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Spectral Infrared Reflectance of H2O Condensed
on LN2-Cooled Surfaces in Vacuum
B. E. WOOD,* A. M. SMITH,! J. A. Roux,J AND B. A. SEIBER§

ARO, Inc., Arnold Air Force Station, Tenn.

Absolute hemispherical-angular reflectance measurements were made for H^O cryodeposits
formed in a vacuum infrared integrating sphere. These deposits were condensed on cryo-
genically cooled black epoxy paint and polished stainless steel surfaces at pressures between
2 X 10 ~ 2 and 4 X 10 ~2 torr. The results obtained are presented as functions of view angle from
0° to 60°, deposit thickness from 0 to 4.0 mm, and wavelength from 0.5 to 12.0 M. All three
structural forms of ice / (hexagonal, cubic, and amorphous) were observed with the form
occurring being a function of cryosurface temperature. The reflectance of any H^O deposit
was found to be strongly dependent on the form of ice present. From the results obtained in
this investigation important conclusions are drawn with regard to effects on cooled optics and
space simulation studies in ground test facilities.

Introduction

IN the fields of space simulation, radiative transfer, plane-
tary environments, etc., there are numerous reasons for

interest in the optical properties of ice, frost, or cryodeposit.
For example, in space simulation testing of cryogenically

cooled detectors, the condensation of H20 on cooled mirrors,
windows, and lenses or on the test chamber cryowall can be
undesirable as the condensate may alter the thermal radi-
ative properties of these surfaces. Additionally, the re-
flectance, transmittance, and emittance of H20 frost are of
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general interest with regard to calibration of low-temperature
blackbodies.

Reflectance data reported heretofore on water cryode-
posits, frost, and ice either have been specular reflectance
measurements or relative reflectance measurements, or were
reflection spectra that simply gave an indication of the
presence of absorption bands without regard to the quantita-
tive reflecting ability of the deposits. In addition, most of
these measurements were for H20 frosts formed at atmo-
spheric pressure. Previously, the first two authors measured
in situ the monochromatic angular-hemispherical reflectance
of H20 cryodeposits formed in vacuum1 but these measure-
ments were restricted to the wavelength range from 0.36
to 1.15 ju and were relative to the reflectance of MgO. Essen-
tially nothing has been done to spectrally determine the
absolute hemispherical-angular reflectance of H20 frost or
cryodeposits. The reasons for this are understandable and
are due to the fact that: 1) the deposits often scatter a
significant amount of radiation which means that either an
integrating sphere or 2ir steradian mirror must be used to
sample or collect all the reflected energy, 2) studies of high-
purity frosts require that the deposits be formed in vacuum,
and 3) absolute spectral reflectance measurements, in gen-
eral, require special care in the technique of measurement.

This investigation presents the absolute hemispherical-
angular reflectance of H20 cryodeposits for wavelengths
from 0.5 to 12.0 ju. The deposits, up to 4.0 mm thick, were
formed on LN2-cooled stainless steel surfaces that were
either polished or coated with a black epoxy paint. An
infrared integrating sphere discussed previously2'3 was used
to make the absolute reflectance measurements. These
data are presented as functions of substrate material, view
angle, wavelength, and deposit thickness. The results show
that H20 deposit reflectances are strongly dependent on
wavelength and on the manner in which the deposit is
formed. Wherever possible, these results are discussed
considering various optical applications of cryogenic sur-
faces. Since water vapor is the most abundant constituent
of the Earth's atmosphere that will condense on LN2-cooled
surfaces, the reflectances of these surfaces and H20 frosts in
general are of considerable interest.

Water Deposit Formation Properties

Ice formed at pressures of one atmosphere or less is desig-
nated as ice I and can have two crystalline forms, hexagonal
(Ih) and cubic (Ic), and an amorphous form which has no
crystalline structure. From the results summarized in
Ref. 4, it would appear that water deposits formed from the
vapor on surfaces in vacuum which are 115°K or colder will
be amorphous. If the surface is between approximately
115°K and 150°K the deposit will be Ic. For surface tem-
peratures higher than 150°K the frosts formed will be Ih.
It is also generally agreed that these temperatures of forma-
tion are not rigid. Hence, mixtures of the different forms
can be obtained in the vicinity of the stated temperatures.

