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ABSTKACT 

By using interference techniques, the density and the refractive 
index as a function of the wavelength of water and carbon dioxide cryo- 
deposit formed at a temperature of 77°K and a deposition pressure of 
about 4 x 10"^ mm Hg have been measured.    It is shown that the 
Lorenz-Lorentz constant 

y2-l       1 
—j— '   — = const (A) 
P+2        p 

at ä certain wavelength computed from the refractive index and density 
of the cryodeposit is equal to that of the same substance at different 

"temperature and phase,  but at the same wavelength.    Biangular distri- 
butions of the radiation reflected from water and carbon dioxide deposit 
formed at 77°K on polished copper and black paint substrates have been 
obtained for various deposit thicknesses and monochromatic light of 
\ = 0. 7ju to 1.0M.    The influence of the deposition rate and of the wave- 
length of the radiation on the biangular distributions and also on the 
off-specular shift of the peak of the reflected radiation are investigated. 
Thus conclusions are drawn about the roughness of the vacuum-de posit 
interface of the cryodeposit.    It is found that water forms a quite smooth 
interface, while the interface of carbon dioxide is rather rough. 

in 
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NOMENCLATURE 

A     Area of cryoplate 
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angle Aio 
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de    Rate of energy reflected from the surface per 

unit area into a solid angle of 2TT steradians 
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I     Intensity of reflected radiation defined by 

Equation (3) 
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m     Mass flow rate of gas 

p     Pressure 

p.     Carbon dioxide reservoir pressure 
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t     Time 

At    Time between two interference maxima 

At    Time between initial and final pressure measurements 
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V     Volume 

Xlll 
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CHAPTER I 

INTRODUCTION 

Most present day space simulation chambers employ 

cryogenic pumping.  Thus the test vehicle is surrounded by 

panels which are cooled to 7 7°K with LN„ coolants.  In 

order to minimize the reflection of radiation from the 

panels they are painted black.  During the period of test- 

ing, however, cryodeposits form on the cold panels chang- 

ing the radiative surface properties and in turn altering 

the thermal heat balance on the test vehicle.  In order 

to be able to correct the resulting thermal balance test 

data, it is necessary to investigate the influence of 

cryodeposits on the reflection of radiation from the cold 

panels.  This includes angular-hemispherical reflectance 

measurements and measurements of the biangular distribu- 

tion of the reflected radiation.  In order to obtain the 

thickness of the cryodeposits in these tests, the refrac- 

tive index and density are needed. 
2 

Wood et al. [1]  report detailed angular-hemispher- 

ical reflectance measurements which have been obtained 

The surface is irradiated angularly, and the hemi- 
spherically reflected radiation is measured. 

2 
Numbers in brackets refer to similarly numbered 

references in the bibliography. 
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for carbon dioxide and water cryodeposits on copper and 

black paint substrates.  Biangular distribution measure- 

ments of white light reflected from carbon dioxide deposit 

formed on copper and black paint substrates were performed 

by Tempelmeyer et al. as reported in [2].  The biangular 

measurement technique is illustrated in Figure 1. The 

deposit is illuminated with a collimated beam of light 

at a certain angle of incidence \\>,  and the rate of energy 

E(^,8,T) reflected into the solid angle Ato is measured 

at different angles 6 within the plane of the incident 

light. The resulting distributions show how cryodeposits 

affect the angular distribution of radiation reflected 

from cold panels in space chambers.  It was found that 

cryodeposits have a diffusing effect on the radiation 

reflected from specular substrates so that with increas- 

ing deposit thickness the specularly reflected component 

decreases and finally disappears.  Moreover, the follow- 

ing phenomena were observed: 

1. Thin film interference at the specular angle 

2. Scattering interference 

3. Backscattering 

4. Off-specular shifts 

Scattering interference was investigated in detail by 

Tempelmeyer et al. and reported in [3] and [4], and a 
i 

theory was developed which relates the maxima and minima 

of the reflected radiation at certain viewing angles 6 



CO 
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to constructive and destructive interference of the ray 

reflected from the cryodeposit and the ray reflected from 

the substrate.  Using this theory the thickness of the 

deposit can be calculated which enables computation of 

the density of the deposit if the mass of the condensed 

gas is known.  This technique to measure the density was 

used by Tempelmeyer et al., and values of the density of 

carbon dioxide deposit are reported in [3], as well as 

the refractive index of carbon dioxide deposit at dif- 

ferent wavelengths.  The refractive index was measured 

by another interference technique employing the thin 

film interference which will be explained in detail 

in Chapter II.  However, these reported values do not 

satisfy the Lorenz-Lorentz law: 

M2-l   1 
• — = constant (1) 2,, H +2   p 

which is generally valid even if the substance changes 

its phase.  The value of the constant is compared for 

various substances in the gaseous and liquid phase by 

Born and Wolf in [5], and it is found that the change of 

the constant due to the change of phase is very small. 

The Lorenz-Lorentz constant of the carbon dioxide 

cryodeposit calculated with tne refractive index and 

3 -4 
density of 1.35 gr/cm at a deposition pressure of 10 

3 
mm Hg reported in [3] is 0.203 cm /gr at a wavelength of 

0.589y, while the magnitude of the constant for liquid car- 

bon dioxide at a temperature of 15°C = 59°F and at 
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3 0.589i- calculated from data given in [6] is 0.153 cm /gr. 

It is therefore felt that the measured density is in error. 

Caren et al. [7] measured the density of carbon 

dioxide and water cryodeposits at thicknesses on the order 

of 1 mm.  The density reported for water deposit at 77°K 
3 

is 0.51 to 0.6 4 gr/cm at a deposition pressure of 

-4 4.6 x 10  mm Hg; and for carbon dioxide deposit at 77°K, 
3 

the density is 1.28 to 1.63 gr/cm at a deposition pres- 
_3 

sure of 3.8 x 10  mm Hg.  The density of carbon dioxide 

deposit on a 90°K surface was reported by Mass and Barnes 
3 

in [8] as 1.674 gr/cm .  These results show considerable 

scatter; and it is therefore necessary to perform new 

measurements of the refractive index and density of carbon 

dioxide and water cryodeposits. 

A further objective of the following investigation 

is to present measurements of biangular distributions of 

the radiation reflected from carbon dioxide and water 

cryodeposits formed on polished copper and black paint 

substrates at a deposition pressure of approximately 

-4 4 * 10  mm Hg for both deposits.  These measurements 

will be performed with filtered light of various wave- 

lengths between 0.7v- and l.Ou.  The angle of incidence 

of the light beam irradiating the cryodeposit will range 

from 0° to 66°, and the reflected radiation will be 

measured in the plane of incidence.  These distributions 

are a first step to obtain correction factors for thermal 
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balance tests.  However, it is not intended in this work 

to investigate these correction factors. 

The emphasis of this work will be placed on phe- 

nomena observed from the biangular distributions of the 

reflected radiation. The off-specular shift of the peak 

of the distribution and the magnitude of the peak of the 

distribution of the reflected radiation as a function of 

deposit thickness will be investigated in detail includ- 

ing the influence of wavelength and deposition rate.  In 

addition the amount of radiation reflected from the 

vacuum-deposit interface of the cryodeposit compared to 

the total amount of radiation reflected from the cryo- 

deposit will be estimated.  The investigations are in- 

tended to obtain an idea about the roughness of the 

interface of carbon dioxide and water cryodeposits and 

thus about the structure of the deposit formed at the 

deposition pressure and temperature used in this work. 

Results of other investigators using x-ray diffraction 

techniques to determine the structure of the deposit 

at various deposition pressures and temperatures, are 

compared with the findings of tnis investigation.  How- 

ever, no definite conclusion can be drawn from the 

measurements of this investigation about tne exact struc- 

ture of the deposit obtained in this work. 
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An additional remark is necessary concerning the 

definition of the off-specular shift.  In this entire 

work the off-specular shift is defined as 

A6 = 6     - ip (2) 

where e|_   is the angle 6 at which E(i|>,8), the rate of 
"max 

energy reflected from the sample into a certain solid 

angle, has its maximum. Torrance et al. [91 , who inves- 

tigated off-specular shifts on rough surfaces earlier, 

defined the off-specular shift as 

AG = e - * 

max 

where 9|T   is the angle 6, at which 1(^,8), the intensity 
I max 

of the reflected radiation, has its maximum. The intensity 

of the reflected radiation is defined as 

E(^,6) 
1(^,6) =   (3) 

cos6 • dA (ty) • Aw 

where dA (ty)   is the illuminated area of the cryosurface, 

and Au is the solid angle into which the radiation E{^,6) 

is reflected from the cryosurface.  Since 

IN»,6) ~ 
cos6 
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it can be concluded that I (ij>,9) and E(ip,6) have their 

respective peaks at different angles 6.  Thus the two 

different definitions of A6 lead to different values 

of the off-specular shift. 

In order to measure the reflected intensity 

directly, Torrance [9] used the "over-illumination 

technique."  If this technique is used, the solid angle, 

at which the detector "sees" the illuminated area, is 

maintained constant.  Thus the viewed area projected 

in the direction of 9, A cos6, stays constant while the 

viewed area of the sample, A, changes with 8.  The rate of 

energy measured by the detector with this technique corre- 

sponds to the intensity I(ifi,6) in Equation (3).  But this 

technique has one drawback.  In order to measure the 

reflected intensity I(i|i,6) properly, it is necessary that 

the sample be irradiated in such a manner that the inci- 

dent intensity is equal at every point of the viewed area. 

Experience shows that it is very hard to fulfill this 

requirement, which can be dropped, if the reflected rate 

of energy E(ip,9) from a constant viewed area is measured, 

and E(ip,9) is in this case an average reading of the 

light reflected from the whole illuminated area.  This 

technique is called the "over-detection technique" and 

was used in this investigation because of the following 

reasons: 
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1. It does not require uniform irradiation of 

the sample. 

2. The detector "sees" the whole illuminated 

area, and thus no devices are necessary which 

limit the solid angle at which the detector 

"sees" the illuminated area. 

3. The detecting system is very simple and no 

complicated alignment which would have to be 

done inside the vacuum chamber, is necessary. 

9 
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CHAPTER   II 

MEASUREMENTS ON CRYODEPOSITS 

I.  THEORETICAL FOUNDATIONS FOR THE MEASUREMENT OF 

REFRACTIVE INDEX AND DENSITY OF 

A CRYODEPOSIT 

The measurement of the refractive index and density 

of cryodeposits parallels that of Tempelmeyer et al. [3] 

who, after Wood et al. [1], reported interference phenom- 

ena on thin films of cryodeposits and gave a simple theory 

relating these to the refractive index and density of the 

deposits.  The method is described in the following. 

As shown in Figure 1, page 3, a collimated light 

beam strikes the cryodeposit at a certain angle of inci- 

dence lp with respect to the normal on the surface. This 

beam is partially reflected at the vacuum-deposit inter- 

face and partially transmitted through the cryodeposit. 

The transmitted beam is reflected at the substrate and 

depending on the cryodeposit thickness interferes con- 

structively or destructively with the beam reflected 

from the interface. 

The procedure used to obtain thin film interference 

patterns consists of setting a light detector at the spec- 

ular angle (0 = iM .  Then cryofrost is continuously 

10 
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deposited on the cold surface at a constant rate, and the 

output of the light detector is monitored as a function 

of time. The recorded detector output shows subsequent 

interference maxima and minima. 

