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1 15. SUPPLEMENTARY NOTES t 
? 

( Report  prepared f o r  Qual i ty and Rel iabi l i ty  Assurance Laboratory 

This repor t  describes the second p a r t  (Par t  B) o f  the  program f o r  
the development o f  s o l i d  s t a t e  radiographic a m p l i f i e r s .  The developed 
s o l i d  s t a t e  image amp l i f i e r s  a re  intended as equivalent  o r  improved replace- 
ments f o r  f luoroscop ic  screens and X-ray f i l m  used i n  radiographic evaluat ions , 
o f  space veh ic le  components and s t ruc tures .  Non-storage type rad iograp ic  
a m p l i f i e r s  s i m i l a r  t o  f luorescop ic  screens were b u i l t  w i t h  improved sensi -  
t i v i t y  and cont ras t .  A simple photoconductor-electroluminescent (PC-EL) 
type radiographic storage a m p l i f i e r  was developed w i t h  h igh  reso lu t i on  
(h igher  than 300 l i n e / i n c h ) ,  long image stoLage (5 minutes t o  1 hour) 
and medium r a d i a t i o n  i npu t  s e n s i t i v i t y  (1 rontgen input  f o r  s u i t a b l e  image). 
The h igh  cont ras t  s e n s i t i v i t y  obtained c l o s e l y  approached the 2% o f  t h i c k -  
ness d e f i n i t i o n  per  MIL-STD-453, f o r  0.25" t h i c k  aluminum p l a t e  (2% penetra- 
meter o u t l i n e  v i s i b l e ) .  L i g h t  s e n s i t i v e  storage a m p l i f i e r s  were developed 
as p o t e n t i a l  replacements fo r "X-YH type area scan-recorders, when used 
w i t h  a  h i g h - i n t e n s i t y  p o i n t  l i g h t  source input .  -9 simple PC-EL construc- 
t i o n  was developed w i t h  an ASA s e n s i t i v i t y  o f  10 , and a  cascaded 

1 
cons t ruc t i on  w i t h  more than ten  times h igher  s e n s i t i v i t y  bu t  w i t h  lower I 
reso lu t ion .  Compact power suppl ies were a l s o  b u i l t  f o r  these image ampl i -  I 
f i e r s .  
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GLOSSARY 

r a t u r e  

I l l u m i n a t i o n  

Image A m p l i f i e r  o r  
Image I n t e n s i f i e r  

Lumi nance 

Luminescence 

Luminous Emittance 

Luminous F lux  

Measure o f  v i sua l  sensat ion o f  luminous i n t e n s i t y .  
I t  i s  o f t e n  used instead o f  luminance o r  luminous 
emi t tance.  

The equ iva len t  temperature o f  a b lack  body rad ia t i on ,  
whose ch romat i c i t y  i s  approximately the  same as 
t h a t  o f  the l i g h t  source i n  quest ion. 

Luminescence exc i ted  by an e l e c t r i c  f i e l d  o r  
cu r ren t .  

U n i t  o f  i l l u m i n a t i o n .  Equal t o  the luminous f l u x  
( in 1 umens) received on 1 square f o o t  o f  the 
i l l u m i n a t e d  surface. 

Measure o f  the image cont ras t  o f  an i n t e n s i f i e r  
panel.  I t  i s  equal t o  the slope o f  the  t r a n s f e r  
c h a r a c t e r i s t i c s  drawn on double l oga r i t hm ic  
paper : (where L  i s  the input  

l i g h t  i n t e n s i t y ,  B i s  the output  b r igh tness) .  

Density o f  the luminous f l u x  on an i l l u m i n a t e d  
surface. I t s  u n i t s  are the footcan l e  ,lumens 1 (  
per  square foos) , l u x  (lumens per  m ) and phot 
(lumens per  cm ) ,  1 f c  - 10.764 l u x  = 1.0764 
mphot (mi l l i phot = 1  hot) . 
Device f o r  increasing the br ightness o f  an 
image. Two v a r i e t i e s  o f  such image i n t e n s i f i e r s  
a re  under development. (1) Vacuum tube type, 
us ing p h o t o e l e c t r i c  emission, e lec t ron  o p t i c s ,  
and cathodoluminescence; (2) S o l i d  s t a t e  type, 
us ing PC and EL ma te r ia l s .  

U n i t  o f  luminous f l u x ,  I t  i s  equal t o  the f l u x  
through a  u n i t  so l  i d  angle (s teradian)  from a  
un i fo rm p o i n t  source o f  1 candle. 

L i g h t  i n t e n s i t y  per  u n i t  o f  projec5ed p o i n t  o f  2  
source. I t s  u n i t s  are:  candle/cm , cand le / f t  , 
e tc .  

Phenomenon o f  l i g h t  emission caused by any e f f e c t  
o ther  than h igh  temperature (thermal r a d i a t i o n ) ,  
as e lec t ro lumi  nescence (EL), photo~umi  nescence 
(PL), bioluminescence, cathodoluminescence, e t c .  

Luminous f l u 3  emit ted per  u n i t  ar9a. I t s  u n i t s  
a re  1 umen/cm (Lambert) , 1 umen/f t ( f o o t  1 ambert) . 
The t o t a l  v i s i b l e  energy emitted. by a  source per  
u n i t  t ime. I t s  u n i t  i s  the lumen. 

vii 



Lumi nous Ga i n The r a t i o  o f  t he  t o t a l  ou tpu t  f l u x  i n  luminous 
u n i t s  t o  the  cor responding i n p u t  f l u x  i n  t he  
same u n i t s .  The i n p u t  spectrum, t he  ou tpu t  
phosphor, and t he  i n p u t  o r  ou tpu t  f l u x  l e v e l  must 
be s p e c i f i e d .  

Luminescence e x c i t e d  by  e lec t romagnet i c  r a d i a t i o n  
as u l t r a v i o l e t ,  o r  v i s i b l e  l i g h t ,  o r  X-rays. 

Resolut ' ion Measure o f  t he  o p t i c a l  q u a l i t y  o f  an image, 
r ega rd i ng  t he  sepa ra t i on  o f  c l ose  elements. 
I t s  u n i t s  a re :  ( 1 )  o p t i c a l  l i n e s  per  inch ;  
(2) 1 ine-pa i  r s  pe r  inch;  (3) TV 1 ines pe r  inch ;  
and (4) elements o r  c e l l s  per  inch. U n i t s  (3) 
and (4) d i f f e r  by a f a c t o r  o f  two from u n i t s  (1) 
and (2) ,  e.g.: a r e s o l u t i o n  o f  50 o p t i c a l  l i n e s  
( o r  s imp le  o p t i c a l  r e s o l u t i o n  o f  50 l i n e s )  per  inch,  
50 l i n e - p a i r s  pe r  inch ,  100 TV l i n e s  per  i n c h  and 
100 elements o r  c e l l s  pe r  i n c h  a r e  e q u i v a l e n t  
s ta tements .  

U n i t  o f  X-ray dose. R/sec and R/min a re  u n i t s  o f  
X-ray i n t e n s i t y .  

The power d i s t r i b u t i o n  o f  em i t t ed  l i g h t  as a 
( o f  emission) f u n c t i o n  o f  t he  wavelength. Given g e n e r a l l y  i n  - 

r e l a t i v e  u n i t s ,  w i t h  t h e  maximum va lue  as 100%. 

o f  Dependence o f  p h o t o s e n s i t i v i t y  (pho tocur ren t  o r  
photorespons ive ou tpu t )  on wavelength o f  i l l u m i n a t i n g  l i g h t .  
e l e r n e n t s o r d e v i c e s )  M e a s u r e d g e n e r a l l y b y r e c o r d i n g t h e o u t p u t o f  

t h e  photorespons ive dev ice  when i r r a d i  a t i  ng i t 
w i t h  a cons tan t  power o f  monochromatic l i g h t  o f  
changing wavelengths. I f  t he  dark  ou tpu t  i s  n o t  
n e g l i g i b l e ,  i t s  va l ue  i s  sub t rac ted  f rom t h e  
measured ou tpu ts .  The s p e c t r a l  response curve  
i s  g i v e n  g e n e r a l l y  i n  r e l a t i v e  u n i t s ,  t he  maximum 
o f  t h e  cu rve  be ing  s e t  t o  100%. 

I f  t he  s lope  o f  t he  ou tpu t - i npu t  l i g h t  i n t e n s i t y  
curve i s  n o t  cons tan t ,  t h e  s p e c t r a l  response 
curve  depends on t h e  i n t e n s i t y  o f  t he  monochromatic 
i l l u m i n a t i o n .  To e l i m i n a t e  t h i s  v a r i a b l e ,  another  
measur ing method should  be used; p r e f e r a b l y ,  t he  
power o f  t h e  monochromatic l i g h t  i s  ad jus ted  so 
t h a t  a cons tan t  ou tpu t  i s  ob ta ined  when changing 
t h e  wavelength.  The r e c i p r o c a l  va lue  o f  t h i s  
i l l u m i n a t i n g  power as a f u n c t i o n  o f  wavelengths 
w i l l  g i v e  t h e  s p e c t r a l  response curve. 

Standard Luminous Gain Same as luminous g a i n  i f  t h e  i n p u t  f l u x  i s  2 8 7 0 ' ~  
c o l o r  temperature tungs ten  lamp r a d i a t i o n .  



Where t he  abso lu te  va lue  o f  t he  s lope  ( f i r s t  
d e r i v a t i v e )  i s  decreas ing w i t h  i nc reas ing  absc issa 
(independent v a r i a b l e ) .  I f  the f u n c t i o n  i s  o f  
t he  form y  = c  x , i t  i s  sub l i nea r  when n < 1. 
Note t h a t  n  = d  ( l o g  y ) / d ( l og  x) and see "Gamma". 

Where t he  abso lu te  va lue  o f  t he  s lope  ( f i r s t  
d e r i v a t i v e )  i s  i nc reas ing  w i t h  i nc reas ing  
absc issa (independent v a r i a b l e ) .  I f  t he  f u n c t i o n  
i s  descr ibed by t he  equat ion:  y  = c  x  , i t  i s  
s u p e r l i n e a r  when n  ) 1.  

T rans fe r  
C h a r a c t e r i s t i c s  

Curve, represen t ing  t he  ou tpu t  b r i gh tness  as 
a  f u n c t i o n  o f  t he  i n p u t  l i g h t  i n t e n s i t y  o f  t h e  
image i n t e n s i f i e r .  Drawn g e n e r a l l y  on double 
l o g a r i t h m i c  paper. 



ABBREVIATIONS AND SYMBOLS 

C 

CdS 

CdS e  

-8 
Angstrom = 10 cm = 10- lo  rn ( l o - '  nm) 

a1 t e r n a t i v e  c u r r e n t  

b r i gh tness  i n  f oo t l ambe r t s  

cons tan t  o f  EL c e l l s  

capac i tance 

cadmium s u l f i d e  

cadmium se len ide  

d  i r e c t  c u r  r e n t  

e l ec t r o l um inescen t ,  e lec t ro luminescence 

d i e l e c t r i c  cons tan t  

f requency i n  Hz 

f oo t cand le  

f oo t l ambe r t  

ga i n  

measure o f  c o n t r a s t  

Her tz ,  u n i t  o f  f requency 

cu r r e n t  

image i n t e n s i f i e r  

3 3 k i l o  = 10 , e.g.: kHz = 10 Hz 

l i g h t  i n t e n s i t y  i n  foo tcand les  

wavelength 

meter 

6 
mega - 10 e.g.: MIL = 1 0 6 f i  

- 6 - 6 - m i c r o  = 10 e.g.: pm = 10 m 

-6 - micrometer = 10 meter  (used i ns tead  o f  micron)  

- - 9 nano - 10 e.9.: nm = 1 0 - ~ m  



RMS 

R 

S . S .  

0' 

capacitance r a t i o  

photoconductive, photoconductor 

root mean square 

I I 
resistance or Rsntgen 

storage screen 

conduct iv i ty  

thickness o f  layer  

temperature 

Vol ts ,  voltage 

wat t  

ohm 



SUMMARY 

The work i n  t h i s  second p a r t  o f  t h e  c o n t r a c t  was d i r e c t e d  toward t he  
development o f  ( 1 )  s to rage  rad iog raph i c  amp1 i f  i e r  screens, (2) f l e x i b l e  
r ad iog raph i c  a m p l i f i e r  screens, (3) h i g h l y  s e n s i t i v e  r ad iog raph i c  amp l i -  
f i e r s  w i t h o u t  s torage,  and (4) l i g h t  s e n s i t i v e  s to rage  image a m p l i f i e r s .  
The developed rad iog raph i c  a m p l i f i e r s  a re  in tended as e q u i v a l e n t  o r  
improved replacements f o r  f l u o r o s c o p i c  screens and X-ray f i l m  used i n  
r ad iog raph i c  eva lua t i ons  o f  space v e h i c l e  components and s t r u c t u r e s .  
L i g h t  s e n s i t i v e  s to rage  a m p l i f i e r s  were developed as p o t e n t i a l  replacements 
f o r  " X - ~ l l  t ype area scan-recorders ,  when used w i t h  a  l i g h t - i n t e n s i t y  p o i n t  
1 i g h t  source i npu t .  

8" x 10" s i z e  r ad iog raph i c  s to rage  a m p l i f i e r  screens were f a b r i c a t e d  
b o t h  on g lass subs t ra tes  and on p l a s t i c  subs t ra tes .  They were b u i l t  i n  
a  s imp le  photoconductor-electrolumi nescent (PC-EL) sandwich t ype  cons t ruc -  
t i o n  w i t h  ZnO as t h e  sens ing m a t e r i a l .  The minimu; exposure f o r  o b t a i n i n g  
an accep tab le  image on these screens was about 1 rontgen. The r e s o l u t i o n  
was 300 t o  500 l i n e s / i n c h  (6  t o  10 l i n e  pairs/mm). The s to rage  t ime  was 
( t o  3/3 b r i gh tness )  between 5 minutes t o  1 hour,  depending on t he  prepara-  
t i o n  o f  t he  ZnO and on o t h e r  c o n s t r u c t i o n  parameters. The e rasure  o f  t he  
image was achieved by hea t i ng  t h e  panel  i n  a  furnace o r  by e l e c t r i c a l  
h e a t i n g  o f  a  panel  e l ec t r ode .  I t  needed one t o  t en  minutes depending 
on t he  s to rage  t ime  o f  t he  pane l .  

The non-storage h i ghe r  s e n s i t i v i t y  panels  s i m i l a r  t o  f l u o r e s c e n t  
screens, were cons t ruc ted  i n  a  PC-EL sandwich s t r u c t u r e  a l so ,  b u t  t he  PC 
l a y e r  was s i n t e r e d  CdS-CdSe powder. Threshold  s e n s i t i v i t i e s  were lower 
than  60 mR/minute (1  mR/sec) . 

The c o n t r a s t  s e n s i t i v i t y  o f  bo th  t ype  o f  rad iograph ic  a m p l i f i e r s  
c l o s e l y  approached t h e  2% th ickness  d e f i n i t i o n  p e r  MIL-STD-453, f o r  0.25" 
t h i c k  aluminum p l a t e  (2% penetrameter o u t l i n e  v i s i b l e ) .  

