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ABSTRACT 

L o w - l i g h t - l e v e l t e l e v i s i o n (LLLTV) camera performance i s achieved by 
f i b e r o p t i c a l l y c oupling a microchannel p l a t e (MCP) wafer image i n t e n s i f i e r 
to a s i l i c o n c h a r g e - i n j e c t i o n device (CID) camera. Some of the performance 
c h a r a c t e r i s t i c s of i n t e n s i f i e r / C I D (ICID) combinations can be p r e d i c t e d by 
using the model described i n t h i s paper before an ICID camera i s made. The 
pr e d i c t e d performance using t h i s model I s compared to the s p e c i f i c ICID 
camera made using an ITT //F4111 MCP wafer image i n t e n s i f i e r f i b e r o p t i c a l l y 
coupled to a 244 x 248 p i x e l GE CID. Good agreement between the p r e d i c t e d 
and measured performance c h a r a c t e r i s t i c s i s found. The ITT ICID camera 
has the f o l l o w i n g general c h a r a c t e r i s t i c s : s p e c t r a l response, S20; d i s t o r ­
t i o n , <1%; i n p u t l i g h t l e v e l t h r e s h o l d , 1E-5 l x ; frame r a t e , 30 frames/s; 
dynamic range, 100/1. 

INTRODUCTION 

Image i n t e n s i f i e d SSA readout cameras have been discussed by several 
a u t h o r s I n t h i s paper some t h e o r e t i c a l and experimental p r o p e r t i e s 
of MCP wafer image tube i n t e n s i f i e d CIDs are discussed. These ICIDs are 
shown to have LLLTV camera c h a r a c t e r i s t i c s that are c o m p e t i t i v e i n some r e ­
spects w i t h SIT and ISIT camera tubes, except f o r the number of TV l i n e s 
per p i c t u r e h e i g h t . This r e l a t i v e disadvantage of ICIDs w i l l be reduced i n 
the f u t u r e when CIDs having more p i x e l s are developed. However, even now 
the r e l a t i v e s i z e , weight and power advantages of ICIDs make them p r e f e r r e d 
over SITs and ISITs f o r some a p p l i c a t i o n s . The generalized design of an ICID 
camera i s shown sch e m a t i c a l l y i n f i g . 1. The input o p t i c a l image i s a m p l i f i e d 
and wavelength-converted by the MCP image tube, and the output image from 
t h i s tube i s f i b e r o p t i c a l l y coupled to the CID arr a y . A video s i g n a l i s 
produced by the CID camera e l e c t r o n i c s . The o p t i c a l / e l e c t r i c a l s i g n a l 
conversion processes i n t h i s camera i s shown schematically i n f i g . 2 . An 
input o p t i c a l image i s focused through the window (W) and onto the pho­
tocathode (K) of the MCP wafer tube, and the r e s u l t i n g s i g n a l photoelec-
trons (e) are accelerated toward the MCP. These e l e c t r o n s emerge from the 
MCP, a f t e r r e c e i v i n g a t o t a l gain G, and they are accelerated toward the out­
put phosphor screen ( S ) . The fluorescence l i g h t from the screen i s f i b e r ­
o p t i c a l l y coupled to the CID array by the tube f i b e r o p t i c (FO 1) and the 
array f i b e r o p t i c (FO") windows, r e s p e c t i v e l y . 

ICID MODEL OF PERFORMANCE 

Each medium, eg window, e l e c t r o n flow r e g i o n , MCP, e t c , used i n an 
ICID.camera has an e f f e c t on the output TV video s i g n a l produced at the 
camera output i n response to an o p t i c a l i n p u t . Figure 3 shows several of 
the d i f f e r e n t photo-response c h a r a c t e r i s t i c s t h a t are a v a i l a b l e i n ICIDs. 
One of the main advantages of using a photocathode i n place of s i l i c o n as 
the prime d e t e c t o r i n any a p p l i c a t i o n i s the d i f f e r e n c e i n the r e l a t i v e 
s p e c t r a l response of a photocathode w i t h respect t o s i l i c o n . Also, the 
use of a photocathode I s r e q u i r e d i f e i t h e r e l e c t r o n o p t i c a l gain or op­
e r a t i o n i n the u l t r a v i o l e t (UV) s p e c t r a l r e g i o n i s necessary. For example, 
only by some method, such as those described i n t h i s paper, where photon-to-
photoelectron conversion occurs o u t s i d e the CID i t s e l f , can s i n g l e photon 
events be i n d i v i d u a l l y detected. The modulation t r a n s f e r f u n c t i o n s 
(MTFs) of the main image t r a n s f e r and conversion s e c t i o n s are included i n 
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t h i s model, and the s e MTFs a r e summarized i n T a b l e 1. T y p i c a l v a l u e s f o r 

