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STUDY 0F PHoToGRAPHTC rMAG¡is UsrNG I'OIJRrER TECIINTQIIES

STIMMARY

An opticat Fourier analyser for analysing transparency fr¡:nctions has been

constructed. ancl for¡ncL to give aecurate results. A cLetail-ecl cLescription of

the instrument, an aclaption of a Michelson interferomèter, including the

mechanicaJ- u:nits ancL eleçtronic cirouits usecl, is given.

An attempt to establ-ish the anowrt of harmonios present when reeorclj"ng

sine wave objects on the straight portion of the H & D cur:\¡e of the photo-

graphÍc emul-sion has been made. There are limitations tq the valid.ity of

this treatment but for low contrast objects a goocL estimation of the

harmonic content can be nacle. VÍorking in te:rrs of transníùted. j-ntensity

it is shown that a simple theory, similar to that used. in the d.esign of

auclio porrrer amplifiers, can be used. to ealcr:l-ate the harmonio eontent of

sÍne wave i-mages. The rest¡l-ts obtained. from this theory are aompared. with

those precticteci. from the straight part of the H & D curve and. tiíe values

measured with the apparatus.

A method. for caJ-eulating the frequency response of photographic emu,fsions

is establÍshed" and the response of f our ll-ford. emul-sions , is measurecl".

Some applications of the j:r¡strument are suggested. ancl diseussed"
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CHAPTER I

FOIIRIER TIETHODS AS APPLTED TO OFTICAL IMAGE

FORMATION AND PHOTOGRÀPHY

I.1 Introcluction

Tn 1946 considerable impetus was giyen to the subject of assessing

optical systems when Duffíeux('t ), suggested. appl-ying to them the same

Fourier techni-ques which had al-ready proveil of great va.lue in communi-

çation theory. Essentially, in terms of the el-ectrical analog¡, this

meant canÞid.ering an opticaJ. system as a passive network and cleriving

its transfer fu¡ction to d-escribe how it treated. sine wave inputs, in

this case of varying spatial frequency.

That optical systems ooufd be considered in this fashion and a trans-

fer function derived was quiclcly provecl, both theoretically and prac-

tically" The ad.vantage of this approach is that it gives an obiective

method. for assessiÐg a¡r optical system which correlates well- with sub-

jective appraisals. Many of the rather puzz]-íng observations in

optics which had. hitherto remained unexplained, for exarnple reversaJ- of

contrast in the images of line g¡'atíngs of certain frequencies, were

now quite easily understood.

Since any incbherent obieot can be considered- as a suitabLe com-

bination of sine wave gratings of various frequencies, contrast anò

orientation, it is possi.ble, Imowíng the transfer funetion of the

system unðer investigation, to precLict the form of the image of

yarious si:npIe objects e.g. Sfíts and etlges, md thus ari assessment

of the imaging properties of the system can be read.ily made. The

terrn simple objects is used to imply that these objects have Fourj.er

spectra whieh arle one dimensional and. easily deôuced. mathematically.
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T.2 The object and image as a superposition of cosine-wave gratings

The final- image produced by an optical instrument may be considered"

in a nunber of ways. It is possible, for example, to analyse it in

terrns of star images or, alternatively, to regarcl it as a superpoçition

of cosinen\rave gratings. A stucly of phqtographic inageo based. on point

sources was mad.e by G. Haase and M. Muller (lgøO) (Z) anð, the possibitities

offeretl by inf orrnation theory have af,so been consid.ered.. Making a number"

of assumptions the inforrnation cgntent of a photographic image may be

assessed numerically, as by Linfoot (lgSS) (J), ¡ut this approach is

rather complicated. and. unfortunately its results are not easily inter-

ppeted. in a useful- marurer. FinaILy one may specify the ùistribution of

intensity in the image by its Fourier transform assuming that it i-s com-

posecl of incoherent cosine-wave gratings of intensity.

Consider an aeriaJ- image formed. by a photographÍo l-ens. The light

intensity usually varies in it in two dinensions, so that a function of

two variables has to be used. to represent the d.istribution of intensity.

Let B' (€'o, n'o) represent this d-istribution with reference to a rectan-

gular set of coord-inates (€'o, 4'o) in the image plane (figure I .1 ) . Then

B,
o

(e , 4'o) will- have a two-d.imensionaJ- Fourier transforrn given by :
o

o
tb, (soto' ) € )[[ r'

JJ O o
rl(

"*o [-í2r (ê's + n' t- L '-o o 'o ) d €' dn'-o 'oo

1

which after a rotation of a¡reg (€'o, n'o) throush an angle = tan-1

(to,/so) and puttins R - (s'* tl)å may be written :

b' (s , t ) = [f Iu' (€', n') an' J "*n Gizo€'n)a€' 1"2o'o'o' JLJ )
B¿ (€' , n') i" simply the intensity function referred to the new axi-s

and- R the spatiaÌ frequency. If the integrated i¡rtensity along tho

4 axis is denoted. by :

B' (e') = ["'(€',n')an' 1.3
I
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the two dimensional transform b'o (So, to) maÏ be seen to be obtainable

fnom the one ði-mensional transform :

b' (a) B (€') "*p (-iz r R€') d €' 1 .)+

when this is lclovrn as a function of R for d"ifferent azimuths ry', since

b' (n) = b'- (R Cos r/: R Sin r/). This interpretation shows that any
o

object and. ìrnage may be regard.ed. as a superposition of cosinusoid.al

li-ne gratings of variabfe opaeity of different wavefength frequency

and orientation (figure 1.1).

This representation of the aenial image shows that to evafuate image

qual-i,ty ít should be s'ufficient to lcrow how d.ifferent spatial- frequencie.s

in d.ifferent azimuths for each Ímage point are transferred. by the

optical- system from the object to the Ímage plane.

I.J the frequency response of lens systems

Any aerial image nay be considered as a suitabl-e combinati-on of

cosine-wave gratilgs. Assume a grating like object across which the

intensity varíes according to the formul-a (figure I "2)

B (€) = a.+ p Cos 2nL{- 1.5

Its image will have an intensity distribution of the forrn :

B' (€' ) =. s,t+p' cos f, n * €' + o (R) J 1"6
L)

lwo conditions must be fulfilled" to obtain this resu-l-t" Firstly, the

system should" be isoplanatic, which requÍres the aberrations to change

slow1y over the image plane. SeconùLy, the intensity ùistribution in

f,he image shoul-cl be foi:nd- by the simple ad.d.ition of the Íntensities

produceù by each elementary area of the object, this means that the

Íl-l-umínation must be incoherent.

trf these twe condltions hold., the optical system may be placed. in

that el-ass lmown as linear systems

Formally a linear system may be d.escribed. ín the followi.ng manner.
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Let I (u), trre input to a ptgrsical system, denote a function d.epend.ing

on the val-ue of some quantity u, arld l-et 0 (,r' ) le the reoulting output

specified. by íts d.epend.ence on u' . The conditions for IÍnearif,y are

that two inputs f'(u), fr(u) which give separately outputs 0.,(u'), or(u')

will- give an output 0.,(u') * Or(u') for an input f., (u) + tr(u) or

symbolically :

r., (u) + rr(u) - or (u') + o2(u') t"l
If the input is "delayedrr by a quantity uor the output is sÍmiÌar1y

"delayecltt, in symbols

r(u-ro)-o(u'-ro) 1.8

If these two condj-tions are fulfiLled. the systom is linear", In image

forming systems cond.ition (t.J) requiree the object'bolbelnooherent and

(,1.8) expresses the isoplanatic cond.ition.

The contrast in the object cosjne-wave (t,¡) is measured. by the ratio

p/a, fLgore 1.2, and that in the image by F'/o' . The ratio of the inage

antl the obJect oontraet is clenotecl by I (n, ,/ ), where r/ is the azj:mutlr.?.L

angle between the lines of the grating and the mqrid.ian plane of the

opticaÌ system fonning the image. Thus r (n, ,l) = @'/"')/(P/"). The

maxima of (1.6) are d.isplaced. laterally rel-ative to those of (t.5) by an

amountf - -e (n)/zrn.
These two quantities may be usefully combined. to forrn a single

conplex nurnþs¡, namely :

I (n, ,/) = r (n, r/) exp í o (n, ,/) t.g

This compl-ex nurnber is ::eferred to as the frequency response of the

system. If D (R, ú) :-s lcrown for any given pegion of the image pl.arre

as a function of spatiaJ- frequenoy R ancl añnu1"h $ , then the iurage

forming properties of the optical system a¡e compJetely specified". It

is now possi.ble to nultiply the a.mplitucle of each qbject ,çosine-wave

grating by I (R, ú) and shift its position by an anqunt ô€'= -g (R, g)/Znn
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This is il-lustrated. in figure 1 . J.

The uontraul tr'¿rrrsfer'Îu¡rction T (4, {r) ís iaentlcally equal to un1ty,

when R = 0. ït will fal-1 to zero at a certain spatial frequency,

R_^__, which is called the limit of resol-ution, Co¡rtrast, usuallymax'

revensecl, may appear in the image at frequencies greater ü* **u,,

giving rise to spurieus r:esol-ution.

The frequency response j-n the presence of d"efect of focus has been

calculated. by Hopkins(L) (190j), for astigmatism by oe(5) ?gfS), æd

for spherical- aberration and- coma by Goodbo¿y(6) ?gfg). Many of these

resul-ts have been veri-fied- by K.G. Birch(/) (lg6O) using a scanning

methocl. An automatically record.ing interferometer has also been used

by D. Kelsa11(8) (1959). This is used in monochromatic fight ari¿

besid.es f (n, ,/), the phase shift e (A) has been measured in some eases"

I"l¡ Frequency response as applied. to ographic image recording

The application of frequency response method.s to the actua^l- recordíng

of an aerial image, specified. in terms of its Fourier transfozm, by a

photographic emi¿lsion presents several peeuliarities. Firstly the

problem is simplified- si:"rce und.er most conditions, exeluùing very large

inçid.ence angles of the image forniing light, no spatial phase shift

takes place between the incid"ent cosine-wave and record.ed cosine-wave.

Unfortunately the problem is compLicateò by the non l-inear propertÍes

of the photographic emulsion. These non fínearities are present due

to the rel-ationship between exposure and resultíng d.ensity which is

eharaeteristic of all photographic materials. ff the input signal is

d.escribed- in the s¡rmboti-c ma.rlner of (t "7), the two inputs correspond- to

variations of light intensíty expressed. in terms of exposure, the output

signal oorrespond.s to transmitted. intensity. The effect of the two

exposures wil-l- not evet. give a transmitted" intensity equal to the sum

of the intensities obtained. from the tr¡rq inputs acti¡g separately.
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To overcome this diffículty Frieser(9) (lglS) showed. that the

complete photographlc process coulù be r¡o¡rsiùçreú itl truo stages"

The first consists of the actual exposure of the photographic emulsion

to light, together with, in this context, the linear scattering of

lieht i:r the emul-sion layer. Thus the original "prùnted-on" ex¡rosune

resvJts in a different d.istribution of light i-n the emuf sion which is

cal-led. the I'effective exposurer'. For cosine-wave test objects the

va:¡iation of ill-r¡nination in the effective exposure wil-l- be simil-ar

to that in the printed.-on exposure but wilJ have smafl-er amplitude,

that j-s it will- be of lower contnast. 0n clevelopment the effective

elq)osure gives rise to a clensity elistribution whose forru d-epends on

the devel-opment conclj-tions. In this stage there is a non-finea:r

relationship betwetrr tkre effective exposure antl the resulting d.ensity"

Frieser obtained. the form of the effective exposure from measurecl

cLensity d.istributions in the photographic images of cosi-ne-wave test

objectp us rocharacteristic curve to refate them.
That Ír: bi density anrL logr¡ (u*tro*ur") '

Provid.ed n hbourhood et'f'ect'1s present, a d-ensity

d.istribution, which eontaj¡rs in fact both the fr.¡nd.a¡nental- of the

coôjJre-wave test objeet and harmonics introcluced by the non-lineariÐ,

l-eaci.s to an effective exposurq of cssínusoid¿l for:ln (figure '1 .4)"

Frieser fur,ther showçcl that the effeotive exposure of a cosine-wave

has the same mearr val-ue as the printed"-on exposure, but that it is of

reduced amplitud.e variation, that is of l-ower contrast. The ratio of

the amplitud.e of the effective exposure to that of the pni.::ted-on

exposure was shown to be a function of the spatial frequency of the

test object - the relation between the two constituting the frequency

response of the' emul-síon"

If b" (n) aenotes the Fourier spectrum of an "effective't image, the

original object havi-ng a spectri:n b (R) then :
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anð acceptability of images couJd. be found."
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CHAPTER TI

TTTE FOURIER SPECTRA OF TRANSPARE$ICY FUNCTTONS

II.1 Methods of d.etenmíning experi:nentally the Fourier traÐ.sformq
of trans distributíons

The d.etermination of the !'ourier spectrr¡¡r gf a t::ansparencJ¡ functi.on

can be mad.e in several ways. The method. which immed.iately cones to

mind is to scan the tnar¡sparency with a microphotometer and. analyse the

resutting trace nunerically. Besides being a rather tedious nethod,

i.rregularities, introduced by the gr:ain structure of nost emulsions

consid.ered., fimít the accuracy with which the transform can be obtained".

