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ABSTRACT

It is necessary to have an understanding of the charge-exchange plasma
environment around a spacecraft that uses mercury ion thrusters for propulsion
so that the interactions between this environment and the spacecraft can be
detormined. A model is reviewed which describes the propagation of the mercury
charge-exchange plasma and extended to describe the flow of the molybdenum com-
ponent of the charge-exchange plasma. The uncertainties in the models for vari-
ous conditions are discussed throughout this report. Such teopics as curreant
drain to the solar array, charge-exchange plasma material deposition, and the
effects of space plasma on the charge-exchange plasma propagation are addressed.
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A, INTRODUCTION

Ion thrusters will be used in the near future as a primary propulsion device
For interplanetary spacecraft and for attirude control and orbit transfer of
spacecraft near earth. Because of the plasma environment produced by the thruster
it i3 important to understand how this propulsion device will affect various
spacecrafr subsystems. An interplanetary spacecraft will likely be most affected
by the ion thruster environment because of the use of multiple thrusters and

thrusting periods of years.

This paper will describe the charge-exchange plasma environment produced by
the thrust subsystem and how this environment will interact with the spacecraft.
The effeszt that the space plasma will have on the charge-exchange plasma will

alsc be asddressed.

In crder to describe the thruster produced environment, the various ion
species emitted by a thruster are described. To distinguish the various ion
species emitted by an ion thruster the notation of group I, pgroup II, group III,
and group IV ions was introduced.l The group I ions are those of the primary
beam which travel downstream within a cone that has a small divergence. They are
accelerated by the total potential difference between the bombardment discharge
and the neutralized thrust beam. Group IT ions are energetic ions that leave a
thruster at angles up to nearly 90 degrees to the beam axis.l They are formed by
charge-exchange between the screen and accelerator grids of the thruster optics. .
The group III ions are charge-exchange ions that are formed just downstream of
the accelerator grid. These ions are drawn back into the acceleration grid by
its negative potential. This produces a sputtered efflux from the accelerator
optics that is somewhat more peaked (in the downstream direction) than 2 cosine
distribution.z*s The neutrals which leave the thruster do so in approximately é
cosine distribuninn.G AlY of the preceding effluxes are essentially limited to

line-of-gight trajectories from the lon optics of the thruster,

Two other efflux categories, the group IV ions, are not limited to line-of-
sight trajectories, and therefore can pose special spacecraft contamination
problems. These effluxes are the low-energy mercury and molybdenum charge-

6,7
i Bacause these

exchange ions that are genevated downstream of a thruster.
effluxes are low energy ions, the trajectories can depart substantially from

straight lines due to only moderate electric fields. The natural tendency is
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for less dense regions of the charge-exchange plasma to be negative relative to
the dense regions, so that ion trajectories ar&é bent from the more demse to the
less dense regions. .5 A result, the entire volume around a spacecraft becomes
filled with charge-exchange plasma, with the density of this plasma depending

on the ease of access from the region of generation downstream of a thrustev,

The charge-exchange plasma is mceroscopically neutral so that everywhere electron

density equals ion density.

The propagation of a charge-exchange plasma from a thruster has been the
subject of studyshlo due to the possible interactions with spacecraft. Further
study of this propagation is expected, fThis report is intended as a suremary of
the present understsading of this propagation, interacticn effects thereéf, and
possible verification experimenﬁsa-,The Jimitations of this present understanding
will also be given, where possible. lTha calculations presented in this report
will be limited to mercury propellant and molybdenum grid material, although the
process with other materials would be expected to differ mostly due to different
cross sections and yield coefficients. All equations presented herein are in

SI {mks) unlts unless otherwise stated.

B. MERCURY CHARGE-EXCHANGE MODEL

The Hg charge-exchange model presented here is essentially the same as
one presented in a previous publication.lo The assumed point of origin for
the Hg charge-exchange plasma is indicated in Fig. 1. Tor a single thruster,
this point is one thruster radius, r¢, downstream of the ion opticeg and oﬁ the
thruster centerline, as indicated in Fig, 1(a). This point was selected because
it gave the best correlation of experimental data from several tests.

for a circular array of thrusters, the effective point of origin would be
expected to be one radius of the thruster array, rt' (see Fig. 1(b)), dotmstream
of the center of the array. For a noncircular array, the effective origin would
be expected to be downstream of the center of the array, between half the maxi-
mum array dimension and half the minimum array dimension. A noncircular array
would also be expected to cause some departures from axial symmetry in the dis~
tribution of Hg chargé—exchange plasma. But, because Hg charge-exchange measure-
ments have not been made with thruster arrays, the exact extent of thege

departures from axial gymmetry is not kuown.
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To calculate the electron density and saturation electron current density,
select parameter values from Tables I and IT for the angle 8 (see Fig. 1) of

interest and substitute in the equations below:

3

{Jbz(l -zquy:bﬂznu][Tuble I Param.], m (1)

=
it

je [Jb2(1 - rh)/rbﬂznuJ[Table 1I Param.], Am“2 (2)

