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INFRARED REFLECTANCES OF METALS AT CRYOGENIC

TEMPERATURES --A COMPILATION FROM THE LITERATURE

P. F. Dickson and M. C. Jones

Spectral and total reflectances for metals at cryogenic

temperatures in the infrared wavelength region are compiled
from the literature. Information concerning sample prepara-
tion and purity, radiation source, and methods of reflectance

measurement are also presented. Observations regarding the

effects on reflectance of temperature, oxide layer, wavelength,

and sample preparation are given .

Key Words: Compilation, cryogenic, infrared, metals,

reflectance.

1. Introduction

Calculation of radiative heat transfer at cryogenic temperatures

requires a knowledge of thermal radiative properties of materials at

these temperatures. From the nature of thermal radiative processes at

low temperatures it is evident that one needs data in the infrared, and in

particular in the far infrared. This can be seen from Wien's displace-

ment law for a black body (X T = 2898 p,°K). The wavelength of
XXXcuC

maximum emitted radiative energy shifts from \ s 9. 8 p, at room tem-

perature (T s 295 9 K) to X ^ 725 p, at 4°K. This survey comprises infor-

mation, summarized here in graphical and tabular form, currently

available in the infrared wavelength region (through mid- 1966) on ther-

mal radiative properties of metals, in particular, reflectances, at

cryogenic temperatures.

The survey was undertaken as a preliminary to an experimental

program. As will be evident, very little work has been done in the far



infrared, the only reported measurements beyond 14 p, being those of

Aronson, et al. [ 1964] on stainless steel, an aluminum alloy, a mag-

nesium alloy, and chromium. The ±5% error quoted by these authors

serves to underline the difficulty of making reflectance measurements on

highly reflecting materials in the far infrared by conventional spectro-

photometric techniques.

Theoretical considerations and experimental techniques in deter-

mining optical constants of metals were reviewed by Givens [ 1958] and

Ehrenreich [ 1965] , and a review of the subject at low temperatures was

given by Corruccini [ 1962] . Previous surveys on total emissivity data

at low temperature have been given by Fulk and Reynolds [ 1957a] and

Corruccini [ 1957].

Since the surveys of Fulk and Corruccini were published (con-

taining no spectral data at low temperatures) several spectral studies

have appeared in the literature. Along with this aspect there has also

been an apparent realization by the same workers that the older data in

the literature are of little more than qualitative interest due to their

irreproducibility; the reflectance of a metallic surface depends strongly

on the method by which it was prepared. Much effort has gone into pro-

ducing surfaces of high purity with no work-hardened surface layer

present. This has culminated in the highly reproducible pure metallic

surfaces produced by ultra-high-vacuum vapor deposition (~ 10 mmHg)

by Bennett at the Michelson Laboratory. The room temperature reflec-

tances of these surfaces are higher than what had previously been

achieved. They are discussed and used below as a comparison with the

work of other authors to illustrate the effects of both temperature and

surface preparation. Such was the improvement in room temperature

reflectances obtained by the use of ultra-high-vacuum vapor deposition

that one can only regret, as yet, no similar measurements have been



reported at low temperature and longer wavelength where even higher

reflectances are to be expected. Rate of deposition also has an effect

on reflectance as indicated by Bennett, Silver, and Ashley [ 1963], with

greater reflectance values obtained for increased deposition rates.

In view of this later work it has seemed desirable to present the

results of this compilation in two sections. Section 2 consists of all

spectral data reported and contains only one work published before 1959.

Section 3 contains total reflectance data and is mostly older data, some

of which were reviewed previously by Fulk and by Corruccini. However,

original references are given where known. The word "total, " as here

applied to reflectance, means the value obtained by integration over all

wavelengths. It should be remembered that this value is dependent on

the wavelength distribution of incident flux.

The total or spectral reflectance (p or p ) of a surface may be
t A.

obtained by a number of direct experimental techniques. It may also be

obtained indirectly for an opaque surface from a measurement of the

absorptance {a or a), for then p = 1 - a. A second indirect method is
t A.

to calculate the normal reflectance (p^ ) from measurements of the
A.,

refractive index n and the absorption coefficient k by use of the Fresnel
A. A

formula

P

K - 1 >

2
+ k

x

2

\0 , ,,2,2
(„x+ l) +k

x

Measurements of the total or spectral emittance (e or e ) have also
t A

been used in the past by invoking Kirchoff's law: a, = e and or. = e. .

t t A A

Recently, however, a theoretical question has arisen as to the general

applicability of Kirchoff's law [ Ashby and Schocken, 1964] , and this



seems to be particularly important at long wavelengths and low tempera-

tures.

In the tables and graphs which follow, reflectances are reported

as such when they are either from direct measurements or derived from

measurements of ex or n and k; reflectances are not derived from emit-

tance measurements. Reflectances are normal (p ) unless otherwise

stated. It may be noted that in the limit of zero absorptance the ratio of

hemispherical to normal absorptance approaches the value 4/3 for metals

[Jakob, 1949].

The methods by which data were obtained are indicated in the

tables below by the following general classification:

Method 1. Direct measurement of normal reflectance by

multiple reflection techniques.

Method 2. Direct measurement of normal reflectance or

absorptance by calorimetric techniques.

Method 3. Calculation, by either the original authors or

the present authors, of normal reflectance from

optical constants n and k determined by:

(a) measurements of absorptance at oblique

incidence for two polarization components (per-

pendicular and parallel to the plane of incidence)

by a calorimetric technique, or

(b) measurement of the phase shift and relative

magnitudes of the perpendicular and parallel

components of a reflected beam at oblique incidence.

Method 4. Measurement of absorptance or emittance by rate

of boil-off of a cryogenic liquid. This method

gives total hemispherical values.



Method 5. Direct measurement of normal emittance by-

comparison of emitted radiation with that emitted

by a black body at the same temperature.

These general experimental techniques are referred to in the

tables, and any variations, when applicable, are noted.

Information as to type of radiation source (e. g. , monochromatic,

wavelength band, total radiation from a source at a given temperature)

accompanies the data. Techniques of surface preparation are also given.

The temperature region of primary interest was that below 100° K;

therefore, only those metals for which data were available in this region

are presented. However, for comparison and completeness, selected

data on these materials at room temperature are also given if available.

Theory predicts that the reflectance of a metal in the infrared

region will increase with decreasing temperature and increasing wave-

length. Also, surface preparation is known to have a significant effect

on reflectance values obtained. Results of this survey indicate that

reflectance increases for preparation techniques in the following order:

mechanical polishing, high vacuum vapor deposition, electropolishing,

and ultra-high-vacuum deposition. Oxidation or impurities on the sur-

face layer generally decrease reflectance, but the effect seems much

smaller for oxidation than previoasly believed. Alloys have lower

reflectances than pure metals. Although data available on any metal

listed are not complete enough for a quantitative check, reflectances

given tend to follow the aforementioned expectations.



2. Spectral Reflectance

Of particular current interest are data on reflectance as a func-

tion of wavelength (spectral reflectance, p,). Effects on reflectance of

surface preparation, temperature, and alloy composition may also be

observed in the graphs and tables which follow. Results show that, to

obtain reproducible results, care must be taken to define surface pre-

paration as well as other experimental techniques.

