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ABSTRACT 

The p e r f o r m a n c e c h a r a c t e r i s t i c s o f two d i f f e r e n t t y p e s o f i n t e n s i f i e d 

CCD-TV cameras w i t h b o t h l o w l i g h t l e v e l and l o w c o n t r a s t images a r e d e s ­

c r i b e d . The f i r s t method i s a c c o m p l i s h e d t h r o u g h d i r e c t f i b e r o p t i c a l ^ 

c o u p l i n g o f c o n v e n t i o n a l image i n t e n s i f i e r s t o CCD a r r a y s . T h i s " h y b r i d ' 

a p p r o a c h a l l o w s t h e s e l e c t i o n o f l o w c o s t , h i g h l y r e l i a b l e d a y l i g h t mod­

u l e s f o r t h e imager. The i n t e n s i f l e r i s s e l e c t e d based on t h e optimum 

t r a d e o f f between g a i n , MTF, n o i s e f i g u r e and CCD n o i s e . The i n t e n s i f l e r 

chosen c o n s i s t s o f two s t a g e s . The f i r s t i s a g a l l i u m a r s e n i d e 18mm waf­

e r d i o d e and t h e second s t a g e i s an S-20 i n v e r t e r tube w i t h b u i l t - i n 18:14 

d e m a g n i f i c a t i o n . Square wave a m p l i t u d e response measurements w h i c h show a 

n e g l i g i b l e r e s o l u t i o n l o s s a t t h e CCD-fiber o p t i c i n t e r f a c e w i l l be d i s -

d i s c u s s e d . 

The second p o t e n t i a l c a n d i d a t e f o r l o w l i g h t l e v e l CCD-TV i s t h e e l e c ­

t r o n bombarded CCD. Camera tubes have been f a b r i c a t e d w i t h h i g h p h o t o -

c a t h o d e s e n s i t i v i t i e s (up t o 450 mic r o a m p e r e s / l u m e n ) , e l e c t r o n g a i n s i n 

i n t h e CCD up t o 3000 a t 15 k i l o v o l t s and a r r a y d a r k c u r r e n t s as l o w as 

2.5 nanoamperes/cm 2 a f t e r tube p r o c e s s i n g . These tuh e s have been shown t o 

be s t a b l e under o p e r a t i n g c o n d i t i o n s and have produced d i s c e r n a b l e images 

w i t h 8 x l 0 " 6 l u x i n c i d e n t on t h e p h o t o c a t h o d e . One o f t h e m a jor d e g r a d ­

a t i o n mechanisms f o r t h e e l e c t r o n - i n CCD ( i . e . EBS-CCD) has been f o u n d 

t o be damage due t o s o f t x - r a y s g e n e r a t e d by t h e e l e c t r o n beam. D o s i ­

m e t r y d a t a o b t a i n e d o r t h i n n e d s i l i c o n w a f e r s i n d i c a t e t h a t w i t h 

4 x l 0 " 1 0 amperes/cm 2 s i g n a l c u r r e n t (-1/2 f u l l w e l l ) a t 10 k i l o v o l t s , 

10* r a d s ( S i ) can be d e p o s i t e d i n t h e o x i d e i n a p p r o x i m a t e l y 100 h o u r s . 

W h i l e t h i s dose i s e s s e n t i a l l y t h a t a t w h i c h n o t i c e a b l e d a r k c u r r e n t 

i n c r e a s e o c c u r s , t h e CCD can be o p e r a t e d f o r s i g n i f i c a n t l y l o n g e r t i m e s . 

