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NOMENCLATURE

Condensation coefficient or capture coefficient;
Cw is C of wall and Cc is C of cold optical surface

Transfer coefficient

Energy of gas molecules

Blackbody emi 3sion power

Boltzmann's consdtant = 1.38 x 10"6 erg/degree
Absorption index

Physical thickness

Molecular weight

Density of Molecules ( cm'3) = p/kT

Monolayer number density of condensed molecules, em™?
Avogadro's number = 6,02 x 10°3
Complex index of refraction = n - ik
Molecule flux, en™2 sec™t

Pressure

Heat of absorption

Gas constant, 1.987 cal/degree

Temperature

Optical depth defined by Jq B dy

twveny =1L °

Maxwellian uean velocity of molecules = 2(2kTN O/T!M)l/ 2
Spacecraft veloclty

Albedo parameter, of(c + a)
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Greek Symbols

L4 L G SRR A RS

3 o Absorption coefficient = Ymk/A
5 g Exteinction coefficient, 0 + «
E © Angle of reflection, view angle
E A Wavelength

é W Cos @

pha(ul) Hemispherical-angular reflectance
pah(ul) Angular-hemispherical reflectance

Pua Biangular reflectance

pga Diffuse component of a blangular reflectance

o] Scattering coefficient

T Thickness of cryodeposit, time of adsorption
T Deposition rate

To Constant in Equation 2.2
¢ Azimuthal reflection angle
¥ Angle of incidence

) Solid angle

Subscript

1 Refers to vacuum

2 Refers to deposit

3 Refers to substrate
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1971 INDEPENDENT RESEARCH REPORT - DEGRADALION OF COOLED OPTICAL
SYSTEMS BY CRYODEPOSITION

1. INTRODUCTION

The work vreported here represents the first year effort on one part of a
three~year research program dealing with transient degradation and contamina-
tion of optical materials on orbiting spacecrafts., Present investigation
concernted itself with the degradation of the optical system performance as a
result of decreased transmission, scattering of out-of-field energy, de-
creased reflectance of mirrors and increased reflectance of "black" surfaces
caused by the cryodeposition of condensible gases and the debris cloud rormed
by particulate and gaseous constituents., During the first yesr pertinent in-
formation have been collected to identify the possible contaminants associated
with the spacecraft environment. A study has been conducted for the radlative
characteristics of s0lld cryodeposit on transparent and opague substrate. A
igtinction is maede here between a ceryodeposit and physically adsorbed gas.
A cryodeposit forms when a condensible gas impinges cn a cold surface and
forme a solid deposit. FPhysical adsorption occurs when gas molecules impinge
on a surface and remain, but without forming a crystalline deposit. Cryode-
position tests have also been conducted with specific contaminants to determine

QS

the degradatlion of a sensor performance,

The resulis of the present investigation are also applic.ble to the operation of

1-1
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space simulation chambers using cryogenically cooled black panels; design of
cryogenle storage tanks for long-time storage of cryogenic fluids in space;

and th- design on various thermal control surfaces of a spacecraft.
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2, SOURCE OF CONTAMINANIS

The main source of contaminants that can cause contamination troubles on
cooled optical surfaces of & spacecraft are the condensible gas constituents
in the cloud of debris that accompanies the vehicle in space. This debris
cloud is formed by (a) combustion product in reaction control system thruster
firing; (b) outgassing, evaporation and sublimation of organic materials; and
(¢) waste removal, fuel leakage and systems venting products. The Angstrom
size molecules cause absorption and Rayleigh scattering of solar irradiance.
Among the micron size particles, the ice crystals contribute to scattering
(where Mie theory applies) and the dust particles possessing high absorption
coefficients contribute to light absorption. The dispersal of reflected
light will elevate the background radiance and will interfere with the sensor
operation if it-exceeds the existing natural brightness magnitude (zodiacal
light) significantly. Deposition of absorbing particies on the optical sur-
faces will. change the radiative characteristics of the critical optical
elements, These two kinds of contaminants may differ in physical character-
igtics and in their effects, but are slmost equally detrimental. The net
result is the collection of misleading data. Following discussions will be
limited to sources of contaminants in cryodeposition only. The bakeground

problem will be treated separately in future programs.
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2.1 Combustion Products

The contamination effect of exhaust plumes on thermal control surfaces have
been well documented in some recent studies (Ref. 1 and 2). It has also been
reported that cryodeposition is probable from interaction between rocket and
thruster exhaust product and cold optical surfaces (Ref. 3). This is evidenced
by the unsatisfactory temperature control of the Nimbus II and III High
Resolution Infrared Radiometer (HRIR) detector cells. These cells were designed
to operate between 193 o 203°K. The initial values were clcse to the design
point (Ref. 4). After a few hundred orbits, the ccll temperature rose to
greater than 208°K (Ref. 4, 5 and 6). As a result, the instrument noise to
signal ratios were almost tripled. The situation may become worse as detector
temperatures as low as 100 and 70°K sie being considered for future ATS (Ref. T)
and SMS experiments (Ref. 8). At high vacuum, the exhaust gases form broad and
erpansive plumes resulting in impingement on spacecraft coxronents far off the

plume centerline,

The combustion products of the reaction control system thrusters used in the
A™ service module and lunar module has beer calculated (Ref. 9) and is given as
a function of oxidizer/fuel ratio in Table 1. The oxidizer is Naoh- and the fuel
18 Aerozine 50 (50% UIME + 50% hydrozine). Table 2 gives the combustion pro-
ducts of a R-UD engine used in the Skylab-~configuration reaction control system
with a NaohMm propellant system (Ref., 10) Both computations are based on

fozen equilibrium at entrance to the nozzle,

2-2
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COMBUSION PRODUCT OF Neoh AND AEROZINE 50

TABLE 1

IN MOLE FRACTION

(REF. 9)
O/F Ratio 1.k 2.0 2.2
N2 0.32 0.331 0.332
(0:0) 0.108 0.072 0.061
H0 0.319 0.368 0.367
H2 0.19 0.073 0.055
002 0.026 0.049 0.055
0 0 0.708 0.01
H 0.02 0.02k4 0.02
NO 0.0016 0.01 0.01k4
OH 0.012 0.045 0.051
02 o) 0.018 0.03
2-3
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TABLE 2

COMBUSION PRODUCT OF N,O) AND MMH IN MOLE

FRACTION (REF. 10)

0/F Ratio 1.2h 2.17 3.07
co 0.15345 0.07754 0
co, 0.02Lok 0.081u44 0.1k27
H 0.00256 0.01255 0
H, 0.28853 0.05766 0
H0 0.2k250 0.ho1h7 0.42815
NO .00002 0.00k62 0.00014
N, .28857 0.32940 0.35705
0 0 0.6032 0
OH Q0032 0.02301 0,0000k
0, 0 0.00912 0.0719
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When the molecular weights are small and vapor pressures are high, the
deposited molecules will evaporate rather rapidly off the surfaces., Fig. 1
shows the vapor pressures at low temperatures of various gases (Ref., 11l). It
can be seen that among the combustion products of the thrusters, 002 and

Hzp molecules are most likely to deposit on cold surfaces at the space en-

viromment of high vacuum.

