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SUMMARY

The ION computer code is designed to calculate charge exchange
ion densities, electric potentials, plasma temperatures, and current
densities external to a neutralized ion engine in R-Z geometry. The
present version assumes the beam ion current and density to be known
and specified, and the neutralizing electrons to originate from a
hot-wire ring surrounding the beam orifice. The plasma is treated as
being resistive, with an electron relaxation time comparable to the
plasma frequency. Together with the thermal and electrical boundary
conditions described below and other straightforward engine
parameters, these assumptions suffice to determine the required
quantities.

The ION code, written in ASCII FORTRAN for UNIVAC 1100 series
computers, is designed to be run interactively, although it can also
be run in batch mode. The input is free-format, and the output is
mainly graphical, using the machine-independent graphics developed for
the NASCAP code. The executive routine calls the code's major
subroutines in user-specified order, and the code allows great
Tatitude for restart and parameter change.







1. INTRODUCTION

The ION computer code is designed to calculate charge exchange
ion densities, electric potentials, plasma temperatures, and current
densities external to a neutralized ion engine in R-Z geometry. The
present version assumes the beam ion current and density to be known
and specified, and the neutralizing electrons to originate from a
hot-wire ring surrounding the beam orifice. The plasma is treated as
being resistive, with an electron relaxation time comparable to the
plasma frequency. Together with the thermal and electrical boundary
conditions described below and other straightforward engine
parameters, these assumptions suffice to determine the required
quantities.

The ION code, written in ASCII FORTRAN for UNIVAC 1100 series
computers, is designed to be run interactively, although it can also
be run in batch mode. The input is free-format, and the output is
mainly graphical, using the machine-independent graphics developed for
the NASCAP code. The executive routine calls the code's major
subroutines in user-specified order, and the code allows great
latitude for restart and parameter change.

In Chapter II of this report we outline the theoretical
treatment employed by the ION code. Chapter III discusses the use of
the code, describing the input parameters and the functions of the
major subroutines. Chapter IV presents some sample results, and
Chapter V contains a sample run.




2. THEORY

The major theoretical components to the ION computer code have
been previously presented in the open literature. This Chapter will
outline and review the code theory. For convenience, the published
detailed descriptions are reproduced in Appendices A and B.

A 30 cm diameter mercury thruster with 2 A of beam current and
25 mA of charge exchange ion current can be expected to produce charge
exchange ion densities at the beam edge on the order of 10 m
(Appendix B and references therein). Since plasma densities in low
earth orbit are on the order of 1010 - 10 2 m-3, the charge
exchange plasma will dominate the local environment. Such a plasma
will be characterized by long collision lengths and ( ~103m) and

short Debye lengths ( ~10-3m).

While this plasma is not collision dominated, the short Debye
lTength implies that small scale fluctuating fields may create an
effective collision frequency, v,ees that will be effective in
randomizing electron velocities on the scale of typical problem
dimensions ( ~1m). This suggests that except within a few Debye
Tengths of particle sinks and sources (or the sheaths of high voltage
surfaces) we can expect the plasma to be quasineutral. Quasineutrality
is a basic assumption throughout ION. Appendix A describes the
theoretical and experimental evidence for a barometric law correlation
between potential 4, density o, and temperature e:

g(r) = o gn (2L0)y
Mo

Also described in Appendix A are experiments where a barometric Taw
did not adequately explain the observations, suggesting the need for a
comprehensive electron transport model. ION utilizes a barometric law
assumption only as an initial approximation. In Appendix A it is
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demonstrated that measured neutralizer electron temperatures and
potential variations can be qualitatively explained in terms of the
anomalous resistivity of the thruster generated plasma to the flow of
electrons if we invoke an effective collision frequency comparable to
the electron plasma frequency.

The ION code is constructed from four main theoretical models:
An ion beam model, a free expansion model for neutrals, a hydrodynamic-
charge exchange ion model, and a fluid model for the neutralizer
electrons. Of these four, the first two are analytic and require very
little computing while the second two are numerical. The neutral
expansion model is described in Appendix C, the hydrodynamic charge
exchange ion model in Appendix B, and the electron fluid model in
Appendix A. The code operates in R-Z geometry on a discrete rectangu-
lar mesh of nodal points. At present, the ion beam is modeled as
columnar with no spreading. Depletion due to charge exchange is
ignored. The beam originates at z = 0, is centered at r = 0, and has
ejther a quadratic or Gaussian profile. (See Chapter III). The
neutral efflux is described analytically by a free expansion model
assuming a uniform emission over the thruster throat with a Maxwellian
velocity spread. The charge exchange ions are generated within the
beam with zero initial velocities. The generation rate is equal to
the product of the local beam flux, neutral density, and the charge
exchange cross-section.

We use a hydrodynamic description for both the charge exchange
ions and the neutralizer electrons. However, for each case there are
differing approximations that can be made in solving the hydrodynamic
equations. Therefore, purely for the purpose of discussion, the charge
exchange model is referred to as hydrodynamic, and the electron model
is labeled fluid.

The hydrodynamic model of the charge-exchange ions, described in
Appendix B, is based upon a time stepped solution of the mass and
momentum equations in finite difference form. A barometric law




relationship is assumed between density, potential and temperature.
The mechanics of the finite difference formulations are given in
detail in Appendix B. The major simplifying assumption in this model
is that charge exchange ions are quite cold so that pressure terms may
be neglected. This means that the inertial term in the momentum
equation ( ¥ -p V V) in Eq. (3) of Appendix B) forces the equations to
be parabolic in nature. It is this parabolic nature that necessi-
tates a time-stepped finite difference approach. The initial and
boundary conditions for this model are discussed in Chapter III.

The electron fluid calculation follows after the charge exchange
jon calculation using the ion densities as input. For the electron
model, we make the assumption that the plasma offers a significant
resistance to the flow of electrons (due to the effective collision
frequency). It then follows that the electron drift velocities will be
small compared to thermal velocities, which allows the inertial term
in the momentum and energy equations to be dropped. Thus, the
conservation equations for mass, momentum and energy may be solved,
along with the ideal gas equation of state, in closed elliptic form.

A finite element approach is used to solve directly for the steady
state. This model is discussed in Appendix A.

The switching between finite difference and finite element
approaches may seem cumbersome, but the conversions are quite efficient
compared to the difficulties encountered otherwise. Finally, it
should be mentioned that since there is currently no iteration between
the ion and electron calculations, the resulting parameters will not
be entirely self-consistent. This 1imitation does not appear to be
severe in the test cases modeled so far, but a truly predictive model
should be free from such limitations. This will be a subject for
future work.




3. CODE USAGE

A. OVERVIEW
The ION code is invoked by the statement
@ XQT absoluteelementname

It assigns files 9 and 21 as restart files, which may be aliased
(QUSE) to user permanent files, or later copied to permanent files.

It also assigns and writes printed output on files (by default) 19 and
20, and uses files 11 and 12 as scratch files. Graphical output is
generated by writing NASCAP-type pseudo plot calls on file 2 and
interfacing to the user's graphics library with the standard NASCAP
postprocessor (PLOTREAD).

After invoking the ION code, the user's first task is to enter
the problem parameters (Table 3.1). Acceptable sets of input are
shown in Figures 3.1. After encountering an 'END' card in the
parameter input, a summary is printed (Figure 3.2).

Subsequent major subroutine calls are made at user request.
These calls are listed in Table 3.2. For a new problem the first call
will be to subroutine CHEX, which determines the steady state
charge-exchange ion density. (This calculation usually converges in
the default of 300 steps, but may take several minutes of computer
time. For batch runs, a larger value of 500 steps is recommended.)
Next subroutine POTENT is called to perform the calculation of
temperatures and potentials. Entry points RECHEX and RESUME are
available to restart a non-converged calculation of CHEX or POTENT,
respectively, and entry point NEWPOT may be used instead of POTENT to
perform a calculation with altered thermal boundary conditions or




KEYWORD DEFAULT
Grid Size
NR 25 (max)
NZ 25 (max)
RMAX 1.
IMAX 1.
Ion Beam Characteristics
CURRent 1.
RADIus 1.
ENERgy 1000.
MASS 200.59
PROFile GAUS
SPREAdangle 0.

Charge Exchange Ion Production (Physical)

SIGMA 6x10-19

FLOW 2.
(variable CNEUT)

TEMPerature 1.

TABLE 3.1.

MEANING

Number of radial coordi-
nate values.

Number of Z-coordinate
values.

Radfus of computational
space. (meters)

Length of computational
space. (meters)

Beam current. (amperes)

Beam radius on entry. (m)

Beam {on energy (eV).

Ton mass in amu.

Beam profile acceptable

values are 'GAUS' and
'QUAD" .

Half-angle character-
izing beam spread. (Mon-

zero spread angle not
implemented.)

Charge exchange produc-2
tion cross-section {(m¢)

Fuel flow in ampere
equivalent

Neutral temperature (eV).

PROBLEM PARAMETERS

KEYWORD DEFAULT MEANING

Charge Exchange lon Production (Computational)

ECHA 10. Characteristic accelera-
ting voltage for charge
exchange {ons.

YDTR 0.2 Particle tracking timestep

{variable VDTBYR} constant (dimensionless)

ETA .05 Yelocaty diffusion con-
stant (dimensionless)

RHOMin 1.E12 Minimum density to be used
in calculating_barometric
potential. (m~J)

NSTEPs 300 Number of iterative time-

steps in hydrodynamic
solution.

Thermal and Current Boundary Conditions

THETai 1. Temperature of isothermal

boundary surfaces. (ev)
THERbc '1sot1! Thermal boundary condition
'ISOT* - Isothermal every-
where.
'SINK' - Isothermal on
orifice plate.
"INSU' - Insulating
orifice plate.

RNEUtr 1. Radius of ring neutralizer

NITEP 1 Number of potential-

temperature iterations.

Qutput Destinations

OUTPut LUNCHX  LUNPOT

LUNCHX = Logical unit number for charge exhange ion
densities and velocities {Default 19?

LUNPOT = Logical number for current and potential
printout {Default 20).

DEST 'NONE* Plot destination
TITLE "NASA-S-CUBED Plot title (beginning n
ION ENGINE Col. 9)
CODE"*
) ) ) )



PN

TN LY S Wil

NR 24

N 24

RMAX 1S
Inax .30
CURRENT .08S
FLOW .14
SIGHMA S.E-19
TEMP .06
RADIUS .07
PROFILE QUADRATIC
RNEUT .08
ENERGY 3000.
THETAI 2.
NSTEPS S00
RHOMIN 4.E40
THERBC INsU
END

Figure 3.1a. Input data representative

of SERT II thruster.

