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Scattered Visible and Ultraviolet Solar Radiation
from Condensed Attitude Control Jet Plumes
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Strong ultraviolet and visible radiation signals due to solar scattering from attitude control system (ACS)
plumes associated with a space platform have been observed and analyzed. The analysis presented confirms that
the observed signals are caused by condensed droplets of argon, the propellant for the ACS jets. The analysis
predicts very similar signals for equivalent ACS jets using nitrogen as a propellant. However, scattered signals
for jets employing neon as a propellant are predicted to be more than two orders of magnitude smaller than

those from Ar or N, ACS jet plumes.

Nomenclature

A =cross-sectional area in nozzle
C =cluster flow rate
Crz  =ratio of vacuum thrust coefficient to its maximum
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=nozzle throat diameter

=mean cluster diameter

=solar flux

=mean free path

=refractive index

=mass flow rate

=Mach number

= Ar cluster concentration

=mean number of Ar atoms per cluster

=pressure

=ratio of single cluster scattering cross section to its
geometric cross section

=radial coordinate in spherical polar coordinate
system

=temperature

=velocity

= particle size parameter = x#D/\

=ratio of specific heats

=nozzle cone half-angle

=solar scattering angle

=photon wavelength

=Brook model plume angular distribution
parameter =(1 — Cpp ~1)

=density

=polar angle in a spherical polar coordinate system
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Subscripts

eq =equivalent

e =exit plane

0 =stagnation point

pitch = pitch attitude control jet
SJ = settling jet

T ‘=thermal

Introduction

PACE-borne advanced optical systems may be sensitive to
optical contamination of their local environment by gases
and/or particles produced by off-gasing of platform com-
ponents or by operation of attitude control system (ACS) jets
and orientation rocket motors. These ‘‘self-interference’’
phenomena may be due to the direct emission of radiation
from relatively hot molecules produced by the space platform
components, from ‘‘atmospheric interaction’® radiation .
produced when optically active contaminant molecules are
excited in inelastic or chemiluminescent collisions with am-
bient atmospheric species, or from solar or earthshine
radiation scattered by contaminant molecules or particles.
The direct emission and atmospheric interaction
mechanisms are of primary importance to infrared optical

systems. The atmospheric interaction mechanism produces a

more troublesome extended source, and has been previously
evaluated for a variety of high-attitude rocket engine and
ACS jet exhaust plumes.! The effect of both direct emission
and atmospheric interaction radiation from contaminant
molecules on a sensitive space-shuttle-borne IR telescope has
been investigated.$

In this article, we report the observation and analysis of
very significant visible and uv interference signals caused by
solar radiation scattered from condensed ACS jet exhaust
gases. Solar radiation scattered by these particulates and by
optically active molecules is probably the most serious source
of contamination induced interference for visible and uv
space borne optical systems. An analysis of the scattering of
IR and uv solar radiation from optically active molecules in
typical rocket exhaust plumes has recently been published.”

Previous observations and analyses of visible signals from
the translunar injection burn of the Saturn IV B spacecraft
during the Apollo 8 mission have indicated that condensed
exhaust plume water vapor could produce large solar scat-
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tering signals.®? The observations reported and analyzed here

demonstrate that particulates formed in ACS jet plumes of
the transparent gases Ar and N, can be a very serious source
of contaminant interference radiation readily observable by
sensitive visible and uv space-borne optical systems.

Experiment and Instrumentation Description

As part of -the AFGL’s Multispectral Measurements
Program (MSMP), quantitative uv measurements as well as
qualitative visible observations were made of interference
radiation due to argon propelled ACS and settling (ullage) jets
on a space platform at altitudes ranging from approximately
150 to 240 km.

The MSMP experiment reported here (TEM-2) consisted of
a target module, which contained pairs of argon propelled
pitch, roll, and yaw ACS jets as well as a set of argon
propelled settling jets for a’ small liquid fueled rocket motor,
and a sensor module, which contained uv, visible, and IR
sensors used to monitor the optical signatures associated with
the target platform operation. The target and sensor modules
were co-launched aboard an Aries booster from White Sands
Missile Range in the spring of 1980. The slant range between
the sensor and target platforms varied between 0.5 and 10 km
for the observations reported here. These observations were
made in full daylight,” with a sun-target-sensor angle of ap-
proximately 90 deg. '

Characteristics of the target module ACS and settling jets
are presented in Table 1.