t h e p a r a m e t e r s used i n t h e s e MTF e q u a t i o n s a r e a l s o l i s t e d i n T a b l e 1. 

The MTF o f a f i b e r o p t i c - i n p u t - w i n d o w / c a t h o d e c o m b i n a t i o n i s g i v e n i n 

T a b l e 1A, where Di i s t h e f i b e r d i a m e t e r 5 . 

The p h o t o e l e c t r o n s w h i c h l e a v e t h e cath o d e have an a n i s o t r o p i c e n e r ­

gy d i s t r i b u t i o n , and t h e y a r e a c c e l e r a t e d toward t h e MCP i n p u t e l e c t r o d e 

by t h e e l e c t r i c f i e l d i n t h e K/Gl gap, as shown s c h e m a t i c a l l y i n f i g . 2 . 

The MTF o f t h i s image t r a n s f e r p r o c e s s i s g i v e n i n T a b l e I B , u s i n g t h e 

e q u a t i o n d e r i v e d by E b e r h a r d t 6 , where V 2 i s t h e _ a p p l i e d p o t e n t i a l be­

tween t h e cath o d e and t h e MCP i n p u t e l e c t r o d e , V^ 2 i s t h e ave r a g e r a d i a l 

e m i s s i o n energy o f t h e p h o t o e l e c t r o n s (assumed t o be a M a x w e l l i a n energy 

d i s t r i b u t i o n ) , and L 2 i s t h e d i s t a n c e between t h e c a t h o d e and t h e MCP. 

One o f t h e u n i q u e f e a t u r e s o f t h i s cathode/MCP s e c t i o n i s t h a t a g a t e -

p u l s e o f about 200 V a p p l i e d between t h e K and G l e l e c t r o d e s can be used 

t o e l e c t r o n i c a l l y c o n t r o l t h e exposure p e r i o d . T h i s i s found t o be v e r y 

u s e f u l f o r r a n g e - g a t i n g and u l t r a h i g h - s p e e d , eg s e v e r a l nanosecond, 

s h u t t e r t u b e a p p l i c a t i o n s 7 ' 0 . 

Image tube t e c h n o l o g y has been r e v o l u t i o n i z e d d u r i n g t h e l a s t de­

cade by t h e development o f m i c r o c h a n n e l p l a t e s . The m a n u f a c t u r i n g and 

per 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 MCPs have been r e v i e w e d by C a t c h p o l e and 

Les c o v a r 1 0 , and s i g n i f i c a n t development work on MCPs i s s t i l l b e i n g ac­

c o m p l i s h e d . For our pu r p o s e s , t h e ne c e s s a r y p a r a m e t e r s r e l a t i n g t o MCPs 

a r e g a i n and MTF. The c u r r e n t g a i n o f an MCP i s g i v e n by 

G(V 3) - GoV3"' ( 1 ) 

where V i s t h e p o t e n t i a l a p p l i e d a c r o s s t h e MCP e l e c t r o d e s , G i s t h e 

g a i n c o n s t a n t , and m i s t h e g a i n i n d e x 1 1 . The MTF o f t h e MCP i s g i v e n i n 

T a b l e 1C, where D g i s t h e MCP pore s i z e . 

The e l e c t r o n o p t i c a l image t r a n s f e r between t h e MCP and the phosphor 

s c r e e n i s s i m i l a r t o t h a t between t h e c a t h o d e and t h e MCP. However, t h e 

i n i t i a l e l e c t r o n energy c o n d i t i o n s and t h e i n t e r e l e c t r o d e s p a c i n g a r e 

d i f f e r e n t . The MTF f o r t h i s r e g i o n i s g i v e n i n T a b l e I D , where V 4 i s t h e 

MCP/screen a p p l i e d p o t e n t i a l , V i s t h e mean r a d i a l e m i s s i o n energy f r o m 

t h e MCP, and L 4 i s t h e MCP/screen s p a c i n g . 

