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Abstract

The ablative Z-pinch PPT utilizes the Z-pinch effect to produce an axially streaming plasma. When the
current is fully pinched in this device, a large axial pressure gradient exists and thus plasma accelerates in
the axial direction due to the gasdynamic force. In the present paper, a model of the electrical discharge in
the Ablative Z-pinch Pulsed Plasma Thruster is developed. The model includes Joule heating of the plasma,
heat transfer to the Teflon, and Teflon ablation. Mechanisms of energy transfer from the plasma column to
the propellant include heat transfer by particle convection and by radiation. The computation of Teflon
ablation is based on a recently developed kinetic ablation model. The average current density in the pinched
region is used as a parameter of the model. The model predicts that the electron temperature peaks at about
4 eV and the plasma density peaks at about 8-10® m™. Thruster performance characteristics such as
impulse bit, specific impulse and the mass bit are calculated. In the case of low pulse energy, all measured
thruster performance characteristics agree with our model predictions when the average current density to
the anode current density ratio o is about 0.55. In the case of high pulse energy, such an agreement with the
experiment occurs when 0=0.7-0.8, that suggests that in the case of higher pulse energy the current is more
constricted near the anode tip. The model also predicts that the impulse bit decreases with increasing
propellant inner diameter in agreement with experiment. The comparison of the model prediction with
experimental data suggests that the pinch effect and the thrust-to-power ratio increase with the pulse
energy.
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1. Introduction

Due to the combined advantages of system simplicity, high reliability, low average electric power
requirement and high specific impulse, currently there is a renewed interest in pulsed plasma
thrusters (PPT’s) for a number of missions'. The PPT is considered as an attractive propulsion
option for orbit insertion, constellation maintenance, drag makeup and attitude control of small

satellites. Existing PPT’s, however, have very poor performance characteristics with an

2
efficiency at the level of about 10% that leaves an opportunity for substantial improvement.

To improve the PPT performance, several directions are being considered, such as elimination of
late-time ablation, choice of the proper current waveform etc®. Currently, new PPT devices using
both an electromagnetic acceleration mechanism®® or an electrothermal mechanism are under
development®’. One of the motivations for development of new PPT configurations is to achieve
higher thrust-to-power ratio. Electrothermal PPTs that were developed by Burton at. al.%” have
thrust-to-power ratio >35 uN/W. Another approach for producing a high thrust-to-power PPT

involves using the inverse Z-pinch effect, as demonstrated by Mikellides and Turchi et. al.%.

Z-pinch plasmas produced by the magnetic compression of a cylindrical plasma column are used
widely to produce hot and dense plasmas for many applications that include focusing of
energetic particles, guiding intense optical laser pulses, and producing ultrahigh magnetic fields.
While the macroscopic dynamics of the Z-pinch plasma can be described in terms of snowplow
model the details of the current structure and other plasma properties are not completely
understood’. The idea to use the Z-pinch geometry for a plasma thruster was first proposed by
Jahn et. al'®. Recently some interesting results on the application of the Z-pinch configuration for

an ablative Pulsed Plasma Thruster were presented''. The Ablative Z-pinch PPT utilizes the pinch
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effect to produce axially streaming plasma. It was found that a specific impulse of about 809 s, a
thrust-to-power ratio of about 27.8 UN/W and a thrust efficiency of 8.95% were the highest
performance values obtained for the best current AZ-PPT designs. When the current is fully
pinched in this device, a large axial pressure gradient exists and thus the plasma accelerates in the
axial direction. Therefore, the main mechanism of plasma acceleration is electrothermal due to
the gasdynamic force. This motivates us to use a previously developed model for electrothermal

PPT’s to describe the Z-pinch PPT.

Another interesting effect that may enhance the AZ-PPT performances is the plasma
macroparticle interactions. Macroparticles are large chunks (1-100 pm diameter) of the Teflon

that are emitted during the pulse. Estimates have shown that the particulate emission consumes

about 40% of the total propellant mass, while contributing only 1% to the total thrustlz. Specific
design of the AZ PPT allows the discharge chamber to act as a macroparticle trap as was
mentioned in Ref. 11. Previously we showed that the macroparticle interaction with a discharge
plasma may lead to complete decomposition of some macroparticles'’. For instance, it was
found" that a 5 pm diameter macroparticle would completely decompose during the 10 us of the
interaction with a plasma under typical conditions of an electrothermal PPT. Therefore
macroparticle trapping can increase the time spent by the macroparticle in the discharge that will

lead to increased macroparticle ablation and thus better propellant utilization.