The f l e x i b l e  r ad iog raph i c  s to rage  screen, b u i l t  on t h e  ' tAc lar l l  p l a s t i c  
was n o t  s a t i s f a c t o r y  due t o  de lam ina t i on  o f  t he  subs t ra te  f rom subsequent 
depos i ted  layers .  However, a  f l e x i b l e  panel  i s  a  f e a s i b l e  approach, which 
was demonstrated i n  t h e  l abo ra to r y ,  b u t  some work remains t o  be done on 
s u b s t r a t e  adherence, optimum s u b s t r a t e  th i ckness ,  and e l as tomer i c  b inders  
w i t h  compat ib le  c o e f f i c i e n t s  o f  expansion. 

L i g h t  s e n s i t i v e  s t o rage  panels  were s u c c e s s f u l l y  developed. The two 
d i f f e r e n t  approaches which evo lved were: (1) us i ng  a non-storage PC-EL 
image i n t e n s i f i e r  (CdS-CdSe) i n  combinat ion w i t h  a  Thorn image r e t a i n i n g  
pane l ;  (2) us ing  a l i g h t  s e n s i t i v e  ZnO photoconductor i n  a  s imp le  PC-EL 
sandwiching cons t ruc t i on .  

Promis ing exper iments were made by  sandwiching a non-storage rad io -  
g raph i c  a m p l i f i e r  panel  w i t h  a  l i g h t  s e n s i t i v e  s to rage  panel  o f  t he  ZnO 
type.  A lso,  exper iments w i t h  pho tograph ic  f i l m  exposure i n  con tac t  w i t h  
a  s o l i d  s t a t e  r ad iog raph i c  a m p l i f i e r  improved t he  c o n t r a s t  s e n s i t i v i t y .  
One approach t o  meet reasonably h i gh  requirements would be by i n t e g r a t i n g  
i n  one u n i t  two cascaded Image a m p l i f i e r s .  D a r k - f i e l d  EL panels  would 



b r i n g  a l s o  improved c h a r a c t e r i s t i c s  when t h e  pane l  i s  v iewed i n  ambient  
l i g h t .  The use o f  evapora ted  E l  f i l m s  i s  a l s o  recommended i n  v iew  o f  
t h e  p o s s i b i l i t y  o f  h i g h e r  c o n t r a s t  s e n s i t i v i t y .  

xiii 



SECTION 1 

Th is  r e p o r t  g i ves  an account of t h e  work performed on Cont rac t  No. 
NAS~-21206, P a r t  B, f rom June 1 ,  1968 t o  November 30, 1969. The work 
c a r r i e d  ou t  f rom J u l y  1, 1967 t o  A p r i l  30, 1968 on t he  f i r s t  p a r t  o f  t h e  
c o n t r a c t ,  P a r t  A, i s  r epp f j ed  i n  t h e  F i n a l  Report on Sol  i d  S t a t e  Radio- 
g raph i c  Image A m p l i f i e r s  e d i t e d  i n  May 1968. Some sec t i ons  o f  t h i s  
r e p o r t  a re  repeated here,  maki ng t he  p resen t  r e p o r t  more se l f - con ta i ned .  

I n  t h e  f i r s t  p a r t  o f  t he  c o n t r a c t  a  s o l i d  s t a t e  s to rage  rad iog raph i c  
image a m p l i f i e r  system was developed f o r  t h e  d i r e c t  v i ew ing  o f  r ad io -  
g raph ic  images. The development was based on n iques r e s u l t i n g  f r a n  a  
program on l i g h t  s e n s i t i v e  image i n t e n s i f i e r s  ( f 'ky  supported by t h e  Naval 
T r a i n i n g  Device Center,  Orlando, ~ l o r i d a " .  The rad iog raph i c  amp1 i f  i e r  
system cons i s t ed  o f  t h e  combinat ion o f  a  pho toconduc to r -e lec t ro luminescen t  
(PC-EL) t ype  image a m p l i f i e r  and an image r e t a i n i n g  panel ,  made by  Thorn 
E l e c t r i c a l  I n d u s t r i e s ,  L t d .  i n  England. Th i s  system i d e a l l y  combined 
reasonably s h o r t  exposure t ime w i t h  long  s to rage  and f a s t  erasure.  However, 
t h e r e  were some inconven ien t  c h a r a c t e r i s t i c s  i n  t h i s  system and t h e r e f o r e  
i t  was recommended t h a t  work be con t inued  f o r  ( 1 )  improv ing u n i f o r m i t y  and 
reduc ing s p o t t  i ness; (2) i nc reas ing  c o n t r a s t  sens i t i v i  t y ;  (3) i n t e g r a t i n g  
t he  s to rage  i n  t h e  a m p l i f i e r  u n i t ;  (4) e l i m i n a t i n g  t h e  e f f e c t  o f  ambient 
l i g h t ;  and (5) c o n s t r u c t i n g  t h e  system f rom space q u a l i f i e d  components. 
A con t inued  program was planned cons ide r i ng  these recommendations. 

The work on t h i s  program was performed a t  the  E l e c t r o n i c  Tube D i v i s i o n  
o f  t he  Westinghouse E l e c t r i c  Corporat ion,  E lmi ra ,  New York by M. A. Novice,  
E. E. Selby,  C. A,., Lepkowski, and R. Chalmers, w i t h  Z. Szepesi as p r o j e c t  
engineer.  W. Sturmer was consu l t an t  i n  problems o f  f a b r i c a t i o n  methods, 
Managerial  supe rv i s i on  was p rov ided  by G. W. Goetze, R. A. S h a f f e r ,  and 
A. B. Laponsky. 

The p r o j e c t  eng ineer  o f  t h i s  c o n t r a c t  a t  t h e  Marsha l l  Space F l i g h t  
Center was R. L .  Brown, f o l l owed  b y  J, Beal. 

J- ,, 
Cont rac t  Nos. N61339-562, N61339-1440, and N61339-66-C-0064. 



SECTION 2 

OBJECT1 VES 

The ob jec t ives  o f  t h i s  work were: 

( 1 )  t o  improve con t ras t  s e n s i t i v i t y  o f  radiographic a m p l i f i e r s ,  

(2) t o  b u i l d  storage p rope r t i es  i n t o  a s i n g l e  radiographic u n i t ,  

(3) t o  develop f l e x i b l e  radiographic a m p l i f i e r s ,  and 

(4) t o  b u i l d  l i g h t  s e n s i t i v e  image a m p l i f i e r s  w i t h  storage. 

The reso lu t i on  o f  the image a m p l i f i e r  panels should be not  less than 
200 1 ines/ inch (4 1 i ne  pairs/mm). The goal f o r  con t ras t  s e n s i t i v i t y  should 
be 2% o f  specimen thickness i n  accordance w i t h  MIL-STD-453. The storage 
t ime should be a t  l e a s t  5 minutes and the erase t ime not  longer than 2 
minutes. The developed radiographic a m p l i f i e r  system s b a l l  be c$pable o f  
opera t ing  i n  normal t e r r e s t r i a l  environment between -25 C and 20 C,  f u r t h e r -  
more i n  a 100% oxygen atmosphere o f  5 ps i  and i n  vacuum o f  10- Torr.  They 
s h a l l  be o r i en ted  toward use i n  radiographic non-destruct ive t e s t i n g  equip- 
ment used i n  t e r r e s t r i a l  and space environment eva lua t ions  o f  space veh ic le  
s t ruc tu res  and components. The s e l e c t i o n  o f  ma te r i a l s  and components o f  
the image a m p l i f i e r  system must be made w i t h  f u t u r e  space hardware requ i re -  
ments in mind. 

Table 1 l i s t s  the image a m p l i f i e r s  and o ther  equipment which were t o  
be de l ivered t o  the  Marshal l  Space. F l i g h t  Center (MSFC) a t  the end o f  t he  
work program. 

Radiographic image a m p l i f i e r  w i t h  storage 

Higher s e n s i t i v e  radiographic image a m p l i f i e r  

F l e x i b l e  radiographic a m p l i f i e r  w i t h  storage 

Thorn image r e t a i n i n g  (storage) panels 

Bat te ry  operated power supply f o r  above 

Spare b a t t e r i e s  f o r  power supply 

TABLE 1. HARDWARE TO BE DELIVERED TO MSFC 



SECTION 3 

METHOD OF APPROACH 

The image ampl i f ie rs ,bo th  the X-ray s e n s i t i v e  and the l i g h t  sensi t i ,ve 
type, developed i n  t h i s  program are  o f  t he  photoconductor-electroluminescent 
(PC-EL) sandwich type cons t ruc t ion .  

The h i s t o r y  o f  t h i s  type o f  a m p l i f i e r  goes back t o  1952 when i t  was 
invented. Four independent,,patent app l i ca  ns were made i n  t h i s  year: 
the f i r s t  i n  Germany (W. Stygyer, Ph i l ips ) ' jp ,  the  second i n  A u s t r a l i a  
(Amalgamated Wireless ~ t d . )  , and the l a s t  two i n  t h e  Uni ted States 
(E. W. Vaughn - E. L. Webb - M. E ( l ~ ~ y e s ,  Westinghouse E l e c t r i c  Corporat ion (9) 
and W. C. White, General E l e c t r i c  ) Since then patents i n  the order  
o f  a  hundred were awarded proposing a  l a rge  v a r i e t y  o f  cons t ruc t ion  tech-  
niques, mater ia ls ,  and app l i ca t i ons .  

F igure  1 shows the  bas ic  c i r c u i t :  The sensor element, a  photoconductor 
(PC), i s  connected i n  ser ies  w i t h  the d i sp lay  element, an e lect ro luminescent  
(EL) c e l l .  An AC vo l tage i s  necessary t o  ob ta in  h igh  br ightness and good 
e f f i c i e n c y  on the EL layer .  

The f i r s t  c o n d i t i o n  f o r  an acceptable image a m p l i f i e r  i s  t h a t  the  
br ightness o f  the EL element be very low when the input  l i g h t  i n t e n s i t y  
i s  zero. To ob ta in  t h i s ,  the impedance o f  the PC element should be much 
h igher  than t h a t  o f  the EL element. This  requi res no t  on l y  a  h igh  dark 
res is tance o f  the photoconductor, bu t  a  h igh  capacitance r a t i o  o f  the EL 
t o  the PC element, i .e.  C /C  )) 1. Since the vo l tage i s  d i v ided  between 
the EL and PC elements asEkhePCmpedance r a t i o ,  i n  t h i s  case the EL element 
w i l l  have a  low vo l tage and consequently a  very low l i g h t  output.  

The br ightness B o f  the  EL c e l l  i s  descr ibed.by the f o l l o w i n g  formula: 

where 6 and A are constants f o r  a  given c e l l ,  f i s  the frequency 
o f  the d r i v i n g  vol tage,  (6 i s  near t o  u n i t y ) ,  and VEL i s  the  vo l tage on 
the EL c e l l .  

When the PC element i s  I l l um ina ted ,  i t s  res is tance decreases, the 
vo l tage across the EL element increases and the output  l i g h t  i s  increased. 
I f  the PC c e l l  i s  s e n s i t i v e  t o  the l i g h t  emi t ted by the  EL c e l l ,  a  p o s i t i v e  
feedback i s  present which can g ive  increased l i g h t  output ,  o r ,  i f  the  ga in  
a t  the emit ted wavelength i s  h igh  enough, resu l t s  i n  a  b i s t a b l e  device, I n  
t h i s  case the output  l i g h t  stays on a f t e r  the i npu t  l i g h t  i s  switched o f f ,  
thus t h i s  pehnomenon enables one t o  make storage d isp lays .  But w i thout  
specia l  cons t ruc t i on  the l i g h t  feedback can cause l a t e r a l  spreading and 
r e s o l u t i o n  loss. An opaque f i l m  placed between the PC and EL elements w i l l  
e l  iminate t h i s  feedback e f f e c t .  

The PC-EL c i r c u i t  w i thout  l i g h t  feedback has an S-shaped' t r a n s f e r  
c h a r a c t e r i s t i c  as shown i n  F igure  2 on a  double logar i thmic  scale. The 



FIGURE 1 :  Basic C i r c u i t  o f  PC-EL Type L i g h t  i n t e n s i f i e r s  
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FIGURE 2: Calculated Transfer Character is t ics  of  PC-EL Image 

Amplifiers With Different Capacitance Ratios: 
p = CEL/CpC 
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parameter i n  t h i s  f i g u r e  i s  the capacitance r a t i o  p  = C /CpC These 
curves show t h a t  the background 1 i g h t  i s  d imin ish ing  andEkhe maximum 
con t ras t  i s  increasing w i t h  increasing capacitance r a t i o .  

I f  the op toe lec t ron i c  c h a r a c t e r i s t i c s  o f  the PC and EL c e l l s  are 
p rope r l y  chosen, the l i g h t  output  could be h igher  than the input  w i t h i n  
a  given i n t e n s i t y  reg ion  and l i g h t  i n t e n s i f i c a t i o n  i s  achieved. 

By b u i l d i n g  a two dimensional mosaic a r r a y  o f  such PC-EL p a i r s ,  an 
image a m p l i f i e r  can be constructed. Also, continuous t h i n  layers o f  the 
PC and EL ma te r ia l s  sandwiched between two e lect rodes,  should i n  p r i n c i p l e ,  
g i ve  a  we l l  working image a m p l i f i e r .  The f i r s t  patents,  c i t e d  above, 
described j u s t  t h i s  cons t ruc t ion .  However, i t  was d i f f i c u l t  t o  s a t i s f y  
the requirement o f  the h igh  capacitance r a t i o  o f  the EL t o  the PC layer .  
Luminous ga in  i n  the  order  u n i t y  was the  h ighes t  obtained w i t h  t h i s  
sandwich type construct ion(") .  The problem was caused by the f a c t  t h a t  
f o r  h igh  enough capacitance r a t i o  a  t h i c k  PC layer  was requi red and such 
a  layer  i n  volume conduct ion (through the th ickness)  had low l i g h t  sensi-  
t i v i t y ,  because the l i g h t  was absorbed i n  a  very  t h i n  layer  on the  surface, 
I t  was on ly  recen t l y  t h a t  h igh  d i e l e c t r i c  p l a s t i c  ma te r i a l s  were a v a i l a b l e  
f o r  the embedment o f  the  EL powder, thus luminous gains i n  excess o f  ten 

(2) lumen/footcandle were achieved i n  t h i s  sandwich cons t ruc t i on  a t  Westinghouse . 
The continuous l aye r  sandwich type cons t ruc t i on  i s  the most simple and 

idea l  way t o  f a b r i c a t e  s o l i d  s t a t e  image a m p l i f i e r s .  F igure 3 shows con- 
s t r u c t i o n  d e t a i l s  o f  such a  p r a c t i c a l  working panel.  The PC layer  i s  
deposited on a  t i n  ox ide  coated glass .p late.  I t  cou ld  be a  p l a s t i c  embedded 
CdS, CdSe powder, o r  a  m ix tu re  o f  the two, bu t  the best resu l t s  were obta ined 
w i t h  s in te red  CdSe layers .  I t s  thickness cou ld  be between 100 and 150 pin 
(4  t o  6 m i  1s). The in termediate semiconductive f i l m  has a  h igher  donor 
concentrat ion than t h a t  o f  the  contacted PC l aye r ,  o f f e r i n g  thereby an 
ohmic contact.  Consequently e l e c t r o n  i n j e c t i o n  and h igh  gain can be obtained 
i n  the  PC layer .  The b l a c k  l aye r  i s  an evaporated cermet f i l m  ( ~ g ~ ? + l n ) .  
However, t h i s  layer  i s  no t  needed i f  the PC l aye r  has low response t o  the  
EL l i g h t .  The c o n d u c t i v i t i e s  o f  both the semiconductive and the b lack  f i l n i s  
must n o t  be excessive t o  prevent  spreading o f  the cu r ren t  i n  l a t e r a l  d i r e c -  
t i o n .  The EL layer  i s  ZnS (Cu,Br), embedded i n  a  h igh  d i e l e c t r i c  constant 
p l a s t i c .  An evaporated PbO-Au f i l m  serves as the top e lec t rode o f  the 
panel . 

