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1.0 INTRODUCTION 

The hemiellipsoidal mirror reflectometer (HEMR) is described in Refs. 1 and 2 for a 

bench-type operation for samples at ambient temperature and pressure. This report 

describes the HEMR and its operation in vacuum for cryogenically cooled samples. As 

described in Ref. 1, the HEMR has a wavelength-range capability from 2 to 34 #m in its 

present configuration, but, with some modifications, this could be extended to shorter or 

longer wavelengths. The range from 2 to 34 #m covers the important region for species 

indentification since most of  the vibration-rotation absorption bands occur in this 

wavelength band. 

The effects of condensed gases on surface reflectance have received much investigation 

over the years. Reflectance effects of H20 and CO2 condensed on surfaces have been studied 

for solar and infrared (IR) ranges. (Refs. 3, 4, 5, 6, and 7). The effects of condensed gases on 

the directional distribution of radiation reflected from specular and nonspecular surfaces 

have also been studied (Refs. 8, 9, 10, and 11). In this investigation thin films of condensed 

gases were formed on mirror surfaces and the hemispherical-directional reflectance 

measured as a function of wavelength from 2 to 25 t~m. The refractive index of each gas was 

measured in situ, allowing accurate film thicknesses to be calculated from thin-film 

interference patterns. The condensed gas properties were studied to determine the optical 

effects of different gases condensed on critical optical surfaces. These situations arise in test 

facilities such as sensor testing chambers or in actual satellite flight. In ground test facilities, 

these contaminant gases are present due to outgassing from materials and atmospheric leaks. 

Space contamination is generally caused by gases from thrusters, cooling systems, or 

material outgassing products. The gases studied in this report were CO2, HzO, NH3, CO, 

N2, 02, CH4, NO, N20 , allene (C3H4), argon, and air. Most of these gases are common 

atmospheric or rocket engine exhaust gases and, thus, are of concern as optical surface 

contaminants. 

In this report reflectance measurements are presented for basically three different scopes 

of interest. The primary emphasis was on the determination of the reflectance and refractive 

index of thin films ( = 10 #m thick) of various gases condensed on cryogenically cooled plane 

metal mirrors in vacuum. Another emphasis was the interfacility comparison of reflectance 

measurements on anodized samples, wherein comparisons of measurements at the Convair 

Division of General Dynamics in San Diego, at the Air Force Materials Laboratory at 

Wright-Patterson Air Force Base, and at AEDC were made. This provided an excellent 

chance to determine the measurement agreement among the different types of 

instruments. The third effort consisted of making reflectance measurements on chemical 
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sulfates and carbonates at room temperature and at 77°K. These results are given in 

Appendix A. 

2.0 DESCRIPTION OF HEMR 

In the HEMR the spectral 

measured. As discussed in Ref. 

determined from 

hemispherical-directional reflectance is the property 

1, the hemispherical-directional reflectance, Qha,s, is 

(;t) 
p (A) _ 

hd,s 
B (;0 

re f  
(1) 

where Bs(X) is the spectral detector output determined with the spectrometer viewing the 

sample and Bref(~k) is the detector output obtained when the spectrometer is viewing a gold 

reference surface that has a reflectance near unity. Reflectance measurements are made by 

simply ratioing the two detector outputs at a given wavelength X. All measurements were 

made for a view angle of  15 deg. 

Figures 1 and 2 show schematically the HEMR and associated equipment.  The ellipsoidal 

'ror /- Spectrometer 

......... 3 p t i c s J  

_ 

Figure 1. Hemiellipsoidal mirror reflectometer system. 
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¢. Optics 

Hemiellipsoidal Mirror 

Figure 2. Components of HEMR system. 

mirror is approximately 32.48 cm (12 in.) in diameter at the major focal plane. The ellipsoid 

has a semimajor axis of  b = 16.24 cm (6.0 in.) and semiminor axes of  a = 15.03 cm (5.916 

in.) and is expressed mathematically as 

x 2 + z 2 y 2  x 2 + z 2 y 2  
- + - ] 

a2 + b2 (5.916) 2 (6.0) 2 (2) 

This ellipsoid has two foci located on the major  axis each 2.54 cm (1 in.) away from the 

original with a 5.08-cm (2 in.) total separation of  the foci. The ellipsoid has the property 

such that an object located at one focus will, in turn, be imaged at the conjugate focus. 

Locating a diffuse light source at one focus results in the diffuse irradiance of  a surface 

located at the other focus. The operation and basic principles are discussed in Refs. 1 and 2. 

3 . 0  A P P A R A T U S  

The hemiellipsoidal mirror was obtained commercially. It was made by molding 

1.91-cm- (3/4 in.) thick Pyrex ® into a hemisphere. The outside diameter was essentially that 

of  a hemisphere 34.3 cm (13.5 in.) in diameter. Grinding and polishing the interior produced 

the desired configuration and dimensions. The result was a h~gh-quality mirror surface with 
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a semimajor axis of 16.24 cm (6 in.) and a semiminor axis of 15.03 cm (5.916 in.). The mirror 

coating was vacuum-deposited aluminum, which has a reflectivity of 97 to 99 percent for the 

2- to 35-#m wavelength range. A hole 3.81 cm (1.50 in.) in diameter was cut in the mirror to 

pass radiation reflected from the sample located at one focus out to the the spectrometer. 

The hole was located so that the center corresponded to a reflection angle of 0 = 15 deg. 

