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I. Introduction 

The formation of a diagnostically useful image of the dis tr ibut ion of 

radioactive material t h a t  has been administered t o  a pat ient  requires a 

radiation detector and a medium f o r  s toring the  detector output, a t  l e a s t  

temporarily, f o r  inspection and/or analysis by a physician. In mst cases a 

p e m e n t  record is made of the stored image, t o  be used l a t e r  f o r  analysis 

o r  processing. 

I n  general, the output pulses from the radiation detector may be trans- 

formed i n  various ways t o  provide a sui table input t o  the  storage medium. 

I n  digita.1 systems, these pulses are counted, so  t h a t  the stored image 

a t  each point consists of a discrete  numerical value associated with a dis- 

crete  neighborhood about the point. 

In  analog systems, the stored image a t  each point is  represented not by ' 

a number, but by the magnitude of some physical en t i ty  averaged over a 

neighborhood about the point. The physical ent i ty  may be blackness of paper, 

film density, l i g h t  intensi ty,  e l ec t r i ca l  charge density', magnetic f i e l d  

strength, e t  cetera,  the  average magnitude of which can vary i n  an es'sentially' 

continuous manner. 

Both d i g i t a l  and analog methods of storage have advantages and dis- 

advantages, so t h a t  the choice between them depends upon the  requirements 

i n  part icular  applications, including how the stored image is t o  be u t i l ized  

i n  the diagnosis. I f  quantitative information is required, o r  i f  the  image 

must first be processed in some quantitatively precise manner, then d i g i t a l  

storage is probably most satisfactory. On the other hand, i f  the  diagnosis 

i s  t o  be based on a visual inspection of the  image, with secondary s igni f i -  

cance attached t o  precise quJntifica-tion, then analog storage may be most 

satisfactory. 



Here, we wish t o  s m i z e  br ief ly  the  character is t ics  of some analog 

storage media, with special-  consideration given t o  +he problems of :  

1.) extracting quantitative information concerning the dis tr ibut ion 

of radioactivity f r o m  the.stored image. . . 

2 . )  ut i l i z ing  the storage n-edium i t s e l f  as an on-line inage processor. 

11. Analog Media fo r  Permanent Storage (Recording), and 
Techniques f o r  Quantifying the Image 

1.) Impact printing.--In 1951, Cassen - e t  -. d. (1) introduced a scanning 

system tha t  incorporated a mechanical tapping device which moved with the  

detector and imprinted a carbon mark on paper f o r  each recorded pulse. This 

produced a l i fe-s ize  image tha t  could be observed during the sc&ing proce- 

dure. . .  The scanning speed w a s  adjusted according t o  the count r a t e  so  t h a t  

recorded m k s  would not overlap and produce uniform blackenkg over regions 

of high count r a t e .  I n  addition, since the solenoid-driven tapper tended t o  

become paralyzed a t  high counting r a t e s ,  pulses from the detector were counted- . - *  

down and only a preset fract ion w a s  recorded. This resul ted i n  a very dis- , 

contiriuous , unsmooth image , over regions of low counting ra te .  

.The number of y-rays detected over any area could, i n  principle,  be 

determined by countihg marks; however, the  practice of interpreting the image 

on the basis of a subjective visual impression of any apparent abnormalities 

in the dis tr ibut ion of'marks soon became routine. This practice has resul ted 

in the tendency t o  regard analog storage and recording as essent ia l ly  "non- 
. a  

quantitative. I '  e 

To obtain a quantitative visual impression of the count r a t e  over each 

region without counting recorded m k s ,  the impact pr int ing principle has been 

u t i l ized  more recently by Hine -- e t  a l .  ( 2 )  i n  a color recording system. In 

t h i s  case, the tapper s t r ikes  one of the eight  color s t r i p s  on a print ing 

ribbon, the  color a t  each point being determined by the output of a count 



r a t e  meter. This use of multiple color recording increases the dynamic 

range of the system despite overlapping marks because the  system can be 

calibrated so  t h a t  each color (rather  than the nun-ber of marks) corresponds 

t o  a lcnown count rate.. 

To obtain a s t a t i s t i c a l l y  valid selection of color,  the counts must 

be .integrated over so& f i n i t e  period.' The integration time of the  r a t e  

me-ker introduces a time .delay in the color s h i f t s  between count r a t e  levels .  