In this paper, we describe the model of the electrical discharge in the AZ-PPT. Knowing the
plasma parameter evolution during the pulse allows us to calculate the performance
characteristics of the thruster such as specific impulse, impulse bit and mass bit. The present work
is based on a previously developed model of the ablation controlled discharge'*". This model

was successfully used to model elecrtrothermal PPT’s developed at the University of Illinois®’
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(PPT-4, PPT-7). The model includes Joule heating of the plasma, heat transfer to the Teflon, and
Teflon ablation. Mechanisms of energy transfer from the plasma column to the propellant bar
include heat transfer by particle convection and by radiation. The computation of Teflon ablation
is based on a recently developed kinetic ablation model'®.

In the following section we will describe the model in brief that includes both sheath and quasi-

neutral plasma as well as plasma-dielectric interaction.

2. The discharge model

The model considers the plasma generation processes (ablation, heating, radiation, ionization etc.)
and plasma acceleration along a Teflon chamber. Some characteristic regions such as the Teflon
surface, electrical sheath near the dielectric and quasi-neutral plasma are shown in Fig. 1.
Different kinetic and hydrodynamic phenomena determine the main features of the plasma flow
including plasma Joule heating, heat transfer to the dielectric and electrothermal acceleration of
the plasma up to the sound speed at the cavity exit. Below, we will discuss the model in the
different regions and the full system of equations including the final expressions obtained
previously [15]. In addition, we will estimate the current distribution in the pinched area in order

to obtain the current density that will be used in the energy balance.

Firstly, let us estimate the characteristic time for the pinch effect. In the frame of the simple

snowplow model when the current rise is linear, it was shown that the time constant for pinch'”:

T = (up)“L/(dl/dt)>?
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where W is the permittivity, p is the initial plasma density, dI/dt is the current rise, and L is the
characteristic initial size. For the range of parameters typical for an AZ-PPT, an estimation shows
that the current pinch time is <107 s. This means that after that time, the current is strongly
pinched. This statement is certainly supported by the experimental observations presented earlier
[11]. Therefore, in our model, we have assumed that during the discharge (~10 ps) the current is

fully pinched.

2.1. Electrostatic Sheath

According to our previous estimations® during the discharge pulse, a quasi-steady sheath
structure is formed and that under typical PPT conditions, this sheath is unmagnetized (the self-
magnetic field generated during the pulse is considered). In this case, the potential drop of the
electrostatic sheath near the Teflon wall, is negative in order to repel the excess of the thermal
electrons, so that the random electron current density jeq, is equal to the Bohm ion current density

ji- Under these conditions the potential drop in the sheath can be calculated as:

U = ~TelDl (et} weeveererrersmressesermeerseeesesemsssessesessessseasesssesssemsessesessseesessesmessessssmeessesssmessssesssnssese (1)

2.2. Teflon ablation

In the present work the Teflon ablation is modeled in the framework of the approximation'® based
on a previously developed kinetic model of metal evaporation in a surrounding plasmalg. The
mathematical description includes the model for two different layers between the surface and the
plasma bulk: (1) a kinetic non-equilibrium layer adjusted to the surface with a thickness of about

one mean free path; and (2) a collision-dominated layer with thermal and ionization non-
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equilibrium. The plasma-wall transition layer also includes an electrical sheath described in the
previous section. This model makes it possible to calculate the plasma parameters (density and
temperature) at the interface between the kinetic and hydrodynamic layers. For known velocity
and density at this interface, it is possible to calculate the ablation rate. The ablation rate is

formulated according to Ref. 16 as follows:

I'=mVn; = n[KTy/m)-(Tany/2T; —ny/2)/ (00N 1% e )

where m; and T, are the density and temperature at the kinetic layer edge, and n,, T, are the
density and temperature at the hydrodynamic layer-plasma bulk interface. Density n, and
temperature T, are determined by the plasma bulk flow and energy balance (see next section).
The density n; and temperature T; are determined by solution of the problem for the kinetic
layer’. The system of equations is closed if the equilibrium vapor pressure can be specified that
determines the parameters at the Teflon surface. In the case of Teflon, the equilibrium pressure

formula is used [1]:

P =P exp(-To/T)=nKT s oot eerererererstenrrrrereaeeeatrarararsrrnnn 3)

where P is the equilibrium pressure, P, = 1.84x10%° N/m? and T. = 20815 K are the characteristic

pressure and temperature, respectively.

