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ABSTRACT

Calorimetric measurements were performed to
determine the total hemispherieal emittance of thin gold
films as 2 function of temperature In the range
60 10 300°K. The effect of film thickness on the emit-
tance.is derponstrated through eqmparison of data for
thin (~400A) and thick (~2500A) metallic films. Itis
found that for the type of thin metallic filisused in
cryogenic multilayer insulation the emittance of these
films is not as strongly dependent on the film thickness
as is predicted by theory. The present experimental
data are compared with theoretical values and also with
experimental results of other investigators.

I. _INTRODUCTION

Thermal radiation characteristics of highly reflec~
tive metal surfaces at cryogenic temperatures have
become an important factor in the development of ther-
mal isolation systems for eryogenic applications{l) and
in the area df thermal control of spacecraft(?) and
planetary experiments.(3} The increasing use of the
multilayer type of insutation has placed particular impor-
tance on the knowledge of the thermal radiation proper-
ties of thin metalitc films (—400 to 1060 &) on plastic
substrates.®) The most efficient multilayer insulation
reflective shield goncept uses vacuum deposited gold or
aluminum (~500A) on a very thin plastic sheet (0.15 to
0.25 mile thick) such as Mylar or Kapton which %reatly
reduces system weight(3) and thermal anisotropy(6) of
the insulation over one using metal foils. For the
analysis of radiative heat transfer in the cryogenic tem-
perature region, it IS important to know the total hemi-
spherical emittance of the film as a function of tempera-
ture and how emittance varies with film thickness.

The first theoretical work on the radiation proper-
ties of thin metallic films(?) was based upon the Drude
single {or free) electron (DSE) theory of optical con-
stants. However , it later became apparent that the anom-
alous skin effect (ASE) theory(8) should be used rather
than the DSE theory for the cryogenic temperature range.
The recent work of Domoto etal. +®) showed that the pre-
dicted values of total hemispherical emittance based upon
the ASE theory could be an order of magnitude greater
than those predicted by the DSE theory. It has been
shown(10,11) for the condition when the film thickness
becomes smaller than the electron mean free path that
the ¢lectrical and thermal properties of the film will
differ from those of the bulk metal. To incorporate the
size effect (i. e., influence of film thickness) into the
skin effect, Dingle(12) established the theoretical frame-
work for evaluating the radiative properties of thin metal-
lic films on the basis of the ASE theory. An extensive
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analysis Of size and skin effect, at cryogenic temperatures
has recently been done by Armaly and Tien. (13}

The purpose of the present work is to report the
experimental results of totil hemispherical emittance of
several thin (~400 1 600 A) and thick (~ 2500 to 4000 &)
vacuum deposited high purity gold films on plastic and
metal substrates over the temperdature range of 60 to
300°K. Effect of film thickness on total hemispherical
emittance is demonstrated and comparisons are made
between experimental and theoretical results for both
thickness effects and absolute values of emittance.

Ii. EXPERIMENTAL APPARATUS AND PROCEDURE

The calorimetric emittance apparatus consists of a
2-1/2411. diameter by 3/16-in. thick aluminum, brass,
or copper sample substrate mounted to a liquid nitrogen
or liquid hydrogen cooled vacuum chamber. (See
Figure 1.) Sample temperature is controlled from
cryogen temperature to 300°Kusing a spiral wound
heater imbedded in a 2-1/4-in. ~diameter copper heating
block, Temperature readout is provided using a Rose-
mount Engineering Company 104 AH1 platinum resistance
thermometer.

Radiated sample energy is collected using a back-
body absorber mounted to the cryogenically cooled
supporting structure within 30 mils of the sample front
face. This absorber consists of a series of thin wall
metal tubes (3/16~in. o.d, by 10-mil wall by 1-in, long)
fitted to the interior of an aluminum shell. The inside
of the shell and tubes are coated with Cat-a~Lac flat
black epoxy paint. The geometry of the blackbody
coupled with the high absorptance of the paint leads to a
calculated theoretical absorptance of 0.97. The black-
body thermal link is selected so that absorbed sample
energy raises blackbody temperature between 5 and 10°K
above that of the bath once thermal equilibrium is
reached. For the present experimeats, two thermal
iinks were needed: three 20-mil-diameter stainless steel
wires were used for sample temperatures between 60
and 160°K, while a 1/4-in. o.d. by 20-mil wall stain-
less tube was used for sample temperatures between
160 and 300°K. Blackbody temperature is monitored
using a platinuia or germanium resistance thermometer.