Table I. Eleetron Density Parameter as a Function of Angle
from a Beam Direction

08, Deg. Parameter 0, Deg. Parameter
90 2.5 x 10'2 140 3.2 x 107t
200 1.8 x 1012 150 1.9 x 10Mt
110 1.2 x 1002 160 1.1 x 10!
120 8.2 x 10M2 170 6.7 x 10
130 5.1 x 104} 180 3.8 x 107

Table IT. RElectron Curvent Density Parameter as a Function of Angle
From Beam Direction

8, Deg. Parameter 8, Deg. Parameter
90 0.12 _ 140 0.017
100 0.091 150 0.011
110 | 0.064 160 0.0059
120 0.044 170 0.0034
130 - 0.028 180 0.0022

Thé beam current, Jb’ is in amperes (A). It is the total current such that
if a beam is produced by six thrusters each operating at 2A, Jy will be 12A. The

propellart utilization, N, is a dimensionless quantity which can be expected to

4
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¢ ~0.9. -The bedwn radius, Ty and the radius R are defined by Fig. 1. Both are

measured in meters.

Tables I and II represent the mean values of experimental data. The
upstream hemisphere (90-180 deg, from beam direction) ix the region of most
interest. In this hemisphere the data tanged upwards and downwards from the

values used for Tables I and 1I by about a factor of two.

For electron density, the electron temperature is also a consideration.
The production rate of charge-exchange ions is independent of eleckron tempera-
ture, but the velocity of departure for these ions varies ag the square-ropot of
electron temperature, To the first approximation, then, ion (and electron)

density will vary inversely as the square-root o® zlzectrsa temperature. From

available data, the electron temperature ju the charge-exchange plasma around the

thruster is about half of the electron temperature in the ion beam. The data
use., for Tables I and IT had electron témperatures in the charge~exchange plasma
of 2.5 and 3,5 eV, These values are believed representarive of 5-15 cm Hg ion
thrusters. The elertron temperature within a 30-cm Hg thruster beam was found
to be 0.35 eV.ll Including the factor of two lower electron temperature in the
charge-exchange plasma, a 30-cm thruster would be expected to have about a
factor of four hipher electron density than given by Eq. (1) with the parameter
values listed in Table I. |

The scaling of electron density ianversely as the square-rroc of electron
temperature, as descriled above, is actually of limited accuracy. Another con-
sideration is the directed neutral velocity before charge exchange. Bezause the
neutral temperature varies only slightly between different sizes of chrusters,
this initial velocity is much more significant where electron temperatures are
small. We do not krow the magnitude of this affect, but we do know its diree-
tion. The initial downstream neutral velocity of charge-exchange ions will bias
their distribution towards the downstream dirs#ction, thus reducing their density
in the upstream hemisphere. Becduse of the smaller plasma electron energy in
large thrusters, this effect will be most noticeable in such thrusters. The
additional effect of neutral velocity, bayond the density varying inversely as
the square-root of electron temperature, should make the actual electron density
lower than the calculated values for 30-cm thrusters in the upstream hemisphere.

At present, the magnitude of the reduction is not known.




Electron temperature is not as important for the saturation electron current
density. Except for the bias due to initial neutral velpcity, the effeets of

clectron temperature cancel for electron curreat dunsity.

The ion arrival rate is closely related to the saturation electron current.
The jon velocity can be closely approximated by the Bohm, or ion acoustie, veloc-
ity based on electvroun temperiture in the ion beam.8’9 The electron velocity is,
of course, a Maxwellian distribution corresponding to the temperature in the charge-
exchange plasma. For a surface normal to the local fon velocity, the ratio of

ion current to electron saturation current is

ji/je = 2 «nm!7mi = 5.9 x 107°. (1)

¢

It should Ly kept in mind that the fon velocity is substantially divected,
while that of the electrons s Isotropic. With this limitatlion in mind, Fq. (3)
can be used to obtain ion current densicies from Eq. (2). For convenience the
following extension to Eq. (3) gives the time (t) in seconds for a monolayer
to form. This is assuming that the surface Is cold enough to condense all the
mercury arriving there. Also, the theory does not allow for geometrical con-
slderations such as shielding. Shielding may act to reduce the arrival rate

but the charge~exchange plasma will be able to flow around obstructions.

!" .
£ = 3.3 % 1()“/:}e (3a)

1. Sample Calculation for Spacecraflt

A sample calculation, using the charge-exchange plasma model deécrihed, is
performed to illustrate the variation in plasma and current densities around a
typlecal spacecraft. The spacecraft has an assumed configuration which utilizes
eight 30~cm thrusterslz arranged in two parallel rows of four each, Each row
of four has center-to-center spacings of 76 cm, while the center-—to-center spacing
betwaeﬁ the two rows of four is 51 em. The two solar array panels extend
radially 6utwards from the axis of the spacecraft, with the inside end of the
panels starting 254 cm from the spacecraft centerline and 432 cm upétream of

the thruster exhaust plane.
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" ness. The electron density ranges from about 1 to 12 x 1011 m

The calculation procedure used is that described above. Seven of.the eight b
thrusters are assumed to Le operating at a beam current of 2A each with a i
propellant uédlization of 0.9. The other thruster is not operating. Although i
the nominal diameter is 30 em for these thrusters, the actual beam diameter is

closer to 28 cm.