NR 25

NZ 2§

RI1AX .36
InAxX .72
CURRENT 4.
FLOW +4.25
SIGMA S.E-19
TEMP .06
RADIUS .15
RNEUT .47
ENERGY 4400.
NSTERS S00
RHOMIN $.E40
THERBC SINK
END

Figure 3.1b. Input data representative

of 30 cm thruster.




CORE OPTION SUnMaRy

HR HZ RHAX nax
25 25 4.0000 4.0000

AEAM CURRENT BEAM RADIUS

1.000000 AMPS 1.0000 M
Mas? (AM)) PROFILE
200,59 Gcaus
ION MASS =
PEAK CURRENT
ION VELOCITY
[IGHA FLOU
6.2~049 2.000000 AMPS
ECHAR UDTR ETA
0.0 .200 .050

THFPMAL BRC = ’1SOT’ UWITH TEMPERATURE
NEUTRAILIZFR RADIUS = 4.0000
PRINTED OUTPUT: LOGICAL UNITS NO. 49

PLAT NESTINATION = HONE
PLOT TITLE = NASA - S-CUBED ION

Figure 3.2a. Code Option

CUDF OPT IO shinftart

R NI RitinA PARTRS
g 25 R XL 7

BE T CURKCHNT BEAM RADIUS

L0060 ATIPS 4500 1t
REER RN PROFILE
200 €9 CAUS
TON MASS =

BEAM ENEPGY
1000.0 RY f

SPREAD ANGLE
.0 DEG. '
3.355-025 KG.
= T.96484048 Mex(-72) SECx¥M-{)
= 30883.3 M/SEC

TEMP
£.000 EV
RHOMIN NSTEP®
1.00+0142 300
4.00 EV.

2 ITERATTONS.
AND  20.

ENGINE PLASMA CODE

Summary (Default values).

Bemil ENEFGY
1400.0 EU

SPREAD wNCLE
-+ DEG.
3 355-025 V6.

PEAK CURRENT = 2.&652+4020 M#»{-2) SECAxX(-1{)
I0N VELOPITY = 32390.7 m/SEC

S10MA FLOW TENP

S ~04? 1.250000 ARMPS 060 EV

ECHAR VDTR . ETA RHOMIN NSTEPS

10 Juu -200 .050 1.00+0 {0 500
THERMAL BC = *SINK’ WITH TEMPERATURE 1.00 EV,
NEUTRALIZECR RADIUS = . 4700 2 ITERATIONS.

PRINTED OUTPUT: LOGICAL UNITS NO. 1% AND 20.

PLOT DESTINATION = CALC
SAMPLE INPUT DATA

PLOT TITLE =

Figure 3.2b. Code Option Summary (Values similar to
Fig. 3.1b).




TABLE 3.2. MAJOR SUBROUTINES OF ION CODE

Major Subroutines

(called by main routine)

Called automatically

DEFOPT
INPUT
INPRNT

Called on user request

Sets default options.
Reads user input of problem parameters.

Summarizes problem parameters.

CHANGE [lun]-Change input values by reading from

CHEX

RECHEX

POTENT

NEWPOT

RESUME

PLOT

logical unit no. lun (default 5).

Hydrodynamic calculation for charge exchange
ion density and velocity. Results on logical
unit no. 9.

Restart of CHEX calculation.

Initialize and iteratively calculate potentials
and temperatures. Results on logical unit

no. 21.

Same as POTENT, but skips initialization and
begins calculation on new case.

Continues iterative calculation of POTENT
starting from most recent iterate.

Generate graphical output.

11




neutralizer position. The CHANGE subroutine may be used to alter
problem parameters, and the PLOT subroutine is called for graphical
output.

B.  INPUT PARAMETERS

i. Grid Size and Resolution

The ION code discretizes the ion engine plasma problem on a
finite element grid of NR by NZ gridpoints. For the charge exchange ijon
calculation each dimension has a maximum of 25. For POTENT the size may
be increased to 30 by 30. The physical size of the computational space
is RMAX by ZMAX. It is suggested that ZMAX be approximately double
RMAX, and RMAX approximately double the beam radius. Resolution should
be sufficient to model the density falloff at the beam edge. RMAX and
ZMAX may be reduced between CHEX and POTENT if desired.

ii. Ion Beam Characteristics

These varijables are self-explanatory, with the exception of
the beam profile. Two choices are currently available

GAUSsian: 2
J(r) = Js o~3(r/R)
QUADratic:
ar) =d, 1- (r/R)Z [r <RI

0

where R is the specified beam radius. The GAUSsian profile is
smoother and gives more reliable convergence, particularly in the CHEX
calculation. The QUADratic profile is 1ikely to give poor results
when charge exchange ion production is low.

12




iii. Charge Exchange Ion Production (Physical)

The rate of charge exchange ion production is proportional
to
(a) the cross-section SIGMa,

(b) the excess of fuel FLOW over beam CURRent;

(c) the inverse square root of the neutral TEMPerature.
Typical value for the neutral TEMPerature is
300°C = .06 eV.

iv. Charge Exchange Ion Production (Computational)

These parameters govern the operation of the CHEX
calculation and, with the exception of NSTEPS, are not recommended for
change. The "characteristic energy" ECHA, should be roughly the
barometric potential difference between the beam and the charge
exchange cloud:

ECHA = o fn (Phean’ch.ex.’ -
Together with VDTR, this determines the hydrodynamic timestep. The
velocity diffusion, ETA, is used to promote convergence, and can
usually be reduced if the timestep is shortened. RHOMIN should
approximate the minimum density expected in the problem. NSTEPS is
the number of steps to be run to achieve steady state. (See discussion
of CHEX routine below).

v. Thermal and Current Boundary Conditions
These provide the temperature used in the CHEX calculation,

as well as the thermal boundary condition and neutralizer position for
the POTENT calculation. These parameters may be changed prior to

13




executing POTENT or NEWPOT. NITER is the number of iterations per-
formed on calling POTENT, NEWPOT, or RESUME.

vi. Output Destinations

The printed output from CHEX and POTENT is rather lengthy.
For CHEX, the densities and velocities are printed for all node
points, and for POTENT the densities, currents and potentials.
Normally, these are sent to scratch files, from which they may be
edited. To have them actually printed, input the card

OUTPUT 6 6

DEST specifies the site-dependent plot destination on auto-
matic execution of NASCAP PLOTREAD., and TITLE allows user specifica-
tion of a plot title, which may be changed during the course of the
run.

C. SUBROUTINE CHEX (RECHEX)

The charge exchange ion density calculation is the most
time consuming part of the ION code, taking 1-1.5 seconds per step at
S-CUBED. It outputs immediately the neutral efflux and the resulting
charge exchange current. Every fifty steps it prints the charge
exchange ion density near the beam origin, which gives some indication
of convergence. The true test of convergence, however is the 'TOTAL
DNDT' printed by the POTENT routine. If this CHEX calculation is
properly converged, this number should be within 10 percent of the
charge exchange current. Otherwise, RECHEX should be used to continue
the calculation.

CHEX writes its internal information on logical unit No. 9,

and prints output on LUNCHX. The printed output 1lists velocity at
each node point. The densities printed correspond to positions

14




halfway toward the next R and Z values. Plots of the charge exhange
jon densities and currents are available after processing by the
initialization stage of POTENT.

D.  SUBROUTINE POTENT (NEWPOT, RESUME)

This routine calculates the potentials needed to drive the
electrons from the neutralizer through the resistive plasma, and the
temperature profile from the resultant plasma heating. The potential
boundary condition is that the mean potential is zero. The thermal
boundary conditions are isothermal at RMAX and ZMAX, and either
isothermal or insulating at the orifice plate. Alternatively, the
plasma may be considered isothermal, in which case no heat flow
calculations are performed.

After initialization, this routine performs alternate ICCG
(Incomplete Cholesky Conjugate Gradient) calculations for the potential
and temperature fields. For each ICCG calculation, convergence is
indicated by the numerator (RDOTR) being several orders of magnitude
smaller than the denominator (RDOTR1). For the overall calculation
convergence requires each denominator being several orders of mag-
nitude smaller than its initial value. Convergence takes the most
iterations (~5) for the INSUlating boundary condition. The most
apparent symptom of incomplete convergence is the appearance of a
convection cell around the beam edge in the current plots. The RESUme
command may be used to perform further iterations on an unconverged
calculation. To perform an additional POTEnt calculation with altered
thermal boundary condition or neutralizer radius, the NEWPot command
may be used.

E.  SUBROUTINE PLOT
This is the user requested subroutine that controls the

graphical output by ION. It has been designed as an interactive,
device independent, menu type package but it can also be used in a
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batch mode of operation. Aside from the required control commands or
cards, all of the required data is taken from the temporary file 21.
If that file's data had been saved from a previous run, the user could
preassign 21., copy the old data to it, @XQT ION, and call PLOT
immediately to produce or reproduce plots from previous runs. The
user should be warned however, that if more than one problem is run
per execution of ION, file 21. will contain only the most recent data
and the results of the earlier run will have been lost. The output of
PLOT is coded and stored in file 2. This file should be kept and used
as input to NASCAP*PLOTREAD which will actually perform the plotting.
File 2. is not overwritten if multiple runs are made in a single execu-
tion of ION. Successive calls to subroutine PLOT are automatically
assigned sequence numbers, and the user may change titles with the
CHANGE subroutine.

Upon calling PLOT, the interactive user will see the
primary menu shown in Figure 3.3a, and will be prompted for the plot
desired. The appropriate response is the integer associated with the
desired plot. Following the transmittal of plot request, the menu
will reappear and another plot may be chosen. This process may be
repeated indefinitely and is terminated by a blank record. If plot 99
is chosen, the user is presented the menu shown in Figure 3.3b. These
are all cross-sectional plots so after responding with the appro-
priate integer, the user is prompted for the desired Z direction nodal
index (1,2,3, etc). If the user responds with a negative integer the
plot will be a constant r cross-section. This process may be repeated
indefinitely and is terminated by a blank record which will return the
user to the primary menu.

16




POTENTIAL CONTOURS
104 DENSITY CONTOURS
ION DENSITY (LOG)
[ON CURRENT VECTORS
ION CURRENT (LOG)
TOTAL CURRENT VECTORS
TOTAL CURRENT (LOG)
TOTAL CURRENTIRADIUS
ELECTRON CURRENT VECTORS
14 ELECTRON CURRENT (L0G)
11 ELECTRON TEMPERATURE
99 RADIUS PLOT
12 CHARGE EXCHANGE ION DENSITY CONTOURS
13 CHARGE EXCHANGE ION CURRENT CONTOURS
WHICH PLOT )99

We
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Figure 3.3a.