The propellant used during the MSMP TEM-2 flight in the
ACS and settling jets was prepurified argon with a stated
purity of 99.998%. The moisture content of the argon
propellant was certified at less than 3 ppm.

The target module ACS jéts were operated in a modulated

pulse width mode, with a pulsing rate for the target module’

ACS of 10 pulses/s. The target module settling jets fired
continuously for 5 s before each rocket engine burn.

Measurements in the vacuum-uv/uv wavelength region
were made with spatially resolving photometers using digicon
image tubes. Two photometers were used: the high sensitivity
photometer, HSP-53, in the vacuum ultraviolet; and the
medium sensitivity photometer, MSP-33, in the ultraviolet.
They each use 10X 10 pixel (picture element) square arays in
the digicon detectors. Wavelength band isolation was ob-
tained using interference filters, window transmission limits,
and solar blind photocathodes. Filter sensitivity curves for the
four bandpasses used with each instrument are shown in Figs.
1 and 2. More complete descriptions of these instruments and
their calibration may be found in Ref. 10 and 11.

Visible motion pictures of the jet interference radiation
were made with a television recording system utilizing an
RCA Type V vidicon tube employing an f/.78 lens system
with a 25 mm focal length. Visible still photographs were
obtained with a 35 mm camera equipped with an /2.0 lens
system with a 135 mm focal length and utilizing Kodak 2575
Recording film. Analysis of the visible vidicon data allowed
independent confirmation of ACS and settling jet activity,
tying the uv and vacuum-uv photometer observations clearly
to the spatially and directionally resolved firing of the various
cold gas jets on board the target platform.

Table1 Target module ACS and settling jet source characteristics

Nominal Nominal

Cone Throat source source
half- Area diameter, pressure, temp.
angle, deg ratio mm psia K
Pitch, yaw ACS 15 47:1 4.8 212 300
Roll ACS 15 23:1 1.6 203 300
Settling jet 15 15.5:1 4.8 242 300
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Observations

Pictures from the vidicon and the still camera aboard the
target module revealed unexpectedly strong visible radiation
structures associated with firings of the target module ACS
and settling jets. The one-to-one association of strong visible
signals with these target module jets extended to data from the
MSP and HSP photometers. Also, an uv movie prepared
from the uv photometer data clearly showed well-developed
plume-like structures associated with ACS and settling jet
firings.

The plume-like structure of these jet-associated visible and
uv interference signals is clearly shown in Fig. 3, which is a
still photograph of the settling jet firing which preceded the
first target module engine burn. This picture shows the
“vacuum core”’-like structure of the jet-associated signals.
The overall shape of the plume structure, although distorted
by target module translation and sunlight reflected from the
target module body, is that expected for a high-altitude
supersonic expansion. The radiation intensity is highest near
the nozzle where the plume gases are densest. This strongly
suggested that the observed signals are not due to any
collisional processes arising from jet-atmospheric in-
teractions.
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Fig. 3 Nikon phtorap of the targetodul settling jet structures
preceding burn 1 of the target module engine (bright streaks in the
background are stellar images).

Fig. 4 Plume structure observed at ~24 k durin setlmg

Jet
activity, MSP filter 3. :

Fig. 5 Plume structure observed at ~235 km during ACS jet ac-
tivity, MSP filter 3.
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In order to visualize the time variation of the photometer
data, video tapes of the pixel-by-pixel radiance were made for
each filter using a 64-step gray scale. The result is a 10x 10
matrix of squares, with each square representing one pixel.
The magnitude of the spectral radiance is represented by the
shade of gray, with lighter regions representing higher in-
tensity. Examples of the two sets of plume images selected for
detailed analysis are depicted in Figs. 4 and 5. The space
platform with the jets is just to the left of center in each
figure. The jet flowfield propagates in a direction that is
perpendicular to the line of sight between target and sensor
modules. The angle between the sun and sensor line of sight is
about 90 deg, as noted above. An individual plume image was
taken to consist of the same number of pixels for the different
filters. The plume intensity was then taken as the sum of the
calibrated counting rates for the relevant pixels multiplied by
the projected area of a pixel field of view of the target.