2.2 S8pacecraft Outgassing

The main sources of high molecular weight contaminants on a spacecraft origin-
ate from outgassing, evaporation and sublimation from organic materials like
adhesives, epoxies, paints and coatings. The outgassing rate is usually re-
presented by a weight loss versus time curve. For a polymerical material in
vacuum, the early weight losses consist mainly of occluded and adsorbed gases
and solvents. Those that sublimate more slowly are the plastisizers, incom-
pletely polymerized fragments, thermally unraveled fragments, photon-induced
decomposition products, additives, and other miscellaneous components acquired
in the manufacturing or processing of the material. The time required for the
material to reach its stationary-state weight loss rate is a function of the
materia. thickness and may be anything from 20 to several hurdred hours for
different materials. Experimental deta given in Ref. 9 on outgassing rates

of the surface materials assoclated with the ATM module components indicated
that the adhesives and epoxies experience & greater initial weight loss and
require a longer vacuum exposure time to attain steady-state equilibrium than

do the paints and coatinge,
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Even with the weight loss data knmown, the knowledge of the condensible frac-

tion is necessary for any Jjudgment of its potential threat. The number of

molecules bombarding each square centimeter per second is
n =V =3.52 x 10° p(ur)” 1/2 (2.1)

where N is the density of molecules, Vm the Maxwellian mear: velocity, p the
gas pressure in Torr, M the gas molecular weight an” T the gas temperature in

°K, The time of adsorption (sitting time) is given by the Frenkel equation

T=T exp(Q/RT) (2.2)

where Q is the heat of adsorption in cal/mole. The constant Tb is period of
the lattice vibrations of the solid surface and is generally of the order of
10'13. The gas constant R 13 equal to 1.987 cal/degree. The number of

molecules condensed per square centimeter on the solid is then given by

N=3.52x%x102p om)" Y2 o q.g (2.3)

The coefficient C is defined as the fraction of the collisions that the mole-
cules are trapped. If the solld has the same molecules as the gas, C is
called "condensation coefficient.," If the solid has molecules different from
that of the gas, C is called "capture coefficient" or "sticking coefficiem ."
Values of C depends on surface temperature, the flux density n, the thickness
of the condensed phase, as well as the gas temperature and the angle of in-
cidence. Temperature effect on values of C is given in Ref., 12, It shows

that C decreases with increasing gas temperature, but inerease with decreas-
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ing surface temperature., Brown & Wang (Ref. 13) determined C of eleven
common gases at 300°K on 77°K cryosurfaces, They found that the higher the
molecular weight and heat of condensation, the higher the capture coefficient,
More recent data on C can be found in Ref. 1k, The values of C can also be
determined by its relation with the mean energy accommodation coefficient w,

vhen multiple collision is neglected. This is given by (Ref. 15).
- *
o =Ca+ (1-C) o (2.4)

where « is the accommodation coefficient for molecules that have condensed (be-
*
come adsorbed) and o for molecules that have reflected. o is defined by
Ey - B,

o = S—— 2.5)
B, -E (

wnere Ei 1s the mean energy of gas molecules impinging on the surface of a
solid whose temperature is TS; Er the mean energy of the reflected gas mole-
cules and ES the mean energy of gas molecules at TS. Values of « for some

gases can be found in Rei. 16.

From the present limited knowledge of sublimated materials sbout a spacecraft,
it is difficult to make a quantitetive judgment about the contamination threat
on cold optlcal systems. The known facts indicate that serious contamination

buildup could occur from paint outgassing and result in degradation of the

radiative characteristics of cold critical optical elements.
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2.3 Overboard Discharge and Leakage

In a manned gpacecraft, there are four principal groups of materials involved
in the overboard discharge and leaks. These are water and urine, oxygen,
nydrogen and propellants. It is more convenient to treat the effects of each

group of material indlvidually regardless of the source.

When liquid water or urine is dischraged through the vent and exposed to space
vacuum, & sufficlent amount will evaporate and the remainder will be frozen and
reduced to its equilibrium temperature, This venting is the major contributor
of particulate debris. Emission of oxygen from the spacecraft is due to leak~-
age from pressurized habitation area and purging of fuel cells. In order to
maintain efficieﬁt fuel cell operation, the impurities accumulated in the fuel
cell can be periodically rewoved by purging with oxygen. The source of hydrogen
discharge is from venting or leakage of the AgO/Zn batteries and the fuel cell
hydrogen purge. These molecular species emanated from the spacecraft causes a

background problem, but its contribution to cryocontamination will be very

small.

Certain background leakage rate is expected through the propellant valves of
various reaction control systems. These propellants could be troublesome con-
taminants. Calculations in Ref. 9 showed that the total leakage rate is in

the order of 0.28 mg/sec in the ATM experiment.
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3. RADIATIVE CHARACTERISTICS OF CRYODEPOSITS

The present section will be divided into three parts., The first part deals

with the formation of cryodeposits from potential sources of contemination

in the cooled optical system. The second part considers theoreticel analyses

on change of radiative characteristics of the optical surfaces due to the

formation of c¢ryodeposits. The final part reviews existing experimental data

on HQO and 002 cryodeposits taken in the past decade.

3.1 Formation of Cryodeposits

The rate of formation of & solid film on the cold optical surface from cryode-
position depends on the condensible constituents in the debris clouds; the
rate of collision of these constituvents with the exposed cold optical surfaces;

and the capture coefficient of these constituents with respect to various

optical surfaces.

The quantity of some condensible constituents in the debris cloud may be
extimated from a given spacecraft in orbits of kunown missions. These include
the contributions from combusticn products of various thrusters, overboard
discharges and leakages. Some weight loss data are also available on cer-

tain spacecraft matericls but the informatiou on its condensible constitu-

ents is still insufficient. For the present study only the molecules of
002 and H20 will be considered.

3«1
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The rate of collision of these molecules with respect to the cold optiecal
surfaces can be calculated from equation (2.1). It depends orly on the energy
(temperature), pressure and molecular weight >f the gas molecules. In a space-
craft sensor system, & forebaffle or sun shade is often required ahead of the
sensor entrance aperture in order to reduce the incidence of out-of-field
stray radiation on the entrance aperture. The number of molecules entering

a sensor entrance aperture then depends on the orientation of the apexrture
with respect to the vehicle velocity vector., When the sensor entrance sur~
face normal has a component along the velocity vector, some ambient molecules
will be "scooped" up. In the extreme case where the velocity vector is normal
to the entrance plane so that the maximum smount of scooping occurs, the num-
ber of molecules entering the entrance due to scooping will be

n=Ns+V en™? sec™t (3.1)

where V_ is the spacceraft velocity (em/sec). Therefore, the ratio of this
flux to the flux of Bq. (2.1) is L VS/Vm and varies with the spacecraft
velocity and the gas temperature. The maximum "scoop" deposition rate for
given gas molecules will increase by four times if the vehicle velocity equals

the mean molecular velocity.

If ‘the sensor is viewing normal to the velocity vector and free molecular flow
prevails, the molecules entering the baffle entrance will proceed in a
straight line until they collide with the baffle wall, the first optical sur-
face or any support structure in their way, If it is further assumed that

the reflection of gas molecules at the surfaces is diffuse, the number of

3-2
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molecules reaching the first cold optical surface can be determined in the
same manner as for the amount of stray light reaching it after reflection
from the baffle wall. The baffle entrance is a diffuse source and the baffle
wall with the capture coefficient CW has a diffuse reflection coefficient of
(l-Cw). The fraction of the source radiation that reaches the first cold
optical surface either directly or after diffusé reflection from the baffle
wall 1s defined as transfer coefficient. Ct' The mean flux density of mole-~
cules deposited on the first cold optical surface with capture coefficient 9r
is then

“l/2 w2 -l

22 P em © see (3.2)

n = 3.52x10 "Gt Cy (MT)

Values of C, as a function of (l-CW) have been calculated in Ref., 17 for a
typical high performance sensor. If the monolayer number density is Nm
molecules/cme, the rate of growth of the cryodeposit is then