CHOSE CROSS-SECTIONAL PLOTS
1 POTENTIALS
3 EHEcRon Tt
TEMPERA
UHICH PLOT ) ERATLRE

Figure 3.3b.

Figure 3.3. Subroutine PLOT menus.
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4. TEST CASES

In this Chapter we present four test cases for parameters
representing the SERT II thruster, and two calculations for a 30 cm
diameter thruster. These calculations were performed prior to
collecting and refining the code to its present form, so we omit any
detailed output. Also, the plots presented were made using the
DISSPLA plot package and differ somewhat from the NASCAP-like plots
produced by the final version of the code. Nonetheless, we believe
these results represent well the type of calculation performed by the
ION code.

A.  SERT II CALCULATIONS

The SERT II thruster was modeled for the ION code as having
a 7 cm radius ion beam. The beam had consisted of 0.085 amperes of
3 keV Hg ions. The beam profile was assumed to be

3 (rz) =3d (1- (r/.07)2)

An additional 0.055 ampere equivalent flow of 0.06 eV neutrals
resulted in 0.9 mA of charge exchange ions, which expanded in
barometric potentials characterized by a 2 eV electron temperature.
The thermal boundary conditions at RMAX = 0.20 and ZMAX = 0.40 were
set to 2 eV, while the orifice plate could be either insulating or a 2
eV heat sink. The neutralizer radius was either 8 cm or 10 cm. The
results for maximum potential and temperature are shown in Table 4.1.
It is apparent that the orifice plate boundary condition has
substantial effect, and also, that moving the neutralizer closer to
the beam has some effect in reducing joule heating of the plasma.
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TABLE 4.1. SERT II RESULTS

Neutralizer Thermal Boundary Insulating Thermal
Position Condition 2 eV Boundary
0.08 emax = 2.3 eV gmax = 4.1 eV
0.10 emax = 2.4 eV Qmax = 4,5 eV
émax = 14,7 V max - 24.2 ¥

The plasma density for this model is shown in Figure 4.1.
The density varies from over 10 m_3 at the beam center to
~1012 m-3 at the upper right of the plot. The sharp drop at the
beam edge is apparent. It is also clear from the figure that near the
orifice plate the beam plasma density and charge exchange plasma
density are comparabile.

Figures 4.2-4.5 show the results of these runs for
potential, electron temperature, and total current. In all cases, it
appears that the hottest temperatures occur near the neutralizer. The
resemblance between the potential contours and logarithmic density
contours indicate the extent to which the barometric law is valid.

The total current plots indicate beam neutralization within about one
thruster diameter of the orifice; downstream current patterns result
from incomplete convergence. There is some indication of a shorter
neutralization length for the 2 eV orifice plate than for the
insulating orifice plate.
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B. 30 CM THRUSTER CALCULATIONS

Two further calculations were run comparing insulating and
heat sink boundary conditions for a 30 cm diameter thruster. The
thruster emitted one ampere of 1100 eV Hg ions, and produced 20 mA of
charge exchange ions. Thus the current densities and plasma densities
are both appreciably higher than for the SERT II cases. The ambient
electron temperature was set to 1 eV, and the neutralizer radius to
17 cm.

The beam profile used was a Gaussian:

2]

J(r) = J, exp [-3(r/r95)
where the nominal beam radius, rog> contains 95 percent of the beam
current. The resulting charge exchange ion density (Figure 4.6b) and
total density (Figure 4.6a) is much smoother than in the SERT II case,
where a quadratic beam profile was assumed.

Despite the lower electron temperature boundary conditions,
the results (Figures 4.7-4.8) show temperatures and potentials similar
to, or even greater than, the comparable SERT II cases. For the
insulating case, we see the temperature maximum at the beam center
rather than near the neutralizer. Otherwise, the qualitative
conclusions are similar to those of the previous cases.
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5. SAMPLE RUN

In this Chapter we present a sample run of the ION CODE. The
run was performed in batch mode on S-CUBED's UNIVAC 1100/81, using
ASCII FORTRAN Level 9R1 with full optimization, and the plots were
done on the Gould electrostatic plotter. The run conditions represent
variants on the SERT II thruster.

Figure 5.1 shows the runstream for the sample run. The initial
portion of the runstream involves breakpointing to a print file,
printing a header and printing the runstream. After invoking the ION
code [@XQT BIGION.BIGION] the initial input is GADDed from data
element BIGION.SERT. The remaining input is explicitly shown. At the
end of the runstream, restart files 9 and 21 are copied from the
temporary files created by ION into permanent files. (Alternatively,
ION could have run directly on permanent files by

@ASG,PU  SAVES.
@ASG,PU  SAVE 21.
@USE 9,SAVE9
@USE 21,SAVE21.)

Figure 5.2 shows the first page of output from the ION code.
ION issues a welcome message and requests input. The input cards
(resulting from the @ADD statement) are echoed. Then a complete
option summary is printed. Next the charge exchange ion calculation
(CHEX) 1is invoked. The neutral efflux and total charge exhange cur-
rent are printed. As this hydrodynamic calculation is rather lengthy,
a message is printed every fifty steps. On invoking POTENT, we notice
that the 'TOTAL DNDT' does not match the charge exchange production,
indicating incomplete convergence in CHEX. The four ICCG messages
constitute two iterations of potential and temperature calculations.
(The GETCH warning may be ignored if the subsequent fraction indicates
convergence.) Convergence is achieved when, in the final pair of
ICCG's the numerators are small compared with the denominators, and
(more important) the denominators are small compared with their
initial values.
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Figure 5.3 shows the next section of output. The PLOT
subroutine was requested, and we were presented with a plot menu. We
requested plot 1 (potentials). The plot menu repeats (not shown)
after each plot. We continued by requesting plots 3, 12, and 13,
terminating with a blank card. The plots, together with title frame,
are shown in Figures 5.4-5.8.

The printout continues in Figure 5.9. We prepare to restart the
CHEX calculation by changing the number of steps to 50. While about
it, we route the plots to the electrostatic plotter (S-CUBED feature).
RECHEX is called to continue the hydrodynamic charge exchange calcula-
tion, and DNDT, as calculated by POTENT, is significantly better. We
then request again the same plots (Figures 5.10-5.14; plot menus
omi tted.)

In Figure 5.15 we repeat RECHEX and POTENT, now having rather
good convergence. The third sequence of plots appears in Figures
5.16-5.20. In Figure 5.21 we RESUME the potential calculation where
we left off in 5.15. This time we plot potentials, temperatures, and
currents (Figures 5.22-5.25). The convection cell around the beam
edge (Figure 5.25) is indicative of incomplete convergence.

In Figure 5.26 we change the thermal boundary condition to
ISOThermal. NEWPOT is invoked for a potential calculation using the
same jon densities as previously. We plot potentials and currents
(Figures 5.27-5.29). In Figure 5.30 we repeat the calculations for a
1 eV orifice plate. Here we see good convergence in four iterations.
Plots of potential, temperature and current are requested (Figures
5.31-5.34). Finally (Figure 5.35) an END card exits us from the ION
code, we execute the DISSPLA plot interface routine, and complete the
run.
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WELCOME TO ION COMPUTER CODE
DATE=C31181 TIMEZ113357

CPLEASE ENTER OR 340D INPUT PARAMETERS>

NR 248

NZ 28

RMAX 15

ZMAX 30

CURRENT ,085

FLOW 18

SIGMA S,E-19

TEMP ,06

RADIUS Q7

RNEUT 085

ENERGY 3CO0.

NSTEPS 300

RHOMIN 1.E10

THERBC INSU

END

CODE OPTION SUMMARY

NR NZ /MAX ZMAX
29 24 «1500 «3000
BEAM CURRENT BEAM RADIUS BEAM ENERGY
+085000 AMPS «0700 M 3000.0 EV
MASS (AMU) PROFILE SPREAD _ANGLE
200459 GAUS «C_DEG.
ION MASS = 3,355-C25 KG.
PEAX CURRENT = 1,0354020 Mes{-2) SEC*#i~]1)
ION YELOCITY = 53491.5 M/SEC
SIGMA FLOMW TEMP
5.0-019 «140000 AMPS «060 EV
ECHAR VOTR ETA RHOMIN NSTEPS
10.000 200 +050 1.00+010 a0
THERMAL BC = °*INSU* WITH TEMPERATURE 1.00 EV.
NEUTRALIZER RADIUS = «03850 2 ITERATIONS,

PRINTED OUTPUT: LOGICAL UNITS NOe. 19 AND 20,
PLOT CESTINATION = NONE
ITLE =

PLOT T NASA = S-CUBED ION ENGINE PLASMA CODE
sesTIME LEFT = 1792 SECONDSews
sesexsCHEX
NEUTRAL EFFLUX = «0550 EQUIVALENT AMPS,
TOTAL GENERATION RATE = 000773 AMPS
CHEX = 50 STEPS COMPLETED. RHO( «00S, «0C07) = 2+976+014%
CHEX = 100 STEPS COMPLETED. RMO( +00S, «007) = 4e438¢0]10
CHEX = 150 STEPS COHPLEYED. RHO( +C0S, «007) = 3.8254014 N
CHEX - 200 STEPS COMPLETED. RHOL «00S, «00T) = 4.784+014
CHEX = 250 SIEPS COMPLETED. RHOU{ «C0S, «C0UT7) = 4.665+014
CHEX = 300 STEPS COMPLETED. RHO( «00S, «007) = 4.565+014
*exTIME LEFT = 1391 SECONDS#*s»
*sxsxsPQTENT
CURRENT ENTERING FROM LEFT = 8.54-002
CURRENT EXITING AT RIGHT = 8+54~-002
CURRENT EXITING AT RMAX = Se84-004
ToTAL ONODT = +5,8u4-000
EMITYTER AT NODE 14,
GETRHS -= CURZO,ELJ = 8.54=-002 2.,46+C01
“e¢sWARNING#%® GETCH ==~ CH{ S477) = ~-1.00+C00
1CCG === ROOTR/RODTRY = 2,32-0057 7.76-001 NITERZ 31
ICCG === RDOTR/RDOTR] = 3.18=014/7 1.35-CC1 NITER= 25
2 nARNING##* GETCH ~-= CH( 5477) = =1,00+000
ICCG === RDOTR/RDOTRI = 2.16-003/ 6.74=001 NITER= 31
ICCG ~=-- RDOTR/RDOTRY = 7.92-0157 9.92-C03 NITER= 24

Figure 5.2. Output resulting from lines 13-16 of runstream.
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NASA - S-CUBED ION ENGINE PLASMA CODE

DATE=-08/11/81 TIME-11.43:08
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Figure 5.4. Plot title page.