A commercially built blackbody was used for the radiation source. It was constructed of 

oxygen-free copper, and the interior had been machined to form a blunt cone. Metal- 

sheathed electric heating elements were wound around the exterior and brazed to the copper 

surface with a gold-copper alloy. The cone interior surface was plasma-sprayed with 

stainless steel, which oxidizes, when heated, to form a high-emmittance coating. Normal 

blackbody operating temperature was 427 to 482°C (800 to 900°F). For operating in 

vacuum, approximately 30 w of power were required. A water-cooled jacket surrounded the 

blackbody to prevent heat transfer to other components in the HEMR. The blackbody 

cavity opening was 2.54 cm (l in.) in diameter, and the cavity depth was 3.49 cm (1.375 in.), 

yielding a depth-to-radius ratio (L/R) of 2.75. It was established in Ref. 1 that the 

blackbody-emitted energy was diffuse; this diffusion was one of the fundamental operating 

requirements for the HEMR. The blackbody was apertured by an 8- by 30-mm slit to 

restrict the sample area irradiated so as to minimize the heating errors discussed in Ref. 1. 

Radiation emitted from the blackbody was modulated at a frequency of 13 Hz, with the 

polished aluminum chopper blade positioned as close as possible to the blackbody exit 

plane. Using a chopped signal eliminated the sample self-emission problem present in some 

types of reflectometers. The spectrometer was a single-pass Perkin-Elmer Model 98 

monochromator that used a KBr prism from dispersion and a thermocouple for detection. 

The refractive index and thickness monitoring system is depicted in Fig. 3. A 2-mw He- 

Ne laser beam of 0.6328-/~m wavelength was passed into the chamber through a small 

chamber window. The beam was reflected downward toward the sample by a flat mirror. 

With a beam-splitter cube (15 mm square), the beam was split into two beams; one went 

directly through the cube and was incident normal to the test surface, and the other beam 

was directed through the side of the cube, was reflected off another plane mirror, and was 

incident on the test surface at 45 deg. The beam incident at 45 deg was specularly reflected 

directly to a silicon solar cell, whereas the normal incident beam was reflected back to the 

beam splitter, at which point one half retraced the the entrance beam and the other half was 

redirected to another silicon solar cell (see Fig. 3). The solar cell detector outputs were 

displayed on a strip chart recorder. 

The sample wheel (Figs. 1 and 2) was made of aluminum. It had narrow internal passages 

to allow either liquid nitrogen (LN2) or gaseous helium (GHe) cryogenic cooling. The sample 

8 
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~ming 
tr 

for I)eposition 

Figure 3. Double-angle laser interference system. 

positions were machined into the sample wheel to allow the location of eight sample surfaces 

that were 2.54 cm (1 in.) in diameter and 0.635 cm (0.25 in.) thick. The samples used in this 

investigation were solid aluminum mirrors polished to attain a highly specular surface. The 
mirror surfaces that had been drilled and tapped through their rear surfaces were attached 
to the wheel by locking each one down with a spring washer and nut (see Fig. 2) and using a 

thin washer of  indium to ensure good thermal contact. Location of  the samples at the mirror 
foci was achieved through two positioning stepper motors: one for rotary motion and the 

other for lateral movement into and out of  the ellipsoid. Lateral movement in steps of 

0.0025 cm (0.001 in.) was obtained to position the sample accurately at the mirror focus. 

Seven of  the eight sample positions achieved the same temperature as the sample wheel. The 
remaining sample was isolated thermally from the sample wheel to keep a clean, gold 

reference mirror at or near room temperature and free of  any condensed gases. This allowed 
the gold reference measurements to be made at any time during the experiment. 
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4.0 R E F R A C T I V E  INDICES OF CONDENSED GASES 

Refractive index measurements  of  gases condensed on specular surfaces were made using 

the two-angle interference technique. This technique is discussed in detail in Ref. 12 and is 

depicted in Fig. 4. The detector ou tput  varies sinusoidaily as the film is being condensed on 

the substrate because of  thin-film interference. The thickness of  the deposit,  r, can be deter- 

mined at any interference maxima or min ima f rom 

r = m~'/[2n (I--sin2~/n2) '/21 (3) 
t 

where m = 1, 2, 3 .... for maxima,  and 

r = ( r n + ' , ) A / [ 2 n ( 1 - s i n 2 ~ / 2 )  ~'~ 1 (4) 

where m = 0, 1, 2, 3 .... for minima.  For radiation incident on the substrate at two angles ~bj 

and ¢'2, the refractive index can be determined (Ref. 12) f rom 
m 

/ 

I ]  = 

s'n2 '~2 -- \,,'kt2/ sin2 ~bl 

(5) 

where At1 and At2 are the periods o f  the interference minima or maxima for the incident 

angles ~bl and ~b2, respectively. Equat ion (5) is arrived at by assuming that  the deposit ion 

rate, 4-, is a constant.  A similar expression can be obtained by counting the number  o f  max- 

ima or minima obtained over a given time interval (or thickness) for each angle where the 

patterns are being moni tored simultaneously.  In this case the thickness, r, is the same, and 

/- = ml~. m2~. 