2 . 1 Aluminum

Variation of normal spectral reflectance (p^ ) with temperature,
A,

deposition vacuum, and wavelength is well illustrated for aluminum in

figure 2. 1. As is seen, reflectance of ultra-high vacuum (~10 mm Hg)

evaporated films [Bennett, et al. 1963] is significantly higher than those

values obtained using the usual high vacuum (~10 mm Hg) techniques.

Room temperature reflectances of high-vacuum deposited films calcu-

lated from the optical constants of Golovashkin, et al. [I960] and meas-

ured directly by Bennet, et al. [1962] show excellent agreement.

Bennett, et al. [1962] state that, contrary to popular belief, the

oxide layer formed on aluminum has almost no effect on the infrared

reflectance. Calculations on oxide layers from 10 to 100 A thick show

the change in reflectance to be less than 0. 1% for X > 1. 5 (i. A 22 A-

thick film is reported formed after several weeks' exposure.
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2. 4 Copper

Results of Roberts [i960], Biondi[ 1956] , and Rayne [1959] for

electropolished samples are seen to have significantly higher reflectances

than those of Padalka and Shklyarevskii [ 1962] for high-vacuum deposited

samples (fig. 2.4). Variations with temperature for a given preparation
o

technique follow expectations. A correction for an oxide layer of 35-

A

thickness was carried out by Padalka and Shklyarevskii [ 1962] . Although

a significant effect on refractive index and absorption coefficient was

found, the effect on reflectance was less than 0. 2% at 1 p, and . 005% at

lip. (present authors' calculations). The 35-Athickness correction fol-
o o

lowed Roberts' [ I960] results which showed a 30- A to 40- A equilibrium

oxide layer thickness after exposure to air.
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2. 5 Gold

In view of the high reflectance values of gold obtained in the

infrared at room temperature by Bennett and Ashley [ 1965] using ultra-

high-vacuum deposition, it would be interesting to make these measure-

ments at cryogenic temperatures using the same sample preparation

technique. Such a result would be extremely useful in view of the poten-

tial use of gold as a standard of reflectance and in view of the wide appli-

cation of gold plating in dewar construction.
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2. 6 Lead

Measurements of optical constants of lead made by Golovashkin

[ 1965] immediately after deposition and after several days in vacuum

gave identical results. No effect of oxidation on results was found after

one day in air; although, after several days in air, noticeable changes

in optical constants (of unstated magnitude) were observed by the origi-

nal author.
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2. 8 Silver

Ultra-high-vacuum deposited silver is seen in figure 2. 8 to have

a reflectance significantly higher than that of a film deposited using the

usual high-vacuum techniques. It is noteworthy that Biondi's results for

electropolished samples at 4. 2°K show even higher reflectance than

ultra-high-vacuum room temperature values. As in the case of gold,

the reflectance at cryogenic temperatures of ultra-high-vacuum deposited

silver would be an extremely useful result.
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2. 9 Sodium

At the time this publication went to press, additional work of

Mayer and Hietel [ 1966] on the alkali metals, potassium and cesium,

became available. Wavelength range investigated was essentially that

here reported for sodium. For details, consult the original reference,
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2. 10 Tin

Optical constants of tin were measured by Golovashkin and

Motulevich [1965] immediately after vapor deposition and after one day

in vacuum with identical results. After a 48-hour exposure to atmos-

phere, the change in n was 2 to 3% and k < 1%. This variation in optical

constants affected the reflectance by less than 0. 002% for X >5p, (present

authors' calculation).
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Figure 2. 10 Spectral reflectance of tin

A T = 4. 2°K -s

O T= 78°K ^Golovashkin and Motulrvich (1965)
D T = 293°K J
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2. 11 Brass

Results of spectral reflectance measurements on various electro-

polished or-br asses at 4. 2°K by Biondi and Rayne [ 1959] using Method 2

are presented in figure 2. 11 compared with pure copper.
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3. Total Reflectance

Until recently, nearly all the reflectance data reported in the

literature were total normal reflectance (p ) or total hemispherical

reflectance (p ). For this reason, many of the results below have been

presented in previous surveys but are given here for completeness.

Results of Betz, Olson, Schurin, and Morris [ 1958] are for total normal

emittance (e ) and are reported as such.
1 1 \J

38



p
£

<

O
W
U

<
H
U
W

h
W
Ph

<!

H
O
H

CO

W
J

<

CJ

Pi

co

u
CO

<+-!

co

Cm

X>
O
X

o
•rH

• rt^-1 TO

ft rH

d ni

5 p^

CO S

d

d

u
u
d
o
c/j

X>
CO

co

X>
i—i

O
d

co

Ph

in

o

O
O
on

ni r-j

2 o

S 6
s
o

o XI

xi
uo d

«-« o
h h !?

m u

in in

O

o
x
X!
cj

rH

d

0)
w

XI .

(0 .r-l

o o o
o o o

o
o

en

X" «
CO T3
d v
rt d

d °
•rH TJ
CJ -rH

rt cj

X)

o o
U X

^ m in -H in ™
rH r-l rH ™ r-l ',.

x d
be -h

u ° °
_q (M (Nl" o o

(1)

rH

cm

O
to 2
ro

cci

CO

% uO rH
u <;
ft
^

Id H
.3

rH<=>

^ o

rH

+->

CJ

CO
rHm
CO

rH

o
Z
nJ

O
o

"ft N

r» rH

rH O
co

+*

S CO

a>

CO «
d h

XI
a)

X)
d
nl

co

CO
H->

cci

i—

i

ft

6 o

X X

s a
x> -Q

d
w

CO mh
CO fe
i—i

r»

CJ
,

co S
^j hH

H X
O co

o d
? x
rH
CO CD

CO rH

ft N ft ^

O -H

x £
o rt

d ^

S 'O .SO CO

X tg m
•rH o

X> rH O
1ft°.

rj ' «HH

. s
°

d d co
•rH d CO

- XI

d
o

x>
co

nJ

u
ft
co

•8
o x
^ d

x" -Q

© CO
*• u
nJ .h
rH fe

ft 1
co xi

o o o o o
o d

o o <

co

U H
rH d
^*rH

^ d

rH d i—

I

co d co

co -^ co

co d co
3

w
rH

o

co

CJ

d
cd

CM (NJ O
oo oo r-
CT- O C7^

00 f\J I—

I

t-
00 m

o
in
mo

HH 00 'O
o o o

CO

o o o
II

o o o o o

CJ

CO

CO

Cm

o
vO
r-

II

H

39



4)

U
a
CD

U

T3 cr-
1-1 i—i

fll
1 '

U M
4> r!
i—

i

0/1 d
(U
•iH

<D

N U

.9

Pi
ccj

a
ctj

CM

T3 oo
<*
o

B § d
g «.5
rt ® d

pq W H

£2;

O a
•iH

N d
+* 43

X)

d
Pi
•H
4-»

o
u

p
£

<

O
w
u

<
H
U
w

h

2

H

H

CO

W

43

cc)

Cm"

<1>

U «
?H o

d CO
o r^
CO CM

CM

o 3-
o 0) *
u

d
i-H

nJ
4-» «

CD
in

?-! ft CD

=J a au <D ,<:

0)

o
!h

d
o
CO

o
CO

CM

m

a
o

a rt

3 ft

CO

o

13
0)