PLOT SEQUENCE & =~ | NASA - S-CUBED ION ENGINE PLASMA CODE

POTENTIALS (VOLTS)

300

.250 L

MIN = -3.4347+000

HAX = 1.4530+001
200 1}

Z-AX1S

150

100 1

050 1

000 + ' J ' '
.000 025 .0S0 07s  .100 125  .150

R-AXIS

Figure 5.5. Potential contour plot requested in line 18
of runstream.

CONTOUR VALUES
-4.
-3.
-2.

0000+000
0000+000
0000+000

-1.0000+000

-

—_ = e = A NOOUL D NN N

.4506-008

0000+000

.0000+000
.0000+000

0000+000

.0000+000
.0000+000

0000+000
0000+000
0000+000

.0000+001
. 1000+001
.2000+001
.3000+00!
. 4000+001
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PLOT SEQUENCE = = | NASA - S-CUBED ION ENGINE PLASMA CODE

LOG ION DENSITY

300

CONTOUR VALUES
1.2000+001
1.2200+001
1.2400+001

.250 | MIN = 1.2000+001 1 2600+001
1.2800+001
\|  mx - 1.5376+001 1.3000+n01

1.3200+001
1.3400+001
136004001
1.3800+001
1. 4000+001
1. 42004001
1. 4400+001
1. 46004001
1. 4800+001
1.5000+001
1 52004001

.200 L

Z2-A8X1S

150 1

100

nso

000 ALA,

000 025 0so  .075 160 .125 .1S0
R-AXIS

Figure 5.6. Logarithmic ion density contour plot requested
in Tine 19 of runstream.
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PLOT SEQUENCE = ~ 1

Z-AXIS

. 300

250 |

.200 |

150 |

100 |

050

000
Q

Figure 5.7.

CHEX ION DENSITIES
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R-AXIS

25

150

NASA - S-CUBED ION ENGINE PLASMA CODE

HIN =

HAX =

9.4667+011

4.6342+014

CONTOUR VALUES
1.0000-a37
5.0000+013
1.0000+014
1.5000+014
2.0000+014
2.5000+014
3.0000+014
3.5000+014
4.0000+014
4.5000+014

Charge exchange ion density contour plot requested
in line 20 of runstream.
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in line

21 of runstream.

HMAX =

1.4921-003 A/M»x2

Charge exchange current vector plot requested




“weeTIME LEFT = 1340 SECONDS#as

ssswunsCHANGE
NSTEPS SO0
DEST ELECTROSTATIC
ssaFBREAKS®s GROUP NO, 2 IN THIS CARO IMAGE = TOO LONG
DEST ELECTROSTATIC
END
CODE OPTION SUMMARY
NR N2 RMAX CMAX
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Figure 5.9. Output resulting from lines 23-29 of runstream.
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Figure 5.10. Plot title page (line 29 of runstream).
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Figure 5.11. Potential contour plot (1ine 30).
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Ion density logarithmic contour plot (1line 31).
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Figure 5.13. Charge exchange ion density contours (line 32).
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Figure 5.14. Charge exchange ion current vector plot (line 33).
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Qutput resulting from lines 35-37 of runstream.
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Figure 5.16. Plot title page (line 37 of runstream).
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Figure 5.17. Potential contour plot (1ine 38).
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Figure 5.20. Charge exchange current vectors (1ine 41; cf.

Figures 5.8, 5.14}.
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Figure 5.21. OQutput resulting from lines 43-44 of runstream.
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Figure 5.22. Plot title page (line 44).
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Electron temperature contours (line 46).
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Current vectors (1ine 47).
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Figure 5.27. Plot title page (1ine 53).
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Figure 5.28. Potential contours (line 54).
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Figure 5.29. Current vector plot (1ine 55).
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Figure 5.30.

Qutput resulting from lines 57-62 of runstream.
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Figure 5.31. Plot title page (line 62).
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Figure 5.32. Potential contour plot (T1ine 63).
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Figure 5.33. Electron temperature contour plot (T1ne 64).
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Figure 5.35. Qutput resulting from lines 67-72 of runstream,
including execution of graphics interface to
DISSPLA plot package.
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FLUID MODEL OF MIUTRALIZED ION BEAMS

D. E.
Systems,
La Jolla,
Abstract

The purpose of the present study 1s to
determine the capabilisty of a £luxd model
cf electron transport to explain observed
Properties of ion thruster generated plas-
mas. Calculations reported here show that
when the effective collision f£requency in
such a nmodel 1s of the order of the elec-
tron plasma frequency, the resulting elec-
tric potential variations and electron
temperatures are in qualitative agreement
with values measured in the plasma gene-
rated by the SERT II =hruster. Both theory
and probe measurements made 1in flight and
ground tests indicate substantial depar-
tures Srom the barometric law and strong
variations of plasma potential across the
beam boundarvy.
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phase space volume element &
at r,v

total energy flux

= qa(E ~ vxB/c)

wilol

unit zenscr

net current density
2oltzmann's constant
nass of particle of species a

3 AUl

fu

electron rass - - -
electron density = [Z(r,v,%)dv

= 1/3n f2 v*24% = scalar electron
nressure -
m f2 $°v°av = pI + 7,
tensor =

1/2 nfv°“c av
charge on particle of species a

13

H¢)

U
14

fressure

Rl
[}

[

Tacnitude of electron charge
heat flux, Ec. (7)

position vector of a par+ticle
Smv C dv
electron
yelogity
= v -V
mean or_drift velocity =

temperature
of a particle

3

SIS S B oind (g
[}

l/n Jf(r,v,t)év

‘e mean <ree path for pair colliisions
between electrons

2 = kT

- olasma resistivity

< thermal conductivity of plasma

. effective collision frequency

‘a1 electron-10n collision Zreguency

T = am 7% - -v-%>/3 T = stress tenson

-l
BN

n

¥
[}

—

Parks, M. J. Mandell and I. Katz
Science and Software
California 92033

s electric potential
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¥
l. Introducticn

The purpose of the present study is to
determine the capabil:ity of a2 £luid model
of electron transport to explain observed
properties of ion thruster ganerated plas-
mas. Calculations reported nere show that
when the effective collision £requency in
such a model i1s of the order of the elec-
tron plasma frequency, the resulting elec-
tric potential variations and electron
temperatures are 1in gualitative agreement
with values rmeasured in the plasma gener-
ated by the SERT II thruster. Probe rea-
surements made in SEXRT I:(I) £ligat and
ground test experiments(2) indicate sub-
stantial departurss from tne carcmetric
lawl3- and show strong var:acions of
plasma potential across the team ooundary.

We propose to explain the plasma proper-
ties observed in the aforementioned experi-
ments in terms of ancmalous resistance of
the plasma to the flow of electron current.
The calculations are based on £luid ecua-
tions expressing conservation of charge,
momentum, and energy. We adopt the clas-
sical (ignoring thermoelectric 2£Zecks)
form ?f)the equations of electron trans-
port, '8’ but permit reduced values of the
transport cocefZicients. Predicted space
dependent potentials, electrsn tempera-
tures and current densities agree gualita-
tively with experxmental results.

While the plasma 1s not collision domi-
nated, randomization of electron velccities
may still occur tnrough ennancad levels of
fluctuating fields, such as those 1nit:rated
by streaming instabil:ities. Such {:elds
are probably efifactive in coupling neutral-
1zer electrons i1acto the bulk zlasma and 1in
equalizing the mean dri1ft of =lectrons w~itn
ions wn the thruster beam. Such mecnanisms
are often approximated by intreducing an
effective collision freguency, ..

Within a meter or so of the ion thruster,
the electron densities are in the range

8 13 cm-B

10 <n < 10
and their velocity dastribution is charac-
terized by temperature 3 between abcut one
and ten electron volts. The Debye length

/C
D 700 5 °cm

A =

1s typically small compared to distances L
over which chere 1s a substantial varzation
of macroscoplc plasma properties such as
density, potential, and temperatures. On
the other hand, the mean Zree path Zor pair
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collisions ‘e

Ae ® 102 222 512/ em, 2 < 3

for alectrons of energy E (eV) 1s typically
long compared o L, so that as previously
asserted the behavior of the plasma .1s con-
trolled by collective rather than colli-
sional effects. Since ip << L, the plasma
1S quasineutral, departures from neutrality
amounting roughly to

Am\2
sn/n ~ (L—D) .07,

the space around the vehicle is strongly
shielded from surface potentials. This is
1in contrast to the situation that prevails
1n charging of spacecraft in geosynchronous
orbit where affects of space charge are
entirely negl:igible and potentials are
detarmined as solutions of Laplace's equa-
tion.

Although collisionless, thruster-gene-
rated plasmas exhibit macroscopic behavior
similar in many respects to that of a col-
lisional plasma. Such behavior 1s perhaps
not totally unexpected in view of the fact
“hat 1n both non-egquilibrium and equili-
brium plasmas electrons are scattered by
fluctuacing electric fields. A primary
difference between the equilibrium and non-
equilibrium cases 1s 1n the magnitude of
<he fluctuating fields.

Several investigators have measured
sroperties of thruster generated plas-
mas. (3=7)  In the experiments of Qgawa,
et al., on cesium ion deams neutralized
by electrons from a hot wire, measurements
were mnade of the density, potential, and
electron temperature in the heam plasma.
The potential differsnce between the
neutralizer w~ire and the plasma could be
varied by changing the position of the
wire, the large potential differences
(electron injection voltages) occurring
~hen the wire was completely withdrawn
from the beam plasma. An important result
of the Ogawa exveriments was that over a
wide range of conditions electron density
n and plasma gotential » were well corre-
lated by the barometric law

n(f) = const exp(qo(Z)/kT) (L

The approximate validity of the barom;%rlc
law was further verified by Raufman. |

Since the barometric law 1s a thermal
equilibriunm concept, 1t can be completely
valid only 1f the plasma 1s isothermal.
The plasma 1s only approximately isotherm-
al, noticeable dev:iation cccurring as one
proceeds from the beam axis beyond the
beam edge into the plasma Zormed by am-
bient and charge exchange ions. ZXaufman
observes an electron temperature in the
charge axchange p%afma only §?out half
that in_the beam.!’) ogawa(3) and
Sellen(3) obtained measurable temperature
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variataions in the beam plasma over saveral
tens of centimetars in the downstrsam direc-
tion from the accelerator grid. The largest
deviations from the hbarometric law were
observed for large injection potentials

(310 vclts). Probe traces in such cases
also indicated departures of the electron
spectrum from a Maxwellian shage.