2 n~/1 -- sin2 ~l/n2 2 n J  l - - s x n 2 ~ 2 / n 2  (6) 

Solving for n yields 

r l  = 

l 2 (m) 

\ " '2  / (7) 

l0  
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AT = :r = Constant = (Am) X = (Am) X 
At1'2 J1 sin2 qJ1 J1 sin2 qJ2 

2n - n2 2n - n2 
o r  

n = sin2~2 k~T2 / sin2~l 

a) Constant Deposition Rate Required for Both Angles 
ml}, m 2 }, 

T [] = 

2~/1- sin2~In 2 2n/I -sin2~2~. n 2 

or  

l!S -(m1~2 sin2 ~2 in 2 k~ I \m21 
n o 

\m2/ 

b) Equal Change in Thickness Required for Both Angles 

Figure 4. Two-angle interference techniques. 

11 
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The major difference between the two techniques is that Eq. (5) does not require that the 

patterns be measured simultaneously but does require a constant deposition rate. For Eq. 

(7), the patterns have to be measured simultaneously for the same deposit thickness, but the 
deposition rate does not have to be constant. 

The experimental components required for the refractive index measurements have been 

discussed in Section 3.0. The two incident angles ffl and if2 were arranged to be 0 and 45 deg, 

respectively. It was desired to have ~k2 as large as possible to yield a smaller ratio of (Ah/At2) 

and hence a larger value of the term [1 - (Atl/At32)2] in the denominator of Eq. (5). If Atl 

and Ab are nearly equal, then the small number in the denominator increases the uncertainty 

involved, because of division by a very small number. Similar arguments can be made that 

the Eq. (7) ratio of (ml/m2) should be as large as possible to maximize the absolute value in 
the denominator. 

The refractive index (X = 0.6328 izm) of the various gases studied and the condensation 

conditions of deposition pressure, substrate temperature, and deposition rate are presented 

in Table 1. All of the gases except H20 and air were compressed gases. For the H20 

measurements a special water-gas addition system was used. Distilled H20 was first purified 

under vacuum and then allowed to evaporate and pass through a metering valve into the 
chamber. Over the range of deposition rates (Table 1) 0.09 to 3.9 #m/min, no significant 

change in refractive index was noted, although this entire range of deposition rates was not 

covered for each gas. For the gases that will condense on both LN2- and GHe-cooled 

surfaces, the refractive index decreases with decreasing substrate temperature. This indicates 

also that the deposits are less dense at the lower temperatures, a fact that has been proved in 

other similar experiments at AEDC using a quartz crystal microbalance (QCM). For the 
Lorentz-Lorenz formula 

~ n 2 -  1_~ 1 

it is found that for decreasing n, the density D also must decrease, since the specific refrac- 

tive P(k) is a constant at a given wavelength for a given material regardless of its solid, 
liquid, or gaseous state. 

For each gas listed in Table 1, the refractive index shown is an average of 5 to 10 in- 

dividual measurements for that particular condensed gas. The rotary wheel contained the 

seven mirror samples that could be cooled simultaneously. By positioning each sample at the 

point of deposition, several determinations of n could be made during a single pumpdown. 

The refractive indices listed in Table 1 were generally within uncertainty bands of +0.01 

with a maximum variation of _+ 0.02 for most of the gases. For NO the uncertainty band is 

given as _+ 0.02, but this was believed to be due to NO2 impurities since NO readily oxidizes 

12 
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Table 1. Refractive Indices (at X = 0 . 6 3 2 8  #m) and Deposition Conditions 
for Condensed Gases on 77 and 2 0 ° K  Aluminum Mirrors 

Gas 

Deposition rate, 
Deposition pressure, Torr IJ mlmi n 

Refractive Refractive Substrate Substrate Substrate Substrate 
index index temp. - temp. - teml~. • temp. - 

at 77°K at 20°K 77°K 20°K 77VK 20OK 

Carbon 1. 43 + 0. 01 
dioxide 
{CO 2) 

Water 1.31 ~ 0. 01 
(H20) 

Ammonia 1.42 + 0.01 
(NH 3) 

Carbon ---  
monoxide 
(CO) 

Methane ---  
(C H 4) 

Oxygen - - -  

(o2~ 
Nitrogen --- 

Argon ---  
{A) 

Air ---  

Nitric --- 
oxide 
(NO) 

Nitrous - - -  
oxide 
(N20) 

Allene I. 43 ± 0. 02 

(C3H 4) 

1.28+0.01 4 -8x i0  -7 4x10 -8 0.98-1.85 0.85-0.95 

1.28+0.01 2x10-6 2 -5x i0  -8 0.09-1.25 0.09-1.23 

1.37±0.01 2-6xl0  -6 4x10 -8 0 .5-0 .7  0.7 

1.30 ± 0. 01 ---  4-6 x 10-8 ---  0. q5 - 1. 72 

1. 36 + 0. 01 ---  2 -4 x 10 -8 ---  0. 8 - 3.4 

1.31+0.01 ---  4.5 x 10 -8 ---  0.7-1.35 

l. 28 + 0. 01 --- 2.5-3 x 10 -8 ---  l. 71 - l. 74 

1.31 + 0. 01 ---  2-5 x 10 -8 ---  0. 67 - 1.20 

1.28+0o01 ---  3-8x 10 -8 ---  1 . 6 - l .  7 

1.38+0.02 --- 4 x l 0  -8 - - -  0.95 -1.08 

1.29+0.01 ---  l x l 0  -8 - - -  2.21 

1.26±0.01 2 x i 0  -6 4-8 x 10 "8 3.6 - 3.9 3 .6-3 .9  

to  NO2.  O c c a s i o n a l  a n o m a l o u s  v a r i a t i o n s  we re  n o t e d  f o r  a m m o n i a ,  b u t  t h e s e  we re  b e l i e v e d  