The charge-exchange plasma is assumed to have an electron temperature
equal to half the measured ioa-beam electron temperature (from single thruster
tests) of 0.35 eV. This lower electron temperature, compared to the data used
for Tables I and II, should result in an electron density increase of about 20%.
As mentioned above, there is no similar correction for the current density
parametev, Another assumption concerns the point of origin for the charge-

exchange plasma.

For the non-circular thrust«ar érray of this spacecraft, the totpl array
area 1s equivalent to a circle wi:h a radius of 0.885 m. The effective origin of
the charge—-exchange piasma is asjumed to be 0,385 m downstream of the center of
the thruster array. Some nonsymmetry of the charge~exchange plasma about the
thrust axis is expected to result from the nonsymmetrical distribution of
thrusters, but the charge-exchange plasma will tend to redistribute itself
s0 as to reduce this effect. The maximum increase in electron density or
electtvon current is therefore estimated at less than a factor of twe for a
distance of one meter or more from the thruster array. (Thgs factor increases

the overall uncertainty to about a factor of four.)

The plasma properties at the centerline of the solar array were calculated
as a function of distance from the inboard end of the solar array and plotted in
Fig. 2. The combined effects of radial distance, R, and angle, €, give maximum
electron density and current density near, but not at, the inboard end of each
solar array. For the assumed dimensions of 3.8 m x 44.3 m for each afray, the
Integrated total of the current density shown in Fig. 3 is 1.7 A fbr both arrays.
This current includes no increase in effective array size due to sheath thick-
_3,'which, at
0.175 eV, corvesponds to a range from 3 nm to 1 c¢m in Debye distance. For a
solar array that is 400 V positive of the surrounding plasma, for example, the
total.shenth thickness would range from about 20 0 60 em. The effect of sheath i
thickness can clearly be sigﬁificant, but will not change the qualitative effects |

shown in Fig. 3.
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The locations on the spacecraft covrespowd to wide ranges of both radial
distance, R, and angle from beam divection, #,  Two dimensional plots of e¢levtren
density and saturation electvon current density are shown in Flgs. 4 and 5. Both
plan and gide views of the agsumed spacecraft are shown In eacl of these lpures.
The assumed polnt of origin for the charge-cachange plasma {s fndicated in Fips, 4
and 5 and is, as was mentioned previousiy, 0,885 m dewnstream of the center of
the thruster-array exhaust plane. As shown in Fig. 4, the expected electron
deasity can range from about 1n? Loy 107 c“rg. In Flg. 5, the saturation electyron
current density s shown to range From 1 to 100 mA/mz. From ¥ig. 5 and Bq. (3)
the corresponding arrival rate of lp lons would rauge from 6 to 600 pA/mz. Pig-
ure 6 shows the arrvival rate of Hg In terms of monolayer formation. One

<]
monolayver of mercury is 2,94,

As mentiuvned, seven operating thrusters were assumed Jor the caleulations
wvhvse results are shown in Figs. 2 through 6. For fewer thrusters or less than
rited operating condit fons, both the electron densities and the cloeetron and ion
current densities would have to be reduced. For fewer operating thrustors,
these parameters should be veduced in proportion to the numbor of thrusters,

For iess than racved eemdivions, the plasma parameters would he proportional to
Jb2(1 - n, /. For the usual throttled vperallon nwesr the discharge-

2
per formance "knee", ., (1 - 'h?’”u will be nearly proportional to .

The orientatlon of a surface relative to the prupngntlnn ol the charge-
exchange plasma will influence the density and arrival rates observed at the
surface. Some reduct{ion of these pavometers wonld be expected [or more pro-
tected surtace orlontations and surfaces that are lacally shiclded by parts of
the spacecraft, Because of the proven capability of a charge-exchange plasma
to flow around vurnoﬁs, the amount of this rveduction coannot be estimated at

the present time.

A varilety of devices has been suggested and tried for diverting or colleet-
ing the charge-exchange plasma. Shields near the thruster can displace or divert
the charge exchange plasms, but do wot appear to sipnificantly reduce che numbor
of charge-exchange lons that escape tv the surrounding volumo,q presumi bly because

olectric Fields do not extend far into the plasma, Positive surfaces will repel

charge-exchange ions, but the large clectron corrents alse collected will usually

make this approach impractical, Insulated surfaces will draw equal numbers of

electrons and ions, which means that all of the arriving louns will be rollected

10
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and most of the electrons will be reflected, Negative surfaces will reflect
electrong and collect only ions, but this effect appears to be of little value
in significantly reducing the upstream flow of the charge-exchange plasma.

2. Discussion of Sample Calculation

The amount of electron current collected by a positive and exposed solar-
cell array is one of the significant results of the calculation presented above,
A high voltage array would be more seriously affected by a fixed level of
electron current collection, so the results are also voltage dependent. For a
400 V array, for example, the 1.7 A electron current would correspond to a maxi-
mur loss of “6BO watts., If there is a significant variation in voltage along

the length of the array, this loss can be reduced by placing the high voltage

end of the array at the outboard end, where the electron current density is

smallest. This approximation assumes there are exposed conducting paths for

the electrons to be drawn from the charge-exchange plasma.