Since adjacent l ines  are scanned in opposite directions, t h i s  time delay 

causes a spa t i a l  drisplacerrient of recorded colors in opposite directions on 

adjacerlt 1L1es. The ~-esu l t ing  "scalloping" m t i f a c t  is a disadvantage in 

any recording -system .that makes use of conventional passive RC circuitry t o  

determine the - loca l  count r a t e  during the storage operation. Tanaka (3) 

has.recently suggested, however, tha t  "operational" count r a t e  meter cir- 

cuitry can be used on-line t o  enhance h g e s .  

2.) Teledeltos paper.--1.e audible noise and limited response time 

o f - t h e  mechanicd tapper can l a g e l y  be overcome by the use of a brief  

e l ec t r i ca l  spark t o  burn a mark on teledeltos recording paper, and this 

technique is widely used (4 ) .  

A s  with black and white impact printing, the degree of blackening per 

.unit  area increases i n  proportion t o  the count r a t e  only as long as  the 

r a t e  i s  low enough (or  the count-dm factor large enough) t o  preclude . 
. - 

overlapping of recorded marks. This i s  due t o  the  fac t  t h a t ,  on a local  

basis ,  such media are essential ly binary i n  nature, the loca l  s t a t e  being 

e i the r  white o r  black. A t  counting ra tes  high enough -to cause overlap, the 

dynamic range of the storage medium is  exceeded, and the image is essen- 

t ia l ly  uniformly blackened. To some extent t h i s  e f fec t  can be reduced by 



recording smaller marks, and t h i s  can be achieved by reducing the spark 

current o r  duration. 

Again, the necessity of recording non-'overlapping marks means tha t  

individual m k s  can be counted f o r  quantitative purposes. 

3 . )  Photographic film. --If black and white film' were used t o  record 

marks l i k e  those recorded by.Cassenls @act pr in ter  o r  a teledeltos system, 

and i f  these m k s  were intense enough t o  saturate  the film, then the storage 

capacities of these systems would L)e tl-le same. Since f o r  mrks of this 

large s i ze  (compared t o  individual grains) ,  film i s  capable of a continuous 

gradation of loca l  blackening, and there is no need f o r  recording such intense 

marks, the degree of blackening i n  &e neighborhood of each point can be made 

t o  depend upon the  t o t a l  exposure due t o  overlapping marks which may not be 

individually countable. 

In  t h i s  case, it i s  variable fi lm density a t  each point (rather  than 

variable color) which extends' the dynamic range of the storage system enor- 

mously. The use of m l o r  fi lm could extend the dynamic range even further.  

In  addition, f i lm i s  capable of storing exceedingly s m a l l  mar$s compared t o  

. e i the r  of the above-mentioned media. 

Since f i lm i s  the most widely used medium f o r  storing 
. 

radioisotope imges  (5-9) i t s  properties w i l l  be reviewed br ief ly .  For a 
. . - .  

comprehensive treaiment of photographic materials, see Mees (10). 

- (a)  Characteristics of fi lm (transparency) : Ordinary photographic 

film consists of base material of cellulose o r  polyester on which a th in  

coating of a l ight-sensitive emulsion such as s i lve r  halide grains has been 

deposited. On exposure t o  l igh t  of suff icient ly short wavelength (ac t in ic  



.r. 

' radiat ion)  some of these grains are rendered d&velopable" in the sense t h a t  

the s i l v e r  halide is reduced t o  metallic s i l v e r  on development. The resu l t  

i s  t h a t  opaque grains of metallic s i l v e r  w i l l  remain on the developed film 

f o r  adequatelyt exposed s i l v e r  halide grains. Unexposed grains are m o v e d  

i n  the development process. The production of developable grains by exposure 
I 

t o  l i g h t  i s  described as  the f o m t i o n  of a la tent  image. Here, we regard 

the l a t en t  image as a form of storage which yields a permanent record on 

development. 

To the degree t h a t  the number of develcpable grains can be increased, 

'the degree of blackening of the developed film increases with increased 

exposure t o  ac t in ic  l igh t .  .The most common way of describing t h i s  relat ion-  

I--- 
ship quantitatively i s  i n  terms of the so-called H E D curve, o r  character- 

I 

, ' 
istic curve, which describes the developed film density, D, a s  a function of 

the logarithm of the l ight  exposure, E. Here, density and exposure are I 
technical terms used t o  quantify the degree of film blackening and the l i g h t  

energy incident pe r .un i t  area, respectively. 