Ten (I\Im)"3/2 cm/sec (3.3)
15

where Nm is of the order of 107~.
3.2 Previous Analytical Work

Vast progress has been made in the analysis of radiative characteristics of
solid films on various substrates. However, most of the results from the
analytical investigation dealing with the radiant heat transfer in an ab-
sorbing, emitting and scattering medium were for high temperature application
and for low values of the albzdo parameter, W. The case of an isothermal

dielectric film on a conducting substrate was investigated in Ref., 18. The

3-3

LOCKHEED PALO ALTO RESEARCH LABORATORY

LOCKHEED MISSILES & SPACE COMPANY
A GROUP DIVISION OF tOCKHEED AIRCRAFT CORPCRATION




i TS ENTAC T S TR e

A
P Iegamin v Sk s c Ak G R s

TR r o o o PO gy

IO T

Lan4d

dielectric f£ilm -1as assumed to be infinite in extent but with finite thickness.,

R

T,

The interfaces were assumed to be parallel and smooth with specular reflect-
; ence given by Fresnel's law, Closed form analytical solutions were obtained

f when scattering was neglected. Similar non-scattering analysis was performed

for ice cryodeposits (Ref. 19). Since scattering is not prominemt for H20
deposits in the infrared region which was considered, the agreement between

analytical and experimental results was reasonable.

When scattering is accounted for the analyses have been primarily of a high
temperature nature., The classical method of discrete cooredinate has been

uset (Ref, 20 and 21) to approximate the eguation of radiative transport.

The resulbing system of simulbtaneous ordinary differential equations was

solved by finding the eigen-values and eigen-vectors., Generally, convergence
of the resulting computer program could not be obtained for values of tle albedo

parameter greater than 0.7 (Ref. 20) or 0.09 (Ref. 21).

More recently, analytical and experimental investigatlons were conducted by
‘Merriam (Ref. 22) on the radiative characteristics of condensed gas deposits
on cold surfaces. Absorbing, emitting and scattering media bounded by diffuse
and specular surfaces were considered. Effect of different scattering func-
tions were discussed for.both gray and non-gray models. The integro-differen-
tial transport equation was first integrated. The resulting integral equation
was then solved by successive approximation., Results were presented for the
re:Tlectance and absorptance of the cryodeposits with diffuse or collimated
inctlient radiation. Since the successive approximation solution of the inte-
gral equations would only converge for very low values of the albedo parameter,
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comparison between the data and theory was made only for a depogit which was

essentially non-scattering. The agreement was reasonable, The method of dis-

crete coordinate was then used (Ref. 22) as a second approach. 24 point single

Gaussian quadrature was used and the eigen-values and eigen-vectors were com-

puted by a numerical procedure based on the "method of Danilevsky" quoted in

Ref., 23, Solutions for the albedo parameter of 1.0 were obtalned to the system

of differential equations with all but two of the roots were real and distinct.

No comparison was made between theory and experimental data for a highly scatter-

ing deposit which corresponds to H20 and 002 eryodeposits in the visible wave-

length region,

A different approach was attempted by Wolf (Ref. 2U4) who treated radiation heat
transfer in absorbing, emitting and scattering media with arbitrary temperature

profiles in plane, spherical and ~ylindrical geometries with diffuse bounding

surfaces, The trapnsport equation was reduced to a system or ordinary differen-

tial equations by using the single Gaussian quadrature in the method of discrete

coordinates. The system of equations was then solved numerically by two methods:

the modified Buler method and Simpson's rule. Unfortunately, convergence was

again not obtained for values of albedo parameter higher than 0,6.

Due to the low temperatures involved, an analysis for a non-emitting cryodeposit

_has been conducted by Roux (Ref. 25). Absorbing and isotropically scattering

media were considered for several types of boundary conditions with either dif-

fuse or collimated radiation incident flux. The solution of the radiation

transport equation on & monochromatic basis in the visible wavelength region was
3-5
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_again accomplished by the classical method of diserete coordinates. Single

Gaussian quadrature of 10th order was used for the hemispherical-angular re-
Plectance calculations. The system of equations was solved by the Milne pre-
dictor-corrector method., The modified Euler method was used as the starting

equation for preliminary estimate.

Based on comparisons with experimental results in Ref, 26 and 27, Roux found
that the albedo parameter of the deposits was large (0.9 S W < 1.0) in the
visible wavelengths region. A limiting value of the hemispherical-angular
reflectance (pha) was approached for W less than 0.9 and correspond to the
near infrared and infrared wavelength region where 002 and Heo deposits have
higher absorption. The following general trends which agree with the experi-
mental data were found in all models investigated:

a) For thin deposits, magnitude of the substrate reflectance has an influence
on py . For wery high albedo films the influence is strong end independ-
ent of the optical thickness, This influence decreases rapidly for the
lower albedo deposits.

b) A reflectance plateau occurred with increasing thickness which was indepent-
ent of the substrate for the more highly absorbing depousits.

¢) The reflectance for a cryodeposit on a blank substrate is independent of
whether the substrate is assumed diffuse or gpecular.

It was algso found that the angular characteristics of the experimental data was

‘ best matched by the model of specular reflector and transmitter on a specular

substrate. The numerical solution and the reflectance data of this model were
then used to determine the radiative properties o and o (monochromatic scatter-

ing and absorption coefficient) which determine the two governing parameters
3-6
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t, and W (optical thickness and albedo) in the analytical results, With known

refractive index data, the experimental data of Pra at two thicknesses at given

view angle were used in conjunction with the solution of the tramsport equation

to solve for o and « througi use of the Newton-Raphson method (Ref. 25). The

results were then used to predict Pha and intensity profile within the deposits.
Although the agreement with the experimental data was good, the analysis was
limited to the visible wavelength range only., Based on the study asbove, the

analytical investigation in the present program has been directed in (a) an

ey T R TR T

extension of the analysis to the infrared region and {b) an analysis on ceryode~

k posit with transparent substrate. The effort is being continued in the 1972

Iriependent-Research progrem and the resulis will be included in future reports.

3.3 Previous Experimental Data

Congiderable amount: of experimental work has been performed during the past

i = o £ LN

decade on thermal radiation properties of cryodeposits. These investigations

can be classified into two groups: (a) Calorimetric determination of ab-

3 sorptance and (b) apgular and hemispherical spectral reflectance studies. These

studies have been i de on both monochromatic and total bases using black body

sources, mercury-xez n lamps énd tungsten-halogen lamps. A summary of pre~
vious work done on absorptance measurement is given in table 3 and that on

reflectance measurement in Table 4., These works will be considered separately

. in the following discussions.

3.3.1 Absorptance Studies

The values of absorptance of the cryodeposit-substrate complexes were usually

determined calorimetrically on a hemispherical total basis, The sample sur-

31
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" tion properties of the water deposit is given in the Appendix ) .

faces were maintained at cryogenic temperatures and irradiated by blackbody

radiation of some characteristic temperature or by radiation from a lamp.

The absorptance of nitrogen, carbon dioxide and water vapor cryodeposits on
20°¢ copper surfaces for 273°K black body radiation was determined by Moore

Ref. 28). He found tlet the maximum absorptance obtained witi: H0 deposit
2

was 0.9 + 0.05 and about two orders of magnitude greater than that of 002 or

N,. Cunninghem and Young (Ref. 29) measured the absorptance of €O, cryodeposits

on polished copper and black surfaces irradiated by black body radiation at a

characteristic temperature near 350°K. The absorptance increased rapidly with

increasing deposit thickness for thin films. At thickness larger than 0.8 wm,

an absorptance plateau was reached but the limiting values depended on sub-
strate reflectance. This was attributed to the tramsparency of solid CO2

over a large portion of the spectrum.