The érrival rate of electrons is a maximum of 14 mA/m2 on the sclar array
(see Fig. 3). By Eq. (3a), this arrival rate'corresponds to a monolayer buildup
of mercury at that position in about 6 hoﬁrs. A 1000 R layer with near zero
transmittance will be deposited in about 83 days, Significant effects are
likely to occur with layers less than 1000 2. From experience with mercury
vapor, we know that no aceumulation occurs when the surface involved is above
the evaporation temperature for that rate; There are still two reasons to be
concerned though. If the surface should fall below this temperature; an
accumulation will ocecur that will require a considerable excess of temperature.
to evaporate again. This could very likely be the case for the exterior of the
sun-shaded sides of thermal blankets, passive radiators, and other spacecraft
surfaces. Once the mercury is accumulated, it may be difficult to evaporate
away. This is because mercury evaporation can be orders of magnitude below
equilibrium values when the surface is less than very clean and the temperature

is below roughly 100°C.

A less clear aspect of possible Hg accumulation is that' the arriving Hg is
ionized and is probably arri#ing'with several eV of energy. Because 1 eV corre-
sponds to 11,600°K, we should not he too hasty in assuming that nc damage will

occur,.

14
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3. Limitations of Model Accuracy

Most of the limitations assveciated with the Hg charge-exchange madel and
caleulacion have been mentioned earlier. They will be summarized here for

completeness.

The model was ohtained from tests of rather simpie configurations, hence
is not suited to estimating th?® effects of nonsymmetrical thruster arrays and
complicated spacecraft shapes. Even the effects of surface orientation are not

fully understond.

The electron temperature i. the charge-exchange plasma is an important, but
only partially evaluated parametsr, We know that smaller thrusters tend to have
higher temperatures in this plasna, but we dJdo nnt know if arrays of thrusters
will depart from the values obtained with single thrusters. We also know
that initial neutral velocity will be more important at small electron tempera-
tures, resulting in a bias of charge-exchange ion trajectories in the downstream

direction. The magnitude of this bias, though, has not been evaluated.

Finally, trhere is an electron temperature effect that bas not been mentioned.
The space environment iIincludes a plasma. The electrons of this space plasma
will interact with the elactrons of the charge-exchange plasma, possibly result-
ing in a different electron temperature than obtained in ground tests. This

effect will be discussed in the sectlion, Electron Temperature in Space,

The uncertainties that nov exist in the model darfe summarized in Fig. 7.

C. MOLYBDENUM CHARGE-EXCHANGE MODEL

As mentioned in the introduction, a small fraction of the Mo atoms that
are sputtered from the accelerator grid charge exchange with beam Hg ions down-
stream of the thruster., These Mo charge-exchange ions shave the ability of Hg
charge-exchange ions te flow around obstacles. As will be shown, the rate
of production of Mo ions is very low compared to that of Hg ions. It is there-
fore difficult to make an experimental evaluation of Mo ions. At this time, only
a simple theoretical analysis can Bc presented, based on the Hg charge-exchange

model presented previously.

15
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The appreoach used 18 to compare the production rates of Hg and Mo charge-
exchange ions. The Mo ions are assumed to be distributed in the same manner as
the ilg fons, but lower by a factor corresponding to the lower production rate.
This approach ignores the much higher initial velocities of the Mo neutrals.
These higher velocities will result in a bias of trajectories in the downstream
directiug. The arrival rates of Mo ions din the upstream hemisphere should, due

to this effect, be less than calculated.

The production rate of Hg charge-exchange ions is

' 2J 2 )

. ~ b (1 = nuid

BT T (4)
’Hl'bnuq VO.

ce
where q is the electronic charge, GO is the average neutral velocity before
charge exchange, 0 is the charge~exchange cross sectlion, and riic other param-
cters are the sane as defined earlier. A similar production rate for Mo charge

exchange ions is
__Emg_ug , (5)

where, in addition to previously defined variables, F1 is the ratio of accelerator

<

impingement current to beam rurrent, and Y is the sputter yield in atoms/icn.

The ratio of Mo to Hg charge-exchange rates is obtained by dividing
Eq. (5) by Eq. (4). With the use of Hg and Mo subscripis where appropriate,

this ratio is

Ncezﬂg _ F leu Mn o,Hg | ' (6)
. (L -n)o, v :
mcﬂ,ﬂg u” "Hg o,Mo
For the 30-cm thruster, the value of F, is about 0. 0025 the value of Y for
1000 eV Hg ions is aﬂproxlmdtoly 1. 0,13 Oy (Hg + Mo + Hg + Mo ) 15 about
A 7 _
1x 10719 n2,% g ye(e” + Hg > Hg + Hg") is about 6 x 10 ot B Mo 18
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about 7 % 103 m/soc, v, He is about 230 m/sec (500°K), and n, is ngaln 0.9.
Y

With these substitutions, Eq. {6) becomes

» - . —4
ce,Mo/Ncc,Hg = lL2x 1

(7)
The uncertainty in this calculation is due to the uncertainty of distribu-

tion and yield of sputtered Mo for an operating thrustev, the uncertainty of

mean neutral veloeity (the datum used here was for Kr+ on Mo), the uncertainty

in bombarding ion energy, and the additional bias on Mo ion trajectoriss due

to the [nirial high neutral.energies. 411 of these additicnal uncertaintics

bayond those of charge-exchange lg are vstimated teo raiece the factor of uncer-

tainty From four for Hg ions to ten for Mo lons.

