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Propellant Condensation on Surfaces near
an Electric Rocket Exhaust

THAINE W. REYNOLDS* AND EDWARD A. RiCHLEYf
NASA Lewis Research Center, Cleveland, Ohio

The problem of neutral propellant atom fluxes arriving at surfaces situated near the ex-
haust of ion thrusters is considered. The problem is of interest because, for interplanetary
missions, the combination of long thrusting times and low surface temperatures may allow
ample opportunity for the buildup of an adsorbed layer of propellant. Both the thermal and
electrical behavior of solar panel arrays, for example, could be affected by such a layer. Even
spacecraft component surfaces outside a line-of-sight to the thruster exhaust may receive
propellant impingement through reflection or re-evaporation from primary surfaces. Some
simplified calculations of arrival rates are presented that allow accurate estimates to be made
of the possible problem for a given spacecraft design. A specific case of a Jupiter fly by mission
(from a recent Jet Propulsion Laboratory study) is evaluated in more detail. It is shown that
condensation could occur on panels during the latter third of the thrusting period.

Introduction

IN the design of a solar-electric spacecraft, some unique
problems can arise. One particular area of concern is

that of determining the effects of thruster propellant exhaust
on various spacecraft components, such as solar cell panels,
power conditioning units, telemetry gear, or other instru-
mentation. At first thought it may appear that the entire
problem is easily avoided by simply locating the thrusters
on the spacecraft in such a way that no thruster exhaust
has a direct line-of-sight to any spacecraft components.
However, constraints imposed by packaging and deployment
requirements may make this design approach impractical.

Exhausts from electrostatic thrusters consist of the highly
energetic charged particles of the ion beam, lower energy
charge-exchange ions, and low-energy neutral particles
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(Fig. 1). The latter are the result of thruster inefficiencies.
Each type of thruster efflux presents a different interaction
problem potential.

The high-energy particles are capable of causing severe
erosion of objects in their path. Clearly, this type of en-
counter must be avoided. Fortunately, in most electric
thruster types, the high-energy exhaust particles are rea-
sonably well collimated. For example, it has been deter-
mined from a study of exhaust beam profile maps from
several mercury ion thrusters at Lewis Research Center1

that over 96% of the primary ion beam is confined within a
beam spreading half-angle of 20° (Fig. 2). Thus, most
interactions of this kind can be avoided by simply designing
the spacecraft to permit a clear exhaust area for the main
beam over these spreading angles.

Charge exchange ions formed in the exhaust beam are not
collimated and their scattering and impaction on surrounding
surfaces could be a problem. However, both the quantity
and energy levels are considerably less than those of the
primary ions.2

Because of the magnitude of neutral efflux and the lack of
collimation, neutral particle effluxes present a potentially
more serious problem. These particles leave the thruster
with essentially a cosine distribution and some will arrive
at and become deposited upon any component surface located
downstream of the thruster exhaust plane. Furthermore,
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Fig. 2 Summary of mercury ion beam profile surveys.
Data range covers several thruster sizes and operating

conditions.
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Fig. 3 Coordinate system schematic.

these particles will also be reflected or reevaporated from
such downstream surfaces and some may arrive at spacecraft
component surfaces upstream of the thruster exhaust plane—
surfaces that are otherwise free from any primary particle
impingement.

If under the thermal conditions of the surface, the arrival
(or condensation) rates exceed the possible desorption rates,
component performance might be seriously affected by cumu-
lative propellant deposits. For example, metallic propellants
such as cesium, mercury, or lithium may result in degradation
of performance of solar cell arrays due to effects on optical
properties or electrical failures. If rapid chemical reaction
between the propellant and surface are possible, then dele-
terious effects might occur even without cumulative con-
densation. It is possible that monolayer coverage of the
propellant gas on the surface may be reached relatively
quickly, but subsequent layers will not build up. It is
therefore of some consequence to know whether the phe-
nomena associated with the adsorbing species and a particular
surface is of importance at monolayer concentrations. Many
surface properties, such as work function, ion emission rate,
surface diffusion, catalytic reactions, and electrical con-
ductivity, to name a few, are strongly affected by such low-
level concentrations. Other properties, such as light trans-
mission or thermal emittance also may be affected at low-
level surface concentrations.