The temperatures stated previously are those of the surface
while the vapor is condensing. Once formed, the deposit
can also change structure. The deposit can transform from
amorphous to cubic to hexagonal but the processes are not
reversible. The most conclusive method for studying these
changes in crystalline form is through x-ray diffraction tech-
niques such as used by Dowell and Rinfret.5 They found
that if an H20 deposit is warmed at a fairly high rate, i.e.,
5°C/min, the amorphous to cubic transition would be ob-
served in the vicinity of 145°K. This transition is an exo-
thermic reaction in which there is a sudden increase in tem-
perature from about 145° K up to approximately 165°K
within seconds. Dowell and Rinfret also show that the con-
version of amorphous to cubic can occur at lower tempera-
tures but requires longer time periods. They also state
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Fig. 1 Schematic of infrared integrating sphere.

that no further transformation change is seen until the tem-
perature reaches 200°K whereupon Ic begins to transform
to Ih. However, in Ref. 6 the Ic to Ih transition was re-
ported to occur at about 170°K. Only relatively small heat
releases have been observed during the cubic to hexagonal
transformation.

Infrared absorption spectra of the two crystalline forms
of ice I have been studied by Ockman,7 Bertie and Whalley,8
and Hornig, White and Reding.9 No significant differences
were seen in the absorption spectra of the two forms. This
means that the location of the major absorption bands occurs
in the same vicinity for both Ih and Ic. Until the present
study there have been no data available on the spectral
infrared absorption of amorphous ice.

Apparatus

The infrared reflectometer system (see Fig. 1) has been
previously discussed in Refs. 2 and 3. Absolute hemi-
spherical-angular reflectance measurements were obtained
in vacuum using a powdered sodium chloride coated in-
tegrating sphere. The test surface was one of the faces of a
cryosurface and was either polished stainless steel or coated
with black epoxy paint. A copper-constantan thermo-
couple was silver-soldered to the surface for monitoring the
test surface temperature. To restrict the cryopumping area
to only that of the cryosurface, the LN2 supply lines inside
the vacuum chamber were vacuum jacketed. A guard was
attached at one end to the vacuum jacket with the other
end closely surrounding, but not touching, the junction of
the vacuum jacket with the cryosurface. By rotating the
cryosurface, reflectance measurements could be made as a
function of view angle from 0 to 60°, as measured from the
test surface normal.

The optical transfer, source, and detection systems were
the same as those described in Ref. 3. Radiation from a
1000-w tungsten-halogen lamp was chopped at 13 Hz and
focused on the sphere wall (see Fig. 1). The radiation re-
flected from either the test surface or sphere wall was focused
on the entrance slit of a single pass monochromator which
had a NaCI prism as the dispersing element and a Reeder
thermocouple as the detector.

A gas addition system was used to introduce H2O vapor
into the sphere to be cryopumped. Prior to flow of the H20
vapor into the sphere, the distilled H20 was further purified
by boiling under vacuum and removing any desorbed gases
with a mechanical pump. The mass flow rate of the water
vapor through a rotameter was calibrated by weighing an
evacuated glass flask, cooling it with LN2, and allowing the
vapor to condense in the flask. After about 10 min of flow,
the flask was again weighed on a balance which was accurate
to better than 10~3 g. Knowing the total mass deposited
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Fig. 2 Spectral reflectance of amorphous EhO cry ode-
posits formed on a black epoxy paint svibstrate.

and the flow tame, the mass flow rate was determined. This
was found to be a very good calibration technique with
reproducibility being within ±1%. For all experiments
reported herein a mass flow rate of 2.18 X 10~3 g/sec was
used which yielded a mass deposition rate of 0.24 g/cm2-hr.