Analysis of Argon Jet Radiation

The argon used as a propellant in the MSMP TEM-2 ACS
and settling jets was sufficiently pure, and the observed visible
and uv.signals sufficiently strong, so that it would be very
difficult to explain the data by involving some unknown
impurity. Since the total expected impurity level is two parts
in a hundred thousand, and the most probable impurities are
N, and O,, neither of which is strongly optically active, there
appears to be no choice but to find a mechanism by which
argon itself can cause the observed signals.

Gaseous Argon Radiation

An analysis of radiation mechanisms for the two most
probable gaseous argon species, Ar and Ar,, quickly showed
that neither species can be responsible for the observed
radiation. There are no allowed emission lines for Ar which
radiate between 106.7 and 840.6 nm,!? a consequence of the
mere 4.14-eV gap between the lowest allowed excited state in
Ar and its ionization potential at 15.76 eV. Thus monomeric
Ar could not contribute significant radiation to any of the
HSP or MSP filter bands, which cover the region from about
120 to 280 nm.

The situation is not significantly better for dimeric argon
which might be formed during the nozzle expansion process.
Ar, does have a broad lu, Ou~ to XL} transition centered at
about 126.0 nm. 314 However, observed emissions from this,
the Ar, lowest excited state, are typically restricted to the
120.0-140.0 nm region.'>!4 Other known Ar, excited states lie
within 1.5 eV of the 1u, Ou— state, restricting their output to
wavelengths less than 140 nm or greater than 800 nm. Thus
Ar, cannot account for any radiation in the three longest.
wavelength HSP filter bands, any of the MSP filter bands, or
for the visible vidicon or still pictures.

Argon Condensation Analysis

The remaining method by which Ar could cause the ob-
served signatures requires condensation of the gaseous Ar into
droplets of liquid or solid argon due to cooling during the
nozzle expansion process. The boiling point of Ar at at-
mospheric pressure is 87.5 K, and its freezing point is 84.0 K.
Its extremely narrow (3.5 K) liquid range indicates that
condensation will quickly be followed by freezing into solid
droplets.

The lowest temperature attainable in a freejet expansion
can be calculated from the terminal Mach number of the
expansion. Experimental measurements of argon jet
properties and associated theoretical analyses for jet tem-
peratures and Mach numbers have been published by
Anderson and Fenn.!s The terminal Mach number is defined
by Anderson and Fenn for v=5/3 gases such as Ar by

Mp=17(/d, ) =01 =1.7(1/d) "% 1)
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Fig. 6 Target module argon plume temperature profiles, X is the
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The ratio of //d,, represents a Knudsen number characteristic
of the supersonic expansion process.

In order to apply Eq. (1) to the conical nozzles used on the
target module it is necessary to relate the conical nozzle throat
diameter to the diameter of an equivalent sonic nozzle. This
relation is given by Hagena for y = 5/3 gases as!6

d., =0.73dcoty 2

Using Egs. (1) and (2), the terminal Mach number can be
calculated for the settling and ACS jets. From the terminal
Mach number, the terminal tempeérature can be calculated
using the relation between beam temperature and Mach
number:

—1 —1
T=T, (1 + YTMZ) 3)

Using Egs. (1-3) the terminal Mach numbers and centerline
temperatures for all the target module argon jets were
calculated to be above 100 and below 0.01 K, respectively.
While there is no -doubt that terminal conditions of this
severity are not reached in a real expansion, there is little
doubt that extremely high levels of supersaturation for Ar are
clearly obtained in all of the target module jets. This can be
dramatically demonstrated by calculation of the local jet
centerline pressure, Mach number, and temperature ac-
cording to Anderson and Fenn,'> and comparing it to the
argon vapor pressure as a function of temperature. Such a
plot for the target module’s settling jets and for its pitch and

diameter and implies extensive condensation within the jet’s
nozzles.

After illustrating that condensation of Ar in the ACS and
settling jets is extremely likely, it is still necessary to predict
the extent of condensation and the size of the particles formed
by the condensation process. Unfortunately, we do not have
sufficient theoretical understanding of homogeneous con-
densation processes for even simple substances such as Ar to
accomplish this task. Fortunately, a number of experimental
studies of Ar condensation are available on which to base
estimates.

