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Abstract

The results of pulsed acceleration of “metal”
plasma in two-stage Pulsed Plasma Accelerators
(PPA) are presented. Objective of choosing the
regimes for simultaneous action of the stages was to
provide a non erosive work of the second stage
electrodes (Lo,;C)"? < (Lo,C»)"?, when C, << C,.

Basing at the joint solution of integral equations
of energy and motion it is proposed an easy method
for plasma acceleration calculations. Also there are
compared calculated and experimental results.

Magnetic field was measured with the help of
magnetic probes. Also it was done analysis of the
local-time distribution of magnetic field and current
in the PPA chamber. It is shown that calculations of
the total pulse are in ‘good agreement with
experimental results.

According to the results of PPA general
properties investigation, use of the metal Cd as the
model propellant is proposed. Also there is shown
possibility of PPA application to the coating
deposition technique of solid lubricants.

Introduction

PPA use for production of high-speed plasma
flows (V ~ 10° m/s, Mach number M = 20 + 40) with
temperature range 10°+10°K is known for the
following applications': various tasks of the
hypersonic electrodynamics, investigation of the non-
equilibrium plasma properties, cosmology processes
simulation. PPA was used as a plasma source for
tests on plasma cluster dynamics in space and study
of their behavior in ionosphere and magnetosphere?*,
Practical usage of plasma accelerators as engine — the
active part of space vehicle control systems
(ZOND-2, Russia; LES-6, LES-7, USA) is under
consideration, too. The PPA advantages as executive
parts for long-duration satellites in comparison with
other electric rocket engines are caused by more
precise control, stabilization and practically
immediate response. PPA devices are distinguished
by wide range of operating parameters, permanent
readiness to be switched on and off, simple design,
best matching to PC commands in digital codes (due
to pulsed nature of operation), high reliability.

It has been shown in * the limitation of possibility
to obtain stable plasma flow parameters for PPA with
dielectric (PTFE) ablation. Such PPA type has the
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following general disadvantages:

- low thrust characteristics (specific impulse - Jo(s),
propulsion efficiency - #, (%));

- low propellant utilization factor K, = m,/ m,, where
m; — mass participating in electrodynamics
acceleration, m, — total mass going through thruster
chamber;

- low temperature of dielectric destruction (for PTFE
it is around 400°C) does not allow working under
high frequency f>n 10 Hz (n=1, 2 ...);

- after some period of operation thruster surfaces are
covered by carbon, which is a product of C,F,
molecular destruction, as a result — device is not
able to operate at the designated voltage Uy;

- C;F, density is equal to 2.2 g/cm® and it exists in
thruster chamber in solid state — that limits thruster
propellant and feed possibilities;

- in most designs of pulsed plasma thrusters there is
no propellant flow rate control capability, which
makes impossible to achieve high thruster
characteristics.

In connection with given above, it is a matter of
interest to investigate PPA with metal propellant.
Requirements to thruster propellant are mostly
caused by intention to obtain the best thruster (or
acceleration) characteristics, such as F (N) or pulse
P (N-s), propulsive efficiency #, (%), electric energy
efficiency 7.(%), specific impulse Jg,(s) or
Ry, (m/s), flow rate (mass per pulse) of propellant
m,, (g) or all elements of thruster my(g), outflow
velocity ¥ (m/s), “thrust price” y(J/N-s) and thrust
efficiency &£=#/n. Also it is interesting to
investigate dependence of above characteristics from
different PPA parameters, namely from capacity
C(uF), voltage U(V), energy stored in capacitor
W = CU’/2 (J) and inductance L(H).