Each design of a spacecraft may require a specific calcula-
tion of the possible propellant impingement rates. How-
ever, some simple general calculations may quickly show
whether the magnitude of the impingement is sufficient to
warrant more detailed consideration. Similarly, the rela-
tions involved in the determination of surface coverage are
relatively simple and general calculations involving these
parameters may be made. Detailed calculations pertaining
to a particular application, thus, may not be necessary.

With these thoughts in mind, this paper presents: 1)
general calculations of particle arrival rates at planes located
downstream of a source, 2) calculations of reflected or re-
evaporated particle flux back toward the source (or thruster)
plane, 3) desorption rates of adsorbed gas layers in terms of
desorption energies and surface temperatures, 4) an illustra-
tion of an application of the general calculations to a specific
situation—a Jupiter flyby mission.3

To date, only a few studies dealing with expected impinge-
ment rates of propellant upon surfaces of a spacecraft have
appeared in the literature. Backflow from high-pressure
gaseous jet exhausts has been considered.4'5 The potential
problem with respect to ion beams has been recognized.2'6
The specific effects of such impingement rates on particular
surfaces is the subject of other investigations.6 Finally,

experimental determination of the possible effects of mercury
contamination on solar panel arrays is planned for a forth-
coming space electric rocket test (SERT) flight.7

Analysis

The process of condensate formation on a surface is a
competition between the rate at which particles arrive and
stick, and the rate at which they can leave the surface. That
is dv/dt = JLI$ — v, where /* is the arrival rate, particles/cm2-
sec; v is the desorption rate, particles/cm2-sec; a is the sur-
face concentration of adsorbed species, atoms/cm2; S is
the sticking coefficient.

The arrival rate p, depends upon the strength of the source
of particles, the distance of the surface from the source, and
upon the orientation of the surface with respect to the direc-
tion of the incoming particles. Arrival rates thus depend
on geometrical relationships as well as the factors governing
the strength of the source of particle emission. In the flux
calculations herein, free-molecule flow conditions are assumed
to prevail. The sticking coefficient is assumed to be unity
for convenience. However, for any situation where it is
not unity, it may be easily carried along in the calculations.

The desorption rate v depends most strongly upon the
temperature of the surface and the desorption energy—the
strength of the bond between the adsorbed particles and the
surface. (If the "surface" happens to be the same material
as the absorbing gas, the desorption energy is the familiar
sublimation energy.) The desorption energy of a gas from
some surfaces may be considerably higher than the sublima-
tion energy of the gas.

Arrival Rates

The coordinate system that is used in this analysis is
shown in Fig. 3. In general, the particle source may be
located arbitrarily at point (a,6,c). The primary surface of
interest upon which particles may condense is located at
point (x,y,z) downstream of the exit plane of the thrusters.
Surfaces upstream of the exit plane of the thruster may also
be impinged upon, and these surfaces will be referred to as
secondary surfaces.

Primary surfaces

The ratio of the arrival rate JJL at a surface of particles
emitted at a rate v from a point source emitting diffusely
under conditions of free molecule flow is given by8

IJL/V = (cos (*i) (cos 0:2)/72 (i)
The distance / in Eq. (1) has been nondimensionalized with
respect to the thruster (source) radius. Equation (1) is a
point source relation; however, it is readily shown that it
yields fluxes that are within 5% of the more exact disk source
relation at locations as close as five source radii away.9

In view of the uncertainty of the orientation of the deposi-
tion plane for any specific configuration, one may first calcu-
late a maximum arrival rate at the (x,y,z) point. This would
be the case for a surface oriented normal to the direction of
particle flow (i.e., cosa2 = 1.0). Some typical values of
the maximum expected arrival rate ratios, calculated from
Eq. (1), are shown in Fig. 4 for varying distances I and angles