The nr¡nerical computation takes an appreciable time especial-ly if a

d.igital cornputer 1s not avaiJ-abl-e. In the initial stages of the

investigatj"on when the apparatus was still- being assembled., this

method. was employed. Fortunately the author had. had need. some two

yÇars ago to write a progra¡nmo for the IBM 7090 digital computer to

enable one to find. the Fourier spectrum of optical spread functions;

this was easily ad.jupted to suit the present neetls. It is of interest

to note that it is possibl-e to d.o in a number of minutes on the computer

caleulations which take a trained. operator some weeks to accomplish on

a d-esk eal,cuJ-ator.

A seeonð method. which has been usetl successfully by a number of

authors makes use of the auto*correfation fi.¡¡rction. The auto-

eorreJation function Õ (€o), of a fr:nction B (6), can be d.efined.

as the prodUct of the fr¡nction with itself displaced by a distanee

€o, that ís :

çoF
o(€o) = lB(€).8(e -€o)a€ 2.1

J

A physical interpretatíon of thi-s can be given as folIows. Let two

id.entical- transparencies be uniformly iIluninated". The anount of 1i6ht
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pa$Þing through the two copies will ehange when one is shifte¿L with

respect to the other, and. the light flux can be measured by means of

a photooelJ." The transmission iB obvlously a maxi:num f pr no sh-ift

sinoe opaque aneas Bverlap corresponôing opaque areas but will

generally dqcrease when a shift is macle causing opaque areas to overlap

trar¡ppBnent ones.

ïVe must return to equation 2.1 to see how this phenomenum can help

us in find"ing the Fourier speetn¡n of the transparency. I¡'Ie have ;

q (60)
- 
_l*

B (c)s (e -€o) d€

where B (6 -€o)

and.

¡ (-n)

Therefore

-ï
Þ (n) exp j-2rR (€ - 6o) dR 2.2

2"1

2.)+

2"7

.8

u (n)
-I

B (€) 
""p - i ZrR€ d€

-æ

-æ

-æ

-po

-æ

-æ

-I B (€) 
"*p

i 2 r'R€ d€

-ll
Õ (€o) Þ (€) b (n) exp (iznn€)

exp (-i2n R€o) a€aR 2"5

Changjrtg the ord"er of integration and. usjng equation 2.1¡

o (€o)
-I b (R) . b (-R) exp (-izr R€o) aR 2"6

IfB (e) iu rea1, its Fourier transf,orm satisfies

I (-n) = b4' (R)

-l
Then Õ (€o) l¡ (n)l' exp (-i2r R€o) ¿ n

er e (n) = lb (n) l'
o ln) ¡e:ne the Fourier transf orm of Õ (€ ).

2"9





IT,? The interferometric method.

(a) tqegry

I,et P (e ) ¡" thç distribution of intpnsity in two beam inter-

fefenoe f:ringes, havþg frequency R lines/run and let ø be the nea.r¡

intensity atfl P the anpfitud.e of variation. The tatj¡ ,9 is the

Michelson visihil"ity or oontrast of the f,ringe pattern and-

P(€) = e+p Cos2îR€ 2.11

ProViclecl the transparency fr.qction is taken to be zero outsiðe

the region to be analysecl the total- lieht flux trar¡smittecl through

a photographic plate ill-uminated. by the fringes is glvep by :

æf a
F(€o,n) =-l B(€)\o*pcos(2rn(ç-r rrì¡Ê 2.12

I - .", 
L' 

P vYP \Ê'r ¡\ \b bO//J *:

where 3 (4 ) is the integratecl transparency aE defined before,

€o being the d.isplaoement of tho fringe systgm al-ong the € axis.

If the above exppession for F (€o, R) it written irÌ the form :

-17-

-90

F (€o, R)
-I

=ø B (€) d € + F cos (2rr R€o)l B (€) cos(Zn R€)de

-æ

-I
+ p sin (zr n€o) B (6) sin(zrnç)¿e 2 "13

it is possible to wr:ite the various integraJ-s in terms of thc

Fourier transforms of the transpa:rency functi-on. If

C (n) and S(n) are the magnitud.es of the real and. imqginary parts

of the X'oqrier spectrum b (R), then

-l
B (€) cos(zn ne)aec (R)

s (n)

-ó

-æ

-I
B (e ) sin(z r n 6)a e

The spectrun b (n) whose modulus :-s l¡ (n)l and whoso argumept

2 
"1¿+
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ís e (n)

b (R) = l¡ (n)l "*p (:- o (n)) 2"15

¡nay be written as

u(n) = ç(R)-ls(R) 2"16

and then

I'(€o, R) + a þ (o) * n [c tnl cos ?rn€o+ $(n)sin ro*€o]

The nodulus of the Fourier Spectnm is

lr (n)l [', ,*,,'. ls (R)l']

a¡¡ô the phase shift

e (n) = tan-' (s (n)/c (a))

1s the argunent of t (n), witb the conëition that

o < e (n) < n

Finelly usin8 the above d.efinitionç 2.1J nay be writtpn as

F (€o, n) G b (o) * P lt (n)l cos 2nR€ - eÃ) ?.17

(r)

.A,o 6o is mad.e to vary. the total l-ight flux transmittçcl hps a zeno

frequency corupenent, o b (o), anè a componÊnt of freque4cy pro-

portional to R, of amplituttç F lt (A) I , lf tþe phase of this

alternati¡g component is mgasurecl, it wil] give the Jateral Irhase

shÍf,t a (n). The modulus of b (R) describes the relative strength

of this frequency in the ¡egion of the photogr4ph explored. Ïflhen

norma,lízecL to make ll (o)l = 1, this modriJus will- be clpnoted by

f (+). T (n) i" call-ed. the freque4cy d.ensity anô then, apqrt from

a phof,ometric scal-e facton, the total ffux trarrBmittecl by the

transparency B (f ) i" :

F(€o,R) = a+p r(n)cos(2nR€o-e(n)) 2"18

Goneraf requirements

The above expressio4s Þhows that the Fouríer spectrum, n (n)
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e)cp (i O (n)), of a transparency function may be f ounô by

mcaouring the amplitud.c of thc altorrrati¡rg oonponent of ths

total- l-ieht flux tr"arrsmitted. when it is scarlned. with cosinusoiðaf

fringes of varying spatial frequeney, R.

There are certain preoautions which muçt be obÊervecl to ensure

aecurate measurements :

(i) ¿rr the li-ght passing through the illumi,nated- region must

be gathered onto the photocathode of the receptor.

(ii) fne contrast of the scaru:ing fringes must remain constant

as the spatial- freguency is varied or the relationship

between contnast and frequency hlown so that a correotion

coefficient may be introduced..

(iii) The size of the l-imiting rpask, when small areaç are bç1ng

scan:cecl, must be an lntegrpl number of period.s of the

scannlng f::equenoy¡ this is espeeially important for Jow

faequencies. fhe f,he9ry behind. this condition is ðiscusseå

later in the sectfon on measurement pnocedure.

TT,1 A Fourier ser based. on the interferometric method.

An apparatus operating on the preoedting principles was construeteå

by Viçnot (1959) and. improved. by rÀIi]ez¡msk:" (tg6O). Combining the

id-eas anô d.iseoveries of both a simil-ar apparatus has been construoted"

whieh in its final form eonstitutes an automatic !'ourier analyser for

transparency flrnctions. A sohematic ðiagram of the ínstrurnent ean be

seen in figure 2.1.

The apparatqs is ful1y automatic and- to be so certain oonditíons

must be satisfied". It must be possible to ckrange the spatial

frequency R continuously and at the same ti:ne linearly d.isplace the

fringe position €o. 0n1y if these cond.itions are satisfied- arrd" the

Michel-son visibility, p , remains constant wil-l the mean vafue of thç
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aBparatus consists of three main parts :

(i) A Michelson i-nterferometer

(ii) optical mechanicaf d-evices for changing the spatlal frequency

and. for shifting the fringes.

(:-ii) Efectronic aqd recording units.

TT"1"'1 The interferometeq (figure 2.1)

The apparatu.s is ]ocated. in an rxrderground- air raid. shelter

which serves to isolate it from vibrations which would- normally be

enco¿ntered- within a laboratory. Stability of anbient temperature is

also i-mproved- and- the d.rift of ad.justment flue to temperature fluçtions

is minimized"

The interferometer consists of two afuminlum coated mirrçrs

M M , a dielectric beam splitter and. a bfoomed compensator p14te" A
12

cofJimated beam of light, monochromatic at L = 5+61A0 ' is forrned by the

collimator lens Ç., r at the focus of whích is a sÌj-t itluminated- by a fow

pressure mercury larnp through a Sreen filter. This beam ís òirected'

into the interferometer bT mirror Mu.

To vary the spatial frequency R a pair of equal smafl angle

prisms P P , capablo of rotating in opposíte sers€s¡ are located. in one
'23

aJrn of the interferometer. .4, third- prism P., , fooated in the other arrn'

is capable of bel.ng reciprocated linearly ancl serves to shift the

frÍnge s .

An objective o images the fringes which are lÇcated on the

mirror M or M onto the transparency TR.
12

Each component wifl now be d-escribed- in more detaif..

The 11ght sou-ree L is a IVOTAN HG2 med.ium pr€ssure mercury lamp

supplied. from a d..c. source" This lamp is d-esigned primarily

from an a"c. sourc:e but it has been found to rrrn on d-'c. quite satis-

factorily. livith this apparatus it is essential that the sour,tre be
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best il-l-ustrated. by consid.eri¡g the zeros in the spectrum of a sl-it.

At these positions the slit wlclth is an equal Dunben of fningo spocings

and. the transmitted. intensity when scanning oontai:es no altennating

cornponent. However, if the light ís being flashed on and off at a

fqequenoy of lOOc/sas is the case wÍth arc larnps pur¡ from an a.c.

source there wil.l Þe an plternating conponent at this frequency in the

transmitted intenpity and. thus ít wj-ll be impossibfe to obtain tme

zerQs.