43
ro
•tH
r-l

O
ft

u
-t->

o
<a
r-H

H

i—

i

o

u
d
ft

a

a

CO

T3
<D

<+H

u
xi

o

u PI u
CD CD
iH r>n m
i-H h -t->

ft
d

0)

<D

>*

4)

43

CD

43 •iH

d

i-H
i-H

C)

0
CD

*H

a
C7

1

•i-l +->

•H
i—

1

s
rd

u at 43 ^
<+H

43
CJ

CD
ccj

CO
4->

a)

>
•i-< d )-l

•iH
3
P)

•i-i T) Tl • iH

0) T)
(1) (1) au <U 43 N

CD H m •w <->

u ctj •iH T) CO
1) i-H •H

m i-H o X
kS O ft

w

o

4)

O
Pi

CTJ

4->

u
d)
i-H
«4H

CU

in oo I
s-

o
ii

!1.H

o
00
COo
o
"o

M
o

+j

o

II

H

m

o
ii

o
O

II

H

H
co

I

CM

d
r—

I

<

M
o
CM

. ^ vO v£> -^
CM o o O -^
CM o o O O
^t . , .

II

o o o o

H
o
c^

CO I-H CM CM CM
. 1—

1

CM CM CM
CO o O O O
00 . . .

o o o o
II

H

40



CU

CJ

d
<D

U
0)m
cu

Pi

d T)

" cd

CU

pq

d ..-J

in

oom
o

d
td

^!
i—i

ft

t—

i

O
d

0)

mo

o

in *

Pi

ft

ft

ft

o
u
ft

O
w
o
z
<
H
U
H

ft

W

<
H
O
H
(M

co

ft

PQ

<

d
o
•w

« M
i-H TO

ft fc

a <d

S ft
™ cu

ft

cd

u
cu

cu

ft

u
o

m

ft •

°a

>• cd O
in

•r-1 |

w w a

d

3 CU

ft "St
ft.s

,H "-,

? 5
T3 +j
CU -h

> £
•i-i

o cu

to d
*H CO

co ,-)

u
o

<+H

-M
CCJ

CU

. A
cu ^
CO **

o rt

ft h

g £ .

° £3H T) -H

I S 6

a 8

CU

cj

d
o
en

cu

a
cu

a
cd

W
O
O
rO

1-1

T)

T)
•w
CJ

(d

o
1-1

a
o
u

u

cu
•4->

CO

i—

i

ft

cu

CU

£ £

4)

43
co
•H
i—l

o
ft

cu

CO
•1-1

1—1

o
ft

>>

d d d d

m
oo

m
oo

o o o o

cu
1

fd
1

i—

1

i l i n 1

O CU

u
0) cu

u
CJ cu

u
CU ^> 4) <W rrt cu t» cu

> d 43 43 T3 43 fd 43
•^ rt Ph ft 2 ft !h ft
5 u 'U rn co 5 to Pi CO
ni .ii cu >> (CJ m
^ it
43 $ d u u M CU h u

o CU cu cu t< CU j-i CU

cd o 43
a

ft ft ° ft CU ft

tiing

wax

n.

electr<

73
•ft ft oo ft > ft

ID o on
i—i o

3 (1)
u CJ CJ CO o

a1

•i-i

i—i

d"

d
•H

ci

•a
•w
O CU

rcial

e

No.
•a
•rH

CJ

u

d
cd

43

1—1

cd
1-1

CJ

u
CO TH •in •W cu T) Si ^ cu UJ cu

a «n o m a
•w
i-H a ^

d rt
a

cu
1—1 a

o o O o
o a

o
O
ft a

1—1

< a
o

o O o U U U U

ft

u
o

0)

CJ

CJ

cu
1—1m
cu

M
D
fM

. m
f\] n£>

(NJ
i 1 • i—i

•* i 1

d
II

H
o
t

*i
Ci>

fO vO in m m
. nO o CM vO

CO o o o o
00 . . . .

II

o o o o

H

o

ii

H

m co cm —>
CO 00 CO CO
s o^ o o
d o" d d

m n r-
oo h o- t^
o^ o o o
d d d d

00o

41



T3
4)

d
P
*->

P
o
o

w
fa

fa

o
o
fa

o
w
o

<

u
w

fa

fa

<
H
O
H

CO

W

i i

00

a 9 #»

0)

V
P

a

a)

,P
+•»

re cm

9
a

nJ

P
p

fn a
a

in CD 00 ^ +->
4)

CD
(0
t-t

4)

<*
4) d

© •w •—

i

ra ^h 1—1 —

t

bO m
rf N i—

i

pel i—

i

£ pq w H

T3

,p
-i-»

* CM CM ^
0)

2

tu ^
p
2 o

O
P

00
i—

i

ctj

s 8 d)
5 _, 4) S

CD 4)

re ^ u M d -M O w
*rrt S h 5^^ M

5 w
d O 1:1 a a ao o 53 ^ u CD d CO
O O M 13 ii o

pcj CO CO CO h +j «_^ fa rQ *< CO CM

^
0)

ft
ft X>

4>u A
X) en

1-1 T?
1—

1

r-

1

4)

le

ation

GO •s I
S £•H r-l

^3
4)

cti

CJ

d

4) 4)

O
ft ^i CD •Tj « ft d
a re

5 ft

ft
ft ft .3 ^

4)

U -d
T3
4)

T)
™ CD o p

4) ft 4)
J4

4)

CO n
fa

+* rP

« a,

w S

ft
ft i-H

(0
1-1

+-»

^1

4)

,P
DO
•w
.—

I

O

+->

CD

4)

,P
to

o

4)

3

3
4>

m

i-H
4-*

ra
i-H

fa

fa
i-H CM

fa
u •—1 CM* CO

,_».

tt
D

CM

4)
-*

O
P

O
4-»

re
+-> O
4-»
•t-l

a
CM

^

w II

u H
w 00 CO

4> o co in «—* *-~*

o U1 CO O 00 CM M 1—

1

C» m w
§

00 • o o O 00 vO n£) eo r- • . <T> O o o o O
u
4)

• r- o o . o . . # O^o
ii I' I' -s

O o o o
II

£ It o © II
II M II II

0)

Pi

-t->

ci-
H

—i CM

Q- H

•—I CM* CO*

H

42



4)

o
ti

4)

u
4)

0)

Ph

Fulk

and

Reynolds

[1957b] Zimmerman

[1955]

Blackman,
Egerton,

and

Truten

[
1948]

T3
O

0)

-* ^ ^

Radiation

Source

Source

at

300°K

Source

at

300°K

Source

at

293°K

Sample

Preparation

Gold

-

0.

0015

in.

Foil

0.

0005

in.

Foil

0.

000040

in.

Foil

0.

00001

in.

Leaf

Gold

plate

-

0.

0002

in.

on

stain-

less

steel

1%

silver

in

gold

0.

0001

in.

on

stainless

steel

1%

silver

in

gold

0.

00005

in.

on

stainless

steel

1%

silver

in

gold

0.

0002

in.

on

copper,

1%

silver

in

gold

24K

gold

plate

on

stainless

steel

Gold

vaporized

onto

both

sides

of

0.

0005

in.