Procedure

Prior to the cryodeposit reflectance measurements, the
infrared integrating sphere was pumped down to approxi-
mately 5 X 10~7 torr and reflectance measurements were
made on the warm bare test surface. These measurements
were obtained using the hemispherical-angular technique
described previously in Refs. 2 and 3. Briefly, radiation
from an external source was focused on the NaCl-coated
wall of the sphere after passing through a NaCl window.
The radiation was diffusely reflected throughout the sphere
resulting in the sphere wall being uniformly illuminated.
This caused the test surface to be diffusely irradiated. The
procedure was first to obtain a detector output Bs(d,\) by
viewing the test surface at angle 6 with respect to the surface
normal. The wall of the sphere was viewed similarly for the
same wavelength and another detector output Bw(\) re-
corded. Then the absolute reflectance was determined from
Pha(d,\) = BS(0,\)/BW(\). The important point for absolute
reflectance measurements in the integrating sphere is that
the area of the sphere wall viewed by the spectrometer is
irradiated by the first reflection from the sphere wall whereas
the test surface is not.

After the bare test surface reflectance was obtained, Z/N2
was used to cool the cryosurface to an equilibrium tempera-
ture of 93° K. Upon valving off the integrating sphere
from the pumping system, the H20 vapor flow into the
sphere was started. Because the gas was allowed to con-
dense only on the cryosurface, a given flow time resulted in a
certain deposit thickness T. This could be calculated by
knowing the mass deposition rate and density of deposit.
The density of amorphous H20 cryodeposits has been re-
ported10 as 0.81 g/cm3. The deposits in this study were
also amorphous and were formed under similar conditions to
those stated in Ref. 10. Therefore, a density of 0.81 g/cm3

was used in calculating all deposit thicknesses. In order
to insure that these thicknesses were correct, deposits up
to 130 M thick on stainless steel were checked optically by
using thin film interference techniques with a He-Ne laser
as a light source. The thicknesses determined by these
two independent techniques were in good agreement, and
indicated that the density used in the calculations was
correct.

After each thickness of deposit had been formed, re-
flectance measurements were made as a function of wave-
length from 0.5 to 12.0 ju, using the procedure discussed
previously. Upon completion of reflectance measurements

for a given thickness, the flow of H20 vapor was again
started. The pressures during deposition remained, rela-
tively constant, ranging from 1 X 10~2 to 4 X 10~2 torr
for the full range of thicknesses. This deposition pressure
was an order of magnitude less than that for the H20 deposits
formed and measured in Ref. 1. The temperature of the
test surface prior to any deposition was about 93°K. Dur-
ing the time of deposit formation, the temperature would rise
about 2° to 3°K. For increasing deposit thickness, the
temperature also gradually increased, with the final deposit
thickness (4 mm) being formed at temperatures of approxi-
mately 103° to 106°K. As will be discussed later, this final
temperature may have had some effect on the structure of
the thick deposit.

Results

Amorphous Deposits on Black Epoxy Paint

The curve labeled r = 0 mm in Fig. 2 shows the reflectance
of the black epoxy paint prior to cooldown. It is seen that
this reflectance was 5% or less for wavelengths smaller than
8 M but increased to as high as 8-8.5% in the wavelength
range between 8 and 12 /z. Figure 2 also presents the re-
flectances of H20 deposits on the black substrate for deposit
thicknesses ranging from 0.063 mm up to 4.0 mm.^ The
pressure during deposition varied from 2.5 X 10"2 torr for
the 0.063-mm-thick deposit to 4.0 X 10~2 torr for the 4-mm-
thick deposit. The thickness deposition rate T of the H20
deposits was constant at a value of 0.825 /x/sec.

It is seen in Fig. 2 that the reflectance of the 0.063-mm-
thick deposit is less than that of the bare paint surface at
all wavelengths. In the visible region the reflectance has
been reduced from about 4.5% down to 2.0% and the reduc-
tions are even greater in the infrared (X > 1.0 M)- For the
thicker H20 deposits, the reflectance at the longer wave-
lengths remains essentially constant at thicknesses from
0.063 mm to 4.0 mm. In contrast, the data for a thickness
of 4.0 mm shows the reflectance at 0.5 /* to be about 47%.
This increase in reflectance at the shorter wavelengths has
a strong spectral dependence and, as shown in Refs. 12 and
13, is due to internal scattering. For the 1.0-mm-thick
deposit the reflectance increases almost linearly with de-
creasing wavelength below about 1.5 /*. To the eye, the
thicker deposits (1.0-4.0 mm) had a slight milky-white
translucent appearance, while deposits less than 0.25 mm
thick could not be detected visually. In general, the de-
posits could be assumed to have an amorphous structure.
This will be discussed in greater detail later.