Equations (3) and (7), together with the electrmnic charge, can be used to
translate the electron current density of Fig. (3) to Mo ion arrival rate pe:
unit area. The ratia is '

12

' . . 1
My /A = b % 1077 § N

(8)

m - - sec
Mo

This ratio was used to obtain Fig. 8.

A wmonolayer (2.5 R} of Mo atoms is about 1.6 x lclglmz (as compared to about
1.2 x lOlg/m2 (2.9 R) for Hg). For the region of the solar array with thé
maximum of 14 mA/m% of electron current, then, a monolayer would be expected to
take 72,000 hours. Lven with a factor of 10 increase in vate dues to the esti-
mated inaccuracy of the calculatiouns, it would take over a year for 4 mouolayer

to Form.

In sirn measurements of transmittance have been made using filmi of the
sputtered effiux from thrusters (mostly Mo).5 These Fiims @ere primarily from
deposition of neutvals, rather than the charge-exchange Mo ions consideved in
this section, These results, however, should give an indication of the deposi-~
slon affects to be expected. The total transmittance was net linear with time.
It ranged from about 0.75 at 30 R thickness, to about 0.50 at 100 R, to about
0 at 1000 A. It appears, though, that assuming a linear variation is'conserva—'
fﬁmé  tive below 30 & thickness. A monolayer of Mo should give about a 2.5 percent

reductien in transmittance.

18
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For the worst casc (ten times the predicted rate) at the worst location on
the solar array, over 1 year of operation with 7 thrusters would be required to
give a 2.5 percent loss in transmittance, Because othev locations should be
less affected, It appears that Mo depesition on the solar array will not be a
sigunifieant problem for the configuration studied. A much closer location to

the thruster, though, could cause problems.

The major crnsideration for Mo deposition (in the upstream hemisphere)
appears to be sensitive instruments, optical or otherwise, that will be adversely
affected by 10 to 10N percent of a monolayer. A monolayer on solar cell surfaces

with a normal emissivity (e) of 0.85 will produce g mO.?.lg

Molybdenum deposi-
tion could have an effect on thermal surfaces such as passive radiators used to

cool instrament components,

D. CHARGE-EXCHANGE MEASUREMENTS TN GROUN™* TESTS
1. Mercury

The Hg ions .iwke up the bulk of the charge-exchange plasma. Measuramonts
of this plasma ﬂensity (with Langmuir probes) will therefcrc give a close indica-
tion of the denglity of Hg ions. As described in the experimental studies,8-10
the ions shoulsd be collected by negative boundaries, so reflection will not be
a limivation on measurements, In fact, plasmas generally assume a potential
more positive than surrounding surfaces, so thar the proper negative wall bias
is automatically attained. The only exceptlon is for regions of very low density
so that the total elertron currents to boundaries assoeciated with such regions
ig still quite small. Under these conditions the lecal plasma potential will be
governed by wall potential. A moderate additional wall bias (relative to the

beam target) will avoid problems in the very low density regions.

Sume additional calculations or measurements are desirable to make sure
that most of the charge-exchange ions are generated immediately downstream of
the thruster(s), rather than from the background neutral density all along the
beam(s}). To meet this latter requirement simply requires a low encugh facility

background pressure.

?@ The moasurement of Hg charpe-exchange effects is thus readily accomplished
o .
: in ground tests.

20
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2. Molybdenum

The measurement of Mo charge exchange fons poses much more difficult
problems. One major problem is the background level of sputtered Mo atoms.
To show the magnitude of this problem, it is necessary to go through a simple

analysis.

The loss rate of sputtered Mo atoms from the accelerator grid is

1, = FanY/q (9)

where all the parameters are defined the same as previously. This rate is
probably an upper limit for Mo atoms in the downstream direction in that not all

acceleradtor grid impingement is on the downstream side.

Assuming a frozen Hg target in the ground faeility to minimize contamination

with other sputtered material, the arrival rate of Mo atoms at this target is

due to an approximately cosine distribution from the accnlerator grid. Sputter
pits will develop (mldway between each group of three adjacent holes) on the
downstream side of the accelerator grid. As this occurs, the distribution will
depart from a cosine, but the departure will primarily be restricted to large
angles from the beam direction. The rate of Mo arriving at the target shfinld

be nearly unchanged by these pits. The cosine distribution corresponds to a

uniform arrival rate at the sphere shown in Fig. 9. The effective diameter of

the beam at the target is'dt, with a corresponding area of At' This diameter

is best determined experimentally, using the diameter over which the frozen Hg
experiences nat gputtering. Outside of this diameter the sputtered Mo will tend
to be trapped within the condensing Hg vapor. From geometrical considerations,
(Fig. 9), the fraction of sputtered Mo atoms that will be resputtered from the
target is approximately the solid angle At/(lt/?.)2 divided by th2€:§Fa1 sphere

solid angle of Aw., The resputtered fraction is thus

- 2 _
Frs'_ At/ﬂﬂt . (10)
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A similar fraction can be determived for the fraction of resputtered Mo atowms
that arrive at a sample coupon. Assuming that this coupon is in the plane of

the accelerator system and at a radius R from the thruster, with R<<Et,

= 2 ;
Fo o= A /RS . (11)