Mylar

plastic

(1)

Electroplated

(unbuffed)

(2)

Gold

wash

(3)

Dry

buffed

(4)

Polished

(kerosene

buff)

4)

o
a
u

n

T»
4)

"3

X>

M
+j
ti

4)

4)

i—i

o

4)

O
a
+->

u
0)
l-H

<U

US

o^r-oom en cm in en oo oo I
s- m r— r- t- r- oo oo

Os Os CTs Ox Os s s o^ o^- s

^^ooooo o o o o o
^ II II II II

'

II II II II II II

xb d* <±* <±* cf <±> df <±" <±* <£ <±?

r-

ii ^^

H >h n ro ^t un vo r— oo o -•

no m Tf eg
00 00 00 00

.—. 0^ O O s

v> ....
„ OOOO
00

II II II II

I'-

ll

H -• fM en ^

^ 5"
r- oo o

43



Q
<
W

h
O
H
U

<
H
U
W

W

<
H
O
H

S3

nJ
0) 43u t3 m +->

a TJ r—

i

rt

4) r-l o
2 £ 13 i—

i

^ a rM
<u ^ £ in

B
inm i—

i

o
<u 3 0) rH nj •—

i

!

* h rf .— rf —

'

X)
o
43 <* ^
4)

2
„ ,

4) :i

>> M *

ation

rce

u H * 8

d —

«

S 8
r-. $3

4) (ti

r! d u O o ° P-, 4)

Pd

3 O rt ^ a a
4> r<;
4->CO

o
CO

r-l +j

•r-l

4->

0)
m
o

4> -H 0) o
rn rt 43 n

Samp Prepar

r-l
M-l

u
S3

n

•a

u
rH

4)

a

0)

43
en
•rl
1—1

Oh
O
rH
+->

o
V
00

4)
•iH
4->
•fH

r4

o
o a

o
u
0)

d
A

o o i—

I

W a
r-l

*
O

(M

4) *
o in
S3 *«•«, 00 o

^ M 00
+->

o NO o o^ o
<u

o vO . .

r-l • r- o <M
M-l o
0) n II II

rf II H
o

H

44



cd

CJ

a

u
a

XI

3

CO

XI
I—

I

O

CD

43

m
o

CD

x)

CJ

00
m

£

.. ^ n oo
n d V\ m
CD -

« ro S
O s

CO

O

<

w

U

Q

w
W
U
i—i

fa

O
W
U

<
H
U
W

9

<
H
O
H
m
co"

W

pq

<

xi
o
43 m

a)

o

o

Do
o
m

J-i u
PI
n

V> CD

ft ft
•w —i ft ft

CD -t-> o o o
i—i

>-H O U
ft ^

en

cd 43 a s
ft
CD

CJ

•i-<

O O
XI XI

Oh ^ CD CD

o nJ aj

o I—I T—

I

ft cu

—
i (M co

xi
nJ

u
o

u

CD

a
a
o
U

fl
•

(1)

u on
CD

!h

—

i

CD

ft +>

ft <D
XI

CO X)
i-i

O
=1

XI "5
CD Tj

CD X>
CJ CD

CD Pi

M I—

I

rt CJ

o

-t->

ctj

CD

• 43

CD ^
to *

o "*

ft h

°J .a .

° a•* x) £

I g a

X)
CD

a
CD

CD

X)
nJ

bo o

CD
m

"a
u
u
u

<4W «w
O O
ofi bo
Pi Pi
•w •rH
-(-> -»
cti rt

fH
0)

h
CO CD CO co

s 43
f) s CD

PCJ P! ^ CJ
•w

rl
43 O 43 i-i

•t-i
14

• i-l

o
u
CJ

43 a 43
•l-<

aon DO
•r-t U) •»-l

n 1—1 a <n

a

o
CD

CJ

CJ

CD
i—l
«H
CD

pel

H N CO

K
o
CM

CM
CM

sO o
co r~o o

II
i

i

i

i o o
H

o
X

***

om
CO
00

CO
in
i—

t

CO
00
o
m Tt<m r^

1—1

CD

X
u

•t-l

ll

H
o o" d d

z

o

«
o
CO

CO
CO

II

m
sO
o

CM
CO
o

H d d
-i-j"

45



T3
(t>

A
a
o
o

CO

O

<

W
«
U

Q

W

U

Pn

O
W
U

<
H
U
H

w

<
H
O
H
IT)

CO

w

pq

<

pq

u

o
CO

o . ,

9 ::

o
M
i—

I

o

4)

PQ

K CD , ,^ .H T

lO m

O
bfl

a
•i-i

o

+->

a
u

CO CD CO »5x50
Pi c rt o

.a n .t?
°

• ? iSo J

1? rta
o
um

<D •£
l> £

»t-i

CD T)
O 0)

ft h

5

H 4) CO

u ro u -d o

rt u C O

U

o

(0

w
eg

. 00
<M <m r-
<M f—t

^ . .

II

H
ft

-u
<I>

CO —

1

CO
. F—

1

<*
CO r—

1

00 . .

II

O

H

1—1

a
o
V

i

W
(M

. O
(M 1—1 I-H CO
(Nl 1—

1

•—

1

1 r—

1

^ , .
•

.

II

O

H

+J
m

co
• in m r- r-

CO in in ^£> vO
00 O
II

« • •

O
H

46



o

©
U
Q)
«+H

0)
TH O^
I—I I-H

Ou_,

a

X
I—

I

a

i—

i

o

&
Oh

Xl

in
o

u
<o

i i

S m
Sin

T3 00

(3 O
s

•—

t

a
^ V •
D p +j

fft a> d
1—

1

&0 fc

ffl W H

O
XJ

W
>
n
to

h
O
w
u

<
H
U
w

h
W

<
H
O
H
nO

CO

W

o
Xt

X
o
a

W « « «
oo o m t—
vO O (M vO

g^ Cn] CO CO CO

_, g. _
^ D h N fO ^
P-l +J . — •— —

4)

CJ

Vi

o
CO

o

oo
CO

m
u «
^
d O

o
CO CO

p
o

o> +3

co g

0)

cj

d

o

d
0)

a!

P. -in

0) at

n m

^ a
d o

»*H

a> a>

b -*
a) f

X
•H

CO

u

a,
p<
o
CJ

" -P ^. p
CO CTJ

(1)

u
H-»

o
a>
I—

I

W

P< CJ
tH

^ u p

8) J* Px d o
CO CO £

0)

«J
1—1

P,

1—1

4)

CJ

p

01

CO

<u
l—l

p
at

—

1

a)

4)

!>

o
CO

0) i-H

Oco CO w
-•->

CO

CO

CO

0)

o
o

Pi

*h

CO

u 0)

0) 0)

d "

CO co

^ tl)

P. r-l

>—

i

rt

J-i u
<t) 0)

ft cu

o o
CJ CJ

a> a>
•-» +j

i—

i

i—i

Ph Ph

in vs>

0)

^3

a>
*-»

>H

co W P

<M CO

o

00

in
c~-

ii

H

^O 00 (M ^
,_, l-H (\3 P0
qs s O O
q^ ON QS QN

* o o d
II

II II II

r\a i-H

ON O
ON ON

d d
ii ii

Q- Q.

—I (NJ

<*"

—
I CnI CO -sf

CO
On
ON

d
ii

CO*

o
NO

1—

1

ON
ON

co r^
00 00
on on

d d d
II ii (l

in no

M
o
O

II

H

o
CO

n

H

H M 1i
On 00 00
On On ON

odd
II II II

+J -t-> •+J

CL ci Q.