2.3. Quasi-neutral plasma bulk

The schematic geometry of the thruster is shown in Fig. 1. Several simplifications are made in
order to make it possible to develop a simple model. For instance, the anode spike is assumed to a

cylinder as shown in Fig. 1. In the present model we assume that all parameters vary in the axial
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direction, x (see Fig. 1), but are uniform in the radial direction. The axial component of the mass

and momentum conservation equations reads:

ABP/Ot + APVYIX) = 2TRATAEX) ovvvveoeeeereeveereeoesseeeeeseesseessssssmsemessssessmesseseeseseeseresesesesseenesenes @)

P(OVIOE AVOVIOX) = -OP/OX .evveoeerresseeserssesseeseessssmmsesssessssasssesssesssnsesesssssemenssesesseeemsssseeneeen (5)

where A is the cross section of the Teflon chamber (A=m(R,*-R,?), p is the plasma density, P is

the pressure, V is the plasma velocity, I'(t,x) is the local instantaneous ablation rate, R; is the

Teflon chamber radius and R, is the radius of the spike (see Fig. 1).

The energy transfer from the plasma column to the wall of the Teflon cavity consists of the heat
transfer by particle fluxes and radiation heat transfer. In this case, the energy balance equation

can be written in the form':

%ne (OTo/Ot + VITJOX) = Q) = Q= QF weveereesmsmsamsmmmmmsmammmmsssssssssssssssssssssssssessseseeeessssssessresseeseessesssees (6)

where T, is the electron temperature, Q; is the Joule heat, Q; is the radiation heat and Qg is the
particle flux. The radiation energy flux Q; includes the radiation in a continuum spectrum based
on a theoretical model®’. The Joule heat source is assumed to be concentrated in the pinch region
by the abode tip (see Fig.1). The average current density in this region is used as a parameter of
the model. The particle convection flux Qr includes energy associated with electron and ion
fluxes to the dielectric wall that leads to plasma cooling. Our estimations and previous
calculation show?' that the electron temperature varies only slightly with axial position and

therefore we performed the calculation assuming 9T./dx=0.
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The temperature inside the Teflon wall can be calculated from the heat transfer equation:

O Ot = A0PT T e v e ee e ses s e st e e et e sesee e se e e nenesseenees 7

where a is the thermal diffusivity. This is the one-dimensional equation in the radial direction.
This assumption can be made since the heat layer thickness near the surface is smaller than the
Teflon cylinder curvature R, and also less than the characteristic length of plasma parameter
changes in the axial direction. In order to solve this equation, we use the following boundary and

initial conditions:

- A0T/9x(x=0) = q(t) - AH-T - Cy(Ts-T,) I’
AGT/OK(XT00) = 0..ceercrciniicecice e e s s e s eb s e se e e e e eae st st mens e m e acnemtnee 8)

T(t=0)=T,

where x=0 corresponds to the inner dielectric surface, AH is the ablation heat, I is the rate of
Teflon ablation per unit area, T, is the initial room temperature and q(t) is the density of the heat
flux, consisting of the radiative and particle convection fluxes, and T is the Teflon surface
temperature. The solution of this equation is considered for two limiting cases of substantial and

small ablation rate very similar to that described in Ref. 15.

Having calculated the plasma density and electron temperature, we calculate the chemical plasma
composition considering Local Thermodynamic Equilibrium (LTE) in the way described
previously'>®*%. In the considered range of electron temperature (1-4 eV) and plasma density
(102-10* m™) we will assume that polyatomic Teflon molecules C,F, fully dissociate and we

will start our consideration from the point when we have gas containing C and F. The Saha
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equations for each species (C and F) are supplemented by the conservation of nuclei and quasi-

neutrality.

In the present model we use the experimental current waveform as an input condition. We assume
that the pulse energy is supplied by a simple LRC circuit with fixed elements. In this case, the

current produced by an underdamped LRC circuit can be approximated as:

T(E) =L,SHA(OEIEXP(BE) oo eeeessmssesssssseeeeeeses s sssssssssssssesnssssssssssses s sssssssesns s ssssssseserssses L(9)

2E 1 R ) .. . . .
where I, = \/: s 0=\ Lo B= oLs L is the effective inductance in the circuit, C is the

capacitance, R is the total circuit resistance, and E is the pulse energy. The best fit with the
experimental waveform (frequency) corresponds to 0=0.9-10° s, For C=33. 6 uF we can
estimate that L in the circuit is about 3.7-10® H. For an energy of 67 J, the amplitude of the

current waveform I, equals 6-10* A.