From the thrust characteristics point of view,
using of metals as a propellant makes it possible the
following:

- lower energy consumption for mass unit ionization
W{eV) due to low ionization potential of metals;
use of metals having significant difference between
first and second ionization potentials allows to
reduce energy loss caused by radiation W,;

-energy consumption for vaporizing W,, i.e.
propellant preparation, is not much higher for
metals in comparison with dielectrics (as example,
pure energy consumption for m = 107-10" kg/pulse
and 77=100% are not higher than 5 J when lithium
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Li is used — metal having the highest vaporizing _

heat);

- metals provide complete PPA workability under
high temperature of electrodes T < 1000°C; when
pulse energy W, is constant then maximum
temperature of electrodes may be directly defined
through limit frequency fs» of device operation and
pressure of metal saturation vapor P, used as
propellant:

(1=72)W, fiim = Niim < N1(ps) Q)]

where ¥ — power of discharge.
Wide range of metals may be used when frequency
fis low and pulse energy W, is relatively small,
with frequency (power) increasing lithium Li is
preferable from alkaline group, Sn and Ga from
others;
- metal as propellant allows to obtain best coefficient

of the propellant use K, and, as following,

elimination of propellant loss in time gaps between
pulses;

- in comparison with devices, which use dielectric as
propellant, the metal based devices are
characterized by high stability of parameters from
the point of pulse-to-pulse repeatability.

Such advantages of metals, used as propellant in
propulsive device and PPA, are making hope to reach
higher output parameters in comparison with gases
and dielectrics.

Basics of PPA design selection

It is known that gun, proposed by W.H.Bostick ¢
in 1956, was one of the first PPA devices using metal
as propellant. High velocity V=10%3-10°m/s
plasma is formed by electrode erosion in pulsed
electric arc (pulse duration #,=0.2+2 us, current
I...< 10 kA). Acceleration mechanism is based on
discharge current interaction with its own magnetic
field.

In 1957 L.A.Ansimovitch and others’
investigated plasma accelerator with two electrodes —
“rails”. Plasma formed by thin metal wire explosion
was used as propellant. Interaction between discharge
current and its own magnetic field caused
electromagnetic force, which accelerated plasma
along electrodes.

Since that time there was proposed a number of
designs, which differed from described above by
geometry of electrodes and outer magnetic field
application (return wire). At first, we can mention
PPA named as a Colb pipe or T-shaped pipe °, using
both gas and wire explosion. Plasma discharge
interacts with return wire. The main disadvantage of
such pipe — very low (~1.5+3 %) coefficient of
capacitor energy transformation to plasmoid energy.
T-shape disadvantages could be eliminated by using
cone detonative pipe, which has discharge chamber
with circular electrode. Such design has been
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proposed by V.Josephson.>'® Discharge plasma,

consisting of gas ions and products of electrode

erosion, is not only axially accelerated, but also
compressed due to pinch-effect.

S.W.Kash and W.L.Starr'"'"> investigated
systematically PPA with coaxial electrodes. Plasma
is formed there by wire explosion or by erosion of
electrodes. Authors showed influence of injected
plasma (from wire and main electrodes erosion) on
out put parameters P and 7 of accelerator. As it was
mentioned by authors “erosion should be used or
taken into account, but not ignored”, especially when
injected in PPA mass is compared to main electrodes
erosion.

Complex research work to investigate the end-
type erosion injector PPA was made by authors. 13.14
Injectors operated both — in one-stage and two-stage
modes, having pulse energy of level W,=~5+501.
Results showed significant disadvantage of such
erosion model-propellant reached discharge gap with
delay to discharge beginning. Propellant fed to
discharge in partially ionized state and it is
accelerated to high speed by electromagnetic forces.
So injector may be considered as independent
propulsive device or first stage of two-stage PPA.

A.S.Gilmour and D.L.Lockwood ' investigated
propulsive devices with pulsed vacuum arc. Using of
face propulsive device with cathode (central
electrode) made from different metals under pulse
energy W, up to 30 J made it possible to obtain on
magnesium Mg the following parameters: 7, up to
13.5 %, R,,< 5500 s and unit impulse P < 2-10* N:s.
Application of antinomy Sb, lead Pb and tin Sn as
cathode material was followed by forming small
drops of substance ejecting from propulsive device at
low speed, what cause output characteristics
decreasing. '

Review of basic results of the metal plasma
accelerators experimental investigations allowed to
state the following:

- high values of R;, and 7, may be achieved only by
increasing of propellant unit mass energy W/m, so
it is necessary to increase supplied to PPA energy
to hundreds of J;

- taking into account small outflow velocity of
erosion plasma V< 20-10° m/s in the range of
energy W up to 501] it is necessary to separate
processes of plasma forming and acceleration so,
that effectiveness 7,/ 7. will be increased;

- development of two-stage PPA is required because
of short period of energy supply to PPA, when
;< n-10 ms, non-stationary conditions of supply,
delay of erosion mass output, noted in '*.

