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FOREWORD

Howard K. Larson

One of the critical technology needs of the Space Shuttle is develop-
ment of a reusable thermal protection system (IPS). The baseline
material for a large part of the shuttle IPS is now reusable surface
insulation (RSI). Because of the rapid progress which has occurred
in this development effort during FY'72-'73, it was deemed appropriate
to review the state of RSI technology at this time. Therefore, Ames
Research Center, under the auspices of the Shuttle Thermal Protection
Systems and Materials Technology Working Group, hosted a three-day
symposium on Reusable Surface Insulation for Thermal Protection of
the Space Shuttle on November 1-3, 1972.

The objective of this symposium was to define the state-of-the-art
for RSI materials. The meeting was divided into five sequential half-
day sessions; each session addressing a specific technology area.

The first session "RSI Fabrication and Improvement" was chaired by
Howard E. Goldstein of NASA-Ames, and included papers discussing the
development of silica, mullite and alumino-silicate RSI materials.
Rigid and flexible RSI materials were described. The results reported
showed that mullite, silica and alumino-silicate rigid fibrous RSI
materials could be fabricated reproducibly. One paper described a
somewhat different RSI concept, a rigid closed pore alumino-silicate
insulation having good physical stability. Also described was a
silica non-rigid insulation which offers the possibility of minimizing
strain compatibility problems with the structure. While substantial
improvements have been made in the past two years, it was pointed out
by many of the papers that much effort is still required to optimize
the RSI materials. Substantial improvement in physical properties and
thermal stability should be expected with continued research.

The second session "RSI Morphology and Properties" was chaired by
Salvatore J. Grisaffe, NASA-Lewis, and included papers describing the
detailed mechanical and thermophysical properties of the rigid fibrous
RSI materials and their coatings. The mechanical properties as a
function of temperature for REI mullite and LI-1500 were presented.
One paper described a comparison of the mechanical and thermophysical
properties of HCF, REI mullite, and LI-1500. Radiant energy transmis-
sion through mullite RSI was discussed in one paper and the high
temperature surface optical properties of all the RSIs were discussed
in another paper. The final paper described the microstructure of
mullite fibers. This session demonstrated that the mechanical proper-
ties of the RSI materials are reasonably well understood, though the
precision of the reported values is still in doubt. Thermal conduc-
tivity, particularly radiant heat transfer effects, are not well
defined for the fibrous mullite materials. Emittances of the surface
coatings of all the RSI materials are still questionable and require
further study.
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The third session "Environmental Testing I" was chaired by David H.
Greenshields, NASA-MSC, and described the results of arc-plasma
testing of the RSI materials. Most of these papers were concerned
with both techniques for proper convective heating environment
simulation and the response of the materials to the environment.
Two papers described thermal response in gaps due to laminar and
turbulent heating, respectively. In both studies, large panels
simulating shuttle heat shield configurations were used. Other
papers described the internal thermal response, catalytic wall
effects and material response to cyclic heating. These studies
were carried out on small models in uniform stagnation region heat-
ing regimes. Significantly higher thermal efficiency was reported
for silica RSI compared with mullite RSI. Silica RSI coatings were
also shown to be more chemically stable and less subject to crack-
ing due to thermal shock.

The fourth session "Environmental Testing II" was chaired by John D.
Buckley, NASA-Langley, and included papers that discussed the results
of several diverse environmental testing programs. There were papers
on the response of the RSI coatings in both convective and radiative
heating environments. In these papers, emphasis was placed on the
chemical and morphological changes that occur due to each heating
environment. Significant differences were shown between the effects
of radiant and convective heating. Convective heating was shown to
have more severe effects. Other papers in the session described the
effects of combined salt spray and cyclic radiant heating. It was
shown that salt spray is more deleterious for silica than for mullite.
Cold soak, acoustical rain erosion, and meteoroid impact tests were
also described. The results of large panel tests in radiant heating
and acoustic environments showed the silica RSI to be more stable.
Mullite materials experienced thermostructural failures in these tests.

The fifth session "Thermal Protection System Design and Optimization"
was chaired by George Strouhal, NASA-MSC, and included papers describ-
ing a number of specific design problems. Among these problems were
the adhesive cold soak, the effect of optical properties on thermal
design and techniques for mechanical attachment of RSI to the struc-
ture. The design concept of a non-rigid silica heat shield was
described. Papers on mullite and silica RSI, respectively, contrasted
the design philosophies and development maturities of the respective
systems. Finally, a paper on thermostructural analysis of RSI applica-
tion showed that mullite was much more subject to thermal stress
failure than silica.