INTRODUCTION 

W i t h t h e abandonment o f t h e d i r e c t p h o t o n - i n approach t o l o w l i g h t 

l e v e l i m a g i n g and t h e r e a l i z a t i o n t h a t g a i n b e f o r e t h e CCD was n e c e s s a r y 

f o r any p r a c t i c a l i m a g i n g system two d i f f e r e n t approaches have been con­

s i d e r e d . The f i b e r o p t i c a l c o u p l i n g o f a c o n v e n t i o n a l image i n t e n s i f l e r 

t o a CCD o r " h y b r i d " approach was pursued because i t o f f e r e d t h e p o t e n t i a l 

of u s i n g l o w c o s t s t a n d a r d modules. The co n c e r n a s s o c i a t e d w i t h t h e l o s s 

o f MTF a t t h e c o u p l i n g i n t e r f a c e has been shown t o be unfounded. 

The r e m a i n i n g c o n c e r n s w i t h t h i s approach a r e t h e system s i z e and t h e 

c h o i c e o f t h e phosphor. Most image i n t e n s i f i e r s have g r e e n phosphors o f 

th e P-20 t y p e chosen so as t o o p t i m i z e t h e human eye response, b u t n o t the 

optimum f o r f r o n t s u r f a c e CCD res p o n s e . I n a d d i t i o n , t h e s e phosphors t y p ­

i c a l l y have e m i s s i o n t i m e s t h a t can l a s t s e v e r a l seconds. 
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W h i l e f a s t e r phosphors a r e a v a i l a b l e t h e y a r e n o n - s t a n d a r d and u s u a l l y 

b l u e w h i c h makes t h e CCD response even f u r t h e r degraded. Red phosphors 

on t h e o t h e r hand enhance t h e CCD response b u t degrade t h e r e s o l u t i o n 

of t h e image because o f t h e l o w e r o p t i c a l a b s o r p t i o n i n s i l i c o n . Phos- , 

phor l a g can be t r a n s f o r m e d I n t o t e m p o r a l MTF l o s s i n a p p l i c a t i o n s where 

r e l a t i v e m o t i o n e x i s t s between t h e t a r g e t and sen s o r . I n t h e p r e s e n t 

h y b r i d camera P-20 phosphors were used. 

The RBS o r e l e c t r o n - l n mode o f o p e r a t i o n has d e m o n s t r a t e d c o n s i d e r ­

a b l e p r o g r e s s s i n c e l a s t r e p o r t e d . ' ^ At t h a t t i m e r e a s o n a b l e q u a l i t y 

e l e c t r o n i m a g i n g and t h e p o t e n t i a l f o r l o w l i g h t l e v e l o p e r a t i o n was 

de m o n s t r a t e d i n a demountable i m a g i n g system. Since t h e n CCDs have 

been d e v e l o p e d w h i c h can w i t h s t a n d t h e t u b e p r o c e s s i n g s c h e d u l e w i t h 

l i t t l e o r no change i n o p e r a t i n g c h a r a c t e r i s t i c s . No s e r i o u s degrada­

t i o n of CCDs has been observed w h i l e o p e r a t i n g i n t h e a l k a l i e n v i r o n ­

ment o f t h e tu b e and t h e S-20 ph o t o c a t h o d e has been shown t o be s t a b l e 

d u r i n g o p e r a t i o n a l l i f e . The u n c e r t a i n t y i n c o s t o f t h e EBS-CCD r e m a i n s , 

u n l e s s a t h i n n e d c h i p w i t h s i g n i f i c a n t c o m m e r c i a l i n t e r e s t can be d e v e l ­

oped . 

FIBER OPTICALLY COUPLED CCD 

The two s t a g e cascaded image tube used I s shown i n F i g u r e 1. The 

s m a l l e r t u b e i s t h e f i r s t s t a g e g a l l i i u n a r s e n i d e w a f e r d i o d e . T h i s t u b e 

has a p h o t o c a t h o d e s e n s i t i v i t y o f 900 microamperes/lumen and a s p e c t r a l 

response w h i c h e x t e n d s f r o m 6000 A t o 9000 A. The cathode t o phosphor 

s p a c i n g i s 2 mm and t h i s t u b e has a l i m i t i n g r e s o l u t i o n o f 36 lp/mm 

a t 9 kV. T h i s d i o d e i s c o u p l e d t o t h e S-20 i n v e r t e r t u b e shown i n w h i c h 

an 18/14 d e m a g n i f i c a t i o n o c c u r s . The o v e r a l l b r i g h t n e s s g a i n o f t h e com­

b i n a t i o n has been measured t o be 13,500 f t - L / f t - c d w i t h 9.5 kV on t h e 

f i r s t s t a g e and 16 kV on t h e second. 