Multiplying Eqs. (9) through (11) to ohtain the arrival rate of neutral atoms

at ihe coupon arsa AC,

N =F.J
o,c a

2 .04 =
bYAcAt/ﬂ qzt . (;2)
This rate can be compared to the arrival rate of charge-exchange Mo ions at the
same location, using the preceding Mo model. From Eqs. (2), (3), and (6),
together with the Table II purameter for 90 de ..,

-

. T M 2. - '
= 7.1 x 10 7 A F . Yo v /qrbR 06V Mo * (13)

ta,c o,Hg

The neutval Mo te cherge-exchange Mo arrival rate ratio is Eq. (12) divided by
Eq. (13).

. . ) e 4 _ |
No,c/Nce,c = 140 AR UHgvo,Momt JbUMovo,Hg '

(14)

Assume a 30-cm thruster, so that Jb is 2A and £ is 0.14 m. For the other valuss
we will assume 3.5 m for Qt’ 3.6 m= for At (#15 deg.), 0.5 m for R, and previously

used values for q, , and Go Mo® With these substitutions,
’

UHg’ “Mo® Vo Hg
Eq. (14) becomes

-

/N 21. (15)

u ot
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The Mo neutrals come from the target from the peneral downstream directioun,

while rhe Mo charge~exchange ions are generally moving radially outwards, so !
some separacion-éhn be made by using the proper angle and shielding for the
‘coupon area, A,- With a "noise" level 21 times the "signal" level, though, it é
may be still difficult to separate out the Mo charge-exchangs iate by deposition, |
Also, although resyutteted Mo atums Will have a “sticking" coefficient near

unity, it will szill be less th:an unity. A small percentage of Mo atoms reflected
- from the walls of the vacuum facility will add a nearly isotropic component thit

will be hard to shield, _ : ]

Detection of Mo ions is a possible alternative, but this will require

} momentum onalysis to discriminate [rom the nearly 104 timas higher background
of Hg charge-exchange ions (Fq. {7)). Alsc the rate of Mo ions is small in
absolute terms. TFor the location used ahove for comparison of neutral and
charged Mo, the current o” Mo fons chruugEJLMJ cm2 aperture (which is large for

most momentum analysis) is only 10—10 A.

In summary, then, experimental detection of Mo charge-exchange ions is

difficult in a ground test.

E. ELECTRUN TEMPERATURE IN SPACE

The charge~exchange plasma in a ground facility fills, with varying
‘ degrees of density, the entire facility volume. The electrons in this plasma
have long mean free paths, so that with sufficient energy they can pass througn
: any part of the available volume. The electrons in both the beam and the
charge-exchange plasma'travel much faster than the lons. Current neutrality
will therefore require, on the average, a number of clectrons to be reflected

at the boundaries for each one that escapes.

- In space, the charge-exchange plasma must eventually blend into the ambient
space plasma, rather than be terminated abruptly at facility walls. A prelimi-
nigry model of the interactions or ion drive propulsion with this space plasma

E is presented in this section.
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1. Space Plasma

Two reglons in épace are considered for this interaction with the ambient
plasma. One is a low earth orbit, where an ion drive vehicle might be expected
to start an orbit raising operation. The other is Interplanetary space un'the
radius of earth's orbit from the sun. These two regfons are by no means a
complete inventory of ion drive environment. - They are, hwowev.r, surf‘rient co-

show the major problems itivolved,

The low earth orbit (w150 nautical miles) has low energy electrons (0.1 -

0.2 eV) at a bhigh density CMIOG cmng).20 For interplanectary spacé, the electron
. - 1

encrgy is much higher (10 - 20 V) and the density much lower (5 - 20 em 3).2"22

2. Distance of Interaction

\; The solar wind in interplanetary space travels radially outward frﬂm the

»

@un aud the magnetic field lines ave trozen into this plasma. The mngnetic

Reynoldq number can be used to assess the interaction of this magnetie field

with tlie chatge-exchanga plasma. The magnetic Reynolds number is piven. by,23
=pgvi,

where o 1is plasma conductivity, and v and % are the typical velocity and length,
respectively, of the_situation in question., Taking the permeability, p = Hyo
and for reasonable values of g, v, and £ for the magnetic field moving into the

charge-exchange plasma,”ﬁm >> 1, For this case penetration of the magnhetic

field is very slow and the full pressure gradient, 32/2u0, can develop.23
Assuming a simple interface, the relation o
L9
2_B |
Ry = 2u i - 1e)

will give an estimate of where the magnetic field gradient exists, In the frame
of stationary B, the charge-exchange plasma velocity, v, will roughly be that of
the solar wind. Solving Eq. (16) for n;, ion density, and using. Eq. (1), R is

found:".o be equal NlO km, where my is the charge-exchange ion's mass. Because

-the magnetic field strength is 2 x 10 -5 gauss at 1 AU, the Larmor radius is

W403 km. The magnetic field will decrease as the radial distance from the sun

increases and the Larmor radius likewise will_increase.: This is a very simple
25



picture for a complex p:cblém, However, it pointg out that for most situations
the space plasma will exist around the spacecraft and not be affected by the
solar wind's magnetic field.