Such a  panel,  as a l l  the other  PC-EL types, can be used as image 
a m p l i f i e r  i n  the v i s i b l e  waveband i f  the PC mate r ia l  i s  s e n s i t i v e  i n  t h i s  
region. I f  the PC ma te r i a l  has s e n s i t i v i t y  i n  the i n f ra red ,  u l t r a v i o l e t  
o r  X-ray region, the panel can be used as an i n f r a r e d  conver ter ,  u l t r a v i o l e t  
conver ter ,  o r  radiographic a m p l i f i e r  screen respect ive ly .  

CdS and CdSe are  s e n s i t i v e  PC ma te r i a l s  i n  the v i s i b l e ,  near i n f r a r e d  
and X-ray region, consequently the image a m p l i f i e r s  us ing  these ma te r ia l s  
a re  i n f r a r e d  conver ters and radiographic a m p l i f i e r s  a lso.  Table 2 l i s t s  
some c h a r a c t e r i s t i c s  o f  such panels developed i n  the f i r s t  p a r t  (pa r t  A) 
o f  t h i s  program. 
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FIGURE 3: Construction of a PC-EL Sandwich Type Image Ampl i f ie r  



TV L i n e s / l n c h  

f c  (2870 K source) 

mrgntgen/min.  a t  80  keV 

Output  a t  T h r e s h o l d  

Maximum Output  f L ,  depending on 

f L / f c  (2870 K source)  

Decay Time Cons tan t  msec a t  maximum g a i n  

R i s e  Time Cons tan t  msec a t  maximum g a i n  

TABLE 2. CHARACTERISTICS OF AVERAGE PC-EL 1 MAGE AMPLl F l  ERS 

I n  t h e  f i r s t  p a r t  ( p a r t  A) o f  t h i s  program, s t o r a ~ ~ ) r a d i o g r a p h i c  
a m p l i f i e r s  were b u i l t  b y  cascad ing  two s e p a r a t e  pane ls  : f i r s t  a  non- 
s t o r a g e  t y p e  PC-EL r a d i  ograph-i-c amp1 i f  i e r ,  as d e s c r i b e d  above, and second 
a  Thorn image r e t a i n i n g  panel" .  The f a c t  t h a t  t h e  Thorn image r e t a i n i n g  
pane l  - i s  b u i l t  on  a n  opaque meta l  s u b s t r a t e  caused two  i n c o n v e n i e n t  
c h a r a c t e r i s t i c s  o f  t h i s  system; f i r s t ,  t h e  image c o u l d  n o t  be  checked 
d u r i n g  exposure,  and second, t h e  s t o r e d  image was a  m i r r o r  image, wh ich  
c o u l d  be seen o n l y  a f t e r  s e p a r a t i n g  t h e  two pane ls .  A l s o  a  l o s s  i n  reso -  
l u t i o n  r e s u l t e d  f r o m  t h e  l a c k  o f  i n t i m a t e  c o n t a c t  o f  t h e  two pane ls .  

A t  t h e  b e g i n n i n g  o f  P a r t  5 o f  t h i s  program a n  a p p r e c i a b l e  e f f o r t  was 
made t o  deve lop  t h e  Thorn  pane l  on  a  t r a n s p a r e n t  s u b s t r a t e  f o r  e l i m i n a t i n g  
t h e  two above-ment ioned i n c o n v e n i e n t  f e a t u r e s .  A l so ,  i t  was hoped t h a t  b y  
t h i s  development a  c o n s t r u c t i o n  o f  t h e  two  p a n e l s  i n  one s i n g l e  u n i t  w i l l  
be p o s s i b l e .  However, t h e  r e s u l t s  o f  t h i s  e f f o r t  were n o t  s a t i s f a c t o r y  
and o t h e r  methods f o r  a c h i e v i n g  s t o r a g e  were cons ide red .  

Va r ious  o t h e r  ways f o r  o b t a i n i n g  s t o r a g e  i n  s o l i d  s t a t e  image a m p l i f i e r s  
have been d e s c r i b e d  and demonst ra ted (see page 4 o f  Ref. 1 ) .  A f t e r  s t u d y i n g  
t h e  d i f f e r e n t  approaches f o r  s a t i s f y i n g  t h e  requ i remen ts  o f  t h i s  c o n t r a c t ,  
i t  was conc luded t h a t  t h e  most p r o m i s i n g  s o l u t i o n  wou ld  be t o  b u i l d  a  PC-EL 
sandwich t y p e  c o n s t r u c t i o n  w i t h  a  pho toconduc to r  h a x i n g  ng decay t irne. 
The use o f  CdS f o r  t h i s  purpose was d e s c r i b e d  b y  Sturmersl'P. A pane l  o b t a i n e d  

.*I 
"blade by  Thorn  E l e c t r i c a l  I n d u s t r i e s ,  L td . ,  E n f i e l d ,  England. 



f rom h im and severa l  o t he rs  made by us were examined and s tud ied .  I t  
was found t h a t  t h e  image d e t e r i o r a t e d  t o o  f a s t  i n  t he  beg inn ing  o f  t he  
decay and l ess  than 1 minute s to rage  t ime  c o u l d  be ob ta ined  w i t h  accep tab le  
image b r i gh tness .  There fo re ,  o t h e r  photoconductors  were examined f o r  
s u i t a b i l i t y  i n  t h i s  a p p l i c a t i o n .  

E x c e l l e n t  s to rage  p r o p e r t i e s  o f  f i n  a ined  ZnO powde~s  have been 
descr ibed  by Ruppel , Ger r i  tsen, and Rose $ 1  9! . Also,  D r .  Sturmer a t  Siemens 

has b u i l t  s to rage  rad iog raph i c  a m p l i f i e r s  us i ng  ZnO as t h e  sens ing element. 
An exper imenta l  panel ,  ob ta ined  f rom him, worked ve ry  s a t i s f a c t o r i l y .  
There fo re ,  t h i s  approach was chosen f o r  b u i l d i n g  t h e  s to rage  rad iog raph i c  
amp1 i f i e r  panel .  As work progressed, i n f o r m a t i o n  was rece ived  t h a t  
D r .  P. Ranby a t  Thorn E l e c t r i c a l  I n d u s t r i e s  was a l s o  deve lop ing  a  r ad io -  
graph; c  image s to rage  panel .  An exper imenta l  panel  , ob ta ined  f rom hYi:m 
and a l s o  f rom the  Yosemite Labo ra to r i es ,  Oakland, C a l i f o r n i a  showed ve ry  
s im i  l a r  c h a r a c t e r i s t i c s .  

The X-ray s e n s i t i v e  ZnO has ve ry  low s e n s i t i v i t y  f o r  v i s i b l e  l i g h t ,  
which r e s u l t s  i n  an app rec i ab le  convenience i n  work ing  w i t h  these panels .  
A lso,  t h e r e  i s  no need t o  app l y  an e l e c t r i c  f i e l d  t o  t h e  panel  d u r i n g  
exposure. The panel  i s  energ ized  o n l y  i f  one wants t o  see t h e  image. A 
good q u a l i t y  image can be viewed con t i nuous l y  f o r  5 t o  30 minutes,  depend- 
i n g  on t he  p r e p a r a t i o n  o f  t he  ZnO powder. The r e s o l u t i o n  o f  these panels  
i s  b e t t e r  than 300 TV l i n e s / i n c h  (6  l i n e  pairs/mm), and panels  even w i t h  
500 TV l i n e s / i n c h  r e s o l u t i o n  were made. Th i s  s to rage  panel  i s  ve r y  s imp le  
t o  f a b r i c a t e ,  consequent ly  i t  i s  inexpensive.  I t  should  be no ted  here  t h a t  
"s torage t ime" r e f e r s  t o  t he  t o t a l  t ime  t h e  panel  i s  energ ized  f o r  v iewing.  
When t h e  panel  has been exposed, b u t  no t  energized, i t  w i l l  h o l d  t h e  image 
f o r  many hours w i t h o u t  app rec i ab le  r e d u c t i o n  i n  b r i g h t n e s s , r e s o l u t i o n  and 
c o n t r a s t  when t he  v i ew ing  p e r i o d  begins.  

The s t o r e d  image can be erased by  h e a t i n g  t he  panel  i n  a  furnace of 
about 100 C ( 2 1 2 ' ~ )  f o r  2  t o  30 minutes,  depending on t h e  s to rage  capabi 1 i t y  
(panels  w i t h  s h o r t  s to rage  need s h o r t e r  bak ing) .  Erasure t ime  i s  t he  maip 
inconvenience o f  ZnO s to rage  panels .  However, a  f a s t e r  way o f  e r a s i n g  t h e  
image was found by  h e a t i n g  e l e c t i c a l l y  (approx imate ly  5 minutes a t  50 v o l t s )  
one e l e c t r o d e  o f  t h e  panel .  I n  p r a c t i c e ,  us i ng  2 o r  3 panels success ive ly ,  
t he  t ime  inconvenience cou ld  be d im in ished  and no de lay  would r e s u l t  f rom 
the  s low erasure.  

3.2 F l e x i b l e  Panels 

S ince  i n  the  c o n s t r u c t i o n  o f  t h e  s to rage  rad iog raph i c  a m p l i f i e r  screen, 
descr ibed  i n  t he  p rev i ous  s e c t i o n  (3 .1) ,  no h i g h  temperature p rocess ing  
i s  needed, i t  i s  p o s s i b l e ,  i n  p r i n c i p l e ,  t o  f a b r i c a t e  a  f l e x i b l e  s to rage  
panel  i n  t h e  same c o n s t r u c t i o n  as t h a t  o f  t h e  n o n - f l e x i b l e  t ype  by  s u b s t i -  
t u t i n g  sheet p l a s t i c  f o r  t he  g lass  subs t ra te .  

A fger  examining severa l  p l a s t i c  m a t e r i a l s ,  a  f l uo roha loca rbon  c a l l e d  
l i ~ c l a r l i "  ( o f  0.005" th i ckness)  was chosen. i t  was a v a i l a b l e  i n  d i f f e r e n t  
th i cknesses  f o r  a  moderate p r i c e  and s a t i s f i e d  t he  requirements f o r  t h i s  
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cons t ruc t i on ,  i , e .  i t  w i t h s t o o d  an hour bak ing  a t  1 3 5 ' ~  ( 2 7 5 ' ~ )  temperature,  
r e t a i n i n g  s u i t a b l e  f l a t n e s s  and hav ing  good adhesion t o  t he  EL l aye r  a t  
t he  t ime o f  f a b r i c a t i o n .  Furthermore t he  A c l a r  i s  the  most r e s i s t a n t  
p l a s t i c  t o  water  vapor pene t ra t i on ,  the reby  p r o t e c t i n g  t he  EL l a y e r  f rom 
f a s t  d e t e r i o r a t i o n .  Sma l le r  s i z e  (2" x  2") panels  w i t hs tood  app rec i ab le  
bending ( l ess  than  2" rad ius )  i n  b o t h  d i r e c t i o n s .  Large 8" x 10" panels ,  
however, d e t e r i o r a t e d  f rom r e p e t i t i v e  bending when the  t h i n  p l a s t i c  s u b s t r a t e  
deiaminated f rom the depos i ted  l aye rs  and t h e  t o p  e l e c t r o d e  l o s t  i s  conduc- 
t i v i t y *  The completed panel  a l s o  e v e n t u a l l y  w r i n k l e d  and warped and would 
n o t  l a y  f l a t .  Some work remains t o  be done on s u b s t r a t e  adherence, optimum 
th i ckness  o f  f l e x i b l e  subs t ra te ,  and e l as tomer i c  b i nde rs  w i t h  compat ib le  
c o e f f i c i e n t s  o f  expansion. 

The d e t a i l s  o f  t h e  f a b r i c a t i o n  o f  t h e  f l e x i b l e  panel w i l l  be d iscussed 
i n  Sec t i on  4. 

A r ad iog raph i c  a m p l i f i e r  hav ing h i g h  abso lu te  s e n s i t i v i t y  would have 
an impor tan t  r o l e  i n  some a p p l i c a t i o n s .  However, f o r  i n d u s t r i a l  non- 
d e s t r u c t i v e  t e s t i n g  t h e  h i g h  c o n t r a s t  s e n s i t i v i t y  i s  t he  f i r s t  requirement 
i n  o rder  t o  a t t a i n  t h e  2-2T q u a l i t y  s p e c i f i e d  i n  MIL-STD-453. 

A PC-EL sandwich t ype  c o n s t r u c t i o n  w i t h  CdS-CdSe sens ing l a y e r  (PC) 
was the  most p rom is i ng  approach t o  s a t i s f y  these requirements.  

A s e r i e s  o f  exper iments was c a r r i e d  o u t  f o r  f a b r i c a t i n g  t h i s  panel  
s i m i l a r  t o  t h a t  o f  t h e  s to rage  type, i .e .  b u i l d  a l l  component l aye rs  
i n  p l a s t i c  embedment, so t h a t  no h i g h  temperature hand l i ng  i s  needed. 
However, these p  1 as t i c  embedded pane 1 s  showed h i  gh , unacceptab 1 e  g  r a  i n  i ness 
and low c o n t r a s t .  S ince  rad iog raph i c  a m p l i f i e r s  b u i l t  on s i n t e r e d  CdS-CdSe 
photoconductors o f f e r e d  much b e t t e r  c h a r a c t e r i s t i c s ,  t he  p l a s t i c  embedded 
c o n s t r u c t i o n  was d i scon t i nued  and most o f  t h e  e f f o r t  was d i r e c t e d  toward 
meet ing t h e  requi rements  w i t h  the  s i n t e r e d  PC l a y e r  c o n s t r u c t i o n .  

From prev ious  exper iments i t  was known t h a t  t h e  s e n s i t i v i t y  o f  t h e  
CdS-CdSe type  photoconductors  be increased by  b u i l d i n g  h i ghe r  donor and 
lower accep to r  c o n c e n t r a t i o n  i n t o  t he  c r y s t a l  s t r u c t u r e .  Also,  i t  was known 
t h a t  f o r  o b t a i n i n g  h i g h  s lope  i n  the  c u r r e n t  vs, r a d i a t i o n  i n t e n s i t y  cha rac te r -  
i s t i c s  (needed f o r  h i g h  c o n t r a s t  i n  t h e  a m p l i f i e r  pane l ) ,  a  h i g h  acceptor  
concen t ra t i on  i n  t he  PC c r y s t a l  s t r u c t u r e  i s  necessary. Thus the  r e q u i r e -  
ments f o r  maximum s e n s i t i v i t y  and maximum c o n t r a s t  a re  incompat ib ie  and a  
compromise has t o  be accepted. 

I n  t he  beg inn ing  o f  t he  work t he  main e f f o r t  was on develop ing pane ls  
w i t h  h i g h  abso lu te  s e n s i t i v i t y ,  bu t  l a t e r  t h e  main emphasis was on t h e  h i g h  
c o n t r a s t  s e n s i t i v i t y .  



