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A CONTRIBUTION TO THE STUDY OF THE PHOTOMETRIC
EQUIVALENT OF SENSITIVE PHOTOGRAPHIC LAYERS

PRISPEVEK KE STUDIU FOTOMETRICKEHO EKVIVALENTU
FOTOGRAFICKYCH CITLIVIYCH VRSTEV

; K BOIIPOCY UBVYEHUA ®OTOMETPUYECKOTI' O
9HBHUBAJIEHTA YYBCTBUTEJIBHBIX ®OTOI'PA®MNYE CKUX
IIJJEHOK

ZDENERK STANEK — JAROsSLAv TRoOUSIL

FACULTY OF NATURAL SCIENCES
CHARLES UNIVERSITY PRAGUE

INTRODUCTION

The course of development is not usually studied directly by the determi-
nation of the concentration of deposited silver in a photographic layer, but by
one of the following three indirect methods:

(i) the determination of optical density of deposited silver,
(ii) the analytical determination of the concentration of oxydation products
of the reducing agent,
(iii) the determination of the concentration of released halogen ions in the
developer.

For the indirect methods the dependence of the studied quantity on analytic
concentration of deposited silver must be known.

When the dependences of analytic concentration of oxydation products in
the developer! and of optical density? on concentration of depcsitied silver in
the sensitive layer were compared, it was found that these relations were not
the same at all occasions. In order to explain the discrepancies work was started
on a detailed study of the relation between the optical density and the concen-
travion of deposited silver i. e. the study of the photometric equivalent.

The relation between the concentration of deposited silver and optical den-
sity was studied earlier by HURTER and DRIFFIELD?. They found that the ratio
Cae/D = P (1) a constant — they called it the photometric constant (C,, is the
concentration of deposited silver, D the optical density). Later it was found
that P is not constant, but that it depends on the type of photographic ma-
terial, on exposure of the emulsion and on development time. From NuTTING’S*
expression for the optical density

D =35 (2)
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(N is the number of developed grains per square centimeter, a the average pro-
jection area of a grain) it follows, that the photometric equivalent is a linear
function of the average radius of the developed silver grains. ARENS, EGGERT
and HEISENBERG® came to the same conclusion. EceERT and KUsTER® found
the relation between the photometric equivalent and the average diameter of
the developed grain.

P =1.53d.p (3)

where d is the average diameter of the developed grain and g the “effective*’
specific gravity. The above authors presumed,.that the silver in the developed
emulsion is ¢ompact. Research conducted with an electron microscope on the
shape factor of grains in developed sensitive layers revealed that this suppo-
sition is.not fulfilled. Klein?, who studied the effect of the distribution of grains
according to size in the emulsion found the density to be

0.391 T =,
— Y 2
R S B .
T 238, a4 0786 - (4)
S+ o &

{where S, is the density of deposited silver, M is the mass of silver, d is the
average diameter of the developed grain a kg is the covering power). This
expression gives the dependence of the photometric equivalent on the size-
distribution of emulsion grains as well.

Some of these results were not known to SHEPPARD and BALLARD?2, who stu-
died the photometric equivalent and therefore the aim of this work is to’control
and complete their results and explain the causes of the found discrepances.

EXPERIMENTALBL-PART

The dependence of the photometric equivalent on optical density D, on
exposure K, on development time £, on temperature 7' of developer and on
type of developer was studied for two sensitive materials:

(i) negative unsensibilised material Agfa Tf4, sensitivity 11/10 DIN,
(ii) negative fine grain material Agfa Isopan FF, sensitivity 10/10 DIN.

Sensitometric strips were exposed on Boudek’s film sensitometer. The inter-
mittent exposure was attained by sectors, whose area rose by steps of /2. The
modulation constant was 0.15 and the scale of exposure was 1 : 256. The light
from the source of colour temperature 2850° K passed through a rolating arm
and exposed successively 17 apertures for a time of 0.75 sec. The illuminance
of the film through the largest aperture was 32 Ix. The size of the film window
was 16X 22 mm. ‘

The sensitometric strips were developed in ferro-oxalate, fenidon and Kodak
D 76 developers. The strips were fixed in a fixing bath containing ammonium
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Fig. 2. Photograph showing
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sitivity 11/10 DIN (mag-
nified 14000 x ).

125



chloride. The measurement of optical density was made on a photoelectric
densitometer RFT. :

For the determination of the concentration of silver per unit area a sample
of 1.3 square centimeters was cut from each field of the strip. The size of samples -
was controlled by weighing on an analytical balance and samples differing by
not more 4- I 9, in weight were ysed. In these samples the mass of silver was
determined by a potenciometric method, which, according to preliminary
experiments, showed itself to be more reproducible than the so far used colori-
metric method. From these results the values of the photometric equivalent
were calculated.