Once the onset of condensation is achieved, even to the
extent of appreciable dimer and trimer formation, it is clear
from molecular beam mass spectrometric studies of Ar cluster
formation that a large fraction of the gas condenses. Studies
by Milne and Greene!”-!® and Golomb et al.,!® which probed
only the onset of cluster formation, all showed that rapid Ar,
growth at the expense of monatomic Ar was characteristic of
argon condensation. Once clusters containing more than ten
argon atoms are formed, rapid agglomeration to large par-
ticles which can collect even more Ar atoms in single collisions
is expected. Thus, if particles large enough to scatter visible
and uv radiation effectively (100 A or larger) can be formed
in the jet expansion, it is likely that a large fraction of the jet
flow (0.1 to 1.0) will be contained in the condensed particles.

In order to judge whether large Ar clusters are formed
under MSMP jet conditions it is necessary to rely on the study
of Hagena and Obert,?® who have published the most ex-
tensive data on argon jet condensation. Hagena and Obert
clearly demonstrate that the formation of a mean size con-
densation cluster N is characterized by simple products of
source conditions raised to characteristic powers. The critical
source parameters are T,, P, and d, . For instance, using
data from both sonic and conical nozzles, Hagena and Obert
demonstrated that AR cluster size was proportional to P)7.
They were also able to show tht for jets with T, =298 deg,

argon clusters of a given N were characterized by the

Table2 Predicted argon jet cluster size and mass flux

Ar Number Volume (V), Diameter, Mass flow, Cluster,
(N) cm3 pm g/s s1
Target module
Pitch, yaw 7.0x10° 2.8x10-17 0.038 311 6.73x 1018
Roll 1.2x10° 4.8x10-18 - 0.021 327 4.33x 1018
Settling 9.0x10° 3.6x10°17 0.042 347 5.84 x 1018
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relation?®

P,d%¢ =constant )

Data illustrating Eq. (4) are shown in Fig. 7, where the open
circles are data from Hagena and Obert for three mean cluster
sizes as produced from a series of room temperature (298 K)
sonic Ar jets. The dashed lines on Fig. 7 are extrapolated N
values for higher source pressures and larger d,, than those
used by Hagena and Obert. The three noncircular symbols
represent P, d., points for the three different argon jet
conditions on the MSMP target module, as shown in Table 1.
Since the source temperature for the jets is nominally also 298
K, estimates for the N (number of Ar atoms per mean size
cluster) characteristic of the various argon jet conditions can
be derived from Fig. 7. These estimated N are shown in Table
2. This table also includes calculated particle volumes, and
diameters based on a solid argon density of 1.65 gm cm —3.

While the particle sizes estimated from Fig. 7 are based on a
severe extrapolation of available data, they are certainly
worth a trial to determine if they can explain the MSMP
visible and uv signals associated with the argon ACS and
settling jets. To test this possibility, we have modeled the
settling jet’s signature observed at ~230 km and the pitch
ACS jet signal observed at ~225 km.

Single-Particle Scattering Analysis

The scattering of electromagnetic radiation by a spherical
argon cluster depends on only two parameters: 1) the
refractive index of solid argon and 2) the ratio of the cluster
perimeter to the photon wavelength. Given these two
quantities, the intensity of the scattered radiation per unit
incident flux may be calculated using Mie theory.2!

The refractive index of solid argon has been measured by
several investigators?22* with the result? that near the melting
point and in the wavelength range from 0.36 to 0.65 um the
refractive index m decreases monotonically from 1.275 to
1.265. Based on the weak wavelength dependence of m, we
have taken an average value of m = 1.27 (at all wavelengths) in
our radiation predictions. A literature search revealed no
information on the absorption index of solid argon; however,
this index is proportional to the conductivity?! of solid argon,
which we take to be zero.

