl@ includes the Hall effect, i.e., the second term in the right-hand side of Eq.
radiation for a continuum spectrum based on a theoreticg24) can also be neglected.
model?®?° In the expression fer=AZ|-2n§T1’2(1+Xg), the The following boundary conditions are employed. We
coefficient A is a constantl.6x 10728 in S| unit9 and Xg assume that the current is uniform on both electrodes that
=E4/T, with E4 as the energy of the low excited state. Theallows us to estimate the current density on the cathjpde
particle convection fluxQg includes energy associated with and on the anodg,. The magnetic field is assumed to vary as
electron and ion fluxes to the dielectric wall that leads tol/r on the upstream boundary between the electrodes. At the
plasma cooling. It was shown previously that the energy idateral boundary we assume that the normal curjgrD.
carried off mainly by the particle convectiéri® The downstream boundary is considered to be far enough

The full system of equation is described in detail in Refs.away so thatB=0 can be assumed and finally along the
2 and 23. The general procedure of calculation of the plasmeenterline the magnetic field is zero. More details about this
properties consists of the following. Electron temperature isnodel can be found elsewhefe®! From the magnetic trans-
calculated from the energy balance. For known plasma derport equatiorfEqg. (24)], the magnetic field and current den-
sity and electron temperature, the heat flux to the surface isity distributions can be calculated. In order to calculate the
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FIG. 8. Calculated dependence of the surface temperature and electron tem-

ionizati | ti the Tefl f .”perature. Sampling was taken at two locations, midway between the elec-
ionization layer properties near the Teflon surface, we Wil jes and near the outer electrode.

use the magnetic field distribution in the plume instead of
assumingj =const as was done in the above. V. SUMMARY

In this paper we studied several interrelated phenomena
A. Results near the surface ablated into a discharge plasma, such as
ablation, formation of the ionization layer, and plasma gen-
In order to calculate the ionization rate for the C-F eration. We found that there is a smooth transition between
plasma, the electron impact ionization cross secti@vsil- o ablation modes in the pulsed plasma accelerator, namely,
able from a databa?e) are used. In these calculations a spe-gne mode with a small velocity at the Knudsen layer edge
cific example is considered:™* The micropulsed plasma and one with largesound velocity at the Knudsen layer
thruster geometry and scale is shown in Fig. 6. It has a censqge. In the first case, the fraction of backflux is very large,
tral electrodeg(cathod¢ with radius of about 0.4 mm and an \hile in the second case it is about 18%6% according to
outer electrodganode¢ with inner radius of about 1.5 mm. pMonte Carlo simulationsof the primary flux. It was con-
The ablative propellant is Teflon™. In these simulations, the;|yded that the transition between the two modes occurs as
experimental current wave form is used and it can be degyrrent density increases. The current density, which corre-
scribed in a first approximation as an underdamped LCRyponds to this transition, depends on accelerator geometry
circuit current, and details of the flow in the acceleration channel. A model
I(t) =1, sin (Qt)exp(- 1), of t_h.e nonequilibrium ionization layer was developed. In two
N R limiting cases, namely, small acceleration and smooth sonic
where 1,=\2E/L, Q=V1/LC, y=R/2L, L is the effective transition, the analytical solution was obtained. It was found
inductance in the circuilC is the capacitanceR is the total  that plasma acceleration significantly alters the ionization re-
circuit resistance, an€ is the pulse energy. Results pre- gion. The model of the nonequilibrium ionization region was
sented below correspond #©=2.25J andC=0.5uF. The  applied to the specific configuration of the plasma thruster, a
best fit with the experimental wave fotfii®(frequency cor-  ,.PPT. It was found that during the thruster operation, both
responds to=4.7x 10" rad/s and circuit inductancé jonization regimes of LTE and nonequilibrium ionization

=90 nH. S _ take place.
First, we calculate the ionization layer properties-

cording to Egs(12)+21)] to understand if ionization equi- AcKNOWLEDGMENT

librium is achieved. In the Teflon surface temperature—

electron temperatur€T¢T,) plane, these dependencies are ~ The first two authors gratefully acknowledge the finan-
shown in Fig. 7. It can be seen that in general both regimegiéﬂ support of the Air Force Office of Scientific Research
with ionization equilibrium and without it can be achieved in through Grant No. F49620-02-1-0084.

the considered range of parameters. One can see that the

separation curve depends upon the total current in the disAPPENDIX: ON THE ABLATION MODE

charge. For comparison we calculate fheT, dependence Ablation modes were considered in Refs. 11, 14, 16, and
from plasma layer modékee previous sectiopsThese data 17. It was shown that dependent on the density of the back-
are shown in Fig. 8. It follows from comparison of Figs. 7 ground plasma there are two solutions with the same ablation
and 8 that during the discharge there are regimes where equite. One solution corresponds to the case of ablation into a
librium cannot be achieved. Therefore, the plasma composidense plasma when backflux is very strong. This condition is
tion in the plasma layer cannot always be calculated basealized for instance in an electrothermal P@REf. 23, an

on LTE assumption but rather the more general mglgk.  ablation controlled capillary dischardg®ef. 11), and in the
(12—«21)] should be employed. cathode spot of the vacuum afRefs. 1 and 1p On the
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other hand, in the case of small background plasma density, 50 T,=2eV
the ablation mode is close to that realized in the vacuum S Toaev
case. This mode is realized for instance in an electromagnetic e 404 ;' o
PPT and laser ablatiofRefs. 14 and 3L 5 TN S
The main structure that is studied in this respect is the % 30910 kg’"QS -2 255 =120 ks
Knudsen layer, which is the layer attached to the surface in Z 0] -0 _'..'
which the distribution function of the emitted particles is TV
transformed from a half-Maxwellian into a drifted Maxwell- s 10 \.f. FJ" ."
ian at the Knudsen layer edé”e]’his transformation can be é -.J
viewed as jump conditions in the hydrodynamic R sz\',"" R R

descriptionl.6 The relations between parameters at the Knud-
sen layer edge are as described by the following set of equa-

920 960 1000 1040 1080
Surface temperature, T, K

tions:
FIG. 9. Ablation rate contours with electron temperature as a parameter.
Ny Ny 2
— ==V, + B——={exp(- . . "
2(md,)05 Tt ’82(wd1)°'5{ A= a) It seems to be appropriate to mention additional effect
05 related to the ablation mode. In pulsed plasma accelerators as
am erfda)}, (A1) well as in most ablation controlled capillary discharges the
Teflon or other compound materials are used. Therefore one
n, _ng o 5 can consider an additional effect associated with the poly-
4d, 2d1{(1 +207) - BL(0.5 +a)erfc(a) atomic structure of the vaporized molecular such as an inter-
o 05 nal degree of freedorf. Change of the internal degree of
—aexp- a)/m 7}, (A2) " freedom should affect the energy conservation equdfion
(A3)] in the way shown previousfi}". However, our estima-
Ny N 5 tions show that the main portion of the propellant ablates in
(a5 (d)is” la(a”+2.9 - pI2{(2.5 the monoatomic form under typical conditions in pulsed
© ! plasma thrusters. In part, it is due to significant fraction of
+ o) erfo(a) - (2 + a®)exp(— a?)/70%}], the atoms that returned back during the quasisteady state

(A3)  operatior:>*! In addition it was estimated that this is rela-
tively small effect which can be neglected in comparison
where d,=m/2kT,, d;=m/2kT;, a=U;/(2kT;/m)°5 with effects of the plasma acceleration, background plasma
erfda)=1-erfa), erf(a) is the error functionT, is the sur- ~ density, and the electron temperature.
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