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ABSTRACT 

The v i s i b l e  and i n f r a r e d  t r ansmi t t i ng  p r o p e r t i e s  of a spec i -  
f i c  epoxy r e s i n  are analyzed and shown t o  be s u i t a b l e  for bonding 
i n f r a r e d  d e t e c t o r s ,  opera t ing  i n  t h e  2-14 ym s p e c t r a l  reg ion ,  
t o  an o p t i c a l l y  t r a n s m i t t i n g  s u b s t r a t e  f o r  immersed app l i ca t ions ;  
a d d i t i o n a l l y ,  t h i s  r e s i n  permits  prel iminary system alignment 
using v i s i b l e  r a d i a t i o n .  T h e  r e s i n  a l s o  has  d e s i r a b l e  phys i ca l  
p r o p e r t i e s  f o r  such bonding app l i ca t ions .  



A BONDING MATERIAL FOR OPTICALLY IMMERSING 
INFRARED DETECTORS FROM 2 TO 14 MICRO-METERS 
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SUMMARY 

A suitable bonding material for optically immersing infrared 
detectors has been found for the 2 to 14 micro-meter (pm) wave- 
length region, which contains several (8 to 14, 4.4 to 5, 2.9 to 
4.2, and 1.9 to 2.5 pm) atmospheric windows of importance for 
such applications as Earth resources and other terrestrial map- 
ping, optical communications from Earth to satellites and other 
bodies, horizon sensors, and ground-based infrared astronomy. 
This material cures to films having flexural and compressive 
strengths in excess of lo4 lb/in.2, high moduli and heat distor- 
tion temperatures, and good visible transmittance to assist in 
detector and optical system alignment. Its infrared transmission 
properties are measured and analyzed herein in combination with 
two substrate materials which transmit radiation well in the 
spectral range of interest. 

INTRODUCTION 

Araldite 6010 is the trade name for an unmodified, light 
amber-colored liquid epoxy resin which transmits visible radia- 
tion well, cures at room temperature to a film having high chem- 
ical and electrical resistance, and adheres very well to metals, 
ceramics, semiconductors, and other materials. Because of these 
properties, this resin appears to be well suited to securing 
optical radiation detectors to their substrates, after which the 
devices can be processed, i.e., lapped and mechanically polished, 
chemically etched to a desired thinness, have leads attached, and 
be passivated. The substrate is essential in prevention of the 
thin semiconductor wafer from breaking during processing (typical 
intrinsic detector thicknesses are of the order of 1 mil.) For 
a number of applications, it is desirable to "immerse" the detec- 
tor optically: that is, to transmit signal radiation through the 
substrate and cement into the detector. This has advantages 
such as passivating (encapsulating) the radiation detecting sur- 
face, reducing reflective radiation losses, or (in the case of a 
lens) increasing detectivity by increasing the effective detector 
sensitive area (and thus the signal) without increasing detector 
noise. The infrared transmittance of Araldite 6010 epoxy films 
is studied here in the 2 to 14 pm wavelength spectral region. 



SELECTION O F  EXPERIMENTAL MATERIALS 

I f  t h e  d e t e c t o r  i s  t o  be o p t i c a l l y  immersed i n  a given case, 
then  it i s  necessary t h a t  both the  s u b s t r a t e  and cementing ma-  
t e r i a l  be h ighly  t r a n s p a r e n t  t o  r a d i a t i o n  of wavelengths a t  which 
the  d e t e c t o r  i s  s e n s i t i v e .  Thus t h e  i n c i d e n t  r a d i a t i o n  i s  nea r ly  
completely absorbed by t h e  d e t e c t o r  element and c o n t r i b u t e s  t o  an 
electrical  s i g n a l  r a t h e r  than becoming l o s t  i n  i t s  passage through 
t h e  in te rvening  m a t e r i a l .  