Exposure, E = Average Light Intensity X Time 

1 f  the  l igh t  energy i s  delivered t o  the film by a pulsed l igh t  projector,  

. which is turned on f o r  a brief  period f o r  each stored event, then the expected 

.'r ,. 
Whether o r  not a 'silver halide grain is  ltd&velopablett depends upon the 

conditions of development. ' I f  the  developer ( a  reducing agent) i s  suff i -  
c ient ly concentrated, and the development time is suff icient ly long, even 
unexposed s i l v e r  halide grains are reduced t o  metallic silver: Exposure t o  .- -- - 

l igh t  greatly increases the - r a t e  a t  which the reaction proceeds. 

'only a small fract ion of the s i l v e r  halide molecules i n  a grain need 
.: be affected by the ac t in ic  l igh t  i n  order fo r  the en t i r e  grain t o  be reduced 
to. metallic s i l v e r  o r  n o m l  development. In t h i s  sense, the development 
process amplifies the  e f fec t  of exposure t o  l ight .  The affected s i l v e r  
ha:l..j.de 5,s called a la tent  image center, 



and duration of projected l i g h t  spots ,  as well as the  number stored per  un i t  
! 

m a .  This number i s  determined by the  scanning speed, index width, and 
I : 

c o ~ n ~ t  r a t e .  I f ,  f o r  a given scan, all of the  physical parameters are held 

I ; . constan-t-, the  exposure t o  the  f i lm i s  simply proportional t o  the  number of  

/ * I  

! a 
counting events observed at  each point.  This exposure r e s u l t s  in a cer ta in  

I 

density i n  ?3e developed film.'  

Incident Light In tens i ty  
k n s i t y ,  D ~ o ~ C ~ P ~ ~ ~ ~ Y ~  = 10hmsmitted Light Intensity 

I A typica l  characteris t i c  curve, D - vs . log E , is shown i n  Figure 1. If, f o r  

exanpl.e, one projected spot ,  o r  one stored count, corresponds t o  one un i t  of 

exposure, and th'is produces a f i lm density t h a t  i s  twice the  fog l eve l  (see 

point A i n  Fig. 1) , then 100 counts could be stored at  -the same place on t h i s  

f i lm (see point B) without saturat ion,  which occurs when approximately 1000 
. . 

counts are stored (see point C ) .  The useful ranges of .densi ty and log expo- 

. . sure, AD and A log E, are ordinari ly defined by the s t r a igh t  l i n e  portion of 
. I 

' , : I  

I .  the  ch'aracteristic curve, between points A and B. The slope of t h i s  segment 
. . 

. , i s  cal led the  y of the  f i lm, which is a measure of the  r a t e  a t  which density 

, .  . ; . -  
\ .  , . . increases with respect t o  log exposure. Transparency materials are made with 

. . a 'very wide variety of charac ter is t ics ,  which. provide .a  ve r sa t i l e  and con- 

. . 
, ; . . 

veriient form of storage. . 

It is evident from this curve t h a t  a nonlinear ,relat ion ex i s t s  between 
. . 

. . ' . .Dens i ty  and Exposure. However, l inea r i ty  is not necessary f o r  the  purpose of  
. . 

. , . ' . e x t r a c ~ i n ~  quanti tat ive information concerning the  d is t r ibut ion  of radio- 
, .. . 0 . .  . . . 

. ' ,  ac t iv i ty  from the  recorded image. For t h i s  purpose, it is necessary only 
. . 

.. . *at f i lm density be a single-valued function of exposure; since exposure . . 
' . '. 

. . 
' : . . . . . i 

3 .  
. . 

I I " . '  



is  proportional t o  the observed counts due t o  radioactivity,  f i lm density 

i s  then a single-valued function of observed ac t iv i ty .  ,/ - 
The problem of quantifying the observed ac t iv i ty  is i n  essence the 

problem of sensitometry, i . e . , establishment of a one-to-one correspondence 

between observed f i lm density and exposure. I n  general, t h i s  problem is 

complicated by the  f a c t  t h a t  fi lm density is affected not only by exposure, 

but a l so  by 

eqosure duration (and the possiblc fclilurc of reciprocity), 
' 

the color of l i g h t  used i n  the exposure,. 

the  age and condition of the film, 

the type, concentration, and temperature of the developer, 

. . and, by the development time. 

The variation of these factors v i r tua l ly  rules  out the possibi l i ty  of 

a fixed calibration scale t h a t  would associate an observed film density with 

fixed exposure value. 