Probe measurements of the plasma poten=-
tial 1n the thruster beam were made 1n
SERT II flight and ground test experiments.
The measurements show strong variation of
plasma potential across the heam boundary
about 20 cm downstream from the thruster
grids. Such results are difficult to ex-
plain on the basis of a barometric law
relationship unless the electron tempera-
ture or density var:ation from beam center
to heam edge 1s nmuch aigher than might be
expected from other measurements made 1n
similar configurations. We anticipate,
however, that such 1s not the case and, in-
stead, that the observed behavior should
be explained in terms of the anomolous
resistivity of the thruster generaced plas-
ma to the flow of electron current. Thus,
the primary objective of the following
sections of the raport is to determine the
capability of simple transport models to
explain, at least gualitasively, the ex-
perimental results,

The naxt section summarizes the kinetic
equation for the electron distribution and
the first few moment equations expressing
conservation of charge, momentum, and
energy. In Section 3 we state the approxi-
mations leading ts the transport eguations
which we eventually solve. The method of
solution and the results of calculations
will be the subject of Sections 4 and 35
respectively. The final section, Section §,
summarizes the conclusicns of this study.

2. Exact Eguations for Electron Gas

In principle, a kinetic approach based
on the Vlasov-Boltzmann equation Zfully
describes the spacecraft generated plasma.
The complexity of such an approach, now-
ever, makes 1t impractical as a basis Zor
conducting multidimensional calculations
of plasma behavior. Besides, axcept near
sources and collecting surfaces, where the
distribution funcstion may change markedly,
ocne should be able to adequately describe
the plasma in terms of certain average
properties of the distribution, such as
temperature, density, and particle and heat
fluxes., Below, the exact equations de-
scribing the plasma are given in order that
the reader may be aware of the efiects
neglected i1n arriving at the approximate
equations that are subsequently solved.

Quite generally the state of the plasma
can be spegified by the distributicn func-
tion £5(r,v,t) that characgerize gach parti-~
cle component a, where f,(r,v,t)dr dv
represents the number of particles of
species a_in_the six dimensional yolume
element dr 4dv about the position r,v in
phase space. The kinetic equations which




describe the distribution are

3E, F,
-2 oTE 2.
T + v £ - 7, Vv fa = Ca (2)

For particles of mass m, and charge g5 in
an electric field E and a magnetic field

3 the "smoothed" force on a particle is
Fa. The effects of collisions between
particles 1s taken account of by the col-
lision term denoted here by C,. Here we
attempt to describe the plasma in terms of
1ts density n, mean velocity V, and cer-
tain anigher velocity moments. For conven-
1ence, we have omitted the particle
species subscript a. The first three
moments of the kinetic equation yield
conservation equations for particles,
momentum and energy, as summarized be-
low: (8)

Conservation of Particles

2
3

+ 7eaV = 0 (3)

W
22

Conservation of Momentum

2. (mn¥) + 7.mn¥V + 7-§ - qn(E + B3
3t <
(4)
Conservatxon of Energv
3 am{,,2 .2 -
3—1:'(2—(" 4-<v >))+7'E‘=qnz~v
+ RV +Q (5)
where
2 (2> -
= v K4 = - - -
=’[’““(T*?)*P]“”V‘q
(6)
1s the total energy flux,
g = A 7
z am —2—-/ (7
1s the heat flux,
nv‘z =
Qi/TCdV (3)

ané < > denotes an average over the dis-
ribution £.

So far, the equations are quite general
and involve no assumption that the gas is
coll:ision dominated or retains a Maxwellian
spectrum of velocities. Separate conserva-
L:o0n equations may be written not only for
different particle species, but also for
different groups or particles of the same
charge and mass. Prinary electrons, for
example, with significant streaming ener-
gies could be treated as distinct Zrom the
main electron population which 1s taken to
have a Maxwellian distribution of veloci-
ties. For the present, however, and until
experaimental or theoretical considerations
dictata otherwise, we shall consider

electrons as a whole and that their distri-
bution varies slowly in space.

3. Approximations for Electron Gas

Consider that the plasma 1s 1n a steady
state and that gquasi-neutrality pertains
throughout the bulk plasma (that 1s, away
from electrodes and collecting surfaces).
The electrons and rons each satisfy the
particle continuity eguation

Tea ¥, =20 (1= +,0) (9
with n+ = n. = n. The momentum eguation
simplifies considerably if the electzon
drift velocity V 1s_small compared to the
random velocity <v°2>1/2 and 1f the veloc-
i1ty daistribution is nearly isotropic.
Then, in the absence of magnetic fields,

(10)

7p + enE = R

where R represents the collisicnal drag be-
tween 1ons and electrons. In a glassical
plasma dominated oy collisions, R s com-
posed of a part groporticnal to the rela-
tive motion u = V4 = V, between electrons
and 1ons, leading to plasma resistivity,
and to a thermal part proportional to the
gradient of electron temperature, which is
frequently neglected. In this approxima-
tion, equation (4) becomes
9p + enE = =nej (11)
where J 1s the net current density and the
plasma resistivity ~ 1s related to the
electron=-i1on collision £requency vey dY

2
.
a7t e 2 (12)

If the plasma 1s non-resistive and iso-
thermal, equat:on (11) yields the baro-
metric law, equation (l). In this sense,
equation (ll), or more generally the com-
plete electron momentum eguation, may be
regarded as the generalization of the baro-
metric law.

£ the plasma 1s not collision dominated,
randomization of electron velocities may
st1ll occur through the esnhanced levels of
fluctuating fields in the plasma, such as
occur for electron two-stream instabili-
ties, or electron=-ion Lnstabll%tze? of the
ion-acoustic or Bunemann type.'8.,9’ These
mechanisms are probably effective i1n coup-
ling neutralizer electzons inco the bulk
plasma and in equal:izing electron and ion
mean drift velocities. They are often
approximated by introducing an effective
collision Sraguency, J, in dlace of vg,.

The determination o electron tampera-
tures 1in tne plasma reguires consicdera-
tion of the energy balance equation, egqua=-
tion (5). Making the same approximations
i1n the equation expressing conservation of
energy that were made 1 tne momentum
equation, vields

71




7-F = quE¥ + 07, + q, (13)
with
F a ; oF + § (14)

Here 5/2 pV 1s the enthalpy flux of the
drifting electrons, ¢ the nacroscopic
heat £lux, and R+V 1s related to the ef-
fective joule heating associated with the
relative motion of electrons and ions.
The quantity R appears also in the elec-
ron momemtum equaction; for a plasma con-
trolled by collective effects 1t should
be approximated in the energy equaticn
in the same manner as in the momentum
equation. The heat flux, g, contains new
features. Classically, § contains two
terms; one proportional to the relative
drift velocity between electrons and ions,
and the other proportional to the gradient
of electron temperature.

For the initial calculations, we ignore
the driit contributions o the energy Zlux,
the electzon-ion heating Qaei, and assume
that the heat Zlux 1s proportional to the
temperature gradient. The energy balance
aquation thus assumes the simple form

70476 + Tav (GE-GL)Z =0 (15)

4. Ion Zngine Neutralizer Code

The basic physics of an i1on engine
aeutralizer medel was presented in the
preceding sections. This physical medel
has been incorporated into a two-dimension-
al (R-2) computer ccdée, which 1s described
below. A sample calculation of neutral.-
zation 1n a thruster similar to SERT II
13 discussed below. Results are given
for space dependent electric potent:ials,
electron temperatures, and current densi-
ties.

Code Description

The icn thruster model has been 1ncoz-
sorated into a two-dimensional (R-2Z) com-
suter code Iollowing the block diagram
shown 1n Figqure 1. For <his 1nitial
version the ion currents ana densities
ware assumed known. In a later version,
1t would be possible to allow a multa-
component 1on composition o be determined
self-consistently with the temperature and
Fotential. The code operates entirely :in
MKS units.

The code has been run interactavely,
~#1th all relevant information on disk Zile.
As long as previous information exists on
disk, the program may be entered £rom tnhe
£wWo noted entry points as well as the be-

ginning. For developmental purposes, it
was found convenient to "hard-wire” many

features of a particular problem into th
code, while others are prompted for .nput.
A flexible on-l.ne graphics program, which
plots information on the disk £ils, aas
also been developed.
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Fi1g. 1 Block diagram Zor 1on
neutralization code.

engine

At present, the code assumes ion veloc-
1ties everywhere and i1on currents at the
input boundary to ne known. The code then
calculates plasma densities such that
7-(ny) = 0 s numerrcally satisfiied. Typi-
cally, ion velocities are taken to be either
purely axial or to be radial from a soint
scurce on the axis exterior to the Tesh.

As the code requires ncn-zero plasma den-
s1ty everywhere, a background density of
"slow" ions may be added. It shculd be
possible to handle mult:iple i1cn species
with interconversion fairly easily.

The neutralizer 1s assumed to bSe a ring
at specified distance Srom the axis, emit~
£1ng a current of electrons equal to the
1on beam current. The net current 2 th
plasma 1s given by

= v, -7 16
1 = nqly, - v,) (16)
= a(-7 s+ S Tp) , (n
where now o = nkT 1s the electron sressure.
[For c=e and gkT-4 (constant) we Iind
3 = 3In n.] The code deternines elactro-
static petentials by soiving 7+3 = 0. (See

It 1s necessary to iterate
temperature
the pressure

Apperdix A.)
between this equation and the
equation (equation l3), since
1s a function of cemperature.