The c a t h o d e c u r r e n t d e n s i t y i n t h e image tube i s g i v e n by 

J = SH , ( 2 ) 

where S i s t h e cath o d e w h i t e - l i g h t s e n s i t i v i t y (A/lm) and H i s t h e f a c e ­

p l a t e i l l u m i n a n c e ( l x ) . For u n i f o r m c a t h o d e i l l u m i n a n c e t h e t o t a l c a t h ­

ode c u r r e n t ( I ) i s 

I = nSHd^/4 ( 3 ) 

where d j i s t h e cathode d i a m e t e r . The t o t a l c u r r e n t d e n s i t y o u t o f an 

MCP h a v i n g a g a i n (G) i s t h u s 

J 1 = SHG, ( 4 ) 

and t h e power d e n s i t y (P') i n t o t h e phosphor s c r e e n i s 

P 1 = SHG(V1(-V ) ( 5 ) 

where V(j i s t h e MCP/screen a p p l i e d p o t e n t i a l and i s t h e e f f e c t i v e 

d e a d - p o t e n t i a l o f t h e s c r e e n . The s p e c t r a l o u t p u t p h o t o n f l u x ( p h o t o n s / 

m /s/nm), h a v i n g t h e s p e c t r a l d i s t r i b u t i o n o f t h e phosphor s c r e e n , i s 

g i v e n by 

f ( A ) = SHG(V i 4-V d)p(A), ( 6 ) 

where p(A) i s the quantum y i e l d f a c t o r (photons/eV/nm) f o r t h e phosphor 

s c r e e n . The t o t a l o u t p u t p h o t o n f l u x i s 

F = ? f ( A ) d A = SHG(V - V j P , ( 7 ) 
o co a d 

where P = /p(A)dA. The g a i n of t h e image t u b e can t h e r e f o r e be expr e s s e d 

as 

g = F/H = SG(V.~V,)P, ( 8 ) 

i n u n i t s o f p h o t o n s / m 2 / s / l x . The MTF o f t h e phosphor s c r e e n i s assumed 

t o be t h e e q u a t i o n g i v e n ( T 5 ( f ) ) i n T a b l e I E , where t h e v a l u e s o f t h e 
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s p a t i a l f r e q u e n c y c o n s t a n t f and t h e MTF i n d e x depend upon i t s t h i c k ­
ness, t h e t y p e o f e l e c t r o d e employed, and t h e p a r t i c l e s i z e d i s t r i b u t i o n 
i n t h e s c r e e n . The MTF o f t h e f i b e r o p t i c window t h a t t h e s c r e e n i s de­
p o s i t e d on i s g i v e n i n T a b l e I F , where I ) . i s the f i b e r d i a m e t e r . 
The L a i n b e r t i a n l i g h t t r a n s m i s s i o n l o s s w h i c h o c c u r s i n t h e f i b e r o p t i c 
p l a t e m a t e r i a l used i n our image tube 

T '., = e x p - L 6 / i l G , ( 9 ) 
where J. i s t h e l e n g t h o f t h e o u t p u t window, and Z^is t h e a b s o r p t i o n 
l e n g t h . The shape o f t h e s p e c t r a l o u t p u t d i s t r i b u t i o n o f a phosphor 
sc r e e n chosen t o match t o t h e SSA r e s p o n s e i s r e l a t i v e l y u n a f f e c t e d by 
t h e f i b e r o p t i c m a t e r i a l . We have used a t y p e "Red //2" phosphor s c r e e n 
m a t e r i a l and G a l i l e o //D14EMA f i b e r o p t i c windows. 