A l l  of these sources of variation can be eliminated, however, by 

recording a cal ibrat ion s t r i p  on the  same piece of fi lm used t o  record t h e  

. %-gage. To achieve t h i s ,  a calibration step-wedge generator was b u i l t  i n t o  

the Argonne Cancer Research Hospital 's brain scanning system (11, 1 2 ) .  This 

calibration system consists of a source. of radioactivity ( '+~1, a -76 MeV 

@-emitter with a hal f - l i fe  of 3.6 years) ,  a radiation detector (in t h i s  

case, a Geiger tube),  and a calibrated absorber t h a t  i s  moved between the  

source and detector by the horizontal motion of the scanning mechanism (see 

Fig. 2) .  As the absorber moves back and for th ,  the  count r a t e  from the  

Geiger tube covers the range from 100 cpm t o  9,500 cpm i n  26 steps of 20% 

increase. Pulses f r o m  t h i s  device are fed t o  the same c i rcu i t s  and l i g h t  



projectors used t o  record pulses from the sc in t i l l a t ion  detectors. These 

cal ibrat ion pulses produce a step-wedge of densi t ies  due t o  known count r a t e s  

on the same.film used t o  record the b&n scan, and f o r  the same conditions 

of scdnrung speed and index width. 

This cal ibrat ion technique, which can be carried out e i the r  before o r  

a f t e r  the actual  scanning procedure, permits quantitative determination of 

the count r a t e  a t  each point on a brain scan t o  within about 20%."~"The com- 

parison of fi lm densi t ies  can be done with a densitometer, a closed c i r c u i t  

te levision sys tem , o r  a f lying-spot scanner t o  produce isodensity 'contours 

in black and white o r  c o l o ~  (13) (see Fig. 3 ) .  

Of course, determination of the  count r a t e  at  each point on the recorded 

image does not always enable one t o  determine conveniently other quantitative 

aspects of the  apparent dis tr ibut ion of radioactivity.  For example, there is 

no convenient way of determining the t o t a l  number of counts recorded within 

an arb i t rary  region of variable density from such an image. I f  such infor- 

mation i s  required f o r  the diagnosis, d i g i t a l  storage rnay o f fe r  a more 

convenient means of obtaining it. 

(b) Characteristics of P h o t ~ ~ a p h i c  Papers: The sensitometric prop- 

\ 

e r t i e s  of photographic paper can a l so  be described by a character is t ic  curve, 
. . 

D, - vs. log E. In  t h i s  case, however, D refers  t o  the ref lec t ion  density. 

This quantity i s  defined as "the logarithm of th; r a t i o  of the evaluated por- 

t ion ,  Po, of the radiant f lux incident on the sample t o  the evaluated portion, 

Ps, of the radiant f lux ref lected by the  sample. Thus, 

when R is the reflectance of Uie  s a ~ p l e "  ( 1 0 ) .  



For typical  glossy papers, the useful ranges of density and exposure 
I 

&e consider&bly smaller than the corresponding ranges obtainable with trans- i 
parency materials. 

Forarecording the image from a cathode ray tube, convenient paperprint 

I .  materials are the Polaroid films, such as  Type 107,. This material has a use- / 
f u l  density rang& of AD = 1.58, which corresponds t o  a log exposure range 

A log E = 1.17, o r  an exposure range AE 15 t o  1. This ra ther  limited la t i tude  

means t h a t  con side^-,able c a k  must be taken -to cr)t)tain a useful p r in t ;  t o  some 

e x t e n t , ' t h i s  problem can be circumvented by bracketing the exposure. . ' 

I n  addition, t h i s  method of recording suffers some loss i n  contrast by 

the  cathode ray tube. This i s  due t o  several factors such as l igh t  diffusion 

i n  the  phosphor, in ternal  ref lect ions i n  the glass face p la te ,  and low level  

persis tent  glow of the filamsnt and phosphor (14). 

111. Characteristics of Analog Media Required fo r  On-Line 
Image Processing 

For the purpose of storage alone, an ideal  storage system might be 

thought of as one tha t  could preserve perfectly the most probable position of 

origin of each detected y-ray. (For an ordinary scanning system, t h i s  corres- 

ponds t o  the position of the detector axis  at the time when each y-ray was 

. detected.) By recording very t iny  marks, the  analog media already discussed 

approach t h i s  idea l  system. I 
- It was recogni.zed early,  hmever, t h a t  the subjective visual  qual i ty of ' 

such recorded images might be improved t o  some degree by smothing, which 

would reduce o r  eliminate the v i s i b i l i t y  of individual marks. I 
Such smoothing can be accomplished off-line in many ways: by viewing 

- 
the image through a diffusing glass;  by pmject ing . the  image s l igh t ly  out of 

focus ; by removing the viewer ' s correct'ive lenses , et  ce.tex>a. I 



MacIntyre -- e t  al. (6 )  achieved the ef fec t  of "data blending" o r  smoothing 

by recording on film the  out-of-focus spots displzyed on a CRT. In  the  ACRH 

brain scanner, image smoothing is achieved by projecting a bell-shaped spot on 

f i lm ( 1 2 ) .  In  e i the r  case, these techniques can be thought of a s  a form of 

on-line processing of the  detector output which is carried out during the 

storage operation and preserved i n  the recorded image when the film is developed. 