The plasma temperature satisiies the
equation




2 the beam from the side. The :io0n current 1s
Te(=x79) = %— (18) 50 percent neutralized at “13 cm downstzeam
rom the thruster.

where < 1s the thermal conductivity and
the right-hand-side represents the ohmic¢
generation of heat. For this prelaminary
version, convective heat transport has
been neglected. On the various boundary
regions, either isothermal or insulating CENSITY 1- 0.0
boundary conditions may be specified.
Since, 1n practice, we take ¢ to have a
power law dependence on 9, < = nx~ 31~
tne equation actually solved 1is

Lt

«0 &6 40 W8 8 M ws W

40

a2

2
LA CE B TP (19)

For convenience, the transport coeffi-
cients g and x° are calculated by a single
1solated subroutine. The conductivity ¢
may depend on both density and temperature, B
and x° on density only. The present ver-
sion assumes a relaxation rate proporticnal
o the plasma frequency: TE e L Lm  LE  Lm .m em te =

12 2 N R-AXIS (m}
- e
TERY 5T §98e 20

DENSITY (m 3)

.8 s

»
]

Plasma density for SERT II 1ion

thruster model.
«here the parameter 2 1s taken to be

0.51. 3y the classical Weideman-Franz
law,

r=%:('$)2r. (21)

=4

TEHPERATURES  (eV)

If we nmeasure temperature in eV, k = q,
so that «<° = 3/4 =,

5. Computational Results

A calculation was performed for neu-
tralization of a 0.23 ampere, purely axial
beam of 3 xaV mercury 10nS in a constant
density background plasma. The beam had
a radius of 7 ¢m, and a ring neutralizer
was placed at a 17 cm radius. The given
plasma densicy_ (Figure 2) had a peak of
16.1 x 1014 m=3, and an ambient density
0f 1.0 x 10%% m~3, These conditions ap-
proximate those occurzing in the plasma
oroduced by the SERT II thruster. The
temperature profile (Figure 3) was calcu-
lated witn insulating boundary conditions
at the thruster. The maximum temperature
occurs at the beam entrance, where the
heat generation is greatest. The peak
temperature was 5 eV, compared with a 1 eV
assumed background. The alectrostatic v el
potentials are shown in Figures 4 and S. R T L
Strong potential variations acress the R-AXIS (m)
beam edge and a potential dip near the THETA MAX - 5.25
neutralizer are calculated features in Fig. 3 Temperature profile for SERT II
qualitative agresement with experimental 1on thruster nodel.
results (Figure 5) (1l) while the strong
edge fields coniorm approximately to the
barometric law at the local temperature,
they deviate substantially £rom the results
that would be obtained wita v << ., or by
using the barometric law as the point of
departure (that 1s, a zero resistivity,
1sothermal calculation). Current-vector
plots (Figures 6 and 7) wndicate that the
beam 1s neutralized by electrons entering

Z-AXIS (m)
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Surmarv anc Ccnclusions

The consequences of cthe assumption %=hat

i Yy

the electron gas near an on tisT

haves as a resistive
Thecoret:ical

aminea.

ister be-

£luid have heen =x-
results obtained here

are i1n qualitative agreement with experi-

mental observat:iors.

Such agreement indi-

cates <hat the properties of :thruster




generated plasmas can be described by
fluxd equations having a classical form
but with an effective collision frequency
near w.,, much in excess of the classical
value for pair (electron-ion) collisions.

Further work should be performed to
sest qualitative and gquantitative predic-
tive capabilities of fluid models of
thruster plasmas, and to better understand
the relationship between ersatz fluid
rodels of the type invoked here and the
underlying plasma physical mechanisms
embodied in the collisionless Vliasov
aguation.

Appendix A. Mathematical Considerations
on the Variational Formulation of
Poisson'’s Equation

In our theory of ion engine neutraliza-
tion, 1t 1S necessary to solve equations
of the form

7o lo(x)7 2] = s(x) (A.1)
subject to fixed-value soundary conditions
at some nodeas and normal-gradient boundary
conditions at others. We need to show
that equation (A.l) i1s exactly the equa=-
tion equivalent to the variaticnal formula-
%ion, and that the normal-gradient bound-
ary conditicns are equivalent %o a surface
caarge.

Theorem 1

Minimization of
‘7(r)

43 2
S[2E | 7T !

LR Rl a(g)s(g)s (A.2)

1s eguivalent to equation (A.l).

Minimization of fﬁ3:L(o,T:,r) requires

2,z)

3, ) IL(:=,v
— - ; = Q (A.3)

’
) E)

~
-
~

Taxking L as the integrand of (A.2), ecua-
tion (A.3) vields exactly equation (A.l).

Theorem 2

In the finite-element formulation for
the minimizacion of (A.2), normal-gradient
houndary conditions are equivalent to sur-
face charge.

Proof
In zhe finite-element formulation,

ninimizaticn of (A.2) leads to the equa-
tions

{1 . .
B lf zi 3 djk % * E; 2.8

[w}

where

W= @ s @ @1 (.

s, =f &y s, (a.6)

{
N, (r) are nodal interpolation functions
and 9, 2re node values for the unknown
£i1eld.

Since W 1s symmecric, these aquations

are
?wu 4y + 5, =0 (a.7)
Using (A.S) we £find
- = 3 Lrd > o= T
DIRLANES j;d (7N (D)1 [(D) 7T ()]
] (A.8)
where

T = LN (),
- L

The integrand of (A.3) can be rewrit-
ten as

T (SN (2)T3(D)]

- NL(E)Z'[J(E)Z3(§)] (A.9)
Writing D(g) = <¢{(r)73(r), and using the
divergence theorem, egquation (A.7) be-
comes

2 - 3 -
j;a £ N (z) D(n)en - f&’z N (z) 7eD(x)

+S§ = 0 (A.10)

where the first zntegral runs over the
surfacs of volume 1. By analogy with
electrostatics, the second and tnird
terms are the "volume charge" asscciated
with noce 1, wnile the Ifirst, involviag
the surface-~norral-grad:ent of the »oten-
t1al, s non-zero only on surface nodes
and may be compensated by a corresgonding
surface=-charge density.

Corollary
Consider the equation

77 =0 (A.Llla)

where

J = c(Z:-g(5)7f) , (A.1llb)
and £(zr), g(r) are known functions. IZ
=he inhcmogeneous %Zerm Ls evaluated using
equation (A.8), equataicn (A.1ll), with no
further qual:ifications, will give zero-
normal-current houncary cond:itions when
solved by the f:nite-element method.
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Turthermore, non-zero normal current
boundary conditions, n Jg(r), can be in-
voked by adding an inhomogeneous term to
the surface node equations.

Sroof

Substitutaing (A.ll) into (A.1l0), the

£inite element equations are
2 - 3 -
j;d £ N () J(2) A = f&r7.3(m N (x) =0
(A.12)

As the second term is to vanish (within
the £inite-element approximation), it fol-
lows that the first term 1s equal to the
right-hand-side. Thus, replacing the
right-hand-side with

RS ERGIEND (A.13)
BN z

~#11ll produce the specified boundary condi-
tions.
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PARASITIC CURRENT LOSSES DUE TO SOLAR ELECTRIC PROPULSION GENERATED PLASMAS

I. Katz,* D. E. Parks,** M. J. Mandell,* G. W. Schnuellet
Systems, Science and Software
La Jolla, California 92038

Abstract

Solar electric propulsion 1s a leading
candidate for many upcoming space migsions.
Under many circumstances plasma produced by
charge-exchange reactions withan the ion
beam dominates the ambient environment near
the spacecraft. The calculations presented
here contain a predictive hydrodynamic
model for the charge~exchange plasma ex-
pansion, and a fully three-dimensional
model for the structure of the plasma
sheath around the solar array wing. Re-
sults of calculations for several configu-
rations and voltage levels indicate that
with kilovolt biases power losses of 10
percent or more are likely, even with only
one engine in operation, and that amelio-
rative measures should focus on the inboard
portiocn of the solar arrays.

Nomenclature

= electrac field
radial mass flux

H

= axial mass flux

= acceleration on Vlj
Boltzman's constant
ion mass

electron density
ambient plasma density

8" ™M thd
N
]

]

magnitude of electron charge
radial coordinate

H HQ 9B
non

V) . radial location of velocity vector

-

v

1]
= radial location of ion density pl]
kth surface boundary of Qlj
electron temperature

ion velocity
axial coordinate

Mo~
©
-

[

P

NG W K

3

—_
<

-

axial location of velocity vector

v
1]
= radial location of icn density pl]

angle from the thruster beam direc-
tion

radial mesh spacing

axial mesh spacing

kT

1ion density

electric potential -
volume of cell associrated with Vl]

[
it

(> X1
-~
©
~

L} |

@
| O (|

1. Introduction

Solar electric propulsion 1s a leading
candidate for lifting large structures
from shuttle orbit to geostationary alti-
tude. Previous studies 1/2 demonstrated

*Program Manager, **Senior Research Scien-
tist, tResearch Scientist
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that plasma produced by charge-exchange
reactions within the 1on beam may dominate
the ambient environment near the space-
craft. Currents flowing through this
plasma between the engine neutralizers and
the solar arrays are a drain on the power
systems., If the losses become too large,
they may have a substantial maission impact.

Simple calculations have been performed
to estimate parasitic currents flow;ig
through the charge-exchange plasma. 12
While the potential seriousness of the
interaction was identified, the ad hoc
nature of the previocus work made clear the
need for a more accurate treatment of the
expansion of the charge-exchange plasma
and the resultant solar array power losses.
The calculations presented here are an im-
provement over previcus work in that they
contain a predictive model for the charge-
exchange plasma expansion, and a fully
three-dimensional model for the structure
of the plasma sheath around the solar array
wing.

The generation mechanism of the charge-
exchange plasma 1s clearly understocd.
However, until recently there were no
predictive models of the expansion dynamics
of these slow moving i1ons. This work, as
well as that of Robinson, Kaufman and
Winder, 4 describe the 1ons as streaming
under the electric field created by baro-
metric law behavior of the plasma elec-
trons. The model described here treats

the 1ons numerically as a cold fluid while
Reference 4 calculates representative ion
trajectories by particle pushing. Both
calculations are presently done assuming
axial symmetry.

The collecticn of 1ons and electrons by
solar arrays has been the subject of much
recent interest. Experiments have been
performed on large array-like objects in
the vacuum tank at NASA/JSC. A three-
dimensional computer code, which simulates
plasma interactions in Low Earth Orbit
(LEO) was developed by the authors and
provided qualitative and gquantatitive
agreement with experiment. This pro-
gram, NASCAP/LEO, in a somewhat modified
form 1s used in this study to describe
the charge-exchange plasma-solar array
interactions.

In this paper we present a new model
for the expansiocn of the charge-exchange
plasma from an 1ion thruster. We then use
this predicted charge-exchange plasma as
the environment surrounding solar arrays
in the LEO plasma interaction model. From
this we obtain improved estimates of gower
losses for a variety of solar array con-
figurations.
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2. Theory

For this study we have considered a
single 30 cm diameter mercury thruster
producing 2 A of beam current and 25 mA of
charge-exchange current. The charge-
exchange ions are emitted radially, with
energies of 5~10 eV, within a downstream
distance equal to one diameter of the beam.

This gives a density of V2.5 x 1014 m-3
at the beam edge, which exceeds the Low
Earth Orbit (LEO) plasma density of

1010-1012 m_3. Thus the charge-exchange

plasma will dominate the ambient to a
distance of several meters from the
thruster in LEO, and over the entire space~
craft for substantially more tenuous en-
vironments.

The conditions in this plasma are long

collision lengths ('vlo3 m) and short Debye

lengths ('\'10-3 m). In this regime we
assume that the electron gas adjusts 1it-
self to maintain isothermal, quasi-neutral

conditions. This implies a barometric law
potential,
¢ = éin(n/n,) (1)

where 8 1s the electron temperature (eV),
n the local plasma density, and ny the am-

bient plasma density. The barometric law
1s not an essential feature of the model.
In the future we expect to remove the iso-
thermal restriction and utilize fluid-like
equations to describe the electrons.