Two-stage PPA allows:

- wide-range regulation of mass injected from first
stage, which provides variety of PPA operation
conditions;

- in case when erosion injector is used as the first
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stage, it is possible to supply mass in already

ionized state, influencing azimuthal base discharge

uniformity, discharge effectiveness and controlling
second stage electrical parameters; also it allows to
take account of incoming from the first stage mass
inertia properties;

- erosionless operation of the second stage electrodes
by redistribution of energy between stages when
the first stage electrode is consumable (in case of
erosion injection).

There were analyzed disadvantages of the two-
stage PPA electrical schemes. Control discharge units
and non-linear inductors were used to provide delay
of the second stage discharge (to take into account
inertial properties of mass coming from the first
stage). All above mentioned realized in following
condition:

(€1Ln)'"? <(CaLy2) " by €y << Gy ()]

where C; and C, — capacitance of the first and
second stages; Ly, and Ly, — initial stage inductance.

Experimental installation and PPA model

Vacuum chamber with dimensions of 500 mm in
diameter and 1500 mm in length was used for
experimental investigations of process in PPA,
having metal propellant. For PPA model we used
6 kW power supply unit and MBI'B-1-100 capacitors,
which contacts were changed to reduce R and L.
Scheme of experimental installation  with
measurement and control equipment is shown on
Fig. 1.

During investigation of the two-stage PPA the
following parameters were measured: accelerator
impulse P for direct and indirect device; mass
consumption m (in pulse) of all PPA discharge
components; current J and voltage U for both stages;
total plasmoid energy and energy distribution in it
using calorimeter and microcalorimeters; distance
and time dependence of magnetic field distribution
H,. Above parameters measurement error was in the
range 1+15%.
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According to preliminary work on selecting of
two-stage PPA design, using metal propellant, there
was developed an end-type PPA with grid cathode,
shown on Fig. 2.

Triple-electrode design was used for two-stage
PPA model. Anode of the first stage (plasma source)

1-electrode with propellant; 2-initiation electrode; 3-catode (Mo);
4-anode (HI8NIT); 5... 7-insulators (Al,0;)

Fig. 2. Two-stage PPA model.

was made as semi-opened ampoule, filled by
investigated metal. Supply of erosion products from
previously investigated ' erosion cell to the second
stage was organized through gaps of the grid cathode
made from Mo. Ampoule was also made from Mo
and located at the distance of 1.5+2 mm from
cathode. Therefore erosion injector (plasma source)
supplied propellant to accelerator, which outer
electrode (anode) was 80 mm long and made from
stainless steel. The electrode was a cone having semi-
angle a/2 = 15° at vertex. AL,O; insulators 5, 6, 7, 8
were mounted between electrodes of stages. They
showed good erosion stability for energy level
Wyx<300J. Erosion of insulators was less than 2%
from total of the PPA parts. In case of conditions (2)
the main discharge PPA circuit electrical parameters
were the following;:
- capacitance level of stages: C;=53 uF; C,=430 puF;
- voltage: V;, ¥V, =400+1000 V;
- maximum discharge currents: J;=J,=1.0+1.5-10* A;
- semi-period current duration of discharge in stages:
7=4.5-10° 5; 7,=9.0-10°% s.

Electrodynamics model of plasma acceleration in
two-stage PPA

1-differential sensor; 2-experimental unit; 3-balancer; 4-ohmic divider; 5-Rogovsky’s coil;
6-vacuum chamber; 7,8-set of capacitors; 9-cathetometer

Fig. 1. Experimental installation.
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The first classic work ” initiated high theoretical
activity in the field of dynamics acceleration. There
were proposed models, taking into account coaxial
geometry of electrodes '®, impedance of circuit and
its parts '*?°, plasmoid of variable mass motion due
to electrodes erosion 2!, diffusion and viscous friction
during plasma acceleration 2, optimizing of plasma
accelerator parameters > etc.