W i t h t h e camera used t h i s was n o t enough g a i n t o be p h o t o n s h o t n o i s e 

l i m i t e d under o v e r c a s t s t a r l i g h t c o n d i t o n s . ( i . e . , b r i g h t n e s s g a i n o f 

13,500 c o r r e s p o n d s t o 400 e l e c t r o n s / p i x e l i n t h e CCD a t 2x 10 b l u x . ) 

However, t h e h i g h e r MTF and l o w e r n o i s e f i g u r e o f t h i s c o m b i n a t i o n when 

compared t o a m i c r o c h a n n e l p l a t e t u b e makes t h i s system s u p e r i o r i n p e r ­

formance a t s t a r l i g h t i l l u m i n a t i o n l e v e l s and above. The camera i s shown 

i n F i g u r e 2. I n a d d i t i o n , t o t h e c o u p l e d i n t e n s i f l e r , t h e power s u p p l i e s , 

camera h o u s i n g and l e n s , and CCD assembly a r e shown. A one i n c h l o n g 

f i b e r o p t i c has been f i t t e d and bonded t o t h e CCD imager by F a i r c h i l d 

C o r p o r a t i o n . The l e n g t h was c o n s e r v a t i v e l y chosen t o s t a n d o f f t h e 16 kV 

a p p l i e d t o t h e o u t p u t phosphor o f t h e i n v e r t e r s t a g e . The i n - p h a s e v e r ­

t i c a l square wave a m p l i t u d e response o f t h e camera t a k e n w i t h t h e 

gre e n l i g h t image f o c u s e d on t h e f i b e r o p t i c i s shown i n F i g u r e 3. 

T h i s square wave response i s comparable t o d a t a o b t a i n e d on d a y l i g h t 

cameras^ 2- 1 and i n d i c a t e s n e g l i g i b l e l o s s a t t h e f i b e r o p t i c CCD i n t e r f a c e . 

A l s o shown i n F i g u r e 3 i s t h e MTF o f t h e i n t e n s i f i e r c o m b i n a t i o n . I n 

a d d i t i o n , t h e square wave a m p l i t u d e response o f t h e complete camera has 

been c a l c u l a t e d f r o m t h e measured d a t a on t h e i n d i v i d u a l components. 

The measured d a t a i s p l o t t e d i n F i g u r e 3 a l o n g w i t h t h e c a l c u l a t e d 

v a l u e s . The measurement agrees w e l l w i t h t h e e x p e c t e d r e s u l t s , e x c e p t 

t h a t t h e d a t a i s c o n s i s t e n t l y s l i g h t l y h i g h e r . T h i s i s n o t unexp e c t e d i n 

t h i s case w i t h t h e l o w f r e q u e n c y d e g r a d a t i o n i n t h e image i n t e n s i f i e r . 