The barometric law potential causes expan-
sion of the 1on cloud as 1t emerges from
the beam edge. Far downstream the electro-
static force become small, so that the ion

density takes the form f(a)/rz, where o 1s
the polar angle relative to the beam and r
the distance from the engine.

The 10n gas 1s modeled hydrodynamically,
1.e., we assume the 1on density and velocity
to be a well-defined function of position,
and the ion thermal motion to be unimport-
ant. This representation 1s chosen for
ease of generalization, as opposed to using
particle pushing techniques which require
extensive computer time for three-dimen-
sional applications. The motion then
satisfies the equations of continuity of
mass and momentum:

32 = -7 (o¥) (2)
~ . PqE
2 tov) = <Te (v p¥) + —2 (3)

where subscript o denotes a Cartesian com-
ponent, and E is the electric field. The
challenge 1s to develop numerical methods
capable of finding the steady-~state solu-
tion to equations (1=-3) 1n the R-2
(cylindrical) geometry appropriate to the
problem.
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3. Numerical Methods

numerical
(2) and
a stag-
mesh 1s

In order to suppress spurious
oscillations we solved equations
(3) using upwind differencing on
gered mesh. The computational
shown 1n Figure 1. The thruster bean
starts on the z = 0 plane and 1s pointed
along the positive z axis. Charge-exchange
ions are produced downstream within the
thruster beam, and the charge-exchange 1ions
are expelled from the main beam radially by
electric fields within the beam. The phy-
sical space 1s located within the solid
boundary; mesh points outside the physical
space are computationally convenient and
serve to maintain boundary conditions.
Velocities are defined at the points indi-
cated by crosses, which form an evenly
spaced r-z mesh:
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Fig. 1 Computatiocnal space, showing points
for definition of velocity (x),
density (e), and mass flux {(—=}.

r(V) =r + 1 Ar (4a)
1 o
(v) _

z, =z, + 3] Az (4b)

Densitzes are defined at the centroids of
the quadrilaterals formed by the crosses:

(p)2 _ 1 (v)2 (v)2

Ty -7 (rl MRS ) (5a)
(p) o 1 (v) (v)

3 T2 (ZJ * 23*1) (50)




Mass fluxes, f, are defined at the arrows
in a fully "upwind" sense:

(v) (o)) o L (v) _(v)
vr(rl ,ZJ ) Z[Vr(rl ,zJ )
(v) _(x)
e vy (572 3)

14 J+l
(o) (v o (vy _ .(p)
(Ar)vz(rl ,zJ ) = (ri+1 r, )

(v) _(r) p)_. (V) (v} _(v)
vz(rl ,zJ ) rl )Vz(r1+l’z] )

+ (r(

1

(p) (v)
- (/%)

(6a)

(6b)
(v) _(p)
fr(rl ,zJ )
p(r]ip) 'zj(p)) Vr(r:(.V) 'zj(p))
. = {1-1 1£ V. >0
1 ifv._ <0 (6c)

b

(p) ., (V) {p) _{(p) (p) (v
fz(r mz] ) = o(rl 12y )vz(rl ,zJ )
0
0

2
-1 1f v_ >
Q,:‘J z -

L3 afv, < (6d)

With the above definitions, 1t 1s straight-
forward to timestep the integral form of
equation (2), using as control volumes the
rectangles formed by the four crosses
(velocity definition points) surrounding

a density definition point.

, Equation (3) 1s then used to construct
dv/dt. We use a finite difference method
to evaluate the divergence term as follows:

a. Define mass fluxes flowing between
the crosses in Figure 1, 1.e., normal to
the arrows. This 1s done by taking
weighted averages of nearby already de-
fined fluxes:

(o) (p) _(v}Y .
4rl fr(rl ,zJ ) =

1+1

(v) (v) (p)\ -
4rl fz(rx ,zJ ) =

r,iv)fr(rév) .zpfp)) (N

]
L=3~1

1 J+1
5 S e
k=1-1 2=)

b. Define densities associated with
velocity definition points:

(v) vy _(v)y 4
4rl p(rl ,zJ )

1 3
2 réo)p(rép)'zéo)) (9)

k=1-1 2=3-1

These densities are needed at both their
previous and current (Just updated) values.

c. Define velocities at the arrows:

(i - 7)o 207
(=) - 27 ofel2lt)
(e - =) ofel )

2 o47) 1 )
- o) el )
(s - o) ofet )

d. Determine the change in velocity by
4 (v) (v} (v) _(v)
Ql] dt[p<rl 'zj ) Y(rl ’23 )]

=" Zk Sk(nk'gk)‘..’k * 05 Eyy

where Ql] 1s the volume
(p) (o), ,(p) (o)
Fiol ST ST Ea <z <z !

sk are the surfaces bounding that volume,
and F 1s the force at (r(v),z(v))
<13 1 J

Specifically, using
(Pr2__(p)2 (o) _ (p))
ﬁ(rl Fi-1 ) (21 Zi-1) -

we obtain the following expression for the
divergence of the momentum flux i1ntegrated
over the volume:

Q=

_ng. v, =
X Xk "k <k -~k
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(p) . 2 (P) (p) (p) (V)
”(zi %- 1)[ri 1 f:( 1-1'% )
(p) _(v)
o2
e e al) (el e

(p)2__(p)2 (v) _{(p) (v) _(p)
* ”(rl Fi-1 )[fz<ri ’zL-l) Y(rl L-l)

(v) _{(p0) (v) _(p)
- fz(rl ,zlp) Y(rl ,Zl )]

The velocities are advanced using

v J(t) =0,
+ (g/m) E( (v) §V))dt

( x Yk) .

(t=-dt) glj(t-dt)/oij(t)

1] l]z €) 2:

These formulae are accurate to first order
in dt and second order in (Ar,Az).

e. Additionally, provision is made for
opticnal velocity smoothing at each time-
step.

The problem 1s run until there 1s no
variation of velocities in time. This
empirical steady state 1S generally
achieved i1n a few times the time 1t takes
for a fluid particle to traverse the mesh.

4. Results

We have applied the above model to cal-
culate the expansion of an i1on charge-
exchange plume with 1initial conditions
similar to a case measured by Hughes Re=
search Laboratory. The 1nitial condi-
tions were:

Emission enerqgy (radial) = 10 eV.
Initial radius r(v) = .15 m.
Current density g o(r{v),z)vr(rév),z)

0 2<0
=

.123 exp(-~-z2/.22) z>0
(total current = 25 mA)
Electron temperature 6 = 1 evV.

Mass (Hg 1ion) = 3.34 x l()-25 kg.

Amblent density n, = 1012 n73,

It follows that

(v) -
Vr(rl ,z) = 3095 m/sec
o(r{V),o) = 2.48 x 10%4 073

= (v) =
¢max = epZn[p (rl ,0)/nA] 5.5 V.
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The calculation was done in three
phases:

a. 15 m<r< 1,15 m; Ar = 0.05 m
-l.0m<z < 1.0m; Az = 0.10m

b. l.0m< r<5.0m; Ar = 0.2 m
-2,0m < z < 2,0m; Az = 0.2 m

C. 2.0m<r<l1l2m; Ax = 0.5 m
-4.0m< z<4m Az =0.4m

Initial conditions for the second and
third phases were obtained by interpolat-
1ng data from the previous phase and re-
normalizing to retain the correct total
current. At each phase, the calculation
was carried out until steady-state den-
sities and velocities were reached.

The results are shown in Figures 2 and
3. It 1s seen that the initially asym-
metric expansion (Figure 2) becomes
roughly symmetric by a radius of ~1 m from
the beam. This 18 seen in Figure 3a, 1in

which spherical (r2 + zz) scaling maaintains
constant arrow length, and in Figure 3b,
which indicates radial contours of equal

(r2 + zz) times the density. The density

(m-3) beyond 1 m from the engine 1is
reasonably approximated by

p = 10l3 (s:.na)lz/(r2 + zz)

where o 1s the angle from the beam direc~
tion. A closer inspection of Figure 3b
indicates that the plume extends further
upstream than downstream. This 1s attri-
butable to “"pressure blowoff" at the up=-
stream plume edge near the engine where
the density gradient 1s hagh.

The plasma parameters determined from
the above model are used as input to a
fully three-dimensional computer program
designed to predict current collection by
high voltages in low temgeratu:e, short
Debyve length plasmas. This model uses
an analytic, nonlinear space charge formu-
lation, correct in both Debye screening
and thin sheath limits, to determine the
electrostatic potential and the boundary
of the plasma sheath. The model allows
the plasma temperature and density to vary
1n space. Figure 4 gives a sample of
electrostatic potential contours near a
solar array wing, 1llustrating the asym-
metry caused by the charge-exchange plasma
being predominantly on one side of the
wing. By tracking electrons inward from
the sheath boundary, good parasitic cur-
rent estimates are obtained. Iterating on
the two stages of the calculation allows
non-local effects to be included. Addi-
tionally, a high resolution capability 1s
available to compute the current distrai-
bution over a complex pattern of solar
cells.

Table 1 gives sample results for an
8 m x 30 m, 25 kw solar array for several
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Potential contours about a 2 kV
gsolar array in the presence of the
charge~-exchange plume. Note that
the potential 1s more shielded
above the wing (where the charge-
exchange plasma 18 located) than
below. The contour differences
are 100 volts.

orientations and configurations. In these
calculations, the spacecraft body was held
at plasma ground and the solar array was
divided into three equal sections, each of
which was positively biased. Parasitic
currents to both sides of each 10 m sec-
tion of the wing were separately monitored.
Several trends are apparent: (1) The in-
board section of the wing draws most of
the current, even though 1t 1s at a low

voltage. This 1s because of the r~2 ex-
pansion of the charge-exchange plasma.

(2) The current to the outboard section

1s similar to the center section current,
due to the large end effect in the tenuous
plasma. (3) When the beam 1s in the plane
of the panel, an increased loss 1s caused
by the array's intersecting the charge-
exchange pancake. It 1s apparent from
these results that with kilovolt biases
power losses of V10 percent or more are
likely, even with only one engine 1n opera-
tion, and that ameliorative measures should
focus on the inboard portion of the solar
arrays.

5. Discussion

As large, high powered solar electrac
propulsion vehicles come closer to reality,
1t becomes more important to place realistic
bounds on the plasma array interactions.
Previous studies l1r2 had assumed simple
models of the charge-exchange expansion.
The expansion model 1s so important in
estimating power losses that the authors'
previous work parameterized the results
in terms of an undetermined expansion
angle. The calculations presented here
are a vast improvement, 1nasmuch as the
expansion of the charge exchange plasma 1is
determined on a reasonable theoretical
basis and the plasma collection is fully
three-dimensional.