In conclusion, it is felt that the Symposium fulfilled its intended
purpose in providing an "open forum" for Industry and Government to
present, receive, and discuss the most recent results of a young,
intensive technology program. NASA needed the results of this RSI
technology program in order to make important decisions as to which
of the RSI materials to choose for the shuttle heat shield. Early
in 1973, NASA made the announcement that silica was chosen for the base
material and that a coating with a ratio of solar absorbtance to room
temperature emittance of 1.0 would be baselined.
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ô

ug
h 

co
n

tr
o

ll
ab

le
ss

 c
o

m
p

le
x

it
y

.

o «
•fi ^-j O
r- 1 f_

te
m

p
er

at
u

re
s.

 
T

he
 M

od
 I

 p
ro

ce
ss

, 
a

pl
an

t 
ty

p
e 

o
p

er
at

io
n 

be
ca

us
e 

of
 t

he
 p

o o
c .5

°.d C3
rn fa.2 o
CO C.
CM Co c
0 0

^ X— cu
S &
"3 £
? ts

, r-

ji
n

d
er

 s
y

st
em

 (
d

es
ig

n
at

ed
 M

od
 L

A
 R

E
]

b
in

d
er

 t
h

at
 c

ou
ld

 b
e 

fi
re

d 
at

 a
 s

o
m

ew
l

0 CS

w
ho

ll
y 

in
o

rg
an

li
x

tu
re

 p
ro

v
id

ec

« K
° £

T
h

e 
si

m
u

lt
an

eo
u

s 
de

ve
lo

pm
en

t
an

 a
lu

m
in

a 
-m

od
if

ie
d 

b
o

ro
si

li
ca

te
 g

la

" 1> '35
cu c
<D &

C «

« -D"
£2 Q)

o £
l!5 o— _>,
S ^
§ S
<u £
P ft

wC *T3
0 ®

3- "3,

** 8

* £
^52 w^ ^£ CO
cS
7o^

1*8C i~ <

.2 *
'co cu
C 42
0) *J

15
33

° 
K

 (
23

00
° 

F
) 

an
d 

st
il

l 
ex

hi
bi

t 
di

ir
an

d 
im

p
ro

v
ed

 i
n

su
la

ti
o

n 
ef

fi
ci

en
cy

 o
f

fa Ccu •"
J3 co

s ^d) 3

o £*-, fa

ot
 p

la
nt

 i
n 

^
pr

oc
ed

ur
e

ti
es

.

-1 be fa

ic
o

rp
o

ra
ti

o
n

 i
n

to
 t

he
 G

E
-R

E
S

D
 R

E
I 

pi
fi

ri
n

g 
p

ro
ce

d
u

re
. 

T
h

e 
m

od
if

ie
d 

fi
ri

n
re

su
lt

in
g 

en
ha

nc
ed

 m
ec

h
an

ic
al

 p
ro

p
e

•= fa £
co «o •-<

>
ce

ss
),

 l
ed

 t
o 

it
M

od
 I

 A
 e

xc
ep

t 
1

r 
d

is
tr

ib
u

ti
o

n 
\v

K a ]L. -a

p
ro

ce
ss

 c
yc

le
 (

co
m

p
ar

ed
 t

o 
th

e 
M

od
19

71
. 

M
o

d 
IB

 R
E

I-
M

u
ll

it
e 

is
 

si
m

il
a:

a 
g

re
at

er
 d

eg
re

e 
of

 o
p

ti
m

iz
at

io
n 

of
 b

32



c/3 a

CO

0
0
5

<

0
0
5

a
o
_

e
o
O
S

CC
LU
CD

"•

E
a.

08
CO

CC
LU
CO

u_

E
a.

oO
CD

OC
LU
CO
Q™

E
a.

(O

S
eO
CD

CC
LU
00

LU

E
a.

<e
£
oB
CD

OC
LU
CD
LL.

CC

z
CC Z

K —
CO CO —
CO 0 CO

t_J CO Q-
O jvjS

OC o O

ill
— < a

OC

z
oc z
LU O

CO pot
CO O CO
LU ojO
o co a.