An analysis of the phase difference between the 

beam reflected from the interface and the beam reflected 

from the substrate, as reported in [3], shows that the 

incremental change in thickness of the deposit between 

the occurrence of two interference maxima is given by 

AT -         j (4) 
2± n-f^j 

and is independent of the phase change by reflection 

from the substrate.  This equation is based on Snell's 

law which assumes that the deposit does not exhibit any 

absorption.  However, if the amount of absorption is 

small, Snell's law will still give a good approximation. 

The increase of the deposit thickness AT is re- 

lated to the deposition rate T by 

AT = T • At {5) 

where At is the time between the occurrence of two inter- 

ference maxima. 

11 
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Equating Equations (4) and (5) gives 

X 
T • At =  ——=— (6) 

■■»f-3-^ 
which contains T and y.  Be measuring At at two different 

angles of incidence i|> and ik and constant deposition rate 

for a given wavelength, Equation (6) can be solved for y 
* 

and  T. 

2 Ata 2     2 sin^ik   -(—)sinzi|> 

y2 &  (7) 

1 -   (—-) 
At, 

1. * 
T   =       •    , (8) 

At. I sin 2tö 

Where At corresponds to ty  ,  and At. corresponds to ty.. 

Equations <4) and (8) are valid for unpolarized 

light and a substrate of polished copper, even though the 

phase change of the ray reflected at the polished copper 

is different for parallel and perpendicular polarized 

radiation.  This can be proven in the following way. 

It is.assumed that the electric field vectors of 

the parallel polarized component of the radiation reflected 

12 
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from the vacuum deposit interface and of the radiation 

reflected from the substrate are e,  and e_ respectively; 

and the electric field vectors of the perpendicular polar- 

ized component of the radiation reflected from the vacuum 

deposit interface and of the radiation reflected from the 

substrate are e.  and e~ respectively.  The phase angle 

between e,  and e2 is Yn(t) ■ ci't; the phase angle be- 

tween e,  and e,_ is YH(t) = ut +e, where e results from 

the different phase change of parallel and perpendicular 

polarized light reflected from the polished copper sub- 

strate.  The circular frequency u is independent of this 

phase change and is thus equal for parallel and perpen- 

dicular polarized radiation.  Interference of e,  and e« lp     2p 

and also e,  and e2s yields 

'•pi     =   l^lpl2  +   ^2p|2_2l^lpl   '    l*2pl   *   COS  wt 

(9) 

!®s|2=   l®lS|
2 +   l®2s.|2"2l®lsl   '    l«2sl-'cos   (ut"e) 

(10) 

-► 
where e is the electric field vector of the parallel 

polarized component of the detected signal, and e is the 
5 

electric field vector of the perpendicular polarized 

component.  By using 

2 
|e|  = 0-1 (11) 

13 
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where ß is a constant of proportionality, and 

cos (ü)t-e) ■ cos ufcos e + sin ut'sin e, 

Equations (9) and (10) can be written as 

ßIp = ßIlP 
+ ßI2p - 2ß/IlP ' J2p * COS Wt      (12) 

ßIs = ßIls + 0I2s " 2&/Ils * J2s * C0S wt ' cos e 

- 2ßi/T!  ■ I~  * sin nit ' sin e is   2s 
(13) 

The total detected intensity is 

1=1 +1 (14) 
P   s 

Equations (12) and (13) are substituted in Equation (14), 

and it is obtained 

I* 

-   [ (2/TI     I_     + 2/IT     I_     cos   e)  cos  cot IP     2p 'Is    2s , 
B, 1 

+  2/l~     I-     sin e  •   sin tot] , ls_^s , (15) 

B2 

where I , B.. and B« are independent of w and t. 

14 
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* 1=1  - (B. cos ut + B2 sin Wt) 

can be also written in the form 

*   * * 
1=1 - B  • cos (cat - e ) 

where £ is a phase shift angle which is different from 

the phase shift angle e.  However, the circular frequency 

a) of the sum of the parallel and perpendicular polarized 

components of unpolarized radiation is equal to to of the 

polarized components; and thus the time between the 

occurrence of two interference maxima is equal. This 

shows that Equations (4} to (8) are also valid if a 

polished copper substrate and unpolarized radiation 

are used for the measurement of the refractive index y 
a 

and the deposition rate T. 

By assuming that the cryodeposit forms a film of 

uniform thickness over the whole cryosurface, the density 

of the deposit is obtained from 

m 
P -  r (16) 

A ' T 

where A is the area of the cryoplate; and m is the mass 

flow rate of the water vapor or carbon dioxide, respec- 

tively. 
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II.  EXPERIMENTAL APPARATUS 

A. Vacuum System 

The tests on cryodeposits were conducted in a 

76 cm diameter spherical vacuum chamber consisting of 

two stainless steel hemispheres joined with an O-ring 

seal shown schematically in Figure 2.  The interior 

surface of the chamber was coated with flat black paint 

to minimize internal reflections. 

The pumping system consisted of a 400 liter/min 

mechanical pump and a 6 inch oil diffusion pump equipped 

with an LN~ - cooled cold trap.  Pressures of 1 x 10  mm 

Hg were easily obtained.  As seen in Figure 2,   the chamber 

could be valved off from the pumping system.  Valves were 

also provided to by-pass the diffusion pump and to isolate 

the diffusion pump from the mechanical pump.  Thus it 

was possible to open the chamber and pump it down from 

atmospheric pressure, even if the diffusion pump was hot. 

The pressure inside the chamber was measured with 

a thermal ionization gauge at pressures below 10  mm Hg 

and with an alpha radiation ionization gauge at pressures 
-3 

above 10  mm Hg. 

B. Cryosurface 

The cryosurface had a diameter of 10.3 cm and was 

located in the center of the sphere. The construction of 

the cryosurface is shown in Figure 3. The cryoplate was 
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Figure 3.  Construction of cryoplate, 
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made out of copper for good heat conduction/ and the 

vacuum jacket surrounding it was made of stainless steel 

covered with a flat black paint. The cryoplate and 

vacuum jacket were circular, since this shape could 

easily be machined to close tolerances.  In order to pre- 

vent unequal deposit thickness at different locations of 

the plate due to edge effects/ the insulating jacket was 

flush with the front face of the plate. As shown in 

Figure 3, there was a gap of about 0.5 mm between the 

cryoplate and the jacket. Between the plate and the 

jacket, a teflon seal was located which was not vacuum 

tight, but which inhibited metallic contact and thus 

excessive heat conduction. Nylon screws held the cryo- 

surface in place. The cryosurface was polished to a 

rms surface roughness of less than O.Olu.  In some tests 

it was coated with flat black epoxy paint. The temper- 

ature of the cryoplate and jacket were monitored with 

conventional thermocouples. 

The cryosurface could be rotated about axis X-Xr 

shown in an insert in Figure 3, to any desired angle with 

an accuracy of ± 0.5° using a protractor indexing device 

and to multiples of 11° by means of stops that permitted 

very accurate setting of the angle of incidence of the 

light beam with respect to the normal of the plate. This 

stop mechanism consisted of a ring with a number of holes 

equally spaced in intervals of 11°. The ring was mounted 
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in such a way that it could be easily readjusted.  The LN„ 

feed lines to the cryoplate were concentric flexible tubes 

surrounded by a vacuum jacket which could be continuously 

evacuated with the mechanical pump.  In order to facilitate 

disassembly of the cryoplate and jacket the LN„ lines were 

connected by copper shear seals and the jacket line by 

flanges. 

C.  Gas Addition Systems 

The gas addition systems for the water vapor and 

the carbon dioxide are shown in Figure 4.  The distilled 

water was kept in a reservoir which was cooled by tap 

water.  The temperature of the tap water remains essen- 

tially constant during a given day, and thus the vapor 

pressure of the water inside the reservoir remained con- 

stant during a given test.  Cooling the reservoir with 

tap water also had the advantage that no condensation 

occurred in the line between the reservoir and the 

rotameter and in the glass tube of the rotameter below 

the ball, since tap water is always cooler than room 

temperature. 

Before starting a test, the gas flow was diverted 

to a mechanical pump until steady state flow conditions 

were obtained.  Steady state conditions were assumed to 

be established when the ball in the rotameter tube be- 

came stationary.  Then the gas flow rate was adjusted 

with a needle valve. 
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Figure 4.  Gas addition system. 
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The level of the water inside the reservoir could 

be checked with a view glass as seen in Figure 4.  Each 

time the reservoir was refilled with water, the air inside 

the reservoir was pumped out with a mechanical pump. 

An LN, filled cold trap prevented water from getting into 

the pump. 

Carbon dioxide which had a purity of 99.8 percent 

was supplied to a reservoir which was maintained at an 

essentially constant pressure of 760 mm Hg as measured 

by a Wallace-Tiernan gauge.  The gas was introduced to 

the vacuum chamber by means of a commercially available 

orifice leak. 

D.  Generation of Collimated Light Beam 

A xenon arc lamp was used as a radiation source 

because the state-of-the-art solar simulators employ high 

power xenon arc lamps as radiation sources.  The light 

output of a xenon arc lamp as a function of the wave- 

length is shown in Figure 5.  Strong emission lines are 

observed between 0.8u and l.Oy which indicates that the 

characteristic wavelength of the unfiltered light is 

about 0.9y- 

The collimated beam is obtained by means of a 

lens system and a collimator tube built into the vacuum 

chamber port as shown in Figure 2, page 17.  It is also 
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seen that interference-type filters could be inserted into 

the light beam to obtain monochromatic irradiation of the 

cryosurface. 

E. Detection of Reflected Radiation and Recording 

A silicon solar cell (8 mm x 3 mm) served as a 

light detector.  It was mounted on a remotely controlled 

arm which could be rotated at a constant angular velocity 

through a range from 6 = - 90° to 6 ■ + 90°. The" axis 

of rotation of the detector was the vertical centerline 

of the cryosurface; and the detector stayed within the 

plane of the incident light. The distance between detector 

and cryosurface was 25 cm. 

To insure good linearity of the recorded signal, 

the detector output was loaded with a resistor of 100 ohms. 

The voltage at the resistor was recorded with either an 

X-Y plotter with a lowest full scale of 5 mV or a conven- 

tional strip-chart recorder with a lowest full scale of 

0.1 mV. 

III.  TEST PROCEDURE 

A. Measurements of Refractive Index and Deposition Rate 

for Water and Carbon Dioxide Cryodeposit 

The procedure for measuring the refractive index 

y and the deposition rate x of the cryodeposit was essen- 

tially the same for water and carbon dioxide.  These 

measurements were performed only on a substrate of 

polished copper. 
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Initially the chamber was pumped down to a pressure 

of about 1 x io~ mm Hg in order to have very little 

foreign deposit formed on the cryosurface when cooling 

it down to a temperature of 77°K. The temperature of the 

cryoplate was monitored with a thermocouple attached to 

the plate. After the plate reached 77°K, the xenon arc 

lamp was turned on.  Experience showed that after about 

five minutes the lamp light output reached equilibrium. 

This could be observed by measuring the time variation of 

the radiation reflected from the cryoplate at constant 

viewing angle 6 and for constant angle of incidence TJJ - 

Equilibrium was assumed to be established when the 

detector output became constant with time. 

As discussed before the gas addition system also 

was started about five minutes prior to the test in order 

to establish a constant gas flow rate which was essential 

for these measurements.  The gas flow during these five 

minutes was diverted to a mechanical pump. 

At an angle of incidence of 0°, the biangular 

distribution of the reflected radiation is symmetrical 

about 9=0°.  The setting for this angle of incidence 

was easily found and the stop mechanism, which sets the 

angle of incidence accurately to multiples of 11°, was 

readjusted at this angle of incidence. After this read- 

justment the plate was set to an angle of incidence of 33°, 

and the detector was positioned in the specular direction 
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(9 = ijj). An interference-type filter was inserted into 

the beam incident on the cryosurface. After valving off 

the chamber from the pumping system, a cryodeposit was 

formed on the cold surface with a constant deposition 

rate T by bleeding water vapor or carbon dioxide at a 

constant mass flow rate m into the chamber. 