For H20 deposit thicknesses equal to or greater than 0.125
mm, a slight increase in reflectance in the wavelength region
between 3.1 and 3.25 /x can be seen. This increase is due to
the anomalous dispersion effect which was observed earlier
for C02 and discussed in Ref. 3. The reflectance peak is
caused by the change in refractive index at an absorption
band. Otherwise, in the infrared, the reflectance is essen-
tially independent of thickness and wavelength for X > 1.5 /*.
Even for the largest thickness, when the effects of internal
scattering would be greatest, the reflectance is still well below
that obtained for the bare substrate. In the infrared the
general trend for water deposits formed on LN2-cooled sub-
strates will be to make absorbing surfaces more absorbing.

The reflectance data reported in Fig. 2 were for a viewing
angle 6 of 10°. To determine the effect of varying 6, re-
flectance measurements were made at viewing angles from 0
to 60° and for wavelengths of 0.5, 1.0, 2.0, 4.0 and 8.0 /x.
The data for X = 0.5, 1.0, and 2.0 M are shown in Fig. 3.
There were no significant differences between the data for
X - 2.0 M and that for X = 4.0 and 8.0 ju. AS seen from the

Additional experimental data are contained in Ref. 11.
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Fig. 3 Dependence of reflectance on view angle for amor-
phous EM) deposits formed on a black epoxy paint sub-

strate.

curves in Fig. 3, there were no major reflectance variations
with view angle.

The change in H20 reflectance with deposit thickness on a
black paint substrate is shown in Fig. 4 for the wavelengths
of 0.5, 1.0, 2.0, 4.0, and 8.0 pi- These data were obtained in
an additional experiment as can be seen by the fact that the
reflectance of the 4-mm-thick deposit in Fig. 4 for X = 0.5 p
is 3 to 4% less than for the corresponding thickness and wave-
length shown in Fig. 2. Figure 4 shows a gradual increase in
reflectance with thickness for the 0.5- and 1.0-/z curves. For
the other three wavelengths, the reflectance is largely inde-
pendent (within 5%) of both thickness and wavelength.

The data shown in Fig. 4 were for deposits that were formed
in layers rather than continuously. Figure 5 shows the vari-
ation of reflectance with thickness at a wavelength of 0.55 JJL
for an H<20 deposit formed continuously. Although there
is only a slight change in the curve shape around 2.4 mm
thickness, it is enough to indicate a possible structure change.
At 2.0 mm thickness, the reflectance curve appears to have
reached a plateau but then begins to rise again at a thickness
of about 2.4 mm. The final reflectance of about 43%, how-
ever, agrees with the 44% value at 0.55 jit for the 4-mm-
thick deposit shown in Fig. 2. It is also near to the 43%
value for the 0.5-ju curve shown in Fig. 4. Therefore,
according to these results there are no significant differences
in the reflectance of deposits formed continuously (Fig. 5) or
in layers (Figs. 2 and 4).

In Ref. 3 an analytical model was presented for determin-
ing the reflectance of a uniform scattering and absorbing
layer. To apply this model to the reflectance data shown in
Fig. 4 for X = 0.5 /z, the black paint surface having a re-
fractive index13 n = 1.48 — iO.OO was assumed to be dif-
fusely reflecting** and the surface of the deposit, which has

bubstrate - Black Epoxy Paint
Deposition Pressure = 3 x 10"2 - 4.5 x 10~2 torr

Fig. 4 Dependence of reflectance on thickness for amor-
phous H2O deposits formed in layers on a black epoxy

paint substrate.