Electrodynamics model of plasma acceleration
usually includes 3 differential equations: circuit
equation (Kirchhoff’s law) or energy equation for

equivalent electrical PPA circuit, momentum
equation and mass equation, which in
electrodynamics assumption has a form:
L]
m= [ M(t) dt = const 3

0
Assuming output parameters of the first stage as
boundary and initial conditions of plasma
acceleration in PPA second stage, we can write
equation of equivalent circuit for the second stage in
differential form:

17 d
Uo=¢ (j) Idt+Z(LI)+RI+U,,,k, @

where U, — initial voltage, 1/C/idt - current
voltage, d(LI)/dt - emf of self-induction; RI - voltage
drop at circuit resistance, U,y — anode - cathode
voltage drop at electrodes.

In general case L and R definitions may be
expressed as:

bus ¥4

_ z
L=L(t)=L,, /n+L,, +L ,(t)+j%dz, &)

R=R(t)=R,/n+R, +R,(1)+R,,, ©)

where sum of two first terms is L, and R, and
sum of two second terms is Ly, (1) and R, (1)
accordingly; Ly, R, — initial levels of inductance and
resistance; L., R, — inductance and resistance of
capacitors; Ly, Ry, — bus inductance and resistance;
L1, R,4(t) — inductance and resistance of electrodes
with moving plasma; Ly (?), R, (¢) — inductance and
resistance of plasmoid; dL/dz —~ unit length relative
inductance of propulsive device electrodes; for
complex shape of electrodes we assume that
dL/dz=b(r,z,t)=bg=const and shall evaluate it from
experiment; R, x(1)= U, «(1)/J(1) — resistance of near-
electrode voltage drop areas.

Then circuit equation, differentiated by ¢ with
substitution for R=R(#) and L=L(?) can be written:

1 [Ro+ Ry(o+)ar
dr? +2dL/dt | dt Q)
+[1/q, +dR)/dt +d2L/d12]1 =0

Discharge current oscillogram J(#), recording in

(Lo + L))
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experiment, is the solution for this full differential
equation. Oscillation is damped by some average in
time effective circuit resistance:

Ry = Ry + Ryy(0)+ Ry i (1) +24L/7 (8)

According to energy law, even if Ry+R,,(1)=0,
current amplitude will be damped by presence of
dL/dt ~b4V, term. If R>R,(0)+2dL/dt, then R,
defines the damping nature; if Ry<R,,(1)+2dL/dt, then
damping nature is mostly defined by processes in
propulsive device plasma. From expression (8)
analysis it follows, that Joule heat equivalent to
JIRAR . (®]F(®dt will remain in propulsive device
structure, /, [R,,,(t)+2d1/dt]12(t)dt is registered by
calorimeter with accuracy up to plasma energy level
at electrodes. In our case, where quasi-stationary
acceleration and small amount of injecting mass m
are expected, the following inequality may be
written:

Ry = Ry + Ry (1) >> Ryy(0) + 2L/ )

Taking above into account the differential energy
equation for arbitrary time 7 will be in form:

dlcvfz) dlmv?, 2)+ d(L1*/2)
dt

+R, I (10)

dt dt

where mV:mf /2 - total kinetic energy of plasmoid at

time ¢. Energy W, registered by calorimeter,
consisted of not only kinetic energy W, =mV_, / 2,
but also energy spent to velocity spread of mass etc.
So value of V,, . is defined as V,,,~=2W/P, where
P — measured impulse of plasmoid, unlike V,, =P/m.