CdS and CdSe have much h i ghe r  s e n s i t i v i t i e s  i n  the  v i s i b l e  wavelengths 
than  ZnO. There fo re  i t  was decided t o  b u i l d  l i g h t  s e n s i t i v e  panels  w i t h  
CdS-CdSe. CdS was t h e  m a t e r i a l  of h i g h e r  p re fe rence  f o r  t h i s  a p p l i c a t i o n ,  
because i t s  s p e c t r a l  response curve covers  a  l a r g e r  p a r t  o f  t h e  v i s  i b l e  
spectrum and a l s o  i t  has longer  decay t ime,  i .e .  longer  s to rage  than  CdSe. 
However, as i t  was mentioned i n  t he  d i scuss ion  on rad iog raph i c  s to rage  
pane ls ,  he re  a l s o  i t  was found t h a t  t h e  image d e t e r i o r a t e s  t o o  f a s t  and 
t h e r e f o r e  t he  s to rage  t ime i s  i n s u f f i c i e n t .  

Because, d u r i n g  t he  m a j o r i t y  o f  t h i s  program, b u i l t - i n  l i g h t  s e n s i t i v e  
s t o rage  was no t  r e a l i z a b l e ,  Thorn image r e t a i n i n g  panels  were p rov i ded  t o  
be combined w i t h  t h e  developed l i g h t  s e n s i t i v e  CdS-CdSe image i n t e n s i f i e r  
panels ,  thereby o b t a i n i n g  t h e  requ i r ed  s torage.  Th is  method was a l r eady  

(1) developed i n  t h e  f i r s t  p a r t  o f  t h i s  c o n t r a c t  f o r  r ad iog raph i c  a m p l i f i e r s  , 
thus i t  was c e r t a i n  t h a t  i t  would work  s i m i l a r l y  w i t h  l i g h t  s e n s i t i v e  image 
i n t e n s i f i e r s .  

Besides t h i s  approach, a  minor  e f f o r t  was d i r e c t e d  toward t h e  con- 
s t r u c t i o n  o f  l i g h t  s e n s i t i v e  s to rage  panels  i n  another  way. Some exper iments 
were c a r r i e d  ou t  s u c c e s s f u l l y  i n  s e n s i t i z i n g  ZnO w i t h  o rgan i c  dyes f o r  t he  
v i s i b l e  waveband and PC-EL panels  were b u i l t  w i t h  these ZnO powders. They 
showed good s to rage  c h a r a c t e r i s t i c s ,  however, t he  s e n s i t i v i t y  was q u i t e  low. 
Wi th  f u r t h e r  work t h e  s e n s i t i v i t y  cou ld  be increased and these s to rage  pane ls  
would f i n d  p r a c t i c a l  a p p l i c a t i o n s ,  as i n d i c a t e d  i n  Sec t i on  7. 



SECTION 4 

FABRICAT1 ON TECHNIQUE 

Fabr i ca t i on  technique and cons t ruc t i on  d e t a i l s  o f  the d i f f e r e n t  panels 
together  w i t h  those o f  the power supply w i l d  be described i n  t h i s  Sect ion. 

Three types o f  radiographi c  amp1 i f i e r s  were developed: 

(1) Storage radiographic a m p l i f i e r s  on r i g i d  substrate.  

(2) Storage radiographic a m p l i f i e r s  on f l e x i b l e  substrate.  

(3)  Non-storage type radiographic a m p l i f i e r s .  

A l l  th ree  types were fab r i ca ted  e s s e n t i a l l y  i n  a  sandwich cons t ruc t i on  made 
up o f  two p r i n c i p a l '  layers:  the  PC and EL layers as Figure 3 shows. 
However there  were d i f fe rences i n  some d e t a i l s .  Consequently the construc-  
t i o n  technology i s  described separate ly .  

4.1.1 Storage Radiographic Amp1 i f i e r s  on R i g i d  Substrate. The 
cons t ruc t i on  o f  these screens i s  shown i n  F igure 4, and the d e t a i l e d  step 
by step f a b r i c a t i o n  method i s  described i n  Appendix D. A shor t  account 
o f  the f a b r i c a t i o n  i s  given i n . t h e  f o l l o w i n g  paragraphs. The EL layer  i s  
sprayed f i r s t  on the  t i n -ox ide  coated glass substrate.  I t  i s  a  h igh  
d i e l e c t r i c  p l a s t i c  embedded ZnS(Cu, B r )  powder. The Zn0 layer  i s  doc tor  
bladed on the  top  o f  the EL l aye r  (See Appendix D). I t  i s  a l s o  p l a s t i c  
embedded, b u t  the  p l a s t i c  i s  a  s i l i c o n e  r e s i n  and has a  low d i e l e c t r i c  
constant.  The thickness o f  the EL layer  i s  between 1 and 2  m i l s  (25 t o  
50 pm) and t h a t  o f  the  PC laye r  i s  8-10 m i  1s (200-250pm). The choice 
o f  the  thicknesses and d i e l e c t r i c  constants r e s u l t s  i n  a  h igh  capacitance 
r a t i o  CEL/CpF, ;ceded t o  have low background l i g h t  and h igh  cont ras t .  
The top  e lec  r o  e  i s  an evaporated go ld  f i l m ,  about a  prn t h i c k .  I t  does 
n o t  need t o  be t ransparent  t o  v i s i b l e  l i g h t ,  bu t  i t  i s  t o  X-rays. 

Two opposi te edges o f  the t i n  ox ide coat ing  have a  low r e s i s t a n t  
connect ing lead (see F igure  4(b)) which serves f o r  the e l e c t r i c  heat ing 
o f  the panel. The t h i r d  lead i s  the top e lect rode.  The d r i v i n g  vo l tage 
(50 t o  400 Hz) i s  connected between t h i s  e lec t rode and any o f  the t i n  
ox ide leads when one wants t o  d i s p l a y  an image. 

I t  seems t h a t  ZnO i s  not  i r r e v e r s i b l y  damaged i n  humid atmosphere, 
bu t  i t  i s  known t h a t  the br ightness o f  the EL l aye r  de te r i o ra tes  rapid, ly 
when a c t i v a t e d  i n humid atmosphere. Therefore, an attempt was made 
t o  p r o t e c t  the panel by sea l i ng  a  glass p l a t e  on top o f  i t .  However, 
the s e n s i t i v i t y  o f  the sealed panel dropped considerably and the dark 
cu r ren t  increased. Consequently t h i s  p r o t e c t i v e  sea l i ng  could no t  be used. 
I t  i s  thought t h a t  the ZnO needs f r e e  oxygen and probably a layer  which 
can o f f e r  t h i s  w i l l  have t o  be app l i ed  w i t h i n  the  sealed cons t ruc t ion .  A 
se r i es  o f  experiments w i l l  be needed t o  f i n d  the proper ma te r i a l  which 
can s a t i s f a c t o r i l y  so lve  t h i s  problem. 
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The gradual b r igh tness  d e t e r i o r a t i o n  o f  the  EL l aye r  occurs o n l y  
when the  e l e c t r i c  f i e l d  i s  a p p l i e d  and c u r r e n t  i s  f l ow ing .  The abso rp t i on  
o f  hum id i t y  d u r i n g  t h e  t ime p e r i o d  when t he  panel i s  no t  used does n o t  
cause any problems; the  hum id i t y  can be evaporated by hea t i ng  t he  EL l a y e r  
and no change can be n o t i c e d  up t o  t h i s  p o i n t .  Consequently, t he  b r i g h t -  
ness decrease w i l l  be slower when the  panel i s  used a f t e r  such t reatment .  
Fo r tuna te i y ,  the  hea t i ng  process i s  necessary f o r  image e ras ing  on t he  
s to rage  rad iograph ic  a m p l i f i e r  and thereby t he  d e t e r i o r a t i o n  of  t he  EL 
b r i gh tness  i s  slowed down, i f  the  hea t i ng  i s  a p p l i e d  immediately be fo re  
each use o f  t he  panel.  

4.1.2 Storage Radiographic A m p l i f i e r  on F l e x i b l e  Subst ra tes.  I n  t h e  
f a b r i c a t i o n  o f  t he  s to rage  rad iograph ic  a m p l i f i e r s ,  as descr ibed  i n  t he  
p rev ious  paragraphs, bo th  t he  PC and EL l aye rs  a r e  p l a s t i c  embedded $nd 
the  maximum temperature du r i ng  t h e  p r o d u c t i o n  o f  these panels i s  135 C. 
Consequently t h i s  technique i s  adoptable f o r  the  f a b r i c a t i o n  o f  f l e x i b l e  
s to rage  rad iograph ic  a m p l i f i e r s .  

The c o n s t r u c t i o n  o f  the  f l e x i b l e  panel i s  i n  p r i n c i p l e  t he  same as 
t h a t  o f  t h e  s t l i d  panel.  The subs t ra te  i s  a  p l a s t i c  sheet,  which can 
w i t hs tand  135 C hea t i ng  f o r  an hour,  y i t h o u t  apprec iab le  changes, w i t h  
good pdhesion t o  t h e  EL layer .   el-F" was t r i e d  w i t h o u t  success, b u t  
~ c l a r " "  met t he  requ i rements,at 1  eas t  when smal l  area panels were made. 
A  semi- t ransparent  PbO-Au-PbO l a y e r  was evaporated f i r s t  on a  5 t o  7 m i l s  
t h i c k  A c l a r  sheet. The EL l a y e r  was sprayed as w e l l  as t he  ZnO l aye r .  
Here t h i n n e r  ZnO l a y e r  (about 4 m i l s )  had t o  be used f o r  good f l e x i b i l i t y ,  
and t h e  spray ing  method proved t o  be app l i cab le .  The doc to r -b lad ing  
requ i res  a  ve ry  f l a t  su r face  and t he  f l a t n e s s  o f  t he  EL coated A c l a r  was 
no t  good enough f o r  doc to r -b lad ing .  To f a b r i c a t e  l a r g e r  area panels  on 
p l a s t i c  subs t ra tes  some changes i n  t he  choice o f  m a t e r i a l s  have t o  be m d e .  

E l e c t r i c  h e a t i n g  o f  the  f l e x i b l e  rad iograph ic  a m p l i f i e r  was n o t  
considered, because o f  the f r a g i l e  evaporated go ld  layers .  However, i t  
i s  p o s s i b l e  t h a t  t h i s  method e v e n t u a l l y  cou ld  be used on the  f l e x i b l e  panel 
too. 

The c o n s t r u c t i o n  o f  t he  f l e x i b l e  rad iograph ic  a m p l i f i e r  i s  shown i n  
F igu re  5, and t he  d e t a i l e d  f a b r i c a t i o n  process i s  descr ibed i n  Appendix D. 

4.1.3 Non-Storage Type Radiographic A m p l i f i e r s .  The c o n s t r u c t i o n  
o f  t h e  rad iograph ic  a m p l i f i e r  screen w i t h o u t  s to rage  i s  a l s o  a  PC-EL 
sandwich type. The PC l a y e r  i s  here a  s i n t e r e d  CdS-CdSe powder, and i t  
i s  depos i ted  f i r s t  on the  t i n - o x i d e  coated g lass .  F igure  3 shows the  
p r i n c i p a l  cons t ruc t i on .  F igure  6 g ives  d e t a i l s  o f  the  completed panel 
and Appendix E descr ibes t he  d e t a i l e d  f a b r i c a t i o n  schedule. 
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During the pe r iod  o f  t h i s  reported work, many v a r i a t i o n s  o f  PC powder 
composit ions were evaluated. CdS-CdSe mixtures were used i n  p ropor t ions  
of 1:9, 1:3, and 1 : l .  Also, the amount o f  CuC12, which suppl ies the acceptor 
impur i t y  and in f luences the  absolute s e n s i t i v i t y  and cont ras t  o f  the ampli-  
f i e r  panel, was va r ied  between 0.022 and 0,040%. 

Results o f  these experiments were as fo l lows:  (1) Decreasing the 
amount o f  CdSe increases the  t ime constant and the  spec t ra l  response i n  
the v i s i b l e  band i s  d isp laced toward the shor te r  wavelengths, as shown i n  
F igure 7. Also, more copper ch lo r i de  i s  needed f o r  the same s e n s i t i v i t y .  
(2) For a  given CdS-CdSe mix ture  the increase o f  the  copper i m p u r i t i e s  
increases the cont ras t ,  bu t  decreases the s e n s i t i v i t y ,  the dark cur ren t ,  
and the  decay t ime constant.  

The best compromise f o r  con t ras t  and s e n s i t i v i t y  was a  m ix tu re  o f  
CdS t o  CdSe i n  1 t o  3 p ropo r t i on  w i t h  0.035% CuC12+2H20 by weight. The 
de l i ve red  panels were made w i t h  t h i s  mixture.  

4.2 L i g h t  Sens i t i ve  Panels 

Two approaches were developed f o r  the l i g h t  s e n s i t i v e  storage panel. 
The f i r s t ,  a  combined system, was a  l i g h t  s e n s i t i v e  non-storage PC-EL 
type panel superimposed on a  Thorn image r e t a i n i n g  panel. The second, 
developed l a t e  i n  t h e  program,was a  simple PC-EL cons t ruc t i on  w i t h  dye- 
sens i t i zed  ZnO as PC ma te r i a l .  

4.2.1 Combined System. The non-storage PC-EL l i g h t  s e n s i t i v e  panel 
had a  CdS-CdSe s in te red  l a y e r  as the sensor. The cons t ruc t i on  o f  the panel 
was e x a c t l y  the  same as t h a t  o f  the non-storage type radiographic a m p l i f i e r  
and i t  i s  described i n  Appendix E. 

The image r e t a i n i n g  panel was purchased from Thorn E l e c t r i c a l  I ndus t r i es ,  
Great Cambridge Road, En f i e ld ,  Middlesex, England. 

I n  the combined system the image r e t a i n i n g  panel, which i s  on a  metal 
p l a t e ,  i s  placed w i t h  i t s  fmnt s ide  i n  contact  w i t h  the output  (EL) s ide  
o f  the PC-EL panel du r ing  exposure. A f t e r  exposure, the image r e t a i n i n g  
panel i s  separated from the  non-storage panel and shows the p ro jec ted  
p i c t u r e .  This i s  a  m i r r o r  image o f  the p i c t u r e  shown on the output  o f  
the PC-EL panel. 

4.2.2 S i n g l e P C - E L S t o r a g e P a n e l .  T h e c o n s t r u c t i o n o f  the l i g h t  
s e n s i t i v e  storage PC-EL panels i s  the same as t h a t  o f  the radiographic 
s torage panels and i s  described i n  Appendix D. I n  the l i g h t  s e n s i t i v e  
panel,  however, an organic dyed ZnO powder i s  the sensing layer .  The 
composit ion and prepara t ion  o f  the l i g h t  s e n s i t i v e  powder i s  described 
a l s o  i n  Appendix D. 

Three power suppl ies were constructed, numbered 2, 3, and 4. (Power 
supply No. 1 was de l i ve red  i n  Par t  A o f  the program). They supply the 
necessary voltages f o r  the d i f f e r e n t  a m p l i f i e r  panels: Nos. 2  and 3 f o r  



FIGURE 7: Spectral  Response of CdS-CdSe (Cu-GI) Sintered PC Layers 

18 i n  Volume Conduction 



non-s torage t y p e  r a d i o g r a p h i c  and l i g h t  s e n s i t i v e  s t o r a g e  a m p l i f i e r s  
( g i v i n g  AC and DC v o l t a g e s ) ,  and No. 4 f o r  t h e  r a d i o g r a p h i c  a m p l i f i e r  
p a n e l s  w i t h  s t o r a g e .  

I n  t h e  c o n s t r u c t i o n  o f  t hese  power s u p p l i e s  t h e  p o r t a b i l i t y  ( s m a l l  
w e i g h t  and s i z e )  was t h e  l e a d i n g  o b j e c t i v e .  T h e i r  volume i s  225 c u b i c  
i nches  each. T h e i r  w e i g h t  i s  s l i g h t l y  more t h a n  1 1  pounds each. 