Many s o l i d  materials are known which t ransmi t  i n f r a r e d  r ad i -  
a t i o n  very w e l l  ou t  t o  (and, i n  some cases, beyond) 14-yrn wave- 
length  - t h e  l i m i t  of high atmospheric t ransmi t tance .  Among 
these a r e  s i l i c o n ,  germanium, and selenium; barium, lead and 
sodium f l u o r i d e s ;  cadmium s u l f i d e  and t e l l u r i d e :  var ious  a rsen ic- ,  
iodine- ,  and selenium-containing i n f r a r e d  g l a s s e s ;  potassium, 
s i l v e r ,  t ha l l i um,  and sodium ch lo r ides ;  t h e  KRS's; t ha l l i um and 
cesium bromides: and potassium and cesium iodides ( r e f .  1). I n  
a d d i t i o n ,  Kodak hot-pressed p o l y c r y s t a l l i n e  powders, called 
" I r t r a n s "  f o r  InfraRed - TRANsmitting, a r e  use fu l .  They are num- 
bered 1 througE 6 ,  and are, r e s p e c t i v e l y ,  magnesium f l u o r i d e ,  
z inc  s u l f i d e ,  calcium f l u o r i d e ,  z inc  se l en ide ,  magnesium oxide,  
and cadmium t e l l u r i d e .  Their  long-wavelength (10 percent  for  
0.080 inch  th i ckness )  t ransmiss ion  l i m i t s  are, r e s p e c t i v e l y ,  9 . 2 ,  
1 4 . 7 ,  11.5,  21.8, 9 . 4 ,  and approximately 32 um from number 1 
through 6 ( ref .  2 )  . 

Among t h e  f a c t o r s  which must be considered i n  s e l e c t i n g  a 
s u i t a b l e  d e t e c t o r  s u b s t r a t e  m a t e r i a l  are c o e f f i c i e n t  of thermal 
expansion ( t o  match t h a t  of t h e  d e t e c t o r ) ,  thermal conduct iv i ty  
( t o  t r a n s f e r  heat from d e t e c t o r  t o  cryogen) ,  moduli of e l a s t i c i t y  
and rup tu re ,  so f t en ing  p o i n t ,  s o l u b i l i t y ,  and chemical r e s i s t a n c e .  
Radiat ion reflection losses a r e  covered i n  the  t ransmission measure- 
ment, and may be reduced by appropr ia te  i n t e r f a c i n g  on one side 
and a n t i r e f l e c t i o n  coa t ing  on t h e  o the r .  The I r t r a n s  w e r e  selected 
f o r  good phys ica l  and chemical p r o p e r t i e s ,  and t h e  I r t r a n - 2  (long- 
wavelength cu tof f  1 4 . 7  urn) coeff ic ient  of thermal expansion i s  
s u f f i c i e n t l y  c l o s e  t o  t h a t  of a number of u s e f u l  d e t e c t o r  materials. 
The b e s t  t r a n s m i t t i n g  material i n  t h e  7- t o  14-um region appears 
t o  be barium f l u o r i d e ,  u s e f u l  i n  t h e  experimental  work t o  be 
descr ibed,  bu t  s l i g h t l y  so lub le  i n  w a t e r  ( ref .  3 ) ,  of poor chemical 
r e s i s t a n c e ,  and wi th  an extremely high c o e f f i c i e n t  of thermal expan- 
s ion ;  t h u s ,  it has d e f i n i t e  l i m i t a t i o n s  as an i n f r a r e d  window or  
as a d e t e c t o r  substrate material .  

Relative t o  t h e  cementing material used t o  bond t h e  d e t e c t o r  
t o  i t s  s u b s t r a t e ,  c e r t a i n  p r o p e r t i e s  are usefu l :  
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(1) Low vapor pressure, 
(2) Good adhesion, 
( 3 )  Room temperature setting, 
( 4 )  Transparent in the visible region, 
(5) Good chemical stability and insolubility, 
(6) Transparent to radiation in the IR region of interest. 

Low vapor pressure is a requirement to avoid outgassing and 
vacuum deterioration in the evacuated dewar in which the detec- 
tor is stored. This prevents condensation on the detector and 
window during cryogenic operation. 
dium and indalloy solders, typical for IR detectors, fulfill this 

Gold lead wires and pure in- 

requirement (ref: 4). Most common substrate materials also meet 
this criterion (ref. 5). 

Good adhesion is a requirement because it is necessary that 
the detector remain firmly in place under all conditions, in- 
cluding large temperature changes when the detector element is 
cooled to a cryogenic (operating) temperature. 

It is desirable that the cement harden to ultimate physical 
strength ("set") at room temperature. Some detectors are sensi- 
tive to elevated temperatures (e.g., HgCdTe tends to decompose 
because of the HgTe content). 