t o  b e  d u e  to  d i f f e r e n t  p h a s e s  o f  d e p o s i t .  U s u a l l y  t h e  i n t e r f e r e n c e  p a t t e r n s  l a s t e d  c o n s i d e r a b l y  

l o n g e r  f o r  t h e  h i g h e r  i n c i d e n c e  a n g l e  (~b = 45 d e g ) ,  b u t  fo r  a l l ene  a n d  N O ,  t h e  p a t t e r n s  w e r e  

u n u s u a l .  T h e  p a t t e r n s  fo r  ff = 0 w o u l d  d e c r e a s e  in i n t e n s i t y ,  d i e  o u t  c o m p l e t e l y ,  a n d  t h e n  

b e g i n  to  i n c r e a s e  a g a i n .  W h e n  th i s  o c c u r r e d ,  t he  p a t t e r n s  fo r  ff = 45 d e g  w o u l d  d ie  o u t  

c o m p l e t e l y  b e f o r e  t h o s e  fo r  ff = 0, j u s t  o p p o s i t e  t h e  n o r m a l  b e h a v i o r  o f  t h e  o t h e r  c o n d e n s e d  

gases .  T h i s  p h e n o m e n o n  is as  ye t  u n e x p l a i n e d .  

13 
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Refractive index measurements of  some condensed gases have been reported previously 

in Refs. 7, 12, 13, and 14. The data for CO2 show agreement between all studies for the 77°K 

refractive index measurement, 1.43 _+ 0.01 at 0.6328 ~m. The value of 1.28 _+ 0.01 for the 

20°K CO2 measurements disagrees with the 1.34 value of  Ref. 7 and is considerably lower 

than the 1.42 value of Ref. 14. For H20 at 77°K, the value of 1.31 + 0.01 approximates Ref. 

7 (1.32) but is considerably higher than the value of 1.26 of  Refs. 13 and 14. This is believed 

to be due to the deposition of  the films of the present study at a chamber pressure of  10 7 - 10 8 

torr, whereas the films of  Ref. 13 were deposited at a pressure of  10 4 - 10 3 torr. At this higher 

deposition pressure, there is an increased likelihood of voids or of N2 trapping that tends to 

decrease the refractive index. Undoubtedly, the deposition pressure can have a significant 

effect on the refractive index and density of  the deposited films. The refractive index 1.42 + 

0.01 measured for ammonia at 77°K agrees well with Refs. 7 and 14, but the value of 1.37 + 

0.01 at 20°K disagrees with the 1.42 value of Ref. 14. However, it nearly agrees with the 

value of 1.38 of  Ref. 7. The value of  C H  4 of 1.36 + 0.01 is close to the value of 1.38 of Ref. 

14. The oxygen refractive index of  1.31 + 0.01 is the same as that observed in Ref. 7. 

However, the value for N2 of 1.28 +__ 0.01 is above the value of  1.24 observed in Ref. 7. 

5.0 SPECTRAL REFLECTANCE MEASUREMENTS OF CONDENSED GASES 

The procedure for making reflectance measurements in the HEMR under vacuum 

conditions was similar in principle to that of Ref. 1 for measurements on room-temperature 

surfaces at atmospheric pressures. The blackbody source was allowed to reach operating 

temperature (=900°F  or 482°C) before cryogenically cooling the sample mirrors. This 

procedure removed blackbody outgassing products from the HEMR system, thus preventing 

any possibility of their condensation on the sample surface when it was cooled cryogenically. 

The gold reference surface was isolated thermally from the cryogenically cooled sample 

wheel and remained at our near room temperature. This eliminated the possibility of 

condensation of gases on the reference surface. 

The sample wheel - -  at either 77 or 20°K - -  was positioned such that the aluminum 

mirror of interest was located at the gas deposition location. This was established by 

monitoring the solar cell outputs for the laser beam at normal incidence and at 45 deg to the 

test mirror. The test gas flow was started, and the interference patterns were recorded. As 

the refractive index had been measured previously, a desired thickness was obtained by 

counting the interference maxima or minima. The gas flow was shut off  when the thin-film 

thickness reached about 10 ~m, as determined from the interference patterns. Spectral 

reflectance measurements were made by rotating the sample mirror coated with the 

condensed test gas to the sample foci of the mirror. Reflectance spectra were recorded for 

both the sample and the gold, room-temperature mirror, and ratios were determined. In this 

manner the spectral reflectance of the condensed test gas on the mirror was determined. 

14 
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Figures 5 to 13 show spectral reflectance for the following condensed gases: CO2, H20, 

NH3 (all at 77°K), and CO, CH4, N20, NO, air, and allene (all at 20°K). The deposition 

pressure or chamber pressure was routinely 2 to 5 x 10 .7 tort for 77°K temperature surfaces 

and 3 to 5 x 10. s tort for gases deposited on the 20°K surfaces. The cryogenic liner inside the 

chamber was always at the same temperature as the sample wheel and helped keep the 

chamber pressure low during depositions. Also, the diffusion pump was always left on 

during deposition to help remove noncondensables, especially for the 77°K measurements. 

Carbon Dioxide (CO2) 

Figure 5 shows the reflectance of a 10.2-/~m-thick CO2 film condensed on an aluminum 

mirror substrate at 77°K. The refractive indices for CO2 at ~ = 0.6328/~m were 1.43 _+ 0.01 

at 77°K and 1.28 +_ 0.01 at 20°K. The three main wavelength regions in which absorption 

occurs are (in order of intensity) the 4.1- to 4.3-p.m v3 fundamental band, the v2 fundamental 

band located at 15.0 to 16.0/zm, and the v2 + v3 combination band located at 2.8 to 2.9/~m. 