Any additional processing must be performed off-line as  indicated in Figure 4 

The question naturally a r i ses ,  "Can other types of processing, which are 

c w l w t l y  p e r f o m d  off-line, be. made a par t  of the on-line processing, and 

carried out during the  storage operation?" I n  part icular ,  "Can image - sharpening 

. be achieved on-line?" so  t h a t  the recorded image would be comparable in sharp- 

ness t o  images currently obtained by off-line with a d i g i t a l  com- 

puter (15-17), an opt ica l  spa t i a l  f i l t e r i n g  system (18), o r  a flying-spot 

scanner (13). I f  so,  then routine sharpening procedures might be performed 

most conveniently on- l ine .  

Briefly, the answer t o  these questions is yes, - provided t h a t  the on-line 

.processor i s  capable of temporary storage and local  erasure; t h a t  is, addition 

and subtraction (see Fig. 4 ,  lower). To understand the basis  of t h i s  require- 

ment, it is useful t o  review br ief ly  how such operations as image sharpening 

m y  be carried out with an off-line d i g i t a l  computer, since t h i s  method closely 

resembles the on-line analog methods t o  be described. 

To sharpen an image t h a t  i s  represented by a matrix of numbers comes- 

ponding t o  detected y-rays,.one procedure is  t o  convolute t h i s  matrix with a 

re la t ive ly  small f i l t e r  matrix, say 3 X 3, which consists of a positive value 

i n  the center,  s m ~ n d ~ c l  hy a r ing of negative values (see Fig. 5 ,  l e f t ) .  



As the  convolution is carried out by a d i g i t a l  computer, t h i s  f i l t e r  function 

i s  weighted by the value of the unfiltered image at  each point. The sharpened 

,image is found by summing the contributions a t  each poont due t o  the weighted 

f i l t e r  f f ic t ions .  This process involves s e r i a l  operations i n  which positive 
. . 

and negative values are summed. Thus, both addition and subtraction are per- 

formed i n  the  s e r i a l  sharpening process. 

Similarly, . since the image of a radioisotope distr ibut ion is produced 

s e r i a l l y ,  by detecting a-ltrl p~?ocessing one y-ray a t  a time, we might expect: 

on-line' analog sharpening t o  require the operations analogous t o  additioi'i and 

. subtraction; riamely, storage hnd erasure, of some physical ent i ty .  I n  con- 

trast, on-line smoothing requires only storage (addition of some physical 

_.--- . 
ent i ty .  

To make the discussion of on-line image sharpening concrete, three 

examples of erasable analog media are described below, together with a brief  

explanation of how they might be used. 

.IV.. Erasable Analog Storage Media and Techniques f o r  
On-Line Imaee Shaimening 

1.) Photographic film, u t i l i z ing  the  Herschel effect.--In the preceding 

discussion of fi lm, we mentioned the well known fac t  tha t  exposure t o  l i g h t  

of suff ic ient ly  . - short  wavelength renders some of the s i l v e r  halide grains 

developable. The formation of t h i s  l a t en t  b g e  on the  undeveloped f i lm was 

regarded as a form of storage operation, which resulted in a permanent record 

on development. 

The f a c t  t h a t  this l a t e n t  image can be erased before development by 

exposure t o  l igh t  of longer wavelength than ac t in ic  radiation i s  perhaps l e s s  
- 

widely known, although the 1-iterature on the subject is  extensive (101. This 



phenomnon is cal led the Herschel e f fec t ,  a f t e r  John Herschel, who made the 

discovery i n  the 1800's. 

A product based on t h i s  e f fec t  is  Kodak Autopositive film. Briefly, 

t h i s  m t e ' r i a l h a s  been pre-exposed t o  blue l i g h t  t o  form a uniform la tent  

kmge t h a t  would produce a density of approximately .8 on development. It is 
I -1. 

commonly used t o  make positive copies of l ine  drawingsd' by contact exposure 

t o  red o r  yellow l igh t ,  which is of suff icient ly long wavelength t o  erase the 

la tent  inage. 