The radiation reflected from the cryodeposit in 

the specular direction was monitored continuously with a 

strip-chart recorder. The time between each two inter- 

ference maxima was checked.  Since this time remained 

constant, one was further assured that the gas flow rate 

remained constant. The flow was stopped after six to 

ten interference maxima which were a sufficient number 

to give an accurate average value of the time between 

two interference maxima At. 

The pressure of the residual noncondensible gases 

-4 did not exceed 2 x 10  mm Hg. This gas was subsequently 

pumped out of the chamber. Then the cryoplate was set to 

an angle of incidence of 55° and the detector at the spec- 

ular angle.  In the same manner as before interference 

maxima and minima were obtained for the new angle of 

incidence. 

By using Equation (7) and the measured values of 

-At and At. at the angles of incidence ip and IJJ, the 

refractive index y is obtained and the deposition rate 

T is computed from Equation (8). 
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B. Measurement of the Flow Rate of Water Vapor 

In a separate test immediately following the pre- 

vious experiment, the flow rate m of the water vapor used 

for the measurement of the refractive index and deposition 

rate was measured by condensing the water in a glass 

vessel cooled with LN-. From the measurement of the 

weight of the glass vessel initially and after a speci- 

fied time (normally 15 minutes) the gas flow rate m could 

be computed.  The weight was measured on an analytical 
-3 

balance with an accuracy of 10  gr.  The glass vessel 

was allowed to reach room temperature prior to the weigh- 

ing in order to prevent convection currents between the 

glass surface and the atmosphere from effecting the 

accuracy of the measurement. 

C. Measurement of the Flow Rate of Carbon Dioxide 

The flow rate m of carbon dioxide was measured 

by monitoring the gas pressure in the reservoir valved 

off from the gas supply while bleeding gas through the 

leak into the chamber (see Figure 4, page 21).  This 

pressure changed sufficiently slowly that equilibrium 

could be assumed at every instant. 

The chamber pressure was maintained at a pressure 

-4 of approximately 4 x 10  mm Hg.  This pressure corre- 

sponded to the deposition pressure which was established 

during the measurement of the refractive index and the 
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deposition rate.  Since the chamber pressure was equal . 

during this previous measurement and the following measure- 

ment of the flow rate," it was assumed that the flow rate 

through the leak was equal in both measurements.  This 

-4 chamber pressure of 4 x 10  mm Hg was obtained by pumping 

with the mechanical pump and the cold trap.  The diffusion 

pump was switched off. 

The reservoir was filled with carbon dioxide to 

the normal operating pressure p = 760 mm Hg.  Then the 

gas supply was valved off and the valve to the leak opened. 

The gas pressure inside the reservoir was read initially 

as p and at time At as p . 
SL 

■ 

The gas flow rate m at the normal operating reser- 

voir pressure p is obtained by differentiating the equa- 

tion of state 

p • V = m • R • T 

with respect to time so that 

m = 
R. CO- 

dp 

dt 
(17) 

where V  is the volume of the reservoir.  T is the temper- et 

ature of the gas inside the reservoir which is equal to 

room temperature of 300°K.  To derive an expression for 
dp 

dt 
, it can be assumed that the flow rate is proportional 
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to the gas pressure p.  Since the flow rate is also pro- 
dp 

portional to —, as seen in Equation (17), it can be stated 
dp     dt 

that — is proportional to p.  This can also be written as 

dp    . (18) — = a  p 
dt 

where a is a constant.depending on the leak.  Integrating 

Equation (18) leads to 

In p -  a • t + c. 

The boundary conditions are 

* 
p = p  at t = 0 

and 

* 
p = p  at t = At 

SL 

so that 

An p* - C1 (19) 

* 
4n p = a At + C, ' (20) 

Equations (19) and (20) are solved for a, 

1    pa a = —i- An -4 (21) 
At 
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and a is introduced into Equation (18).  It is thus ob- 
* 

tained at p ■ p 

dp 

dt 

1      Pa 
T ■ £n -f • p (22) 

*   At      p 

In order to compute the reservoir volume V_, the reser- 

voir was evacuated to a pressure of about 10~ mm Hg 

and connected with a vessel of known volume V_ filled with 

carbon dioxide at a pressure p of about 760 mm Hg.  The c 

gas was then allowed to flow into the evacuated vessel. 

After equilibrium pressure was reached, the common pres- 

sure p was read.  The reservoir volume was computed 

from 

Pc • Vc = pe <VC + VR) (23) 

which can be solved for V 

pc " pe VR = -S £ • Vc (24) 
pe 

The volume V_ was found by filling the vessel slowly 

with distilled water so that no air bubbles formed inside. 

The weight of the water divided by its density is equal to 

the volume of the vessel. 
dp 

and Equation 

(24) for V_ into Equation (17), the gas flow rate at normal 

dp 
By introducing Equation (22) for — 

dt 
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operating reservoir pressure p is obtained 

m - —     -      -  •  —j- '  An -4 • p (25) 
Pe       

RC02 ' T    At       p 

D.  Measurement of Biangular Distributions of the 

Reflected Radiation 

The measurement of biangular distributions of the 

radiation reflected from carbon dioxide and water cryo- 

deposits was carried out by forming the deposits on either 

polished copper or black paint substrates at a deposition 

-4 pressure of approximately 4 x 10  mm Hg.  This was done 

in the following way. 

After the vacuum chamber had been evacuated to a 

pressure of about 10  mm Hg, the xenon lamp was turned 

on, and biangular distributions of the radiation reflected 

from the bare substrate, either polished copper or black 

paint, were measured for various angles of incidence ty. 

Next, the cryoplate was cooled to 77°K.  The plate 

was set at an angle of incidence of 22°, the detector was 

positioned in the direction of the specular angle, and an 

interference-type filter with a peak transmission at a 

certain wavelength X was inserted into the beam as shown 

in Figure 2, page 17.  After valving off the chamber 

from the pumping system, either water vapor or carbon 

dioxide was introduced into the chamber, and the detector 
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output was monitored on a strip-chart recorder.  The time 

between two maxima of the arising interference pattern 

was measured, and the deposition rate T was computed from 

Equation (8) using the refractive index which was measured 

before. 

Cryodeposits of specified thickness were then formed 

by flowing either water vapor or carbon dioxide into the 

chamber for a specified time.  After the flow was stopped, 

biangular distributions of the reflected radiation were 

recorded for various values of IJJ.  Then gas was added 

again to the chamber, so that another cryodeposit layer 

formed on the first; and the radiation measurements were 

repeated.  This procedure was continued, and measure- 

ments of the reflected radiation were made for each 

resulting cryodeposit thickness. 

Biangular distributions could be conveniently 

recorded on the X-Y plotter where one coordinate was 

the detector output E(4>,8,T), and the other coordinate 

indicated the position of the detector arm. 

Also the strip-chart recorder which has a much 

better sensitivity than the X-Y plotter, was used for the 

measurement of biangular distributions.  This was possible 

since the detector arm rotated at constant angular veloc- 

ity.  The recorded distribution was referenced to the 

points 6 = - 90° and 6 = + 90° where E(ip,6,T) is zero. 
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As a check point 8 = - ty  was used, since at this angle the 

detector passes in front of the incident light beam and 

the detector output is zero. This is the reason why the 

biangular distributions reported later are interrupted 

at this angle. 

IV.  RESULTS AND DISCUSSION 

A. Measurements of Refractive Index and Density 

The measured refractive index is shown in Figure 6 

for a water cryodeposit and in Figure 7 for a carbon 

dioxide cryodeposit. Also displayed in Figure 7 is a 

curve reported by Tempelmeyer in [3]. The same technique 

as used in this work was used by Tempelmeyer, and his 

measurements were reproducible only at a wavelength of 

0.7y .  It is observed that the value of the refractive 

index at a wavelength of 0.567p shows considerable scatter. 

Tempelmeyer assumed this to be the actual value while 

it will be shown in the following discussion that this 

value is not the true value of the refractive index. 

The discussion will also show the accuracy one can obtain 

with this technique at various wavelengths. 

In order to obtain monochromatic light, inter- 

ference-type filters were used. These filters have very 

good spectral resolution at a wavelength of 0.5y, but with 

increasing wavelength, the spectral resolution decreases. 

This is especially noticeable above a wavelength of 0.8ti. 
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The representative wavelength for the transmission 

band of the filter is normally assumed to be the wavelength 

at which the maximum transmission occurs.  If the light 

transmitted through the filter is reflected off a substrate 

like polished copper, which was used for the measurements 

of the refractive index and density, the maximum of the 

detected light flux does not occur at the representative 

wavelength for the filter, since the reflectance of 

polished copper changes with wavelength.  The relative 

reflectance of polished copper measured by Wood [10] is 

shown in Figure 8 as a function of the wavelength and 

the angle of incidence.  It is observed that at 0.57y 

the reflectance of copper increases rapidly with increas- 

ing wavelength causing the peak of the detected light 

flux to shift to a greater wavelength than that corre- 

sponding to maximum transmission of the filter.  It can 

be reasoned that the greater the slope in Figure 8, the 

greater will be the shift of the wavelength. 

For the calculation of the refractive index, it 

is, not necessary to know the exact wavelength at which the 

peak of the detected light flux occurs.  However, it is 

assumed that this wavelength is equal at the two different 

angles of incidence IJJ  and ik , which is probably not true a     D 

Relative reflectance is the reflectance with 
respect to magnesium oxide. 
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Figure 8. Relative reflectance of polished copper. 
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at a wavelength of 0.57u and leads to the inconsistent 

measurements of the refractive index at a wavelength of 

0.57y in Figure 7, page 35.  At wavelengths below 0.55y, 

it can be assumed that the shift of the wavelength is 

small at different angles of incidence, so that the re- 

fractive index obtained at these wavelengths is accurate. 

Since there is no shift at wavelengths above 0.6y, it 

is believed that the measurements at wavelengths of 0.6y 

and 0.7y reported in Figure 6, page 34, and Figure 7, 

page 35, are the most accurate. 

It is noted in Figure 6, page 34, that the refrac- 

tive index of water cryodeposit was measured only below a 

wavelength of 0.7y, since the measurement above this 

wavelength did not produce meaningful results.  This 

can be explained in the following way. 

The absorption coefficient of water steadily in- 

creases with increasing wavelength after passing through 

a minimum at a wavelength of 0.4y as shown by Dunkle 

and Bevans in [11].  Around 0.9y a weak absorption band 

occurs which was also observed for cryodeposits by Wood 

et al. reported in [1].  Because an absorption band leads 

to anomalous dispersion, the refractive index of water 

cryodeposit for wavelengths near 0.9y should show the 

behavior sketched in Figure 9. 
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Figure 9.  Spectral variation of refractive index 
and absorption coefficient near an absorption band. 

Although the absorption coefficient of water below 

a wavelength of l.Oy is still small enough that Snell's 

law (the basis of this measurement technique) can be 

applied without appreciable error, tests above a wave- 

length of 0.7JJ were not successful.  It is felt that this 

lack of meaningful results for wavelengths above 0.7u was 

due to the spectral resolution of the interference-type 

filters which is not sufficient at these wavelengths for 

accurate measurements of the refractive index. 