Caren, et al (Ref. 31) measured the absorptance of 002 and Hep cryodeposits on
a polished aluminum surface and a Cat-a-Lac black surface at 77°K with irradia-

tion from a 290°K black body source and from a mercury-xenon lamp. It was also

found that the CO2 is quite transparent to infrared radiation and opacity is not

approghced until f£ilm thicknesses exceed 2,5 mm, The ice deposit was formed

under rarefied-gas condition to obtain an amoxrphous structure which is re-
presentative of that found in an actual space simulation system. (The forma-
The absorp-

tance of the ice deposit for black body radiation inereased gradually and

reached a plateau as the thickness exceeded 0.25 mm. The nearly constant value
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of 0.91 obtained was essentially independent of the swbstrate. This agrees
with the results reported in Ref. 28 and 30.

S L A A I SN Y

When irradiated under a mercury-xenon lamp, the absorptance of H20 deposit on

O SRR

a Catea-Lac black surface decreased gradually as the £ilm thickness increased.

268 A htined

When the radiation emitted by the Hg~Xe lamp was filtered to transmit energy

SRR I R

only in the solar spectral region, the measured absorptance was even lower,

AR p AL

These results indicate that the HQO deposit is relatively transparent in the

visible and very near infrared spectral region.

A g gl 4 Sl G

$ Results for absorptance for 77°K radiation incident on a 20°K aluminum surface
were reported by Caren, et al. in Ref, 32, The condensable gases were 002,
N2 and air, The results indicate that these gases in & condensed stute are

highly transperent to far infrared radiation,

Absorptance of 002 and Hao deposits on polished nickel surfaces and black
surfaces st 78°K with irradiation from 300°K blackened chamber wall was mea-
sured by Merriam (Ref. 22). The results on CO, and B0 are show: in Fig. 2
and 3 along with results reported in Ref. 29 and 31. There is again the
striking difference in results obtained for these two gases. The absorptance values
of the highly opaque ice f£ilms obtained at thickness larger than 10 microns were
already independent of the substrate reflectance. The 002 films were more trans-
' parent to infrared radiation and the limiting absorptance values were not ob-
talned until the deposit thicknesses reach 1 millimeter. Furthermore, these

limiting values for 0)2 film absorptance depended on the substrate reflectance.
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Figure 3. Effective Absorptance of Condensed Water Vapor (Ref. 22)
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Gtudles of the infrared spectral properties of thin 002 films have shown that
weak absorption bands occur near 2.7, 4.4, 15 and 100 microns (Ref. 22, p. 138)
and that GO2 deposits are highly transparent to infrared radiation. Visual ob=-
servations by Merrian (Ref. 22) confirmed that the 002 deposits were highly
scattering., Hence, it is suggested that the attenuation of incident radiation

was largely due to scattering.

Results shown in Fig. 3 indicated that the sbsorptance of a deposii produced
from water vapor of high purity* depends significantly on the method of gas in-
jection. When slugs of vapor are injected the deposit is rough and has larger
absorptance values that agree with data in Ref. 31, The deposits formed from a
slow, steady flow of vapor are smoother and have lower absorptance. In the
presence of N2 gas, the chamber pressure was higher and the shorter mean free
path of the slug vapor moleculesg resulted in more slowly condensation and re-
latively smoother deposits. This yielded lower absorptance as that obtained by

injection with leak.,

Visual observations made in both Ref. 31 and 22 indicated that some light

scattering occurred in deposits formed from water vapor. Thin deposits appeared

*

Pare water was obtalned by freezing the water during evacuaticn of the bottle
containing the distilled water, thereby lowering the vapor pressure below 10-3
torr.
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blue when visible light was incident. The color of the deposit became more
nearly white with increasing deposit thickness., At large thicknesses the

deposit became very opaque and appeared almost completely white,

3.3.2 Reflectance Studies

Table 4 presents a summary of the various experimental investigations on re-
flectance measurements. The results are generally given in the forms of
hemispherical-angular reflectance P’ angular-hemispherical reflectance Pap?
and biangular reflectance Poa® Pha is defined as the ratio of the intensity
reflected from an infinitesimal area dA, collected in a specific angular
direction 0 to the incident intensity which is hemispherically distributed.

Pan is defined as the ratio of the flux reflected from an infinitesimal element
of area dA, collected over the entire hemispherical space to the flux reflected
from & white perfectly diffuse~-reflecting surface which is a beam oriented at

a specific angle ¥ relative to the surface noimal. Poa is defined as the ratio
of the intensity reflected from an infinitesimal area dA, collected in a speci-
fic augular direction © to the intensity reflected from a white perfectly dif-
fuse-reflecting surface with the incident radiation o beam oriented at a specif-
ic angle {. For an isotropic surface with the hemispherically incident inten-

sity diffusely distributed, it can be shown that (Ref. 33)

Pan(¥) = o (9) for 8 = §

This equality is of practical importance as the latter is much more readily

measured than is the former when the heated cavity reflectometer is used.
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Wood, et al. (Ref. 34) measured the spectral angular-hemispherical reflectance
of 002 cryodeposits on 77°K black and stainless steel substrates for angle of
incidence of 100, 30o and hSo. It was found that Peh decreased as the wave-
length increased from 0.37 to 0.81 microns but increased with an increase in
the viewinz angle O and an increase in cryodeposit thickness. The dependence of

reflectance on angle of incidence became less with increasing deposit thick-

ness,

Dawson, et al. (Ref. 26) measured the total reflectance of €O, cryodeposits in
the spectral renge of 0.5 to 1.1 microns. Angular-hemispherical reflectances
vere determined by irradiating samples within a vacuum integrating sphere with
energy from a tungsten-iodine lamp. A xenon lamp was used for data of biangul-
ar reflectances. The surfaces investigated were polished and rough copper, Cat-
a=~Lac black and a front surface aluminized wmirror; all maintained at 77°K. With
thin layers of CO2 deposits, 1t was found that the total reflectance of the sur-
face is strongly dependent on the reflectance of the substrate. For thick de-
posite, a reflectunce plateau will occur which is essentially independent of
the substrate., The reflectance of the surface is also a strong function of the
viewing angle of the light reflected. Larger viewing angles (from the surface
normal) yield higher total reflectances. Figure 4 illustrates the trend of the

angular dependence for a black substrate,

" In Ref, 27, measurement of the spectral hemispherical-angular reflectance was
extended out to 10 microns wavelength range by the use of a vacuum integrating

sphere with powdered sodium chloride coating. Samples were irradiated over the
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" confirmed by the experiments conducted by Mills and Smith (Ref. 36) with CO

entire hemisphere by monochromatic light from a tungsten-iodine lamp. Re-
flectance values of C024black paint and Coa-stainless steel complexes were
determined for various angles of incidence. The results as a function of
thickness at 0.75 micron are shown in Fig. 5. A sharp reduction in pha is
found for very thin CO2 cryodeposits. With increasing thickness the re-
flectance attains a minimum and then increase slowly. This is attributed by
McCullough, et al. (Ref. 27) to internal scattering and absorption phenomena
which occur within the cryodeposit. For large deposit thicknesses, Pha of