The b l o c k  d iagram o f  t h e  power s u p p l i e s  i s  shown i n  F i g u r e  8. C i r c u i t  
d iagrams o f  p r o t e c t i o n  c i r c u i t s  a r e  i n  F i g u r e s  9 and 10. D e t a i i s  o f  t h e  
power s u p p l i e s  and l i s t  o f  p a r t s  a r e  p r e s e n t e d  i n  a  s e p a r a t e  I n s t r u c t i o n  
Manual. 

Bes ides t h e  power s u p p l i e s ,  a  h e a t i n g  u n i t  i s  c o n s t r u c t e d  f o r  image 
e r a s u r e  o f  s t o r a g e  ZnO pane ls .  I t  c o n s i s t s  p r i n c i p a l l y  of  a  s o l i d  s t a t e  
l i g h t  dimmer. The b l o c k  d iagram o f  t h e  u n i t  i s  shown i n  F i g u r e  1 1 .  
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FIGURE 1 1 :  Block Diagram of Storage Panel Heating Unit 



SECTION 5. 

CHARACTERISTICS 

During the development work a m p l i f i e r  panels i n  a l l  categor ies were 
fab r i ca ted  w i t h  a wide range sf c h a r a c t e r i s t i c s .  The data, presented i n  
t h i s  sect ion,  are measured on i n d i v i d u a l  panels, represent ing average 
c h a r a c t e r i s t i c s ,  which can be reproduced w i t h  good y i e l d .  A m p l i f i e r  
panels were made w i t h  b e t t e r  and worse values i n  some c h a r a c t e r i s t i c s .  

The f i r s t  requirement f o r  both storage and non-storage type radio-  
graphic a m p l i f i e r s  was t o  have h igh  con t ras t  s e n s i t i v i t y .  The goal was 
the de tec t i on  o f  the 2T holes o f  a 2% penetrameter per  MIL-STD-453, on 1/4" 
t h i c k  aluminum. The o u t l i n e  o f  the penetrameter could be e a s i l y  detected 
w i t h  both non-storage and storage type a m p l i f i e r  panels, bu t  the small 
holes could not  be seen. However, some experiments, c a r r i e d  out by t a k i n g  
contact  p r i n t s  on photographic paper from the  output  o f  the a m p l i f i e r  
screen, showed the o u t l i n e  o f  the penetrameter w i t h  a h i g h l y  increased 
con t ras t .  The loss o f  r e s o l u t i o n  i n  the contact  p r i n t i n g  expla ins why 
the  small holes were not  v i s i b l e .  Experiments c a r r i e d  out under b e t t e r  
cond i t ions  (h igher  cur ren t ,  lower vo l tage input)  may r e s u l t  i n  the detec- 
t i o n  o f  the 2T penetrameter holes. This view i s  supported by the f a c t  
t h a t  the r e s o l u t i o n  o f  bo th  types o f  radiographic a m p l i f i e r s  was i n  the 
order  o f  300 l i nes / i nch  o r  b e t t e r .  This means t h a t  10 times f i n e r  l i n e s  
could be detected than the diameter o f  the 2T holes o f  the penetrameter 
(20 m i l s ) .  

I n  the  beginning o f  the program on Par t  B, some e f f o r t  was d i r e c t e d  
toward the development o f  non-storage type radiographic a m p l i f i e r s  w i t h  
h igher  absolute s e n s i t i v i t y .  The X-ray i n t e n s i t y  requi red f o r  threshold 
a c t i v a t i o n  o f  the most s e n s i t i v e  panels was lower than 20 mR/min o r  0.3 mR/sec. 
F igure  12 shows the  t r a n s f e r  c h a r a c t e r i s t i c s  o f  such panels. 

The sensor ma te r i a l  o f  these a m p l i f i e r s  was a CdSe-CdS mix ture  i n  9 : l  
r a t i o  sens i t i zed  w i t h  C1 and Cu. The Cu content  i n  the  mix ture  powder was 
lower than the  p rev ious l y  used amount (0,02% against  0.025%). As i t  was 
expected, the con t ras t  s e n s i t i v i t y  o f  these panels was not  b e t t e r  than 
t h a t  o f  the p rev ious l y  standardized panels. 

Therefore, i n  the f o l l o w i n g  p a r t  o f  the program the  e f f o r t  was d i r e c t e d  
toward increas ing  the  con t ras t  s e n s i t i v i t y  regardless o f  o ther  character-  
i s t i c s .  I n  t h i s  work ser ies  o f  experiments were made w i t h  PC powders 
con ta in ing  l a rge r  amounts o f  acceptor impuri t i e s  (Cu) . Measured t r a n s f e r  
c h a r a c t e r i s t i c s  d i d  no t  show much change i n  gamma and the v i sua l  d e t e c t i -  
b i l i t y  was not  improved. The absolute s e n s i t i v i t y  and the dark cu r ren t  
of these panels decreased very much. With increased amounts o f  CdS i n  
the PC mic ture  the con t ras t  improved somewhat, bu t  the absolute s e n s i t i v i t y  
was again low. F igure  13 shows t r a n s f e r  c h a r a c t e r i s t i c s  o f  one o f  these 
panels where the CdSe:CdS r a t i o  was 3 : l  and the  copper c h l o r i d e  was 0.035%. 
F igure  14 i s  a photograph o f  the output  image,when an etched s ta in less  
s tee l  sheet was radiographed. 



F.IGURE 12: T r a n s f e r  C h a r a c t e r i s t i c s  o f  Non-Storage Type H i g h  

S e n s i t i v e  R a d i o g r a p h i c  A m p l i f i e r s  



26 FIGURE 13: T r a n s f e r  C h a r a c t e r i s t i c s  o f  a Non-Storage Radiographic 

A m ~ l i f i e r  Wi th  High Copper Doping 



FIGURE 14: Photograph o f  a Radiographic  Image on a Non-Storage 

Type Amp1 i f  i e r  



The con t ras t  s e n s i t i v i t y  o f  the  storage type radiographic a m p l i f i e r s  
was about the same as t h a t  o f  the non-storage type panel. Thei r  absolute 
s e n s i t i v i t y  could be deduced from a record o f  the br ightness change w i t h  
t ime (see F igure  15). The panel i n  the f i r s t  minute was i r r a d i a t e d  w i t h  
about 35 R/min X-ray i n t e n s i t y  (45 kV u n f i l t e r e d  r a d i a t i o n ) .  We see t h a t  
the th resho ld  dose was about 1 R and the decay t ime t o  1/2 o f  the maximum 
br ightness was about 47 minutes. Storage panels w i t h  sho r te r  and longer 
decay times' were a l s o  fabr ica ted .  The d r i v i n g  frequency i n  the measure- 
ments was 60 Hz. Using h igher  frequencies the  storage t ime decreased. 

The erasure t ime o f  these panels, by baking them i n  a furnace a t  1 0 0 ' ~  
(212 '~ )  was between 5 and 15 minutes, sho r te r  f o r  the panels w i t h  sho r te r  
storage time. E l e c t r i c a l  heat ing  o f  the  t i n - o x i d e  coat ing  shortened the 
erasure t ime by a f a c t o r  o f  2 o r  3. 

5.2 L i g h t  Sens i t i ve  Panels 

Non-storage type l i g h t  s e n s i t i v e  panels were made w i t h  CdSe:CdS 
mixtures i n  3:1 and 1 : l  p ropor t ion .  

Transfer  c h a r a c t e r i s t i c s  o f  one o f  these panels i s  shown i n  F igure  16, 
and a photograph o f  the  output  image o f  a TV t e s t  p a t t e r n  i s  shown i n  
F igure  17. These panels, used i n  combination w i t h  a Thorn image r e t a i n i n g  
pane1,offered the  requ i red  storage system. 

Simple PC-EL storage type l i g h t  s e n s i t i v e  panels were constructed 
w i t h  dyed ZnO powder. The i r  th resho ld  s e n s i t i v i t y  measured w i t h  a 2870 K 
tungsten l i g h t  source was about 10 f c s  (tootcandle-second), i .e, abous 
100 mcs (meter-candle-second). This means and ASA s e n s i t i v i t y  o f  10 . 
The storage t ime o f  these panels was 10 minutes o r  longer. They had good 
reso lu t i on  (h igher  than 200 1 ines/ inch) . 

5.3 Power Suppl ies 

Two o f  the  power suppl ies contained a DC-DC conver ter ,  g i v i n g  100 
Vo l ts  DC f o r  d r i v i n g  t h e  Thorn image r e t a i n i n g  panels. Two o f  them 
contained the  charging p r o t e c t i o n  c i r c u i t  and one o f  these a l s o  had a 
load p r o t e c t i o n  c i r c u i t .  One o f  them contained two AC transformers w i t h  
outputs o f  200 Vo l t s  and 310 Vol ts .  Table 3 shows these d i f f e rences .  

TABLE 3. COMPONENTS AND WE1 GHTS OF POWER SUPPLI ES 





T r a n s f e r  C h a r a c t e r i s t i c s  o f  L i g h t  S e n s i t i v e  Image 

Amp1 i f i e r  



FIGURE 17: Photograph of Output Image o f  a TV Test  P a t t e r n  

on a L i g h t  S e n s i t i v e  Image I n t e n s i f i e r  



The b a t t e r i e s  were s u f f i c i e n t  f o r  about 30 minutes l oad ing  and they  
cou ld  be recharged f o r  about 16 hours.  D e t a i l s  on the  power supp l i es  
a re  supp l i ed  i n  t h e  separate I n s t r u c t i o n  Manual. 

Table 4  l i s t s  t h e  hardware d e l i v e r e d  t o  NASA-MSFC ( t o  be compared 
t o  Table 1) .  

3. F l e x i b l e  rad iograph ic  a m p l i f i e r  w i t h  
s to rage  (Zn0). 

4. L i g h t  s e n s i t i v e  image a m p l i f i e r  
w i t h o u t  s to rage  (cdS/cdSe). 

5. Thorn image r e t a i n i n g  (s torage)  panel.  

6. Experimental  l i g h t  s e n s i t i v e  image 
a m p l i f i e r  w i t h  s to rage  ( z ~ o ) .  

7. Storage panel hea t i ng  u n i t  (eraser)  
f o r  i t e m  1  above. 

8, P o i n t  l i g h t  source - LED Monsanto 

9. B a t t e r y  operated power supply  f o r  
i tems 1,2,3,4,5, and 6 above. 

10. B a t t e r y  operated power supply  f o r  
i tems 2,4, and 5 above. 

11. B a t t e r y  operated power supply  f o r  
i tems 1 ,3, and 6 above. 

12. Spare b a t t e r i e s  (Ni-Cd) f o r  power 
supp l i es  (24 V o l t s ) .  

13.  Operat ion i n s t r u c t i o n s .  

14. F i n a l  Report .  

TABLE 4. ITEMS DELIVERED TO MSFC 



SECTION 6 

D l  SCUSS I ON 

The e f f o r t s  o f  t he  work r epo r t ed  here were d i r e c t e d  toward t h e  
development o f  two d i f f e r e n t  s o l i d  s t a t e  image a m p l i f i e r  systems: ( 1 )  a  
r ad iog raph i c  and (2) a  l i g h t  s e n s i t i v e  system. Though t h e  requ i r ed  charac- 
t e r i s t i c s  o f  the  two systems were q u i t e  d i f f e r e n t ,  t h e  approach f o r  reach ing  
the  goal  i n  bo th  cases was p r i n c i p a l l y  the  same: by  employment o f  a  sand- 
w i ch  t ype  PC-EL cons t ruc t i on .  The m a t e r i a l s ,  however, and e s p e c i a l l y  t h e  
PC m a t e r i a l  and i t s  o p t o e l e c t r o n i c  c h a r a c t e r i s t i c s ,  were d i f f e r e n t  f o r  t h e  
two systems. A lso,  PC m a t e r i a l s  w i t h  d i f f e r e n t  c h a r a c t e r i s t i c s  have t o  
be developed f o r  t h r e e  d i f f e r e n t  k i n d  o f  a m p l i f i e r  screens i n  t h e  f i r s t  
group: r ad iog raph i c  amp1 i f i e r  ( 1 )  w i t h  s torage,  (2) w i t h o u t  s to rage  (bo th  
on s o l i d  subs t ra tes ) ,  and (3)  w i t h  s to rage  on f l e x i b l e  subs t ra te .  P rope r l y  
chosen m a t e r i a l s  enabled t he  requirements f o r  a l l  t h r e e  systems t o  be c l o s e l y  
approached w i t h  o n l y  two d i f f e r e n t  f a b r i c a t i o n  technolog ies.  One technology 
made use o f  s i n t e r e d  CdS-CdSe PC powders, t h e  o t h e r  o f  ZnO p l a s t i c  embedded 
powders. The f i r s t  method was used f o r  b u i l d i n g  r ad iog raph i c  and l i g h t  
s e n s i t i v e  a m p l i f i e r s  w i t h o u t  s torage.  I n  t h e  f a b r i c a t i o n  process f i r s t  
t h e  PC powder was depos i ted  by a  s e t t l i n g  method ( p r o p e r l y  mixed w i t h  
dop$nts,  d tpending on t h e  requ i r ed  c h a r a c t e r i s t i c s ) ,  s i n t e r e d  a t  about 
500 C (934 F) temperature,  then  sprayed w i t h  a  p l a s t i c  embedded EL powder 
l a y e r  ( f o r  more d e t a i l s  see Appendices B  and E). The second method, used 
f o r  f a b r i c a t i o n  o f  s to rage  t ype  panels  ( r ad iog raph i c  o r  l i g h t  s e n s i t i v e )  
bo th  on r i g i d  (g lass )  and on p l a s t i c  subs t ra tes ,  i n vo l ved  d e p o s i t i n g  f i r s t  
t he  p l a s t i c  embedded EL l a y e r  on t h e  s u b s t r a t e  by sp ray ing ,  and then  doc to r  
b l a d i n g  ( o r  spray ing)  t h e  p l a s t i c  embedded PC l a y e r  (ZnO) on i t  ( f o r  d e t a i  I s ,  
see Appendices A and D). There was no t  h i g h  temperature bak ing  i n  t h i s  
method. The maximum process i ng temperature was 1 3 0 ' ~  ( 2 6 5 ' ~ ) .  

Storage l i g h t  s e n s i t i v e  a m p l i f i e r s  were cons t ruc ted  by super imposing 
a  non-storage t ype  CdS-CdSe panel on a  Thorn image r e t a i n i n g  panel .  Th is  
method was s u c c e s s f u l l y  pursued: however, j u s t  be fo re  t he  t e r m i n a t i o n  o f  
the  program, i t  was found t h a t  dye ing  t h e  ZnO powder w i t h  l i g h t  s e n s i t i v e  
o rgan i c  dyes as Rhodamine-B, F l u o r e s c e i n  o r  Eosyn-Y, l i g h t  s e n s i t i v e  
s to rage  panels  can be made i n  t h e  s imp le  PC-EL sandwich cons t ruc t i on .  
Though t he  s e n s i t i v i t y  o f  these panels  was q u i t e  low ( t h r e s h o l d  10 f cs )  
one o f  them has been d e l i v e r e d  t o  NASA-MSFC f o r  p r e l i m i n a r y  exper iments.  
I t  i s  hoped t h a t  w i t h  more sys temat i c  work t h e  s e n s i t i v i t y  o f  these pane ls  
can be increased. 