The influence of the shift of wavelength (from the 

characteristic wavelength of filter transmission to the 

wavelength at which the maximum rate of energy is detected, 

which is the characteristic wavelength of the combination 
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of filter transmission and reflection from the polished 

copper substrate) mentioned before is more severe on the 

measurement of the density than on the measurement of the 

refractive index because for the calculation of the density 

the characteristic wavelength of the combination of filter 

transmission and reflection from the polished copper sub- 

strate must be known, since 

and 

1 
P ~ T 

T 

At a wavelength of 0.7u essentially no shift of wave- 

length should occur, since the relative reflectance of 

copper is flat with respect to wavelength in this spectral 

region.  Hence the characteristic wavelength of the trans- 

mission of this filter can be used to evaluate the deposi- 

tion rate T, which leads to the density of the deposit. 

Since T remains equal at different wavelengths, provided 

the flow rate of the gas addition system is kept constant, 

the characteristic wavelength of the combination of filter 

transmission and reflection from the polished copper sub- 

strate can be calculated for filters at different wave- 

lengths.  For two different filters using the same sub- 

strate, the characteristic wavelengths are: 
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1. Characteristic wavelength 

of transmission and reflection 

from polished copper 

for two filters 0.612y  0.522y 

2. Characteristic wavelength 

of the two filters as 

given by the manufacturer 0.567y  0.502y 

It is noted that the exact characteristic wavelength of 

the filters as given by the manufacturer was used in the 

calculations of the deposition rate. 

The density of carbon dioxide cryodeposit formed 

at 77°K and at a deposition nressure of 4 x 10  mm Hg 

is 1.67 ± 0.03 gr/cm . The refractive index is obtained 

from Figure 7, page 35, as 1.428 at a wavelength of 0.589u, 

and the Lorenz-Lorentz constant computed from Equation (1) 

at this wavelength is 0.154 cm /gr. 

The refractive index of liquid carbon dioxide and 

its density is given ih [6]. The Lorenz-Lorentz constant 

of liquid carbon dioxide at 15°C (59°F) and at a wave- 

length of 0.589u is 0.153 cm /gr.  This-value is in close 

agreement with the value obtained from the cryodeposit. 

The measured density of carbon dioxide deposit compares 

favorably with the measurement of Mass [8] who obtained 

1.674 gr/cm3. 
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The density of water cryodeposit formed at 77°K 

and a deposition pressure of 4 x 10~4 mm Hg is 0.81 ± 0.02 

gr/cm3, and the value of the refractive index of 1.264 at 

a wavelength of 0.589M, obtained from Figure 6, page 34. 

The Lorenz-Lorentz constant becomes 0.205. Dorsey [12] 

gives a value of 0.21 for ice at this wavelength which 

is in close agreement with the value obtained for the 

cryodeposit. 

Another approach to the measurement of the refrac- 

tive index of water cryodeposit employed a polarization 

technique.  The polarization filters used were glass 

laminated plastic filters.  In order to determine in 

what wavelength range these filters polarize light, 

two polarization filters were placed in series in such 

a way that the plane of polarization of one filter was 

perpendicular to the plane of polarization of the other 

filter (so that no visible light was transmitted). The 

radiation transmitted through both filters was then mea- 

sured. By changing the wavelength of the light transmitted 

through both polarization filters it was found that up 

to a wavelength of 0.7u essentially no radiation was 

transmitted. At 0.75u the transmission increased rapidly 

which showed that the polarization filters do not polarize 

the radiation above a wavelength of 0.7y. The lower limit 
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of the wavelength range in which the polarization filters 

work properly was not investigated. 

Because both the light output of the xenon arc 

lamp and the detector output increase with increasing 

wavelength up to 0.9u, a wavelength just below the limit- 

ing wavelength of the polarization filter, 0.7y, was used 

for the measurement of the refractive index of water cryo- 

deposit by the polarization technique explained in the 

following. 

The refractive index of a material with a polished 

surface can be found by measuring the Brewster angle i|>B 

at which light polarized parallel to the plane of inci- 

dence is not reflected. - This angle is related to y by 

U = tan i|;Br (26) 

If the surface is rough or if the polished material has 

absorption, a certain amount of parallel polarized light 

incident on the material at the Brewster angle is reflected. 

In order to obtain a value which characterizes the 

reflective properties for polarized light of any surface 

departing from a polished surface of a non-absorbing 

material, the "degree of polarization" was introduced. 

As defined by Torrance [9] , the "degree of polari- 

zation" is 
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 2 £  =    5 £ (27) 
K*i*)a  +   K*iV)p        E{^*)s  +  B^,*) 

where E is perpendicular polarized radiation and £  is 

parallel polarized radiation.  Equation (27) approaches 

a value of 1.0 as the angle of incidence approaches the 

Brewster angle of a polished non-absorbing medium.  The 

"degree of polarization" of absorbing media and also of 

non-absorbing media with rough surfaces as shown in [9] 

has a maximum which is smaller than 1.0.  It is also. 

reported in  [91, that the maximum of the "degree of 

polarization" decreases with increasing surface rough- 

ness, and that the angle i>,   where the maximum value occurs, 

shifts to greater angles with increasing surface roughness. 

In Figure 10 the "degree of polarization" of black 

paint and of water cryodeposit formed on a black paint 

substrate at a thickness of 150u is displayed as a func- 

tion of the angle of incidence ty.     The maximum of 0.86 

obtained with the black pain'- occurs at ty  = 56° ± 0.5°. 

If it is assumed that the maximum in the "degree of polar- 

ization" of the black paint is smaller than 1.0 due to 

the surface roughness of the paint only, and not due to 

the effect of absorption, a refractive index of 1.48 ± 0.03 

is obtained for the black paint. 

The maximum value of the "degree of polarization" 

of the radiation reflected from the water deposit is not 
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only due to the reflection from the vacuum-deposit inter- 

face which is required for this measurement technique, 

but also due to radiation being reflected from the cryo- 

deposit by reflection from the substrate and by internal 

scattering inside the deposit.  However, it will be shown 

subsequently from the measurements of the biangular distri- 

butions of the radiation reflected from cryodeposits that 

water deposit at a thickness of 150u is almost a specular 

reflector which is attributed to a very smooth interface. 

Thus it can be reasoned that E\ty,ty)     and E(i|i,^) , the s p 

rate of energy reflected in specular direction, is mostly 

due to reflection from the vacuum-deposit interface which 

justifies the use of this method of measuring the refrac- 

tive index. 

It is observed in Figure 10 that the maximal "degree 

of polarization" of the radiation reflected from the water 

deposit is 0.67 at an angle \[>  = 52° ± 0.5°.  This leads 

to a refractive index of 1.28 ± 0.025 which compares 

favorably with the value of 1.253 obtained at a wavelength 

of 0.7u by the interference technique. 

B.  Thin Film Interference Pattern 

In order to estimate the rate of energy reflected 

from the vacuum-deposit interface and from the substrate 

at low deposit thickness, the initial thin film inter- 

ference maximum and minimum is used.  Since the electric 

46 



AEOC..TR-Ö9.179 

field vectors of the radiation reflected from interface 

and substrate interfere, the measured rate of energy has 

to be converted into the magnitude of the electric field 

vector. 

For a water deposit on a black paint substrate at 

a wavelength of 0.7p and at an angle of incidence i\>  and 

a viewing angle 6 of 22°, the first measured interference 

maximum is E   =45.3 and the first minimum is E . _ = 1.7 max mxn 

expressed in arbitrary, but consistent rate of energy 

units.  The intensity of the reflected radiation is given 

in Equation (3) 

E(^,9) 

cos9 * dA(ip) • Awr 

Since 6, dA(i^), and Aw are constant, I(ip,6) is propor- 

tional to E(i|>,6).  Thus Equation (3) can be written in 

the form 

I = k2 . E 

where 

k2 = 
cos6 • dA(iJi) ■ Aw 

is the proportionality constant.  Thus the maximum and 

minimum intensity of the reflected radiation is 

47 



AEDC-TR-69-179 

I   = k2 • E max        max 

I .  = k2 • E . mm       min 

The relation connecting the magnitude of the electric 

field vector with the intensity was given in Equation (11) 

|l|2 = 8-1 

so that 

le       I  =  /(Fl = k«/3E 1   max' w    max w max 

|em.    |  =  /ß'I   .     = k-/ßl" 1    mini min T 

By using the measured values of E  „ and E . . the pre- max     mm 

ceding relations yield 

1 max ■ 

Interference occurs between the electric field vector 

of the radiation reflected from the interface and that of 

the radiation reflected from the substrate, e. and e2. 

The magnitude of these electric field vectors is obtained 

from 

le  | + le . | 
|S1| = ISSL -^Hli (28) 
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le   I - le . I 
\Z2\   =  i^J -^^- (29) 

where |e, | and |e"2| are interchangeable. The intensity of 

the radiation reflected from the interface and the sub- 

strate is computed from ß*I = |e| .  Thus, the intensities 

|e   I + le . | 2 0 
j^maxj !_min_^  = 12.3 • k2ß (30) 

le        I   -   le        I   2 
[J_maxJ ^jtonij     = ?>36   .  k2ß (31) 

are obtained, but it is not yet known which of these two 

values represents the intensity of the radiation reflected 

from the interface, I,, and which represents the intensity 

of the radiation reflected from the substrate, I,•  In 

order to decide this, the relative intensity of the 
4 

radiation reflected from the interface and from the sub- 

strate has to be estimated. 

The refractive index of water deposit obtained by 

interference techniques is 1.253 at a wavelength of 0.7y. 

The black paint shows a maximum of the "degree of polari- 

zation" at an angle of 56° which is displayed in Figure 

10, page 45.  It was discussed before that this angle 

4 
Relative intensity of the reflected radiation 

= 1        /I reflected' incident* 
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corresponds to a refractive index of 1.48 at a wavelength 

of 0.7p, if absorption of the paint is neglected. 

At an angle of incidence of 22° with unpolarized 

light, the following simple equation for an angle of 

incidence of 0° is approximately correct 

I o reflected _ ,y-l> * ,3_. 

incident 

This relation is obtained from the Fresnel equations 

given in [13].  Substituting the value of u for water, 

given above, into Equation (32), a value of 0.0126 is 

obtained.  The same calculation for the substrate using 

the relative refractive index of 1.184 leads to a value 

of 0.00709.  Thus, the ratio of the intensities of the 

radiation reflected from the interface and from the sub- 

strate, as obtained from the estimate is 

I.   0.0126 
 i, =   = 1  TO 

I2   0.00709 

The ratio of the intensities in Equations (30) and (31) 

computed from the measurements of the interference maxi- 

mum and minimum is 

Relative refractive index = refractive index of 
substrate/refractive index of deposit. 
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12.3 
   -   1.67 
7.36 

It is observed that this value is essentially equal to the 

ratio of the intensities of the radiation reflected from 

the interface and from the substrate.  This indicates 

that Equation (30) represents the intensity of the radia- 

tion reflected from the interface, and Equation (31) 

represents the intensity of the radiation reflected from 

the substrate. 