Prior to usi:ng this particular larnp several others were tried, in

particul-ar an OSRAItil medium pressure lal¡lp ML/D2.0 supplied. again fnom

a c[,c. source. This lamp provecl to be quite satisfactory except for

the fact that its intr"inslc brightness is low. This makes it diffi-

oul-t to aöjust the i¡astrument with the room lights on and nakes

exposuro times very long when photographing fringos. Also if it is

necessary to sca¡r with fringes of high contrast the col-limator sl-it

has to be very nanroïu with a consequent reductien in the mean light

Jevel. This resul-ts in a poor signal to noise ratio which is an

udesirable f,eature. These d.isadvantages alre all overcome by using

the HG2 larnp but l'kre ML/D2.0 d.oes provid.e a read.ily availabl-e al-ter-

native lamp for most scarurÍng purposes.

ïnitially to overcome the light l-eveJ problem a high pressure MAZDA

AOj/ZSoV,25o1N d..c" MErlD lamp was used. but unfortr.¡nately the hal-f width

of its spectråf green line provetL to be too great. Even when the

frj,r¡ge spacing is kept constant the sinusoidally varying component of

the light flux passing through the transpanency varies slightly with

a fnequeney equal to trrvíce tlr,at of the cam rotation which moves

pnism Pr. This is because the fringes vary in contrast with the

position af P1, this beinç more apprecíable when the hal_f width of

the spectral line is large anil the contrast more critically influenced.
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Hopki.res (llSt) has given a rel-ationship between the optical path

clifferenoo of the trwo ams (L, - Lr) and. the half widtfr (A ¡) of the

spectral li¡re. The chromatic coherence factor remai¡rs > O"9O if tr¡e

conditions satisfy :-
t2(t, - L,) * Éï 2"1e

If initially the two arrns are rnade equal in optical path length with

the prism P, at i-ts centre position, then the path dífference intro-

cluced. by moving it to either of its extreme positions i s of the orðer

of O.O4run. Now the haLf wid.th of the spectral gleen fine (,1, = 54AAo)

of a med.i-um pressure mercur¡r lamp iç about 2.2Ao which mea.rrs that the

tol-qrance on the optical path d.ifference is of the order of O.4nm.

I'Iith the prisn P., we are well- withi-n this tol-erance and as ex¡rectecl

there is no apprecihÏ'1e change in fringe contrast with prism position

when a medår¡m pressure lamp is used". However with the MAZDA lamp the

contrast varied by as ¡nuch as O.JJ, being 0"90 with the prism at its

centre posítion and. falling to O"35 at its extreme positions. ÇJ-early

its spectral haJ-f wid"th is too great and. for this reason it was

discarded.

The slit SLr r situated" at the focus of the eolljmator C., , is a

HíIger Spectroneter sl-it capable of ad-justment in ¡nierons. It is

ílluminated. by the light source through a conclenser C0., anû a Ïfratten

77A fIJ-ter, thus provid.ing a monoahronatie sl-it source"

The d.ielectric beam splitter, compensator, and two end. mirrors are

in mounts rigiùLy attached. to a cast iron surfaee tabl-e" The mounts

have ad.justments so that the components can rotate abouttwo perpendicul..ar

a)ces The mirror M, is afso on a kj::ematic slid-e arrd can be noveð

bacln¡varðs or forward-s by means of a micrometer screr/u. This facility

is requiretL in. order to be able to nake the two arrns of the interferometer

eoual- in onticaJ- nath lensth. the cond.ition for maximum contrast of
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the fringeç. The contrast can be varied. by moving this mirror and.

introducing a path d.ifference between the two arirls.

The spatial- frequengy is changed. by mea¡rs of a pair of id.entical

rotating prisms P, ¡ Pu placed in one arm of the interferometer. They

are rotateô in opposi-te d-irectíons and together are equivafent to a

variabl-e angle prism. The resul.ting frequency of the fringes obtained.

is given by the fo::mula :

R I (n - 1) sir, ø Sin p
1. ¿V

À

where ø is the angle of eaoh prism, p the angle of rotation of the

prisms from the position in which R = 0, À the wavelength of the light

usecl, and n the refractive i-nd.ex of the glass.

Equation 2.20 índ-icates that if one d-esires to change the frequency

R l-inearly, the angle of rotation must be yaried. such that its pine

varies linearly with time. This is achieved. in the fol-lowing marurer.

TVÍth reference to figure 2.2 tlne arm A is reciprocated. linearly with

time by the archimed-ean ca¡r C which is d.riven by a synchronous motor.

Connected. and perpendicular to thfs arm is a bearing sl-ot in which

runs a pin connected. to the gear wheel Gr. The motion imparted. to

this gear wheel- by the arrn is such that the sine of the angle of

rotation varies linearly. This motion is transferred to two other

gears G, and Gu which hold. the prisms P, and. P.. G, is d"riven

d.irectly by Gr and G= is d.riven through an íd.ler, thus G, and G.

rotate in opposite d.í::ections and in the required manner. The resul-t

is that arÐr reçord.s on a pen recorcler are easier to interpret. The

whoJe unit can be seen in figure 2.J. Great care has to be taken ín

mounting the prisms and- aligning the bearings in which they run so that

the fringe pattern remains vertj-caf when the prlsms are rotated."

Firstly the axes of the two bearLngs are mad.e para-Llel, thj-s is

achíeved- by placing an optical- flat on their surfaces and. ad.justing
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by attachíng a protractor to enê: entl. of the axle of the cam, Lhis moTres

past a pointer: and. the angl-e of rotation is read. off d.irectly. The

protraetor anô pointe:: constitute the scale and can þe calibrated. with

the micrqscope; it is then possible to pelect arry pre-d.esired- frequency

approximatel-y which is an advantago when scanning transparencies lmown

to contain only certain frequencies, a complete scan through the whole

ra.nge not þeing required-,

I[Íth the apparatus bui]-t there aro three sets of pnisms which çan be

psed., the first have angles of O.fo and. gi-ve a range of frequenci-es

from zero to 33 J-ines/mm, the second. pair leve 1o angles and. give zero

to 66 tinçs,/mm, and the third. qre 2o prisms givin6 a range of zero to

132 Línas/nn. The motor d.riving the ArchÍmeêean oam is a Philips

smal.l- s¡mçhronous motor type AU51OO with a basic speed of 25Orev/mln.

It d-::ives the cam through a red-uction gear box of ratio l:625O, thts

resul-ts in a soanning speed. with the 1 
o pr:isms of approximately 1 1

Iines/mm/mi-:n. This can be read.ily altered. by changing the gear box

or using another pair of prisns.

The pri,sm P, is used to shift the fringes across the photographic

plate. l'llhen this prism is reciprocated. linearì-y with time along a

d-irection perpend.icuLar to the light passing through it, a línearly

varying thiclsress of gJ-ass is intnod.uced into the beam, so that a

sj:nilar linear variation i-n path difforence is introduced.

the movement of the prism is provid-ed. by an Archimedean cam, antl

repults in the great ad.vantage of a frequenoy of varj.ation of the

total li8ht flux to be measured. which is ind.epend.ent of the spatial

flrequency of the fringe pattern. This enabfes a frequency selective

amplifier to be used. in the foli-owi¡g electrical circuitry with con-

sequent Íncrease in signal to noi-se ratio. The frequency of the
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f + (n - t) r Lg"
À

where I is the stroke length, ø the prism angIe, m the numbçr of cam

revolutions per second, a4d À the wavel-ength of light use¿ (54614o).

For 1 = 1.5in,ro = /min¡m = O.25sec-'1, the frequency f is equivalent

to 67.5 a/s,

The mean thickness of the prisms Pz, Pt is choson to compensate the

path d.ifference introd.uced. by the prism P., otherwise a considerabl-e l-oss

of fnipge visibil-ity is experienced..

The focaJ- length of the objective 0, which i¡nages the fringes onto

the transparency at a magnification of approximately rrrrity, should. be

as short as possible since this liqits the pupil d-iameter and" the

useful- transparency size or the maximum spatial- frequency R whích may

be examined-. In the apparatus described. a doub]et of 5in. focal- Jength

and 1f,in" aiameter is used.

The slit SL, r situated- at the focus of the objeptive acts as a

limiting stop and. prevents most of the stray and. ghost image light

from reaching the transparency, with a consequent impr:ovement in the

fringe visibility.

The transparency TR is mor:nted in a small plate ca¡nera espeeíal-ly

mad.e for the apparatus. It takes plates zfin"Ay 3Lin, which are a

stand.ard. size. The plate holder may be ad.justed- in two perpondicular

direetions and. two sça]es are used to determi-ne the coordinates on the

pfate which cofncid.e with the exit pupil of the lnstrument. trhen

scanning a transparency, the back of the ealnera i-s removeÖ, the plate

remaining held. in positi-on. Details of the camera can be found- in

teehnicaf d.rawing figure 2.1-.

The photpmultiplier cathode is il-luminated by the condenser C0,

which acts purely as a flux 1ens. The d.iameter has to be large
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enough to gather all the light passing through the transparency

assuming that this l-atter acts as a grating of spatial frçquen*X Rr"".

In front of the transparency is a beam spì-itter which devÍates part of

the light beam onto a referenqe slit S.. This is used to determine

the phasq d.istrlbutíon of the frequency conponents in the transpaneney.

An optical microneter 0M serves to position the fringe pattern

accurately onto this sIít. The light flux passing through the slít

is collectecl by a photomultiplier PM2.

The wj-d.th of the s1ít S. is ad.justed so that the first zero ín íts

Fourier spectrum oecurs at a.spatial frequency well above the maximum

frequency to be investigated-. I¡Vhen a transparency function is to be

a¡alysed and. the phase d-istributiqn of the various frequency oomponents

is required- the following proced.ure is fol-l-owed-. A very 1ow frequency

is chosen say O.2 l-ines/nm and the slit S. is positioned. so that the

signals from the two photomuÌtipliers are in phase. Now as the

frequency is increaseð we laeow that the phase of the components from Su

wifl not change ço that any phase d.ifference neasureô between the

signals from the two photomultipliers is d.ue to a phase shift of that

particular frequency in the transparency fwrction bping analysed.

That this proeedure works can easily by verified- by observing the

phase changes of ¡r which occur when passing through the zeros of the

speetrum of a fairly wid.e sl-it. In the tost case the reference sfit

was about 1O¡r wid-e with its first zero occurring at 1OO lines/mm and

the test sl-it was about O"Jmmwid.e.

TI.3.2 El-ectronic and. Recorðing Appanatus

The photomultiplier whj-eh integrates the lieht flux is an 11 stage

E.M.I. 6Ogl*y with an antÍmony caesium photocathode. The vol-tage to

the cathode anð dynod.es is supplied. by an I$otope Developments po/ver

paeþ whlch can supply up to 2 000 V. The output of the photomultiplier
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passes to a frequency selective pre-amplifier and. from this to a high

fittelity 101ÀI aud.io fretluency aurplifier. The output of fhis amplifie:"

is rectified and the rectified. signal- further smoothed by a Hew]ett

Packard- d.c. voltmeten. This vol-tmeter also acts as an arqplifier

giving an output of l Vfor full. scale d.eflection on any range. A

Honeywell d..c. pen recorder is used to reoord. the output of the d.c.

voltmeter in perrnanent forrn.

trith the circuitry briefly described here, the pen recortler readi.ngs

are d.irectly proportional- to the amplitude of the light fl-ux variations

of f,nequency 67.5 c/s and- hence to the spatial frequency density in the

arrelys ed. transparency.

Simil-ar circuitry is used to measure the signaJ- from ttre phase slit

expept that the rectifying stage is omitted. The phase is determined

hy comparing the signal-s from the frequency seleetivp amplifiers on a

c.R. 0.

IT.3.1 The sel-eotive amplifier

Fhe main purpose of the pre-amplifier is to convert the current

from the photomultiplier into a voltage signal, then to amplify it

and- finally to select the d-esired. freqpency, so i-rnproving the signa]./

noise ratio. The conversion of current into voltage is made by the

grid. resistor R., figure 2,þ of the cathod-e foIlower input stage.

The vafue of this resj-stor d.epend.s on the amount of light avail-abfe.