The current waveform was measured for AZ PPT-3 using an integrated Rogowski coil. The data
that were taken for AZ-PPT?3 fired at 25, 50 and 67J with the 33.6 microF capacitor are shown in
Fig. 2. It can be seen that the thruster exhibits damped sinusoidal behavior typical of ablative
pulsed plasma thruster. The measurement technique was the same as described in Ref. 11. The

current waveform is used as an input parameter in our model.

It was estimated above that under the conditions considered, the current is fully pinched during
the main part of the discharge. The current is concentrated between the anode tip end and the
cathode as schematically shown in Fig. 1. In general, the current density distribution in that

pinched area is two-dimensional and can be calculated using the magnetic transport equation.
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However, in the framework of the present 1D model of the plasma flow, only the average current
density is considered. The current density peaks at the anode spike tip, j.=I/nR;* and then
decreases toward the cathode. In the present work we use the current density as a parameter in the

range (0.2 - 1) j,.

3. Results

In this section we present results of calculation of the plasma parameters during the discharge
pulse for the AZ-PPT. As a working example, we consider AZ-PPT-3 as it shows the best device
performance. This thruster has a Teflon chamber length of 57 mm, the radius of the Teflon
R,=12.5 or 19 mm, and the radius of the anode spike R;~6 mm. The simulations are performed
assuming a free stream condition at the thruster exit, e.g. the plasma velocity equals the local
sound speed at x=L. Based on the calculated plasma parameter distribution, we calculate the
thruster performance characteristics, such as mass ablated during the pulse, average specific

impulse, and gasdynamic impulse bit.

The plasma density spatial and temporal distribution is shown in Fig. 3. The plasma density peaks
at about 8-10” m at 3 ps that corresponds to the first current peak. One can see also that the
plasma density decreases towards the cathode (along x) as a result of the plasma acceleration. At

the exit plane, the plasma density is about 60% of the plasma density near the anode base (x=0).

The electron temperature temporal variation is shown in Fig. 4 with discharge energy as a
parameter. The electron temperature peaks at 3.7 eV in the case of 50 J and at 4.3 eV in the case
of 75 J at about 1.5 us. The electron temperature oscillations correspond to the discharge current

oscillation shown above.

10
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As a result of the oscillations in electron temperature and plasma density, the ionization degree
calculated assuming LTE also oscillates as shown in Fig. 5. Initially, during the first current peak,
the plasma is strongly ionized and the thruster produces a plume containing mainly C and F ions
and electrons. At late time, the ionization degree at the peaks is about 0.5. This means that toward

the pulse end the thruster produces a large amount of neutrals.

The calculated thruster performance characteristics integrated over the 15 ps pulse are shown in
Fig. 6. Here we show an example of performance calculation for AZ-PPT 3 firing at 25 J. For
comparison a parameter range measured experimentally is also shown. The impulse bit and mass
bit strongly increase with parameter ¢, which is a measure of the current depsity in the pinched
region. One can see that all measured parameters agree with our model predictions when the
parameter 0=0.55. This result suggests that even though the current is focused at the anode tip,
the average current density in the pinched area ié smaller than that at the anode. The effect of
varying the Teflon chamber inner diameter (2R;, see Fig. I) is shown in Fig. 7. One can see that
the model predicts a decrease of impulse bit with the increasing propellant inner diameter (ID) in

agreement with experiment.

The calculation of the AZ-PPT-3 performance for the case of high pulse energy is shown in Fig.8.
One can see that in this case, agreement with the experiment occurs when 0=0.7-0.8. This means
that in the case of the high pulse energy, the average current density is higher and closer to the
anode current density. This is an expected result that means that in the case of higher pulse energy
(higher current) the current is more constricted near the anode tip. The effect of the pulse energy
on the thrust-to—power ratio is shown in Fig. 9 where pulse energy is used as a parameter. It can

be seen that the thrust-to—power ratio decreases with the energy for the constant parameter o.

11
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However, since in the experiment (Ref. 11) it was obtained that the thrust-to—power ratio actually
increases with energy one can conclude that the parameter o must be higher in the case of high
energy. Thus the comparison of the model prediction with experimental data suggests that the

pinch effect increase with the pulse energy.