The same procedure can be used with a thin film 

interference pattern obtained from a carbon dioxide cryo- 

deposit on a black paint substrate at a wavelength of 0.9y 

and an angle of incidence of 22°.  In this case the first 

interference maximum is E   = 57.7, and the first minimum 

is E .  = 32.5 expressed in arbitrary, but consistent rate 

of energy units.  Following the same procedure as before 

it is obtained 

l®maxl + l®miJ 2 2 t_max min^ m  44>2 . k2ß (33) 

[j
emaxj " Ifmlnij m  Q>89 . k2ß (34) 

The refractive index of carbon dioxide cryodeposit is 

1.406 at a wavelength of 0.9y which was obtained before 

by interference techniques.  Thus, the relative intensity 
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of the radiation reflected from the interface is 0.0285, 

and the relative intensity of the radiation reflected from 

the substrate is 0.000665 where a relative refractive 

index of 1.053 is used. The ratio of the intensities of 

the radiation reflected from the interface and from the 

substrate, as obtained from the estimate, is 

I,   0.0285 
-± -   = 42.9 
I2   0.000665 

The ratio of the intensities in Equations (33) and (34), 

computed from the measurements of the interference maxi- 

mum and minimum, is 

44.2 
  = 49.7 
0.89 

From the approximate equality of these two ratios it can 

be concluded that Equation (33) represents the intensity 

of the radiation reflected from the interface, and Equa- 

tion (34) represents the intensity of the radiation re- 

flected from the substrate. Since I_ is very small com- 

pared to I., essentially all radiation reflected from the 

thin cryodeposit is due to reflection from the interface. 

A cryodeposit on a polished copper substrate can 

be investigated in the same manner.  The thin film inter- 

ference pattern of water cryodeposit at a wavelength of 

0.6y shows a first measured interference maximum E   =7.2 max 
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and a first minimum E  .     =4.25.    Using the same procedure min 
as before 

and 

[jfmaxj  *   I «min I j    = 5#60  .  k2g {35) 

la       I  -   le       I   2 

jlmax" LjüiSl]     =  0.096   •   k2ß (36) 

is obtained.  It is apparent that Equation (35) represents 

the intensity of the radiation reflected from the substrate, 

and Equation (36) represents the intensity of the radia- 

tion reflected from the interface. 

The intensities of the radiation reflected from 

interface and substrate are computed from measurements 

taken on a very small deposit thickness (in the order of 

the wavelength of the radiation).  With increasing deposit 

thickness the amplitude of the pattern decreases which 

can be attributed to the following factors.  Interference- 

type filters were used which transmit not only one wave- 

length but also sidebands.  These sidebands generate con- 

structive and destructive interference at different de- 

posit thicknesses.  This obscures the interference pattern. 

Templemeyer et al. [3] report a similar atten- 

uation of the amplitude of the pattern, although their 

data were taken using a He-Ne laser which has a much 

better spectral resolution than the filter.  This suggests 
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that the interference pattern is further influenced by 

deviations of the rays transmitted through the deposit 

from the assumption of a collimated transmitted beam which 

was made in the theory mentioned earlier.  These rays 

possess different path lengths inside the deposit and are 

thus out of phase when interfering with the ray reflected 

on the interface. This results in an attenuation of the 

amplitude of the interference pattern. Rays deviating 

from the collimated transmitted beam are caused by scatter- 

ing inside the deposit and by scattering at the rough 

interface of the transmitted beam. 

C.  Distributions of the Reflected Radiation from Carbon 

Dioxide and Water Cryodeposits 

1.  Results of measurements.  Biangular distribu- 

tions of the reflected radiation were obtained for carbon 

dioxide and water cryodeposits using substrates of polished 

copper and black epoxy paint. The deposition rate for 

water was 0.044y/sec, and for carbon dioxide it was 0.016y/ 

-4 sec.  The deposition pressure was approximately 4 x 10 

mm Hg in both cases. 

Using a polished copper substrate, biangular distri- 

butions of the reflected radiation at various deposit thick- 

nesses are displayed in Figures 11 to 14 for carbon dioxide 

deposit and in Figures 15 to 18 for water deposit.  These 

distributions are normalized with respect to the magnitude 
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Figure 17. Normalized biangular distributions of 
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of the radiation reflected from the bare substrate at 

the specular angle. The normalization is discussed later 

in detail. 

Monochromatic light of the wavelengths X -  0.7u 

and 0.9y was employed.  In order to show the behavior of 

the distributions at angles 6 where the reflected rate 

of energy is very small compared to that at the specular 

peak, two plots are displayed where the lower plot has a 

greatly increased scale. 

The bare black paint has a small total reflectivity 

of 4 to 8 percent. Therefore, biangular distributions for 

this substrate were measured with irradiation by unfiltered 

"white" light.  This resulted in a greater detector out- 

put which insures good measurement accuracy.  Results for 

angles of incidence of 0°, 33°, 55°, and 66° are reported 

in Figures 19 through 26. These distributions are nor- 

malized in two different ways: 

1. with respect to the magnitude of the peak of 

the distribution of the radiation reflected 

from the bare substrate at the same angle of 

incidence, 

2. with respect to the magnitude of the radia- 

tion reflected from the bare substrate at the 

specular angle. 

The normalization is discussed later in detail. 
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Figure 19.  Normalized biangular distributions of "white1 

light radiation reflected from various thicknesses of carbon 
dioxide deposit formed on a black paint substrate, ty = 0°. 
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Figure 21.  Normalized biangular distributions of "white1 

light radiation reflected from various thicknesses of carbon 
dioxide deposit formed on a black paint substrate, ij* = 55°. 
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Figure 23. Normalized biangular distributions of "white' 
light radiation reflected from various thicknesses of water 
deposit formed on a black paint substrate, i|> = 0°. 
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light radiation reflected from various thicknesses of water 
deposit formed on a black paint substrate, ip = 33°. 
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Figure 25.  Normalized biangular distributions of "white" 
light radiation reflected from various thicknesses of water 
deposit formed on a black paint substrate, ij» = 55°. 
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The influence of the wavelength on the distribu- 

tions is shown in Figures 27 through 30 for carbon dioxide 

deposit and in Figure 31 for water deposits.  These dis- 

tributions were obtained at a constant deposit thickness 

and a constant angle of incidence at wavelengths A = 0.7p, 

0.8y, 0.9y, and l.Ou.  Irradiation of the cryodeposit 

with filtered light results in very small detector outputs 

(below 0.1 mV at the recorder).  Hence, these measure- 

ments are less accurate 1han the distributions obtained 

with "white" light, since the noise level of the silicon 

light detector and transfer line was approximately 0.004 mV 

which is 4 percent of the maximum recorded signal. This 

noise voltage was measured at zero irradiation as the 

difference in voltage read on the recorder between having 

the recorder terminals shorted and having the light detec- 

tor and transfer line connected. 

As was discussed before the distributions are 

interrupted in the region 8 = - if; because at this angle 

the detector passes in front of the incident beam of 

radiation.  Therefore, E(0°,0°,0), the normalization 

factor for distributions obtained at an angle of incidence 

TJJ = 0°, could not be measured.  E(5°,5°,0) is substituted 

for E(0°,0°,0) which should be approximately correct con- 

sidering that E(i|/,^,0) is essentially equal at ip = 5° 

and if) = 10°. 
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Figure 28.  Normalized biangular distributions of radiation 
of various wavelengths reflected from a 300p thick carbon dioxide 
deposit formed on a black paint substrate, <f> = 33°. 
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Figure 29.  Normalized biangular distributions of radiation 
of various wavelengths reflected from a 300M thick carbon dioxide 
deposit formed on a black paint substrate, iji = 55°. 
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Figure 30.  Normalized biangular distributions of radiation 
of various wavelengths reflected from a 300y thick carbon dioxide 
deposit formed on a black paint substrate, ty  = 66°. 
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2.  The normalization of the biangular distribu- 

tions.  The biangular distributions of the radiation re- 

flected from cryodeposits can be normalized with respect 

to either the magnitude of the peak of the reflected 

radiation E(i|i,8,0)   or to the amount of the radiation 

reflected from the bare substrate at the specular angle 

E(ij),ip,0). When no off-specular shift of the radiation 

reflected from the bare substrate occurs, both normali- 

zation factors are equal. This is the case for the 

polished copper substrate in general and the black paint 

substrate at an angle of incidence of 0° and 33°. The 

radiation reflected from the black paint, if it is irra- 

diated at an angle of incidence of 55° and 66°, shows 

an off-specular shift, and thus the normalization factors 

are different. Therefore, two scales are provided in 

the figures which report biangular distributions obtained 

on a black paint substrate at angles of incidence of 55° 

and 66°.  No preference was given to either of the two 

normalization factors.  Normalization with respect to the 

reflectance at the specular angle, similar to normalizing 

with E(^,ip,0) , was used by Torrance  [9],  However, it 

is felt advantageous to use E (if/, 8,0) „„ as the normali- 

zation factor since it leads to better reproducibility 

of results with different batches of the black paint 

substrate.  Experience shows that the black paint sub- 

strates prepared in different batches result in different 
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off-specular shifts at the same angle of incidence.  While 

E(^,IJJ,0) may change appreciably for off-specular shifts 

as great as 3°, E(i^,0,O)    remains essentially indepen- 

dent of off-specular shifts.  Also the use of E(iK9,0) * r    max 

as normalization factor has the advantage that it can be 

more accurately measured than E{y,ty,0). 

Normalized distributions obtained at different 

wavelengths are compared quantitatively.  Therefore, 

the normalization factor has to be proportional to the 

light flux incident on the cryodeposit.  In order to 

demonstrate that this is true, a crude analysis of the 

light flux incident on the cryodeposit is carried out 

in the following. 

The incident light flux can be calculated from 

the measurement of the distribution of the radiation 

reflected from the bare substrate at an angle of inci- 

dence of 0°.  The entire amount of energy reflected per 

unit time and unit area from the illuminated area dA 

of the substrate is obtained from 

TT/2 

der = 2TT • /  1(6) • cos6 * sin6 d6 (37) 

0 

given in [14]. The intensity of the reflected radiation 

1(9) is computed from Equation (3), where for ip = 0° 
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E(o°,e,o) 
1(8) =   (38) 

dA Am cos6 r 

The energy incident on the substrate per unit time and 

unit area is approximately 

dei = — * der 
pah 

where p . is the angular-hemispherical reflectance of the 

substrate. The relative reflectance of polished copper 

with respect to magnesium oxide is very close to one if 

the wavelength is greater than 0.7u (see Figure 8, page 

37).  The evaluation of the integral in Equation (37) 

by a graphical technique, however, becomes very inaccu- 

rate since polished copper is a specular reflector. 

The integral can be evaluated very well for the black 

paint since the paint is not nearly as specular as pol- 

ished copper.  But de cannot be obtained accurately 

with this paint because p . of this paint varies be- 

tween 4 and 8 percent for paint prepared in different 

batches.  The relative reflectance of black paint with 

respect to magnesium oxide, as measured by Wood et al. and 

reported in [1], remains essentially constant between a 

wavelength of 0.5u and l.Oy.  Thus de. is proportional 

to de between these wavelengths, and by using Equations' 

(37) and (38), it can further be concluded that 
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w/2 E(o°,e,o) 
de. -  /   • cose * sine de (39) 

1  n      cose 

In Table 1, the incident light flux on the cryodeposit per 

unit area at a certain wavelength and at an angle of inci- 

dence of 0°, as computed from Equation (39), is compared 

with the directly measured rate of energy reflected from 

the cryodeposit at the same wavelength and angle of inci- 

dence of 5°. The value at a wavelength of 0.9y serves 

as a reference. 

TABLE 1 

COMPARISON OF THE LIGHT FLUX INCIDENT ON THE DEPOSIT 
AND THE NORMALIZATION FACTOR AT AN ANGLE OF 

INCIDENCE OF 0° AND VARIOUS WAVELENGTHS 

deix     E(5°,5°,0)x 

de.    •  E(5°,5%0)0 - 
X
0.9M 0,9y black paint 

0.7y 0.389 

0.8p 0.690 

0.9y 1.0 

l.Ou 0.804 

"white" light 26.7 

0.402 

0.681 

1.0 

0.794 

26.8 

Since both values agree well at each wavelength, it can" 

be concluded that the normalizing factor E(5°,5°,0) is pro- 

portional to the light flux incident on the cryodeposit. 
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It is shown in Table 2 that 

E(66°,6,0), max 

E(5°,5°,0) 

of the black paint is essentially equal at different wave- 

lengths.  Thus, at an angle of incidence of 66°, the 

normalizing factor E(66°,6,0)m=v is also proportional to 

the light flux incident on the cryodeposit. 