In order to confirm the results gained from the study of the dependence of
the photometric equivalent on the above cited conditions it was necessary to
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Fig. 3. Graph of P/D for material Agfa Tf 4 (sensitivity 11/10 DIN)
developed in an inorganic ferro-oxalate developer. Development
times: 1—2 min., 2—8 min., 3—12 min., 4—20 min.

show, that the sensitive layers used in the experiments not only differ greatly
in size and shape of grains but in their distribution as well. Further by deve-
loping the layers under diferent conditions, silver grains of different size were
gained. Their size and shape depends on the amount of light energy transfered
during exposure and on duration and temperature of development.

Microphotographs of unexposed and undeveloped grains of both tested
photographic materials were made on an electron microscope (fig. 1, 2). Photo-
graphs from an optical microscope were made to show grains developed under
- diferent conditions.

The dependence of the photometiic 'equiwlen't on optical density

The -dependence of the photometric equivalent P on optical density D for
exposed and developed samples was studied both on the unsensibilised Tf 4
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‘material of 11/10 DIN sensitivity and on the negative Isopan FF material
of sensitivity 10/10 DIN. The dependence of P on D for unexposed but de-
veloped samples (i. e. the relation between P and the density of fog D, for
different development times) was studied only on Tf 4 material.

By comparing the results shown in fig.
/3,4, 5, 6it can be seen that the dependence
of the photometric equivalent on optical
density is influenced not only by the pro-
perties of the material but also fundamen-
taly by the reducing agent used in the de-
-veloper and by time of development. The
influence of the development time on the
variation of the dependence of P on D
which was studied on Tf 4 material is shown
in fig. 3. For short-time development
(2 minutes), the photometric equivalent
_ depending on optical density rises, reaches
« | a maximum value and then falls. When
the development time is prolonged the
steep rise of the photometric equivalent
remains the same for small optical densi-
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Fig. 4. Graph of P/D for material

Agfa Tf 4 developed in developers
with organic reducing agents.
Curve 1: fenidone developer, curve

2: Kodak D 76 developer.

ties, but further the values of P in depen-
dence on optical sensitivities® (related to
the linear part of the curve) are rather
different. The curves show the presence

of “maximas‘‘. For long development times
the “maximas‘‘ disappear and the curve becomes of normal form. The form of the
curve P/D which was obtained by development in developers with organic
reducing agents (fig. 4) is similar to that obtained by development in an inor-
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Fig. 5. Graph of P/D for material Agfa Isopan FF developed in an inorga-

nic ferro-oxalate developer. Development times: gurve 1 : 5 min., curve
- 2 : 10 min. ‘
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ganic ferro-oxalate developer. The values of the photometric equivalent that
refer to given optical densities are however different.

The variation of the dependence for negative Isopan FF material (fig. 5) is
much simpler and the form of the curve for development time of 5 and 10 minu-
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Fig. 6. The relation between the photometric equi-
valent and optical density obtained for developed
unexposed material Tf 4.

Curve 1: ferro-oxalate developer, curve 2: Kodak D 76
developer. (The individual points on curve 1 represent
development times of 20, 40, 60, 80 min. — on curve
2: 20, 40, 60 min. resp.)

tes is almost identical. Any rapid rise in the photometric equivalent is not
apparent in the curves for low values of optical density and the curve shows
no “maximas‘. The curve is monotone. The value of P is lower by an order
then for Tf 4 materials.

Fig. 6 shows the variation of the photometric equivalent with the density of
fog, i. e. with the optical density of unexposed developed Tf 4 material.
The developing was carried out in an inorganic (ferro-oxalate) developer as
well as in a developer with anorganic reducing agent (developer Kodak D 76).
The microphotographs (fig. 7, 8) show, that there is not much difference in
size and shape of the grains forming fogand those related to small optical
densities gained by development of an exposed sensitive layer.

.Changes in the form of P/D curves produced by the lengthening of develop-
ment time can be explained by the fact, that for short development times, the
only grains that are developable are those which gained sufficient energy at
exposure — mainly large grains whereas for longer development times all the
grains are practically developable (clumping of grains takes place). The pre-
sence of the “maximas‘‘ is probably produced by singular reduction, which
more influences a material with a large size-distribution of grains than materials
Tf 4, where the size-distribution of grains is smaller.

The higher value of the photometric equivalent for low values of log £ and
of optical densities supposes that for short development times the large grains
are mainly developed — for higher values of log E and optical densities, the
value of the photometric equivalent falls, because for longer development
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Fig. 7. Microphotograph showing developed grains of unexposed material
Agfa Tf 4. (Optical density of fog is 0.1, ferrooxalate developer, develop-
ment time 20 min.) Total magnification is 5400.

times smaller grains become developable. The lower value of the photometric
equivalent for a fine-grain material (10/10 DIN) can be explained by the smaller
size of reduced silver grains in comparison with the size of grains for Tf 4 ma-
terial (fig. 9, 10).