The output of this stage is amplified. by the voltage anplifier con-

structed on the Ð¡' 86 valve. This amplifier has a negative voltage

feedback loop through the condenser C. and resistor R, to stabilise

the gain. The output to the ne¡ct stage is fed- through a potenti.ometer

Rr o, which acts as a gain control for the whole qmplifier.

The requi-rement of the tuned- anplifier is to accept tþe frequency

bsnð- 67.5"/, !7 c/s" This band.wid.th is neee$sary to avoid serious
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the output frequency of the lnstrqment. The frequency variation

arises since the vel-ocity of the prism F., is not etrictly oonstant

çspecially at the end. of, its ptroke.

Basically the amplifier oircuit d.esoribed by FLeisher (tp+A) is

qsed.. To obtain the required, bandwl4th the frequenoy sel-oqtive

sectj-on of the Bmplifier co¡rsists of two stagger tuned stages using

id.entioal twín T-units. One such stage is constructecl on valves J

anct 4 in conjwrction with netr¡vork 1 , The input signal to the stage

as applled to the grid. of val-ve 3 is ampl-Ífied and the output applied"

to the cathod.e fol-Jower valve 5. The f,eedback from the cathode of

this stage j-s via the netwqrk, which is illustrated. in figure 2.6.

This is tr:ned. to have maximurn i-mped.ance at 6J ,J c/s and. then signals

at other frequencies give d.estructive feedback and. are not amplified"

The two stages constructetl may be sf,agger*tuned and a banðpass

oharaçteristio may be obtaj¡red. to accomr4od.ate any small spread. of the

output fnqquency of tho instrument. The method- of tuning the amplifie::

Ís briefly as foIlows. Each network is ind-ividueJ-ly fed. with a signal

al" 61.5c/s anð. the output observed, on an osciffoscope,or a"c. valve

voltmeter, all valves having been removeô fron the amplifier. The

variabJe resistors are then ad.justed- for minimum output signal which

corllesponds to maximum imped.ance. The val-ves are replaced- in the

amplifier, the amplifier wanned up and a signal of 67.5c/aøpplied to

the input. The variable resistors are adjusted to give maxi-mum

amplificatlon at 67.5c/s. If the twín T-networks worked. under the

same conditions no such retuning wpuld. be required. The next step

is to tune netwark 1 to pass its ma,ximum signal aL 62.5./" and. network

2 to paps lz.ic/s and- then the anode load. in both stages is selected

to givu a fl-at transmiÞsion characteristic between these two frequenciôs.

The bandwidtþ charaeteristic of the amplifier is shown in figu¡s 2.7"
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TT.J, L the poïvetr amplifier

The output of the seleotive pmplifier is f'ed. to a Mul-Iard 5-'lo

anplifier¿ Tþis ampJ-ifier satisfies tþe stríctest qond.itions placed on

its l-ineanity, ig very stabl,e and. has good response to pulse signals and

is therpfgre id.eally suitable for this pulpose. The oLltput from this

anpliflep can simpfy be read by a vol-tmeter or rectified, smQothetl, ard

reçqfded by the Honeywell Potentiometric Pen Record'en.

TI,4 stment of the a ratus

Fj-rst of afl- the co1Limating l-ens is ad.justed. to give a parallel

beam of fisht; this 1s d.ono by illuminating the object sfit and-

ad.justing tþe separation of stit and. lens l¡ntil the image as seen in

an auto-cofllmatqn is in focus. '{gain usi¡rg a Taylon, laylor and-

Hobson auto-pollimator the mirror M., is set porpend.icul-ar to the axis

of the colfímator, Then with the aid. of matrix bl-ocks set to give an

angle of 45o the compensator anð beam splitten are set at 45o to ttre

mirror M, and pafa11el to each other. Finally mirror M. is set so

thAt the return beams from both arrns coincide, and- M. is pl-aced. in

position to d-irect the col-l-imated- beam into the interferometer'

The mirror M, is now adjusted on its slíd.e until, using white light,

we obtain fri-nges in the centre of the fiel-d-. The interfÇrometer is

now in the conùition that the tqro arms have the same optical path

tength" The prisms P., and. P, Pu are 4ow introduced into the inter-

feroneter and any adjustment in the position of Mrr'to keep the path

length equal, is nade,

For the E.M.I . 609¿+ photomuftiplier used as a d-etector, good- signal,/

noipe ratio is obtaÍned- for 9QV/stagø between the d-¡mod-es. For qmal-l-

amounts of light the photomultiplier voltage may be increased but

upual-Jy it is kept between 900 to 1 ]00 V and- und.er no ciroumstances

exceçd,s 1 400 v. The cathod.e foJlower input resistance can also be
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increaseð to increaÞe eensitlvity but usually is kept at about 1 MQ'

the aratus

rhe lieht sourQe was checked. for stability by blocking off one beam

of the interferometer and using the photonultiplier purely as a photo-

neter fecopcling the intensity of one beam. The output of the photo-

multiplier uras fed. directly to a Ïfewlett Packarcl cL.c. voltmeter which ís

alsp a d.e. amplifier the output of which can be recorôed. Qver a

period. of about hal-f an hour the d..q. med.ium pressure merculTr lamp was

for:nd. to be stabl-e to better than 1/".

MechanicAJ- sfabil-ity was found to be good. ancl the apparatus would

ptay in goocL atljustment for a number of hours. Thís was verified by

settíng up the lnterferometer to give zero fringep and. leaving it

rr¡r:r¡Íng, that is the reciprocati-ng prisn P., I for A.n hour or so. 0n

stoppl4g the prism after this periocl the frÍnge pattern was vieweð to

see if the ç.pparatus had. gone out of adjUstment. InstabiLity can be

d.ue to a number of factors but the maín ooQS¡ temperatu:re fl-uctuatlons

prrd. mecherlica.l- víþrations, Are overcqme to a large extent by the

situation of the apparatus, in a tururel some fiftqen feet underground"

the contrast of the fringes is measurecl by setting up a s1ít of

about !p wid.th in the transparency plane. The prisms P, P= ate

rotated to glve the d.esirecl freqUency and. the fringes are sca.rrneð

aorogs the slit by rotating the axi$ of the motor dfivi¡rg prisn P.,

slowJy by hand- or through a geaî box of natio 121250. The output

of the photomultiplier is again read directly by the d..c. voltmeter

or its output recorded. For eaoh frequençy the dark, ni-nímum and-

maximun voltages are measured and. the contrast computed from the

relationship :

-V ml-n
V

Þ
P
q

V
max

max
+ v

nan
2"22
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The rocord. of oontrast against freguency can be seen in figure 2r8"

Trhere is no significant qhange in contrast up to a frequency of 50

linçs/mm, thip beÍng the lírniting frequency at which it was measurecl.

The next check was to moasure autpmatioally the Fourier transfor:n

of a slit. The recorcl of this experiment is shown in figure 2.9,,

Êood agreenent ls for¡nd. with the theoretical values and. an overafl

acçuracy of about 2/" aan be attnibuted to the appar"atus for the

meqsurement of the frequency density of transparency fr.urctions.
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Ç}IAPTER I]I

Ii4q'{qNIc DIs,rORrIqI 4PPI,m - THE_ PHoIoQB¿PIUç
RNCORDING OT STNE ÏIIAVE OBJECTS

TTTEORETI ÇAI, AND EXPffi.TME}ilIIAI, RESUTTS

fntrod-uction

TLle reÊufts of the following theoretical calcuLatio4s and- exporiments

are all- given in tems of transmittecl intensfty, this boing the quantity

which is moagurÞd- ilirectly by the previously described instmment.

Frevious authors, in describi4g simllar inyestigationÞ, have used.

various other quBntities namely opacity or density but, as the

ma8nitude of these is not read.ily appreciated by visual, examinatj,pn, it

waB decid.ed. to qse trqnsmitted. intensity throughout this trcatment of

the subject.

As ind.ic4ted- by the hçad.ing the investlgations are reçtçicted to the

images of sine wave objects. This facllitates the theorcticaf con-

siclerationÊ and. al-so the establish!ìent of a method for" measuring the

freque4cy rÇsponse function of ernulsions.

Hanno4ic distortion of sine wave írnages reoord.ed on the stpaight portion
öf the .H ¿ P cürve

Due to the relationship between transmission and exposure the photo-

graphic process 1s non linear and. thus the image of a sine wavo will

contain hEzrnpnics in add-ition to the origiral fundamental frequency,

In many cases meqsurements are rnade on negatives and thus some knowledge

of the magnj-tud.e of this d-istortion and the factors lnfluenoing it is

necessary. Exposur€s are genorally restricted- to the strqight parb of

the H & D cunve, and. these oasqs wil} be conslder"ed. first.

If tþe H & D curvo were tmly straight, it coul-d. be d.efined- by the

equation: -

rr = const, (u)-Y 3.1

wherre I, is the intensity transmitted- by the negative, E is the exposure,

and y the sl-ope of the H & D curve when plotted- in tepns of d.ensity and
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1og.,o (exposure). Uçing equ?.tíon J.1 the forrn of the irnages of plne

waves of yarious contrasts developed. to various fiamrnas can be d.educed"

These d.educed. waveforrns can be numerically anptysed qnd the contrasts

and ratios of the harrnonics for,lnd.

By ad.apting a programme, written previously by the author for the

analyçiB of pptical spread- funçtions, sine waves of qontrasts 0.2, O"l+'

0.6, and 0.8 d-eveloped. in turn to gpmlnÊ.s of O.J, 1.0, and. 2.0, were

analysed using fhe IBM 7090 electronic ùiSltat oomputer. The resqlts

of these caf,cul-ations arç presented. in graphiqal forrn in two sets

figures (i.1 - 3,6). Tn one set the ratio of the harmonics and- tþe

contrast of the tnansmitted fundamental are plotf,ed as a function of

effective eteposurq contrast for a partieular y; in the second- set tho

same variabl-es are plotted- as a fungtion of y for a papticular effectíve

expesure contragt.

From the graphs it is cl-ear that harmonio distortion incr9ases both

with corltrast arrd y and. that in some caseÞ it can reach very þigh

levefs, for high contrast exposures JO/o second- harrnonic would- not be

unconmon. It is interesting to note that if we sonfine our attention

to the funðamental frequenoy no gain in contrast is achieved- until the

gamma exceeds 2.0 (figure J,6)"
The five point method. for assessing the harmoniç d.istortion in sine
wave images over@curve

The prçvious analysig waq confi-ned. to theoretícal- straight H & D

curves, a situation which is experienced. i-n practice over a límited.

exposure range. In orfler to be abl-e to assess the amount of harmonic

distorbion taking pJ-ace over the eomplpte H & D curve, we make use of a

method developed by Espley in the field of el-ect¡onics" If we plot

the H & D curve in terrns of tzansmitted. intensity and e4posu¡e, the

five point method can be used to deduoe the harmonic d.istortion present

in the image of a sine wave of known contrast centred aþout q. known
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'l,Me assume that the equation of the H & D curve, using transmitted.

íntensity T, and. e)rposure E as the variabl-es, ftay be reprçsented. by

the power serleF:-

rT = f(E) = f(ø) * a, (n-ø) + a, (E-ø)' * "u (n-o)u

* ^q 
(E-a)a + au (n-ø)5 + au (n-o)u 3.?

whene ø is the mean expoFurp and higher terms are neglected.. If

tho effective exposur€ a$ defined prevlously varies sinusoid.ally

acpord-ing to the eqr-iation:-

E = ø+pSinZrRx 3.3

then equation J'2 may be re-written in the foqn:-

Ir = f(o) * ", P Sin Q

* ^, F? G - + cos 2CI)

+urFu(f,sino-åsinJ0)
+ ao Fa (3 - +cos 2o+ $ cos 4Q)

+ au É5 (S sin ç - l/t6 s:-n 30 + t/t6 sin 50)

* ^u þu ( O/t6 - 15/32 cos 2a + 3/16 cos )+a - 1/32 coq 6o)

5,4

where for convenience 2 r R x is put equal to Q.