OC 0*0

iii
<- < C3

CO csj
CO CO O
^ co co
oie?
K C IN
> Z —

LU CO ,j

Z LU ~

° — —>
_J b—^lioz

^0 ^3 *••*
uj ^ Z S
o ca ^ __
O Q CD jj

CC LU QC uj
K o •

LU°0°-

w ^ - o
«" 0 CO X|
CM LL, 3 CO

CC
LU
CD

LL.
„ OC

CO "- LU

to°Q
LU LU Z

L_ 3 °°

Z _ z
>• 1 oCO O _

Q- h-
^^ ^ S5
— a o
_i u3 a.
= < 0
S CD U

CC
LU
o

CO

2
2
CC
a
>

G
R

A
V

IT

z
d
ac
a
>
j-
>

ac
u

z
<5
CC
a

^_
>

CC
C9

O
LU

LU
CC
a.

U co
Z co
£ "JS u
OC 0
o oc
U. Q.

LU
•J
I jf
t CJ

S L3

';,, ':o ,̂ e K

U
z
p
o
u
X

i

PO ™ «• ° ~*

' "

~~*

il

.̂̂

^^^ 0

CO £
^ "*^

LU
C

| |

1 I|

g ~ 1^

.=«_

33

U 11 12 ii li 1L II M li li il Jl II U A A



00

o
00

1

u

(Hca
CO

1— «

.2

rt

M
ul

lit
e 

m

i— i
w
K
i— io

CD
5
•8
•§
OS

fa
br

ic
at

io
n 

fc

0!
*• *

'co

o

1
w
s
c3

!
•a

1
G
w

e 
pr

oc
es

X!
H

sr
 s

o
lu

ti
o

n 
u

si
n

g 
a

w
T3
|

co

0
O

1
c

0

£

ib
er

s 
ar

e 
bl

en
de

d 
i

on
, 

m
ul

li
te

 f

.— .
-^
cd
o

"3c1
a
Ha
a

1

1
CO

,J^>

0
.— .

"ca
£

th
ro

u
g

h
o

u
t 

th
e 

b
in

d
-

^-.

5 
u

n
if

o
rm

l

<jj

1

0

gt
hs

 a
n

d 
d

is
p

er
se

s
) 

d
es

ir
ed

 l
en

"2•^-
£
x:•̂
co
a
o
0

o
2

im
pe

ll
er

, w
l

re
0
x:
co

•O
fllW

co"

if

CO

c_

-i-t
3

C
o
£

O
^J
10

'_K

"o

if
^

0
DO

co
3
C
Oa
re

c

re

"c
£
re
c-*->c

TJ

is
 

tr
an

sf
er

re

£••

fi
b

ro
u

s 
sl

u
r

ag
it

at
ed

o

0

0

!
0

J-ca
.S
c
'rt
£
2

re
co

ar
e 

ne
ce

s

c
3
o
CO

!H
0

5
IM

•os

id
er

 r
em

o
v

al

c•£3
^"^

1«
a_o
'*j

"o
CO

ce
ss

 b
in

de
r

Xo
0)

5
—o
o
bC
cd
CO
CO

a

h
O
*J

"co
_0

"a;

a

'-

1

u
T3
O

a
2

1.1-1<u

>>

th
e 

ne
ce

ss
ar

0

n 
co

m
pr

es
se

d

0

fi
be

rs
 a

re
 t

0£
•

o.2

1o
.-H
h
O

1

•o
0

H

g
o
bfl

-*-»

ir
-c

ir
cu

la
re

re
.2
£

i*4

•e
•g
3

"o
£

a

re
m

ov
ed

 f
ro

i

CO

1
a
0

2*o
£

1
C

• —

O

—

•e
si

de
nc

e

H

t

5
CO

re

t£
C.

"T^

I
ed
be

re

o
51
0
COI
CO

c
0a
2
ri

; 
m

u
ll

it
e 

ca
k<

w
5

an
d 

ri
g

id
iz

es

ho

s 
b

in
d

e
r 
w

a
t

i 
re

m
o

v
e

w

I
0
bec

jy
c

01
Xj

c
co
h
O
.a

o
XJ

"o
bfl
c

01
3

0

co
0

CO
tft

CO
CO
0
0I

R
E

I-
M

u
ll

it
e

-
HH

1

_o

0

6
"o
o

"re
&
"c

im
po

rt
a

e
<

un
if

or
m

ly
 c

o
at

ed
 w

it
h

u
re
CO

u
', ,

0

Z-
•c

CO

d 
in

 t
he

 c
o

m
p

o
si

te
s 

ar
e 

ob
ta

in
e

_C

be
0

0

_o

£

ay
. 

un
if

or
m

•t
UJ

x:

i?
3

CO

es
el

ec
te

d 
th

ic
k

n
es

se
s,

IHa
_o
co

"o
re
a
0

be
c

'co
COg
a
•c

T3
"o
£
•8
co

"o
rt

_2
co

y 
p

o
u

ri
n

g 
th

e

J2

is
 c

o
n

tr
o

ll
ec

co
Oa

0
•Q
C

.^H

»J

V.