Given m, the scattering efficiency, Q,, of an argon cluster
can be computed from the Mie theory as a function of the
particle size parameter x. Consideration of .the mean
diameters given in Table 2, and the shortest wavelength of
interest, the Lyman-« filter bandpass at 1216 A, indicates
that, in general, x<1, so that an expansion of the Mie theory
Q... about x= 0 that retains only the first term?!:

8

2
m?—1
Opeae = 7 *
scat 3

m2+2

&)

was used. Equation (5) is the Rayleigh theory result.?! For
constant m, Eq. (5) predicts that the scattering efficiency
- varies as A4,

The error associated with the use of Eq. (5), as opposed to
the full Mie theory may be estimated by considering the
predictions of both for the Lyman-« filter and the settling jet
particle size. The Mie result is Q. = 0.0803, while the result
of Eq. (5) is Q. =0.103, or an overprediction of 29%. At the
midpoint of HSP filter 1, 1575 A, this overprediction has
decreased to 14%, and the two predictions rapidly approach
each other at longer wavelengths. The resulting calculated
Q.. values for the settling and pitch ACS jets of the target
module are plotted in Fig. 8.

The intensity of radiation scattered per unit solid angle in
the direction 8 is2!

S(8) = (3/167) (1+cos?0) x(D/2)2Q,., J(N) 6)
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where I(\) is the incident solar flux. The geometry of the
MSMP flight was such that solar radiation scattered at § =90
deg would strike the sensor module. As such, we have taken
6 =90 deg in our modeling.

An important input in the solar scattering model is the solar
flux in the 100-300-nm wavelength region. The spectrum used
is a synthesis of spectra from three different sources.?-?7
From 100-120 nm, the recently measured solar irradiance of
Hinteregger is used, while from 120-200 nm the data of
Mount et al. is used, and above 200 nm the recommended
fluxes in the COSPAR publication are used. Since this MSMP
flight occurred near the solar maximum, the predicted plume
solar scattering in the 100-200-nm region can be as much as a
factor of 3 higher than that near the solar minimum. IR data
were taken from Ref. 28. The approximate solar flux
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wavelength dependence is also illustrated in Fig. 8, cross-
plotted for comparison with the calculated scattering ef-
ficiencies. The H atom Lyman-« flux is not indicated in this
figure. The very low scattering efficiency in the IR, coupled
with the relatively moderate solar flux explains why IR signals
associated with target module argon jet activity were not
observed by the IR instruments aboard the sensor module.

In the optically thin limit, all particles in the field-of-view
(FOV) of a pixel contribute to the detector signal. As such,
prediction of the scattered intensity from a given plume
reduces to determining the number of clusters in the FOV of
‘the detector followed by multiplication by Eq. (6). The
number of clusters per unit length of plume depends both on
the mass flow from a given jet and velocity of a cluster.

As discussed above, the visible and uv plume images have
the structures of a high-altitude supersonic expansion. For
this reason the density distribution of clusters produced by a
jet is taken to be given by the Brook model?:

peAeEZ Ve 2
p(7) 2V, exp [ —£2 (1 —coso) ] @)

Although developed for gas expansions, the Brook model
will also describe the Ar cluster distribution if the con-
densation does not seriously perturb the expansion process.

The number of clusters in the pixels that contained the
plume image was computed by integrating Eq. (7) both over
the projected length of the plume image within the FOV of
each photometer and over 0 <¢ <60 deg. This number then
was combined with the results of Eq. (6), which predicts the
intensity for a single cluster. The theoretical intensities are
plotted in Figs. 9 and 10.

These predicted values may be compared with the ex-
perimental intensities in each bandpass, obtained, as noted
above, from data like those shown in Figs. 4 and 5.

The predicted plume intensities all lie slightly above the
data, which may be due to the assumption that all of the
argon condenses, but is more likely due to our crude
assumption of monodispersed droplets and uncertainty in the
mean droplet size. In general, the agreement between MSMP
data and the theoretical predictions based on an analysis of
argon jet condensation and subsequent solar scattering is
remarkable. It is clear that the cause of the ACS and settling
jet related visible and uv interference has been identified.
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Discussion

The fact that even a noble gas such as argon condenses
under typical ACS jet conditions should really come as no
surprise. Extensive literature exists on the use of jets to study
condensation processes in gases.3? In fact, even helium, with a
boiling point of 4.3 K, has been observed to cluster under
sufficiently severe freejet conditions.3!

It is interesting to explore ways to avoid ACS jet induced
visible and uv interference with sensitive optical obsérvations
conducted in sunlit orbits.