The method o f j o i n i n g t h e image i n t e n s i f i e r t u b e t o t h e CID i s 
shown s c h e m a t i c a l l y i n f i g . l . A f i b e r o p t i c window i s f i r s t bonded t o 
t h e CID t o f o r m t h e r e a d o u t assembly, and t h e n t h i s r e a d o u t assembly i s 
bonded t o t h e o u t p u t f i b e r o p t i c o f t h e i n t e n s i f i e r t u b e . T h i s modular 
I C I D d e s i g n approach has t h e advantage t h a t e i t h e r t h e tube o r t h e CID 
assembly can be e a s i l y r e p l a c e d . The MTF l o s s a t t h i s tuhe/CID f i b e r ­
o p t i c / f i b e r o p t i c i n t e r f a c e i s g i v e n by t h e e q u a t i o n i n T a b l e 1G, where 
D i s t h e f i b e r d i a m e t e r s i z e f o r t h e f i b e r o p t i c w h i c h i s bonded t o t h e 
CID, assuming i n t i m a t e c o n t a c t between t h e s e two f i b e r o p t i c windows. 
D u r i n g i t s passage t h r o u g h t h e C I D - f i b e r o p t i c window t h e s i g n a l l i g h t 
s u f f e r s i t s f i n a l t r a n s m i s s i o n l o s s ( T " ) , g i v e n by 

T" - exp-L 7/£. ?, ( 1 0 ) 
where L^ i s t h e l e n g t h o f t h e CID f i b e r o p t i c window, and ly i s i t s ab­
s o r p t i o n l e n g t h . The f i n a l l o s s o f MTF o c c u r s a t t h i s f i b e r o p t i c / C I D 
i n t e r f a c e . Assuming t h a t t h i s f i b e r o p t i c and t h e CID a r e i n i n t i m a t e 
o p t i c a l c o n t a c t , t h e s e f i n a l v e r t i c a l and h o r i z o n t a l d i r e c t i o n MTFs a r e 
g i v e n i n T a b l e 1H, where D g i s t h e c e n t e r / c e n t e r s p a c i n g between CID 
p i x e l s i n t h e v e r t i c a l and h o r i z o n t a l d i r e c t i o n s , r e s p e c t i v e l y . The 
s p e c t r a l d i s t r i b u t i o n f o r a "Red //2" phosphor s c r e e n o f t h e t y p e used i n 
our I C I D camera i s shown i n f i g . 4 , a l o n g w i t h t h e s p e c t r a l s e n s i t i v i t y o f 
t h e CID. 

The t o t a l c harge d e p o s i t e d w i t h i n a p i x e l i n a t i m e p e r i o d t i s 

Q ( t ) = tT'T'Wf (A)Y(A)dA , dD 
where a i s t h e p i x e l a r e a , and Y(A) i s t h e a b s o l u t e s p e c t r a l y i e l d o f t h e 
CID (e/photon/nm). A l t e r n a t i v e l y , t h i s e q u a t i o n can be r e w r i t t e n as 

Q ( t ) = tT'T"A F Y M, ( 1 2 ) 
Where Y i s t h e maximum Xabsolute quantum y e i l d of t h e CID ( e / p h o t o n ) . 
The p a r a m e t e r M i s t h e s p e c t r a l m a t c h i n g f a c t o r between t h e s c r e e n and 
t h e CID, g i v e n by 

M = Tp(A)y(A)dA //P(A)dA , (13) 
where y ( A ) i s t h e r e l a t i v e s p e c t r a l s e n s i t i v i t y o f the CID. The maximum 
charge t h a t can be s t o r e d i n a p i x e l i s 

Q = C V , ( I * ) 
a p p r o x i m a t e l y ? where C i s t h e p i x e l c a p a c i t a n c e and V i s t h e p i x e l b i a s 
p o t e n t i a l . Thus, since* Q ( t ) < Q s , e q s . ( 7 , 12, and 14) can be used t o g i v e 
t h e e x p r e s s i o n f o r t h e p i x e l s a t u r a t i o n charge i n terms o f t h e I C I D cam­
e r a o p e r a t i n g p a r a m e t e r s : 

tT'T"a SHG(V -V )P Y M < C V , (15) 
For example, t h e maximum I n p u t f a c e p l a t e i r r a d i a n c e i s found t o be \ a y . = 
6E-3 l x f o r t h e f o l l o w i n g t y p i c a l parameter v a l u e s : C n = 1 pF, V p = 5 v> 
t = 33 ms, T' = 0.9, T" = 0.9, a = 36 x 46 urn2, S = 190 uA/Tm, G = 1000, 
V a - 5500 V, V d = 1500 V, P = 0.06 photons/eV, Y m a x = 0.6 e/photon and 
M = 0.7. 
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I C I D CAMERA CHARACTERISTICS 