Transparency in the visible region for both cement and sub- 
strate would permit optical system alignment of an immersed de- 
tector visually prior to final IR adjustment. It also assists 
the fabricator to eliminate bubbles from the cement film for 
maximum adhesion and thermal conductivity. 

High chemical stability is essential to prevent undesirable 
side reactions with various detector etchants, and the cement 
must be essentially insoluble in typical rinsing solvents (water, 
alcohol, acetone, chlorinated hydrocarbons). This also maintains 
film integrity and prevents later outgassing during detector 
storage in an evacuated dewar. 

If an immersed detector is to receive maximum signal radia- 
tion, the substrate and cement must be as highly transmitting of 
radiation in the sensitive spectral region of the detector as 
possible. This varies according to the detector material. 

Araldite 6010 epoxy resin with amine hardener HN 951 meets 
all the desirable properties discussed above (ref. 6); in addi- 
tion, it has high electrical resistance, tensile, compressive, 
and flexural strengths of 9,000, 23,000, and 17,000 lb/in.2, 
respectively, 0.004 inch/inch shrinkage during cure; and low 
water absorption (ref. 7). It was selected as the test material 
to determine transmittance at various infrared wavelengths of 
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p a r t i c u l a r  i n t e r e s t  i n  I R  detector r e sea rch  and development. Both 
barium f l u o r i d e  and I r t r an -2  w e r e  s e l e c t e d  t o  be used wi th  t h e  
epoxy because of t h e i r  h igh  and known I R  t r ansmi t t ance  o u t  t o  
14-pm wavelength. F igures  1 and 2 show t h e  t y p i c a l  t r ansmi t t ances  
(refs. 1 and 2 ,  r e s p e c t i v e l y ,  r e c a l c u l a t e d  t o  NASA sample th i ck -  
nesses)  ve r sus  a c t u a l  experimental  measurements. 

ANALYSIS O F  EXPERIMENTAL WORK 

Epoxy w i t h  B a r i u m  F luo r ide  

Two o p t i c a l l y  f l a t  and pol ighed samples of b a r i  rn f l u o r i d e  
w e r e  i n d i v i d u a l l y  measured f o r  i n f r a r e d  t r ansmi t t ance .  The 
t r ansmi t t ance  measurements were i d e n t i c a l  fo r  both p i eces  wi th in  
experimental  e r ror  and are shown i n  F igure  1. Each p i e c e  w a s  
3 mm ( 0 . 1 2  inch)  t h i c k .  The t w o  p i eces  w e r e  t hen  cemented 
t o g e t h e r  w i t h  A r a l d i t e  6010 epoxy r e s i n  and cured wi th  1 3  p a r t s  
( p e r  100  p a r t s  of r e s i n )  of hardener  HN 951. C a r e  w a s  t aken  t o  
remove all a i r  bubbles and to make t h e  epoxy l a y e r  t h i n .  T h e  
t r ansmi t t ance  of t h e  cemented assembly w a s  measured and i s  shown 
i n  Table I .  

TABLE I The express ions  for  r e f l e c -  
t a n c e ,  absorptance , and t r a n s -  TRANSMITTANCE O F  CEMENTED 
mi t tance  f o r  a s i n g l e  f l a t  p i ece  BARIUM FLUORIDE ASSEMBLY 
of mater ia l  are w e l l  known < f o r  
example, see ref.  7). For mul- 
t i p l e  l a y e r s ,  t h e  express ions  
become more complicated.  The 
g e n e r a l  express ion  f o r  t h e  to ta :  
t r ansmi t t ance  of three l a y e r s  
i n  series (as ,  f o r  example, a 
s u b s t r a t e ,  epoxy bonding l a y e r ,  
and semiconductor) ,  al lowing 
fo r  m u l t i p l e  i n t e r n a l  reflec- 
t i o n s ,  i s :  

Externa l  
Transmit tance 

8 
9 
10 
11 
12 
13 

17 
68 
66 
58 
20 
16.7 
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where 
T~ = t o t a l  t ransmi t tance  

(allowing f o r  mul t ip l e  
r e f l e c t i o n s )  

p = r e f l e c t i v i t y  

a =  absorp t ion  c o e f f i c i e n t  

d = d i s t ance  through 
( th i ckness  o f )  t h e  
l a y e r s ,  as i n  ske tch  
a t  r i g h t  