To define the thermal energy reaching the blackbody
from the sample, it is necessary to calibrate the black-
body absorber. This is done by allowing the sample to
cool to cryogenic bath temperature, and supplying heat
energy to the absorber through a carbon resistance
heater. Once blackbody thermal equilibrium is attained,
the power dissipated in the carbon resistor is measured
and the temperature (thermometer resistance) is
recorded. The process is then repeated for different
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power levels, and a curve of blackbody temperature
versus power input to the blackbody can be generated.
This technique produces a very reproducible curve
since. the blackbody thermal link and all the leads to the
resistances mounted on its back face are thermally
grounded to the cryogenic bath,

Enittance Calculations

Nomenclature:

= heat flux ©blackbody thermal link

_ = calibration power input
= A = ‘gample and abeorber frontal area
= Stefan-Boltzmann's constant

= samnle temnerature during calibration
e ~20°K or 77°K

s8> 00

T, = sample temperature

T, = blackbody absorber temperature

F = sample toblackbody view factor = blackbody
to sample view factor

€, = sampleemittanceat T

a = blackbody absorptance =0.98

¢ = blackbody emittance at Ty, = 0.98

a, = sample absorptance for blackbody radiation at
T, and sample at Tg

Y, = blackbody radiation exchange with wall during
sample run

al = sample absorptance for blackbody radiation et
T}, and sample at T,

Y, = blackbody radiation exchange with wall during
calibration

With a radiating sample present, the heat flux
reaching the blackbody thermal link is equal to the
radiated sample energy, which is absorbed by the
blackbody, minus the radiated blackbody energy, which
is either absorbed by the sample or the chamber walls.

Therefore:
€
Q = A,oTir — £
i-F (1—es)(1-ab)
(1)
4 €plg
- Abo’rb F - Y,

1-FX(1-¢)(1-a)

and during calibration the heat flux reaching the link
is:

Q2=Qc'Qr'Yc ()
where:

'
ebas

1- F(1-¢,)(1-2})

~ 4
Qr h Ab‘ﬂ‘bF
3)

4 ‘8%
AT T F2(1-€ )1-a)
AR )

Thus, Q@ has been defined with a radiating sample
present, and with a calibration heat input Q¢; so, for
corresponding blackbody temperatures we have by com-
bining Egs. (1), (2), and (3):

€
Asa'r‘;r-' - 5%
1- FA(1-€ )(1-ay)

“p?s
4
- AT F1-F2(l-€)(1-a_)- 's
' 4)
“b2s

1-F2(1- €)(1-al)

= Qc-Abon)F

€
+ A oTiF — s’ - ¥,
1-F (l-eb)(l-ab)

The second term on the left-hand side and the
second and third terms on the right-hand side of Eq. (4)
can-all be neglected since Ty << Tg . Thisintroduces
anerror estimated at less than 1%. Also, Y, = Ys
and thus

4 _ S 5)
Q = AS“TSF 1- F2(1 - es)(l - ab)

The emittance eg can now be calculated since all
the terms in Eq. (5)are known including ab, which can
be calculated using an iterative process and data
obtained by substituting a blackbody radiator identical to
the blackbody absorber for the sample. The emittance,
or absorptance, of the blackbody from 80 to 260°Kwas
found to be 0.98 + 0.01.

Error Analysis
The probable errors listed with the emittance
values found in Table 2 were calculated as follows:

2 2
Ace 4AT AQ
5€S = .z_‘ix 100% = [(_T—§> +(Q c)

s 8 [¢]
Bay
G2+ () ]”2 .

Table 1 summarizes typical emittance measure-
ment errors at sample temperatures of60, 100, and
300°K. As shown in this table, measurements at the
lowest sample temperature are subject to the greatest
uncertainty, prinecipally because the AT between the
blackbody absorber and the cryogen bath is approaching
the same order of magnitude as the barometric pres-
sure shifts at cryogenic liquid temperature. At the
higher sample temperatures, the principal source of
error is attributable to the AT's across the 2-1/2-in. -
diameter sample.

A source of error which was not listed in Table 1
but which can be very significant, is heat transfer to
or from the blackbody absorber due to residual gas
conduction. Inthe present experiments, great care
was taken in designing and fabricating the experimental
vacuum chamber so that pressures less than 108 Torr
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it canbe shown that heat transfer by residual gas con-
duction is of the same order of magnitude as heat trans-
ferredobe/ raglatlon if the chamber pressure is o the
order of 1072 Torr.