However, certain other aspects of the
model presented here are jJust as praimitaive
as 1n the earlier studies. In particular
the i1isothermal barometric law description
of the electrons, the lack of self-
consistency between expansion and sheath
models, and the absence of any turbulent
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Table 1 Power losses for 8 m x 30 m solar array for
one thruster and various configurations

Power Loss
(per wing)

Current (one side)
Inboard Center Outhoard

Voltage
Configuration Inboard Center Outboard
a,d 1000 2000 3000
b,d 2000 2000 2000
b,d 1000 2000 3000
a,c 1000 2000 3000
a,c 100 1000 2000
a,d 200 200 200
a,d 400 400 400

1.4 0.6 0.6 4.4
4.7 0.6 0.5 12.0
3.7 0.6 0.5 6.4
1.1 0.3 0.4 5.9
0.8 0.3 0.4 2.3
1.4 0.3 0.2 0.38
1.5 0.3 0.3 0.85

- Beam in plane of panel

- Beam normal to plane of panel
- Both sides biased

- Back of panel grounded

[P I o g1

heating mechanism during electron col-
lection place severe restrictions on the
accuracy of these results. For mission
analysis, there alsc remains unanswered
the question of charge—exchange plasma
generation and expansiocn in a multiple
thruster configuration. These are some

of the technical questions whaich must be
addressed 1f we are to provide an accurate
assessment of parasitic current losses due
to 1on propulsion generated plasmas.
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APPENDIX C

NEUTRAL DENSITY FREE EXPANSION MODEL
Problem: A Maxwellian spectrum of velocities is emitted

uniformly from a disk of radius a located on the plane
z = 0. Find the density of particles throughout space.

Geometrz:

;(p,z,¢) « Field Point

.
ro(oo,0,¢o) Source Point

Analysis: On a trajectory
> -> -> >
f(plzlv-l_lvz) = fO(pO’o’VJ_'VZ)

where f is the distribution function at ;,
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Observations:

1.

For p < a, the integral is singular for z - 0;
n(p,0) = n, for p < 0, n(p,0) =0 p > a.

The density field is formally equivalent to the Ez
field of a disk with a uniform distribution of surface

charges.

Asymptotically, (p2 + 27 = n" >> az)

n -~ z/r3

Integration: The integral over P, Can be performed

analytically
2T -1
N5 2.2 2 rz—ap coOs9
n=s—2 dp (z"+p“sin”¢) r -
2T 2 2 1/2
0 (r"+a“=2apcos¢)
where
1/2
r = (p2 + 22)

87




88




DISTRIBUTION LIST

National Aeronautics and Space Administration
Washington, D. C. 20546

Attn: W. R. Hudson/Code RP 1 copy
D. P. Williams, III/Code RS-5 1 copy

National Aeronautics and Space Administration

Ames Research Center

Moffett Field, CA 94035

Attn: H. Lum, Jr./M.S. 244-7 1 copy

National Aeronautics and Space Administration

Goddard Space Flight Center

Greenbelt, MD 20771

Attn: R. 0. Bartlett/Code 408.0 1 copy
A. Kampinsky/Code 727.0 1 copy
E. G. Stassinopoulos/Code 601.0 1 copy
R. S. Bever/Code 405.0 1 copy

Jet Propulsion Laboratory

4800 Oak Grove Drive

Pasadena, CA 91103

Attn: Ray Goldstein 1 copy
H. Garrett , 1 copy
E. V. Pawlik 1 copy
Paul Robinson 1 copy

National Aeronautics and Space Administration

Lyndon B. Johnson Space Center

Houston, TX 77058

Attn: J. E. McCoy/Code SN3 1 copy
A. Konradi/Code SN3 1 copy

National Aeronautics and Space Administration

Langley Research Center

Hampton, VA 23665

Attn: J. W. Goslee/M.C. 364 2 copies

National Aeronautics and Space Administration

Lewis Research Center

21000 Brookpark Road

Cleveland, OH 44135

Attn: Head, Mechanics, Fuels and Physics Section/
M.S. 501-11 1 copy
Technology Utilization Office/M.S. 7-3 1 copy
Report Control Office/M.S. 5-5 1 copy
Office of Reliability and Quality Assurance/
M.S. 500-211 1 copy
AFSC Liaison Office/M.S. 501-3 2 copies
Library/M.S. 60-3 2 copies
J. C. Roche/M.S. 77-4 24 copies
Patent Counsel/M.S. 500-318 1 copy

89




DISTRIBUTION LIST (Continued)

National Aeronautics and Space Administration
George C. Marshall Space Flight Center
Marshall Space F1light Center, AL 35812
Attn: C. R. Chappell/ES 51

J. H. Harlow/PF 13

M. R. Carruth/PF 13

R. N. Seitz/EF 31

National Aeronautics and Space Administration
Scientific and Technical Information Facility
P. 0. Box 8757

Baltimore/Washington International Airport
Maryland 21240

Attn: Accessioning Department

Air Force Geophysics Laboratory
Hanscom Air Force Base, MA 01731
Attn: PH/C. P. Pike

PHG/A. G. Rubin

Air Force Materials Laboratory
Wright-Patterson Air Force Base, OH 45433
Attn: MBE/W. Lehn

Air Force Office of Scientific Research
Bolling Air Force Base
Washington, D. C. 20332
Attn: H. R. Radoski/NP

Air Force Weapons Laboratory
Kirtland Air Force Base, NM 87117
Attn: Capt. W. G. Kuller

Capt. D. Hanifen

Headquarters Space Division (AFSC)
Los Angeles AF Station

P. 0. Box 92960

Worldway Postal Center

Los Angeles, CA 90009

Attn: YLVS/Lt. R. Weidenheimer

Defense Nuclear Agency Headquarters
Washington, D. C. 20305
Attn: RAEV/Maj. H. Joonsar

Department of Electrical Engineering
Pennsylvania State University

121 Electrical Engineering

East Building

University Park, PA 16801

Attn: J. Robinson

90

b b b

10

[y —y

copy
copy
copy
copy

copies

copy
copy

copy

copy

copy
copy

copy

copy

copy




DISTRIBUTION LIST (Continued)

Department of Physics

University of California at San Diego

P. 0. Box 109

La Jolla, CA 92037

Attn: E. C. Whipple 1 copy

Aerojet Electrosystems Company

1100 West Hollyvale Street

Azusa, CA 91720

Attn: C. Fischer/Dept. 6751 1 copy

Aerospace Corporation

P. 0. Box 92957

Los Angeles, CA 90009

Attn: J. R. Stevens
R. M. Broussard
J. F. Fennell

copy
copy
copy

b b

Beers Associates, Inc.

P. 0. Box 2549

Reston, VA 22090

Attn: Dr. Brian Beers 1 copy

Boeing Aerospace Company

P. 0. Box 3999

Seattle, WA 98124

Attn: H. Liemohn/M.S. 8C-23 1 copy
D. Tingey/M.S. 8C-23 1 copy

Communications Satellite Corporation

Comsat Laboratories

Clarksburg, MD 20734

Attn: A. Meulenberg, Jr. 1 copy

European Space Agency

ESTEC

Zwartweg, Noordwijk

Netherlands

Attn: John Reddy, P.B. TTM, 1719 8 2883 1 copy

Ford Aerospace and Communications Corporation

Western Development Laboratories Division

3939 Fabian Way

Palo Alto, CA 94303

Attn: D. M. Newell/M.S. G-80 1 copy
J. Pherson/M.S. N-01 1 copy

General Dynamics Convair

Kearny Mesa Plant

P. 0. Box 80847

San Diego, CA 92138

Attn: J. I. Valerio/Mail Zone 42-6210 1 copy

91




DISTRIBUTION LIST (Continued)

General Electric Company

Valley Forge Space Center

P. 0. Box 8555

Philadelphia, PA 19101

Attn: V. Belanger/U-2439
A. Eagles

Grumman Aerospace
Bethpage, NY 11714
Attn: M. Stauber

Hughes Aircraft Company

P. 0. Box 92919

Los Angeles, CA 90009

Attn: E. Smith/M.S. A620
A. H. Narevsky

Hughes Research Laboratories
3011 Malibu Canyon Road
Malibu, CA 90265

Attn: Dr. Jay Hyman

IRT Corporation
P. 0. Box 80817
San Diego, CA 92138
Attn: J. Wilkenfeld

JAYCOR

P. 0. Box 85154

San Diego, CA 92138
Attn: E. P. Wenaas

Kaman Science

1500 Garden of the Gods Road
Colorado Springs, CO 80907
Attn: F. Rich

Lee W. Parker, Inc.
252 Lexington Road
Concord, MA 01742
Attn: L. Parker

Lockheed Palo Alto Research Laboratory

3251 Hanover Street

Palo Alto, CA 94303

Attn: J. B. Reagan/Bldg. 205, Dept. 52-12
D. P. Cauffman

Martin Marietta Corporation

P. 0. Box 179

Denver, CO 80201

Attn: D. E. Hobbs/M.S. D8350
K. Killian/M.S. D8350

92

[y

—

= =

copy

copy

copy

copy
copy

copy

copy

copy

copy

copy

copy
copy

copy
copy




DISTRIBUTION LIST (Continued)

Massachusetts Institute of Technology

Lincoln Laboratory

P. 0. Box 73

Lexington, MA 02173

Attn: F. G. Walther 1 copy

McDonnell Douglas Astronautics Company

5301 Bolsa Avenue

Huntington Beach, CA 92647

Attn: W. P. Olson 1 copy

Mission Research Corporation

5434 Ruffin Road

San Diego, CA 92123

Attn: V. van Lint 1 copy

RCA Astroelectronics Division

P. 0. Box 800

Princeton, NJ 08540

Attn: H. Strickberger/M.S. 91
W. Franklin

copy
copy

— =

Science Applications, Inc.

101 Continental Building

Suite 310

E1 Segundo, CA 90245

Attn: D. McPherson 1 copy

Science Applications, Inc.

2860 South Circle Drive

Colorado Springs, CO 80906

Attn: E. E. 0'Donnell 1 copy

Simulation Physics, Inc.

41 B Street

Burlington, MA 01803

Attn: R. G. Little 1 copy

SRI International

333 Ravenswood Avenue

Menlo Park, CA 90425

Attn: J. Nanevicz 1 copy

TRW Systems

One Space Park

Redondo Beach, CA 90278

Attn: G. T. Inouye/Bldg. R-5, Rm. 2011 1 copy

Lockheed Missile and Space Company

P. 0. Box 504

Sunnyvale, CA 94086

Attn: G. Pack 1 copy

93




End of Document