The s u b s c r i p t s  a ,  s ,  e, and b 
refer, r e s p e c t i v e l y ,  t o  a i r ,  
semiconductor, cement, and 
s u b s t r a t e .  

a 

1 

For r a d i a t i o n  of photon energy l a r g e r  than t h e  forbidden 
bandgap of a direct  gap semiconductor, t h e  absorpt ion c o e f f i c i e n t  
i s  o f t e n  very high (-lo4 t o  lo5 crn-l) and thus  very l i t t l e  radia- 
t i o n  w i l l  pene t r a t e  t h e  assemblage shown. However, i n  t h e  present  
work, sandwiches of s u b s t r a t e  and cement which t r ansmi t t ed  appre- 
c i a b l e  (and e a s i l y  measurable) r a d i a n t  power w e r e  f a b r i c a t e d .  
For t h i s  case, Eq. (1) a l s o  holds.  

For  t h i s  s impler  case of a s i n g l e  s u b s t r a t e ,  t h e  i n c i d e n t ,  
r e f l e c t e d ,  and t r ansmi t t ed  r ays  can be shown without  confusion, 
and a r e  diagrammed below. Equation (1) s i m p l i f i e s  f o r  t h i s  case 
t o  

L - n = l  n 
pi Tt - 

2 
- - ( 1 - p )  exp (-ad) ( 2 )  

1 -  p 2  exp (-2ad) 

where Pt  and P i  are t r ansmi t t ed  and i n c i d e n t  r a d i a n t  powers, 
r e s p e c t i v e l y ,  and p t h e  r e f l e c t i v i t y  of  t h e  s u b s t r a t e  su r face  
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( a i r - s u b s t r a t e  i n t e r f a c e ) .  For t w o  s u b s t r a t e s  of equal  th ickness  
w i t h  a s h o r t  a i r  pa th  between, t h e  t ransmi t tance  may be approxi- 
mately found by squaring t h e  right-hand side of Eq. ( 2 ) :  

4 
( 1 - p )  exp (-2ad) 

1 - 2 p 2  exp (-2ad) + p 4  exp (-4ad) 
T =  t ( 3 )  

f o r  a s p e c t r a l  range over which t h e  o p t i c a l  absorpt ion c o e f f i c i e n t  
of t h e  material may be considered cons tan t .  

I t  should be mentioned t h a t  t h e  r e f l e c t i v i t y  of an i n t e r f a c e  
i s  t h e  same f o r  e i t h e r  d i r e c t i o n  of t r a v e l  of t h e  r a d i a t i o n .  
T h i s  arises from t h e  f a c t  t h a t  

(Nc- Nb) 2 + K 2  

cb (Nc + N b ) 2  + K2 
- - 

For t r a n s m i t t i n g  media, t h e  e x t i n c t i o n  c o e f f i c i e n t  K i s  gene ra l ly  
n e g l i g i b l e ,  and 

When, f o r  t h e  m o m e n t ,  r a d i a t i o n  absorpt ion f o r  t h e  two barium 
f l u o r i d e  (BaF2) windows is  neglec ted ,  t h e  exponent ia l  terms may 
be dropped f r o m  t h e  t r a n s m i t t a n c e  equat ions  and w r i t t e n :  

T t ( a i r  f i l m  between) 
T t (cemented with epoxy) 
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With t h e  values of N a  = 1 ( a i r ) ,  Nb = 1 . 4 2 1  a t  9.7 um and 
1 . 4 1 4  a t  1 1 . 0  pm,  and Nc = 1.573 (manufacturer ' s  unpublished 
d a t a ) ,  a t  10 um wavelength, from Eq. ( 4 ) ,  Pab = 0.0301 and 

- 0.00251. Thus T t ( a ) / - c t ( c )  = 0.950 from Eq. (5). This  pbc - 
r e s u l t  shows t h a t  t h e  p red ic t ed  e x t e r n a l  t ransmi t tance  of t h e  
cemented windows i s  h igher  than t h a t  of t h e  windows wi th  a t h i n  
f i l m  of a i r  between them, and t h e  reason i s  t h a t  r e f r a c t i v e  i n d i x  
matching a t  t h e  epoxy-BaF2 i n t e r f a c e  reduces r e f l e c t i o n  l o s s e s  
below those  of BaF2 i n  a i r .  The experimental  r a t i o  (from Figure  1 
and Table I)  is :  

Values of a from t h e  experimental  
(I/Io) a r e  due only t o  absorp- 
t i o n  l o s s e s  as shown i n  Table 11. 
Now, when c o r r e c t i o n s  f o r  absorp- 
t i o n  are made, t h e  absorp t ion  
c o e f f i c i e n t  of t h e  epoxy cement, 

i n d i c a t i n g  t h a t  t h e  epoxy a c t u a l l y  does absorb some r a d i a t i o n ,  
an  amount which w i l l  now be ca l cu la t ed .  