The degree of erasure is  determined by the exposure t o  long wavelength 
I 

' 
i l igh t  Auch as the degree of storage is determined by the exposure t o  short 

wavelength l igh t  (although the exposure required f o r  e rasure  i s  much greater . 
I , .. 
I- I n  addition, these operations can be performed repeatedly on the same undevel- ~ 
I 

.oped film. 
I 

i Since. storage 'and erasure are analogous t o  addition and subtraction, it 

~ 
I would appear plausible t h a t  image sharpening can be performed on-line by pro- 

jecting on: pre-exposed, ~ e r s c h e l  e f fec t  film, a spot that is blue in the 

center and red o r  yellow in the surrounding annular r ing ,  f o r  each detected - 

y-ray (see Fig. 5 ,  right ) . 
Kelly has made use of t h i s  e f fec t  t o  produce sharpened pr in ts  of trans- 

parencies (19). In  t h i s  case, the  chromatic aberration of the copying lens 
' 

was used t o  produce the desired l i g h t  configurati6n; t h a t  is,  by focusing f o r  

a sharp inage in blue l i g h t ,  a red r ing  about a plue center appears on the 

Herschel sensi t ive film. 

.'. ' ,. 
This material j-s designed t o  make -positive copies of high contrast 

tr&sparencies, and is not we l l  suited t o  applications i n  which a wide la t i tude  
is required. 



For radioisotope k g i n g  systems, a color television tube might be used 

as the source of red and blue l ight .  

2 .  Photochromic materials.--Although these materials do not depend 

on,si lveflhal ide f o r  photosensitivity, they can be darkened by exposure t o  

u l t ravio le t  l i g h t  and erased by infrared l igh t  (14). As  a consequence, they 

might be used in place of photographic film u t i l i z ing  the Herschel e f fec t  

as an erasable storage medium. 

3 . )  Charge storage tubes.--In erasable photographic storage media, 

incident l igh t  photons produce low energy electrons t h a t  release o t l~e r ' e l ec -  

.trans trapped i n  l a t en t  image centers. Similarly, incident electrons of 

appropriate energy may produce t h i s  e f fec t  direct ly,  without the convel?sion 

s tep  f r o m  photons. However, i f  a beam of electrons i s  available d i rec t ly ,  it 

is  possible t o  take advantage of other e l ec t r i ca l  phenomena and process such 

an electron k g e  without the intervention of a photographic l a t en t  image. 

. The example t o  be discussed here involves e l e c t r i c a l  conductivity changes i n  

semiconductor storage media, the common physical basis of charge storage tubes. 

Commercially available charge storage tubes (CST) are able t o  convert 

e l e c t r o n  signals t o  opt ica l  images f o r  inmediate viewing and evaluation, as 

are cathode ray tubes (CRT) . But more importantly, i n  a CST, these electron 

signals may be temporari.ly stored, process'ed (enhanced), and then viewed before 

p e m e n t  recolding o r  filming. A l l  t h i s  can be done with analog signals,  

without conversion t o  numerical data. 

The elements common t o  a l l  CST are sham in  Figure 6 ;  a patterned source 

of electron charges ( the electron sippal) ,  a medium f o r  storage and recovery 

of the  charges, and a means of transforming the  stored charge i n t o  a struc- 

tured beam of output electrons. Means of conversion of the  input and output 
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electrons t o  and from photons i s  a lso  provided in some tube devices--as shown 

by dotted l ines  i n  Figure 6 .  The interzction between an input s o m e  of 

electrons and the  storage medium is comonly knm as  writing, while t h a t  

between d stored charge and the output electron signal  is  referqed t o  as 

reading. 

A very large number of tube types have been designed, according t o  dif-  

ferent  methods of modulating the writing and reading beams, of s toring and 

transforming the  charge pat terns,  and of m a n g i n g  the tube elements (25,301. 

Nevertheless, it is useful t o  distinguish 4 basic var ie t ies ,  according t o  

whether l igh t  o r  electron signals constitute the  primary inputs and outputs. 
. . 

(1) TV camera tubes are character is t ic  of the  type with photon inputs and 

. e l e c t r i c a l  outputs (26). ( 2 )  Those CST with electron inputs and visual  out- 

puts are often h a m  as  d i rec t  view storage tubes (DVST), and (3) those with 

both inputs and outputs of electron signals as e l e c t r i c a l  output storage tubes 

(EOST) (24,27 1. (4) Charge storage tubes with v i sua l  inputs and outputs are 

variously called image storage (30) o r  storage image ('29) tubes. 