Three basic strategies for reducing the interfering signals
are obvious: 1) change nozzle and chamber conditions to
minimize condensation while maintaining thrust, 2) change
propellants to prevent or minimize condensation while
maintaining thrust, 3) change to a propellant that condenses,
but is as transparent-as possible, i.e., is a poor scatterer of
solar radiation.

The particulate scattered signal is proportional to the
product Q,,, (wD?/4) n. If D is the average particle diameter,
then [from Eq. (5)] Q.. is proportional to D?. Since the
number of particles which can be formed from a given
number of gas molecules is proportional to D-3, then the
scattered signal is proportional to D*xXD?x D=3, or D?.
Since the number of gas molecules in a condensed particle is
also proportional to D’, the scattered signal is directly
proportional to N, the number of gas molecules in the average
particle.

Data for conical nozzles in Ref. 20 can be analyzed to show
that N for argon is proportional to P47, Ty 49, and (dcoty) /-#
(Ref. 32). Thus option 1 involves using smaller, higher area
ratio nozzles and/or heating the propellant. To reduce the
scattered signal for an argon jet by a factor of 100, the
propellant would have to be heated to 950 K, imposing severe
weight, energy, and materials problems for most space
systems.32 Reduction of the nozzle diameter and opening up
the nozzle area ratio would degrade the thrust characteristics
too severely for most jet applications.

A more acceptable solution is to combine options 2 and 3 by
selecting an optically inactive, low boiling point gas. Solid
nitrogen has optical properties nearly identical to argon
[my,=1.30+0.07 (Ref. 24), m, =1.275 (Ref. 23)], while
data on nitrogen condensation from Ref. 20 indicate that for
similar nozzle conditions, N for nitrogen will be only about a
factor of 4 smaller than N for argon.32 Thus N, propelled jets
will offer little reduction in scattered signal.

Helium would be the gas of choice to minimize N, but
unfortunately its low mass density means that a storage
volume (at equal pressures) of 3.2 times that needed for either
Ar or N, would have to be provided.

Neon appears to be the best compromise. Analysis of neon
clustering data from Ref. 20 indicates that N for neon is 1/36
that of Ar under equivalent expansion conditions.?? Fur-
thermore, recent measurements of radiative lifetimes of 13
methyl-fluorine substituted benzene radical cations by
Bondybey et al.?® have shown that the average ratio of their
radiative lifetime in solid neon matrices to the gas phase
lifetime is only 1.135 +£0.02 (Ref. 33), thus indicating that the
refractive index of solid neon is 1.07 £0.02 (Ref. 34). Using
Eq. (5) to compute the ratio of Q,,, for Ar, Ne, and N, at a
fixed value of x indicates that while the scattering efficiency of
a given particle size for N, is slightly greater than that for Ar,
the scattering efficiency of the same size particle of Ne is only
0.07 of that for Ar.

When the reduction of Q.. for neon (compared to argon)
of 0.07 is combined with the reduction in Ny, /N,, of 1/36 or
0.028, a total reduction in scattered signal for equivalent
nozzle flows of 0.002 is predicted. Thus a neon ACS jet
should produce only about 1/500 the scattered visible and uv
signal produced by an equivalent Ar jet. Neon jets should also
be better than N, jets by a factor of roughly 100.

Furthermore, gaseous neon should be optically inactive
under solar radiation at wavelengths longer than 774 A .33
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The major penalty for neon usage, besides the expense of
purchase, is the need to provide 1.4 times the storage space (at
a given pressure) to achieve the same impulse provided by Ar
or N,.%

Summary

Strong visible and uv signals due to solar scattering from
space borne ACS jet plumes have been observed and
analyzed. Condensed argon clusters with a mean diameter of
0.02 to 0.04 um are shown to be responsible for this
phenomenon.

Extrapolation of available laboratory condensation data
for other jet propellant molecules indicated that nitrogen jets
will produce solar scattered signals only slightly smaller than
that for Ar. However, neon jets are predicted to produce
visible and uv solar scattered signals at least 100 times below
those for N, and Ar while maintaining reasonable propellant
characteristics. Thus neon should be considered as an ACS jet
propellant for space borne systems carrying sensitive visible
or uv optical instruments.

Further laboratory data on the jet clustering kinetics and
the condensed optical properties of neon, argon, and nitrogen
are needed to refine the analysis reported here.
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