002 deposit is essentially independent of the substrate material. For all
thicknesses, however, the reflectance is highly dependent on the wavelength of

incident radiation. The results indicate possible absorption bands for CO2

cryodeposits at 2.7, h.O, 6.75 and 9.25 microns. Results at these wavelengths

show a steady decrease in reflectance with increasing deposit thickness,

Wood, et al. (Ref. 35) concluded from their investigation that the H O and CO

2
cryodeposit reflectances on a black paint substrate are strongly dependent on

2

thickness up to approximately 1 mm. A further increase in thickness resulted
in & relatively small reflectance change, Thin film interference effects were
also observed with polished copper and black paint surfaces. The presence of
the thin £ilm of both H20 and CO2 caused a decrease in the reflectance corres-
ronds to the sharp initial drop in Figure 5. That this may actually enhance

the thermal simulation of space in & vacuum chamber with cryopanels is later

2
cryodeposits.
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Muller (R~f. 37) measured biangular reflectances of OO2 and H20 cryodeposits on
copper and black paint substrates irradiated by collimated monochromatic beams
from a xenon lamp. It was found that as deposit thickness increased, the
reflectance in the specular direction decreased but that in the non-specular
direction increased, The effect of 002 cryodeposit on the angular distribution
of visible and near IR radiation reflected from polished copper and black epoxy
paint surfaces was further investigated by Smith,et-al.(Ref. 38). The results
confirmed that the presence of CO2 deposit causes the incident radiation to be
reflected more diffusely. The specular peak in the reflected flux distribution
diminishes with increasing 002 deposit thickness and at a thickness of TO
microns, it disappears completely for incidence angles less than 700. Measure-
ments of pba at deposit thiclkness of 0.27 wmm indicate that CO2 deposit scatter
more in the backward direction than in the forward., Off-specular pesks are
obgerved in the angulr distridbution of the visible and near IR radiant flux
reflected from CO2 deposits formed on a black substrate for incident angles equal
or greater than 50°. Their angular displacement from the specular direction is

a function of incidence angle, deposit thickness and deposition rate.

Wood, et al., extended the usable wavelength range of the vacuum integrating
sphere used in R f. 27 out to 12,0 micron by using a 1000 w tungsten-halogen

lanp as the radiation source, Absolute hemispherical angular reflectances of

co, (Ref. 39) and H,0 (Ref. 40) cryodeposits on LN,-cooled stainless steel sub-

strate, either polished or coated with a black epoxy paint, were determined as
functions of substrate material, wavelength A, deposit thickness T, deposition

rate T, and view angle § relative to the test surface normal.
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The reflectance values measured for 002 deposits formed on a black epoxy
paint substrate are shown in Fig. 6 for wavelengths between 0.5 and 12.0
microns and a view angle of 10°. By comparison of the data for different

thickness, it can be seen that the reflectance begins to increase first at

the short wavelengths (A < 1.5u) and continue to increase for the longer wave- ;
lengths as the deposit thickness is increased. For wavelengths greater than
2.0y, reflectance for very thin deposits is ‘een to be less than the bare
substrate reflectance. This agrees with the results reported in Ref. 35 ard 36.
The single most prominent spectral feature in the curves of Fig. 6 for thick-
ness less than O.44 mm is the reflectance peak in the wavelength region of

4,3u. This peak is attributed to anomalous dispersion (Ref. 25) wherein a
strong absorption band in a liquid or solid has associated with it a very high
index of refraction so that Eoth absorption and reflection coefficients are
quite high. For the 3.38 mm thick depocit the internal scattering has increased
significantly which enhances the absorption bands due to the increased reflect-
ance at the nearby wavelengths. The CO2 deposits were seen to absorb strongly
at 2,0, 2,85 and in the vicinity of L.3u. Weaker absorption bands were also
seen at 3.36, 5.0 and 5.24p. The reflectance as a function of deposit thick-
ness 1s given in Fig., 7. It can be seen that thick CO2 deposits were highly

reflecting at the shorter wavelengths (A < 2.0).

Reflectance data of CO2 cryodeposits formed on a stainless steel substrate is
given in Fig. 8. An absorption band occurs on the bare polished surface (T = O mm)
around 3.0 and the authors (Ref. 39) attributed this to some form of water per-

manently entrenched in the steel, The absorption bands of 002 show up more clearly

3-19

LOCKHEED PALO ALTO RESEARCH LABORATORY

LOCKHEED MISSILES & SPACE COMPANY
A GROUP DIVISION OF LOCKHEED AIRCRAFT CORPORATION




(LA R L A S NI MY e L N P

LT

TR

t=IR -

: Substrate - Black Epoxy Paint
A 6 10deg

. © «0.335 microns/sec

3

Deposition Pressure «1x 107 - 1,25 x 107 torr

g Bare Surface (v ~0mm)
| P
3 28 Gy s 6 T d 90
{ A, microns
A 3 Te0mm
3 T
: 530 t=0Bmm
, o T«0.3mm
} 82
; [
: Su
3 T g
2 0123 4561789 0UR
3 A, microns
3 b t20B3and 0B mm
/ 60
; L)
§30
ga
zmi a0
01 2 3 &5 6 7 8 9 10U 1R
A, microns
¢ T+0.4mm
80,
70
€ 60}
8
g 50
glo
§30r
L3P
10
N R R T
A, microns
d t+338mm
Fig. & Reflectance of CO, Cryodeposits Formed

on a Black Epoxy ;aint Substrate (Ref,39)

3-20

il

LOCKHEED PALO ALTO RESEARCH LABORATORY

LOCKHEED MISSILES & SPACE COMPANY
A GROUP DIVISION OF LOCKHEED AIRCRAFT CORPORATION

L TSN P




(6€ 338) o93ex38qDS (9935 Ssafuress

<

® uo pauxoj s3ysodapodiy “03 jo asuejzoayyey Q3813

WwgEgel P

SUOIW ‘Y

A0 6 8L 9SSV E 2

0

/
2

S

[Toue.

EBRIBRE

wwppe1r O
suosnw ‘2

Qquuore 8L 9svezt

.

Wa2sM ‘wauee| Ry

310} ; 0T X 2 - 5 01 X2 = 2nSSUd uoyisodag

23S/SLOINW SEE D= 2 wWweroer 9

suoniw ‘2

bwot-8 11016 8L 9SS P ETT

B8RRI IARESC"

1931S ssajuins - ajensqns

Moot

WWwpel ®
SUOIW ‘Y

M0 6 8L 95 P €2t

I X ECEL

0

{(Wwoes 1}
183} sstjuies aueg

.

88RSR°

UM ‘DU Y

W ‘punrepy

48 ‘BIUne|RY

(6¢c 3>y)
a3ei38qnNg 3uTed MOLTF-SSAUNDTYL
31s0dag 3O uoy3IdoUNI B ST IOURIDIINY L 834

ww ‘2
oy 0t 072 o..~ 0

—

o

0%
o

0z

et
s
SUCIH 'Y
15001 01X QT - 5.01 ¥ [ » 82085024 Lorysodeq
W5/sU0NW SEE D 3
G0 ot o

wied £x0:3 1001 - NERNS

weasd
3

LOCKHEED PALO ALTO RESEARCH LABORATORY

COMPANY
CORPORATION

SPACE

&

MISSItLES
A GROU® DIVISION OFf LOCKHEED AIRCRAFT

LOCKHEED




i

in Fig. 8 than in Fig. 6. Absorption bands for the 3.38 mm-thick deposit can
be seen to be centered around 2.0, 2.85-3.0, 4.3, 6.1, 6.85 and 7.55u. By
compéring the reflectance data for deposits formed on the two substrates, it
can be concluded that thick 002 deposits were highly reflecting at the shorter
wavelengths (\ < 2.0p) but transmit appreciably at longer wavelengths (exclud-
ing absorption bands). It can be argued that if the deposits were not somewhat
transparent, the reflectances observcd for cryodeposits of equal thickmess
formed on the two different substrates would be more nearly the same., However,
the reflectance at 5.5p for a 3.88 mm-thick deposit on stainless steel is 65%
vhereas for an equal thickness oﬁkphe black substrate the reflectance is only
19%. This indicates that even at this relatively large thickness the substrate
reflectance still influences the reflectances of the cryodeposit-substrate com-
plex which can only be exrlained by the deposit being transparent for radiation
at these wavelengths. These resulis also agree with the observations made in

the absorptance tests by Caren, et al. (Ref. 31).