The f i r s t  requirement f o r  t he  s to rage  panels  was: long s to rage  t imes 
f o r  v i ew ing  (more than 10 minutes) and f a s t  e rasure  t ime ( l e s s  than 2  m inu tes ) .  
The ZnO t ype  s to rage  panels  ( bo th  t h e  rad iog raph i c  and t h e  v i s i b l e ) ,  when 
d r i v e n  by 60 Hz, had a  v i ew ing  s to rage  t ime ( t i m e  where t he  b r i gh tness  
drops t o  1/3 o f  t he  o r i g i n a l  b r i gh tness )  o f  10 t o  60 minutes,  depending 
on t h e  p r e p a r a t i o n  o f  t h e  ZnO powder and some c o n s t r u c t i o n  parameters o f  
t h e  panel .  With 400 Hz d r i v i n g  v o l t a g e  t h e  v i ew ing  s to rage  t ime was sma l l e r  
by a f a c t o r  o f  about 4. A f t e r  t h i s  t ime,  the  r e s o l u t i o n  o f  t he  p i c t u r e ,  
even w i t h  b r i gh tness  reduc t ion ,  was s t i l l  ve r y  n e a r l y  t he  same as i n  t he  
beginn ing,  consequent ly  t h e  p r a c t i c a l  s to rage  t ime was longer  by a  f a c t o r  



o f  3 t o  4. On s p e c i a l  screens, p i c t u r e s  were v i s i b l e  a f t e r  more than 24 
hours . 

Erasure o f  t he  images on t h e  ZnO t ype  pane!s can i e  accomplished by 
h e a t i n g  t h e  panel  (1 )  i n  a  fu rnace  a t  about 100 C (212 F) o r  (2) by an 
i n f r a r e d  lamp, o r  (3) e l e c t r i c a l l y .  The t h i r d  method c o n s i s t s  o f  a p p l y i n g  
a  v o l t a g e  on two oppos i t e  ends o f  one e l e c t r o d e  ( t i n - o x i d e  c o a t i n g  i s  
p r e f e r r e d ) .  A h e a t i n g  t ime o f  about 5 t o  30 minutes depending on t h e  
s to rage  t ime,  was needed i n  t he  f i r s t  method f o r  t he  e rasure  o f  t h e  image. 
Two t o  t h r e e  t imes f a s t e r  e rasure  was accomplished by t h e  t h i r d  method 
w i t h o u t  d e t e r i o r a t i n g  t h e  panel .  H igher  temperatures on t he  ZnO g i v e  
f a s t e r  erasure,  bu t  can cause d e t e r i o r a t i o n  o f  t h e  c o n t r a s t .  The second 
method was n o t  s y s t e m a t i c a l l y  examined, b u t  p robab ly  cou ld  be as f a s t  as 
t h e  t h i r d  method. P r a c t i c a l l y ,  i t  i s  recommended t h a t  t he  panels  be 
prepared w i t h  t he  s h o r t e s t  p e r m i s s i b l e  s to rage  t ime,  so t h a t  e rasure  t ime  
can be min imized.  

The r e s o l u t i o n  o f  t he  r ad iog raph i c  s to rage  panels  was b e t t e r  than  300 
l i n e s / i n c h  (6  l i n e  pairs/mm), t h a t  o f  t h e  l i g h t  s e n s i t i v e  panel  about 200 
l i n e s / i n c h  (4 1  i ne  p a i  rs/mm). 

The c o n t r a s t  s e n s i t i v i t y  o f  t h e  r ad iog raph i c  panels  c l o s e l y  approached 
t h e  2% o f  th i ckness  d e f i n i t i o n  r equ i r ed ,  however, the  b r i gh tness  o f  t h e  
image was below t he  necessary va l ue  f o r  d e t e c t i n g  a  smal l  h o l e  o f  2T 
d iameter  on a  2% penetrameter pe r  MIL-STD-&~. On a  0.25" t h i c k  aluminum 
p l a t e ,  t h e  o u t l i n e  o f  t h e  penetrameter and a  h o l e  o f  0.25" d iameter  were 
v i s i b l e .  D i r e c t  c o n t a c t  o f  pho tograph ic  f i l m  w i t h  a m p l i f i e r  screen, p l u s  
f u r t h e r  eva lua t i ons  w i t h  h i g h  c u r r e n t ,  low v o l t a g e  i npu t s  may ye t  reach 
t h e  2%T requ i r ed .  Con t ras t  s e n s i t i v i t y  enhancement, by  cascading a  r ad io -  
g raph i c  a m p l i f i e r  screen (CdS/CdSe) w i t h  t h e  new l i g h t  s e n s i t i v e  ZnO image 
i n t e n s i f i e r  panel ,  i s  p romis ing  and should  a l s o  be pursued. 

The abso lu te  s e n s i t i v i t y  of. t he  r ad iog raph i c  s to rage  a m p l i f i e r  screen 
i s  s i m i l a r  t o  t h a t  o f  h i g h  r e s o l u t i o n  r ad iog raph i c  f i l m s .  

The f l e x i b l e  r ad iog raph i c  a m p l i f i e r  screens have s i m i l a r  o p t o - e l e c t r o n i c  
c h a r a c t e r i s t i c s  t o  those b u i l t  on g l ass  subs t ra tes .  The sma l l e r  samples 
(2" x  2") cou ld  be bent  on a  2" r ad ius  w i t h o u t  damage, b u t  l a r g e  area 
pane ls  d e t e r i o r a t e d  a f t e r  repeated bending and need some improvements i n  
f a b r i c a t i o n  technology o r  change i n  m a t e r i a l s .  

One problem, n o t  y e t  so lved  i n  these ZnO t ype  a m p l i f i e r  screens, b o t h  
f l e x i b l e  and n o n - f l e x i b l e ,  i s  t h e  p r o t e c t i o n  o f  t h e  panel ,  s p e c i f i c a l l y  
t h e  EL l aye r ,  a g a i n s t  humid i t y .  

The non-storage t ype  rad iog raph i c  a m p l i f i e r  screen b u i l t  w i t h  a  
m i x t u r e  o f  CdS and CdSe have c h a r a c t e r i s t i c s  s i m i l a r  t o  t h e  s to rage  types 
w i t h  t h e  excep t i on  o f  t he  r i s e  t ime  and decay t ime  cons tan ts  o f  t h e  image. 
These t ime cons tan ts  depend m o s t l y  on t h e  composi t ion o f  t h e  PC l a y e r .  
They inc rease  as t h e  CdS con ten t  increases.  The bes t  screens, c o n t a i n i n g  
25% CdS, 75% CdSe had t ime  cons tan ts  i n  t h e  range o f  a  second. The p r o t e c -  
t i o n  o f  these panels  was so lved  by  sea l i ng ,  w i t h  epoxy, a t h i n  g lass  p l a t e  
on t o p  o f  t h e  layers .  



The l i g h t  s e n s i t i v e  combined system has t he  advantage o f  a  f a s t  
erasure.  The disadvantages a re :  lower r e s o l u t i o n ,  m i r r o r  image and t h e  
i m p o s s i b i l i t y  o f  obse rva t i on  d u r i n g  exposure t ime. Consequently, t he  new 
exper imenta l  ZnO l i g h t  s e n s i t i v e  s to rage  pane l ,  i n  s p i t e  o f  the  s lower  
e rasure  t ime, should  be developed f o r  most a p p l i c a t i o n s .  

Three p o r t a b l e  se l f - con ta i ned  power supp l i es  w i t h  rechargeable  Ni-Cd 
b a t t e r i e s  were cons t ruc ted  g i v i n g  t h e  necessary f requency and v a r i a b l e  
vo l t ages :  400 Hz rang ing  from 0-310 v o l t s  f o r  t he  PC-EL panels,  and DC 
rang ing  f rom 75-100 v o l t s  f o r  t h e  Thorn panel .  T h e i r  we igh t  was s l i g h t l y  
more than 1 1  pounds each and volume was 225 cub i c  inches. 

The main a p p l i c a t i o n s  o f  t h e  s to rage  rad iog raph i c  a m p l i f i e r  screens 
i s  i n  r ad iog raph i c  non-des t ruc t i ve  t e s t i n g .  They can s u b s t i t u t e  f o r  
pho tograph ic  radiography, when no record  keeping i s  needed. T h e i r  main 
advantages a re  t h e  immediate v i ew ing  (w i t hou t  any process ing)  and t h e  
low cos t .  

S ince t he  a p p l i c a t i o n  o f  t h e  e l e c t r i c  f i e l d  i s  necessary o n l y  f o r  
v iew ing ,  p o s s i b l e  use o f  t he  f l e x i b l e  panel  cou ld  be f o r  den ta l  rad iography.  

When record  keeping i s  needed, t he  s to rage  panel  cou ld  e a s i l y  be 
photographed on l i g h t  s e n s i t i v e  inexpens ive f i l m s ,  and s t i l l  o f f e r  some 
advantages over t h e  pho tograph ic  rad iography,  such as speed and cos ts .  

Besides t he  a p p l i c a t i o n  f o r  non -des t ruc t i ve  t e s t i n g ,  t h e  s to rage  
s o l i d  s t a t e  r ad iog raph i c  screens cou ld  f i n d  some use i n  s p e c i a l  medica l  
problems, mos t l y  i n  m i l i t a r y  f i e l d  a p p l i c a t i o n s .  

The non-storage t ype  rad iog raph i c  a m p l i f i e r  can be used i n  a p p l i c a -  
t i o n s  where f l u o r o s c o p i c  screen o r  vacuum t ype  X-ray image i n t e n s i f i e r s  
and TV systems a re  used. I t  has many advantages compared t o  t h e  above 
systems. The s imp le  f l u o r o s c o p i c  screen has low s e n s i t i v i t y ,  c o n t r a s t  
and r e s o l u t i o n .  The complex system w i t h  X-ray i n t e n s i f i e r  tube, which 
rep laced  t he  f l u o r o s c o p i c  screen i n  medica l  r ad i o l ogy ,  i s  more s e n s i t i v e ;  
b u t  i t  i s  l a r g e  and heavy, has l i m i t e d  area imaging c a p a b i l i t y ,  and i s  
expensive.  I t  a l s o  has low c o n t r a s t  and r e s o l u t i o n .  

The s o l i d  s t a t e  r ad iog raph i c  a m p l i f i e r  i s  a lmost as s imp le  and 
l i g h t w e i g h t  as t h e  f l u o r o s c o p i c  screen, has a  moderate ga in ,  and has much 
h i g h e r  r e s o l u t i o n  and c o n t r a s t  than t h e  o t h e r  two systems. One o f  t he  
few o b j e c t i o n a b l e  c h a r a c t e r i s t i c s  i s  i t s  s low response, another  i s  i t s  
g a i n  which i s  lower than  t he  vacuum t ype  i n t e n s i f i e r .  However, f o r  non- 
d e s t r u c t i v e  t e s t i n g  and i n  a  l a r g e  number o f  medica l  a p p l i c a t i o n s ,  these 
c h a r a c t e r i s t i c s  a re  acceptab le .  By improv ing t h e  s e n s i t i v i t y  o f  these 
pane ls ,  more a p p l i c a t i o n s  cou ld  be found i n  medical  r ad i o l ogy .  

S ince t he  CdSe i s  s e n s i t i v e  i n  t he  near i n f r a r e d ,  these a m p l i f i e r  
pane ls  can be used f o r  t h e  d e t e c t i o n  and imaging o f  i n f r a r e d  rays up t o  
about 1 . 1  pm. P a r t i c u l a r l y  good r e s u l t s  were ob ta ined  by imaging o f  
pu l sed  l a s e r  beams. i n  another  a p p l i c a t i o n ,  cascading a  s o l i d  s t a t e  
i n t e n s i f i e r  panel w i t h  a  camera tube o r  image i n t e n s i f i e r  t u  
t he  use fu lness  o f  these vacuum dev ices t o  longer  wavelengths . 

The l i g h t  s e n s i t i v e  s to rage  panel  can be employed e f f e c t i v e l y  i n  



t h e  d i s p l a y  o f  a  recorded image generated by  a  .moving l i g h t .  L i g h t  
e m i t t i n g  i n j e c t i o n  EL diodes (LED) can be used as scanning and modu la t ion  
1 i g h t  sources. 

The s t a t e  of t h e  a r t  now o f f e r s  t he  p o s s i b i l i t y  f o r  development o f  
numerous a p p l i c a t i o n s  f o r  these d i f f e r e n t  types o f  s o l i d  s t a t e  i n t e n s i f i e r s .  



RECOMMENBATI ONS 

The developed rad iog raph i c  i n t e n s i f i e r  screens and l i g h t  s e n s i t i v e  
panels  can be used w i t h  some compromise, i n  the  in tended a p p l i c a t i o n s .  
Some exper iments c a r r i e d  ou t  d u r i n g  t h i s  work i n d i c a t e  t h a t  improvements 
can be achieved i n  some c h a r a c t e r i s t i c s  w i t h  a  l i m i t e d  e f f o r t ,  which 
would inc rease  the  usefu lness and a p p l i c a t i o n  o f  these s o l i d  s t a t e  
i n t e n s i f i e r s .  

( 1 )  The f a c t  t h a t  t h e  use o f  EL l aye rs  w i t h  h i ghe r  d i s c r i m i n a t i o n  
r a t i o  would inc rease  t h e  c o n t r a s t  s e n s i t i v i t y  o f  t he  a m p l i f i e r  panel  
suggested t h e  a p p l i c a t i o n  o f  evaporated EL f i l m s ,  which have h i g h e r  
d i s c r i m i n a t i o n  r a t i o s  than  those o f  t he  p l a s t i c  embedded EL l aye rs .  The 
p o s s i b i l i t y  f o r  improv ing t h e  c o n t r a s t  o f  such EL f i l m s  i n  ambient l i g h t  
was a l s o  proved by a  smal l  sample, ob ta ined  f rom the  Sigmatron Corpora t ion .  
However, t h i s  second improvement i s  n o t  l i m i t e d  t o  evaporated EL f i l m s ,  
i t  cou ld  be a p p l i e d  t o  p l a s t i c  embedded EL l aye rs  as w e l l  and would be 
e q u a l l y  e f f e c t i v e  when improved v i ew ing  o f  these panels  i s  r equ i r ed  i n  
ambient l i g h t .  

Therefore,  i t  i s  recommended t h a t  t he  c o n t r a s t  enhancing technique 
( i n  ambient l i g h t )  f o r  these i n t e n s i f i e r  panels  be developed and cons idera -  
t i o n  be g i ven  t o  t h e  use o f  evaporated EL l aye rs  f o r  improv ing c o n t r a s t  
sens i t i v i  t y .  

(2) Some success has been ob ta ined  i n  making l i g h t  s e n s i t i v e  s to rage  
i n t e n s i f i e r  panels  i n  an a l l  p l a s t i c  c o n s t r u c t i o n  us i ng  dyed ZnO powders. 
The s e n s i t i v i t y  o f  these i n t e n s i f i e r s  was, however, somewhat low and would 
need some improvement. 

There fo re  i t  i s  recommended t h a t  h i g h e r  s e n s i t i v e  ZnO powders be 
developed f o r  t he  v i s i b l e  range, t o  increase t h e  s e n s i t i v i t y  o f  t h e  l i g h t  
s e n s i t i v e  s to rage  panels .  