•04

•O

1

.̂ -(

op
ti

m
um

 1

c
0
c

p

co

re

ce
ss

in
g 

st
u

d
ie

s;
 t

h

2
a

_>>
re
o
a
*n

t̂.

It
ie

s 
en

co
u

n
te

g

er
ca

m
e 

di
ff

i

>
0

0
ed
2
a
i-
CO

'S.

DO
3

i-

co

Ĉ
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eĜj

o

r— I

Z

D
IL

AT
O

M
ET

R
IC

SO
FT

EN
IN

G
 P

O
I

o

S
o

00

LTI
f— •
O

vO
o

Co
0

i-H

TO
TA

L 
NO

RM
AL

E
M

IS
S

IV
IT

Y
R

T-

•

a
o

TO
TA

L 
NO

RM
AL

E
M

IS
S

IV
IT

Y
O

F
CO

AT
ED

 S
AM

PL
E

CO

O
z
I
o
o
z

CO
LU
o
•̂

o
ô
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ĈU
•H
r-l
CU

CO
•H

4J
M

T3
CU

Ki
cu
CO
X
o
c
cu
cu
X

to
Ki
0
4-1
0
cfl

U-l

0
•H

CO
Ki
4J

C
cu
0

0
0

CO
CO

s
4-1
CO

f,

0
CO
l-l

01
Kl
3
4-1
CJ
cfl
Ki

t«-l

CU
4-1
CO

•H
4-1
•H

-H

0
4-1

*"O
01
Kl

•H
3
cr
cu
Ki

cu
N

•H
CO
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ĉfl
43

X)
0
}-l

cfl
C

•H
E
3

1-4.

CO

C
CO

43
4-1
•H

^
4-1
C

•H
0
CX
•o
•H
B

TJ
C
0)

o
cfl
QJ

4-1
CO

-o
CU
4J
C
Q)e5
o

~

cu
0)
p

cfl
C

•H
£2

ĈO
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ĈQ

•
-o
CU
M

3
cn
co
0)
E

cn
co

^
}~J

CO
X>

r 
s
tr

e
s
s
 

le
v
e
l 

e
ff

e
c
ti

v
e

ly
 

ra
is

e
d
 

th
e

 c
re

e
p

-
01

g
rH

cn
•H
1-;
4-1

U
CO
X
4J

•o
cu
£
CU
cn
ri
0

cn
co

U
•H

•
s~*.

CN
E

^
LO

0
rH

X

•̂
rH

0
u

•

0

0
rH
rH

rH

CO

C
0
-H
4J
•H
•a
cfl

c
cfl

X̂I

cu

M
3
CJ

C
0

•H
4-1
CJ
CU

rH

'—

CU
•a

82

M M H U l i . 1 1 . M U 1 I . 1 I J I . J i . l l .



t
I

83



cn

•<j
M
OJ
U
H
<3^
^?;