RATE -4 _
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Fig. 4 Maximum ex-
pected arrival rate on
surface downstream of

source.
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cii. Notice that even for an «i of 85°, the magnitude of the
p/v ratio is greater than 10~5 for distances up to 100, and at
/ = 100, the IJL/V ratio for 0.1 = 85° is only one order of
magnitude less than the value for ai = 0°. The value of
10~5 will be shown later to represent a significant neutral
flux. Of course, if there is more than one source of particle
flux to a particular surface (i.e., more than one thruster)
then values of /z from each must be determined and the values
summed. The JJL/V values from Fig. 4 cannot be summed
directly unless the source emission rates v are all equal.
Under the assumptions of free-molecule flow, no interaction
between the neutral effluxes from the separate sources would
be anticipated.

If, by means of the preceding calculation procedure, the
maximum expected arrival rate at any point in question on the
spacecraft is clearly too small to be of consequence to the
particular spacecraft design, then a more accurate calculation
of the flux ratio is unnecessary. If, on the other hand, addi-
tional calculations are indicated because of the magnitudes
being significant, then the additional geometric factor coso^
for the specific orientation must be accounted for for each
thruster and applied to the values in Fig. 4. This will be
done for the illustrative problem presented later.

Secondary surfaces

The values of return flux ratios can be estimated using
the coordinate system shown in Fig. 3. As shown in Fig. 3,
we arbitrarily place the secondary surface of interest at
(a',6',c'). The ratio of the arrival rate at (a',b',c'), via (£,t/,z),
to the source efflux at (o,6,c), is derived through the product
of the following readily obtainable ratios,

= (MA)(/*'Ao)("o//0 (2)
where p' is arrival rate at the surface at (a',6',c'); VQ is the
leaving rate from the surface at (x,y,z); JJL,V are as previously
defined. If we assume that condensation on the (x,y,z)
surface is not occurring, or that equilibrium has been reached,
then all the flux that arrives there will leave (i.e., JJL = VQ)-.
In this case, Eq. (2) becomes

COSOI2 COSQJs
(3)

The factor r2 appears in Eq. (3) because the "view" factor
for the returning flux ratio ju'Ao must be based on the re-
flecting surface area, but the dimensionless distances I and
/' have been defined in terms of the source (thruster) radius.
Therefore r is a radius of an emitting area on the reflecting
surface, nondimensionalized to the thruster radius.

As before, a maximum relative flux ratio from (x,y,z) to
(a',b',c') is obtained for an (a',6',c') orientation perpendicular
to V (that is, when cosou = 1.0). To illustrate the calcula-
tion of the flux ratio p'/v at some specific secondary surface

Table 1 Properties of various materials

Material

Ag
Al
Cs
Hg
Li
Mg
Mo
Na
Ni
Ta
U
W

Density-to-mass
ratio,
P/M,

g-mol/em3

0.0974
0.0997
0.0141
0.0701
0.0770
0.0714
0.1060
0.0422
0.1510
0.0893
0.0795
0.1040

Desorption
energy,

#des,
ev

2.96
3.36
0.81
0.63
1.65
1.52
6.87
1.13
4.43
8.10
5.07
8.75

Monolayer surface
concentration,

<Tm X 10~15,
No./cm2

1.52
1.54
0.422
1.22
1.30
1.24
1.61
0.86
2.04
1.43
1.33
1.58

Fig. 5 Maximum ex-
pected return arrival
rates to surfaces near

thruster exit plane.
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location, we choose arbitrarily here a point located back at
the source center l(= I'). Flux at this location will be rep-
resentative for surfaces near the thruster plane, but outside
a region subject to direct impingement. There will be a
maximum back flux at that point for the conditions coscx2 =
cos 0:3 = cosa4 = 1.0, so that the return flux is simply

/i'A = (cosai)r2//4 (4)

Some representative values of maximum return flux ratios
from Eq. (4) are shown in Fig. 5 for r = 1, that is, for a re-
flecting area equal to the thruster area.