The channel spectra oscillations (interference patterns) can be observed in the 5- to 10-/tm 

wavelength range. 

9O 

go 

7o 
I ~ .  6 0  I i , i i l I i i [ I I I I I I I I I I I I 

0 2 4 6 8 10 12 14 16 18 20 22 24 

Wavelength, k, p m 

Figure 5. Reflectance of CO2 film on 7 7 ° K  aluminum mirror. 

Water (H20) 

Reflectance measurements of a 10.37-#m-thick film of H20 formed on an aluminum 

mirror (at 77°K) are shown in Fig. 6. There is considerable absorption in the infrared. The 

major areas of absorption are (1) the band centered around 3.0 #m, due to the vl and v3 

fundamental bands and combinations, (2) the band at approximately 4.7 #m, which is the v2 

+ VL combination band, (3) the 6.2-#m band, which is the v2 fundamental, (4) the libration 

band PL between 11 and 14 #m, and (5) a rotational band about 19/tm. In genera], the H20 

film, when deposited at 77°K, shattered after a thickness of only 6 to 8 interference maxima. 

After changing the mirror temperature to about 120°K, no problem was encountered in 

depositing the films. The reflectance data in Fig. 6 are for a deposit formed at 120°K and 

then cooled down to 77°K without shattering occurring. In some instances the entire film 

15 
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Figure 6. Reflectance of H20 film on 77 °K aluminum mirror. 

left the surface during this shattering phenomenon,  whereas at other times the film just 

shattered or cracked in many directions. This shattering phenomenon is not the same as the 

amorphous-to-crystalline-phase change observed previously for H20 deposits (Ref. 4). The 

refractive indices for solid H20 at X = 0.6328 g,m for 77 to 20°K were 1.31 + 0.01 and 

1.28 ___ 0.01, respectively. 

Ammonia (NH3) 

An ammonia film 9.6 #m thick was formed on a 77°K aluminum mirror, and the 

reflectance of  the combination is shown in Fig. 7. The ~'3 band is seen at a wavelength o f  
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80 
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20 

I0 J l  I I  I I  
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8 I0 12 14 16 18 20 22 24 

Wavelength, X, pm 

Figure 7. Reflectance of ammonia film on 7 7 ° K  aluminum mirror. 
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about  3.1 #m, the 1)4 band at 6.3/~m, and the i) 2 band between 9 and 10/zm. In addition to 

these fundamentals,  absorption bands are seen at 5.3/zm and at approximately 11.8 #m, and 

there is also a very broad region of  absorption around 18.5 #m. Refractive indices at k = 

0.6328 #m for solid NH3 at 77 and 20°K were found to be, respectively, 1.42 _ 0.01 and 

1.37 _ 0.01. Twice, at 77°K, refractive index values of  1.51 were obtained. These values 

were real and indicative of  a different phase of  the deposit. 

Carbon Monoxide (CO) 

The other gases studied were condensed on 20°K surfaces (gaseous helium cooled) and, 

in most instances, would not have condensed on 77°K surfaces at the chamber pressure 

( =  10 -s torr) at which the films were deposited. Figure 8 shows the reflectance o f  an 11.4#m- 

thick CO film condensed on an aluminum mirror. The two bands that show up are at k = 

2.9 and 4.5 #m. The band at 2.9 #m, however, is not due to CO but is due to a trace of  water. 

As was observed in the data for H 2 0  in Fig. 6, H20  has a strong absorption band in the 

2.9-to 3.0-#m region. The origin of  the H20  is unknown,  but the H20  did show up in this 

spectrum and in some of  the spectra remaining to be discussed. The CO band located at 4.5 

t~m is the fundamental  stretching mode and is the only infrared band of  any consequence. 

The solid CO refractive index at k = 0.6328/~m was measured and found to be 1.30 _+ 0.01 

at 20°K. 

"E I00 
QJ, 
U 

~, 90 

~ 8O 
v -  

70 

g: 6O 
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I t I I I I I I I I I F i l l  I t I i I I t t I I 

2 4 6 8 I0 12 14 16 18 20 22 24 

Wavelength, h, tam 

Figure 8. Reflectance of CO film on 2 0 ° K  aluminum mirror. 

Methane (CH4) 

Methane will deposit at 33°K or lower for a chamber pressure of  5 x 10 -8 torr and thus, 

like CO, required sample cooling with gaseous helium. The average of  six measurements for 

solid CH4 refractive index at k = 0.6328 #m was 1.36 _+ 0.01 for 20°K. This condensed gas 

gave the best quality of  interference patterns of  all the condensed gases investigated. Film 

thicknesses of  up to 41 /zm (175 interference maxima) were measured by the thin-film 

interference technique. The reflectance of  an l l.5-ttm-thick CH4 film deposited on an 

aluminum mirror is shown in Fig. 9. The two narrow and strong absorption bands are 
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Figure 9. Reflectance of CH4 film on 20°K  aluminum mirror. 

located at X= 3.3 and 7.75 #m, which are, respectively, the u3 and u4 fundamental  

absorption bands. 

Nitrous Oxide (NzO) 

The spectral reflectance for condensed N20 is shown in Fig. 10 for a film 11.4 ~tm thick. 