2°
I
=i 10
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0

Substrate - Black Epoxy Paint
Deposition Pressure = 3.2 x 10"2 - 4.3 x 10~2 torr
T = 0.825 M/sec

9 = 10 deg

Fig. 5 Dependence of reflectance on thickness for an
amorphous H^O deposit formed continuously on a black

epoxy paint substrate, X = 0.55 JJL.

a refractive index10 n = 1.266 was assumed to be specular.
With these assumptions the model was first used to deter-
mine3'12 the scattering (cr) and absorption (k) coefficients
from the reflectance data for the two deposit thicknesses
indicated in Fig. 6 (see arrows). For these thicknesses, 0.5
and 1.0 mm, thin-film interference effects need not be con-
sidered. The value for a was 12.48 cm"1 and for k, 0.984
cm"1. Since the deposits were predominantly amorphous,
or glasslike, the scattering coefficient, as expected, was con-
siderably lower than that for most H^O frosts. It is im-
portant to point out that the scattering and absorption co-
efficients determined are valid only for this one deposit.
This is due to the many factors which can influence the
formations of H20 deposits as mentioned earlier. After a
and k were determined, they were used to calculate the re-
flectance for each deposit thickness listed in the table of Fig.
6. The analytical and experimental results are compared in
Fig. 6 and agreement is good for deposits 2 mm thick and less.
For the 4.0-mm deposit the reflectance determined experi-
mentally is about 5% higher than the analytical prediction.
The good agreement for the smaller thicknesses indicates
that the deposit is homogeneous, and the disagreement for
the largest thickness suggests that the outer layer of the 4-
mm-thick deposit was slightly more reflecting than the inner
2 mm. It is speculated that the outer layer was more re-
flecting as a result of being partially Ic. From the re-
flectance vs thickness curve shown in Fig. 5 this would seem
very likely. Since the thick deposits did appear somewhat
white, they were presumably at least partially cubic crystal-
line. The only other possible explanation for this appear-
ance would be the presence of voids throughout the deposit
which would serve as scattering centers.

Crystalline Deposits on Black Epoxy Paint

After the reflectance measurements were completed for
the deposits in Fig. 2, the LN2 flow was turned off and the
test surface allowed to warm up. As it warmed, both the
cryosurface temperature and the reflectance at a wavelength
of 0.55 p, were monitored. These data are shown in Fig. 7.
The heat load from the radiation source caused the cryo-
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** Reference 12 shows theoretically that the reflectance for a
cryodeposit on a black substrate is independent of whether the
substrate is assumed diffuse or specular.

Fig. 6 Comparison of experimental and analytical results
for reflectance of amorphous H^O deposits formed on a

black epoxy paint substrate.
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Fig. 7 Reflectance and temperature variation of H2O
cryodeposit during structural change from amorphous to

Ic to Ih.

surface to warm up at a fairly high rate of about 15°K/min.
As can be seen in Fig. 7, the reflectance stayed constant
until a temperature of about 145° K was reached. At this
instant, there was a rapid increase in both the reflectance and
temperature of the H20 deposit which is characteristic of
transformations from the amorphous to cubic structure.
Further warming caused a steady rise in reflectance and tem-
perature until at 233°K the reflectance leveled off at a value
of 83%. After the test surface reached 233°K the surface
was again cooled with LN2 to approximately 100° K, and the
spectral reflectance measured from 0.5 to 12.0 JJL. The re-
sulting reflectance, shown in Fig. 8, is greater by a factor of
about 2 over that observed for the deposit before warmup.
Increased internal scattering by the H20 deposit accentuates
the absorption bands at 1.04, 1.25, 1.55, 2.03, and in the
vicinity of 2.85-3.25 /z. Substantial internal scattering is
also seen for the longer wavelengths up to 12.0 JJL.

After the spectral reflectance measurements shown in
Fig. 8 were completed, the test surface was again allowed to
warm up. However, no abrupt changes in temperature or
reflectance were observed. Therefore, the structural changes
are irreversible, at least for periods of a few hours. The
change in reflectance is caused by the change of the deposit,
originally in a predominantly amorphous state, to the cubic
crystalline state. This is an exothermic process as indicated
by the sudden jump in temperature at 145°K in Fig. 7.
After warmup to 233°K the final state is undoubtedly hex-
agonal. The gradual increase in reflectance seen in Fig. 7
for temperatures beyond 175° K is due to the relatively slow
conversion of the cubic form to hexagonal.