A .rough measure of the transition distance between the charpge-exchange
Jlasma and the space ;[ ‘aswa 1s where their=dens;ties are equal. The crocsdute.
for ecalculating the Hg chafgéwexchange plasma has been described and has been
used for calculating rhe equaleensity radiug at 90 and 180 deg., to the beam
direction. This equal-density radius may also be of interesat for the ion
beam. For the latter calculation, the lon heam current was assumad confinad
to a %15 deg. exhaust cone. The results p. these calculations are shown in

Table TII.

The distance 180 deg. to beam direction for Low Orbit is readily available
in a ground facility. The distance 90 deg. to beam directionﬂfér low orbit is
available only at the very largest facilities. All Q%ﬁap.dis;ances ex..2ed the
dimensions of the largest ground facllities. It therefore does not appear

possible to simulate this interaction in a ground facility.

3. Electron Interactions

As indiecated above, tie elecirins are much more wmobile than ions, =zo that
in a ground vacuum facility there will be many electron collisions with. the
facility boundarieélfdt each electron that escapes. In space, there are two
alternatives. A potential well can be formed by the plasma near the spacecraft,
so that electrons are veflected at the boundaries of this well, similar to
the reflection af the boundaries of a ground faecility, Or the electrons in-the

charge-~exchange plasma can escape, and be replaced by ambient space electrons.

Table III., Equal Density Radii

Direction Relative

to Ion Beam Low Orbit (106 cm_B) Intarpléhetary {10 cm_s)
0 deg. . 120, m 40 km
9 deg. | 16, m | 5
' 180 deg. 2.m 0.5 km

- ' ' 26



To show the wagnitude of thae problem, the clectron escape rates were caleu-
lated for the case where no reflection oceurred. TFor the fon beam, the electron
cacape rate was 46 A, ior the entire charge~exchonge plasma It was 24 A, With
1 rotal electron escape rate of 70 A, and only a 14 A ion eééape rate in the
beam, 96 A of eleg rons wnuld need to be eithor ;{?f&crc}_nr §r1lecteéh¥fom spuce’
to mpintatn spacecralt and plasma noutrality. The rate of electron exchange with
space ean clearly bo quite large.  Whether ov not tiits exchange takes place will

depend on collision processen for the electrons,

For interplanetary space, the intervaction volumd‘is quite lavge (Table I1II).
To simplify the caleulations, we will assume a sphere with a radius of 5 km for
the charge~exehange pliasma volame. Imvegraving the total number of charge-
exchange electron/ion pairs in this volume gives about 1.1 x 1019. At 3GO0 sec.,
the fom beam adds another 1.5 x 1019.a10vtrunliun pairs in this volume. This
gives a total of about 2.6 v 1019 electron/ion pairs within 5 km of the Spncén
eraft, In comparison, the total number of Hg neutrals within this sphere is .
2.1 x 1020. in the 10 < 20 oV electron energy range, the excitption/ionizacion
eross section of Hg is deveral climes 10—20.m2, while thé Cnulomﬁ callision
erogs suction of electrons is of the order of 10—18~m2. Clenri&, then, Coulomb i
collisions of space electrons with electrons near the aprcecraft will be the
dominant wmechaniswm for capture of these hiph veloeity. but less dense, space
elcutrnné. {Coulomb collisions with ions or elascic collistons with neutrals

are not significant because of the small energy transferred.)

_ o 6 .
At 15 oV, the space electrons have an averange velocity of 2.6 x 10 m/sec.

For a 10? 'm—3 density, the space electrons should have a callision frequency

of

capt

vo=abo = 107 x 2.6 x 105 x 10718 5 0.6 5 1077 (7)
with cach low energy electron in the. 3 km radius sphere. For the entire
2.6 x 1019 electrons, this would give a captuve rvate of
. ’ " -r [
= 2.6 x 10 x 2.6 x 107 = 6.8 x 101 . (18)



Multiplying thls rate by the electronie charge, q, gives a capture current
of about 100 4,

Comparing this electron capture rate with the possible net loss of 56 A
clearly shows thn# capture of amblent space electrons will not be a significant
process in J;Ver?"netary space. It seems reasonable to grnclude, chen, to e
Ethu two electron pbpuiatinﬁé will woexist in space with negligible dw:pr-iction,

similar to the two-group thecry of electrons in a thruster discharge chamber.

The low energy electrons must therefore be reflected fo maintain charge neutral-

ity with jons. The ref’ection wou d be expected neur the surface where space-

craft plasma density equals ambient space plasma densily.