-1 Wavelength ab,  cm 
u m  

8 0.0469 
10  0 . 2 4 1  
13  2.63 

The two-surface r e f l e c t i o n  loss f o r  BaF2 i s  given as 7.7 per- 
c e n t  a t  0 .6  pm ( r e f .  1, p. 34)  and t h e  t ransmi t tance  curve ind i -  
c a t e s  t h a t  t h i s  va lue  i s  e s s e n t i a l l y  cons tan t  ou t  t o  a 10-um 
wavelength. I t  i s  probably s a f e  t o  cons ider  it cons tan t  through- 
o u t  t h e  s p e c t r a l  region of i n t e r e s t ,  s i n c e  absorptance r a t h e r  
than increased  r e f l e c t a n c e  causes t h e  drop i n  t h e  t ransmi t tance  
curve.  The r e f r a c t i v e  index d a t a  of r e fe rence  1 show t h i s .  
Since I = Io exp ( - ad ) ,  when absorpt ion loss only ( i n t e r n a l  t r a n s -  
m i t t a n c e ) i s  considered,  c a l c u l a t i o n  f o r  t h e  BaF2 may be  performed 
by means of 

TABLE I1 

ABSORPTION COEFFICIENT, ab I - = exp (-0.301~) . 
I O  OF BARIUM FLUORIDE 
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Solving Eq.  (6 )  by t r i a l ,  measuring a l - m i l  t h i ckness  of epoxy 
cement [ac = 0 . 0 0 1  (2.54) c m ]  y i e l d s  t h e  absorp t ion  c o e f f i c i e n t  
f o r  t h e  A r a l d i t e  6010 (ac = 62 crn’l). Th i s  means t h a t  a ( t y p i -  
ca l )  l - m i l  t h i ckness  of A r a l d i t e  6010 would absorb about 14.8 
pe rcen t  o f  i n c i d e n t  10-pm r a d i a t i o n .  

Epoxy wi th  I r t r a n - 2  (Zinc S u l f i d e )  

An o p t i c a l l y  f l a t  and po l i shed  window of Kodak I r t r an -2  
(hot-pressed p o l y c r y s t a l l i n e  z i n c  s u l f i d e ,  l-mm t h i c k )  w a s  
measured fo r  i n f r a r e d  t ransmi t tance .  It  w a s  t hen  coa ted  with a 
l-mil-thick l a y e r  of A r a l d i t e  6010 epoxy cured a t  room tempera- 
t u r e  wi th  1 3  p a r t s  of hardener  HN 951 p e r  1 0 0  p a r t s  r e s i n .  The 
measured t r ansmi t t ance  of t h e  I r t r a n - 2 - i s  shown i n  F igu re  2 .  
t r ansmi t t ance  of window p l u s  epoxy is  shown i n  F igure  3, and 
f i g u r e s  a t  s e l e c t e d  wavelength increments are as follows : 

TABLE I11 

ABSORBANCE OF IRTRAN-2 WITH ARALDITE 6010 EPOXY FILM 

Wavelength A ,  pm 

2.5* 
4 
6 
8 
8.6 

1 0  
10.6** 
11 
12.5 
1 4  
15*** 
16 

Absorbance = log  (1/~) 

0 . 1 4 4  
0.159 
0.143 
1.23 
0.29 
0.296 
0.255 
0.265 
0.33 
0.39 
1 .3  

-10 

*Spectrophotometer minimum 
* *C02  laser 

***Long wavelength cu to f f  of I r t r an -2  

Externa l  T 

71.7 
69.3 
71.9 

51.3 
50.6 
55.6 
54.3 
46.8 
51.3 

10 - 

5.89 

5.81 

The 
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The absorpt ion c o e f f i c i e n t  of t h e  epoxy comment, a?, w i l l  now be  
ca l cu la t ed .  The nomenclature w i l l  be t h e  same as i n  t h e  previous 
s e c t i o n  except t h a t  s u b s c r i p t  I w i l l  r e f e r  t o  I r t ran-2 .  The 
two-surface r e f l e c t i o n  loss f o r  I r t r an -2  i s  approximately 20 per- 
cen t  between 2.5 and 1 2  ym wavelength: 