(3)  To be a b l e  t o  de tec t  2 1  ho les  on 2% penetrameters pe r  MIL-STD-453, 
h i ghe r  ou tpu t  b r i gh tness  w i l l  be needed. Th i s  h i ghe r  b r i gh tness  can be 
ob ta i ned  by cascading a non-storage t ype  rad iog raph i c  a m p l i f i e r  (CdS/CdSe) 
w i t h  a  l i g h t  s e n s i t i v e  s to rage  i n t e n s i f i e r  panel  (Zn0). The technique o f  
i n t e g r a t i n g  these two panels  i n  one u n i t  i s  s t r a i g h t f o r w a r d  and w i l l  n o t  
p resen t  d i f f i c u l t  problems. 

Therefore a  moderate e f f o r t  i s  recommended f o r  t h e  f a b r i c a t i o n  o f  
such cascaded i n t e n s i f i e r s ,  a f t e r  t h e  s e n s i t i v i t y  o f  t h e  ZnO l i g h t  s e n s i t i v e  
s to rage  panel i s  a p p r o p r i a t e l y  improved. 

(4) The ZnO s to rage  panels  need some p r o t e c t i o n  a g a i n s t  h u m i d i t y  t o  
inc rease  t h e  l i f e  o f  these panels .  

There fo re  i t  i s  recommended t o  s tudy  t he  maintenance ( l i f e  t ime)  o f  
t h e  ZnO s to rage  panels  and develop t h e  method o f  p r o t e c t i o n  f o r  inc reas-  
i n g  t h e  l i f e  o f  these a m p l i f i e r  panels .  



(5) Though the cons t ruc t i on  o f  the s o l i d  s t a t e  a m p l i f i e r  systems 
was planned w i t h  f u t u r e  space a p p l i c a t i o n  i n  view, i t  was necessary t o  
s a t i s f y  op to-e lec t ron ic  s p e c i f i c a t i o n s  f i r s t  then, i f  successful ,  proceed 
w i t h  a  system f o r  use i n  the space environment. 

A p r i n c i p a l  e f f o r t  i n  b u i l d i n g  a  system, consider ing space app l ica-  
t i o n s  f o r  nsn-destruct ive t e s t i n g ,  i s  recommended as e a r l y  as p r a c t i c a l  
i n  the space s t a t i o d s p a c e  s h u t t l e  missions. 

(6) F i n a l l y ,  some poss ib le  app l i ca t i ons  o f  these a m p l i f i e r  panels 
i n  medical, i n d u s t r i a l ,  m i l i t a r y  and educat ional f i e l d s  are  l i s t e d :  

(a) Non-storage type radiographic amp1 i f  i e r s  : 

Improved f luoroscopy. 

L ight-weight  radioscopy i n  m i l i t a r y  f i e l d  app l ica-  
t i ons ,  us ing  rad ioac t i ve  isotope source. 

Inexpensive T.B. de tec t ion  system ( a m p l i f i e r  screen + 
35mm camera) requi  r i n g  low X-ray dose. 

Use i n  hazardous t e  r r e s t  r i  a  1 oceanog raph i c  and 
space environments. 

(b) Non-storage type l i g h t  s e n s i t i v e  .image i n t e n s i f i e r s :  

Back-1 igh ted  p r o j e c t  ion  screens. 

Displays w i t h  increased br ightness,  where br ightness 
o f  o r i g i n a l  image i s  r e s t r i c t e d ,  such as cathode ray 
tubes o r  p r o j e c t i o n  systems. 

(c) Storage type radiographic a m p l i f i e r :  

Replacing expensive photographic radiography where 
record keeping i s  not  needed, o r  us ing  less expensive 
f i l m  f o r  records. 

Uses i n  f i e l d ,  l i s t e d  under (a). 

(d) Storage type l i g h t  s e n s i t i v e  a m p l i f i e r :  

Replacing f i l m  o r  record ing paper by us ing  a  p o i n t  
l i g h t  source t o  w r i t e .  

Display i n  u l t r a s o n i c  and other  non-destruct ive 
t e s t i n g  equipment t o  rep1 ace "X-Y" area scan recorder 
readout. 

Clean and noiseless w r i t i n g  board. 

The extent  o f  these app l i ca t i ons  depend l a r g e l y  on the  c h a r a c t e r i s t i c s ,  
a v a i l a b i l i t y ,  and p r i c e  o f  these panels. Since t h e i r  f a b r i c a t i o n  i s  q u i t e  
simple, e s p e c i a l l y  t he  storage panels, the p r i c e  cons idera t ion  looks very  
favorable,  and q u a n t i t y  f a b r i c a t i o n  o f  some o f  these panels w i l l  probably 
be s t a r t e d  i n  the near f u tu re .  Several non-storage type radiographic 
a m p l i f i e r s  have a l ready been sold.  
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APPENDIX A 

PREPARATION OF ZnO POWDERS 

Weigh 819 pure  ZnO powder and mix  71mg NaS04 w i t h  i t  and load  i t  
i n t o  an open q u a r t z  boat .  

Bake t h e  m i z t u r e  i n  a  furnace w i t h  s l o w l y  f l o w i n g  a i r  (2  CFH) a t  
9 5 0 ' ~  (1742 F) f o r  two hours. 

A f t e r  t h e  powder coo led  down, p l ace  i t  i n  a  Waring b lender  1/3 
f u l l  w i t h  de ion ized  wate r  and b l end  i t  f o r  1 m inu te  a t  h i g h  speed. 

Pour m i x t u r e  i n t o  1 l i t e r  Erlenmyer f l a s k ,  l e t  t h e  powder s e t t l e  and 
decant t h e  water .  

Repeat r i n s i n g ,  s e t t l i n g  and decan t ing  two o t h e r  t imes w i t h  de ion ized  
water.  

Rinse w i t h  2-propanol, s e t t l e  and decant two t imes.  On second 2-propanol  
r i n s e ,  u l t r a s o n i c a l l y  a g i t a t e  f o r  3 minutes.  

F i  l t e r  through M i  1 1  i p o r t  f i 1 t e r  ( t ype  ~ ~ ~ ~ 4 7 0 0 - A A - 0 . 8 ~ ) .  

Dry i n  f o r ced  a i r  oven a t  1 3 5 ' ~  ( 2 7 5 ' ~ )  f o r  30 minutes.  

Shake powder through 200 mesh s ieve .  



PREPARATION OF SINTERED CdSe PC LAYERS 

1. M ix tu re  With 10% CdS 

The prepara t ion  o f  the s i n t e r e d  CdSe laye r  can be d iv ided i n t o  th ree  
pa r t s .  Accordingly,  the  schedule o f  p repara t ion  i s  described below: 

(a) Mix ing and Prebaking the Powder 

1. We i gh 90 grams o f  CdSe and 10 grams o f  CdS powder 
(G.E. e l e c t r o n i c  grade) and mix  i t  i n  a  pyrex beaker. 

2. Place the  we.11 mixed powder i n  a  quar tz  boat and heat 
i t  s lowly  i n o n i t r o g e t  atmosphere u n t i l  the temperature 
reaches 1075 C (1966 F) . Bake i t  f o r  30 minutes a t  t h i s  
temperature and cool down s t i l l  i n  n i t rogen  atmosphere. 

3. Grind the  ma te r ia l  i n  diamonite mortar .  

4. Weigh 4 grams o f  d ry  CdC12, p lace  i t  i n  a  100 m l  pyrex 
beaker and d i sso l ve  i t  i n  about 20 m l  deionized water. 

5. Weigh 10 m i l l i g rams  o f  CuC12 + 2  H20 (F isher  C e r t i f i e d ) ,  
t r a n s f e r  t o  a  c lean 15 m l  beaker and d i sso l ve  i t  i n  
about 5  a1 deionized water. 

6. Add enough deionized water t o  the CdSe + CdS baked 
powder t o  form a  very t h i c k  paste. 

7. Add the  CdC12 s o l u t i o n  t o  the CdSe + CdS paste w i t h  
thorough s t i r r i n g .  

8. Add the  CuCl s o l u t i o n  t o  the  CdSe-CdS-CdC12 mix ture  
w i t h  thoroug& s t i r r i n g .  

9. Evaporate tbe  wa te i  from the mix ture  i n  a  forced d r a f t  
oven a t  100 C (212 F). 

10. Prebake a t  5 0 5 ' ~  ( 9 4 0 ~ ~ )  f o r  1 hour i n  a  quar tz  d i sh  w i t h  
a  cover. 

11 .  A f t e r  coo l i ng ,  g r i n d  the  ma te r ia l  i n  a  diamonite mortar,  
and s ieve  through a  200 mesh screen. 

(b) S e t t l  i n g  

1. Weigh about 50 grams o f  the prepared CdSe-CdS powder, 
t r a n s f e r  i t  t o  a  ceramic b a l l  m i l l i n g  j a r ,  mix about 100 
m l  Xylene w i t h  i t  and b a l l  m i l l  f o r  f i v e  t o  s ix teen hours. 

2.  Clean the  subs t ra te  glass p la tes  as described i n  Appendix F. 



3. Place t h e  s u b s t r a t e  g lass  p l a t e s  i n  a  p e r f e c t l y  h o r i z o n t a l  
p l ane  a t  t h e  bot tom o f  a  10" x  12" g lass  j a r .  

4. F i l l  t h e  j a r  w i t h  a  0.1% e t h y l  c e l l u l o s e  Xylene s o l u t i o n  
t o  about 5" h e i g h t  above t h e  s u b s t r a t e  glasses. 

5. Pour t h e  b a l l  m i l l e d  PC m i x t u r e  i n  t h e  s e t t l i n g  j a r  and 
l e t  i t  s e t t l e  u n t i l  t he  Xylene c l e a r s  up (about 1 t o  2  
hours) . 

6. Siphon o f f  cush ion and l e t  panels  d r y  i n  tank  10 t o  16 
hours.  

7 .  Remove panels  f rom tank  and preheat  s l o w l y  t o  about 1 0 0 ' ~  
( 2 1 2 ' ~ )  on a  h o t  p l a t e  f o r  about h a l f  an hour.  

8. T rans fe r  panels  t o  f o r c e d  a i  r oven and bake a t  1 3 5 ' ~  
(275 F) f o r  h a l f  an hour. 

c .  S i n t e r i n g  

1 .  Place panel on a  Vycor p l a t e  and cover  w i t h  a  py rex  d i sh .  

2. Bake i n  a  fu rnace  o f  5 1 0 ' ~  ( 9 5 0 ~ ~ )  f o r  40 minutes.  

3.  Remove panel  f rom fu rnace  and a l l o w  t o  coo l  under a  
s t r o n g  a i r f l o w  on t he  py rex  d i sh .  

I I .  M i x t u r e  Wi th  25% CdS 

The p r e p a r a t i o n  schedule i s  the  same excep t i ng  t h e  f o l l o w i n g :  

a. 1.  Weigh 759 o f  CdSe and 259 o f  CdS powder, e t c .  

5 .  Weigh 35mg o f  CuC12+2H20, e t c .  

I I I .  M i x t u r e  With 50% CdS 

Here t he  f o l l o w i n g  changes have t o  be made: 

(a) 1. Weigh 509 o f  CdSe and 50g o f  CdS powder, e t c .  

5. Weigh 40mg o f  CuC12+2H20, e t c .  



APPENDIX C 

PREPARATION OF EL LAYERS 

The EL layers  were deposited by spray coat ing.  A ' tdeVi lb iss"  type 
EX spray gun w i t h  suc t i on  feed and a pressure o f  18 p s i  n i t rogen was 
normal ly  used. 

The schedule o f  the prepara t ion  o f  the EL . l a y e r  was the f o l  lowing: 

1. Spray a l aye r  o f  spray m ix tu re  No. 1 o r  No. l a  (see below) 
onto the  substrate.  The l aye r  should be good and wet bu t  no t  
runn i ng . 

2. Let  the l aye r  a i r  d ry  f o r o a  minuie o r  two and bake i t  i v  a 
forced a i r  furnace a t  135 C (275 F) f o r  10 minutes (100 C 
(212 F) i f  l a  was used). 

3 .  Repeat steps 1 and 2 three t o  f o u r  times so t h a t  a l t oge the r  
f o u r  t o  f i v e  EL layers were sprayed. 

4. Bake f o r  30 minutes instead o f  10 per  2 above, a f t e r  the 
spraying o f  the l a s t  layer .  

5. Spray a t h i n  l aye r  (3 t o  4 layers)  o f  c l e a r  coat (mixture 
No. 2, o r  2a i f  l a  was the EL mix ture)  on top o f  the phosphor 
l aye r  f o r  increased e l e c t r i c  s t reng th  and smoother surface. 

6 .  Giveoa f i n a l  heat cure o f  30 minutes a t  1 3 5 ' ~  ( 3 7 5 ' ~ )  (IOO'C 
(21 2 F) i f 2a was used). 

7. I n  the case when the EL layer  i s  on top o f  the PC layer ,  
evaporate a semi-transparent conduct ive lead-oxide and go ld  
f i l m  i n  h igh  vacuum on top o f  the sprayed layers.  With a 
subs t ra te  t o  boat d is tance o f  18 inches, 64mg o f  PbO i s  
evaporated f i r s t ,  fo l lowed by the evaporat ion o f  the Au. 
L a t t e r  evaporat ion i s  monitored by measuring the res is tance 
o f  the deposited l aye r  on a microscope s l i d e  and the evapora- 
t i o n  i s  stopped when t h i s  res is tance i s  about 50 ohms/square. 

Composition o f  spray mixtures:  

1.  Phosphor-plast ic spray mixture:  

279 West i nghouse VB-241 P EL phosphor. 
.,A 

90 m l  5% s o l u t i o n  o f  cyanoethyl s ta rch  (cs)"  , 
90 m l  9% s o l u t i o n  o f  cyanoethyl sucrose ( C E S ) "  

-1. ,. 
Sold by Eastman Chemical Corporat ion 



P l a s t i c  s o l u t i o n s  (5%) 

409 p l a s t i c  (CS o r  CES)  
220 m l  d imethy l  formamide (DMF) 
580 m l  a c e t o n i t r i  l e  

2. C lear  coa t :  
1 : I  m i x t u r e  o f  5% CS and 5% CES solutions (see formula above). 

-1- 

( l a )  Phosphor-p last ic  spray m ix tu re  w i t h  Uci lon"  

279 West i nghouse VB-241 P  EL phosphor. 
36 m l  Uc i l on Wh i t e  Type 400-9. 
144 m l  U c i l o n  Thinner  Type 400-T. 

(2a j  U c i l o n  c l ea r - coa t :  

36 m l  Uc i 1 on Whi t e  Type 400-9. 
144 m l  U c i l o n  Thinner  Type 400-1. 

" s o l d  by M & T  Chemical, Inc. ,  Rahway, New Jersey 



APPENDIX D 

I. On Glass Substrate ( ~ y r e x ,  Corning Glass Type 4470, T i n  Oxide Coated) 

1 .  Clean glass p l a t e  by w ip ing  i t  w i t h  CaCO water paste, r i nse  
i n  deionized water and vapor degrease an4 d ry  i n  2-propanol 
vapor . 

2. Spray an EL l aye r  on the subs t ra te  as described i n  Appendix C ,  
Schedule 1-4, us ing m ix tu re  la .  

3. Blade the ZnO mix ture  (see paragraph I1 I below) on top o f  the 
EL layer  w i t h  Shandon b lad ing  machine w i t h  thickness s e t t i n g  
o f  15 m i l s .  