Clearly, Eq. (4) differs from Eq. (1) simply by the factor
r2//2; however, it is interesting to note that even for an ai of
85° the magnitude of the return flux ratio is greater than
10 ~5 for distances up to 10 thruster radii. Significant neutral
flux is indicated for this value of 10 ~5 as will be shown later.
Again, if there is more than one thruster or more than one
reflecting surface (or a larger reflecting surface) that can
contribute to return flux, the values of /*' must be deter-
mined for each and added to obtain the total, true returning
arrival rate. If this estimated maximum appears significant
to the particular application, more refined calculations are
indicated.

Desorption Rates

The desorption rate of particles from a surface is usually
described by the relation10

V = (76 ^ es s / TQ \O)

where v is desorption rate, particles/(cm)2(sec); TQ is a con-
stant, 10~13 sec; Edes is desorption energy, ev/atom; Ts is
surface temperature, °K; A: is Boltzmann constant; cr is sur-
face concentration, particles/cm2. Desorption rates for
fractional monolayer coverages are discussed in Ref. 11.
In the present application we shall concern ourselves primar-
ily with desorption rates for monolayer coverage. The
value of am (surface concentration for a monolayer coverage)
for a material depends on the crystal face involved, but to the
accuracy required in the present situation we can use the
-§• root of the number density of the solid as a good approxi-
mation to the surface density,

am ̂  (6.023 X 102 = 7.15 X 1015 (6)

where p is the density of solid, g/cm3; M is mass in atomic
mass units. Equation (5) thus reduces to

v = 7.15 X 1028 (p/M)*'*e-E*»/kT' (7)

Values of p/M and Edes (heat of sublimation in these
cases12) for a number of materials are shown in Table 1 and
desorption rates calculated according to Eq. (7) are shown
in Fig. 6. Data for a number of materials from Table 1 are
shown therein also. Values of desorption rate of a material
from Fig. 6 are used in the illustrative example presented later
to compare with calculated arrival rates to determine whether
condensation conditions exist at a particular surface. The
values of v used are in close agreement with values calculated
from vapor pressure data over the range of interest.
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Fig. 6 Desorption rate from monolayer or more con-
centration as function of temperature, energy, and sur-

face density.

Discussion and Illustrative Problem

The first assumption made here is that, as portrayed in
Fig. 1, the spacecraft configuration will at some time require
the location of a surface downstream of the plane of the
thruster exhaust (otherwise no problem exists). Our objec-
tive is to find out if the rate of propellant impingement on
that surface is high enough to create any problems on that
surface, or for other surfaces by reflecting propellant back
toward them.

The neutral atom emission rate for an electric thruster is
readily calculated from

(8)

where / is the ion beam current, amp; J is the ion beam cur-
rent density, amp/m2; r is the thruster radius, m; q is the
electron charge, 1.6 X 10~19 coulomb/particle; rj is the pro-
pellant utilization efficiency, the fraction of total propellant
flow which is ionized.

Thus, for example, a bombardment thruster with a 30
amp/m2 beam and a 90% propellant utilization efficiency
would have a neutral atom emission rate na of 2.2 X 1015

atoms/ (cm2) (sec).
Then, using Fig. 4, we can note that arrival rates at I = 10,

for example, may be as high as 2.2 X 1012 to 2.2 X 1013

atoms/(cm2)(sec). With mercury as the propellant, this
arrival flux represents possible condensation rates (depend-
ing on component temperatures) of 0.002 to 0.02 monolayers
per second, or from 170 to 1700 monolayers per day. Not
only is this situation a possible troublesome one, but also, with
any sizable surface area so exposed to this neutral flux, the re-
turn flux to areas behind the thruster plane could also be of
concern. From Fig. 5 we note that for the same distance, I =
10, the return flux ratio is 10 ~5 to 10 ~4. Thus, even from a
reflecting area only as large as the thruster area (i.e., r = 1),
the possible return flux rates from this distance would be
equivalent to from 2 to 20 monolayers per day. From

larger reflecting areas, and with more than one thruster
operating, this return flux would be proportionately greater.
More detailed calculations would be required depending on
the spacecraft design and mission profile.