It was determined from the vapor pressure curves that N20 would condense, at a chamber 

pressure o f  5 x 10 -8 torr, on a 73°K or cooler surface, and that it thus required that the 

aluminum mirror sample be cooled with gaseous helium from the refrigeration system. The 

refractive index of  solid N20 at 20°K and k = 0.6328 p.m was determined to be 1.29 _+ 0.01 

as averaged over three determinations. The strongest absorption band seen in Fig. 10 is the 

~'l band at k = 8.85 p.m with the t, 2 band at 17.05, the p 3 at 4.5, 2u2 at 8.55, 2~,1 at 3.85 and 

the ='l + ~'3 combination band at 2.9 p.m. These band locations agree quite closely with 

absorption bands for N20 in the gaseous state (Ref. 15). 
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Figure 10. Reflectance of N20 film on 20°K  aluminum mirror. 
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Nitric Oxide (NO) 

Nitric oxide films will condense at about 50°K or lower for a chamber pressure of  5 x 

10 -8. The spectral reflectance for an 11.4-/xm-thick film on an aluminum mirror is shown in 

Fig.'l I for a substrate temperature of  20°K. The solid NO refractive index (at 20°K and k = 

0.6328 ~m) averaged over nine measurements was 1.38 + 0.02. The major  absorption bands 

are found to occur at k = 5.8 and 5.45, the location of  the fundamental  stretching mode,  

with weaker bands at 2.8, 7.8, 10.8, 12.8, and 17.1 ~tm. 
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Figure 11. Reflectance of NO film on 2 0 ° K  aluminum mirror. 

Air 

The next gas investigated was atmospheric (or room) air. The refractive index o f  

condensed air at 20°K and X = 0.6328/~m was found to be 1.28 _+ 0.01, which was the same 

value determined for pure solid N 2. The spectral reflectance for the l l.97-#m-thick air 

deposit on a 20°K aluminum mirror can be observed in Fig. 12. The H20 band at 2.9/~m is 

the strongest band observed. The COz band at 4.3/tm occurs in the same general location as 

the interference minima and is not readily apparent.  Evidently, most of  the deposit is N2 and 

O2, which are not infrared-active; HzO and CO2 occur only as trace amounts  in the deposit. 

In Fig. 12, the very broad depression in the spectral reflectance between k = 13 and 21 #m is 

believed to be due to H20 absorption. The interference patterns observed for the 0.6328-#m 

radiation were found to be of  high quality; at least 125 patterns were observed before the 

pattern's  disappearance. This indicates that the deposit is amorphous and therefore exhibits 

little scattering relative to that observed for crystalline films. 
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F igure  1 2 .  R e f l e c t a n c e  o f  c o n d e n s e d  air f i lm o n  2 0 ° K  a l u m i n u m  mirror .  

A l l e n e  (CsH4) 

Allene, or propadiene, a compressed flammable gas, was deposited on 20- and 

77°K-cooled aluminum mirrors. The refractive index of  solid C3H 4 at X = 0.6328 #m was 

found to be 1.26 _ 0.01 and 1.43 _+ 0.02 at 20 and 77°K, respectively. As shown in Fig. 13 

for a 20°K film 24.8 /~m thick, allene has several sharp absorption bands. The band 

assignments are as follows: The/J6 band occurs at 5.25 #m; the v7 band at 7.35 urn; the ='9 

band at 9.95 #m; the strongest band, ul0, with a possible contribution of  v4, occurs at I 1.8 

#m, and the band at 6.05/zm is believed to be the 2Ul0 band. 
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6.0 COMPARISON OF REFLECTANCE MEASUREMENTS 

A comparison was sought of  the reflectance measurements made in the HEMR with 

results obtained on the same samples at other facilities. The opportunity arose through 

a SAMSO-AEDC surface degradation test. Eleven anodized surfaces were investigated 

to determine the bidirectional reflectance of the surfaces and the hemispherical- 

directional reflectance. The bidirectional measurements were conducted at AEDC, and 

the hemispherical-directional reflectance measurements were made by General Dynamics 

Convair (GDC), Air Force Materials Laboratory (AFML), and AEDC in a round- 

robin series of  tests. The reflectometer used by GDC is a system similar to the HEMR. It 

incorporates a hemiellipsoidal mirror of  the same dimensions as the HEMR in use at AEDC 
but has the added capability of varying the incidence angle, and it can operate in the 

absolute mode as well as in the reference mode. The AFML instrument is a Fourier 

Transform Interferometer Spectrophotometer (Willey Model 318S) that employs a diffuse 

gold coated integrating sphere. The surfaces to be measured are maneuvered into place at 
the bot tom of  the integrating sphere. 

GDC was the first company to measure the reflectance of the anodized samples. The 

samples were prepared at the different organizations using beryllium, titanium, and 

aluminum. In some instances the sample was chemically etched before being anodized with 

sulfuric acid. The samples, listed in Table 2, were obtained by SAMSO. The 

reflectances measured for the various samples are shown in Figs. 14 through 25. 