4. Le t  the  bladed layer  d ry  a t  l e a s t  24 hours a t  room temperature. 

5. Bake the  panels f o r  60 minutes a t  1 3 0 ' ~  ( 2 6 5 ' ~ ) .  

6. Pa in t  3 layers u c i l o n  25% on 2 opposi te edges and on top o f  
the  ZnO layer .  

7. Apply Emerson Cummings V-91 s i  l v e r  epoxy t o  the two uc i  I on  
coated edges on top o f  the ZnO layer .  

8. Bake 30 minutes a t  1 0 0 ' ~  ( 2 1 2 ' ~ ) .  

9. Evaporate a PbO+Au e lec t rode on top o f  the ZnO layer  as 
described i n  Appendix C,  Schedule 7, except ing t h a t  the Au 
evaporat ion i s  cont inued u n t i l  the  mon i to r ing  s l i d e  shows 
about 10 ohms/square. 

10. Clean two opposing edges o f  the glass p l a t e  (other  than the 
one w i t h  the  s i l v e r  epoxy) and cement a No. 18 stranded copper 
w i r e  a l l  along both edges w i t h  Emerson-Cummings V-91 s i l v e r  
epoxy. (These wires w i l l  serve f o r  heat ing  the t i n  ox ide 
e l e c t r o d  t o  erase the stored image). 

11.  A t tach  f l e x i b l e  No. 22 stranded insu la ted  w i re  t o  one s i l v e r  
epoxy coat ing,  which gives connect ion t o  the top e lec t rode.  
Connect another f l e x i b l e  w i re  t o  one o f  the heater e lect rodes.  
These two w i  res are the leads t o  the d r i v i n g  vo l tage o f  the 
a m p l i f i e r  panel. 

12. Mount panel i n  a wood p i c t u r e  frame. F i x  leads t o  frame 
proper ly .  



I I .  On-Plastic Substrate ("Aclar sheet, A 1  l i e d  Chemical) 

1 .  Clean p l a s t i c  sheet by vapor greasing and d ry ing  i n  2-propanol 
vapor. 

2. Apply Emerson-Cummings V - 9 1  s i l v e r  epoxy t o  two opposi te edges 
o f  s'ubstrates. Cover the f u l l  length o f  the e ige  w i t h  1/81' 
wide s t r i p  o f  epoxy and bake 30 minutes a t  100 C. 

3 .  Evaporate a  PbO-Au semitransparent conduct ive f i l m  t o  the  
p l a s t i c  sheet as described i n  Appendix C ,  Schedule 7. Continue 
t o  evaporate on top o f  the gold f i l y  another f i l m  o f  PbO. 

4. Spray an EL l aye r  as described i n  Appendix C, Schedule 1 t o  4  
us ing m ix tu re  1. 

5 .  Spray ZnO spraying mix ture  (see below) on top o f  the EL l aye r  
t o  a thickness o f  a t  l eas t  3 m i l s .  

6. Bake the  panel f o r  60 minutes a t  1 3 0 ' ~ .  

7. 
Same as Schedules 6, 7, 8, 9 o f  

8. 
Paragraph I f o r  glass substrate.  

1 1 .  At tach one f l e x i b l e  w i r e  t o  the  f i r s t  e lec t rode and another 
t o  the top e lect rode.  

1 1 1 .  

(a) B lad ing  mixture.  

1.  Mix lOOg ZnO powder(prepared as described i n  Appendix A) 

16.79 s i l i c o n e  r e s i n  DC-804 
18.49 d i e t h y l  c a r b i t o l  

2. B a l l  m i l l  the  mix ture  w i t h  6 ceramic b a l l s  i n  a  180 m l  
g lass b o t t l e  f o r  one hour. 

3. A f t e r  t ak ing  out the b a l l s ,  a g i t a t e  the mix ture  f o r  
about 3 minutes w i t h  u l t r a s o n i c  a g i t a t i o n  and use i t  
For b lading.  

(b) Spray mixture.  

1 .  Mix lOOg ZnO powder (see Appendix A) 

100 m l  Xylene 
50 m l  Amy1 Alcohol 
33-49 p l a s t i c  b inder  PCB-4. 



I V .  

Formula f o r  p l a s t i c  b inder  PCB-4: 

2409 s i l i c o n e  r e s i n  DC-804 
1009 D i  b u t y l  Phta la te  
lOOg Xylene 
89 ~ u t a n o l  

2. B a l l  m i l l  the m ix tu re  w i t h  80 3/8" s i z e  s tee l  b a l l s  f o r  
2  hours. 

3. Take out  the b a l l s  and spray. 

Composition o f  ZnO Mix ture  f o r  L i g h t  Sens i t i ve  Panel 

1 .  Mix lOOg ZnO powder (NJZ type CT-011-55) 
50mg Rhodami ne B 
16g DC-804 S i 1 i cone Res i n  (60%) 
189 D ie thy l  ~ a r b i  t o1  

2. B a l l  m i l l  the m ix tu re  f o r  2 hours. 

3. Take out  the b a l l s  and use i t  f o r  doctor-blading. 



APPENDIX E 

PREPARATI ON OF RADI QGRAPHI C AND C l  GHT 

1. Subs t ra te  P repa ra t i on  

a, Clean g lass  p l a t e  as descr ibed  i n  Appendix F e  

b. P la t inum coa t  cen te r  two - th i r ds  o f  two opposing edges. 

c. F i r e  p l a t i num coa t  a t  5 2 5 ' ~  ( 9 7 7 ' ~ )  - 1 hour i n  a i r .  

2. S e t t l i n g  o f  t he  PC powder. 

See Appendix B, P a r t  (b) .  

3. S i n t e r i n g  

See Appendi x  B, P a r t  (c) . 

4. Evaporate 1.59 CdSe a t  18 inch  d i s tance  i n  h i g h  vacuum on top  of 
the  s i n t e r e d  CdSe layer .  

-9- 

5. Spray 3 l aye rs  of 5% U c i l o n  wh i te "  Type 400-9. 

6. Bake i n  f o r ced  a i r  oven a t  1 3 5 ' ~  ( 2 7 5 ' ~ )  f o r  30 minutes. 

7.  rush 3 l aye rs  of 2 5 % U c i l o n  White on 4edges .  

8. Repeat s tep  6. 

9. Spray 4 l aye rs  o f  green EL phosphor, Westinghouse type VB-241~,and 
3  l aye rs  o f  c l e a r  coa t  (steps 1 t o  6 o f  Appendix C) u s i ng  m ix tu res  
1 then 2. 

10. Brush 3 l a ye rs  o f  c l e a r  coa t  on k e d g e s  on l y .  

11. Bake a t  1 3 5 ' ~  (275O~)  f o r  30 minutes i n  fo rced  a i r  oven. 

12. Apply Emerson-Curnrnings V-91 s i l v e r  epoxy w i t h  rubber pad a p p l i c a t o r  
t o  the two opposing edges n o t  covered w i t h  p la t inum. This  w i l l  
connect t o  the  evaporated g o l d  layer .  

.t- 

" ~ a d e  by M E T Chemicals, Inc., Rahway, New Jersey 



Bake a t  135'6 (275 '~ )  f o r  1 hour 

Evaporate top  t ransparent  go ld  e lec t rode PbO + Au (s tep  7 o f  
Appendi x  C) . 
Pre tes t  

a. S e n s i t i v i t y  
b. Time response 
c. Imperfect ions, spots, b r i g h t  edges. 

Cover e lec t rode edges on substrates w i t h  1/16 inch wide masking 
tape t o  p r o t e c t  e lec t rode  from epoxy. 

Spray several coats o f  Kry lon  c r y s t a l  c l e a r  spray coat ing,  Type 1302, 
on top of go ld  layer:. 

Bake panel f o r  30 minutes a t  1 0 0 ' ~  (212 '~ ) .  

A t tach  wi res t o  two e lect rodes (one t o  t in-ox ide,  o ther  t o  gold) 
w i t h  Emerson-Cummings V-91 s i l v e r  epoxy. 

Apply about 32g ( f o r  6" x  9" panels) o f  Emerson-Cummi ngs No. 1266 
epoxy t o  the center  o f  the coated substrate.  

Place a p r e c i s e l y  c u t  cover glass against  the  epoxy on subs t ra te  
and c a r e f u l l y  a l i g n .  

Wipe excess epoxy from edges as i t  squeezes ou t  and apply a f l a t  
s t e e l  p la te ,  l a rge r  than the panel, on top o f  cover glass, as a 
weight  heavy enough t o  ho ld  cover glass p a r a l l e l  and near the  
panel du r ing  cure. 

A l low t o  cure a t  room temperature f o r  16 hours and remove excess 
epoxy w i t h  razor  blade, t ak ing  care no t  t o  damage e lect ro&s.  

Remove masking tape from edges. 



CLEANING OF GLASSWARE AND SUBSTRATES 

1 .  Place glass i n  a beaker o f  deionized water dependent upon the s i z e  
o f  the  p iece and r i nse  thoroughly by overf low. 

2. Drain o f f  the r i n s e  water t o  a l l ow  i n t r o d u c t i o n  o f  approximately 
5-10% water s o l u t i o n  o f  each o f  fo rmic  a c i d  and h y d r ~ g e n  peroxide. 
The f o l l o w i n g  s o l u t i o n  was genera l l y  used: 

2 
1250 cm water 

3 100 cm formic a c i d  
3 250 cm hydrogen peroxide 

3 .  Heat t h i s  s o l u t i o n  t o  the 7 0 - 8 0 ' ~  (160-175'~) range, being c a r e f u l  
nof t o  a1 !ow the temperature t o  exceed 8 0 ' ~  ( 1 7 5 ' ~ ) .  When over 
75 C (168 F) has been reached, remwe the  beaker from the hot  p l a t e  
'and a l l ow  t o  react  a t  l eas t  f o r  30 minutes. The temperature w i l l  
ma in ta in  i t s e l f  f o r  t h i s  pe r iod  i n  a usefu l  range. A t  the end o f  
t h i s  t ime over f low deionized water r i nse  f o r  15 minutes. 

4. U l t r a s o n i c a l l y  c lean i n  deionized water f o r  5 minutes. 

5. U l t r a s o n i c a l l y  c lean i n  e l e c t r o n i c  grade isopropanol f o r  5 minutes. 

6. Place glass p iece above b o i l i n g  isopropanol,  where i t  w i l l  heat up. 
When taken out  i t  d r i e s  immediately. 



TEST1 NG PROCEDURE OF l MAGE AMPLl F l  ERS 

1 .  Non-Storage Type Panels 

S ince  c h a r a c t e r i s t i c s  mea-sured i n  t h e  v i s i b l e  l i g h t  r eg ion  a r e  
c o r r e l a t e d  t o  those i n  t h e  X-ray reg ion,  l i g h t  measurements were f r e q u e n t l y  
used i n  t e s t i n g  t h ?  rad iog raph i c  ampl i f i e r  a l so .  S p e c i f i c a l l y ,  tungs ten  
l i g h t  (mos t l y  2870 K c o l o r  temperature) was used i n  measur ing t he  r e s o l u t i o n ,  
t r a n s f e r  c h a r a c t e r i s t i c  curves, spo t t i ness ,  g ra i n i ness ,  and u n i f o r m i t y  o f  
t h e  image a m p l i f i e r .  For  r ad iog raph i c  a m p l i f i e r s ,  a  few p o i n t s  o f  t h e  
t r a n s f e r  c h a r a c t e r i s t i c  curves and t h e  c o n t r a s t  s e n s i t i v i t y  were measured 
w i t h  X-rays. 

S p e c i f i c a t i o n s  o f  t he  t e s t i n g  procedure a r e  descr ibed  i n  t h e  f o l l o w -  
ing.  The usual  d r i v i n g  v o l t a g e  and frequency o f  t he  image a m p l i f i e r  were: 
115 V o l t s  and 400 Hz, un less o the rw i se  s p e c i f i e d .  

1.  Reso lu t i on  

(a) A RETMA TV r e s o l u t i o n  c h a r t  was p r o j e c t e d  w i t h  a  s l  i d e  
p r o j e c t o r  on to  t h e  image a m p l i f i e r  and t h e  r e s o l u t i o n  
l i m i t  was eva lua ted  v i s u a l l y  f rom the  ou tpu t  image. 

(b) A r e s o l u t i o n  t e s t  p a t t e r n  made o f  0.05mm t h i c k  lead  
was used f o r  r ad iog raph i c  a m p l i f i e r  screens. 

T rans fe r  C h a r a c t e r i s t i c  Curves 

(a) A 2 8 7 0 ~ ~  c o l o r  temperature tungs ten  1 i g h t  source w i t h  
c o n t i n u a l l y  changeable c a l i b r a t e d  l i g h t  i n t e n s ' t  was 
us$+ f o r  i npu  a t  i n t e n s i t i e s  a t  10- , 2 x lOmi,'5 x - f 
10 , 2 x 10 , and so on. The ou tpu t  b r i gh tness  was 
measured w i t h  a  Spect ra  b r i gh tness  meter,  t ype  UC1/2. 
Curves w i t h  d r i v i n g  f requenc ies  o f  60, 400, and 2000 Hz 
we r e  measu red. 

(b) For t he  r ad iog raph i c  ampl i f  i e r s  t he  X-ray ou tpu t  o f  45 kV 
and 70 kV r e c t i f i e d  X-ray genera to r  (Phi 1 i p s  MG100) was 
used f o r  6 p o i n t s  o f  t h e  t r a n s f e r  c h a r a c t e r i s t i c  curves 
a t  400 Hz d r i v i n g  f requency on t h e  image a m p l i f i e r .  The 
X-ray i n t e n s i t y  was measured w i t h  a  V i c t o reen  e l e c t r o -  
s t a t i c  dosemeter. 

3.  The c o n t r a s t  s e n s i t i v i t y  was eva lua ted  v i s u a l l y  by imaging 
a s e t  o f  4 aluminum d i scs  0.1 i nch  t h i c k  each, hav ing  about 
1/4" x 1/2" s i z e  ho les  cor responding t o  3, 4, 5, and 6% 
de fec t s ,  and w i t h  a  2% aluminum penetrameter on a 1/4" t h i c k  
a1 uminum sheet,  i n  accordance wi  t h  M I  L - S ~ ~ - 4 5 3 .  



4 ,  Time Constants.  The t ime cons tan ts  were measured w i t h  v i s i b l e  
l i g h t  a t  around t h e  cen te r  p o i n t  o f  t he  t r a n s f e r  c h a r a c t e r i s t i c s .  
The equipment used f o r  these measurements was: a  m i l l i s e c o n d  
f a s t  pneumatic s h u t t e r  on t he  c a l i b r a t e d  l i g h t  source (used 
i n  t e s t  procedure 2a), and a s to rage  cathode r a y  o s c i l l o s c o p e .  

I I .  

S e n s i t i v i t y  and s to rage  t ime were measured by r a d i a t i n g  t h e  panel  
w i t h  a  45 kV r e c t i f i e d  X-ray source f o r  60 seconds. The d r i v i n g  f requency 
on t he  panel  was 60 o r  400 Hz and t h e  v o l t a g e  was as h i g h  as p o s s i b l e ,  i . e .  
u n t i  1 t h e  background 1 i g h t  was no t  much h i g h e r  than  10- f L .  The b r i g h t -  
ness o f  t h e  o u t p u t  was recorded w i t h  a c a l i b r a t e d  CdS p h o t o c e l l  d u r i n g  
t h e  b u i l d - u p  and t h e  reco rd i ng  was con t inued  g e n e r a l l y  u n t i l  t he  b r i gh tness  
dropped t o  1/3 o f  i t s  maximum va lue.  The e lapsed t ime ( w i t h o u t  i r r a d i a t i o n )  
was c a l l e d  t he  s to rage  t ime.  

The panels  were heated be fo re  measurements i n  a  1 0 0 ' ~  furnace,  f o r  
complete e rasure  o f  t h e  p rev i ous  image. 