Amorphous Deposits on Stainless Steel

To study the dependence of cryodeposit reflectance on sub-
strate reflectance, H20 deposits were formed on the LN2-cooled
polished stainless steel surface. This was the same test sur-
face used previously but with the paint removed and the
surface repolished. The reflectance of the bare surface (r =
0 mm) prior to cooldown is shown in Fig. 9. For the thinnest
deposit studied, 30 M> the reflectance was reduced signifi-
cantly. Absorption bands can be seen to occur at 1.55 ju
and 2.0 /z, around 3.0 /z, and at 4.5 /z. For wavelengths
between 5.5 and 12 /z the deposit absorbs strongly for all
wavelengths but does show slight reflectance peaks in the
vicinity of 8.0, 8.75 and 9.6 ju. Regions of maximum trans-
mission through the deposit are seen to be at about 3.70 and
5.1 /LI and for most wavelengths below 2.5 /x. The peak at
3.7 ju also corresponds to a transmission window in the
gaseous phase of water. For thicker deposits in Fig. 9, the
peak at 3.7 ju. disappears and the reflectance decreases for all
wavelengths. The edge of strongest absorption moves from
3.0 M for T = 0.125 mm to 1.5 M for r = 4.00 mm. In the
visible and near infrared the reflectance drops to about 30%
for the 0.125 mm thick deposit. At this thickness the sur-

face appears tannish-brown in color. Further increase in
deposit thickness causes the visible and near infrared re-
flectance to increase. Finally, for a deposit thickness of 4.0
mm, the reflectance spectrum in Fig. 9 looks very similar to
that for the 4.0-mm-thick deposit on the black substrate
(Fig. 2). The main difference is that the reflectance in the
infrared appears to be about 5% higher for the deposits
formed on the stainless steel substrate.

The reflectance variation with H20 deposit thickness on a
stainless steel substrate is shown in Fig. 10 for wavelengths of
0.5, 1.01, 2.02, 4.10 and 8.05 /A. These data are for the de-
posits whose spectral reflectances are shown in Fig. 9. The
reflectance at 1.5 ju drops from an initial value of 50% down
to 30% and then is followed by a gradual rise back up to 46%
at 4.0-mm thickness. This is almost back up to the initial value.
For the other wavelengths, the reflectance is considerably less
than the initial value regardless of the deposit thickness. The
behavior of the 0.5-ju curve has been explained earlier for C02 in
Ref. 3. m It was determined that the initial drop in reflectance is
due to two causes: 1) the change in the relative refractive index
at the stainless steel substrate, and 2) a further decrease
caused by trapping of radiation in the deposit because of the
critical angle effect. The second decrease is a result of scat-
tering of radiation such that the rays are internally incident
on the deposit surface at angles greater than the critical
angle. This radiation is then totally reflected back to the
substrate which increases the possibility of its absorption by
the stainless steel.

Crystalline Deposits on Stainless Steel

After the reflectance measurements for the 4.00 mm de-
posit in Fig. 9 had been completed, the chamber was brought
up to 740 mm pressure with dry nitrogen while the reflectance
at 0.55 /x was monitored. Although the LN2 flow through
the test surface was continued, the temperature increased
from about 100° K to 115°K. During this pressurization
there also was a gradual increase in deposit reflectance from
the initial value of 46%. After an hour the reflectance had
risen to about 65%. This increase was probably caused by
the surrounding gas warming the outer portion of the de-
posit. The test surface temperature was 115°K which was
considerably less than the transition temperature of 145° K
observed earlier. However, because of the high heat load
from the light source the outer portion of the H20 frost may
have reached sufficiently high temperatures to cause the
phase transition from the amorphous to cubic state. The
transition would begin on the outer surface and advance
slowly inward with time. Dowell and Rinfret5 have shown
that amorphous ice will change to cubic for temperatures be-
tween 113° and 145°K with the deposits at the colder tem-
peratures requiring much longer times to transform. When

4.00-mm H20 Deposit after Temperature
" ncrease up to 233°K.

4.00-mm tyO Deposit on Black Epoxy Paint
Substrate before Warmup (see Fig. 2).