The. capabi l i t ies  of charge storage tubes f o r  off-line image pmcessing 
, . 

, 
. by analog (o r  d i g i t a l )  methods have been described ' (20,22,23,29). For on-line 

processing, however, somewhat different  considerations apply. It is necessary 

t o  choose a .wri t ing method and storage mchanism so  t h a t  a bipolar distri- 

bution of charge can be deposited i n  the neighborhood of a point of the 

storage medium whenever a radiation event is detected. This mangement is .  

analogous t o  the blue and red spot of l i g h t  used t o  produce the Herschel e f fec t  

on a photographic l a t en t  image. 

A bipolar dis tr ibut ion of charge m y  be written onto a storage medium 

by the  "redistribution effect" (25). A s  shown i n  Figure 7 ,  a redistr ibut ion 
/ 



of charge within a sol id  insulator  occurs when'bombardment by an incident 

electron beam produces secondary electrons (by col l i s ions) ,  some of, which 

have the  proper direct ion and suff icient  energy t o  escape from the  surface. 

The number of escaping secondaries varies with the energy of the primary 

electrons, the properties of the storage medijm, and the e l e c t r i c  f i e l d  a t  

the so l id  surface. With a suff icient ly positive difference of potent ial  

between the surface and a nearby collecting electrode (not shown), a larger  

n~~mber of negative electr$ns w i l l  leave the storage medium than a r r ive  in 

the primary beam. In t h a t  case, the storage material i s  l e f t  with a net  
- 

positive charge a t  tha t  point,  assuming suff ic ient  insulation from other 

(neighboring) sources of electrons. 

On the  other hand, i f  the e l e c t r i c a l  potential, close t o  the storage 

surface is made a t r i f l e  negative, then some escaping secondary electrons of 

l c w  energy w i l l  be turned back t o  the s l~rface  and recaptured, as  shown i n  

Figure 7 .  A simple control gr id positioned nearby, and connected t o  an adjust- 

able source of voltage, can provide the necessary e l e c t r i c  f i e ld .  In  f ac t ,  

in conunercial CST, such a control gr id is often provided t o  eliminate the 

.-distribution e f fec t  (by means of a positive potent ial)  when it might dis- 

t o r t  an othertrise uniform charge distr ibut ion required f o r  certain applications. 

These electrons, returned t o  the storage medim by the redistr ibut ion 

ef fec t ,  constitute a negative charge added t o  the neighborhood of a region 

l e f t  positive by t h e i r  departure. Thus, a bipolar charge distr ibut ion has 

been created a t  a point chosen t o  represent the position of a detected radia- 

t ion  event. The f ina l .  shape of -this point source response function may be 

e lec t r ica l ly  adjusted by pr ior  variation of the re la t ive  potentials between 

primary electron source, storage surface, control .gr id,  and col lector  electrode, 



; and w i l l  be a function of t h e i r  r e l a t ive  position, shape and material. A 

variety of storage materials is c o m r c i a l l y  available f o r  these purposes, 

in both so l id  and mesh configuration, f o r  selection of desirable paramete~s 

of sens i t iv i ty ,  noise, resolution and storage times. 

An appropriate source of electrons must be chosen f o r  incorporation 

of a CST, with the  on-line capabili ty of a bipolar aperture function, in to  an 

exist ing radiation detection system. In most systems position information 

about the probable locaLion of the radiation sowrlc..e is  available from the 

detector.  For example, i n  sc in t i l l a t ion  scanners, the source is expected t o  

be,on the collimator axis ,  o r  in Anger type caneras the location is computed 
\ 

simultaneously with detection. I n  e i the r  case it is suff ic ient  t o  provide a 

s ingle  source of electrons i n  the CST, such as  an electron gun of the  CRT 

type. Electrons f r o m  t h i s  source may be guided t o ' t h e  pmper location of the  

storage medium by e l e c t r i c  o r  mgnet ic  deflecting f i e lds  which correspond t o  

position information about the radiation event. 

For the  case where detector sc in t i l l a t ions  represent the input t o  an 

image in tens i f i e r ,  without further position i n f o m t i o n  f o r  each radiation 

.event (31,32), ,a CST must be chosen with a photon sensi t ive input. TV camera 

tubes, f o r  example, preserve the location of an incident radiation event on 

the input photocathode, and the photoelectrons f r o m  t h i s  converter are accel- 

erated t o  the c o m s p o n d i n ~  position of the storage medium. A good match 

between areas of output phosphor on an image in tens i f i e r  and input photosen- 

s i t i v e  surface of a CST is  available fmm commercial sources. 