The reflectance was also found to be dependent on view angle for all wavelengths
for 002 formed on the black epoxy paint. Iess dependence on viev angle was

seen for the deposit formed on the stainless steel substrate.

The amorhous form of water deposits is formed from the vapor in vacuum on sur-

faces which are 115°K or colder (Ref.t3). Absolute hemispherical-angular re-

" flectance of amorphous Hep cryodeposits formed on a black epoxy palnt substrate

is presented in Fig. 9. The dependence of reflectance on thickness is showm

in Fig. 10. It is seen in Fig. I that the reflectance of cold black surfaces
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Pig.{O Dependence of reflectance on thickness for
H20 deposits formed in layers on a black
spoxy paint substrate. (Ref.40)
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can be reduced by coating them with a thin s0lid film of H20. In particular,
between wavelengths of 2 and 12p the reflectance can be reduced to 1% or less

for an H20 deposit thickness of 50-100y. For thickness of HQO deposit up to 4.0 mm,

N

the reflectance increases almost linearly with decreasing wavelength below

about 1.5y while remains essentially constant at the longer wavelengths, A
small anomalous dispersion peak, csused by the change in refractive index

at an absorption band, is observed at wavelengths between 3.1 and 3,254, The
same effect was observed for CO2 (Ref. 39). Otherwise, the reflectance in

the infrared is essentially independent of thickness and wavelength from A > 1.5u.
In contrast to the CO2 deposit, the reflectance of the H20 deposit at large
thicknesses is still well below that obtained for the bare black substrate. This
indicates that in the infrared, thé general trend for amorphous H20 deposits
will be vo make dbsorbiné surfaces more absorbing. :ig. 10 shows the gradual
increase in reflectance with thickness for the 0.5 and 1.0y curves. For the
other three wavelengths (2.0, 4.0 and 8.0p), the reflectance is largely inde-
pendent of both thickness and wavelength. According to results of additional
tests, there are no significant differences in the reflectance of deposits

formed continuously or in layers., There were also no major reflectance
variations with view angle hetween wavelengths of 0.5 and 8y.

Hao deposits formed on the LN2 covled polished stainless steel surface
reduce the reflectance over the entire wavelength range. As seen in Fig. 11,
a deposit of only 30y thick reduces the reflectance in the infrared from
gbout 75% down to about 15%. This indicates that thin HQO films can seriously
affect the infrared performance of cooled optiecs. Strong ebsorption bands

occur at 1.55, 2,04, 3.0 and 4.5y, A broad region of strong absorption
3-24

LOCKHEED PALO ALTO RESEARCH LLABORATORY

LOCKHEED MISSILES & SPACE COMPANY
A GROUP DIVISION OF LOCKHEED AIRCRAFT CORPORATION




AL S

R

TR

SRR TS 3 T e

0 T*0mm
10t
Stainless Steel
sor Substrate - Polished Stainless Stee!
50 Deposition Pressure » 2.4 x 10
_=2.8x10% torr
o 1 = 0.825 uisec
0t 8+ 10dw - 80 Sym A, microns
- ° 0.500
@ NE & L0
10} o 20
e of 3 §B  Sustrate- Polished Stainiess Stee
Deposition Pressure - 2.4 x w-; -
L . 2.8x10°¢ torr
® § % T 0,85 uisec
§ 30 b . [ lom 3
§ o )
10} § -
.0
3 0
} ” " loo ml’h m
ar 10 a
10+
A ' 2 1 I\ s 3 " . 1 o l '
0 0 d : T |
of T, mm
0r 7ig. 12 Dependence of reflectance on thickness for
B0 eryodeposits formed on a polished
21 b stainless stesl substrate. (Ref.4-0)
10F
o ™ d n n i A A "
01 2 3 4 6 8 9 101 1

Fig. 11 Spectral reflectance of Hy0 ecryodeposits
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is observed for wavelengths between 3 and 12u. The wavelength region of

strongest absorption appears to be between 3 and T .

The reflectance variation with HQO deposit thickness on a stainless steel sub-
strate is shown in Fig,., 12, The reflectance at )\ = 0,5p drops from an initial
value of 50% down to 30% and then is followed by a gradual rise back to L&k
av 1,0 mm thickness. For the other wavelengths, the reflectance is consider-

ably less than the initial value regardless of the deposit thickness,
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4, CRYODEPOSITION TESTS

Cryodeposition tests were conducted with a research radiometer (a double
focused refractive optical system) in the Research Space Chamber, Controlled
amounts of 002 and water vapor were introduced as the contaminants which de-
posited on the mz-cooled sun shade and germenium window. Performance of the
radiometer sensor system (one Ge:Hg detector and one thermistor bolometer) as
determined by the signal attenuation and scattering-interference measured
before and after the tests agreed well with previously generated IMSC data

(Ref, 31) for solid COp and H,O sbsorption.

4,1 Test Apparatus

The LNQ-cooled refractive optical system used to determine +the optical degrada~
tion resultingfrom intentional introduction of CO‘,2 or HEO gas into the vacuum
chamber is shown in Fig. 13. An LHe-cooled Ge:Hg detector was used for most of
the 002 tests. This wae replaced later by a Servotherm thermistor bolometer
with KRS-5 window for the remaining €O, and H 0 tests. The shade (6) ana the op-

ties (1,2) are cooled by liquid nitrogen in tanks (7) and (8).

The radiation source (11) is a blackbody with the temperature maintained at

50000 by & Barnes Model TC-5B temperature controlled, The flux passes through

" a chopper, a .Ok-in, aperture and a 8-13p broadband pass filter. The radia-

tion was modulated at 39 Hz so that the infrared signal reflected from the 8-in.

off-axis collimating mirror (10) could be distinguished from stray energy from

: bl
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the surroundings. With the modulated signal and a reference waveform (from a
tungsten-lamp illuminated photo cell mounted behind the chopper), it is pos-
sible to measure low-level signals using the synchronous technique. A Brower
Model 131 Lock-In Voltmeter was used as an AC voltmeter fumctioning as a high-Q

amplifier,

The spectral transmission of the optical system was determined from the spectral
reflectance losses on the anti-reflection coaied Ge lens and TI-1173 glass and
the absorption coefficient data for Ge and TI 1173 glass. The degradation of
the system was evaluated from the attenuation of the detector signal output in

the 8 to 13 micron wavelength range.

The detector (3) can be positioned and oriented by a 3-axis traversing assenbly
(5). The radiation source (11) and the mirror (10) are placed on a 2eaxis rot-
ary table. This allows the focusing of the radiation flux before and during
cooldown of the optical system and measurement of angular distribution of the

transmitted radiation flux.

The refractive optical system was placed in the 8-feet diameter search chamber,
The glas flow was measured by a Brooks rotameter and passed into the search

chamber through a Jjet made from l/h-in copper tubings.
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4,2 Test Procedure

Due to the large heat capacitance of the LN2 tanks and the components to be
cooled, the search chamber was evacuated down to about 10'5 torr the day
before the test. The LNé tanks and the LHe tank were then filled up with
liquid nitrogen and left to stand overmight. On the day of the test, the

two LNé tanks were again filled up. The IHe tank was first purged with
gaseous helium to remove any remaining nitrogen and then filled with liquid
helium. When the Ge:Hg detector was cooled down near the LHe temperature, the
detector is relocated with the 3-axis transverse (5) to center on the radia-
#on source image. When the thermister bolometer was used in place of the

Ge:Hg detector, the ILHe was not used. The bolometer was heated instead by a

resistor-heater to maintain it at 25°C.

