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1 • IN'l'RO DUC1'l ON 

When a ph togl'aphic e mul s i on ha s been exposed to light and immersed in a 


devel oping solut ion, grains of 51' l ver ha ll'de Wh1'ch have 'd 

r~ celve suffi cient 


illumination are r e du ce d to sl'lver . Th ' . t h b .

18 1S e a S1C photogr aphi c ef f e c t 

and the r esul t ant 'ne gat i ve ' ( bl a ck s ub j e cts on a clea l' background) may be 

pre s ent ed as input infor mati on to a Fl ying Spot Digitizer (F.S . D.) for 

automati c digi tizing and analys i s . 

A r e f i nement in prepari ng f ilm for such ma chines utiliz08 the so-cal led 

'reverse developmen t' pro ce s s . 'l'his pro cess starts by exposing and 

de velopi ng the film i n the usual way and a t thi s s tage the background density 

may be controlled by t he us e of a s ilver hal ide solvent. The developed 

sil ver ' s the n ble ached and the whole fi l m unifo r mly exposed to light. 

Afte r a f urther d . e l opment pr oce dure t he 'po~itive ' i m ge (clear s ubje cts 

on a dark background) is produ ced and the re s ultant film may a l s o be u seu 

as inpu L f or an ~. S. D. 

Reverse d. ve l oped fi l m offers some adv ntage s to an F. S .D . ( 1) a s s cratches 

and Just part iel s introduc~d during me chanical handling contribute fewer 

'noi se' digiti zi ng t han negat i ve fi lm. Also, many F .S. D. s have basi c 

Signal/ Noi se rat i os do minate d by photon (Shot) noise and as photon noise 

is propor ti onal to the squa r e root of t r an s miss ion , higher ratios may 

tC lerefore bl:." obtai ne d for reversal film. 

'l'he work to be de s cribe d in this pa per is bas ed upon rt; .' ;ults r ecently 

obtai ned by us i ng the HPD2 digiti zer at the Rutherford Laboratory with spark 

chamber film. 'l'his F .S. D. has a powerful laser gb1d :3.ted measuring spot 
12( 2 x 10 ph ot ons/ sec at 488nm) and pe r f or manc e i s not dominated by photon 

noi e ( 2 ) Howe ver , re vers development is well established for spark chamber 

film and i E t h e e fore assu me d t hr ough out t he a nalysis. 

2. DEIUVATI ON OF PTI MUM FIL M DEVELOPMENT CRITERIA 

The meas ur ed r l ationships b t ween the film dens ity, transmiw : ~ ';"on and ; ;1 ..Li-:l j C,c t 

exposure may be used t o predi ct the s i gnals produced by an HPD. A stud y of 

the 'e s1. nals as a fun ction of subjec t exposure and film devE' l opmE'nt I.il.ll lead 

to an optimizat i on cri t e rion f or s park chamb r film. Film noise due to the 

granular struct ure of the e mul s ion may als o be used to produ ce an alterna t ive 
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criterion based upon t he theoretical si gnal/ noise rat i o. 
(3) 

2.1 	 The Rel a t ionship be tween Densi t y, Transmission and Exposure 

The transmi ssion (T) of a film is equal to the ratio of the transmitted 

to t he inci dent light. It is a well-establi shed relationship that 

Log10(~) is proportional to the amount of s i l ver present and is defined 

by: 

( 1 ) Photographic Density D = Log10 (1) 
T 

The quanti ty D i s wi dely used in photogr aphic work and the simple 
. (_1) d t .,numeri ca l relationship between Density ( D,) Opac] ty T a ll' ransmlSSlon 

(T) is given in Ta ble 1. 

The density of the subject wi l l depend upon t he exposure ~ and the 

development condi tions chosen. The shape and scale of the Density v 

Exposure graphs are shown for reverse developed Il for d 'Aerial A' film 

in Figure 1 (where E is represented logarithmically). This is the 

reverse of the more usual negati ve form but the essential features are 

the same. These are a 'shoulder' r egion at hi gh densities, a n 

approximately linear r e gion and a 'toe' region at low densi ties. 

'Aerial A' is a f a st, medium grain film in established use at the 

Ruthe r ford Laboratory for spark chamber experiments. Figure 1 represents 

the calibration data whi ch is us ed t hroughout the following analysis. 

The HPD it self measures transmission s o t hat the characteristi cs of the 

film must be conver ted from D v E to T v E by usi ng Figure 1 and Table 1. 

The re sults of thi s operation are sho,vu in Figure 2. 

2.2 	 De ve l opment for Maxi mum Signal 

A typical ou tput signa l from the rneasuring spo t channel of the HPD 2 

is shown in F i gure 3. The essent i a l feature s are: 

(i) 	 An average background signal TB (D )B
(ii) 	 Film Noise 0T(OD) due to the granular struct ure of the developed 

film. 