Col-lecting coefficients of different harmonics and- assurning the

abÞence of harmonics above the fourth i.e. au and au equal to zero, we

get; -

I, = f(ø) * å u, F' n Ê uo Fo

*(.., F*Í^"þu)s:-nn
-(L"rF'nLaqFa)Cos2n
- (nltu Pr) sin lo
n (å 

"o Fo ) cos 4Q 3.5
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Equation 3,5 may be regarded as d,escribing the output slgnal of the

photographj-c emr-rl-s:i-on fcrr a. sine wa.ve i'l,lumination within the approxi-

mation implied by equation 3.2.

Tf five points having equally spaced values of E, as shown in

figure J"J, are selected. on the s{no wave, five values of I, d-enoted-

bx I*"*, rz, Io , rt , I*i^ "ru obtained..

The five equations resulting from inserting these values in 3,1 ate;'

I*u,* = r(q) - a., F + ^, þ' - ^u F3 + a4 P4

a.8aß2
r^ = r(a) - + * 2.'* - 1/8 uu F" + t/16 uo Þa'2)+

ro = r(a)

a'1 ß
11 = f(a) . + * 1/+ ^" F' + t/8 ^o lJu + t/t6 ^o Po

r*in=f(ø)+a.. þ+arþ'*uuP3+aaFo 3.6

These flve equations may be invezted- to give::

a, = 1 (r -Br.+Br, -r )
' 6B 'max 1 t ml-n'

L-&z = -; (tr"*-1612+Joro -1611 *r*ir)
bp

a = -2 (t -2r +2T. -r.)3-'mAX¿1m1n'
3p"

2 ,_a^ - * (rr*-4Tr+6Io -4I., *Irirr) 3.7" 3Po 'm¿

Çiven a knowledge of theso coefficiente the equation of the H & D "r;"
may bo obtained- in terms of the power series J.2"

the qoefficients in 3"5 give the mear¡ intensity transmitted. and. the

amplitud.es of the fund-amental- and harmonio terrnÞ, The fol-lowing

notation may be introduceô:-
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Mean intensity

Fundame4tal Amplitud.e

2nd. Harrnonic .Amp,

Jrd Harnonic Amp.

l-¡tþ Harmonic Amp.

To = f(a) + l/2 u, þ' + 3/8 uo Fo

Á,,=r., F**urÞu

A2 = t/z a, p2 + 1/2 uo Fo

A. = l/t+ au F3

Ao = lfï ao F4

l
Substituting the values of the coefficients from 3.7 to J.B givos:-

T-o

AF

1

o

L
7

+ 2I- + 2l + I2 1 ml-n

3r8

3"9

*T" -11 -I,

a"

A3

1

E -2I^+Iv ml_n l
-2I^+2LmAX¿l r.lmln_l

I

t ttriA
4

Irr* - )*I, + 6Io - 411 +
2

By inveçsicn of these equptions we can afso write:-

Ir""=Tr*fo+Ar+.A"+Ao
T, = To + 1/z \ - 1/z Az - A3 - 1/2 L4

Io -,To = À, * Ao

11 = ro - 1/z % - t/24 * A. - 1/2 A4

I =T^-4,+4n-A¡+Aq 3.1Oml-n u I

From the Bet of equations 3.9 we see that, by choosing five suitable

points on a sine wave of known contnast centred about a known exposur€

we can, from tho five Qorrespond.ing val.ues of f-, calcul-ate the harpgnic
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amplitqd-es in the resulting image. Conversly fnom the set of

Çquations J.1O by measuring the mo,an lntcnSity tre,nsmitted. and. thç

harmonic anrplitud-es, it is possibJ_e to d.eduçe the five values of I,
and. subsequently the five original_ exposure valuos.

Fqr gne¿ter &ccuracy and to ceven the caseq whÇne harmoni-cs up tq the

sixth exist o4e aar¡ use a sevqn point method. which yiel d-s the following

resul.ts for the ùean transmitted. lntenBif,y and- hBrrnonic ampJ_itrld.os:-

m
l=

U 67 17 + 378 ru : 1i5 Ts + L6e ro
I

lZBo t
- 115 tu + 378 T, + 167 It

to #[r67 tz + 252 ra - 45 rs + rr5 r¡ - 2iz r-2 - rez r, 
-l

A2 I, + t+86 I. - 1215 rs * 1lÐ Ioþ*

1

256'

- 1215 T¡ + 486 Iz + 55g lt

T7 - 36 ra - 65 rs + 6p tu + 36 rz - L5 t.,

l
"̂5

A

Au=

4

A-J

9T
îäEa L

17 It*42tu+1f Iu+20To+15 It-)+2 Iz+ 17 It l
B1

1280 -4Tu+5Is-5Iz+LIz-11 l
- 6 ru + 15 ru - Ze 14 + 15 r" - 6 Tr* 11 3,11

Because of the unweídly rlature of these equations, consid.eration has

been restricteÖ to the five point method. in this lnvestigation.

Haví48 eetablished. this method- of pred.iqtíng the harmonic arnpl.itud-es

it wqs d.ecid.ed. to test it on stralght H & D cur'\res wherB it shoulcl give

the samç resul-tp as pred-icted. by the approach used in III.2. The

companison may be seen in taþIe 1.8.
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It can be seen that in most cases the agreement ís very good. but the

two sets tend. to disagree when the garnma and contrast become 1arge" In

these caseF it is felt that the results cafcufated. by hannonic analysÍ s

of the wavefonn are more realiable becau$e the profile is sampled at

many more poj-nts i.e., twenty one points are used. compared with only

five in the five poínt method-. thus it seerns reasonabl-e to.state

that the five point method. is expected- to give reasonabl-e results

provid-ed- that the garnna or the contrast doeç not become large.
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VUAVE .A,NALYSIS5PT. METHOD

Tabl.e 1.8

It has the ad-vantage over the previqus method- in that it can be

extended. into the regiorrs of the H & D curve where it is no longer"

straight.

rrr.1+ rirnents to test the valid-i of the five oint method- ofl ict
on

Test objects of low spa.tial f¡equenoy wçre selected for these

ex¡leriments because the frequency response of the emulsion is then

high and. has negligible influence on the devel-oped- image" Cor¡sequently

the H & D curve should be the prirnary faetor influenci-ng the final

image and- controlÌirig the amount of harmo"tia ¿i"tortion. The aim of

the first experiment was to photograph sine wave objects of vari.ous
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content of the imagesr usi¡rg both the five point technique and- the

treatmerlt of IfI,2, with tþe mqasured values using the apparatup

desçribed., In anticipation pf ganma bein6 a contniþutÍng factqrr

thfee plates worq expased and developed. for. Èlffe¡ent ti-mes.

The emufsion used was llford. H.P.t which was àieh developed. in

Micropþen¡ u$ing the brush techniquer Microphen wgs qhosen because 1t

is known to j-ntnod.uae very littte neighbourhood. effeot, this also

beinq the reason f on using brush d.evelopment.

III.I+.'1 Exper:ime4tal procedure

The interferometer wÊs ad.justed. to give fpi¡ges of spatial-

f¡oquency J l-ine s/nn and. the pontnast of tJre fringes was set þy moving

the back mirror on the rnierometer õcr€w. A firle slít, situated- in

the focal p1ane, was usçd tq neasurÞ the conttrast of the fringeç which

were madg to soan acrosÞ it slowly using tþe Bcanning prisn P.,.

Having ad.justed. tho fringes to a suitable contçast, they were

photographed. using the pmalL plate carqera. A constant e4popure time

of ten qeconds was used. md tho exposqÏe wes varied trhrough a range of

three logalithmic units by i¡¡serting neutral density fi.l ters fn front

of the coJl-iuiator slit. 0n each plate there wene af so el-eyenexposures

used- to deterrnine the H & D curve. These wpre obtained. by blocking

one of the beBms of the interfçrometer thus l-eaving an evenly

illumina,ted. fiel-d- in the plane of the emulsion. Ttre intensity of

this field was varied as before with nçutra] d-ensity filters,

Fringes of contrast O.l¡rþ, 0159 and 0.6/ were exposed. o¡r eaoh

plate makíng a total nrunber of exposures in each caqe of forty four.

The three plates were d.eveloped. for Jt 5 and / minutqs giving gammas

of 1.2J, 1,60 and 1.99.
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It was inportant to be able to locate aqcurately the sípe

lvave exposures on the lI A D curve. This was aehieveQ by using the

instnxnent as a photometor with a fine slit (10¡: wíd-e) set up in the

transparency plane. First of all one bean was blocked as for the

garuna curye exposures and a sr+itabLe filter inserte4 before the col,li-

mqtor slit. The amount qf llsht pasçing thrgqgh the f'lne slit was

record.od. by the d.c. voltmeter connectçd. dír'ectlyto thçphqtonultíplíer.lí

x'rlnges of the contrast to be photographed were now set up and- slowly

scqnped aÇ¡oss the slit. The mean Jevel of illumination was notod.

and when çqmpared. with tþe previous }evel- enabled. its locatiorl qn the

H A D curve to be established..

rrr.4. 2 Measurement of II & D curve

The d.evel-oped. plate Tuas returned. to the appa¡atus and. a

¡eotangular ape¡ture (5*.r. x 3m.m.) set gp befo¡,e it. The e¡posures

fop d-etennining the characteristlc cr¿rve we¡e ¡qoved. in tllrn behincl the

aperture and the amount of light passj-ng throUgh the plate measureil

with the vol-trneter agaln dÍrectly co\rpled. to the photomultiplier. tr'or

these measurements only one beam was used. and. its intçnBity was ad-justed-

so that the incident levef i-.e,r the l-evel measured when the plate was

removed., gave a readfng of approximatoly onç vol-t. [his insured. that

the photomultipl-ier, with q. cathod.e voltage of '1 OOO volts, was not 
"

being ove¡Ioad-eQ, The stray J-ight ]evel was also neasurçd" and- sub-

t¡'acted- from a}l- pther measune¡nents" The d-ensity was calculatçd- forr

each exposure using the reJatienship, densíty ls equal to 1og.,o (fo,/fr),

wher'e Io io the incid,ent fevel and I, the transmitted-, The rneasured.

d.ensity was plotted. against the logarithm of the exposure to obtain

the characteristi-c curve.
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fr.¡nd.amentat A=/Ar. For each plate these values were cafcul-ated. for

effective exposure contrasts of 0.L5, O.59 and. O.67 uI 1og (expo"ure)

intervaJs of O.i aLong the exposure axis. These caLculated vafues

are represented in the graphs (figLrres 1.9 - 1J5) by the d-otted. ]ines

and are compared- with the measured val-ueÞ which arq repr€sÇnted by the

ful_1 line. Incfuded on each graph is the value pred-icted- from the

treatment given in rIr.2 usi-ng the garnma vafue measure'L over the

straight part of the H & D curve which is also included.

III .4.5 Discussion of resufts

For short development time the agreqment between the

theoretical and practica} val-ues is good- in nearly afl cases. As the

contrast of the effeciive exposure increases the agreement is not so

good., with the five point rnethod- having a tend.ency to over estimate

the d.lstortion. Simil-ar concfusions carÌ be d.rawn from the curves

pertaining to the 5 and J minute d.evelopment timep'

In al-l cases the agreement seems to fal-l- off at the higher

d-ençities, this p:robably being due to inaccuraçies in read.ing the five

d-ensity val-ues with the fíve point niethod-. Some d-if ficulty was found-

in measuring the contrast of the harmonics, which are often qui-te smalJ-,

especially in the toe and- should-er regions of the H & D cu.rve. Thus

some of the measured curves for the harmonic ratios extend- over a

relatively short range, but never less than two lOgarithmic units.