The low l i g h t l e v e l p e r f o r m a n c e o f t h e camera i s shown i n F i g u r e 4. The 

p h o t o n - i n c u r v e shows d e g r a d a t i o n a t 10~* l u x on t h e ph o t o c a t h o d e even a t 

100 p e r c e n t c o n t r a s t . W h i l e t h i s i s t y p i c a l o f d a y l i g h t cameras i t does 
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o c c u r a t a r e l a t i v e l y h i g h l i g h t l e v e l (1.2 x 10 l u x c o r r e s p o n d s t o 

10,000 e l e c t r o n s / p i x e l ) . The ex p e c t e d low l i g h t l e v e l p e r f o r m a n c e o f t h e 

c o u p l e d camera assuming t h a t t h e performance i s c h i p l i m i t e d ( r a t h e r than, 

p h o t o n s h o t n o i s e l i m i t e d ) cannot be e s t i m a t e d f r o m f i r s t p r i n c i p a l s s i n c e 

t h e d e g r a d a t i o n i s o b v i o u s l y due t o a non - f u n d a m e n t a l s o u r c e . I t can be 

e s t i m a t e d f r o m t h e p h o t o n - i n d a t a , t h e MTF, and t h e a s s u m p t i o n t h a t t h e 

s i g n a l t o n o i s e i s n o t s h o t l i m i t e d and, t h e r e f o r e , d i r e c t l y p r o ­

p o r t i o n a l t o t h e g a i n . 

Good agreement was o b t a i n e d between t h e e s t i m a t e d r e s u l t s and t h e 

e x p e r i m e n t a l v a l u e s e s p e c i a l l y a t low s p a t i a l f r e q u e n c i e s . At h i g h e r 

s p a t i a l . f r e q u e n c i e s t h e model i s c r i t i c a l l y dependent on how t h e MTF i s 

I n c o r p o r a t e d and h e r e some d i v e r g e n c e can be seen. The h i g h l i g h t l i m i t i n g 

r e s o l u t i o n f o r t h e c o u p l e d camera was chosen t o agree w i t h t h e l i m i t i n g 

r e s o l u t i o n w h i c h c o u l d be ob s e r v e d . A l s o shown i n F i g u r e A i s l o w e r con­

t r a s t ( i . e . 20 p e r c e n t ) d a t a t a k e n w i t h t h i s camera. I t w i l l be coavpared 

I n t h e n e x t s e c t i o n w i t h o t h e r cameras. 

EBS-CCDs 

Three d i f f e r e n t t u b e g e o m e t r i e s a r e b e i n g i n v e s t i g a t e d f o r t h e e l e c ­

t r o n bombarded CCD. These a r e shown i n F i g u r e 5. The c u r v e d c a t h o d e t u b e 

shown i s an S-20 i n v e r t e r ( V a r o ) w i t h t h e t h i n n e d CCD i n s e r t e d i n p l a c e o f 

th e phosphor. T h i s t u b e has r e c e i v e d t h e most emphasis, Photocathode 

s e n s i t i v i t i e s as h i g h as 450 microamperes/lumen have been made i n t h i s 

c o n f i g u r a t i o n . Tube p r o c e s s i n g s c h e d u l e s have been dev e l o p e d i n w h i c h 

t u b e s o f h i g h s e n s i t i v i t y , l o w d a r k c u r r e n t and h i g h e l e c t r o n g a i n can now 

be f a b r i c a t e d . An example o f t h i s i s t h e d e m o n s t r a t i o n o f a tu b e w i t h a 

ph o t o c a t h o d e s e n s i t i v i t y o f 330 microamperes/lumen, an e l e c t r o n g a i n i n 

t h e CCD o f 3000 a t 15kV, and an a r r a y d a r k c u r r e n t o f f o u r nanoamperes/cm 

a f t e r p r o c e s s i n g . Photocathode l i f e t e s t s under o p e r a t i n g v o l t a g e c o n -

d l t o n s have shown s t a b i l i t y w e l l i n excess ( l O x ) o f g o g g l e tube s p e c i f i ­

c a t i o n s . Also shown i n F i g u r e 5 a r e two tubes f a b r i c a t e d by V a r i a n 