rH X~N
O-i CM
U rH

PM CU
0 J-i

3
Z 00
0 -H
M h
r . ^^^

w
c/3
2
M

w

^

cu
M
cu

4-1

c

cu
(-1

•H

cr
0)
h

0
•1 — )
CO
a
cfl

cn
cu
a
o
CJ
CU

43

en
C
0
•H
4-1
Cfl
o

•H

â
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în
CO
i-H

CX

cO

H
CD

•H
CD

4-1
•H

^

*O
CD
>
CD
•H
X
0
CO

CD

•H
3

CD
(/)
C
CD
13

4_J

c
CD
0

CD
CX

LO
00

CD

0

13
CD
00
13
3

•t— i

in
cO
3

oo
C

•H

4-"CO
O
0

i-H
•-H

CO

CD

ô
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ĈO<
_J
CL
i
I-

LU

ĈL
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î
01

I4H
cn
C
CO
l-i
H

4-1

CO
CU

£ *

-ON
• LO

US ON
• i-H

CO •*-*

rH VO

•rl
f~! *s
CJ /-s
IH -*
3 ^^
rf
u m

•O •
C rH

cfl CO
C

• IH
^ 3

• O
co >->

•t 1
C
•H W

IH CJ

r-J <

TJ
C
CS

4-1

C
CU •

CO vO
O. O>
05 rH
c
CO rH
'- TH
4-1 I-l
•H O.
e <
01

CO •
ON

• rH
4_i r^
C 1
01 CN
M ^
CO 1
fV p^

in Q
C H
CO 1
V4 O

H co
<4H =

O •
CO

CO C
0 O
•H -H
4-1 4-1
CO -rl

•H T3
l-i C
CU O
4-1 CJ
CJ
CD rH

CO g
r* }-i

CJ CU

C 4-1

o o
•rl CO
4-1 -H

cfl C
•H O

CO
OS M

CU
^H *O
Crt g
P >3c
(U CO

J3 rH
H CO
- —

^4« QJ
* u

O cQ
• Jg

os
4J

« c
^4 CU
01 CJ
rH 3

•iH i-H

SI S
rH CO
O V4

c
0
•H •
4-1 m
U rH

01 rH
4-1 V43

O CN
l-i 1

OH 00

rH CO

Cfl HH4*
g J2
I-l

CU 4-1

.e o
H CO

01 4-1

> c
•H O
4J CJ
(0
iH •
T3 CN

CO I
I-l ON
OJ rH

OS

M rH

0 3
<4H '-J

CO ON
i-H i-H
cfl
•H "
M \O
CU vO
4-1 >*O
cfl 1
S 0

W
c
3 CJ

4-1 §
CO

rH 4-1
3 IHs a

M CU

OS
01

3 1
4J CJ
eo <;
rl Q

a) s
ag .
01 4-1
H r(

O
£ a
00 Ol

•H OS
3n
: I-H

CO

" C
• -H

^J fT,

•

H :
- co

CO g
Ol CU

43 4-1
00 CO
3 X

32 CO

226

B U I! 1L Jl L L



HI

co111

-1 DC
LU LJJ
oca.

LU
N
<
CC
00

CC
LU
o

O
CO

>
O
CO <<

CQ

o o
CQ O

Z —
a.

LU

< CO
N >-

Q.
O

LU 2 :

Sj <>"J
3 a 2 Q

CO

N

Z Q d

LU

1 
an

d 
th

er
m

al
ih

an
ic

a
li

cr
o

m
ec

c
CO

•4.J§
CD

ic
 m

ec
ha

ni
-

-4-J

C
•4-*

• r-

b£•i— i
to
C

• rH

rt
oJ

T3
• r-4

CO

§
0

—S

th
e 

de
ve

lo
pm

e

•S
•a
0)

T3

'3
0)

1
"CD
T3
O

6
CO
CD

S
0)

•4->

-4-1
c<J
co£

—
"3

CO

.S
01

•FH

1— )

1

i— i

0)
£
*S
£>•i-<

;-.
.8
E
CD

*->
CQ

fr

"rt
's_.
CD

4-1

d
E

•4->
CQjj
CD
,c
-i->

CD
-u

S"3
go

_

in
di

ca
te

 t
ha

t a

CD"
"H.
S
rt
cj
In

£

C
• 1— 1

_"o
'8

CD
ha

e 
ac

hi
ev

ab
le

.

^
2"3
0

CO

"S"
•FHfi

•̂g-*_>

CD
C

un
ct

io
n 

bo
nd

s,

•>— >
(H
0)

^2a-—o
§
£
JS
ao

«
£
.S

CD
P
O

-̂u
•—
O

^H
O

-4-"
u

^s
rt

1
-u
CO1

4->

CD
t-i

b£
.S-0
»n

Xo
0

1
T3

§

^
§
0

XJ
rt

CQ

1
bO•co
H

"co"
g

0•*«
R

A

in
al

 d
ia

m
et

er

£
0c
6

t>
•TJ<

CO

5ex
I
o
§

ra
j "i * fl

-g S £^
3 g 2
M 5 *i fe
a> w fl ',3 •- cp CD^ -e

|j|ljjjJ|P|

K §o %

• t
o 

pr
ov

id
e 

qu
an

ti
ta

ti
ve

 a
pp

ro
ac

he
s 

t
g 

st
ud

ie
s 

of
 t

he
 b

as
ic

 i
ns

ul
at

io
n 

ha
ve

S .S
"E «
efl
fl S

u
CD
N

•p

th
er

m
al

 b
eh

av
io

r 
of

 l
ow

-d
en

si
ty

, 
ri

g

T5

§

15o

1
o

-rH
CO

.3h
•4->

.S
CD

H
•

6
CD

-4->
CO>>
CQ

pq
iH

is—g
COs
a
CD

•5<—o

1 1
0

js
 o

f 
16

44
° 

K
 (

25
00

°F
) 

an
d 

ab
ov

e 
ha

ve
th

e 
to

ta
l 

O
rb

it
er

 T
P

S
 r

eq
ui

re
m

en
ts

.