Fig. 8 Comparison of reflectances of a 4-mm H2O deposit
on black epoxy paint before warmup (amorphous structure)

and after warmup (hexagonal structure).



SEPTEMBER 1971 INFRARED REFLECTANCE OF H2O LN2-COOLED SURFACES 1841

the deposit reflectance had reached 65% the chamber was
evacuated to approximately 10~5 torr and the LN2 turned
off to allow the cryosurface to warm. As the temperature
reached 145° K there was again a sudden increase in both tem-
perature and deposit reflectance but the sudden reflectance
increase was only about 6%. This was considerably less
than the jump observed in Fig. 7. After the sudden re-
flectance increase, the reflectance continued to increase
gradually up to about 83% in the same manner as shown for
the deposit in Fig. 7. The small jump was due to the fact
that most of the amorphous ice had already transformed
to the cubic state.

Figure 11 shows the spectral reflectance of the 4-mm H20
deposit on stainless steel after the system had been pressur-
ized, the chamber again evacuated, and the cryosurface
temperature raised to 200° K and then lowered to 100°K.
The shape and magnitude of this reflectance curve resembles
that of the analogous curve in Fig. 8 with some slight differ-
ences. For both cases, absorption bands appear at 1.04,
1.25, 1.55, 2.04 and around 3.0 p. In Fig. 11 there is a peak
in the reflectance at about 3.5 M whereas no peak was ob-
served for the annealed deposit on the black substrate (Fig.
8). The main difference between the two experiments was
the fact that the annealed deposit reflectance shown in Fig.
11 was obtained after the deposit had been exposed to a dry
N2 pressure of 740 mm. Undoubtedly, N2 gas was absorbed
by the deposit. Since no significant difference is seen be-
tween the reflectances of the two annealed deposits for
wavelengths slightly less or greater than 3.5 /*, it would ap-
pear that the reflectance peak at 3.5 JJL is not due to scattering
alone but is caused mostly by increased transmission. A
similar peak is present in reflectance data obtained by other
investigators for H20 frosts formed at atmospheric pres-
sure14-15 and has also been observed in this laboratory when
the frost was pumped directly from the atmosphere.

Discussion

As indicated by the results shown in Figs. 2-11, H20 de-
posits may have an appreciable effect on the thermal radi-
ative properties of surfaces employed in cryogenic applica-
tions. For example, the infrared reflectance of a black
painted surface can be reduced to 1% or less which obviously
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Fig. 10 Dependence of reflectance on thickness for amor-
phous H2O cryodeposits formed on a polished stainless

steel substrate.

is an important factor in certain space simulation experi-
ments where background infrared radiation must be mini-
mized. In such studies the surroundings are black cryo-
genically cooled walls. By precoating the cold walls with
a thin H20 deposit 50-100 /-i thick, reflectances of 1% or less
could be easily achieved provided that the deposit formed was
amorphous. The vapor pressure of water deposits formed
at these temperatures (77°-4°K) is so low (less than 10~24

torr) that migration to other cooled optical surfaces within
the chamber would not be a problem. For space simulation
chambers in general, H20 can deposit in any of the 3 different
forms, Ih, Ic, or amorphous. Which of these 3 types or what
mixtures of these forms occur during deposition will be deter-
mined by the cold wall temperature. Although the infrared
reflectance of a black surface could be greatly reduced by a
thin layer of amorphous ice, a crystalline layer of the same
thickness could cause an increase in the visible and near infra-
red reflectance. This increase could be an order of magni-
tude if the deposit formed was ice Ih. Therefore, care must
be taken to maintain the cold wall at a temperature less than
approximately 100°K. Also, a "hot spot" on a cryogenically
cooled panel could cause the surface reflectance to increase
since the formation of ice Ih or Ic at a local point can propa-
gate across an amorphous deposit.

The effect of water deposits formed on polished stainless
steel indicates that the presence of even very thin films of
H2O on a cooled mirror can change the infrared reflective
properties from highly reflecting to highly absorbing. This
reduction in reflectance can be especially crucial in airborne
applications of cooled optics where contamination by thin
water films will be inevitable. Additionally, the highly ab-
sorbing feature of water deposits for wavelengths greater

Steps in Experimental Procedure

1. After pre-warmup data were obtained
(see Fig. 9), the system was pressurized
to 740 torr with bone dry nitrogen for
about 1 hour.