When the detector was centered on the source image, the signal output was at
its maximum valve. The apngular distribution of the transmitted radiation on
the detector through a clean Ge window was taken by reading of the detector
output while table (12) in Fig. 13 was rotated in the horizontal plane. The
table was left at where the detector signal output was again at ite maximum

value,

The gas was then injected through the chamber wall onto the LNE-cooled shade

" and fte window surfaces. The following quentities were recorded in the dura-

tion of gas injection:

Lk
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Chamber pressure
Gas flow rate
Detector signal output
Temperature at (see Fig. 13)
I, tank (7)
LN

2
Optic shield (9)

tank (8)

LHe tank (k)

Shade (6)

Optics, front (1)

Optics, rear (2)

Detector (3)
The temperature of the Ge:Hg detector was measured by the readings of a
carbon-resistance thermometer attached to the detector holder. This thermometer
was calibrated in the 4° to 30°K renge. The temperature of the thermistor
bolometer, as well as the rest of temperatures were measured by chromel- ccn-
stantan thermocouples, All the temperature measurements were recorded in a
Honeywell printer through a Model TOT7-600 Crossbar Scanner, a Model 620B Digital
Multimeter and a Model 824Q Output Control. The chamber pressure as indicated
by an ionization gage and the gas flow rate as indicated by the Brooks rotameter

were recorded periodically.

" The detector signal output was read from the Lock-In Voltmeter and recorded with
a Varian Model W-1000 strip-chart recorder. The degradation of the system was

first noticed when a steady decrease of the detector output was observed during

b5
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normal run conditions. The test was terminated when a nearly constant minimum
value was observed over a period of time. The angular distribution of the trans-
mitted radiation on the detector through a contaminated window was then taken

for purpose of comparison with the data taken before the gas injection.

Four tests were conducted with CO2 gas and one test was conducted with HEO.

The test conditions are given in Table 5.

In Tests No. 1 and 2, two LN2 cooled Granville~Phillips film thickness gages
(one exposed and one covered) were placed near the front optical element (the Ge
window in Fig.l3) to monitor the¢ contamination rate. These quartz crystal
gages were not calibrated absolutely at LN2 temperature and its maximm range
1s far below the 002 thickness required to result in significant attenuation of
the detector signal output in present tests. Therefore, no data on the gas de~

position rate were obtained and the gages wers removed after Test No. 2.

4.3 Test Results

The result of Test No. 1 is given in Fig. l4. When the CO2 gas was first in-
jected at a flow rate of 1.6 gm/min., an instant rise of the shade temperature
and the chamber pressure was observed. Since the jet opening was placed just

over the bottom edge of the shade opening and oriented toward the Ge window,

" this indicated that part of the 002 gas molecules deposited on the LNe-cooled

surfaces and the rest reflected from the surfaces. The latter would either
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deposit on the cold surface in succeeding collis.ons with the cold surfaces or
eventually be evacuated from the chamber. The temperature of the Ge windows,
wich has & much smaller mass than the shade, remained essentially constant and
no attenuation of the detector signal output was noticed. After a period of
18 minutes, the OO2 flow rate was increasea o 4.35 gm/min., yielding a more
rapid rise in both the shade temperature and the chamber pressure. A rapid
attenuation of vhe detector signal output was observed at sbout 10 minutes
after the change of the C02 flow rate. The detectcr signal oulput decreased
from the original value of 160 mv to 55 mv withir a period of 25 minute:, As
shown in Fig. 1%, continued injection of 002 gas failed to cause any further

changes in the detector signal outputs.

The results of Test No. 1 as given in Fig. 14 showed qualitative sgreement
with previous IMSC data on solid CO, sbsorption (Ref. 31) in that the absorp-
tion of the deposit-substrate complex also approaches an asymptotic value

with deposit thickness (or with tin: in case of a constant rate of deposition).

When t..e 602 gas flow was shut off, the angular distribution of the trans-
mitted radiation flux on the detector was measured again. The results of the
measurement with a clean and a contaminated window were shown in Fig. 15. It
cau be seen that no significant scattering interfercnce was observed on the

angular distribution of the transmitted ncrmal radiation flux in the 8 to 13

. micron wavelength range by the presence of 002 cryodepoeit. This is due to

the C02 frost scattering which is predominantly at the shorter wavelength
region of A < 1.0l (Ref. 26, 27).
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Test No. 2 was conducted under similar conditions except the point of 002
injection. This was moved away to just above the collimating mirror, which is
located 42 inches from the shade opening. The gas flow began at the rate of
2.3 gm/min which was to be increased gradually until degradation of the optical
system was finally observed. However, the chamber pressure increased rapidly
from 2x10™7 to 3x10-h mm Hg within 3 minutes after gas injection. Hence, no
change on the gas flow rate was made during the test. On the other hand, the
shade and window temperature as well as the detector signal output remained
nearly constant during the 150 minutes of test run. This clearly indicated
that the CO2 gas molecules were removed by the vacuum jump and very few, if
any, formed deposit on tlLe LNé-cooled shade or window surfaces. The mean free
path of the CO2 gas molecules at 3.6 x 1o’h mm Hg is 3.24 incher much smaller

than the distance of 42 inches between the jet and the shade opening.

In Test No. 3, the CO2 gas was metered to two outlets located at the top and
bottom edges of the shade opening and oriented toward the Ge window. The
flow rate was reduced to 1.6 gm/min to wmaintain a sufficiently low chauber
pressure and a sultable mean free path of the CO2 gas molecules., With the
002 gas injection, the shade temperature increased gradually from 93°K and
leveled off st 107°K in 60 minutes. No degradation in performance of the
radiometer was detected even though the total amount of CO2 injected during
150 minutes of test run was twice the amount injected in Test No. L. It is
obvious that the low flow rate created only 002 cryodeposition on the shade

wall and was not sufficient to cause contamination on the Ge window.

11
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The Ge:Bg detector was replaced by a thermistor bolometer after Test No. 3.
In Test No. 4, high purity (99.99%) €O, gas was first admitted at %.35 gm/min.
As indicated in Fig. 16, the flow rate was raised to 6.55 gm/min after 100
minutes resulting in a sudden increase in both the chamber pressure and the
shade temperature. However, no attenuation of the detector signal output was
observed and the 002 gas flcw was shut off 40 minutes later. Room air was
then admitted to the chamber through the same jets at 2.18 gm/min for ten
minutes and at 5 gm/min for two more minutes before being shut off., The flow
of 002 was then started again 14 minutes later at 6.55 gm/min and lasted for
34 minutes, Before the admission of room air, the radiometer performance de-
graded rather slowly (6% in 140 minutes). The signal output then remained
nearly constant until 002 was admitted again. This resulted in a loss of sig-
nal output from 0.51 mV to 0.25 mV in 16 minutes. The results of tests No. 3
and 4 indicated that the use of a shade sufficiently cooled and maintained at
110°K or lower would protect a cold lens system from typical outgassed

amounts of 002 for operation in the 8 to 13 microns wavelength range. On the
other hand, attenuation of the lens system was accelerated in the presence of
impurities. This was evidenced by the results in Test No. 1 where commercial
grade CO2 gas was used and the results in Test No. 4 where high quality pure

002 gas and room air were admitted.