—I CnI CO

o «
^ o
=( CO
o ON
CO CM

13
0)
4-»
•rl

CO

o
p.
Ct)

•o
4)

S X
i—

1

CO

a •H
i-H

CJ o
T* Ph

fcj i-H
4) •H
XI o
U h

-H Cn]

o

o
ON

II

H

on

ii

nO
ON

d
it

-i->

Q-

i-h rj

47



CO

H
W
H
co

CO
to

H

Z
<
H
CO

CO

o
1—1

>
Q

<

H
H
H
CO

h
O
W
O
z
<
H
O
W

W

<

o
H

W

ffl

H

u
d
0)

0)

cd

Tl

13 _r

o

S r-i
CD 00

s
D i—

i

i-H O

r-j P*> Qs
d CD ^
Ph pc; .—

.

s do 13
CD

« h *£ oo
N d £ LO

CQ co Si-i

XJ
o
XI
4->

0)

* m

xl
cd

a
cd

CO

9)

u W
d co
o o
co oo

s*
I—I

73

o
•rH

u

cd

cd ^3
*H u
rti ©
ft
0) a
h
Oh >>

h
t)

i—i
•H

h
o
ft

cd

1)

3 °
2 °CO m

cd o
2 co
,d
co <a

n ft

^ H
„> •—

I

ft X*
>s

73
Xi
o o
d h

in g° do S
• oo o

i—i rj

(M

I

CO
X)
d
o
u

(U

sO

CO

rf

X
00

43 «3

O c3

5
"" £

Mh d
h d H
^2 XJ

Xl
4>

Fh

+->

cd

U
•i-t

cd

d

X)
0)

N]
•i-l

x)
m ,tt1

<P o

OO

CD Pj

a) +2

d H
•y co cd

o pi u
00 ^ .s

°
fe

u

« ro
°

CD «m
rd p! <m

o
<u

u
d
ccj

u

0)
+J
CO

o o

o
CD
+-»

CO

co

co

(D

73
•H

+^
CO

CM

CM
CO

CD

ft

H
t—

t

CD

CDu
CO

09

CO

CD

M
o
CM

. m o
<N r~ o
CM —

i

o
^ i . 1 .

II

1 o 1 o

H
o
n

+->

Ci>

CO * «-H m vO
. * —

1

m co
CO o I—I •—i o
CO . . . .

II

o o o o

1
H

48



CD

CJ

<a

u
CD

CD

O

-t-»

fi T3

_5 n5

O CO

.. .,H 1. CO

n S ^ —
co

LO

Pi t3

° rJ
ro —

. .5 tj oo

co

IT)

- §

O »

N
% U

» 3 s
CO

00
IT)

O

in

W
U

<
H
U
H

W

<;

H
o

co

W

<;

o
CD £

CO

O Pi

in oo
in

i

CO
I

73
a
o
u

T3
CD

•a
cd

cd

T3

»H Pi

in

O
00
Pi
•iH
+->

ctj

O
b0
Pi

•i-i

4->

cd

CD
r—I

O
O
U

o
In

d>

00

G
CD

bO

cu
4->

CD

T3

CO CO
"^ cd ^ in
<< cd <5 <o

ti A ti A
rt o w o
£ .5 £ .S

* 2 * 2
^ £ * ^
03 i-i CO rn

•d S -a S

0]

T3
•I-I

ade,
ered.

RMS

en

CD

o

pi

•H
r-H

^3
IH ftJ •»-i

»->

craft

g

jad

tern

ish

wit
o
u
o

a

T3
CD

Pi (M

< O
•co •£

t- t3
i Pi

in o
i o

a «
i—

i

CD ccj

T) CD

cd Pi

h C
a «»

in
1—

I

f\J

<+H «w
o o
60 bO

'rl 3
-t-» -»->

cd (d

}-l Vi

CO CO

s s CO

rf CO

11

^ CD

^ ^3 O
•M
•H

•4->
PI

£ ^ o

A
•9

^1
ro 0} •i-i

w
J-l

o
CD

u
Pi

ccJ

»->

u
CD

t^
CD

—I
m
CD

Ph
>>

H
i—

i

CD

CD

CO

CO

CO

CD

M
o
f\J

. o o
fM o 00
rq »-l o
^ . .

II

o o

H

o
n

+J
Cl>

M in t-

ro ^ fM
o O

ro • •

00 o o
II

H

CD

H
I—

I

CD

CD
+->

CO

CO

en

CD—

I

Pi
•.-I

Rj
+->

CO

M
o
CM o

l-H

CM
CM O

1

1

II

H
o
4-»

M
o
ro i—

1

i-H

. vO t—

1

ro i—

1

l-H

00

II

o O

I ,

H

CD

H
i—

i

CD

CD
t->

CO

CD

CO

CD

•a
•H
(0
+->

CO

K
o
(M

in
CM in
(M r-

1

"#
o 1

II

H
o
*

W+*

o
ro r- 00

. sO in
CO -H i-H

00 . .

II

o o

H

49



-a
CD

a
•r-l

-t->

a
o
o

CO

W
W
H
co

CO
CO

W

t-H

H
CO

CO

O
»—

i

<
>
Q

<;

w
w
H
CO

h
O
W
o

<
H
O
W

W

<:

H
O
H

W

CD

u
a

<um
CD

ft*

+»
CD

00

n3 ^

!4

u
CO

a
o

I—

(

O

a)

ri

oo
in

fl -S

u

,£
u
CO

X)
o

in

o
•I-l

i—l TO

ft fH

d "J

™ <u
CO u

a.

w
f-l

o

o

4-»

CJ

CD

a
Pi

<
CO

o
m
CM

CO a
n

-1 u
>—

I

S XI
a)

CD •3

ri
CO

b
rio a3

r-
i

—

<

CD

ft
>>

H
r-

<

a>

<u
+->

CO

CO

ao

CD

a
M
co

o

GO
ti

•rH
-t->

ri

J-l

in

O

-r-i

ri

U

co
e

co

g -a •£ 43
£ o j£ o
.H h <H h
co .,-i co

a S a s

M
o
CM

. on 00
<M o •*
(M o o
"* . .

II

o o

H

o
It

4J
Ct>

co ^ CM
. ^ r-J

co o O
00 . .

n
o o

H

73
S
O
CJ

o
ino
X
Pi

im
t—

<

X
d.

0)

ft

H
CD

CD
+->

CO

co

co

0)
i—

i

•t-l

ri

co

in
i—

I

(\J

O O
fcD bo

•!-» +->

ri d
u u

CO _ CO

S CD ^ CO

*£* J

£ o £ o
^ fc h ^
rC CJ * (J
CO .^ CO .i-l

a a -a a

M
o

(M
. ^ o

(M h- 00
CM O o
"* . .

II

o o

H

o
„

+J
0)

om -* r-J

. ^ rvj

CO o O
00 . .