(iii) 	A track signal 6T relative to T •
B

The method used by HPD 2 t o pr oduce a t rack pulse is based upon signal 

amplitude. Thus, unless there is a di spr opor tional i ncrease in film noise, 
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exposure and development of the film should attempt to maxi mize ~T. 

Now from Figure 2 it is possible to calculate the relationship ~T v TB 

for an exposure Es,remembering that the background exposure in a spark 

chamber is virtually zero. The relationship is shown in Figure 4 

and it is of immediate interest that there is an optimum development 

(background transmission TBmax ) for a given subject exposure. (E )' Further,s 
failure to achieve optimum development potentially makes significant 

reductions to signal amplitude. 

The maximum ~T available from the film will decrease linearly as the 

background TB becomes higher and this is also shown in Figure 4. 

This maximum can be achieved at low background transmissions only by 

relatively bright subjects. As subject exposure decreases the film is 

able to produce a lesser proportion of the maximum nominally available. 

The combination of camera variables (aperture and shutter speed) and 

subject illumination will determine the relative exposure of the subject· 

Clearly, the objective with a spark chamber is to get the maximum 

exposure consistent with accurate (spatial) reproduction of the 

subjects. This is not always possible and it is therefore important 

to be able to predict the signal and to ensure that it is near optimum 

for the HPD. 

The maximum signal (~T ) available from the film may be derived from 
max 

Figure 4 and shown to follow a simple linear relationship up to satura

tion: 

~T = 42 E - 13 (%) (2) 
max 

Where E = lo~dRelative Exposure) and the relationship is plotted in 

Figure 5. 

Thus,if E = 1.0 then 6Tmax = 29%} i.e. two camera stops gives twice 
E = 1.6 then ~T = 54% the signal

max 

However, from Figure 4 it can be seen that these maximum transmission 

changes are obtained at different backgrounds T • The relationship
B

between the background TB to give the maximum signal and the subject
max 


exposure may also be derived from Figure 4 and is shown in Figure 6. 


- 3 



Again a simple linear relationship exists: 

= -20E + 56 (%)TBmax 

Thus for the previous example: 

= 29% at TB = 36% (DB = 0.4) for E = 1.0t.Tmax 


= 54% at TB 24% (DB = 0.65) for E = 1.6
t.Tmax = 
It is interesting to note that traditionally spark chamber film has been 

developed to much darker backgrounds (e.g. TB ~ 3%, DB = 1.5) than 

optimum, mainly because it seems more pleasing to the eye. It can 

now be seen that this is only satisfactory if the subject exposure is 

relatively strong. From Figure 4: 

6T = 15% (DB == 0.8) for E = 2.0 
max 70% at TBmax 

6T = 60% at TB 3% (DB = 1.5) for E == 2.0 == 

t.Ti.e. = 0.85 
t.T max 

However, for a weak subject ,such development would have a deleterious 

effect on the signal: 

e.g. t.T = 20% at TB = 40% for E = 0.8 max max 

but 6T = 3% at TB == 3% for E = 0.8 


6T 
Not only is t.Tmax = 0.15, representing a considerable loss of signal 

amplitude but the Signal/Noise ratio approaches one. (See Figure 7). 

Thus, if a photograph has a wide range of subject exposure, then 

development to maximum t.T for the weakest subject is advisable. There 

should be no significant effect on the stronger subjects. 

2.3 Development for Optimum Signal/Noise Ratio 

The analysis presented above deals in the signal change 6T, whereas 

fundamentally one is interested in the Signal/Noise ratio. In the 

case of the HPD 2,the laser illumination system ensures that photon 

noise is negligible compared to film noise. 

Theoretical considerations of film noise are based upon granularity, 

an effect due to the random distribution of developed grains of varying 

density. A Gaussian distribution is in good agreement with practical 
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measurements so that the Granularl.·ty may be _ expressed as the Standard 
Deviation ° of the distribution (oD density or 0T transmission units). 

where DB = Background Density 

¢ = Measuring Spot Diameter 

(10 microns for HPD2) 

It is generally accepted that ° Q'/D so that 

= /Do
00 (4) 

where 

000 = Granularity under reference conditions i.e. D = 1.0 an HPD2 

scanning aperture of 10 ~m and a bandwidth of 6f = 2.5 MHz. 

Now from differentiation of Equation (1) 

= 0.434 °T (5) 
T 

so that 

(6) 


Thus, 0T has a maximum at T = 60% and zero values at TB = 0 (clear 

film) and TB = 1000~ (black film). 