A s s o c i a t e s . The i n v e r t e r i s f a i r l y l a r g e , b u t o f f e r s a g a l l i u m a r s e n i d e 

p h o t o c a t h o d e . The w a f e r t u b e shown a l s o has a g a l l i u m a r s e n i d e p h o t o ­

c a t h o d e b u t so f a r f u l l o p e r a t i o n a l v o l t a g e has n o t been o b t a i n e d i n t h i s 

t u b e ( i . e . , 10 kV, 2,5mm) due t o leakage c u r r e n t s and f i e l d e m i s s i o n ^ 

The on a x i s square wave a m p l i t u d e response o f b o t h i n v e r t e r s i s shown i n 

F i g u r e 6. Due t o t h e f l a t c a t h o d e t h e V a r i a n t u b e i s e x p e c t e d t o degrade 

as t h e image i s moved o f f a x i s , however, due t o t h e s m a l l s i z e o f t h e CCD 

t h i s e f f e c t was n o t measured i n t h i s t u b e . The low l i g h t l e v e l l i m i t i n g 

r e s o l u t i o n o f an S-20 EBS-CCD tu b e i s shown i n F i g u r e 7 and compared t o 

d a t a on a h i g h p e r f o r m a n c e I S I T . At 100 p e r c e n t c o n t r a s t t h e r e i s l i t t l e 

d i f f e r e n c e between t h e two systems e x c e p t a t t h e l o w e s t l i g h t l e v e l s where 

t h e I S I T i s s u p e r i o r . The CCD tu b e however shows a c l e a r advantage a t 20 

p e r c e n t c o n t r a s t Which i s more t y p i c a l o f r e a l scenes. The low c o n t r a s t 

p e r f o r m a n c e o f s e v e r a l d e v i c e s a r e shown i n F i g u r e 8, As ex p e c t e d t h e 

p h o t o n - i n r e s u l t s a r e s u p e r i o r t o t h e low l i g h t l e v e l r e s u l t s . Texas 

I n s t r u m e n t s 100x160 a r r a y showed no l o s s i n r e s o l u t i o n down t o t h e l i m i t 

o f t h e measurement f a c i l i t y , ( i . e . two p e r c e n t c o n t r a s t ) . Comparing t h e 

EBS and I S I T c u r v e s shows a c l e a r advantage o f t h e e l e c t r o n - i n CCD app­

r o a c h o v e r t h e I S I T f o r t h e range o f c o n t r a s t s t y p i c a l l y found i n r e a l 

scenes. A l s o shown i s t h e d a t a o b t a i n e d on t h e f i b e r o p t i c a l l y c o u p l e d 

camera. T h i s shows s i g n i f i c a n t d e g r a d a t i o n when compared t o e i t h e r t h e 

I S I T o r t h e EBS-CCD. 
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X-RAY EFFECTS IN EBS-CCD 

The s e l f i n d u c e d X-ray dose e f f e c t s on t h e perf o r m a n c e and c h a r a c t ­

e r i s t i c s o f i n t e n s i f i e d CCDs were i n v e s t i g a t e d . A b a c k s i d e t h i n n e d and 

accu m u l a t e d 100x160 CCD imager was p l a c e d i n t h e e l e c t r o n o p t i c a l f o c a l 

p l a n e o f a demountable i n v e r t e r image i n t e n s i f i e r t u b e . I m a g i n g e l e c ­

t r o n s f r o m t h e p h o t o c a t h o d e i r r a d i a t e d t h e s u b s t r a t e s i d e o f t h e CCDs 

a t e n e r g i e s r a n g i n g f r o m 5 t o 15 keV. I n s i l i c o n , t h e e l e c t r o n energy 

i s d e p o s i t e d w i t h i n a r a n g e d o f R = 0.0319 E g ( k e V ) 1 * um, w l i i c h i s 

a p p r o x i m a t e l y 1.49 um a t 10 kV and 4.75 jim a t 20 kV. Some o f the 

d i s s i p a t e d e l e c t r o n energy produces X - r a y s , a f r a c t i o n o f w l i i c h i s t r a n s ­

m i t t e d t h r o u g h t h e 10 t o 13um s i l i c o n s u b s t r a t e t o t h e SlflL l a y e r o f 

th e M0S CCD. 