Equation of motion for plasmoid with mass m is
conventional, in electrodynamics assumption it may
be written as electromagnetic field energy differential
of z coordinate:

d(mV,,, )yt = V4 1* dLjd; an

So in our case the system of equations for
plasmoid electrodynamics acceleration will be the
following:

m= j'M(t)dt = const,

0
dlcura)_dlmve, 2) aLr2) o . o)
dt dt dt T

d(mv,)/de =1/2(1* ar/dz)

Integration of equations (10) and (11) with initial
and boundary conditions, taking into account
presence of the first PPA stage (index “0”), results in:

2 _y2? , 4
v’V me V”'""f%-i»Rejfj'lzdt (13)
0
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b L2} 2
mV,,, =mVy,.. + eff/z ({I dt 14y

Mass m=const for both PPA stages. So it is seen
from (14) that total PPA impulse is directly
influenced by the first stage impulse P;=mV,,,,. We
formulate using (14), that:

Ty 2
120 =2m Vg~V )/ begy (15)
0

and using condition of the second stage from (13)
Vz,,,,f= V& we may compose expression for
average mass flow velocity in two-stage PPA:

Vi = & 4R 7 /b i + 2 Wi+ W+

1
+ MRy Vo i/ bey)/ m)"- 2R/ by} (16)

where W,=CU,’/2 - energy accumulated in the
second stage capacitor; W, — total energy of
plasmoid, defined by electrical parameters and
organization of the first stage operation. Value R’,y is
defined from current oscillograms in case when
condition (9) takes place. It is impossible to calculate
value of b, for complex geometry of electrodes
(Fig. 2) and complex current distribution. b, may be
defined by measurement of the first stage impulse
Pi=mV,,,, the second stage impulse P,=mV,,,, and
calculation of /Fdt from expression (15). Using
equation (16) for ¥,,, it is not difficult to calculate
analytical expressions for P, 7, and y.

Experimental results of PPA investigation,
comparison between experimental and calculated
data

Preliminary investigation showed, that discharge
in the second stage did not influence consumable
electrode erosion of the first stage and maximum
propellant mass output could be reached at positive
electrode’s polarity.

Such metals like Sn, Bi, In, Ga, Cd were used as
propellant. The last one was chosen as model
propellant in further PPA investigations, because it
did not cause liquid drop output. For the energy
range from 5 to 60 J the mass erosion of Cd was
defined as m¢~3.5-q (mg), where ¢ — quantity of
electricity (for the first stage was in the range
4-102:8.102C). Mass average outflow velocity
Voms calculated according to results of direct
impulse P, measurement at the first stage, is shown
on Fig. 3.

It is seen, that increase of discharge energy W,
causes  non-proportional mass  consumption
increasing basically due to slow component. Also it
causes decreasing of ¥,,,,. On the same plot it is
shown dependence of a propetlant mass m,, injected
to the second stage, from W, energy; and dependence
W=f(W,), describing energy relationships for non-
erosive condition of the second stage electrodes
operation, or m¢,/ ny=(100+10)%.

IEPC-99-203
P 10% [ V100 T T m,10°% |} W,
Ns m/s kg/pulse J
P, 7
20 |-20 P72 200
Vomz m 4
‘*-“\ ) / 7/
N\
P/// W,
10 {10 =T 22 -1 100
iy
2 i T S -
4
0 —
15 20 25 30 W,J

Fig. 3. Dependence of V. and P, from
discharge energy W,.

Simultaneous operation of stages are also
characterized by current oscillograms of the first /,(7)
and the second I, (1) stages (Fig. 4). The broken style
of I (1) plot may be explained by fractional nature of
mass injection to discharge. Delay phase
L =2+4-10%s pointed to presence of inertial mass
output."

U;=800V; C2=430 uF;

k() Uy =920V, Cy = 53 F.

.

Fig. 4. Current oscillograms for PPA stages.

Results of calculations for V,,; =f(& R’y beg m,
Wo Wcis Vomd, its comparison to experimentally
obtained V,,, =P/m, and their dependence from
Wy/ m are presented on Fig. 5. Plots for relationships
s, 11 = f (Ws/ m) are presented there too.
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Fig. 5. Comparison between calculated and
experimental PPA parameters.