It is interesting to note that the values pred.icted. from tkre

straight Salnma curve cafculations of rTI"2 agree wel-I with the measured'

val-ues over a range of about one logarithmic units of exposurÇ in nearly

al] cases. In the çases where the five point method- values and. the

practical values d.iff'çr, the straight gamma curve pred-ictlons tend to

be more accurate. This indicates that the d-ifference is due to

fimitations of the five point methqd- rather than errors introduced- in



- ól-

f -\_/'-

a
tt

HP3 MICROPHEN 3 MINS 68O F DISH

MEASURED VALUE
VALUE PREDICTED U9ING 5 PT. METHOD

VALUE PREDICTED FROM I OVER ST' PORTION

OF H&Ð CURVE.

É. =O.as. V=l'27
clo.8

r'o

o.9

o.7

o'6

o.s

o'4

o.3

o'2

o'l

t
t!)
z
tijo

t.o

o
o l'2 l.s

REL. LOG. E
FIGURE 3. 9. ..

4.o

3.O

2'O

o
o.ó 2.4 3.O





-63-

A
Ã

o'4

3

F

o'2

o"l

4.O

3.O

2.O

r'o

o.3

!-
az
U.Jo

J
F<z
LL¡

ôz
:)
LL

P

O
z
o
d.

:E

v
(a

lJ.
o
a
t-
É

o
o l'2

REI-.

FIGURE

l'B'

LOG E

s. il.

/ ----

/

9

P3 3 MINS 6BoF

MEAgURED VALUE

VALUE PREDICTED USING 5 PT METHOD

VALUE PREDICTED FROM 6 OVER 5T

PORTION OF H 8. D CURVE.

-Ê.= O.4.5 E= l'27
ol.

o.ó 2'4 3'O





- 6s-
o

3.O

2.O

r.o

Â
A

I'O
2

F

o.9

o.8

o

J
Éz
UJ

ôz
f,l!

oF
o o's
z
o
É.{ 0.¿

L
LDz
lrl
ô

.('
c

^ o.,

O.2

l!
o
o
E
É

o.7

ó

o.l

o t'2 l.s

REL. LOG E
9

/

a
q,

ù

H.P 3 MICROPHEN. 3 MINS
o

68F D ISH

- 

MEASURED VALUE

VAL UE PREDICTED

VALUE PREDICTED

PORTION OF H O.

USING 5 PT MÊTHOD

FROM Í OVER ST.

D CURVE.

6= l'27= O'59
L

o.6

FIGURE 3. I3

2.4 3.O



R
A

T
IO

 O
F

 3
rd

 H
A

R
M

O
N

IC
 T

O
 F

U
N

D
A

M
E

N
T

A
L

o

o 
D

E
N

S
T

T
Y

o

>
t>

o
I ot

o À
,

ì-
o 

o

o o ó

I O
.

o'
\ I

Ð
-

m
N r

'r1 o c T m (¡
) 

¡-

À
o rn

ò Y è (P o

(, o
ry o

flt ill 3t
íñ

'lr
-> C

-C
(.

r¡
8t

r;
;s

m
{r

O
-ú

ci

9H
ã

¿
Þ

0< 6õ
t

q-
sd

h

I 61 TF P l¡, Ð o ! T m z G
J \ 2 It

I ß
'ö

(,
oo

 z <
o

ll F
"< È
o 

-o
<

{
m

f?
I -l :E o I

o(
 9

fs
ll 

tt

:o !r
¡ rO

o cp
o

T
I



-67-

o'7

t.o

o'9

o.8

o.6

o.5

o.1

o.3

O:2

o.l

4.O

3.O

2.O

t.o

Þ
õz
UJ
ô

J
F<z
tr¡

ôz
f
IL

lJ-
o
Þa
É.
t'-z
o
U

oI
o 1.2

REL.

F IGURE

t.8

LOG. E

3. 15.

o

H;P,3 MICROPHEN. 3 MINS. 6BoF. DISI'l

- 

MEASURED VALUE.

VALUE PREDCTED 'USING 5 PT VALUE

VALUE PREDICTED FROM tr OVER ST.

PORTION OF GRAPH.

!' o'oz 6=t'27

o-6 2.4 3'O



- 6&-
oI

2

F

A
Ã

J o'8

Éz
l!s
Zaq

< \,,rôz
:)
lJ-

p o'ó

U
z
9o'
É.

:E

E o'o
N

o.9

IL
o
o o'3

t-
É,

o'2

o.t

Þ
õz
lrl
ô

r'o

o
t.2 ¡'8
REL. LCG E

FIGURE 3. Ió.

\/-f-

t

(

t

H.P3 MTcRoPHEN 3 MrNS øEç DtsH

MEASURED VALUE.

VALUE PREDICTED FROM 6 OVER ST.

PORTION OF H S' D CURVE.

Í- = O'OZ E=l'27
o<

4'O

3.O

2.O

o
o' o6 2'4 30



o ù
Þ

lÞ
ll 

l¡,
I o

R
A

T
IO

 O
F

 3
 rd

 
H

A
R

M
O

N
IC

 o
T

O
 F

U
N

D
A

M
E

N
T

A
L

o À
,

o
o I or

rl o c Ð rf
¡ !,, {

2U
 À

'

rr
t

I o\ 'O I
r t- o o_ rn

@ f\, Ä I o

? o
o

o
o

D
E

N
S

IT
Y

-\

f ô

.._
l

\ /
/

llr ill
'-

!<
 

<
<

t-

!ã
 F

Ë
P

o 
nK

;Ë
 ä

 *E

rd
 Ë

 È
F

or
 ã

 k
g?

 ã
 F

-;
î h

r'ì
 <

A
) 
3 

þ
gE

 H
'9

o<
 R

ln
,' 

i'
¡e {o\

\¡



o
o

I \o
o 6

o \¡
I À

)
o

C
O

N
T

R
A

S
T

o ó

F
U

N
D

A
M

E
N

T
A

L
99 uo

O
F

9 À
o o o\

I { o I

À
) @

T
l õ fiË (¡
t 

f

P
o m

ry Þ t

6 
D

E
N

S
IT

Y
ry o

s ö

í

\

I

\

e
o

Itl lll
Ë

É
É

 i
lH

h 
e

q; Z
ïtm Ð

Ð
 s

sl
* 

g 
q 

Ë
 -

[ 
'c

lQ
 

È
o 

-il
ã 

!
i 

o'
oo

 
F

tn
 

g'
ric Ð

ø
o-

-
3<

á
2o

tt
o(

In
!

¡r
 

o-
t

6 
i; -t
tD

-
Jö

t7

=a) Ð o -o 1 m z ul z U
\ o (b
o

-T
'l I ( =- ! (,



R
A

T
IO

O
F

2n
d

o À
J

H
A

R
M

O
N

IC
 T

O
 F

U
N

D
A

M
E

N
T

A
L

o9
99

t¡
¡'.

^o
r

o
D

E
N

S
IT

Y

>
l>

ItÂ
)

I o
I @

o {¡
9

o

'T
t õ cn Ð
m

m
r

(r
r 'o õo
rr

ò

I : I

t\,q\ (¡
, 0+
, Þ

o
+

' o
t ó

P o

I

\ \ \

I

/

ô
C

* p Û
J õ Ð o ! :r m z LN z (n o @
o

lì I tt T

ltl Il s;
fñ

T
E

tà
Im

m
c

24 -¡
'g

t¡
l

Â
lõ

 -
ã#

"
r 

()
gg

<
o 

"î
4È .t-

t 
*g

gñ
(,

T
tc

^Ð
cn

E
?ã

ñ 
!¡

ot
 r¡

--
 

of
O

r< o 
l<

m -.
1

t= fo
0

È



o ¡r
>

l>
-f

l 
(,

o

R
A

T
IO

 O
F

 3
 r

d I
H

A
R

M
O

N
IC

 T
O

 F
U

N
D

A
M

E
N

T
A

L
o À

)

= O
 

D
E

I\S
IT

Y

o l¡,
o 9 o.

I { N
) I

Ð m
--

t-
ú r o o m
-

'@

T õ c T m P l\) o

Y è ? o

è ó
(J

9 o
ry o

r

I

\\

\ I I

=-t (¡
, ñ )o o r0 T
, m z ut 2 C
n or @
o

T
l (f U
I J.

tll itl
Ë

É
E

 ñ
ãñ

h 
H Ð

¿
.4

 
m

'f 
qÊ

Ë
 "

: -
di

 Ê
(n

e.
t'ñ oB

c
O

o
9<

2
;c

)
o(

 ñ
q*

'
t¡

 '
O

¡
T

 
<

{
E

 s
<

,_
9-

Jö
(,

oc



o
, 

C
O

N
T

R
A

S
T

oo úó
F

U
 N

D
A

M
 E

N
T

A
T

oo út
ô

o -¡

O
F I à

I \o
o oI o'-o À

, Þ u) ö

T
l õ c Ð m !^
,

r\
)

I

U
J I

Ð pr r o o rn
:

.@

o
D

E
N

S
IT

 Y
I o

I o
N o

II

o

I I (, =r) F o ! I m .2 (¡ 5 z (n o\ @
o

;fi (f ( T

tlt til E
H

E
 i

h:
l 

F
l 

c
"o

 
Ð

,m
Ð

'\ 
(7

g*
X

 E

ú*
d 

ñ

cg
t

('f
¡ 

Ð
tô

o
õ;

<
oç

 u
tfn

s
l3

 
o

:< ö<
 s

m -{ =
tt O
J

I

llp ll o ú \o



-74-
4'o

3.O

2.O

r'o

J o'7

z
r-lj
'ç
â o'u
ôz:)
ll-

L
ú)z
LtJ
ô

o o's
¡-
o
z
o o.¿

É.

J.

3o.

l.o
A2
AF

o.9

o.8

p
c,

C\l

O.

É,

lJ.
o

2o.

o

o
l2

REL. LOG
r8

E
o

r ;7-/_

a
ct

IL

ÈI. p ? MIcF¡ÔPHEN 5 MINS 6BOF DIS¡J

MEASURED VALUE

VALUE PREDICTED USING 5 PT METIIOD

VALUE PREDICTED FROM ?r OVER ST.

PORTION OF H & D. CURVE.

Ê = O'59 E= t'OO4

ó

FIGURE 3. 22-

24 30



o a¡
J

o
R

A
T

IO
 O

F
 3

 rd
 

H
A

R
M

O
N

IC
9

D
E

 N
S

 IT
Y

rg ú
F

 U
N

D
A

M
 E

 N
T

A
L

>
l>

llL
,

o
o

I { u I

I C
r

À
,

n o c Ð m 3 À
) f,

Ð m !- l-= ot o m

Y ò P o

o
I o

I o
rv o

o

I

!lt tll
E

<
<

?
o>

rñ
Ð

Lr
>

Jh
F

E
Y

Ð
ß

,b
;H

ãB
n 

rp
 

þ
o 

_î
 n

 f
s:

Ð
sH

o

cl Ð o T f m z ut z (.
f|

ol o9 q5
.

!

î 
f;x

o
E

i ('f
l

-l

c g z o ur Ìl J



-76 -
4.O

3.O

'o

o.7

t.o

o.9

o.8

o.r

J
È<z 0.6
IJ

ôz
? o.t

ll.
o

L
UIz
IJ
ô

t.o

1-
tn

É.
Þ
6 "''o

o.4

9.2

oo
o r.2 t'8

REL. LOG E

/

I
/

o
q)

-z--

N 5 M ó F D S H

-MEASURED 

VALUE.

- -VALUE 
PREDICTED USING 5 PT METHOD

VALUE PREDICTED FROM Y OVER ST.

PORTION OF H & D. CURVE. I= I.óO

= o.67

oó

F IGURE 3. 24 .