II

o o

•
H

50



»—

I

H

o
w
u

H
u
w
4
h
w
pS

<;

o
H
00

H

T3 00
d s ^
rt « rt o

0) ,0 d -<

Pi

CD

73

i—l

O
m

+->

§ CM

CCj "l 1

a § a

0) ^5

•3 1
in
o—

i

ctj *> d

rt h PtS

~
ti i—i ffl W H

T3
O
+> ^ ^ ^
0)

2

rt
0)

^
d
ctj

1—1

ation

rce

M
•P

a

8

9 CD

£ => !h o u Ph 0) ^ o

3 o rt o £ a d co
O o i—i

4) o o
cn CO CQ u +J W CM

o
+->

09
P!* U CD

3
ctj

o
o

d
ft S

-

"i3

o
X> >* •W »H

i—

1

h V i—i
i—i

^ d
•t-i o 0) aJ

+* u*

mple
par

at

o
d

Ph
Ph
o
CJ CO

d
T-l
+->

PI

o
t-i

a ^3 ^
<ti <u

•i-i

T3
•t-l ^ fM

Ctj VH
in ^

Oh

i—i

o d
'o
Ph

CO

a>
•w

O O g 3
o
o

s
•H

H
o
u
+->

u
0)
1—1

+->
•1-1

U
d

a *r"1 CO

1—1 CM

Pi

i-i

l-«

•w

o p.^
f=M <J 43

H
o

II O CM

H • o
CM £ ^'

^-v ^ -~ ^. *—

vO a

00 s
d
t-i

13

0)
o 3

•w
m

(-5 CMu o T3 00 o oo
Pi

+-> t-
00 00

IIo
3
*£ o . o

vO

o o
Q.^ —

i

IIo
10

I.

+ o CM S"
II

H II II a
•I-I a

Q.^ s°* nO oo o
d? <£* H H H . Cjv

o
II

*— ^-^ ^-* ^—

^

^-•^ 11
r

•—1 CM t—

1

<M CO d"tl

51



CO

H
CO
CO

<

co

O
i—

i

>

o
w
u

<
H
U
w

W
Pi

<J

H
O
H

co

W

pq

v£>
T3 00

T3
PI

CD

in d
CD

a ^
•> CD CT^

T) 01

i—

<

CD " i i

Pi

0)
P!

cd

T> i—

i

1)
ojO

§

CD

d , , a §

«

>-i 2 r- .—1 CD CM A5 +* 0)

0)

0)
"3

d in

4) -.

bfl

•w
a
CD

in
o
i—i

(J
?H 4->

ni O S

Pi h ptf^ N U Pd <—> fl WH

T3

,d
4-> * -tf CM ^
a>

2
+-)

CD
0)

"3

>n >H *

ation

rce

-M
CD

o K

-t->

CD

4)

U «

T3
o
XI

8 6

1
8

01 CD

4-»

cd

8 w
£ =» u o U o PU 0) h o

m ° pi O d CO CD a a
3) f«i

3 co
o o h- 3 ° ON

Pd CO co CO CM PQ 14 -t-» — CO CM

^

a)

a

.d

•i-i

T3
o to 2T 1)

d
o

o
03 ^-.

"0
0)

O
O
-t->

X!
01
•rH

•I-I

• Mr-( TO d c

M-l 01 x;

SI 0)

0)

01 I—I

o
Ph

Sam
Prepa

n
CD

CD

h

CO 5i

,d «*»

o „

•w 3

•i-i o
i-H -M
O CD

V. »

Id

o d
^ si-H TO

H
CD

X!
01
•w
i—l

^1

73
•iH

o

0)

a

a

CD

O ^^

c3 U
O 1—

I

ffi Ph
-)-> -d

i—i o ^ o O #
i-H

0>
O id ^^ ,_^ 0) _u 0) ^

—I CM W :— % £

w
o*
r>-

r-

ii

H ^_>.

u H
Pi

cd
CM

o o o ^*

<D
o 00 CM

a 1—

1

£ o" o
CM
00

O
-* »

4) r- O o m o
Pj o^ vO II II

. o o
. r- cT ci" O CM oo o

II II II ii

ii ^^ ^^ o ii

a. i^.
•—

i

CM a** H o- b

52



03

u
P
<u

4)

03

Pi

03

00
in

0)

CQ

M 03
"" -rH

o

H

,p
u
co

no

p
o
03

T3
P o

i—

i

.—I fc
i—

i

o P 01•H •W

SI

M
3

u
J,

0) o

01 CO ^

^ P in

3 Oh

CO

O

<
Q

<
co

<
H
W

CO

t>

On
Ph

<

fa

o
w
u

H
u
w

h
w
Ph

<!

H
O
H

W

01

<

o
,P

in m ^

u

P
o
CO

o

o
o
CO

p
o
•HI

<° M
r-H TO

Ph M
CJ nJ

S ft

CO M

w
w
o

4)

U
a
4->

u
a>
i—

i

m
a>

r-
v£3

«
i

a
a
0}

P

•rH
+->

u
I

ii
m

Ph O
03 4->

M-l

-1 03
IU O
H P.
0)

-d a
<D o

P v
0) *H

||

ft 3 B

U <q A
h u

p

3 a)

ft "SQ. 03

03 r^

H "^

03 £
•H
03 T3
U 03

03 p
m ni

m ©
03 ,-H

ni u

J-l

om
+->

ni

0)
• Xi

03 ^
jS 03

03 ^

O *
ft M

r^ ^
nj P
° P
"h

1 'P -h

I s s

03 .rH CO

o

i

N
p.

o

01

W
o

(M
. o o

(M CO 00
fM o o
^ i 1 .

II

1 1 o o

o H
».

+->

Cl>

om i—i 1—1 00 00
. "t «* co m
m o o o o
00 . . . .

ii

o o o o

H

r-

nO
I

01
i

a
a
03

P
o

•I-l
+->

nJ

u

u
0)

Ph
03

^̂
^

CNJ
00

I

00 II

00

^ II

in

a3

M
03

03

B
p
p

a
p

M
03
•H
i—l

Ph
Ph

^ S—i 03

o
M

03 *H
03 r^

P
03

ojO

03

03 u
S 2h

id 03
•rH -rH

P "-1

03
0)

> ^

P. ft

oB 03

P P U
O nj 03

03

T3 P
0) ra

TO O
03 03

-3 a

Fh

Om
-t->

nJ

03

^3

0)

M

ni

•rH

ni

P
•H

03

SI

p
•H

a
o
CO

§^
00

I

vO

0)

SI

p
o
u
Oh

a
p
p

•rH

a
p
i—i

<

«
o

(M
. o o in r\]

(M vO vO O vO
rvj o o o o
^h . o . .

II

o o o o

o H
4J

(l>

o
CO <* ^h l> —1

. o o SO TJH

CO —1 I—I O (M
00 . . . .

II

o o o o

H

ojO

P
•rH

X
o
o
I—

H

I

XI
D
M
ni

03

ni 03

u
>> rt

03 VM
(0 M
o p

a
03

Tl
>> 03

u
0)

H->

ni
i—i

-> Ph

ni

u

o
NO

II

H
r-

ii

53



IS
Q

a
•rH
+->

rH

o
o

co

O

<
Q
Z
<
co

<
H

CO

O

o
w
u

<
H
U
W

w

<
H
O
H

<

u
a
9)

U

id
o

r) T3 i—

h Ph «—

i

bo

CD ^ T1

.-S U ^
bo in

a) x) o
•H rj i-H

N 3 L_,

r\]

o ..