The simulated results are summarized in Fig. 10 where the dependence of the parameter o
(average current density to the current density at the anode tip ratio) for which the agreement with
the measured impulse bit was obtained is shown as a function of the pulse energy. Here also the
Teflon chamber inner diameter (ID) is used as a parameter. Generally it can be seen that the
average current density increases with the pulse energy as was mentioned above. An interesting
result is the dependence of the average current density on the Teflon chamber ID. One can see
that the average current density more significantly increases in the case of the large propellant ID.
This observation can be explained as follows. When the propellant ID is larger, the model
predicts that the plasma density in the channel is smaller. Therefore one can expect higher current
density in the case of larger propellant ID since, in the pinched area, the current constriction is

limited by the plasma pressure.

Taking into account that the average current density varies with the pulse energy, the dependence
of the thrust-to-power ratio (T/P) on the Teflon chamber length L was calculated. These results
are shown in Fig. 11. One can see that T/P much higher in the case of the smaller propellant ID.
Also, in this case the T/P variation with the energy pulse is relatively moderate. In the case of the
large propellant ID, T/P significantly increases with the pulse energy. In all cases there is an
optimal length corresponded to the maximal T/P. In the case of 1” ID propellant the maximal T/P
is predicted to be at .~40 mm, while in the 1.5” ID propellant case it corresponds to L~50 .

After the maximum the T/P significantly decreases with L, especially in the case of smaller ID. In

12
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this study we fix the length of the pinched area meaning that when the Teflon chamber length L
increases the anode spike length also increases (see Fig. 1). As result the length of the pinched
area normalized by the total length of the propellant decreases and therefore the plasma in the

channel is less heated. This is the main reason why T/P decreases when L is high.

4. Summary

In this paper a model of the discharge in the recently developed Ablative Z-pinch Pulsed Plasma
Thruster is presented. This device utilizes the pinch effect to produce an axially streaming
plasma. The model includes Joule heating of the plasma, heat transfer to the Teflon, and Teflon
ablation kinetics. Mechanisms of energy transfer from the plasma column to the propellant bar
include heat transfer by particle convection and by radiation. In addition it was assumed that the
current is fully pinched near the anode tip during the main part of the discharge. The average
current density in the pinched area is used as a parameter of the problem. The model predicts that
the electron temperature peaks at about 4 eV and the plasma density peaks at about 8-10% m™.
During the initial stage of the discharge, plasma is predicted to be strongly ionized, while at the
late time the ionization degree peaks at about 0.5. Thruster performance characteristics such as
impulse bit, specific impulse, and the mass bit were calculated. In the case of low pulse energy,
all measured thruster performance characteristics agree with our model predictions when the
average current density to anode current density ratio o is about 0.55. In the case of high pulse
energy, similar agreement with experiment occurs when ¢=0.7-0.8. This means that in the case of
higher pulse energy (higher current) the current is more constricted near the anode tip. The
model also predicts that the impulse bit decreases with increasing propellant inner diameter (ID)
in agreement with experiment. The comparison of the model prediction with experimental data

suggests that the pinch effect and the thrust-to-power ratio increase with pulse energy. It was

13
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predicted that the thrust-to-power ratio dependence on the Teflon chamber length has a
maximum. The non-monotonic behavior of the T/L with Teflon chamber length is more

pronounced in the case of the smaller propellant inner diameter.
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Anode Cathode

Figure 1. Schematic of the simplified AZPPT geometry adopted in the model
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Figure 2. AZ-PPT-3 current waveform
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Figure 3. Plasma density temporal and axial (along channel centerline) variation during the pulse.
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Figure 4. Electron temperature temporal variation during the pulse with the pulse energy as a parameter
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Figure 5. lonization degree temporal variation during the pulse
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Figure 6. AZ-PPT-3 performances as a function of average current density to the anode current density

ratio and comparison with experiment
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Figure 7. AZ-PPT-3 impulse bit as a function of average current density to the anode current density ratio

with propellant ID (2R,) as a parameter
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Figure 8. AZ-PPT-3 performances as a function of average current density to the anode current density

ratio and comparison with experiment
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Figure 9. Thrust-to-power ratio as a function of average current density to the anode current density ratio

with pulse energy as a parameter
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Figure 10. Average current density to the anode current density ratio o* for which the model agree with

experiment as a function of the pulse energy with capacitance and propellant ID as parameters
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Figure 11. Thrust-to-power ratio as a function of the Teflon chamber length with pulse energy and the
propellant 1D as parameters. C=38.3 UF.
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