Figures 14 through 17 are for samples that were only anodized, whereas the data in 

Fig. 15 are for a sample chemically etched and then anodized. Chemical etching 

slightly decreased the reflectance, as can be seen by comparing the results in Figs. 14 

and 15 for the two Anodite, Inc., samples. The AEDC anodized sample was studied only by 

AEDC and AFML (see results in Fig. 17). Figures 18 and 19 show the reflectance 
for anodized 7075 aluminum, and Fig. 20 gives the results for 7075 aluminum that was 

anodized after being chemically etched. Figure 21 gives reflectance results for the 

Anodite, Inc., prepared aluminum 2024 that was chemically etched and anodized, and 

Fig. 22, the results for the Hardes, Inc. aluminum 2024 that was anodized only. Figure 
23 presents the reflectance data for titanium anodized by Anodite, Inc., and Fig. 24 shows 

the data for anodized titanium prepared by Lubeco, Inc. Figure 25 shows the reflectances 

measured for an anodized beryllium sample prepared by Anodite, Inc. 

The agreement between the measurements of the three reflectometer systems is good. The 

largest disagreements were observed in Figs. 23 and 24 for the titanium samples. In 

contrast to the close measurement agreement obtained for the other samples, the 

disagreement in results for these two samples is considerable. A possible explanation for 
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Table 2. SAMSO Anodized Samples. 

Processing 
Sample No. Substrate Nbterial Treatment Company 

I 6061 Aluminum H2SO 4 anodized Anodite, Inc. 

2 6061 Aluminum Chemically etched Anedite, I no. 
and H2SO 4 anodized 

3 6061 Aluminum Anodized Hardes, Inc. 

4 6061 Aluminum H2SO 4 anodized AEDC 

5 7075 Aluminum H2SO 4 anodized Anodite, Inc. 

6 7075 Aluminum Anodized Hardes, Inc. 

7 7075 Alumi num Chemically etched Anodite, Inc. 
and H2SO 4 anodized 

8 2(~4 Aluminum Chemically etched Anodite, Inc. 
and 1-12S 04 anodized 

g 2(]E4 Aluminum Anodized Hardes, Inc. 

10 Titanium Anodized Anodite, Inc. 

11 Titanium Anodized Lubeco, I nc, 

12 Beryllium Anodized Anodite, Inc. 
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Figure 14. Comparison of reflectance data from GDC, AFML, and AEDC for 
a 6061 aluminum sample that w a s  H2SO 4 anodized by Anodite, Inc. 
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Figure 15. Comparison of reflectance data from GDC, AFML, and AEDC 

for a 6061 aluminum sample that  was deep chemically 

etched and H2SO 4 anodized by Anodite,  Inc. 
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for a 6061 sample that  was anodized by Hardes, Inc. 
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Comparison of reflectance data from AFML and AEDC for a 6061  
aluminum sample that  was H2SO 4 anodized at AEDC. 
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Comparison of reflectance data from GDC, AFML, and AEDC for 

a 7 0 7 5  aluminum sample that was H2SO 4 anodized by Anodite,  Inc. ' 
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Figure 19. Comparison of reflectance data from GDC, AFML, and AEDC for 
a 7075  aluminum sample that was anodized by Hardes, Inc. 
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Figure 20. Comparison of reflectance data from GDC, AFML, and AEDC for 
a 7075  aluminum sample that was deep chemically etched and 
H2S04 anodized by Anodite, Inc. 
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Figure 21. Comparison of reflectance data from GDC, AFML, and AEDC for 
a 2 0 2 4  aluminum sample that was deep chemically etched and 
H2SO4 anodized by Anodite, Inc. 
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Figure 22. Comparison of reflectance data from GDC, AFML, and AEDC for 
a 2 0 2 4  aluminum sample that was anodized by Hardes, Inc. 
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the disagreement is that the same side of  these two samples may not have been measured. Both 

sides of  these two samples appeared to be identical, but this may not have been the case in 

the infrared. There did not appear to be a consistent trend in the measurement 

disagreements: None of  the three reflectometers consistently read higher or lower than 

the others. Examining the two figures showing the greatest disagreement in measurements - -  

Figs. 23 and 24 - -  reveals that the AEDC data were considerably below the AFML and 

GDC data in Fig. 23, whereas the A F M L  data were considerably below the AEDC data for 

X > 12/~m in Fig. 24. Except for these two cases the agreement between measurements o f  all 

three reflectometers was generally good,  within a variation of  AR = +_ 1.5 percent. 
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Figure 23. Comparison of reflectance data from GDC, AFML, and AEDC for 
a titanium sample that was anodized by Anodite, Inc. 
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Figure 24. Comparison of reflectance data from GDC, AFML, and AEDC for 
a titanium sample that was anodized by Lubeco, Inc. 

Figure 26 shows a comparison o f  reflectance data obtained for an Optosil I ® sample in 

the H E M R  with measurements by General Dynamics Convair (Ref. 16). This sample has a 

specular surface and is a type of  quartz mentioned as a possible standard reference surface 

for reflectance. As can be seen, the two sets o f  measurements nearly agree. In Fig. 27, 

reflectance measurement comparision is made between the H E M R  and NBS data (obtained 
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with a Cary 90 infrared reflectometer) for Bendix 1601 Krylon ® flat black paint. Agreement 
of the measurements for this surface was excellent. 

3O / x Goc 
20 I- • AEDC 

- ~ . 1 0  

"" o r  I I I I I I 
2 3 4 5 6 7 

I I I 
8 9 10 11 12 13 14 15 16 17 18 19 20 

Wavelength, A, IJm 

Figure 25 .  Compar i son  of  re f lec tance  data f rom GDC, AFML,  and AEDC for  
a bery l l i um sample  t ha t  was  anod ized by  Anod i t e ,  Inc. 
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Figure 26 .  Compar i son  of  re f lec tance  o f  Optos i l  I ® measured  in the  HEMR at AEDC 
w i t h  the  resu l ts  o f  the  General  Dynama ics  Conva i r  re f l ec tomete r .  
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Figure 27. Comparison of HEMR reflectance measurements for Bendix black 
paint sample #1601  Krylon ® with those obtained at NBS. 