It is difficult to get reliable figures for 0D that are applicable to 

the scan of the HPD. However, 0T as a function of TB was measured 

directly from the HPD signals and the results are shown in Figure 7. 
Despite difficulties in correctly identifying film noise, the relation

ship is clearly shown to follow Equation (6) and the absolute values 

are sufficiently accurate for this analysis. 

From Figure 3 it is clear that the noise seen by the HPD signal 

processing electronics must be taken as the peak value rather than 

the standard deviation. For a Gaussian distribution, we may assume 

that the 'Effective Film Noise' 0T = 20T . The Signal/Noise ratio is 

given by: 

(7) 


S
/N as a function of TB for different suqject exposures is also plotted 

in Figure 7. 
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3. A GUIDE TO OPTIMUM CONDITIONS 


If these relationships are now used to optimize the film development, 


results slightly different from those obtained by optimizimg 6T alone 


(shown in brackets) will be obtained. 


For E = 0.5 
S 

/N = 2.1 at T = 40% (6Tmax 
at 45%)


B max 


E = 1.0 S/
N = 7.5 at ~max = 26% (6Tmax at 35%) 


E = 1.2 S/ = 10 at T = 25% (6T at 30%)

N B max 

max 

(to =) at low transmissions. UnderTheoretically the SIN ratio rises 

optical imperfectionssuch conditions the contributions of film blemishes, 

and electronic noise become significant and the simple analysis is no 

longer valid. Thus SIN ratios at very low TB are not considered in 

the figures above. 

It would appear that for weak/medium subjects (E < 1.5) there is little 

practical difference between optimizing for signal 6T or signal/noise 


ratio SIN. For strong subjects the arguments become academic and the 


main problem is that the subjects may become over-exposed to the extent 


of producing distorted images. 

It is therefore proposed to use the 6T criterion exemplified by 


Figures 4, 5 and 6 as a means of determining film development. 


Figure 8 shows TB as a function of developer temperature and it is clear 


that for TB > 5% (DB < 1.1) temperature control of the film processing 


plant becomes critical. Subj~ct to improvements in development 


techniques, reliable control of such background transmissions is 


unlikely and the optimum value of TB will be difficult to achieve and 


maintain, e.g. a temperature of 28.5
0 ~ 1° will yield TB = 18% ~ 9%. 


As one lowers the discrimination level below which the HPD rejects 

signals, a point is reached where control of the noise digitizingsbecomes 

operationally more difficult. At the present state of development of 

the HPD 2, 6T = 5% is about the minimum signal detectable and 6T ~ 10% 

is a good operational figure. This suggests from Figure 5, that an 

exposure E { 0.6 is required and from Figures 6 and 8 this would require 

TB = 50% at a temperature of > 30
0 

C. 
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I f one now considers pr a cti cal values of de vel ope r temperature, a 

mi nimum liT = 10% and consults Figur e 4 then a recommended (but not 

t heor eticall y optimum) exposure and development becomes appar ent. 

It is therefore recommended that ; 

Log10 (Relati ve Subject Exposu r e ) E t 1.0 

Background Tr ans mission 10 - 16% 

lJ) - 0.8 

4. AN APPLICATI ON OF THE TECHNI QUE 

The methods described have been used recently to initially measure and then 

to opt imize t he s ubject exposures for two spark chamber experiments. One 

of these was t he RHEL-Rom S104 experi ment us i ng wide-gap chamber s The 

charac t eri stics of the expe r iment and its appara tus presen ted a wide range 

of sub j ect i l luminat ion and was the r efore an ex ce llent illuFtration of the 

techni que. A typical frame is sho wn in Fig~re ~ . 

The procedure was initiali ze d by taking a few t est exposur s under normal 

experimental conditi ons and developing the result ant film to a background 

transmission used fo r pre vi ous experiments, i. e . TB == 2% (DB == 1.7 ) . The 

film was then digi t i zed by HPD2 and with the aid of a computer displa y the 

various subjects were identified in the track signals. The subject tra ns

missions were then compute d from these signals and f r om the TB == 2% curve of 

Figure 2 t he s ub je c t expo sur es we re estimated. The average range of subjects, 

as indicated i n Figure 9, is li s ted below: 

Subjec t '1'% ~TDJ, E EX12ected E 

Brenner Mark (BM) 20 18 1 .55 (2.15) 


Binary Nu mbe r s (BN) 57 55 2. 0 ( 2.3 ) 


HPD Fidu ci als (HFID) 30 28 1.7 (2 .0 


Chambe r Fiducials ( CFID ) 6 4 1.15 ( 1 .45 ) 


Tracks - Strong (TS) 20 18 1.55 (1.85) 


Track - Weak (TW) See Text 


From Figure 4 it was clear t hat, under these conditions , only the binary 

number had near maximum exposur e a nd that all other s ubj ts requi re d an 
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exposure i ncrease of a t least a f a ctor of two (~E = Log Exposure = 0.3). 