A water vapor storage tank with a capacity of 26.9 gallons (101.8 liters) was
used in Test No. 5. The tank was evacuated at a pressure equal or lower than
the vapor pressure of the distilled water which was stored in a bottle attached

to the vapor tank. Unfortunately, a leak was developed in the Brooks rotameter

h.12
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and room air passed into the Search Chanber and the vapor storage tank.

Finally, it was decided to admit the room air saturated with water by passing

the air through a water container.

The results of Tesi No. 5 with H20 saturated room air are presented in Fig.

17. Sensor contamination is evidenced by the attenuation of the thermistor
bolometer signal output which was reduced from 0.49 MV to 0.19 MV in 30 minutes,
During this period, about 1.78 gm of H20 vapor contained in the saturated air
was introduced. This yielded an estimated H20 deposit thickness of 0,128 mil
based on the density of 0.93 gm/cc for solid Hao at a presegure of 0.7 mm Hg

(Ref. 41, Table 5). Actual values of ice film density would be lower due to

the presence of voids in the deposits. Recent measurements reported values of
0.5T7 + .06k gm/cc (Ref. 31) to 0.81 + .02 gm/cc (Ref. 42). This would indicate

a film thickness of 5.27 to 3.74 B at 30 minutes after air injection.

No sudden change in cryosurface temperatures and accompanying change in signal
outputs as expected during change of the ice structure (Ref. hO, Fig. 7) was
observed., This indicated thag the H20 deposit remained either in the aﬁorphous
form or started with ome of the two crystalline forms of ice I, hexagonal (Ih)
or cubic (I ). Based on results summarized in Ref. 43, it can be concluded
that the H20 deposit on the Ge window remained in amorphous form while that

on the shade started in the cubic structure,

b1k
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3 ) 5. SUMMARY AND CONCLUSISONS

;

é The investigation was interrupted by change of personnel as well as urgent
\

A contractual obligations to be met during the year. However, the followins
% objectives have been achieved in the year 19T71:

X

3 a, A comprehensive study has been conducted on the possible sources

of contaminants that can cause contamination troubles on cooled optical

: surfaces of a spacecraft. It is concluded that among others, CO2 and

' H20 molecules are most likely to deposit on cold surfaces at the space
environment of high vacuum.

b. The radietive characteristics of solid crvodeposit have been studied in

detail. The rate of formation of cryodeposits can be calculated when

the capture coefficients of given contaminants with respect to the opti-
cal surfaces concerned are known. Almost all the analytical works and
experimental data on 002 and HEQ cryodeposits that have been published
ur to present date are limited to cryodeposits formed by CO2 and H.0

2
on opaque’ substrate, It is obvious that theoretical and experi-

mental works on transmitting substrate are urgently needed in addition
to extending present knowledge on opaque substrates.

¢. Cryodeposit tests have been conducted with CO2 and H20-Batureted air on
LN2-cooled sunshade and Ge window of & research radiometer in the Search
Chamber, Qualitative results from the tests indiegted that contamination
ﬁy CO2 gas on the LN2-cooled Ge window (in the 8 to 13 microns wavelength

range) can be minimized by a shade maintained at low temperature (below
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llOoK)° However, degradation of the lens system by CO2 contamination can be
accelerated by the presence of impurities., Contamination by Hao-saturated air
occurred at ice film thickness estimated to be less than 5y, Tt is con-
cluded that more sophisticated experiments which control and monitor thickness,
density, temperature and pressure with spectral transmission messurements are
required for additional quantitative data. These experimental results are
needed as the physical basis for confirming or disqualifying any future at-
tempt at a realistic mathematical medel for the radiative characteristics of

solid deposeits formed on cryogenic surfaces.
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APPENDIX FORMATION PROPER™ =S OF WATER DEPOSIT

It has been known thet ice formed at various pressures has at least eight
crystalline polymorphs of ice, vis., Ice Ih (ordinary hexagonal ice), Ic
(cubic Ice I), II, III, IV, V, VI and VIT (Ref, 4i). Ice formed at pressures
of one atmosphere or less is designated as ice I with two crystalline forms
(ITh and Ic) and an amorphous form which has no crysta:line sumcture. Table
A-1 gives the resnlts summarized in Ref. 43. It appears that water deposits
formed at pressure below 5x10'3 mm Hg cu surfaces that are 115°K or colder
will definitely be amorphous. If the surface temperature is between approxi-
mately 115°K and 150°K the ice formed will be Io. For surface temperatures
higher than 150°K, the deposit will be Ih, However, these temperatures of
formation are not rigid and wmixtures of different foris have been observed

in the vicindty of the stated tsmperatures.

The ice deposit can also change structure after it is formed. It carn trans-
foim from amorphous to cuble to hexagonal but the processes are not reversible.
These changes 1a crystalline forms 1s usually observed by Xeray diffraction
technique. It was found that when the H20 deposit is warmed up, the amorphous
to cubic trausition would be observed in the vieinity of lll-SoK. Transition can
occur at lower temperatures but requires longer time period. The Ic to Ik
transition was roported to occur betwean 15001{ to 200°K with relatively small
heat released. Infrared absorption spectra of the two crystalline forms

ghows no significant differences. This indicates that the locallon of +the
major absorption bands occurs in the same vicinlty for both Iec and Ih. Data

on the spectral infrared absorption of amorphous ice was reported in Ref. LQ.
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TABLE A-1 SUMMARY OF PREVIOUS YORK ON ICE STRUCTURES (Ref,

43)

- - .
Lxperinental TemoeIsiure ::znon (lto‘; “ ‘o workos
Mothod -xllo -.lh -,,u =12 zio ' J
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dﬂfnc{;on -+ cryitals ot anvestigated + Hillesund {1942
R | cubic N
Pryde ¢ Jonue
:::{;:. amorpieug crystalline (199)
electron crystel | H lionyo et al.,
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This will be presented in the following discussions.

Fig. A-1 gives the temperature and reflectance of HEQ deposit on black sub-

strate measured at a wavelength of 0.55 micron during surface warmup (Ref.
10). Since the transition from amorphous to Ic is exothe mic, the temperature
increased rapidly from lkSoK to about 165°K. The reflectance, which stayed

constant until the surface reached the temperature of about lh5°K, increased

suddently at this instant. Such sudden increase in both the temperature and

reflectance of the ng deposit is characteristic orf transiformations from the

amorphous to cubic structure. Further warming caused relatively slow conver=-

sion of the cubic to hexagonal form with a steady rise in temperature and

reflectauce. The latter leveled off at about 230 oK.

After the test surface reached 233°K, the surface was agaln cooled with LN2
to approximately 100%K. Fig. A-2 shows that the resulting spectral reflectance

is greater than that observed for the deposit before warmup by a factor of

about 2, Increased internal scattering by the H20 deposit accentuates the

absorption bands at 1,04, 1.25, 1.55, 2,03 and in the vicinity of 2.85 to 3.25

micron., Substantial internal scattering is also seen for the longer wavelengths

up to 12,0 micron. No abrupt changes in temperature or reflectance were ob-

served when the test surface was allowed to warm un again. This indicates

that the structure changss are irreversible,

Fig. A-3 gives the results on stainless steel obtained after the deposit had

been exposed to a dry N2 pressure of T40 mm hg. The shape and magnitude of
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the reflectance curve after warmup is similar to that of the analogous curve
in Fig. A-2 with some slight differences. For ~ oth cases, absorption bands
appear at 1.04, 1,25, 1.55, 2,04 and around 3.0 microns, In Fig. A-3 there is
a peak in the reflectance at about 3.5 micron whereas no peak was observed for
the annealed deposit on the black sibstrate in Fig, A-2, This peak at 3.5
micron is suggested in Ref. 40 as not due to scattering alome but also to the

increased transmission caused by absorbed N2 gas in the deposit.
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