The CID t y p e o f im a g i n g SSA was devel o p e d by Miction and B u r k e 1 2 i n 

1973. The l a t e s t CID camera (GE t y p e //TN-2500) employs a r r a y s h a v i n g 

244 x 248 p i x e l s . T h i s new camera has s e v e r a l a d d i t i o n a l f e a t u r e s such 

as i n j e c t - i n h i b i t - r e a d o u t and a u t o m a t i c - g a i n - c o n t r o l . A g e n e r a l r e v i e w 

o f t h e ..design and r e a d o u t o p t i o n s f o r CIDs i s g i v e n by Burke and M i c t i o n 1 3 . 

The s p e c t r a l response o f our p r o t o t y p e I C I D camera i s a p p r o x i m a t e l y 

t h e same as t h e S20 c u r v e shown i n f i g . 3 , and i t s w h i t e l i g h t (2854K, 

t u n g s t e n ) s e n s i t i v i t y i s 190 yA/lm. S i n c e t h e quantum e f f i c i e n c y o f t h e 

ICID camera i s d e t e r m i n e d by t h e p h o t o c a t h o d e and window c o m b i n a t i o n 

chosen f o r use i n t h e image i n t e n s i f i e r t u b e , t h e s p e c t r a l range f r o m t h e 

s o f t x - r a y t o t h e n e a r - i n f r a r e d can be reached d i r e c t l y by o t h e r I C I D 

cameras o f t h i s t y p e . 

E l e c t r o n i c g a t i n g i s e a s i l y and c o n v e n i e n t l y a c c o m p l i s h e d by d r o p ­

p i n g t h e p o t e n t i a l o f t h e G l e l e c t r o d e i n t h e image t u b e , see f i g . l , t o 

a v a l u e s l i g h t l y l o w e r t h a n t h e p o t e n t i a l o f t h e c a t h o d e so t h a t e l e c ­

t r o n s cannot f l o w t o t h e MCP and produce an o u t p u t s i g n a l . , 

The "Red //2" phosphor s c r e e n used i n t h e image t u b e y i e l d s a h i g h e r 

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

ed u s i n g a P20 phosphor s c r e e n . The s p e c t r a l m a t c h i n g f a c t o r o f t h e 

s p e c t r a l o u t p u t f r o m t h e "P20Red" phosphor s c r e e n and t h e CID s p e c t r a l 

s e n s i t i v i t y ( Y ( A ) ) i s found t o be 0.7. 

The s i g n a l t r a n s f e r c h a r a c t e r i s t i c o f t h e I C I D camera i s shown i n 

f i g . 5 . The IC I D camera d e t e c t i o n c a p a b i l i t y i s lo w e r by a f a c t o r o f 1E4 

tha n I t s u n i n t e n s i f l e d c o u n t e r p a r t . The t h r e s h o l d o f maximum s e n s i t i v i t y 

i s a d j u s t a b l e by v a r y i n g t h e g a i n o f t h e image i n t e n s i f i e r t u b e , and t h i s 

i s c o n v e n i e n t l y a c c o m p l i s h e d by c h a n g i n g t h e a p p l i e d p o t e n t i a l t o t h e MCP 

i n t h e t u b e . F i g u r e 5 a l s o shows t h a t the ICID camera has a l i n e a r r e ­

sponse ( u n i t y gamma) w i t h a dynamic range o f a p p r o x i m a t e l y 100/1. 

The measured l i m i t i n g v i s u a l r e s o l u t i o n v e r s u s f a c e p l a t e i l l u m i n a n c e 

c h a r a c t e r i s t i c o f t h e ICID i s shown i n f i g . 6 . The LLL l i m i t i n g r e s o l u ­

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

the c a t h o d e , n o i s e p r o c e s s e s , and t h e exposure p e r i o d . The h i g h 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 i s s e t by t h e image t r a n s f e r and c o n v e r s i o n 

p r o p e r t i e s o f a l l t h e components i n t h e i n p u t - i m a g e / s i g n a l - o u t p u t c h a i n , 

as d i s c u s s e d e a r l i e r . The IC I D maximum l i m i t i n g r e s o l u t i o n i s 9 c y c l e s / 

mm I n b o t h t h e v e r t i c a l and h o r i z o n t a l d i r e c t i o n s , compared t o t h e some­

what h i g h e r t h e o r e t i c a l e s t i m a t e s g i v e n a t t h e b o t t o m o f T a b l e 1. 