At low orbit ambient conditlons, the situation is considerably different,
The ambient electron bemperature is roughly the same as that of the charge-
exchange plasma. There should therefore he no significant distinction between
an escaping charge-exchange electron and a captured ambient space electron.
The plasma surrounding the spacecraft should thus blend smoothly with the

ambient plasma,

There 1s another case that 1s worth cousidering. A smaller thruster, such

as might be used for spacecraft attitude control, stationkeeping, or drag makeup,

would be expected ta have a higher electron temperature. With a higher than

ambient temperature, the space electrons would be captured while the higher energy

electrons from the spacecraft would escape. One wouid therefore expect the
electron temperature neay a spacecraft to be governed by the ambient space

value when that value is less than the value obtained in a: ground test.

As lhad been mentioned earlier, the ion (and therefore electron) density is

related to the Bohm, or ion acoustic velocity. We should address quantitatively

the question of the effezt the ambient plasma may have on this velocity. Two
plasmas of different density and electron temperature will be occupying the
same space. What electron temperature will govern the ilon veloeity? The

Bohm velocity,

vg = \/K‘l‘e/mi P ' (19)
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=

can be thought of ag the veloeity an dion will have after being accelerated

through a pntentlal, Vo. Therefore,

T
s =V TR I 20

For the case of a plasma wita two May--ellian electron velocity distributions
having different eleci~om temperatures and densities, the following relation

c¢an be obtained:24

q\'n qVQ m
ny oexp {iare + n, exp i Tll2
Ik 1 2

o 2q av_ av_
nl T2 exp (ET;) + n2 Tl 2Xp (ﬂT;)

(21)

For typical densities and temperatures of the primary beam plasma and the inter-
planetary space plasma, the beam nlasma iz by far the dominating factor in

establishing the Bohm velocicy.

For typical values of the solar wind at 1 AU and the charge-exchange plasma

from a single thruster, the dynamic pressure, mn,

charge-exchange plasma are voughly equivalent a few tens of meters from

v? of the solar wind and

the spacecraft. This distance will increase as the spacecraft's distance from
the sun increases, and 4s the number of thrusters operating increases. Because
one pressure does not oﬁerwhelm the other, each individual case of position
relative to the sun, humber of operating thrusters, and solar wind activity will
have to be calculated to determine this boundary. However, since the mean free
path for the situations discussed is in the multiple kilometers range, the flow
of the charge-exchange plasma around the spacecraft should not be affected by

the solar wind ions.
4, Discussion

The proposed interactions with the space plasma appear reasonable. Ground
-verificatinon, however, ranges from difficult to effectively impossible. Plasma

calculations have frequently been found invalid in the past. The reason for

29




the Jlack of validiiy has often been collective interactions, which can be vary
diffivult to predict. MNo colliéctive intoractions were considered in this

analysis.

F. - OANCL DTEG R ARKS

The Hg charge-~v=liange model described appears adequate for preliminary
estimates of solar arvay and spacecrafit interactions. The electron densities
predicted by this model are subject to eleciron temperature uncertainties due
to the variation that might be expected with thruster size, the clustering of
thrusters and the Interaction with the space plasma. There ave other effects
that intreduce uncertainty in both electron density and saturation electron
current density. They arve the relative alectron and neutral temperatures (which
result in more or less trajectory bias for the charge éxchange ions in the down-
stream direction} and the departure from axlal symmetrvy for the thruster array.
All of :these effects are estimated to introduce a factor of several mncertainty
in the calculations, In addition, the model is noﬁ capable of predicting
detailed spacecraft shape and surface orientation effects on charge-exchange

lon trajectories.

The Hg charge-exchange model, though, is adequate for predicting the
rough magnitude of the electron collection problem at the solar array. It can
also be used to estimate the plasma environments for spacecraft science instru-
ments. The arvival rate of Hg ions and possible condensation problems can also

be evaluated.

The possibility of surface reactions due to colliding Hg charge-exchange
ilons remains an unknown. Experience with Hg vapor indicates no problem should be
expected. Experience with several eV Hg ions, though, is mtich wore limited.

The rate of Hg ion arrival is high enough for much:of the spacecraft that cover-—
age could become a serious problem if ions cause reactions on some surfaces

that inhibit subsequent vaporization.

The Mo charge~exchange model has a larger uncertainty than the Hg model,
It appears, however, that there will hé no major problems with Mo deposition.
The ﬁmount of deposition could still be a problem for ceriain sensitive instru-
ments and thermal surfaces wear the thrusters. Reducing the uncertainty in Mo

deposition appears difficult with ground tests.
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To summarize, there appear to be no major obstacles to the use of iou

drive, Theve are aveas where spacecralt/ion drive interactions exiat, but can

be centrolled through the use of proper desipgn approaches. There are also arcas

where uncertainties exist that could cause later problems with sensitive instru-

ments or eurfacer Pac, Yatfar nf Coese Liccstaineice is recommendes warly in

the fon drive program tu avoid the possible greater expense and sehedule impact

of delayed resolution,

G.

10.
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