One such mission requiring more careful analysis is the
Jupiter flyby mission (JFB).3 A schematic of one space-
craft design from Ref. 3 is reproduced here in Fig. 7. The
spacecraft has solar panels that extend to about a 15-m
radius and which can pivot about the z axis, extending out
downstream of the thruster plane. The craft would be used
for a direct trajectory flyby and have a total thrusting time
of 470 days. Thrust would be obtained from four 2.5 kw
mercury bombardment thrusters.

For this illustrative problem we have chosen a coordinate
system suggested by the general characteristics of the JFB
spacecraft (see Figs. 7 and 8). The coordinate system is
similar to that shown in Fig. 3 with the added stipulation
that the surfaces at which the arrival fluxes are calculated
are the solar panel surfaces which rotate about the z axis.
Also, the coordinates of a point on that surface are given
in terms of their F, Z, values when the panel is at ft = 0°
angle (i.e., when the solar panel is parallel to the thruster
exit plane). With this definition the angle ft is equal to the
thrust angle F, as used in Ref. 3. The thrust angle is the
angle between the thrust vector and the sun line to the
spacecraft.

With this specification on the problem, the flux at any
point on the solar panel from one thruster located at (a,6,c)
is given by the following relation derived from Eq. (1):

IJL (?/o sin/3 - a) (a cos/3 - b sin/3) __
v ~ [(2/0 sin/3 - a)2 + (y, cos/3 - 6)2 + (z, - c)2]2

A negative value of flux ratio from this equation means
that the particles are striking the back side of the array.
This will be the case for ft > tan"1 (a/6).

Values of the arrival rate ratio from Eq. (9) were calculated,
with the aid of a digital computer, for various combinations
of the thruster location (a,6,c), panel point (x,y,z), and panel
angle ft. In using Eq. (9), all distance variables were non-
dimensionalized in terms of the thruster radius.

Calculated values of JJL/V along three rays shown in the
first quadrant in Fig. 7 are plotted in Fig. 9. The p/v plotted
is the total value from four thrusters which, for convenience
were located at a = 2, b = ±2, and c = ±2. (For the
actual JFB configuration, a = 7.67.) Two representative

= zo

Fig. 7 View of JFB spacecraft facing solar panel array.
Array rotates about z axis.
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Table 2 Optical properties used for calculations io-'i—

Hg on solar

panels

None
Front surface
Back surface
Both surfaces

Total hemispherical
emittance

Sun side, Backside,

€/ €&

0.89-0.93
0.10
0.89-0.93
0.10

0.93-0.96
0.93-0.96
0.10
0.10

Solar
absorp-
tance,

Oif

0.72-0.86
0.22
0.72-0.86
0.22

Ratio,
Oif

€f + €b

0.38-0.47
0.21
0.82
1.1

orientations of the panel, /3 = 30° and /3 = 75°, are shown.
Since the total neutral emission rate v from the four thrusters
is equivalent to about 6.3 X 105 monolayers per day, flux
ratios of 10~5 in Fig. 9 are comparable to 6.3 monolayers per
day impingement rates.

The diagonal ray is subject to impingement rates of several
monolayers per day even out to 40 or 50 thruster radii away.
A surface situated at most any location in the quadrant
would be susceptible to considerable impingement within
20 thruster radii of the source.

A plot of the flux (monolayers per day) along the diagonal
axis of the panel is shown in Fig. 10 for several angular
orientations. Because of the spacecraft configuration and
sun orientation, at panel angles between 45° and 135°,
the flux to the sun side comes from only two thrusters. At
these angles, neutral efflux from the other two thrusters
impinges on the back side of the panel. By virtue of sym-
metry, arrival rates on the sun side at a given angle ft are
identical to those on the back side at an angle 180°-/3.

As can be seen from Fig. 10, the impingement rates are
strongly dependent on the distance from the thrusters. But,
the point to be emphasized here is simply that even outside
the cone angle of the main ion beam, considerable propellant
atom flow can arrive at structural surfaces which lie down-
stream of the thruster exit plane. Whether the magnitude
of this arrival rate of propellant is sufficient to cause any
operational problems for that surface is another question.
However, one can calculate whether or not the propellant
will condense and build up a covering layer on the panels.
To estimate this situation it is necessary to consider the sev-
eral factors controlling the solar panel temperature.