7.0 SUMMARY 

Spectral reflectance and refractive index measurements have been made for twelve 

condensed gases: CO2, H20, NH3, CO, CH4, O2, N2, A, NO, N20, C3H4, and air. 

Reflectance measurements were made only for the nine infrared active species. Neither the 

homonuclear gases, such as N2 and 02, nor the atomic gas argon were studied in the IR 

infrared inactive. The other gases do exhibit infrared absorption, and their spectra were 

studied over the 2- to 25- #m range. Thin films of condensed gas of approximately 10 #m 

thickness were vacuum deposited at 10 .7 to 10 -s tort on aluminum-coated mirrors and their 

reflectance measured in the hemiellipsoidal mirror reflectometer. Refractive indices of all 

twelve gases were made at the He-Ne laser wavelength of 0.6328 p~m. For each of the three 

gases condensed on both 77 and 20°K surfaces, CO2, H20, and NH3, the refractive index 

was significantly lower at the lower temperature, 20°K. From these results it is concluded 

that the HEMR system can be used for studies of optical proprerties and reflectance effects 

of any gaseous contaminant that will condense on cryogenically cooled optical surfaces. This 

includes studies on outgassing products from materials or studies on reevaporation and 

condensation of solid contaminants, such as rocket motor exhaust products. 

From the reflectance data comparison for the SAMSO samples, generally excellent 

measurement agreement was obtained among the three reflectometers at General Dynamics 

Convair, Air Force Materials Laboratory, and AEDC. Excellent agreement was also found 

between the HEMR and NBS reflectance data for the one sample whose reflectance was 

measured. Comparisons of reflectance measurements were made for 14 samples - -  twelve 

that were anodized aluminum, beryllium, or titanium, one that was a black paint, and one 

that was a polished Optosil quartz sample. 
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A P P E N D I X  A 

REFLECTANCE MEASUREMENTS OF POSSIBLE 

PLANETARY SATELLITE SURFACE CONSTITUENTS 

Reflectance spectra o f  natural materials as they occur on planets, planetary satellites, 

etc., are of  interest to astronomers in their efforts to determine the composition of  those 

bodies (Refs. A-l ,  A-2, A-3). There are few, if any, reflectance measurements available for 

these materials at the temperatures at which they would most probably exist, 100 to 200°K. 

Types of  materials such as carbonates, nitrates, chlorides, and sulfates are useful in identify- 

ing soil compositions. Reflectance data are currently being studied to at tempt to determine 

the physical makeup o f  two Jupiter Galilean satellites - -  Callisto and Io. Astronomical 

reflection data have been obtained and show unexplained spectral features at 3.8 and 4.1 

~tm. 

Reflectance spectra of  several materials were measured using the HEMR to demonstrate 

the variety of  applications of  the system. Figures A-1 to A-7 show spectral reflectance curves 

of, respectively, COSO4 • 7H20, (NH4)2SO4, K2SO4, CuSO4 • 5H20, NiSO4 • 6H20, 

CaCO3, and K2CO3 for samples measured under vacuum at both room temperature 
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Figure A-1. 
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Figure A-4. Reflectances of copper sulfate (CuSO4°5H20 )  at 300 and 130°K.  
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Figure A-5. Reflectances of nickel sulfate (NiSO4o6H20) at 300 and 79°K.  
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(=  300°K) and at temperatures of approximately 79 to 130°K. The sulfates turned brown 

because of their exposure to heat flux from the blackbody. However, the carbonates and 

K2SO4 were not affected by this heat flux. The sulfates generally have a relatively high vapor 

pressure, and the chamber pressure increased from 5 x l 0  -6 torr up to about 5 x 10 .5 torr 

when the samples were rotated into the reflectance measurement position at the sample 

focus. For reflectance measurements made at atmospheric pressure, the sulfate samples were 

more stable, and their appearance did not change appreciably. Under vacuum conditions the 

sulfate samples lost some of their water of crystallization and experienced considerable color 

change. The NiSO4 turned from green to yellow, the CuSO4 turned from blue to green, and 

the COSO4 turned from pink to violet. No apparent shift in infrared absorption band 

wavelength was detected upon cooling the sample substrates to near or slightly above LN2 

temperature. Because of the poor conductivity of the powdered samples, their surfaces were 

expected to be considerably warmer than the substrate. The general reflectance trend for the 

comparable samples was that the samples at room temperature were higher-reflecting than 

the samples at the lower temperature, especially for the cobalt sulfate and the nickel sulfate 

samples. 
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Figure A - 6 .  Ref lectances of C a C O  3 at 3 0 0  and 81 °K .  
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A mortar and pestle were used to grind up the samples, which were then packed to a 

thickness of  1/8 in. in a sample holder, 1 in. in diameter. For reflectance measurements the 

samples had to be oriented with their surfaces vertical and hence had to be tightly packed to 

prevent the samples' falling out. According to the data measured and presented here, only 

the K2CO3 and CaCO3 exhibited absorption bands in the vicinity of 4.1 #m. None of  the 

materials studied exhibited any appreciable absorption at 3.8 ttm. 
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Figure A-7. Reflectance of K2CO 3 at 130°K .  
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