2. The chamber was evacuated to 10"a torr.
3. Liquid nitrogen flow to cryosurface was

turned off and test surface allowed to
warm up to above 200°K.

4. Test surface cooled back down to 100°K.
5. Spectral reflectance measurements were

made.

5 6 7
X, microns

Fig. 9 Spectral reflectance of amorphous H2O cryode-
posits formed on a polished stainless steel substrate.

Fig. 11 Comparison of reflectances of a 4-mm H2O de-
posit on stainless steel before warmup (amorphous struc-

ture) and after warmup (hexagonal structure).
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than about 1.5 ^ will make the deposits even more trouble-
some in the infrared region as was shown by a deposit only
30 JJL thick on the polished stainless steel surface (Fig. 9).
For any system requiring cooled optics a concerted effort
will be necessary to minimize the contamination of the optical
surfaces by H20.

Previously, the phase changes of H20 have been studied
using calorimetric techniques and x-ray diffraction. The
results shown in Fig. 7 are unique in that they show quanti-
tatively the visual (A = 0.55 ju) changes in reflectance during
these phase changes. In Fig. 7 the reflectance change was
from about 43% up to 66% which was easily observed visu-
ally. The amorphous to Ic transition would start at some
point on the test surface and spread over the remainder of
the surface within 10-15 sec. In contrast, the transition
from cubic to hexagonal was gradual, and the appearance
of the deposit after it had transformed to hexagonal was much
whiter than that for the cubic structure.

Although the absorption bands seen in Figs. 2, 8, 9 and 11
were found to occur at the same wavelength for the different
structural forms of H20 deposit, this was not unexpected.
It has been pointed out previously8 that the major absorp-
tion bands for the hexagonal and cubic form of H20 occur
at approximately the same wavelengths. From the present
study it is seen that this conclusion can also be extended to
include amorphous ice.

Conclusion

The present investigation has presented in situ hemispheri-
cal-angular reflectance measurements of H20 deposits
formed on L7V2-cooled surfaces in vacua. Deposits from
0.03 to 4.0 mm thick were studied and found to appreciably
affect the absolute reflectance over the entire wavelength
range covered, 0.5 to 12.0 ju. From the results of this study,
the following observations are made:

1) The reflectances of cold black surfaces can be reduced
by coating them with a thin solid film of H20. In particular,
between wavelengths of 2 and 12 /*, the reflectance can be
reduced to 1% or less for an H20 deposit thickness of 50-100
M-

2) H20 deposits formed on a polished stainless steel surface
reduce the reflectance over the entire wavelength range.
In the infrared a deposit only 30 p thick reduces the re-
flectance from about 75% down to about 15%. This indi-
cates that thin H20 films can seriously affect the infrared
performance of cooled optics.

3) The reflectance of an H20 cryodeposit is extremely
sensitive to the temperature of the deposit or of the surface
on which the deposit is formed. All three structural forms of
ice I are observed, amorphous, cubic (Ic), and hexagonal
(Ih). The exothermic transition from the amorphous to
cubic state occurs at about 145°K. Further temperature
increase causes the deposit to transform to the hexagonal
configuration. The reflectance of these deposits increases
as the deposit changes from amorphous to Ic to Ih.

4) Weak absorption bands occur at wavelengths of 1.04
and 1.25 ju, and strong bands at 1.55, 2.04, 3.0 and 4.5 /z. A
broad region of strong absorption is observed for wavelengths
between 3 and 12 JJL. The wavelength region of strongest
absorption appears to be between 3 and 7 ju. All absorption

bands occur at the same wavelengths for Ih and amorphous
ice.

5) In the reflectance of H20 on black paint, a small anoma-
lous dispersion peak is observed at wavelengths between 3.1
and 3.25 /x.

6) After a 4 mm H20 deposit, formed in vacuo on stainless
steel, is exposed to dry nitrogen gas at 740 torr pressure, a
peak appears in the spectral reflectance at a wavelength of
3.5-3.7 M.
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