The equilibrium temperature of a panel at any location in
space is calculated from a radiation heat balance,

10"'

TOTAL
ARRIVAL

RATE 10"5

RATIO,

PANEL ANGLE,
(3,

DEC

1 5 10 1520 30 50
DIMENSIONLESS DISTANCE, y0 OR ;

100

Fig. 9 Variation of total arrival rate ratio along three rays
in first quadrant. Total from four thrusters.

or

T' ~

QE(af (10)

where QE is the solar constant at 1.0 a.u., 1393 w/m2; R
is the distance from sun, or range, a.u.; a is the Stefan-
Boltzmann constant, 5.73 X 10~8 w/(m2)(°K4); af is the
solar absorptance of panel surface facing sun; e/,c& are the
thermal emittance of front and back surfaces of panel,
respectively; 7 is the angle between surface normal and sun
line.

The values of a/, e/, and eb depend upon the nature of the
surface, and whether or not it has condensate on it. (Recent
experimental investigations have been undertaken at the
Lewis Research Center to determine values for a and e for
thin-film solar cells13'14.) The equilibrium temperature,
Tp, from Eq. (11) is shown plotted in Fig. 11 for a range of
«//(«/ + €&) values, and for 7 = 0, that is, a surface normal
to the sun line. If the thermal properties of the surface do
not change, the surface temperature falls inversely with the
square root of the range.

For the JFB spacecraft, the mission profile discussed in
Ref. 3 yields the time variation of variables pertinent to this
condensation discussion shown in Figs. 12-14. These are
the panel angle, the range, and the thruster propellant flow
rate. The total neutral mercury arrival rate at any location

BEAM DIRECTION
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ARRIVAL
FLUX ON
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PER DAY

.01
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Fig. 8 Schematic of simulated JFB coordinate system.

1 5 10 1520 30 50 100
DIMENSIONLESS DISTANCE, y0 OR ZQ

Fig. 10 Arrival rate along panel diagonal (front surface)
for various angles. Four thrusters at a9b,c = (2, ±2, ±2).
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Fig. 11 Variation of equilibrium panel temperature with
distance from sun for varying surface thermal properties.

on the solar panels for any time during the mission can be
calculated through use of these curves and Eqs. (8) and (9).
The solar panel temperature, necessary to estimate possible
desorption rates from the panel via Eq. (5) or (7) can be ob-
tained from Fig. 11. However, the a/e ratio to use to de-
termine the temperature will depend upon whether condensa-
tion can occur, since, in general, the condensate layer would
be expected to have different thermal properties than the
panel itself.

Some representative values of a and e for clean surface
solar cells13'14 and for a mercury surface6-15 are shown in
Table 2, along with the resulting values of a//(e/ + e&) for
the various possible combinations of surfaces. Higher values
of «//(«/ -f e&) result in higher equilibrium temperatures
(Fig. 11) for any given heat input rate. Those combina-
tions that have a higher value of a//(e/ + e&) than that of the
clean panels will, then, be self-cleaning in a sense. That is,
any tendency of a deposit to form on surfaces in a way which
would raise the a//(e/ + e&) ratio would tend to raise the
panel temperature. The resulting increased desorption rate
would then tend to clean the panel of adsorbate. Such is the
case in this illustration for mercury condensation on the back
surface of the solar panel only, or on both front and back
surfaces simultaneously. However, an essentially indeter-
minate situation may result for the case of mercury condensa-
tion on the front surface only. If a condensed layer is as-
sumed on the front surface only, the resultant panel tempera-
ture may be such as to permit condensation, whereas, the
temperature of a clean panel would be too high to permit
condensation. Therefore, it is clear that the actual equilib-
rium conditions of the surface depend upon its previous
history.

From a knowledge of the mercury arrival rate at a point
on the panel and the desorption rate curve for mercury (Fig.
6), one can determine an equilibrium temperature (i.e., a
temperature where /z= v). For purpose of illustration here,
these temperature levels so calculated for the arrival rates at
three locations on the panel diagonal are shown in Fig. 15.
Figure 15 is also a plot of a portion of Fig. 11. It shows
two possible clean panel temperature curves determined from

HELIO-
CENTRIC
RANGE,

AU
Fig. 13 Range of space-
craft during thrust phase.