Fj-nally, the choice of output f o r  a CST i s  again t o  be made i n  the con- 

t e x t  of overal l  system requirements. I f  visual information is not needed a t  

this lucaticm then c l c c t r i c a l  ol.1tpl11: signals , representing the algebraic 



sununation of charges on the storage medium, can be provided by a scanning 

electron beam from presently available commercial tubes'of the EOST variety. 

(They are commonly used i n  TV scan conversion.) I n  f a c t ,  a single electron 

gun can *me f o r  both reading and writing, i f  the time requirements between 

input and output signals ax not too c r i t i c a l  ( 2 4 ) .  However, CST are a l so  

available in which the output beams of electrons are sent  d i rec t ly  t o  phosphor 

surfices, showing immediately the on-line of image accumulation. I n  
' 

beneral, there is adequate f l e ~ i b i l i t y  among c m e & i a l .  CST t o  meet the common 

requirements of radiation h g i n g  systems. 

V . Conclusions 

Photographic f i lm is currently the most widely used and generally satis- 
- .  . 

factory analog'storage medium f o r  radioisotope imaging systems. 

The cal ibrat ion of fi lm, t o  obtain a quantitative measure o f . t h e  detec- 

tor? output at  each point,  can be accomplished conveniently with a step-wedge 

generator. More complex quantitative i n f o m t i o n ,  such as the number of 

detected radiation events within an arbi t rary  area., is not eas i ly  obtained 

f r o m  malog storage media. 

Although image smoothing i s  performed on-line routinely, by projecting 

overlapping bell-shaped spots on film, image sharpening is  currently performed 

off-line. It appears t h a t  image sharpening could be performed on-line by a 

storage medim capable of accepting a bipolar input function, consisting of 

a central  posi t ive region (where addition, storage, o r  increase of some 
. . 

physical en t i ty  occurs) and a surrounding negative region (where subtraction, 

erasure, o r  decrease of the physical en t i ty  occurs). Photographic film 

(u t i l iz ing  the Herschel e f f e c t ) ,  photochromic materials, and charge storage 

tubcs havc t h i s  capabili ty.  



I n  attempting t o  determine the par t icu lar  s i tua t ions  under which on- 

l i n e  sharpening might be desirable,  and safe ,  a l l  of the  usual precautions 

against  an - a p r i o r i  choice of image manipulatives apply. 

0 
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V I I .  Figure Legends 

Figure 1. Typical charac ter i s t ic  curve f o r  photographic film. The exposure 

required f o r  density B i s  l o 2  times tha t  required f o r  density A. 

Fig& 2 .  Film ca l ibra tor  consists of a l i n e  source of * 4 ~ 1  and detector 

I separated by a step-wedge absorber designed t o  produce count r a t e s  from 

I 100 t o  9,500 cpm i n  26 steps of 20% increase, a s  shown i n  Figure 3. 

(Reproduced with permission of the Jourhal of Nuclear Medicine.) 

Figure 3. - Left : Smoothed brain scan produced by overlapping bell-shaped 

1 : .  spots. Calibrated stnp-wedge recorded on the  same film 

permits quantitative determination of the count r a t e  a t  

any point. 

Xight: Isodensity (isoco~rnt) contour p lo ts ,  which can a lso  be 

. produced i n  color. 

Figure 4; Upper: Image smoothing is routinely performed on-line, and image 

sharpening off-line. 

Lower: I f  the storage medium can accept bipolar inputs,  f o r  the 

addition and subtraction operations required f o r  image 

1 .  sharpening, then sharpening a lso  can be performed on-line. 

Figure 5. Left: Cross-section of a typical  f i l t e r  function used by a 

d i g i t a l  computer f o r  image sharpening. 

- Right: Cm&-section of the, pmjected l igh t  spot required f o r  

on-line image sharpening u t i l i z ing  Herschel sensi t ive film. 

Blue l igh t  increases, and'red l igh t  decreases the la tent  

image density. - 



Figure 6 .  Input-output relat ions f o r  charge storage tubes. 

Figwx 7 .  Bipolar configuration of charge resul t s  from the redistr ibut ion 

ef fec t .  This is analogous t o  the configurations i n  Figure 5 ,  and 
a 

persnits on-line image sharpening with a charge storage tube. 
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