Good agreement of experimentally obtained
velocity to ¥,,, calculated by using (16) shows, that
proposed energetic model of plasma acceleration in
two-stage PPA (similar to *°) well describes physical
process in PPA.
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If, according to **, we introduce parameter 7
_ 2(W0 +WC] +2Reﬂ'V0mZM/b€[f)

Em (ZR;ﬂ- by yz L

then we may obtain well known expression for n,
with £taking into account:

e =g[1-2/(1+ﬁ?y7)] (18)

Fig. 5 shows that calculated and experimental
dependencies 7,=f(Wyx/m) are in good agreement
too. Dependence 7. = f{W5x/ m) is also presented.

Analysis of plots showed, that in order to increase
n, of PPA it is necessary to rise Wy/m. Parameters y,
7, and V,, are simply correlated y=V, /27,
Calculations showed, that output flow significantly
depends from (W,/m)"? when £—»1. Then ¥ may be
found as:

14

VW W, 1 W,

= = N ——— 19
2mVy mVy Vi m 9

It comes from expression (19) and fig. 5 that
acceleration effectiveness, outflow velocity V,, and
value of y are low in case of small W,/m. Increasing
of W,/m will cause rise of V,, and 7, respectively.
That rise must be compensated by elevating of
“thrust price” y, so 7, can not be improved only by
increasing of W,/m only. It is necessary to make
detailed investigation and improvement of process
inside PPA chamber.

Local-time distributions of magnetic field H,
and current density j in PPA

Distributions of magnetic field and currents in
PPA were investigated with the help of magnetic
probes. Magnetic probes were designed as coils
(20 turns of 0.1 mm thick wire on the acrylic-plastic
frame 2.5x2.5 mm) mounted in & 5 mm glass tube
with coaxial cable. Coordinate device was used to
move probes to different locations inside and outside
PPA. Probe signal was supplied through RC
integrator to the oscillograph amplifier input. The
probe was pre-calibrated in pulsed magnetic field
with known strength. Evaluation of errors for method
itself and measurement tools resulted in total error of
measurement <15%.

In the PPA chamber it was found only azimuthal
magnetic field H, (1), which distribution for 7=10's
and different z=9, 21, 43, 85 from cathode exit
section, is shown on Fig. 6.

It is seen, that magnetic field strength inside
axisymmetrically pinched plasmoid is changing
according to linear law Hy=j,r/2=1Ir/(2m,),
where a, — pinch boundary radius in section z, and
r <a, — current radius. When r > a, then level of H,
decreases close to dependence H,=I/2nr.
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kOe

0 20

40 r,mm

Fig. 6. Distribution of H, (r, z) in PPA chamber for
7= 10 ps.

Expressions for axial j, and radial j, components
of current density can be obtained from Maxwell
equation rotH = j.,utjpias, Where j,,, — current density
of conductance and ji,s — current density of bias in
plasma. Ignoring jj,. in case of low discharge
frequencies and condition H,(r)=H,(z)=0 we can get:

- dirH
Iz=( ¢%Ir (20)

- _ _aH,
ir==""% @n

Functions of current density distribution j=f(r)
and j,=f(z) along z coordinate and for =10 ps are
shown on Fig. 7 and Fig. 8.

§n 10 ;
A/m® |

o 20 40 r, mm

Fig. 7. Current density j, as function of r.

One can see from the plots, that maximum current
density j,22.6-10’ A/m> occurs near central
electrode for z=9; maximum values range
4-10° A/m*<j,<7-10° A/m’ takes place in the area
with coordinates z <40 mm, r <30 mm, that is in
PPA chamber, where plasma is subjected to
maximum electrodynamics action.
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10t , s
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60

40

20

0 20 40 r,mm

Fig. 8. Current density j, as function of r.

Using known distribution of j, in PPA chamber
(Fig. 8), it was built function of Lorentz volumetric
force density f;=j,xB from coordinate r for
different z (Fig. 9).

£, 10* |
N/m’ T=10 us
z=9
8
z=21
4| /
N z=43
z=85
0 —\<I~1 - o
0 20 40 r, mm

Fig. 9. Lorentz volumetric force density f; as function
of coordinate r.