Thus, an increase in camera aperture from f/11 to f/8 "as recommended and 

in order to facilitate detection, the brenne r mark eXposure was increased 

in brightness to giv a f urther factor of two. The expected subject 

exposures ( in brackets) are indicated above. 

The weak sparks were , i n some instances, hardly discernible by eye. It was 

clear fro m Figure 4 (e g f or Es < 1. 0) that the maximum practical improvement 

in exposur e and de velopment was ne cessary if significant spark information 

was not to be los t. 


A second s eries of exposures were taken and an attempt made to develop the 


film for TB ~ 10 - 16%. TB turned out to be 9% (D = 1.04) which demonstrates 


the difficult i es suggest ed by Figure 8. 


The samples yielded the foll owing results: 


Sub j e c t T% ~'r% E 

BrennEr Mark 83 74 2.2 


Binary Numbers 82 73 2.2 


HPD Fiducials 73 64 2. 0 


Chamber Fiducials 42 33 1 .55 


Tracks (Strong ) 61 52 1.8 


Tracks (Weak. ) See Text 


Considering the uncertaint y in i nterpreting exactly Figures 1 and 2 and in 

measuring tran s missions on the HPD, t he se figures are in good agreement with 

predictions. The e f fec t of i mpro i ng sub ject exposure and the film develop

ment for the S104 experi men t i s summarized in Figure 10. 

It has been possible to i ncrease the exposure of relatively bright subjects 


close to the maximum available wi t hout over-exposure e.g. the brenner mark 


has gone from ~T = 18% to ~T = 74% (which makes the problem of reliable 


detection much asi er). 


For relatively we ak subjects, the i mpro ve ments a re impressive. For example, 

the chamber fiduc ials t aken at f/ B and de veloped at TB = 2% would have given 

~T = 17% only marginally above the recommended limit for HPD. Developing 

to a background of TB = 9% ha s improved this s ignal to ~T = 33% which is 

excellent for the HPD. 

Similarly, the range of sparks seen by t he HPD2 has been extended. In 
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t he fir s t fi l m s e r ies the minimum spark detected (SPARK MIN(1) ) for 

~T = 5% had an exposur e of E = 1.25. Sparks with 50% of this intensity 

would have been de tectable if only the camera aperture had been changed. 

By also changi ng the development, sparks with an intensity of 30% x SPARK 

MIN(1) wer e de t e ctable in the se cond film series. Alternatively, the 

improvement may be seen as giving SPARK MIN(1) i n the first se r i e s, a 

signal of ~T = 32% i n the second film series. This is also shown in 
Figure 10. 

The range of s ub j e c t exposures is limited by the minimum ~T detectable by 

the HPD and t he maximum i ntensity acceptable before over-exposure. The 

r ange accommodate d fo r the 8104 experiment was about 20: 1 but it is likely 

that a r ange of mor e t han 100:1 would be possible for this film and develop

men t. 

5. CONCLUSIONS 

The analys i s presented in this paper provides a simple, quantitative method 

of determini ng the exposure and development of spark chamber film for 

automatic me asuri ng machines. 

It is i mpor t ant to recognise that choosi ng a nominally dark background, 

which may be ac cept able to the eye, can have a delete rious eff e ct on 

measur i ng perf ormance . This is particularly true f or relatively weak 

sub' ects and in such cases, apparently marginal change s i n exposure and/or 

background t rans mi s si on , become s ignifi cant. 
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FIG.B. BACKGROUND TRANSMISSION v. TEMP. of DEVELOPER.[-25 ..-. .- ----- -,---, ... - - . -.-- --.--. 
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PHOTOGRAPHIC DENSITY = Log 100PACITY = Log IO [ (TRANSMISSION)~ll. 

DENSITY OPACITY TRANSMISSION % 
r 

OJ \ ' r,1 C' 
0-) 1- 3 79 
0- 2 1-6 63 
0' 3 2-0 50 
0-4 2·5 40 
0-5 3-2 32 
0'6 4-0 25 
0-7 5-0 20 
0-8 6- 3 16 
0·9 8·0 12·5 
,- 0 10 10 
, -1 13 7·9 
1- 2 16 6·3 
1· 3 20 5-0 
1·' 25 4·0 ,. 5 32 3·2 
1' 6 40 2·5 
1· 7 50 2·0 
1· 8 63 1· 6
1· 9 79 1· 25
2·0 100 1-0
2·1 126 0'82, 2 158 0-62·3 200 0-52·4 25 1 0'42·5 31 6 0'3 

Table 1. Relationship of Photographic Density to Transmission. 
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