•> tH

+->

on

CO

in

~ T* in

O fl
•H

tt rC
u

£s

«£r>>

IT)

u s

O -M
CO nj

<D °

u °°

c\]
u

O h->

co rt

(V?

o
<D £

13 ft

CO g

ft

rH

<u

ft
ft
o
o

a
o

ft

o
u
rd

u

<D

C
O

a

a
o

T3
<D
4->

ftf

i—l

ft
!h

4->

rC

<D

T3
hn t-1

i-h •F-l

I—lM t^
w u

. u
+-> o
ti *+H

u

•i-i

bC

4)
l-H (I) r|
ft
ft 0) X)

CD
U) T3 05 U

a
o
rH

•i-h

d
cr1

•rH

rH

•1-1

r-l

O
ft

S-f

<+H

T3
rd I—l

1—1
n

•rH<D

>
•i-i

u
•iH

a

•r-i

<D

u
T3
<D

•H T3

N
IB

rH s
•H
T3 o

(1) <1>
-H C 1

w r-i

a
X

cd U O

O

GO
d

•iH

CO

ti

A CO
+->

(1)

^ u

•r-l

•rH

o
fH

Tt u
• i-l

•-I

•iH

a

h (M

u
o

<+H

-l->

nJ

CD

0)

CTJ

rH
•1-1

•rH •

rrt ^
T3 -rH

0) Cj

Si C
rg O
•w CO

X
o

W
rH

o

cu

o
rH

H->

u

o
u

U

o

ii

H
CMO

II

o

r~

ii

H
vO
r—

I

o
d
n

CL

(M

ID
LO
—

I

I

O
—4
i—

I

W
o

fM
. o o

(M CM o
CM l-H l-H

^ . 1 . 1

II

o 1 O I

o H
t

+J
(0

o
CO 00 ro l-H <\]

. IT) on tJh r~-

CO O o o o
00 . . , .

II

o o o o

H

o
bD
Ph
I—l

O
u

u
<
rH

O
rH

«
o

CN]

ir>

CM vD
(M ^
^ i

1 o
II

o H
M

4->

Ci>

CO O (M
. r-l <M

CO o c\a

00 . .

II

o o

H

54



X
0)

d
ti

-t-»

ti

O
CJ

co

O

<
P

<
co

<
H
fa

co

t>

O
i—

i

Pi

<
>
fa

o
w
o

<
H
U
H

fa

fa

Pi

«!

H
O
H

W

<

u
S
4)

0)m

oo

co

CO
•I-l

P d ^
o 5 <^

O ti

n d
+J ,£

PQ co

M d
O «>

N U

rj 'O i—

i

d co ^
fa Pi^

7! r°o

d <u

fa Pi

m

X
o

f\] in ^ ^

fl O i
« ^ 00
d «h 2
0) - o
,* 3 ^
fa 43 <M

4)

CJ

J-t

d
o
CO

CO
r-

O
u
d
o
CO

o

oo
CM CO co

p
o

ft u

S ft

CO £
fa

u

i—

I

o
!h
(->

CJ

(1)

t—

I

fa

U
XI
a)

>n
o
i-H
i—I '

cc)

a
d

u
u
<

Pu J2
d •«

00 r^J

U i-H

x £

4)

. 42

(1)
X)

,c <y

CO ^

i—

1

o td

Ph u

d 0) "H

p. > £
a>X

• r-1

0) XI

Xi CJ 0)

I—

1

a) P
fc TO

o . «
*H (0 H
2 rt CJ

9 5 •

'S T3 -S

§ S 8

U X) 2

n ro

oo

(U

CJ

nJ

u
CO

o
CO

I

XI
0)

,£
co

r—

I

o

X
S
ccj

X

o

X
0)
+J
nJ
r—

I

ft

X
o

Pi

w
U
o

0)

u

o
0)

I—

I

0)

Pi

o

Oo
II

H
m
oo
o
ii

d

0)

X
£>

M
o

fNJ

. in o o
r\j fM f—

1

<M
r-J o o O
^ . . . 1

II

o o O 1

o H
g.

+J
d>

o
PO m CO i—I CT^

. cn CO -tf r-
cn o o o o
00 . . . .

o o O O
li

H

a

ii

00

d
ii

H->
Q.

O
in
00

II

H

o

d
S
iH
+J
CCJ

i—

I

fa

s
d

x
o

Pi

o
vO
r~-

n

H
CM
(MO
d
II

+J
Q.

55



4)

u
d
0)

4>
M-l

0)

Tl to

P.
'd I 1

1—1

o
I
s-

.*; t-l in
r-l >> On
d 1) r—

1

h pcj

GO —
PI

d

rH U ^°
GO m
4) T3 O
in rj .-i

n a i—

.

to "^

O g

N 3 E

PQ co S

h T3 in

O fl

Ss

d L.

Tj
O
43 un in

W W
u
J-l

d
O 4J

to ni

o
o
CO

a)
°

o ^
co nJ

o

ft h
P «J

5 ft

CO £

43
o
p

•rH

O
o

4)

Ph
Ph
O
U

43
u

o

43£§
o
in a

I

H (J

m 9i ft

to

nJ

O 43

. £

p •**

w.2

O ft

CM

0)

d
Oh

. 14
+j n
P <w

J-l

0)

4)

GO
4->

4)—

1

ft
ft
d

4J
-t->

0)
0)

43

43

0)

to TJ (0 ^

a

-H

d

•H
d

1-1
t—

1

43
+J

•i-i

.—

i

ft

i—l
I—

1

4)

> u
•-I

0)

u
Tj
0)

•rH

s.
4>

9
43
o

•i-i o
<» <1)

1-1 l" I

0J

B

• 0)
^ GO

03 T3 to
, 1-4 .rf

S d.H

0)

43

0)

14

o •|H
1—1

ft m
<4H

43
-t-> r—1

•i-l
4)

>
•H

H
•i-i •H Tl
0)

o
'0
4) l3

4)

Nl B
4) S 43 •H
14 rt o T)

i_i

(1) (I)
•H I* i

W) i—i

a
1^

nJ (J

H
u
o

4)

U

U
4)
i—(
<<-<

4)
U
4)

TJ
i—i

O
CO

o

o
o
II

Q-

o

I
s-

II

H
co
mo
d
n

CL

«
e

rsl

eg

II

00
(MO

1

1 o 0.

030

0.420

o H

W
o
CO

CO

o o
CO CO
o o

in rg
CvJ oO —)

00

II

o o" d d

H

I

u

o
—I
—I

<
a
d

. (M f\i <M O
(Nl 00 00 00 <-•

rg o o O i-H

^ . . .

o o o o
II

o H
,

4-i

tl)

D
CO ^ * ^ CO

. —I •—I •-H 00
CO o o o o
00 . . . .

o o o o
II

H

56



w
o

<
H
u
w

W

<
H
O
H

co

W

vO

n3
in

<u •—1

cj T3 n T3 cc

4)

U 9
•d .—

i

2 »
u
4>
i—i

60
TJ i—

i

3 ^
4> ^ P in

4) Xh

00 3 X fl m
4)

-3 4)
•lH

4)

43
i—!

