
1494 J. SPACECRAFT VOL. 7, NO. 12

Results
The modified equations derived here were programmed and

used in conjunction with the transient heat equation with
source term. The radiant heat to each node was input in the
source term after each conduction time step. This quasi-
linearization of the combined transient conduction and radia-
tion problems gave credible results.

In a problem with constant emissivities, only one sym-
metric matrix inversion was required for all of these equa-
tions. However, in a problem where emissivities varied with
temperature, this inversion was required after each conduction
time step. Even a symmetric matrix inversion proved too
time consuming. The equations derived here were solved by
a less accurate relaxation technique for this case.

The largest problem solved contained 300 enclosure sur-
faces. The core saving was 3002 - (300/2) (300 + 1) =
44,850io words. The time saved by a symmetric vs a non-
symmetric system of equations is difficult to estimate pre-
cisely. However, considering that the solution is performed
thousands of times per computer run when emissivity varies
with temperature, the savings can be quite significant.
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IN a recent paper,1 Reynolds and Richley considered propel-
lant condensation near the exhaust of ion thrusters. In

part, they stated, "Charge exchange ions formed in the ex-
haust beam are not collimated and their scattering and im-
paction on surrounding surfaces could be a problem. How-
ever, 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.77 This
conclusion is identical to that of Staggs, et al.2 Recently, we
completed an investigation in which the charge exchange
mechanism could cause condensation or erosion problems
where the primary beam and neutral fluxes constituted no
problem. The data reinforce the first part of the Reynolds
and Richley conclusion and point out the potential danger in
neglecting small contributors.

The application investigated3 is illustrated in Fig. 1. It
consists of a cylindrical spacecraft with a cesium ion thruster
thrusting at 45° to the spacecraft axis. Located in the same
plane is a radiator with a cold patch designed to operate at
100° K. The geometry prohibits direct impacting of the neu-
tral atoms (or Group 2 ions) upon the cold patch, but Group 4
ions have a direct entry to the patch.

Neutral Atom Distribution
The neutral atom distribution for r > a, is approximately4

; ° r2 / r2 r4 (1)

where F is the particle current density in the direction of the
radius vector; r is the distance from the center of the ion en-
gine exhaust plane to the position of interest; 6 is the angle
between r and the normal to the engine exhaust plane; F0
is the particle current density at the ion engine exhaust
plane; and a is the radius of the ion engine exhaust opening.

The assumed thruster t has an atomic (un-ionized) flow rate
of 10~7 Ib/sec of cesium. For the geometry considered, the
direct neutral flux arriving on the lower 300° K surface is
about 2.3 X 1012 atoms/cm2-sec. This temperature is high
enough that the atoms do not accumulate, but immediately
evaporate.! The approximate distribution of atoms which
results is given in Table 1. The cold patch does not "see"
a 300° K surface and consequently no cesium arrives at the
cold patch from such surfaces.

The evaporation rate for a surface at 200°K is 7.1 X 107

atoms/cm2-sec. Hence, for practical purposes, the cesium
accumulation rate on this surface is equal to the rate at which
cesium atoms arrive if one assumes a sticking coefficient of

Table 1 Approximate distribution of atoms to
surfaces and space

Destination

Upper surface at 300°K
Upper surface at 200 °K
Radiator side walls at

300°K
(not shown in Fig. 1)
Space

Percentage
of atoms
hitting
lower
300°K
surface

12.2
7.5

20.2

60.1

Arrival flux,
atoms/cm2-sec

1.1 X 1011

1.3 X 1011
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t The calculations are based upon behavior assumed by the
author and R. Hunter (NASA-GSFC). See Ref. 5 for a descrip-
tion of a typical cesium thruster.

t Evaporation rate is calculated from3 N = P/(2>n-mkT)lf2,
where P is the vapor pressure, m the mass of the atom, k the
Boltzmann constant, and T the absolute temperature.
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one. The time required to accumulate a monolayer on the
upper 200° K surface is a little less than one hr. The rate on
the other 200° K surfaces is about one monolayer each five hr.
In a few days a 200° K surface will behave as though it were
composed of cesium.