The maximum s i g n a l / n o i s e r a t i o o f t h e GE///TN-2500 CID camera i s 

43 dB (peak-peak/rms) when o p e r a t e d under t h e normal TV scan c o n d i t i o n s 

f o r t h i s camera. W i t h t h e MCP image i n t e n s i f i e r tube f i b e r o p t i c a l l y 

c o u p l e d t o t h e CID, t h e r e i s no o b s e r v a b l e d i f f e r e n c e between t h e n o i s e 

i n t h e o u t p u t v i d e o s i g n a l from t h e camera e l e c t r o n i c s when t h e tube i s 

s w i t c h e d on and o f f , a t room t e m p e r a t u r e ('i<23 °C) , and when t h e tube i s 

o p e r a t i n g a t t h e g a i n v a l u e w h i c h produced t h e s i g n a l - t r a n s f e r c u r v e 

shown i n f i g . 5 . 

OTHER POSSIBLE ICID DESIGNS & ICID CAMERA APPLICATIONS 

Other p o s s i b l e d e s i g n s f o r I C I D LLLTV cameras i n c l u d e t h e use o f 

h i g h - g a i n MCPs f o r p h o t o n - c o u n t i n g , m u l t i p l e CIT r e a d o u t of l a r g e r d i a ­

meter image i n t e n s i f i e r t u b e s w i t h s p e c i a l f i b e r o p t i c c o u p l e r s , t h e use 

o f a p r o x i m i t y f o c u s e d d i o d e " p r e - g a i n " image i n t e n s i f i e r f i b e r o p t i c a l l y 

c o u p l e d t o an MCP w a f e r image i n t e n s i f i e r , and t h e use o f s p e c i a l c a t h ­

odes f o r s p e c t r a l response r e a c h i n g f r o m t h e x - r a y t o t h e n e a r - I R spec­

t r a l r e g i o n s , P o s s i b l e a p p l i c a t i o n s o f t h e I C I D camera a r e tho s e r e -
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q u i r i n g LLLTV s u r v e i l l a n c e , security/law-enforcement, x-ray cameras, 
space-borne-cameras f o r planetary-observations/astronomy, m i l i t a r y TV 
cameras i n a i r c r a f t , -missiles, RPVs, etc. 

SUMMARY AND CONCLUSIONS 

The main image t r a n s f e r and conversion processes i n a p r o x i m i t y -
focused microchannel-plate i m a g e - i n t e n s i f i e d c h a r g e - i n j e c t i o n device 
(ICID) camera have been u t i l i z e d to develop a model of i t s performance. 
Results from a prototype ICID camera, shown i n f i g . 7 , have been obtained, 
and i t i s found t h a t the model agrees, w i t h i n experimental e r r o r , w i t h 
some of these r e s u l t s . A d d i t i o n a l ICID measurements are being made. 
The ICID camera i s a good sensor choice f o r LLLTV a p p l i c a t i o n s where i t s 
1E-5 Six l i m i t of s e n s i t i v i t y ( a t 30 frames/s), i t s 100/1 dynamic range, 
and i t s photocathode s p e c t r a l response i s required i n a small package 
r e q u i r i n g low power. The h i g h - l i g h t - l e v e l image q u a l i t y of t h i s camera 
i s l i m i t e d p r i n c i p a l l y by i t s 244 x 248 p i x e l CID. When higher r e s o l u ­
t i o n CIDs are a v a i l a b l e they can also be used i n s i m i l a r LLLTV cameras. 
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FIG. 3: PHOTOCATHODE SPECTRAL 
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FIG. 5: ICID SIGNAL TRANSFER 
CHARACTERISTIC 
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FIG. 6: ICID CAMERA ILLUMINANCE/ 
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