TABLE 2 

COMPARISON OF THE NORMALIZATION FACTOR FOR THE 
BLACK PAINT AT AN ANGLE OF INCIDENCE OF 5° 

AND 66° AND AT VARIOUS WAVELENGTHS 

E(66°,9,0)max 

E{5 °,5°,0) 

5 34 

5 49 

5 .49 

5 58 

5 44 

black paint 

0.7y 

0.8y 

0.9u 

l.Oy 

"white" light 

A significant increase of the normalization factor with 

the angle of incidence is observed from Table 2.  There- 

fore* it is not possible to compare directly normalized 

distributions at different angles of incidence.  This 
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applies also to the polished copper substrate, where in 
E(66°,e,0) 

this case   is between 1.2 and 1.5. 
E(5°,5°,0) 

Since this normalization factor is different at 

different angles of incidence, the normalized distribu- 

tions obtained at different angles of incidence cannot 

be compared directly.  Thus, in order to show quanti- 

tatively the influence of the angle of incidence on the 

distributions, the distributions obtained at different 

angles of incidence should be normalized with respect 

to the same normalization factor.  In Figure 32, distri- 

butions are displayed which were obtained from carbon 

dioxide deposit formed on the black paint substrate at 

the same deposit thickness and wavelength but at different 

angles of incidence.  These distributions are normalized 

with respect to the same normalization factor E(5°,5°,0). 

It is observed that the amount of radiation reflected 

from the cryodeposit is increasing with increasing angle 

of incidence.  However, by comparing Figures 19 through 

22, pages 64 through 67 directly, a wrong conclusion would 

have been drawn.  The behavior of the curves in Figure 

32 will be explained in detail later. 

3.  Phenomena observed from the biangular distri- 

butions of the reflected radiation.  The biangular distri- 

butions of the radiation reflected from cryodeposits show 
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the following phenomena which were observed before by other 

investigators mentioned in Chapter I. 

1. The magnitude of the peak of the distribu- 

tion is decreasing with increasing deposit 

thickness 

2. Scattering interference patterns 

3. Backscattering 

4. Off-specular shift of the peak of the 

distribution 

It is observed from all reported distributions 

that the magnitude of the peak of the distribution de- 

creases with increasing deposit thickness so that the 

radiation reflected from cold panels covered by cryo- 

deposits becomes more diffuse with increasing deposit 

thickness.  It is also noticed that a greater decrease 

of the magnitude of the peak of the distribution results 

from carbon dioxide deposits than from water deposit 

at the same deposit thickness. 

Scattering interference patterns are observed and 

indicated in Figure 15, page 59, and in Figure 17, page 

61. These scattering interference patterns are not in- 

vestigated in this work since they were analyzed in 

detail in [3] for carbon dioxide deposit. 

Backscattering is in this investigation defined 

as a peak in the reflected radiation which occurs at 

negative viewing angles 8. Backscattering is observed 
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and indicated in Figure 16, page 60, and in Figure 18, 

page 62.  This phenomenon is not investigated in this 

work. 

Off-specular shifts of the peaks of the distribu- 

tions of the reflected radiation (as defined in Chapter I) 

are observed in many of the reported biangular distribu- 

tions.  These off-specular shifts, as well as the magni- 

tudes of the peaks of the distributions, are investigated 

in detail in the following:  first, for carbon dioxide 

and water cryodeposits formed on a black paint substrate 

and secondly from carbon dioxide and water cryodeposits 

formed on a polished copper substrate. 

4.  Carbon dioxide deposit formed on a black paint 

substrate.  The off-specular shift of the radiation re- 

flected from carbon dioxide cryodeposit at an angle of 

incidence of 55° and 66° and at wavelengths of 0.7y 

and 0.9j. is shown in Figure 33.  It is observed that for 

an angle of incidence of 66° the carbon dioxide deposit 

shows an off-specular shift increasing with the deposit 

thickness until the off-specular shift reaches a maximum 

value of 14° at a deposit thickness of 50y.  If the angle 

of incidence is 55°, the shift reaches a maximum value of 

19.9° at the same thickness.  At an angle of incidence 

of 33° and 0°, no off-specular shift was observed as 

shown in Figures 19 and 20, pages 64 and 65.  Above a 
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Figure 33.  Off-specular shift of radiation reflected 
from carbon dioxide deposit formed on a black paint 
substrate. 
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deposit thickness of 50y for an angle of incidence of 55° 

and. above a thickness of 150u for an angle of incidence 

of 66°, inspection of Figures 21 and 22, pages 66 and 67, 

shows that the distribution of the reflected radiation 

becomes diffuse.  Thus, the off-specular shift is not 

definable.  While no systematic influence of the deposi- 

tion rate T on the off-specular shift was apparent from 

the measurements, (0.0011u/sec £ T £ 0.016u/sec; 

-5 -4 6xio  ran Hg < p < 4 x 10  mm Hg), an investigation 

of the influence of the wavelength of the off-specular 

shift indicated that at an angle of incidence of 66°, 

the off-specular shift decreases with increasing wave- 

length below a deposit thickness of 100y.  Above this 

thickness of lOOu the shift increases with increasing 

wavelength.  The change of the off-specular shift with 

wavelength is only very small, and this change is smaller 

than the accuracy of this measurement.  However, it is 

felt that the indicated change of the off-specular shift 

with wavelength is real since these measurements of the 

off-specular shift at different wavelengths were obtained 

in the same test run, and thus with the same deposit and 

at the same setting of the angle of incidence.  The ob- 

served influence of the wavelength on the off-specular 

shift at a deposit thickness below lOOu (decreasing off- 

specular shift with increasing wavelength) is explained 

in the following paragraph.  Afterwards, an explanation 
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is given for the influence of the wavelength on the off- 

specular shift at a deposit thickness above 100  (increas- 

ing off-specular shift with increasing wavelength). 

As shown before the light flux reflected from the 

substrate in the case of carbon dioxide cryodeposit is 

very small compared to that reflected from the interface. 

If the deposit is thin and the internal scattering inside 

the deposit can be neglected, most of the detected radia- 

tion is due to reflection from the interface, and thus 

it can be assumed that the off-specular shift is solely 

due to the influence of the surface roughness of the 

vacuum-deposit interface on the reflected radiation.  The 

off-specular shift from the thin deposit and the off- 

specular shift obtained from roughened glass surfaces 

is influenced by the wavelength in the same manner, as 

can be shown from measurements on roughened glass sur- 

faces reported my Müller in (15).  It was found that below 

a roughness of o-  1.77 \i,  decreasing off-specular shift 

occurs with increasing wavelength (a/A becomes smaller 

with increasing X), which explains the decreasing off- 

specular shift with increasing wavelength observed at 

a deposit thickness below 100u. 

It is also observed in Figure 33, page 87, that 

the off-specular shift increases with increasing deposit 

thickness.  This suggests that the interface roughness 

is increasing with increasing deposit thickness.  This 
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increased roughness tends towards more diffuse reflection 

which can be concluded from measurements on roughened 

glass surfaces reported in Chapter III.  In addition to 

the surface roughness, however, internal scattering tends 

to influence the distribution. 

The exact amount of radiation reflected due to 

internal scattering cannot be obtained from the distribu- 

tion of the reflected radiation because also the inter- 

face reflects light into angles 0 aside from the specular 

direction, and hence, the reflection from the interface 

cannot be distinguished from that scattered internally. 

However, one can reason that the reflected radiation 

measured at angles far from the specular direction is 

due to internal scattering since the magnitude at these 

angles increases about linearly with the deposit thick- 

ness as seen from the measured distributions in Figures 

19 through 22, pages 64 through 67.  Using this argument 

it can be concluded from Figure 28, page 74, that the 

amount of internally scattered radiation increases with 

decreasing wavelength.  This leads to an explanation for 

the increasing off-specular shift with increasing wave- 

length at a deposit thickness above lOOy. 

The amount of internally scattered radiation in- 

creases with decreasing wavelength, so that the magnitude 

of the peak of the radiation reflected from the interface 

becomes relatively smaller at decreasing wavelength as 
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compared to the reflected radiation due to internal scat- 

tering.  If this radiation, which shows an essentially 

diffuse distribution at a deposit thickness of 100y, is 

added to the radiation reflected from the interface, the 

sum of the two components will possess less off-specular 

shift than the component of the reflection on the inter- 

face alone.  This effect will be stronger if the component 

due to interface reflection is relatively smaller as com- 

pared to the component due to internal scattering.  Thus 

the off-specular shift will be smaller for a smaller wave- 

length which explains the influence of the wavelength on 

the off-specular shift at a deposit thickness above 100y. 

If the angle of incidence is 55°, a greater off- 

specular shift is observed at a deposit thickness of 50M 

than at an angle of incidence of 66°.  It is shown by 

Müller in (15) that also the reflection of radiation from 

roughened glass surfaces shows this behavior.  On the 

other hand the off-specular shift disappears at a lower 

thickness for an angle of incidence of 55°.  This is a 

result of the smaller magnitude of the peak of the radia- 

tion reflected from the interface for an angle of inci- 

dence of 55° as indicated by the Fresnel equations.  The 

relative intensity of unpolarized radiation computed with 

the Fresnel equations is smaller at an angle of incidence 

of 55° than at an angle of incidence of 66°.  Hence, the 
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radiation reflected from the interface is obscured by re- 

flected radiation due to internal scattering at a smaller 

deposit thickness for \\> =  55° than for ^ = 66°. 

5.  Water deposit formed on a black paint substrate. 

In order to investigate the influence of the deposition 

rate and deposit thickness on the formation of the water 

cryodeposit, the off-specular shift of the radiation re- 

flected from the cryodeposit on a black paint substrate 

was measured, and this shift is shown in Figure 34.  The 

reproducibility of the curve was checked for a deposition 

rate of 0.044y/sec, which was the rate used in the measure- 

ments of the biangular distribution of the reflected 

radiation.  In addition, the off-specular shift for dif- 

ferent deposition rates is presented in Figure 34.  Within 

the accuracy of these measurements no systematic influence 

of the deposition rate on the off-specular shift was found 

• -4 -4 (0.012y/sec <_ T < 0.098y/sec; 1x10  mm Hg < p < 7 x 10 

mm Hg). 

In order to further investigate the influence of 

the deposition rate on the formation of the water cryo- 

deposit, biangular distributions of the radiation re- 

flected from water cryodeposit were measured at deposi- 

tion rates equal to those used before for the measurement 

of the off-specular shift.  These distributions are given 

in Figure 35 for a deposit thickness of 150y.  The 
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Figure 35.  Biangular distribution of reflected 
radiation from water cryodeposit formed at various 
deposition rates on a black paint substrate, ^ = 66°. 
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magnitude of the peaks of the distributions, which is 

very sensitive to small changes of the interface rough- 

ness, is displayed in Figure 36 as a function of the 

deposit thickness.  It is quite apparent from Figures 35 

and 36 that the magnitude of the peaks of the distribu- 

tions increases with increasing deposition rates.  Thus, 

it can be concluded that with increasing deposition rate 

the vacuum-deposit interface is becoming smoother 

-4 
(0.012p/sec 1 T £ 0.098p/sec, 1 x 10 ' mm Hg < p < 

7 x 10  mm Hg) which can be contributed to an increasing 

nucleation rate and thus a grain size which decreases 

with increasing deposition rate.  This was observed also 

by Thun [16] on metallic thin films. 