Since the cold patch "sees" only space and the 200° K sur-
faces, the evaporation rate from these surfaces determines the
rate at which cesium arrives at the cold patch. For practical
purposes, no atoms evaporate at 100° K. Treating the arrival
rate as equal to the condensation rate yields a buildup rate of
about 5 X 107 atom/cm2-sec or one monolayer each 2400 hr.
This is not a serious problem for radiator lifetimes of a few
thousand hours. §

Group 4 Ions

The charge exchange ion production rate is

N = (2)

where ./V is the number of charge exchange ions produced per
unit time in the volume (AAL); Q is the charge exchange
cross section; AL is an increment of length; A is the cross-
sectional area; n is the number of ions arriving at the volume
per unit time per unit area; and UQ is the neutral atom density.
The cross-sectional area of the exhaust plume at the engine
is 7rD2/4 where D is the engine exhaust diameter. Taking AL
in Eq. (2) to be unity and considering only the central portion
of the beam [0 = 0 in Eq. (1) ] gives the number of charge ex-
change ions produced per unit length

N(r) = 7rQ£W/(4[16 r4/D4 + 8 r*/D* + I]1/2) (3)

where n0' is the neutral atom density at the exhaust plane;

n0' = Mo'tTrm/S/cT)1/2 (4)

and ju0' is the rate per unit area at which neutral atoms leave
the engine exhaust plane. Experiments6 have shown the elec-
tric field in ion exhaust beams to be primarily radial. There-
fore, the charge exchange ions will move radially. The arrival
rate per unit area at a distance x perpendicular to the exhaust
plume centerline is

N(r,x) = N(r)/2wx (5)
Hence

N(r,x)
Sx [16 (r/DY + 8 (r/DY + 1]1/2 (6)

The behavior of this equation is shown in Fig. 2. For the
spacecraft, r « 65 cm and x « 81 cm. The Group 4 flux is
^2.2 X 1010 ions/cm2-sec. If a sticking coefficient of one is
assumed, the time to accumulate a one monolayer thickness is
about 5 hr. One hundred monolayers will build up in about
20 days. This concentration is fatal to the radiator because it
effectively destroys the high emissivity coating on the cold
patch.

Group 2 Ion Behavior

Group 2 ion behavior, for a preliminary estimate, can be
obtained by considering deviations from an equivalent
thruster. For this study, the mercury thruster characteristics
presented by Staggs, Gula, and Kerslake2 were used as a base.
(The errors in ratioing to this thruster were not evaluated and
may be large. The results must be interpreted accordingly.)
From Eq. (2)

woOng (7)

§ Accumulation of cesium on the 200 °K walls, on a first look,
is not serious. The relative emissivity and absorptivity of cesium
and the aluminum walls are similar. We did not investigate the
specular behavior, and this could cause trouble. A better ap-
proach would be to eliminate the cesium entirely.
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Fig. 2 Group 4 ion flux.

where the AZ/s are taken as the same for each thruster. The
efficiency is given by

7? = n'/(n' + //o')
Next, note that the current is

J = n'A
Combining Eqs. (4 and 7-9) yields

(8)

(9)

- (10)

The data in Table 2 were applied. Equation (10) immedi-
ately gives

^Cs = 3.52VHg (11)
The Group 2 ions entering the radiator make an angle of

about 52° with the exhaust plume centerline. The mercury
thruster Group 2 ion flux is about 1.3 X 1013 ions/steradian
sec for this angle. The corresponding cesium engine flux is
4.6 X 1013 ions/steradian sec. The flux at the radiator is 2.9
X 1010 ions/cm2. The neutral atom flux at this same position
is 2.3 X 1012 atoms/cm2-sec. The Group 2 ion flux is small in
comparison.

The point where the engine is closest to the spacecraft
represents a separation distance of 13.3 cm at a 90° angle with
the exhaust plume. Reference 2 shows the same Group 2 flux
as at a 52° angle. Taking this value (the real value will ap-

Table 2 Inputs assumed for Eq. (10)

Item Hg Cs

17
T, °K
/, ions/sec
Q, cm2

Molecular weight
Exhaust diameter, cm

0.80
500
1.54 X 1018

6 X 10~15

201
15

0.80
533
8.28 X 1017

2.43 X 10~14

132.9
7.62



1496 J. SPACECRAFT VOL. 7, NO. 12

proach zero at 90°), we obtain a Group 2 cesium ion flux of
about 1012 ions/cm2-sec.