74 30



-77 -

I

/

¿

H.P.3. MTCROPHEN 5 MIN¡5 680F DISH

__ MEASURED VALUF

- 
LVALUE PREDICTED

VALUE PREDICTE D

PORTION OF I.I & D

1= o'oz/'

USING 5 PT METHOD.

FROM T OVER ST.

CURVE.

[= l.ôO

A
Ã

I

2

F

o

o.9

4.O

2-o

r.o

o .8

!
c,-
N o'¿

lI
o
o o.l

E
E

o

o

o'7

J
z
uJ o'ó

ôz
?o '
o
F.

o'4
U
z
o

ã o''
I

o
t'2

REL

F IGU RE

I.8

LOG E.

3 .25.

o o,6 2,4 30



_ 78-
o.4

As
AF

"E

(ao'l

o.3

4.O

3'O

2.O

r.o

t
U)z
UJô

J
Þz
l¡J

ôz
:)
LL

Po.,

U
z
o
É.

I

TL

o

0
k
É,

ot.2 t'8
REL. LOG E

I

I

I

I
l

.t-

HPs MrcRoPr-rEN s MrNs 6BoF

MEASURED VALUE

VALUE PREDICTED.USING 5 PT MET¡IOD

VALUE PREDICTED FROM d OVER 5T.
PORTION OF H&D CURVE.

2 = O'67 õ= l'60
o(

ù
o

DtsH

o o.6

FIGURE 3.26.

2'4 3.O



o
I \o

o ó
o \¡

o ir

C
O

N
T

R
A

S
T

O
F

F
U

N
D

A
M

E
N

T
A

L
9o uì

ó
o rü

o :-
o l¡J

o
D

E
N

S
IT

Y

o 9 o\

I { \o I

Ð m l-= .N f- o o m

'T
l o c Ð m lrJ f\) >
l

o rY s (4 o

I o
? o

ñ, ö
o

V

l-=
\

il

\¡ o\ o

ttt itl <
<

?
>

àñ
ht

>
m

m
@

c Ð

ä;
s

(]
m

ão
 

-
n9

È
9m

 
t

9n
'n

_
!(

l o!
!

7-
, o

,(
U

l

oI <
-r

lrl !<
m

(r
l I

l= 'o
(f

'o o Ð J o z

al
o 

I
ll 9r Þ (¡

Þ
(, t) c Ð

qm lr : \o \o

o
€

+



t: -80-

A
Ã

4.O

3.O

2.O

2

F

o.9

o.8

tLo o'z

o
Ë
É, o.l

t-
tJ)
z
r.d
ô

r'o'

* o'7
t-z
UJ

á o'.
z
f
TL

o o's
t-

9z
o
É.

.o
c
(\l

o.4

o.3

oo t.2 ¡'8

REL. LOG E.

FIGURE 3.28.

o

\

,'[ \

\

- 

MEASURED VALUE

VALUE PREDICTED USING 5 PT METIIOD

vALUE PREOICÎCO FROM Ú OVER ST.

PORTION OF I.{ & D CURVE

l=O.45 6'=l'994

MICROPHEN 7 MlNs óBoF DlsHHP3

a

o.6 2'4 3.O



-81- 4.O

3.O

2.c

o.4
As
A¡=

t-
az
t-rjô

¡'o

Þ<z
tr¡

ôz
f,
u-

o o''

U
z
o
É.

T

o'3

p
(rl o.l

ll-
o
o
Ë
É,

o
t.Bt.2

REL. LOG E

o

I

\

HP3 MICROPHEN TMINS 6BOF DISH

MEASURED VALUE

VALUE PREDICTED USING 5 PT METIIOD
VALUE PREDICTED FROM ll OVER ST.

PORT¡ON OF II 8 D CURVE.

f -- o'qs ¿í: l'99
o1,

aþ

-ft-

oó

FIGURE 3. 29

2.4 3.O



o À
,

o
o

C
O

N
T

R
A

S
T

o
D

E
N

S
IT

Y

F
U

N
D

A
M

E
N

T
A

L
99 ul

o
e9

9
\¡

@
ìO

O
F

o ir
o o r;

I o l\) I

t- o o ftl

T
t o c Ð m !r
)

(,
J o

Ð pr

(p l-.
,) Þ I o

o
+ o

c9 o
ry o

rlt 'll
Lt

l
Ð

l-'
->

l

ãh
-Ë

l=
-r

 ; t
 Ë

 : 
lg

s.
îã

Ë
lt

eo
eo

Íll

ãË
*l

;
ñ*

,, 
l.

i 
2r

 l-*
g 

P
K

 
l"

oJ
 

ltn
rö

 
tr

(f

ô



>
lÞ

-l 
À

,-
I \o

I @
o -¡

to o J

R
A

T
F

U
 N

D
A

M
o ù

N
T

A
L

E o à
H

A
R

M
O

N
IC

 T
O

o9 dr
à

õ 
D

E
N

 S
IT

Y

O
F

 2
 n

d
I ôt

o I o

I cD (, I

-r
1 õ cù n m

Ð m |-
Û

J .,,
5

- 
oô m

1\
, Þ at
) ó

Þ o
I o

Y o
o

\
\

II

/' 
\

\

llt lll
!<

 
<

 z
o>

 Þ
 ñ

nt
l 

I 
i

{ç
- 

ç 
(r

1

õt
'F

=
P

. 
ü

qq
 Ë

ô:
<

-lÔ
>

-m
 -

{ 
r-

J-
g 

rn
 c

F
9l

îl
(J

rr
 

-

"ë
2

c-
 

c)
Þ (q m

o! <
-l s<

m
oJ fö

I

O
( ll \o \o

-o - m z
B

lo il 9 ut €

= þ !, õ Ð o T
I 9 tJ
r I\¡ =z t o 6



4.O

3.O

2.O

r'o

84

REL. LOG

FIGU RE

o.4
4¡
AF

o.3

þ
(t)
z
IJ
ô

J
r<z
ul

ôz
fL o'z

oþ
Iz
o
ú.

T
!L o.l(fI

l¡-
o
Il-
ú,

o
II

E

o
¡

I

\-

,1,

-

MEASURED VALUE.

VALUE PREDICTED USING PT METHOD

-- -VALUE 
PREDICTED FROM tr OVER ST.

PORTION OF H&D CURVE

É*o.s9 ð: t'994

o

3.32.

2.4 3.O



- 85-
4.O

3'O

2'O

l-o

o.9

o'7

o'8

J
É o'oz
trJ

ô
z o's
f
¡¡.

=az
l!o

r.o

o.4

l-a
E o.,¡
z
o
U

lL
o

o'2

o'l

1.2 1.8

REL. LOG E

\
\/

/

/

H.P.3 MICROPHEN 7 MINS 6go F Dtsl-l

MEASURED VALUE

VALUE PREDICTED USING 5 PT. METHOD

VALUE PREDICTED FROM T OVER ST.

PORTION OF H&D CURVE

0 - ^.A', f,= l'99
e = o'oz

a
Ct

o

9)
o'6

F¡GURE 3. 3 3.

2'4 3.O
o



-86 -

\_

-/,

o

MEASURED VALUE.

- -VALUE 
PREDICTED

-.-VALUE 
PREDICTED

PORTION OF H &

_Ê-=o.67
I

USING 5 PT. METHOD

FROM tr OVER ST.

D CURVE.

Í: 1.99

MICROPHEN 7 MINS 6BO F DISHHP3
A
Ã

l.o
2

F

J
Éz o.z
l¿l

ôz
f o'ott

o
o'5

U
z
o
É.^^
< v'+
T.

o.9

o'8

lL
o
o
E-o "
d,

o.l

b
U)z
lljô

r.o

.o
c
N o'g

1.2

REL. L OG E
o

o

3.O

2.O

o
O:6

FIGU RE 3. 3 4.

2.4 3..O



4.O

2.O

-87-

l'2 1.8

REL. LOG E.

F¡GURE 3. 35

A3
TF

I'o

o'9

o.8

3.O

t-
az
rl'l
ô

r.o

d o't
z
t¡J

Áo.uz
f,
l!

Oo.s

U
2
9 o.oz
É.

T
o.3.o

(o

lJ.
o o'.
I
k
É,

o

o
34

/

>\-.

MEÂSURED VALUE

VALUE PREDICTED

VALUE PRED ICTED

PORTÍON OF H &

USING 5 PT. METHOD.

FROM Y OVER ST.

D CURVE.

f = O'07 S= 1.99

I
qJ

+

o
o oó



B8

the measured- values by neighbourhood. effects. This tend-s to agree

with concfusions from the Çomparison of the five poínt method. and. thc

harmonic analysis method- whiqh were tliat the five point method. loses

aocuracy as the contrast increases especlally for high gammas.

rf we restrlct our attention to the fund.amental contrast

curves it is a significant observation that as the effective exposure

contrast inereaçes the optimum expaswe tend.s te move up the H & D

qurve, thus the optimum exposuro for Êine vraves of contrast O"[þ is
around.1.8 where for a contrast of 0.67 it is around.2.1. The reason

for this is that if we plot out a sine wave i-n logarithnic r:¡its, the

log exposuro interva] ftrom the mean level to the minimum is greater

than that from the mean to the naximun and this d-ifferençe is more

marked as the contrast incroaseÞ. Thus if we wish to get as much of

the exposute on the straight part of the H & D curve as possibr-e we

nust move up it as the contrast increases. This also mea^rrs that the

cQntrast of the furid-amental in the transBarency is much more critical-

to exposurç for high contrast objects than for l_ow contrast ones.

This can be cl-earl-y seen by comparing figures J.9 and- 3.10" Another

factor which iç observed. is that the contrast of the fund.amental- is

more critical to und-er exposure than over exposure" Thisisespecially

ebvious from figu¡e 3"24 where a change in exposuçe about the opti_mum

posi-tJ-on of o.6 logarithmic urrits (equivafent to two stops) gì-ves a

charrge in contrast from 0.62 to O.JB on the under exposure sid.e and

fron Q.62 No O,þ[ on the over exposure sid.e. Again the reason for
tþis ís formd- ín the way that the sine wave ls diçtributed. about its
mean level when plotted. i-n J_ogarithmic units as would_ be expected. the

positlon of maximum contrast in all_ cases is found. to be on the

straight pant of the H & D curve. This j-s contrary to the find.ings of

VfllezynskÍ (1960), and. [4cKenzie (tglt)- who cfearty state tþat "a
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sígnal reco¡d.ed on the toe portion of the characterietic curve fead-s

to the highest pontrast in thç image.r' the autho¡ f'eels that this

d.iffçrqnce in víew Çomes.about from a misuse of the word "copt¡astrr by

the above rnentioned. authors bqt that oome qxplenation is rpquined. to

olarifþ the ppsition.

If qne d.enetes the fi.rnd.amental amplitud.e in the transparency by

F and the mean lovel by ø then, by definitipn, the contrast is given by

the ratio, þ/o. Usi-ng the fíve ppint rnethod. it is easy to show that

p naximisqs in the toe ¡egion of the characteriotic qurve end is

signíficaatly greater than that d.ed.uoed- on the straight part of the

curve. This nigþt l-ead. ppe to think that the contrast is greater in

the tpe region but a factor which must be bor4e in minê is that the

value qf ø is also gçeater in the toe region. Thus the ir4portant

variable to calcuLate i s p/a a4d. when this is d.one it ís found- that

"ê signal ¡ecord.çd on the çtraight part of the charaqteristic curve

l-eacls to the hrighest contpast ín the image". [his is a satisfying

result in that it agrees with whet oFre expeniences when visually

examíning the transparencies.