I - = exp (-O.laI) . 
I O  

-1 Between 2.5 and 1 2  ym, a1  = I n  0.9/-0.1 = 1.05 cm . I n  t h i s  
i n t e r v a l ,  an equat ion f o r  c a l c u l a t i n g  aC may be s t a t e d :  

Pt T ( I r t r a n ,  I ,  p l u s  cement, c) = - 
t 'i 

paI = 0 . 1 4 1 ,  pIc  = 0 . 0 2 7 7 ,  and pca = 0 . 0 4 9 6  from Eq. ( 4 ) .  Sub- 
s t i t u t i n g  t h e s e  numbers, a t  10 .6  ym, y i e l d s :  

T~ = 0.556 

(1 -0.141) (1 -O.0277l2(1- 0.0496)Cexp -1.05(0.1) -0.00254crc] 
=: 

{l- 0.141(0.0277) [exp -(2) (1.05) (0.1) 1){1- 0.0277(0.0496) [exp -2(0.00254ac]) 
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which may be  immediately s impl i f i ed  t o  

exp (-0.  00254ac) 
1- 0.001375 exp (-0.00508ac) = 0.772 

Solving by t r i a l ,  ac = 1 0 1  c m - l ,  which i n d i c a t e s  t h a t  a 1 - m i l  
th ickness  of Ara ld i t e  6010 t r ansmi t s  about 77 percent  of t h e  in-  
coming 10.6-pm r a d i a t i o n .  I t  may be seen from Figure 3 t h a t  t h e  
A r a l d i t e  t ransmi t tance  i s  near ly  a t  a peak a t  10 .6  pm; t hus  it 
is  a good bonding ma te r i a l  f o r  an immersed C 0 2  laser de tec to r .  

An a d d i t i o n a l  coa t ing  of Ara ld i t e  6010 w a s  used t o  cement 
a second I r t r an -2  window t o  t h e  f i r s t .  The absorbance d a t a  f o r  
t he  cemented doublet  are shown i n  Figure 4 ,  and i n d i c a t e  t h a t  
although t h e r e  i s  1 0  percent  ex te rna l  t ransmi t tance  a t  1 0 . 6  u m ,  
t h e r e  are a number of s p e c t r a l  regions of e s s e n t i a l l y  zero t r a n s -  
mit tance.  C lea r ly ,  f o r  high r a d i a t i o n  t ransmission,  t he  epoxy 
should be appl ied  a s  a s i n g l e  t h i n  coa t  and kept  c lean .  Neces- 
s a r y  handling of t h e  i n i t i a l  coated window during measurements 
may have reduced i t s  i n f r a r e d  transparency. 

CONCLUSIONS 

Ara ld i t e  6010 epoxy r e s i n ,  cured with 13 p a r t s  p e r  1 0 0  by 
weight of hardener HN 951, is  a promising bonding m a t e r i a l  f o r  
immersed i n f r a r e d  d e t e c t o r s  i n  t h e  2- t o  14-pm wavelength region. 
I t  i s  also t r anspa ren t  t o  v i s i b l e  r a d i a t i o n  f o r  device and o p t i -  
cal  component alignment purposes. 

Although absorpt ion regions occur a t  i n t e r v a l s  over t h e  
above s p e c t r a l  range, they gene ra l ly  are n o t  a t  c r i t i ca l  wave- 
lengths .  With re ference  t o  Figure 3, t h e r e  i s  r e l a t i v e l y  heavy 
absorbance a t  3 .0 ,  3.4, 6 . 2  t o  8.5, 9 .7 ,  and 1 2 . 2  p m ,  S i m i l a r  
absorpt ion regions are probably i n e v i t a b l e  with o t h e r  organic  
materials. 

E l e c t r o n i c s  Research C e n t e r  
Nat ional  Aeronautics and Space Administration 

Cambridge, Massachusetts,  December 1968 
125-21-03-24-25 
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