3 0) ,-4

ri h *._, N U h ri_

T3
O

i

i rp ^
4)

2

° S

-t-> »-» +J

4) 4) 4)

rt h CJ M CJ K CJ «
.adi

Sou

u o *H o fe a
a O d CO 3 O
o o r- O

K co CO CO rg co CO

m
rt

bO
t

u
lH
rt

a ^3
+->

o mH
•H £

a) -y »

^ d T3 d
a. u

4)
•H

o
i-H

™ <u A 43
CO £ f> cj

Oh
4-» nj

0)

a

4)

cj

43

m
o3 «+H CJ o
i—

(

^ Jh
o

•i-t

CO
O d

<u

u

9 « o
+»

•H

o
in

*
M

B
00

ii

o
vO

in
H ii

ii

—1
H H

4)

O
o

13 -* CO

B #
+-> oo o

(CJ

o ! a
o
II

4)

a d d
4)

0)

-t->

DO

bO

o
DO ii ii

Q.

ri Pi

3
O
O

CJ

H £ N

57



4. References

Aronson, J. R. and H. G. McLinden (March 1964), Far -infrared spec-

tra of solids, Symposium on Thermal Radiation of Solids, NASA
SP-55, 29-38.

Ashby, Neil and Klaus Schocken (March 1964), Theory of emissivity of

metals, Symposium on Thermal Radiation of Solids, NASA SP-55,
63-71.

Bennett, H. E. , J. M. Bennett, and E. J. Ashley ( 1962), Infrared

reflectance of evaporated aluminum films, Journal of the Optical

Society of America 52, No. 11, 1245-1250.

Bennett, H. E. , M. Silver, and E. J. Ashley ( 1963), Infrared reflec-

tance of aluminum evaporated in ultra-high vacuum, Journal of the

Optical Society of America 53, No. 9, 1089-1095.

Bennett, J. M. and E. J. Ashley ( 1965), Infrared reflectance and emit-
tance of silver and gold evaporated in ultrahigh vacuum, Applied

Optics 4, 221-224.

Betz, H. T., O. H. Olson, B. D. Schurin, and J. C. Morris (1958),

Determination of emissivity and reflectivity data on aircraft struc-

tural materials, Part II. WADC Technical Report 56-222, Part II,

ASTIA Document No. 202493.

Biondi, M. A. (1956), Optical properties of copper and silver at 4. 2°K,
Physical Review 102 , No. 4, 964-967.

Biondi, M. A. and J. A. Rayne (1959), Band structure of noble metal
alloys:, optical absorption in a-br asses at 4. 2°K, Physical Review
115, No. 6, 1522-1530.

Blackman, M. , A. Egerton, and E. V. Truter (1948), Heat transfer by
radiation to surfaces at low temperatures, Proc. Roy. Soc. (London)
A194 , 147-169.

Cline, David (1962), Infrared wavelength dependence of the total absorp-
tivity of electroplated silver, Journal of Applied Physics 33 , No. 7,

2310-2311.

58



Corruccini, R. J. (1962), Thermal radiation properties of solids at low
temperatures, Measurement of Thermal Radiation Properties of

Solids, NASASP-31, 33-37.

Corruccini, R. J. (1957), Properties of materials at low temperature,
Chemical Engineering Progress 53, No. 8, 397-402.

Ehrenreich, H. (1965), The optical properties of metals, I.E.E.E.
Spectrum 2, No. 3, 162-170.

Fulk, M. M. and M. M. Reynolds (1957a), American Institute of Physics
Handbook (ed. D. E. Gray), 6-68 to 6-72 (McGraw Hill, New York,
N. Y.).

Fulk, M. M. and M. M. Reynolds (1957b), Emissivities of metallic sur-

faces at 7 6°K, Journal of Applied Physics 2_8, No. 12, 1464-1467.

Givens, M. P. (1958), Optical properties of metals, Solid State Physics

j^, 313-352 (ed. F. Seitz and D. Turnbull) (Academic Press, New
York).

Golovashkin, A. I. (1965), Optical properties of lead at low temperatures,
Soviet Physics JETP 2_1, No. 3, 548-553.

Golovashkin, A. I. and G. P. Motulevich ( 1965), Optical properties of

tin at helium temperatures, Soviet Physics JETP 20, No. 1, 44-49.

Golovashkin, A. I., G. P. Motulevich and A. A. Shubin ( I960), Deter-
mination of microscopic parameters of aluminum from its optical

constants and electrical conductivity, Soviet Physics JETP 11 , No.

1, 38-41.

Hietel, B. (1965), Die optischen eigenschaften des alkalimetalle natrium,
thesis submitted for the degree of Doctors der Naturwissens chaften,
Bergakademie, Clausthal, Germany.

Jakob, Max (1949), Heat Transfer, Vol. I, p. 51 (John Wiley and Sons,

New York, N. Y.).

Mayer, H. and B. Hietel (1966), Experimental results on the optical

properties of the alkali metals, Proceedings of the International

Colloquium on Optical Properties and Electronic Structure of

Metals and Alloys (John Wiley and Sons, Inc. , New York, N. Y.

)

59



Padalka, V. G. and I. N. Shklyarevskii ( 1962), Determination of the

microcharacteristics of copper from its infrared optical constants

and its conductivity at 82 and 295° K, Optics and Spectroscopy 12,

No. 2, 158-162.

Padalka, V. G. and I. N. Shklyarevskii ( 1961), Determination of the

microcharacteristics of silver and gold from the infrared optical

constants and the conductivity at 82 and 295° K, Optics and Spec-
troscopy

JJ.,
No. 4, 285-288.

Potapov, E. V. (1965), Optical properties of bismuth and antimony in

the infrared region of the spectrum at low temperatures, Soviet

Physics JETP 2_0, No. 2, 307-312.

Ramanathan, K. G. (1952), Infrared absorption by metals at low tem-
perature, Proc. Phy. Soc. A65, 532-540.

Rayne, J. A. (1959), Temperature dependence of the absorptivity of

copper in the near infrared, Physical Review Letters 3_, No. 11,

512-514.

Roberts, S. (1959), Optical properties of nickel and tungsten and their

interpretation according to Drude's formula, Physical Review 114 ,

No. 1, 104-115.

Roberts, S. (I960), Optical properties of copper, Physical Review 118 ,

No. 6, 1509-1518.

Shklyarevskii, I. N. , A. A. Avdeenko, and V. G. Padalka ( 1959), Meas-
urements of the optical constants of antimony in the infrared region
of the spectrum at temperatures of 290° and 110°K, Optics and
Spectroscopy 6, No. 4, 336-338.

Weiss, K. (1948), Das ultrarot-absorption-vermogen einiger metalle
bei zimmertemperatur und -183°C, Annalen Der Physik 6, No. 2,

1-18.

Ziegler, W. T. and H. Cheung (1956), Total emissivity of some surfaces
at 77°K, Advances in Cryogenic Engineering 2_, 100-103 (ed. K. D.

Timmerhaus) (Plenum Press, Inc. , New York, N. Y. ).

Zimmerman, F. G. (1955), Total emissivities and absorptivities of

some commercial surfaces at room and liquid-nitrogen tempera-
tures, Journal of Applied Physics 26, No. 12, 1483-1488.

/« GPO 831-291





U.S. DEPARTMENT OF COMMERCE
WASHINGTON, D.C. 20230

POSTAGE AND FEES PAID

U.S. DEPARTMENT OF COMMERCE

OFFICIAL BUSINESS