Also the thickness of the deposit has an influence 

on the off-specular shift which is shown in Figure 34. 

With increasing deposit thickness the off-specular shift 

increases up to a deposit thickness of 25^; then the off- 

specular shift decreases continuously with increasing 

thickness and assumes a very low value at a thickness of 

500y.  This variation can be attributed to the relative 

importance of the deposit structure and the substrate 

determining the roughness of the vacuum-deposit interface 

as well as to the relative importance of the substrate 

and the interface on the reflected radiation.  It is felt 

that the increase of the off-specular shift with increas- 

ing thickness below a thickness of 25u is due to reflection 
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Figure 36. Normalized magnitudes of the peaks of 
the biangular distributions for water formed at various 
deposition rates on a black paint substrate. 
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from both vacuum-deposit interface and substrate.  This 

can be concluded from the thin film interference patterns 

presented earlier which showed that at a small deposit 

thickness (below 2p) the amount of radiation reflected 

from the water cryodeposit interface is of the same order 

as the amount of radiation reflected from the black paint 

substrate.  It is felt that the decrease of the off- 

specular shift with increasing thickness at a thickness 

above 25u is due to reflection from a vacuum-deposit 

interface which is becoming smoother with increasing 

thickness.  In order to prove this statement, the distri- 

bution of the radiation reflected from the water deposit 

at a thickness of 50Oy was compared with the distribu- 

tion of the radiation reflected from the bare black paint 

substrate as shown in Figure 37.  The distributions are 

normalized with the magnitude of their respective peaks. 

It is observed that the distribution obtained at a thick- 

ness of 500y is much slimmer close to its peak than the 

distribution obtained at Oy.  Thus, it can be reasoned 

that the peak at a thickness of 50Ou cannot be due to 

reflection from the rough black paint substrate, but is 

solely due to reflection from a very smooth interface. 

In order to confirm conclusions drawn from the 

off-specular shift on the formation of the deposit at 

various deposit thicknesses, the magnitude of the peak 
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Figure 37. Normalized biangular distribution of 
0.9y wavelength radiation reflected from water deposit 
formed on a black paint substrate, ty =  66°. 
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of the distributions and the diffuseness of the distribu- 

tions at various deposit thicknesses were investigated. 

The magnitude of the peaks of the distributions rapidly 

decreases with increasing deposit thickness up to a 

thickness of about 40y, then the magnitude of the peaks 

increases steadily with increasing thickness which is 

observed in Figure 36, page 96. 

In order to show the changing diffuseness of the 

distributions with increasing deposit thickness, the 

"mid-peak width" of the distribution of the reflected 

radiation is defined in Figure 38.  In Figure 39 the 

"mid-peak width" of the distributions obtained at an 

angle of incidence of 66° is displayed for various deposit 

thicknesses. It is observed that the "mid-peak width" 

increases initially with increasing thickness up to a 

thickness of about 25y. Then the "mid-peak width" of 

the distributions decreases steadily with increasing 

deposit thickness. 

These three investigations of the influence of the 

thickness on the formation of the deposit show that at 

a thickness below 25p, the off-specular shift increases, 

the magnitude of the peak decreases, and the "mid-peak 

width" of the distribution increases with increasing 

deposit thickness.  This diffusing effect of the cryo- 

deposit on the distribution of the reflected radiation 

can be explained as follows. 
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Figure 39.  "Mid-peak width" of distribution of 
radiation reflected from water deposit formed on a black 
paint substrate. 
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In order to obtain thin film interference patterns, 

it is required that a thin film of uniform thickness is 

initially formed on the rough black paint substrate. 

This is evident because a variation in thickness would 

lead to random nature of the reflection. Therefore, 

the roughness of the interface and substrate is of the 

same order at small deposit thickness.  It can be reasoned 

that, if these two rough faces are separated from each 

other, the radiation transmitted through the interface 

and reflected from the substrate (about half the amount 

of the total radiation reflected from the thin cryodeposit) 

becomes more diffuse than by reflection on the substrate 

only.  The importance of this diffusing effect on the 

radiation reflected from the cryodeposit increases with 

increasing spacing between the two rough faces and hence 

with increasing deposit thickness. 

Above a deposit thickness of approximately 2 5u, 

the off-specular shift decreases, the magnitude of the 

peak of the reflected radiation increases, and the "mid- 

peak width" of the distribution decreases with increasing 

deposit thickness, so that the distribution becomes more 

peaked.  This can be explained as follows.  With increas- 

ing deposit thickness the influence of the substrate on 

the radiation reflected from the cryodeposit decreases, 

so that an increasing amount of the radiation reflected 

from the cryodeposit is due to reflection from the 
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interface, which becomes smoother with increasing thick- 

ness and is essentially a specular reflector at a deposit 

thickness of 500y. 

The question arises why water forms a smooth inter- 

face and why the interface of carbon dioxide is rough. A 

planar liquid water-ice interface at a temperature close 

to 0°C was observed by Bannister [17], and this was attri- 

buted by Owston [18] to the hexagonal structure of ice I , 

where the molecules are all concentrated close to planes. 

This structure of Ice I was observed by Burton [19] and 

Blackman [20] down to a temperature of about -80°C. 

At lower temperature, the structure changed, which was 

shown by x-ray and electron diffraction measurements. 

Burton [19] and Blackman [20] found that water vapor 

condensed with a cubic structure on a plate, which was 

cooled to a temperature between -120°C and -80°C; below 

-120°C, the deposit was either amorphous as shown in [19] 

or contained very small crystals as shown in [20].  This 

change of the structure with decreasing temperature is 

explained by Burton [19] with the migration of the mole- 

cules on the surface to positions of minimal potential 

energy, which are those positions favorable for crystal 

formation.  This migration is slowed down, if the temper- 

ature is decreased below -80°C. At a temperature of 

g 
Ice I is a phase of water which exists for very 

low pressures at temperatures between 0°C and -80°C. 

102 



AEDCTR-69-179 

-110°C, the migration of molecules has almost stopped, 

so that only small crystals can be formed or the deposit 

becomes amorphous. 

It is also observed from these two investiga- 

tions that disagreement exists about the structure of 

water deposit.  This was attributed by Owston [18] to 

small amounts of different impurities in the deposit. 

In addition, Owston found that the structure varies with 

the deposition pressure.  Water cryodeposit has an amor- 

phous structure if deposited at pressures below 5 * 10 

mm Hg at a temperature of 77°K, and it has a cubic crys- 

talline structure at higher deposition pressures. 

In this investigation only optical tests were 

performed.  These tests lack the resolution necessary 

to determine the structure of the deposit.  Therefore, 

it is not possible to decide whether the water deposit 

in this investigation was amorphous or crystalline. 

But it can be reasoned that either an amorphous structure 

or a structure containing small crystals forms an inter- 

face of small-surface roughness.  The interface of carbon 

dioxide deposit is rough, because carbon dioxide has a 

crystalline structure at a temperature of 77°K.  This was 

found with, x-ray diffraction by Graf [21], who formed the 

carbon dxoxide deposit at a pressure of about 10  mm Hg. 
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6.  Carbon dioxide deposit formed on a polished 

copper substrate.  While the distributions of the radia- 

tion reflected from carbon dioxide deposit formed on a 

black paint substrate show off-specular shift phenomena, 

no off-specular shifts of the peak of the reflected 

radiation are observed in Figures 11 through 14, pages 

55 through 58, where the deposit was formed on a polished 

copper substrate.  However, it is apparent from Figure 14 

that at a deposit thickness of lOOu a second peak emerges 

which occurs at a viewing angle 9 greater than the angle 

of incidence IJJ.  This is confirmed by preliminary measure- 

ments of the radiation reflected from carbon dioxide 

deposit formed on a polished copper substrate which are 

reported in Figure 40.  It is observed in Figure 40 that 

an off-specular shift occurs at the deposit thicknesses 

of 122.5u and 157.5u which are slightly greater than 

lOOu.  However, the off-specular peaks are not pronounced 

which can be explained in the following way. 

At a deposit thickness above lOOu the amount of 

radiation reflected from the vacuum-deposit interface is 

small compared to the sum of that reflected from the sub- 

strate and from the deposit by internal scattering.  Only 

the reflection from the interface can result in off- 

specular peaks since the polished copper substrate is a 

specular reflector.  Thus, no significant off-specular 

peaks are observed above a deposit thickness of lOOy. 
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Below a deposit thickness of lOOu no off-specular 

shift occurs, but this is not necessarily due to the 

fact that the amount of radiation reflected from the inter- 

face is much smaller than that reflected from the sub- 

strate, because specular reflection off the interface is 

also possible, since the interface is, for a small deposit 

thickness (on the order of lu) approximately as smooth 

as the polished copper substrate.  This can be concluded 

from the relatively large amplitude of the thin film 

interference pattern which indicates strong reflection 

off'the interface in specular direction.  But still the 

peak of the distribution at the specular angle is essen- 

tially due to reflection from the polished copper at 

small deposit thickness.  This peak decreases with increas- 

ing deposit thickness due to internal scattering inside 

the deposit and thus extinction of the beam transmitted 

through the deposit. 

At a deposit thickness of 50u, it is observed in 

Figures 13 and 14, pages 57 and 58, that the magnitude 

of the peak is smaller at an angle, of incidence of 55° 

than at 66°.  The question arises if this specular peak 

at an angle of incidence of 6 6° is still due to reflec- 

tion from the substrate or if the specular peak is mainly 

due to reflection from the vacuum-deposit interface, 

since at the greater angle of incidence the path-length 

of the transmitted beam inside the deposit is slightly 
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longer.  This should result in greater extinction of the 

transmitted beam if it is assumed that the extinction 

coefficient is independent of the direction of the beam 

inside the deposit.  In order to check if this assumption 

is reasonable at an angle of incidence of 55° and 66°, 

biangular distributions obtained at a deposit thickness 

of 50u and at angles of incidence of 11°, 33°, 55°, and 

66° are normalized with the same factor.  These distri- 

butions are shown in Figure 41.  Using the assumption 

made before that radiation reflected far from the specu- 

lar direction is mostly due to internal scattering in 

the deposit so that radiation reflected at viewing angles 

6 between -90° and +40° represents essentially internally 

scattered light, it can be concluded from Figure 41 

that the scattering coefficient and thus the extinction 

coefficient is approximately equal at both angles of 

incidence which proves the assumption made before.  Thus, 

it can be reasoned that the peak of the distribution of 

the reflected radiation at a deposit thickness of 50u 

and at an angle of incidence of 66° is due to reflection 

from the vacuum-deposit interface. 

At a deposit thickness of 67.5u as seen in Figure 

40, page 105, and at a deposit thickness of lOOu as seen 

in Figure 14, page 58, the specular peak is observed at 

a high angle of incidence.  As before it can be reasoned 

that this peak is due to reflection from the smooth 
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interface.  Above a thickness of lOOy, the specular peak 

decreases quickly, and at a thickness of 122.5y an off- 

specular peak appears which was mentioned before.  This 

off-specular peak suggests that between a thickness of 

lOOu and 122.5y the interface becomes relatively rough. 

The smooth interface up to a deposit thickness 

of lOOy was not observed, when carbon dioxide was formed 

on the black paint substrate, even though the deposition 

rate and deposition pressure were equal in both cases. 

This was expected since, compared to the polished copper, 

the black paint is relatively rough; and thus the deposit 

interface is comparably rough even at small thickness. 