i %2 §
2 <0

(U

8.6

*rt

1

fa
ct

or
 t

w
o 

in
cr

ea
se

 i
n 

cr
it

ic
al

 m
ec

ha

rt
•4^
CO
rt
<û
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î-H

14H
0

to
3

•-H

3
•a
o
E

to

00
c
3
O
>
cfl

r~*
4-)
•H
3

00
c
o

i-H

cO

*o
CD
VI
3

CD
fH

CD
3

/ — >
• H
to
^

0
0
I-H

V — '

CM

E

*
in

00
vO

C
CO

/— ->

•H
CO
v;

0
LTi
< — '

CM
E

2^5-1

OO

r^-
to
<4H
0

•

r— N
•H
to
P.

to
0

X

0
CM
N '

CM
g

•ŝ
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â
Si^-
â
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CO
ex
cn
C
co

4-1

X
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• • ^̂ 0f ^M^ ^^» ĤaJ ^^^ ^^^LU <l O ̂  <
^ O D O z ^ >_j rx —

""" t^— [ XV I

< UJ 1 1 1 A

O

^
O °-
O LU
GO o:

^

gi8s
UJ

/••N h~*

O
CD

5 t? 0a: < §
0 2
^^

^ ^^ L . ^^\ ,
' ' \_r*

^J Q^
^^T^

^~ ^^0 —
1— O I-OH

o*

— ^
Ife
^r K)-1 -

^5 y
> 5 i i i /-j

i— a

hCH

-

HD-"

UJ
O

< 1 1 1 .A-

^f
^^^

O
o
C\J ^

" O ̂

Uj"
o a:
o ̂

a:
UJ

o 9:
0 2
CD LU

1-

0
o

00

g
3dOO

U-

00 00 CO

UJ UJ

345

y it ii ii u u u L U U i: M U il L L



o

CO
^ ^
(T <X>

i ̂^ O
LJJ
o: co

5 £
^ 2
H LU
O Q_

O LU
O H

LJ
. «

O
T

A
L 

N
O

R
M

A
L

 E
M

IT
T

A
N

C

H

00

d

<
X
\-
co
CO
LU

•

» 
T

E
M

P
E

R
A

T
U

R
E

>̂
CO<s

> 
D

E
C

R
E

A
S

E
D

 
W

IT
H

 I
N

C
R

E
,

9

M
E

A
S

U
R

E
M

E
N

TS
 

O
F

 S
E

V
E

R
A

L

-

i 
C

O
N

S
ID

E
R

A
B

LE
 

V
A

R
IA

TI
O

•

1A
T

E
R

IA
L

*=
Xo

V
IR

G
IN

 
S

A
M

P
LE

S
 

O
F

 E
A

R
IA

LS
 

C
O

N
V

E
R

G
E

D
 

TO
 N

E
A

R
LY

1

• 
E

M
IT

TA
N

C
E

 
O

F 
TH

R
E

E
 

1

9

g
8
fe
LJ

^s
as

P
E

C
T

R
A

L
 

E
M

IT
T

A
N

C
E

00

' 
S

IM
IL

A
R

 
D

IS
T

R
IB

U
T

IO
N

•

£
n.
1̂-
Q

<

LU
UJ

H

> 
LO

W
E

S
T

 
E

M
IT

T
A

N
C

E
 

BE

•

E

00

Q

IO

UJ
LJ

LJ
CD

' 
G

R
E

A
T

E
S

T
 

D
IF

F
E

R
E

N
C

E

9

^D
E

P
E

N
D

E
N

T
 

B
E

Y
O

N
D

 
8 

M
m

»̂

1

> 
R

E
LA

T
IV

E
LY

 
W

A
V

E
LE

N
G

'

•

346

y If H li II U - 1L j\i U IT U II Jl. II U A



vO

».
c
0
JJ
CO
c

•H
JJ

-a
c
CO

M
4-1

ĈO
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