III.I+.6 Cqncl-usions from eri-ment with low fne ue slne v[ave s

From the results of this experimont it is possible to make a

numbe:: of conclusi ons:-

(") Tho five poi¡rt method. may be used to estlmate thq harmonic

òistortion in sine wave images provided- that the contrast or

gammq. are not too high. lVe can set apprqximatÇ maximum val-ues

orl these tì/vo variables of 0.6 fqr contrast and. 1.6 tot gamma.

(¡) If we :restriqt our expoqure to the straight part of the

characteristic our\re, the magnitud-e qf the harrnonic d.j-stortion

gccurring in images of sine wayes can be eqtinated by using tho

graphs d.ed-uced. in III.2. This treatnent hold-s fon contrasts up



utt -

to o"B and. gammas up to 2.O but couJd easily be extended,

(") The optimum position of exposure is ori lJte uLl'aiglrt pa't of the

H A D curve, the exact location depending upon the contrast of

the object, as the contrast increases the optimun position moves

up the characteristic curve.

(a) The contrast of the image ís more criticaf to exposu¡e for high

contrast objects than ones of lpw contrast.

(") The contrast of tþe image is more crltical to rxrder exposure than

over exposr,rre about the optimum position.

Irr.Þ Experiments to determíne the frequency response of emu.Isions

III.5 "1 Generaf diseussion

using the apparatus described" there are two method-s of

d,eterrnining the frequency response of a photographic emu.lgion.

In the first method. sine waves of known frequeney and contrast

are exposed. a¡d- developed together with a density step weðge. The

transparencies are analysed with the apparatus and- the mean intensity

and harmonic amplitud-es formd-. From these measurements the five vafues

of I- in equation$ J.10 are deduced. Using these five values of Irand
'r'

the H & D curve fj-ve values of effective exposure are found-" Fron

these five values of effectíve exposure the contrast of the effective

exposu1.e is cafculated- and- the ratio of this contrast to the original

"plinted-s¡¡tr sontrast is the frequency response of the emufsion at that

particular frequeney"

Besides being a rather lengthy process, once having mad.e the

neeessaïy measurements, there arc d-ifficulties in the measurement which

make this method- a little cumbersomeo One of the d-ifficulties is that

measurements have to be mad-e of the contrast of the harrnonics r¡¡hich say,

in the case of JO :-ines/nm, means extenùing our measurements into the

1OO l-ines/mm regiqn. This necessitates a change of prisms or using
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the coars" (2o) prisms throughout which is und-esirabl-e from the point

of view of acourate setting. However, bearing in mind- the resu-Itç of'

the prevíous experiment we cari, by e4reful choj-ce of exposune, reçtrict

oupselvps to meaÞireme4ts of the contrast of the fund.amental frequency

onfy. ThiE is the basis of the second method- which has been

estabfished and used. to measure the response frxrctions of four ll-ford-

emufsions. It can be seen from figure J,12 l1nat if we give an

exposure arou¡rd" the 1.5 Rel IroS E posítio¡t, the contrast of the

fundamental moasured Bgrees welf with thpt preQ-icted, from the measured

gamma of thç H & D curve. Thus if we h¿ve a Sfaph of measured fund-a-

menta] contrast against effective exposure contrast for that particular

gaûìma and restpict our exposure to the pred-etermined- leve] , afl we have

to do is measure the fr:nd-arnental contrast and. read- off the effective

exposure cont::ast to determine the response fr-rpction"

ITI.5. 2 Experimental procedure

The experimental proced-r¿re was as fplf ows; exposures were

made of fringes of knor¡¡n contrast (o"fg in this case) in stops of 6

lines,/nln up to a maximqm frequency of /+8 lines,/mm. The exposure was

pfedetermined to give us the above discussed condition. A d-ensity

wedge was also exposed- pn the plate" The Salnma of the H & D curye was

measu-r.od- and., using flgure J,6, the graph of ftrnd-amental oontrast in

the transparenay against effective exposure contrast for tlris particular

gammA was plotted. The d-eveloped. plate Was now returned- to the

apparatus and. the fundamental contrast in each expo$ure measured as

d.escribed. in the previ-ous experiment" Using these mçasured contrasts

and, the above nentioned. graph, thc effective exposure contrast for each

frequency was d-etennined.. This valuE divided by the printed- on con-

trast (O.>g in this case) gives the response of the emul-$ion for the

partioular freqtrency being considered..
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This procedure ïvas repeated, using four d.ifferent Il-ford-

emulsions ¡¡Bmely¡ H.P.3, F.P.4 (plate versígn of F.P,J), R2o, and. GJo

(Chromatio Plate). It was r¡ot possible to obtain any information from

the nanufaeturers to test the açcuracy of this metþod. but a putrve,

appe¿ring ln a paper by Shawo (rtrord 1962) for Il.P. J agrees very well

wÍth that d.etermined. by this method.

The four reÞponse functions are pregented- in thç usua"f form of

contrast transfçr facton ver$us frequency in lines,/run and cên be seen

in fisures 1.36 - 1.39,

ITT,5,3 scu ss ion of sul-t

trbom the results pbtained n'.P.4 has a superior r€sponse over

the frequency range consiöeretl tharr any of the other three emufsions

whiqh all- have slmilar response functions. A significant faptor is

that for three of thç emulsionç tþe responqe io greater than unity for

].ow fpequenqies, Thiç ariseq beÇause the çqntrast measureÇ is greater

than it theoretically shor{d þe d.ue probably to neighbourhood effects..

Urrf,ortunately therp is not a method- availabfe for takÍng into accqw¡t

these effects and ar::iving at the true rçsponse functions; it suffioes

ta say that at these freque¡rcles the response is high and of the orÖer

of unity.

It is interesting to consider how the frequency respense of an

emul-sipn can effect the choiqp of emufsion when the. frequency content

of the subject to be photographed. is known. A short experiment was

cond-ucted using H,P.1 and. !'rP.l+ which have sigpificantJy d.ifferent

rqÐponse fr:notionq. 0n each plate sine waves of contraÞt 0.59 and-

fpgquency J.O lines/mn anð. 1Õ Li.nes/nn were expqsed. with expesures

cover{¡¡g the complete range of the H & D curve. In figures J,40 and.

1,)+1 the experinental- results are pr-esented in the forrn of fund.amental

contrast in the tra,nsparency as a function of exposure. From figure
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l.l+O it caï] be seen that fo:: a freguency of 3,0 lines/nun and the

flçvelopment ponditiorlç stated, which were the samo for eaoh plate, it

woulÈ be prefBrable to use H.P.] up to an expospre level of abqu+i 2.1

but t¡¿tr, if the frequency is lQ l-ines,/mqr, it woutd only be preferable

to use H.P.J up to a l-evel of, 1.8. This change io brouqht about

purely þ¡r the superior rosponoe of F.P,4 at thiB parttcuJ,ar frequenoy.

From thip short expez'iment wg pan çonçlude thgt for q certain

fíxed expoÞure leveJ and devefopment qonùitions, there is an optùpurn

ernulÞion to use depend.ing on the frequency content of the subject.

Consid.er the expoqr¡re leveJ 2.1 in the experiment; for 3rO lines/mm it

is preferable to use H.P.l but for JO.O l-inep/mrn F,P,l¡ presents itçelf

as the better emulsion. The importa¡ce of the f¡equency responsç

funotion of an emulslçn as a contributing factor in the flnaf obsepved

irnage is obvlouq from the above experimgnt.

It would. ÞÇen reasonable to expect tftat the emulaion with the

best respo4se fr.4ction rp capable of fecordíng ¡rost informatiqn and

should., if possible, be useil, Thus if we have contro] o'rer the

expoqure ]evel, we catrr ad.just thiB so that the ernulsion with thehighest

I4esponse can be used and. providi48 it can be d.evçloped. to asufficiently

high garnraa the best resÇts wifl- be obtained..
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C}IAPISR IV

POSSBLE ¡,PPL]C¡.[]ONS OF APPASATUS AND RE$ULTS SO FAR OBT'AINED

It has been shown that, when pþotographing an objeçt of known contrast,

an opti¡num expeÞure exists for a pq.rticutar emufsion and development. Thls

trçatment coul,d be extended- to any emulsion - Qevçloper combination, results

gíven in this peper only refer to H.f.J developed in Microphen.

Tho methods have been outfinçd. for d-etermining the fnçqugncy response

funçtion of an emufsion qnd. again these cçuld be extended to ernulsions other

than the four ipvestigated. here.

The optÍmum expesufer reforred. to above, has so far been assumed to bo

that exposurc which gives the greatest contrast of the origi-nal fundamentaf

frequençy in the tra4sparency funotion. Assuming that we restnict ourselves

to negatives and. have method,s at oun disposal of filtering out the harmonics,

this would- be the best e+posure for read.ing inforrnatien fnom the recorôed

image ahout the aeriaf image.

If we nqw consí{er makín6 a positi-ve from the negat{ve we er}counter the

pqssibility of making the overall proqess finear. Denoting the 6amma of tho

negative OU ,., and- that of the positive yr, it is easy to arrive at the

cond.ition that, tt ,., l, = 1, the process is linean and- the transmissj-on of

the positive is linearly related to the original object brightness" The

apparatus described. woul-d- lend itseff wefJ to an investigatíon of how Iinear

the proceõs coul-d be made anÖ ove¡ what rafrge qf expqsure it couÌd. be

conqiderçd. l-inear. This could be d.one by exposing síne waves over the

complete range of the negative characteristic curve and. analysing the

transparencies obtaineô when forming positives of these e>q)osures" If the

proces6 was campletely lj.near the transparencles woufd contain only the

fund.amental frequency with exactJ-y the same contrast as the original-. Aty

deviations from linearity would be detocted. by thg presence of hanmonics in

the transparencies. The range over which the process could be considered
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d.iffering in frequency cqntent. These could be jud8ed by an audience and

perhaps somç cerrol-ation betweerr freguçucy cortl,er¡t, a¡rd acuepL¿bi]ÍLy urriveql

at. Similar exporimg¡¡ts., to thls have been performed. by various authors

but, altþqugh the transfer function of the imaging syste4 has been known and.

altored. (ip tfre above cape the image e¡rh,ancer), the cqntent of the final

image has not been meaÞured a4d. thus t.he experiments have been incomplete,

with ocnsequent drfficulty in asseÞsing the significancq of the resul-ts.

It is fett that an e:çperiment d,esigned. upon the previously fl.iscussed

procedurg would. not suffer fro¡n this d.efect arld. that a more Çpmplete under-

standj-¡rg of the Þignr,fioancÇ of the freqrrenoy content of inages would. be

arrived. at.
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APPENDTX.

VAI.,IIES OF COMPONMÍT$ IN THE SEI,ECTIVE AIVIPLIFIM. CIRCUIT

Dia,gtan 2.5

Valves Resistors

1.

Za

l+.

tr

6.

7,

1.

2.

3.

4.

Ã

6.

7,

B.

9"

1Q.

11,

12.

13,,

1l+,

)
)
)

12AU7

cv 5080

12LV7

12AIJ7

12LV7

Conôense s

0.1¡.¡F

8pT Electrol-ytic

þo00pF

0,051.¡I

O. O5¡.tF

8pF Flectrolytio

8¡:tr' EIe ctrolytic

0.1 ¡.¡F

1O¡;F Paper

0,1 t,tl

0" Ol¡rF

'10¡F Paper

0.05sF

þ0¡:F Electrolytic

1 M ohm I!.S,

2JQK ohn

JOK ohm

4OK qhn

5M ohm

2.2K olw

IOOK ohm

22OK oky¡l-

1M ohm

1M potentiometer

820K ohm

1.2M ohm

8QK oh¡n

2OK ohm

'1M ohm

270K ohm

82OK ohm

200K qhm

'1 .2M ohm

BOK ohm

2QK ohm

1M ohm

270K ohm

1

?.

3.

4.

E)¡

6.

7.

g.

o

10.

11,

12.

13,

14.

15.

16.

17.

18"

19"

20"

¿t.

2?.

23.
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