Hall4 presents the following equation for target erosion
rate, which he states to hold after an initial period during
which the target is becoming saturated with propellant atoms

dx/dt = TS/n (12)

where dx/dt is the rate of change of target thickness with re-
spect to time (cm/sec); B is the bombarding ion flux density
(ions/cm2-sec); S is the sputtering yield (target atoms/ion);
and n is the target number density (atoms/cm3). Daley7

presents data that show that the sputtering yield is about one
atom per incident ion for an energy of 600 ev. The primary
flux at the cesium thruster exhaust is 1.8 X 1016 ions/cm2-sec.
The corresponding erosion rate is 3 X 10~7 cm/sec or about 1
cm/1000 hr. As an approximation, erosion rates at other
positions may be determined as a direct ratio with the flux.

If we apply the approximation to Group 2 ions, it will be
conservative since the average ion energy is lower than the
Group 1 ions. This means that, on the average, fewer atoms
are sputtered per ion impacting on the surface. The Group 2
ion flux of 1012 therefore erodes about 4 X 10~5 cm/1000 hr.
This is a very small amount and should not be a problem for a
solid surface. However, it may be significant for a surface
such as aluminized Mylar. A more detailed investigation
would be indicated if such a surface were located close to the
thruster.

Conclusions

Conditions exist in some spacecraft where it is incorrect to
neglect the charge exchange ions in evaluating the effect of
ion thruster exhaust. Low temperature surfaces that are re-
cessed into the spacecraft may be particulary sensitive be-
cause of directional effects. A very gross analysis also indi-
cates that sputtering due to Group 2 ions might be a problem
for thin films. Further work is indicated in this area.

The problems could be eliminated in the analyzed space-
craft by two changes: 1) recess the thruster into the space-
craft so that the exhaust opening cannot be seen from the
spacecraft, and 2) charge the thruster neutralizer to about 50
or 100 v to prevent Group 4 ions from reaching the spacecraft.
The former eliminates direct impingement of neutral atoms
and Group 2 ions upon the spacecraft. The latter provides
sufficient potential difference that the low energy Group 4 ions
cannot penetrate to the spacecraft.^
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Nomenclature

= sample frontal area = absorber
= blackbody absorptance « 0.98
= sample absorptance for blackbody radiation at Tb and

sample at Ts; a'S} same, but sample at Tc
= sample to blackbody view factor = blackbody to sample

view factor
— blackbody absorber temperature
= sample temperature during calibration « 20 or 77 °K
= sample temperature
= calibration power input
= heat flux to blackbody thermal link

c, Ys — blackbody radiation exchanges with wall during calibra-
tion and during sample run

blackbody emittance at Tb ~ 0.98
sample emittances at Ts and at TC) respectively
Stefan-Boltzmann's constant

A
ab
as

Tc
Ts
Qc
Qi

Introduction

THE most efficient multilayer insulation reflective shield
concept uses vacuum-deposited gold or aluminum

(~500 A) on a very thin plastic sheet (0.15 to 0.25 mils thick)
such as Mylar or Kapton which greatly reduces system
weight1 and thermal anisotropy2 of the insulation over one
using metal foils. The first theoretical work on the radiation
properties of thin metallic films3 was based upon the Drude
single (or free) electron (DSE) theory of optical constants.
However, it later became apparent that the anomalous skin
effect (ASE) theory4 should be used rather than the DSE
theory for the cryogenic temperature range. The recent work
of Domoto et al.5 showed that the predicted values of total
hemispherical emittance e based upon the ASE theory could
be an order of magnitude greater than those predicted by the
DSE theory. It has been shown6'7 for the condition when the
film thickness becomes smaller than the electron mean free
path that the electrical and thermal properties of the film will
differ from those of the bulk metal. To incorporate the size
effect (i.e., influence of film thickness) into the skin effect,
Dingle8 established the theoretical framework for evaluating
the radiative properties of thin metallic films on the basis of
the ASE theory. An extensive analysis of size and skin effect
at cryogenic temperatures has recently been done by Armaly
and Tien.9

This Note reports measurements of e for vacuum-deposited,
high-purity gold films on plastic and metal substrates over the
temperature range of 60-300° K. Effect of film thickness on e
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