7.  Water deposit formed on a polished copper 

substrate.  No off-specular shift is observed from the 

distributions of radiation reflected from water deposit 

formed on a polished copper substrate, as seen in Figures 

15 through 18, pages 59 through 62, since the interface 

of a water deposit is very smooth at great deposit thick- 

ness as was shown before.  At low deposit thickness the 

influence of the substrate on the reflected radiation 

is stronger than in the case of carbon dioxide cryodeposit 

because water deposit shows less internal scattering and 

thus less extinction of the transmitted beam through the 

deposit than encountered with carbon dioxide. 
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The influence of the wavelength on the distribution 

of the reflected radiation is obtained by comparison of 

Figure 15, page 59, with Figure 17, page 61, and Figure 16, 

page 60, with Figure 18, page 62.  It is observed that with 

decreasing wavelength \, the magnitude of the specular peak 

decreases.  This can be explained as follows. 

As stated before the radiation reflected from the 

cryodeposit is due to reflection from the vacuum-deposit 

interface, due to reflection from the substrate, and due 

to internal scattering in the deposit.  It was found 

before that the amount of radiation reflected due to 

internal scattering decreases if \   increases which was 

observed from measurements of the radiation reflected 

from cryodeposits formed on a black paint substrate. 

This influence of wavelength on the radiation reflected 

by internal scattering is not as well shown by the measure- 

ments of the radiation reflected from cryodeposits formed 

on a polished copper substrate.  Radiation reflected off 

the substrate is transmitted twice through the interface, 

and this radiation as well as the radiation reflected 

off the interface is more diffuse if a/\   increases (X 

decreases), as is shown by Müller in (15).  Increasing 

diffusenses" of the distribution results in decreasing 

magnitude of the peak of the distribution.  Hence, the 

magnitude of the peak of the distribution decreases if 

A. decreases. 
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CHAPTER III 

CONCLUSIONS 

I.  MEASUREMENTS OF REFRACTIVE INDEX AND DENSITY 

Measurements of the refractive index and density 

of cryodeposits show that the Lorenz-Lorentz law, Equa- 

tion (1) 

M2-l   1 
2 
li+2 

• — = constant 

is also valid for .cryodeposits.  Since the deposition 

pressure in the tests was very low as was the partial 

pressure of the foreign gases, it can be reasoned that 

only a small amount of foreign gases was trapped by the 

deposit.  Thus, the Lorenz-Lorentz constant of the cryo- 

-4 deposit at a deposition pressure of 4 * 10  mm Hg is 

that of the pure substance. 

II.  MEASUREMENTS OF BIANGULAR DISTRIBUTIONS OF THE 

RADIATION REFLECTED FROM CRYODEPOSITS 

The biangular distributions of the radiation re- 

flected from cryodeposits show that cryodeposits change 

the reflective properties of cold panels where they are 

formed.  While the biangular distribution of the radiation 

reflected from carbon dioxide at a deposit thickness of 
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300u is essentially "diffuse," the biangular distribution 

of the radiation reflected from water has a strong peak 

with a small off-specular shift at great deposit thickness 

(0.5 mm). 

A. Carbon Dioxide Deposit Formed on a Black Paint 

Substrate 

The off-specular shift seems to be independent of 

* —5 the deposition rate (0.0011y/sec <^ T <_  0.016u/sec; 6 x 10 

-4 mm Hg <_  p <_  4 x 10  mm Hg) . 

The off-specular shift increases with the deposit 

thickness up to a thickness of approximately 50y.  Then 

the shift remains constant up to a thickness of approxi- 

mately 160M at an angle of incidence of 66°.  Above a 

thickness of 160y the distribution of the reflected radia- 

tion becomes diffuse. 

B. Carbon Dioxide Deposit Formed on a Polished Copper 

Substrate 

No off-specular shift is observed below a thickness 

of lOOu.  It is shown that the specular reflection at a 

thickness between 50u and lOOu is due to the vacuum-deposit 

interface which is rather smooth. 

At a thickness of 100y an off-specular peak emerges. 

Off-specular shift is observed between a thickness of lOOy 

and'150u.  Above 150u the distribution becomes "diffuse." 
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C. Water Deposit Formed on a Black Paint Substrate 

The off-specular shift shows no systematic influence 

of the deposition rate.  It is felt that the change of off- 

specular shift due to a different deposition rate is 

smaller than the accuracy of the measurement. 

The peak of the biangular distribution increases 

with increasing deposition rate. Thus the vacuum-deposit 

interface becomes smoother with increasing deposition 

-4 rate (0.012u/sec <_ T <_ 0.098vi/sec; 1 x 10  mm Hg <_ p <_ 
-4 

7 x 10  mm Hg). 

D. Water Deposit Formed on a Polished Copper Substrate 

No off-specular shift is observed.  The peak of 

the biangular distribution increases with increasing 

wavelength. 

III.  CARBON DIOXIDE DEPOSIT 

It can be concluded that carbon dioxide forms a 

rough interface except at small thickness if carbon 

dioxide is deposited on a smooth substrate.  The. deposit 

seems to be crystalline. 

IV.  WATER CRYODEPOSIT 

It can be concluded that water forms an interface 

which is rather smooth at great deposit thickness (0.5 mm). 

The deposit appears to be amorphous or to contain small 

crystals. 
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APPENDIX A 
i 

ERROR ANALYSIS OF THE MEASUREMENT OF THE 

REFRACTIVE INDEX AND DENSITY 

i 

The refractive index is computed from Equation (7) 

2     Ata 2 sin tk - ( ) . sinij) 
At 

y2 =  12  
Ata 2 

1 - <—) 
Atb 

This equation is differentiated implicitly. 

Ata 2          2   Ata   Ata sinik ^(sini^, )-sinij> ' ( ) 6 (sinijO -sin ty   • ( )• ( ) 
5y      D      ü     a  Atb       

a      a  Atfa    At 

u 2   Ata 
2  2 sin TJK- ( ) sin f 

Atb 

At    At 
<—) 6 (—*-) 
At.   At. 

+  *- &- (40) 
At, 2 

At, 
l-(—) 

By isolating the terms 

6(sinik) 6 (sinij;  ) 

Ata 
5 <—) 

Atb 
/ 

sinik                           sinijj                                At b a , a. 

Atb 
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Equation   (40)   is written  in a different form. 

5U At     2 1 6(sinijJ. ) 
—  [1 -   (—2.)   ]   = —  [s'inV   2_ 

U Atb M sinip. 

At 
5(—^-) 

„ At     2   6(siniJ;  ) At 
^ .< / Cl \ a. , -  sin'U     {—-) b 

a   \. .    . At 
At, sinil; ,     ax 

At, 

Ata   ' 

At     2        At. 
+    (—~) TZ? (41) 

Atb    Ä 
Atb 

The angle of  incidence  is estimated to be accurate within 

6^b =   ±  0.25°     at     ^b = 55" 

6i|p     =   ±   0.25°     at     to    =  33° a a 

The magnitude of 

6 (sini|), )                      6 (sinto  ) 
 2_      and       a_ 

sinil>, sinto 
b a 

is then computed at these angles to and to . 

6<sinto )  costo '6to ■ 

sinijj, sinto 
=   ±   0.00306  radians 
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<5(sini|> )       cosip   • 6i|/ 
 —       - A =   ±  0.00671 radians 
simf sinü a a 

Ata The accuracy of the measurement of ( ) is estimated to be 
Atb 

At 

At 
<S(—a-) 

— = ± 0.005 

Atb 

As it is usual practice in error analysis calculations, 

each term in Equation (41) is squared to make it positive, 

so that a good estimate of the accuracy of — is obtained. 

The value of   is in all measurements close to 0.76. 
A*b 

For water cryodeposit with a refractive index 
<su 

U = 1.26, it is obtained that — = ±  0.0101 and thus 
u 

ü = 1.26 i 0.013 

The refractive index of carbon dioxide deposit is close 

to 1.46 which leads to — = ± 0.0097 so that 
U 

y = 1.46 + 0.014 

The deposition rate T is calculated from Equation 

(8) 

X 
T = 

2K 
Ata • 2r nl1      a 

/   sin^ 

'■vf- — 
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For an estimate of the accuracy of the computed deposition 

rate x, it can be assumed that 

■ 2 i sin \l> 
1 2. = i 
x      2     ■"■ 

even if ^ = 33°.  Thus Equation (8) is simplified for 
cL 

further computation. 

T = ^^: 

Equation (42) is differentiated 

6x  <5X  6U  6(At ) a 

T    X   y     Atb 

and, like in the computation of — before, each term of 
U 

the equation is squared. 

6T 2   6X 2   <5u 2   6At  2 

(—)  = (—)  + (—)  + ( -J (43) 
x      X      y       At a 

The wavelenqth X of the peak of the filter transmission 

is very accurately known so that 

6X 
— =0 
X 

The accuracy of the measurement of the time between two 

interference maxima was estimated before to be 
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• 6(At ) 
 — = ± 0.005 

At a 

and — was computed before. These values are introduced 
y 

into Equation (43) , and it is obtained for water cryo- 

deposit 

— -  ±  0.0113 
T 

and carbon dioxide deposit 

6T 
— = ± 0.0109 
T 

The density of the cryodeposit is calculated from 

Equation (16) 

m 
P = —T 

A'T 

Differentiation and squaring of each term leads to 

6p 2   6m 2   5A 2   5T 2 
(—)  = (^r-)  + (—)  + (—) (44) 

p      m      A      T 

A can be measured very accurately so that it can be 

assumed that 

6A 
— = 0 
A 
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The accuracy of i was obtained before. For water vapor 

the flow rate m of the gas addition system is estimated 

to be accurate within two percent, so that 

<5m ,' ' 
— = ± 0.02 
m . , 

m 

The gas flow rate m of carbon dioxide is' proportional 

to the reservoir pressure which is measured with a 

Wallace-Tiernan gauge.  Its accuracy is estimated to be 

one percent. 

6P 
— + 0. .01 

P 

and thus 

• 
6m 

« = + 0. .01 
m 

These values are introduced into Equation (44), and it is 

obtained for water cryodeposit 

— = ± 0.023 
P 

p = 0.81 ± 0.017 gr/cm3 

and for carbon dioxide cryodeposit 

Sp 
— =   ±  0.0148   , p  =  1.67   +   0.029  gr/cmJ 

P 
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APPENDIX   B 

" EQUIPMENT USED FOR THE TESTS 

Measurements on Cryodeposits 

Mechanical Pump: 

Duo-Seal Vacuum Pump 
Serial No. 0071-97 
Welch Manufacturing Company 

Diffusion Pump: 

Oil,Diffusion Pump 
Type'"'oi62 
NRC Equipment Corporation 

Thermal Ionization Gauge: 

Vacuum Products Division Cooke, Inc. 
Norwalk, Connecticut 

Alpha Radiation Ionization Gauge: 

Type 530 
NRC Equipment Corporation 
Newton, Massachusetts 

Thermocouple Gauge: 

Model SV-1 
Hastings Company 
Hampton, Virginia 

Power Supply for Xenon-Arc Lamp: 

Model CXMA 6500-4S 
Christie Electric Corporation 
Los Angeles, California 

X-Y Plotter: 

Model 2DR-2A 
Moseley Company 
Pasadena, California 
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Strip-Chart Recorder:   :-.. 

Electronic 19.  -«:._ ./_  
Honeywell 

" Industrial .Products'Group . -■ \ •'    < ",...] 
Philadelphia, Pennsylvania \ .-'      t 

i       ■ 

The black paint used as a substrate was Cat-a—iac " ^ 

Black, a registered trademark of Finch, Painty and Chemi- ,■ 

cal Company, Torrance, California. 
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