Preparation of Specimens
Total hemispherical emittance measurements were

performed over the temperature range of 60 to 300°K on
four specimens of vacuum deposited gold films on plas-
tic substrates and four specimens of vacuum deposited
gold fi'ms on copper substrates. The three gold on
Mylar and one gold on Kapton specimens were taken from
commercially.prepared metallized materials; the Mylar
specimens were metallized on both sides and the Kapton
on only one side. For these the purity of the gold used
for evaporation, the deposition rate, and the chamber
pressure durilf evaporation are not known. The 400,
520, and 4000 A gold on copper specimens were prepared
at Lockheed from 99.999% purity gold. Deposition rate
was 20 to 50 A/sec and chamber pressure ~10~6 Torr,
The spbstrate was highly polished brass over which
1000 A of copper was deposited. The 2500 A specimen*
was prepared nslnsg gold of 99.999% purity; chamber

ressure was 10-2 Torr; deposition rate was 1804 /sec.

0 determinations were made of the composition of the
"ag deposited™* films.

Metal film thickness measurements were made for
the three coated Mylar specimens and three of the gold-
copper specimens. These were performed using a pro-
ton transmission technique which measures transmission
of a proton beam through the gold film as a function of
the incident proton energy. The film thickness is deter-
mined from accurately calibrated energy versus thick-
ness relationships for a proton/gold system.(14) This
methgd itself yields thicknesses that are accurate to
+50A; however, the actual emittance samples were not
used to make the measurements. The measurements of
the Mylar specimens were made using an adjacent piece
ofthe same section of film from which the emittance
samples were taken. Since thicknesses across the
section have been observed to vary by 2004 or more,
one should be careful in drawing conclusions concerning
film thicknessversus emittance on films whose thickness
difference is less than 200 A. For the 400, 520, and
4000 A gold on copper specimens, film thickness was
inferred from measurements made on quartz plates
placed on two sides of the substrate during the deposition
process. AsS these were immediately adjacent to the
emittance specimen, it isbelieved these thickness values
are representative of the actual emittanee specimen.
Thicknesses for the Kapton and the 2500 A gold on copper
specimens were provided by the supplier.

111. DISCUSSION OF EXPERIMENTAL RESULTS

Table 2 and Figures 2 and 3 present the total hemi-
spherical emittance versus temperature data for the
eight specimens investigated. Measurements on the
400A film on Kapton and the 2500 A film on copper speci-
mens were performed at the University of California,
Berkeley, California. All other data were obtained at
the Lockheed Palo Alto Resoarch Laboratory. While the
experimental data seem to deviate appreciably from the
theoretical results (possible causes for this discrepancy
will be discussed later), it should be noted that the gen-
eral trend as exhibited by the experimental data does
agree qualitativeiy with the prediction and the data are
self-consistent among themselves. The consistency of
the experimental data is indeed very impressive in'view

of the agreement between low temperature data of two
independent investigators (Lockheed and Berkeley) and
the agreement among room temperature data of three
independent investigations (Lockheed, Berkeley, and
that of Ruccia and Hinckley). The experiment of Ruccia
and Hinckley{19) was limited to room temperature. The
measured effect of film thickness iIs not as pronounced
as that predicted by the theory, as is shown in Figure 4.
However, their study as well as this one clearly demon-
strates a noticeable effect of film thickness on the total
hemispherical emittance and, .in addition, confirms the
predicted trend of this effect.

It is interesting to note that the substrate material
(i.e., plastic or copper) does not appear to have a
significant influence on emittance of the gold surface,
even in the thin film data shown in Figure 2. This
implies that gold films of thickness ~4004 are nearly
opaque for the primary wavelength range corresponding
to the sample temperature. Therefore, the effect of
film thickness on emittance is not due to the change in
transparency but rather due to the restriction of electron
free paths at the boundaries.

The present thick-film data are limited to those of
2500 and 4000 A films. The size effect for films of
thickness greater than this range should be negligible
since the film thickness will hecome much larger than
the electron mean free path. {i3) For instance, at room
temperature the electron mean free path for gold is
approximately 600 & and the size effect becomes negli-
ble for films of thicknesses larger than 1500 £  This
fact is further confirmed by the experimental result
shown in Figures 3 and 4.

Another set of low-temperature emittance data for
gold has been reported by Caren, (18} put his data are
much higher than those reported here. The gold used
in his experiment was chemically deposited and no
thickness was specified. The large discrepancy is
probably due to the quality of the film used and possible
differences in the experimental procedure.