I I I I I
100 200 300 400 500

TIME, DAYS

the a, e data of Ref. 13. The clean panel region indicates a
band of possible temperatures which reflect the spread in ex-
perimentally determined optical properties. The other curve
is for an assumed mercury coating on the same front surface.
Whether condensation will occur on the panel depends on the
applicable value of a//(e/ + e&). If the panel temperature
is on or below the calculated temperatures representing the
equilibrium arrival rates, a condensate layer will build up
at that position on the JFB panel.

The results shown in Fig. 15 should be examined carefully
to fully understand their significance. For example, the
5,5 curve shows that, if the panel has a "clean" history,
condensation should not occur at the 5,5 location on the
panel until the spacecraft is at about 2.50 to 2.75 a.u. For
the actual JFB configuration the solar cell panels begin at
about a 16,16 location. From Fig. 15 it can be estimated
that, for this location, condensation would occur at about
3 a.u.

Actually, at about 2 a.u., the flux levels and possible panel
temperatures approach the condition of indeterminancy
mentioned previously. Without a condensate layer present,
the panel temperature would be expected to remain above
the condensation level. However, if the panel temperature
should be temporarily cooled below the condensation tem-
perature, due to misorientation of the spacecraft, for ex-
ample, the resulting value of the parameter, a//(c/ + e&),
would be such as to keep the panel temperature below the
condensation level and the condensate layer would continue
to grow. Thus, the importance of the panel temperature
history during the mission is evident.

Return flux values are more difficult to evaluate in detail,
but it may be noted that out to distances of 10 thruster radii,
values of return flux ratio p'/v of up to 0.01 of the primary
flux rates can be expected for reflecting surface areas of only
about 0.05 m2 (i.e., equal to the JFB thruster area). With
the JFB array shown in Fig. 7, the total structure area ex-
posed to primary flux within a distance of I = 10 will be
several times this thruster area. Therefore, the return arrival
rates near the thruster plane can be expected to be consider-
ably more than 0.2 to 0.5 monolayers per day (see Fig. 9).
Since these surfaces are likely to be colder than the solar
panels, condensation on them is possible even sooner than
on the solar panels themselves. Surface temperatures of
around 180° K would permit a mercury condensate layer to
grow at arrival rates exceeding one nonolayer per day.

Concluding Remarks

Consideration of the neutral atom efflux to be expected
from the thrusters on electric spacecraft has led to the follow-
ing general conclusions:

1) Neutral efflux rates are high enough and interplanetary
flight times long enough that considerable total propellant
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can impinge on nearby spacecraft components located
downstream of the thruster exhaust plane.

2) Even surfaces not in the line-of-sight of initial pro-
pellant atom trajectories may still receive impingement
through reflection or reevaporation from surfaces in the direct
line of sight of the thruster exhaust.

3) Accurate estimates of probable maximum neutral pro-
pellant arrival rates on surfaces of an electric spacecraft
can be easily made using simplified molecular flow relations.
The magnitude of these probable maximum rates can be re-
viewed in consideration with the planned mission profile to
determine whether more detailed ad hoc calculations are
required.

4) Mercury flux rates onto the solar panels of a proposed
JFB spacecraft are such that propellant condensation on the
portion of the panels close to the thruster may occur in the
latter stages of the mission. Specifically this situation occurs
when the spacecraft is at about 2.0 a.u. In time, the
portions over which condensation can occur then extend out-
ward away from the thrusters, up to and including the farthest
most portions of the solar cell panels. More detailed calcu-
lations probably are in order.

5) The example problem illustrated the importance of the
solar panel temperature history throughout the mission.
It was shown that an unplanned premature cooling of the
panel could upset the thermal equilibrium of the situation
sufficiently to cause unexpected condensation to occur. The
condensate might re-evaporate or condensation might then
continue depending upon which surfaces were affected.
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