E x p e r i m e n t a l l y t h e e l e c t r o n f l u e n c e and v o l t a g e dependence o f t h e 

f r a c t i o n o f t h e X-ray dose t h a t i s absorbed i n t h e §±Q^ l a y e r o f t h e CCD 

was d e t e r m i n e d . 

The t r a n s m i s s i o n s p e c t r a c o n s i s t o f two components. One i s t h e 

l i n e and t h e o t h e r i s t h e b r e m s s t r a h l e n o f s i g n i f i c a n c e between 3 keV 

and E m a x . The r e l a t i v e l y l a r g e s e l f a b s o r p t i o n o f s i l i c o n X-rays i n 

s i l i c o n produces t h e maximum a b s o r p t i o n a t t h e l o w energy end. Since 

t h e S i and S i 0 2 a b s o r p t i o n s p e c t r a below 3 keV a r e s i m i l a r , most o f 

th e energy absorbed i n t h e SiÜ2 l a y e r i s , t h e r e f o r e , f r o m t h e c h a r a c t e r ­

i s t i c K« X-ray. The r e l a t i v e e f f e c t s o f t h e l i n e and t h e b r e m s s t r a h ­

l e n have been e s t i m a t e d . 

The d o s i m e t r y d a t a on t h i n n e d s i l i c o n w a f e r s , t o g e t h e r w i t h t h e shape 

o f t h e t r a n s m i t t e d X-ray s p e c t r a , p r o v i d e d t h e b a s i s f o r c a l c u l a t i n g t h e 

absorbed x - r a y energy i n t h e S102 l a y e r . An a p p l i c a t i o n o f t h i s d a t a t o 

e s t i m a t e t h e dose dependent d e g r a d a t i o n o f a T I 100x160 CCD o p e r a t e d 

i n t h e b a c k s i d e i n t e n s i f i e d mode i s shown i n F i g . 9. The s i g n a l c u r r e n t 

l e v e l was chosen t o be a p p r o x i m a t e l y o n e - h a l f f u l l w e l l . As can be seen 

d a r k c u r r e n t i n c r e a s e s were n o t i c e d a f t e r 100 hours o f o p e r a t i o n , w h i c h 

c o r r e s p o n d s t o 1.1 x 10 r a d s . Since i n r e a l scenes the average i r r a d i ­

ance i s somewhat l e s s t h e n t h e peak i r r a d i a n c e and s i n c e d a r k c u r r e n t 

i n c r e a s e i s t h e m a j o r d e v i c e d e g r a d a t i o n up t o about 5x10^ r a d s , o p e r a ­

t i o n a l l i f e o f 10,000 h o u r s appears f e a s i b l e . 

CONCLUSIONS 

The p r e s e n t s t a t u s o f i n t e n s i f i e d - C C D i m a g i n g has been d i s c u s s e d . 

The f i b e r o p t i c a l l y c o u p l e d camera has shown good l o w l i g h t l e v e l p e r ­

formance b u t reduced p e r f o r m a n c e a t low c o n t r a s t . The ERS t u b e s have 

shown good p o t e n t i a l f o r b o t h low l i g h t l e v e l and l o w c o n t r a s t i m a g i n g , 

however, have n o t y e t been b u i l t w i t h f u l l t v s i z e a r r a y s . For a p p l i ­

c a t i o n s where e x c e p t i o n a l l y l o n g l i f e i s i m p o r t a n t i t has been shown 

t h a t s e l f - I n d u c e d X-ray damage must be c o n s i d e r e d . 
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F i g . 1. Two Stage Cascaded Image 
Tubes f o r Optic CCD-TV. 
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F i g . 8. R e s o l u t i o n v s . C o n t r a s t f o r Imaging CCDs. 

50 . 