With regard to the quantitative comparison between
theoretical and experimental results, the present data
are ahout 50 or 100% higher (room temperature and
60°K cases, respectively) than the predicted values.
This difference which is much larger than the experi-
mental errors of 3 to 8%, must be due to factors other
than the thickness of the film. Qne factor which is most
likely to affect the results is the guality of the film used
for testing, It has been shown by Bennett and Bennett(17)
that the spectral emissivity of metallic films is very
much dependent on the quality of the surface, the quality
and type of the substrate material, the purity of the film,
and the vacuum and the rate under which the film was
deposited,

The effect of the first three items could be neglected
when discussing the total emissivity for the 2500 A thick
sample, The smoothness and the flatness of the film
surface and the substrate will affect the spectral meas-
urements much more than the total measurements.

4 1go, the ratio of the length characterizing the rough-
ness of the surface to the characteristic wavelength of
the incident radiation will decrease rapidly as the tern-
perature decreases. Thus, the effect of roughness is
usually negligible at cryogenic temperatures, The
effect of sample purity, for puritiea higher than
99.99%, was also found to be neglizible, {17) The
remaining item, i.e., the vacuum and the rate at

*3ample supplied by Alan P, Bradford, Department of the Army, Night Vision Laboratory, Fort Belvoir  Virginia.



which the film was deposited, however, is very impor-
tant. For example, the spectral emissivity of metallic
films deposited at a rate of 7 A/sec and under high-
vacuum conditions, 109 Torr, could be two or three
times higher than the emissivity of a similar film

dese

ﬁeﬂ:’:m at which the film is deposited is also an impor-
tant factor. The higher the rate of deposition, the
better and purer is the film. Measurements determin-
ing the éffect of deposition rate on the film emissivity,
however, are not available.
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60°K 100°K 300°K
N " AN % Error N AN % Error N AN % Error
Ts °K 60 0.5 3.3 100 0.7 2.8 3.00 2.5 3.3
-5 -5 -4 -4 -2
Qc—Watta 2.0x10 0.15 x 10 7.5 1.60 x 10 0.01 x 10 0.6 3.60 x 10 0.018 |0.5
8, 0.98 0.01 1.0 0.98 0.01 1.0 0.98 0.01 1.0
F Neglect Neglect Neglect | Neglect Neglect Neglect | Neglect Neglect| Neglect
€ 0.009 0. 001 8.3 0.0105 0.0003 3.0 0.021 0.0007 | 3.4
Table 1 HEMISPHERICAL EMITTANCE DATA — PROBABLE ERR@G
VARIOUS SAMPLE TEMPERATURES
Gold on Mylar Gold on Kapton
470 550 A @) 720 A ®) 400 A
¢ Temperature € Temperature e Temperature ¢ Temperature
(°K) (°K} (&) (°K)
0.0109 + 8.3% 61 0.0114 £ 8.3% 63 0.0083 + 8.3% 63 0.0188 + 5% 196
0.0119+£3 % 88 0.0129x 3 % 91 G.0102+3 % 90 0 0204 + 5% 255
0.0131+3 % 129 0,0152+3 % 129 0.0120+2 % 132 0.0212 + 5% 314
0.0154 3 % 162 0.0156+3 % 149 0.0132+3 % 166
0.0203+3 % 253 0.0212+3 % 253 0.0175+3 % 259
0.0220+3 % 307 0.0244 + 3 % 302 0.0210+3 % 312
Gold on Copper
400 520 4 () 4000 A @) 2500 4 (©)
£ Temperature ¢ Temperature e Temperature ¢ Temperature
(°K) (°K) (°K) (°K)
0.0097 + 8.3% 59 0.0108 = 8.3% 59 0.0085 + 8, 3% 59 0.0135 = 5% 201
0.0121x3 % 96 0.0118x23 % 96 0.0096 +3 % 97 0.0153 + 5% 255
0.0158 23 % 161 0.0153 + 3 % 163 0.0118 3 % 161 0.0164 + 5% 302
Notes:

(@ Thickness measured on film s
observed across sheet, + 100

(y Thickness meaeured on 1-in. square area from center of emittance specimen;.
(c) Thickness per supplier, measurement method not known.
(d) Thickness measured an monitors adjacent to emittance specimen, + 50 A.

i50 A.

Table 2 CALORIMETRIC TOTAL HEMISPHERICAL EMITTANCE DATA OF VACUUM
DEPOSITED GOLD FILMS

Emplea, adjacent to emittance specimen, 200 A thickness variation
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