Taking into account the quasi-stationary behavior
of discharge in PPA (weak dependence of discharge
current distribution from 1), electrodynamics
component of total force F,,, defined by density £,
will be written in form F,, =‘/jz(r,7) B, (1,7 dv,
where v — volume of discharge current or, in
cylindrical coordinates:

F,={" [ [ (r,29B,(r,2)dpdrd; (22)

where r, — current radius of anode.

Integration is divided into two sections: the first
from 0 to z; (where z; — PPA anode end); the second
from g, to o - section of current output. Integration
limits at the second have been changed too: instead
of range from z, to e we put range from B, (r, z;) to
0. Then, after calculations, we obtained:

F,

ed

=F,+F,

out

=27 | [j,B,rdrdz +Z [Blrdr (23)
00 Hoo

where the augend is force in PPA chamber;
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addend - is force out of anode end section, so named
current output area.

In order to calculate total force Fy it is necessary
to take into account component, defined by static
pressure at the cathode surface through density of
volumetric forces, acting in radial direction fi7i.By
Acting plasma force may be defined as:

a 0
Fy =2z [rdr |, (r)B,(r)dr (24)
0 r

Assuming uniform current density j, distribution
on cathode and taking into account B,=uH,=
=uJ/(2ar), where J, — total current measured by
Rogovsky’s coil, we may obtain:

2 2
4 rHoJ J

Fy =2z [rdr [ rdr =522 _0510772 (25)
0 0 8z

Thus, by definition of summary value

Fy=F+F,,+F, for each moment 7, it could be
built function Fz=f(7) (Fig. 10). Integration of this
function made it possible to calculate impulse force
P=/Fydt ~72:10° Ns.

F,N
Fx

0 10 20

Ty US!

Fig. 10. Total force Fyas function of discharge
time 7.

Measurement of impulse P using “direct thrust
meter” at the same PPA electrical parameters gave
value of 82-10° N.s.

So calculated according to magnetic-probe
measurements impulse was 90% from measured. It
gives evidence that electromagnetic plasma
acceleration is realized in PPA.

Conclusions

Features of metals use as propellant are shown
based on tendencies in PPA development, selection
of two-stage PPA scheme is proved and advantages
of such design are investigated.

Experimental investigation of design scheme
influence on workability and integral PPA
characteristics has been done. During investigations
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it was proposed end-type PPA having “grid” cathode

at the second stage and erosion propellant injector at”

the first stage.

Analysis of general equations for electrodynamics
acceleration of plasmoid and their solution by
energetic method made it possible to formulate
expression for outflow velocity V,,, of plasmoid in
the two-stage PPA. It was shown that value of V,,, is
defined not only by energy to mass unit relationship
Wy/m, but depends significantly from thrust
effectiveness ¢, thrust coefficient by and losses ratio
in PPA scheme and electrodes Ry — especially in
case of increased energy Wy

Integral characteristics of PPA were obtained
using Cd as model propellant. Conditions of
simultaneous operation of stages in the case of
energy change at the second stage were defined.
Non-erosive operation of the second stage electrodes
was provided for energy range Wy=100+300 J. It was
achieved good agreement between experimentally
defined velocity V,,, and its calculated value, what
proved proposed model of acceleration in two-stages
PPA.

Based on investigation and analysis of magnetic
field H(r, z, ¢) and current density j(7, z, ) local-time
distributions it was proved the statement about
azimuthal symmetry in two-stage PPA with metal
propellant. Impulse P, calculated according to
magnetic-probe measurements, was in satisfactory
agreement to measured directly.

Results, obtained according to theory and
experiments, allowed to define main factors,
influencing work process in two-stage PPA with
metal propellant.

Investigations made it possible to build simple
PPA models for technological applications (one-stage
and two-stage), which were tested for Sn-based
solder deposition, deposition of Cd-based coatings
for corrosion protection. Also they were used to form
solid-lubricant type coatings on propulsion engine
parts, made from 440C steel and TA6V titanium
alloy within MAI-SEP contracts NeNe 6, 29 in the
period of 1992-1994 years.
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