The dependence of the photometric equivalent on the logarithm of exposure

The dependence of the photometric equivalent on the logarithm of exposure
is very similar to that on optical density (fig. 11, 12, 13). If we follow the de-
pendence of the photometric equivalent on the logarithm of exposure for short
development times (2 minutes) (tig. 11) on Tf 4 material, we can see that the
photometric equivalent rises to larger values for longer exposures — for a
definite value of log E it reaches a maximum and again falls. For longer
development times similarly as in the case for P/D the variation of the de-
pendence becomes more complicated (a simple curve cannot be passed through
the experimental points) — ‘““maximas‘‘, which fade away after long develop-
ment times where the curve is “‘normal®, begin to appear.

The dependences P/log E studied on the Tf 4 material developed in organic
fenidone developers and Kodak D 76 (fig. 12) differ from the studied depen-
dences P/D only in the values of the photometric equivalent.
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Fig. 8. Microphotograph showing developed grains of exposed material
Agfa Tf 4. (Optical density of sample is 0.24, ferro-oxalate developer,
development timet = 20 min.,log E = —0.125 1X sec).

Total magnification is 5400

For Isopan FF materials the curve P/log E is simpler then for materials of
medium sensitivity (fig. 13). The value of P falls smoothly—the curve shows no
“maximas‘‘ and is almost linear.

The dependence of the photometric equivalent on optical density for different de-
velopmg temperatures.

A ferro-oxalate developer was used to study the influence of temperature on
the variation of P with D and P with log E. Four development temperatures
(18, 20, 28, 38° C) were used—development time was 8 minutes. The results
obtained from the temperature dependencies are shown in fig. 14 and 15.

The curves (fig. 14 and 15) show, that the photometric equivalent radically
changes with development temperature. The value of P falls with increasing
temperature. By development at 38° C the value of P is one—third lower than
by development at 12° C. The P/D or P/log E curves have similar form as
before. Maximas which appeared on the curves P/D or Pllog E at 20° C for
medium development times, were not apparent at 12°C. At development
temperature of 28° C the number of “maximas‘ on curve P/D is greater than
at 20° C—at 38° C, their number and height is reduced along with the lower
value of the photometric equivalent.
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Fig. 9. Microphotograph showing developed grains of fine-grained negative
material Agfa Isopan FF.
(D = 1.6, ferro-oxalate developer, t = 5 min.), Total magnification is 5400

The fall in the value of P with increasing temperature of development
necessarily assumes a change in size or shape of developed grains and therefore
in a change of the so called covering force (the covering force is called the re-
ciprocal value of the photometric equivalent). Fig. 16 shows the mass of deposit-
ed silver that is necessary to give optical density D = 1.5 for different develop-
ment temperatures. The same fig. shows, that at higher temperatures of de-
velopment the amount of deposited silver needed to give a constant optical
density is less than for lower temperatures.

The increase of the covering force can be explained by the enlargement of the
total area of deposited silver. The relation between the concentration of reduc-
ed silver needed for a given optical density and development temperature is
shown in fig. 17. From the demonstrated dependencies it follows that the cover-
ing force at development temperature of 38° C is about three times as large as
at 12° C.

The presumption. that with changes in development temperatures, changes
sn size and shape of grains (and therefore changes in the total area of deposited
silver) occured is satisfied by microphotographs of developed silver grains.
Fig. 18 and 19 show the shape and size of developed grains at 20 and 38° C.
There is a marked difference between the shape and size of grains developed at
38° C and those developed at 20° C. The grains corresponding to 38° C are rod-
ihaped whereas at 20° C they are spherical. The average size of grains is also
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Fig. 10. Microphotograph showing developed grains of material Agfa Tf 4.
(D = 1.95, ferro-oxalate developer, t = 8 min.).

smaller. The enlargement of the total grain area explains the lower values of
the photometric equivalent and higher covering force of silver agregates formed
at higher development temperatures.

A comparison of results obtained from the study of P|/D with those found by Shepp-
ard and Ballard?.

The results shown in fig. 21 are taken from the work published by SHEPPARD
and BALLARD. These results were compared with measurments of P/D discussed
in this paper. It was found that our dependences P/D differ from those obtained
by the cited authors specialy for Tf 4 materials. For Isopan FF materials the
results are comparable. The discrepancies for Tf 4 materials are probably caused
by different properties of the sensitive material i. e. different distribution of
grain size.

It is interesting to note that although the authors used a colorimetric method
(which in our opinion is less reproducible than the potenciometric method) to
evaluate the analytic concentration of depositied silver they obtained values of
P which do not conform with the fact that P/D should be linear for low values
of D. The authors cite their results in tables but do not use them in the discuss-
ion of the variation of P/D. It is possible that they believed that the discrepan-
cies in the values of P were experimental errors. The ‘“‘maximas‘‘ that appeared
on the P/D curves for short and medium development times (for Tf 4
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Fig. 11. A graph of P/log E for material Agfa Tf 4 developed
in an inorganio ferro-oxalate developer.
Development times: 1—2 min., 2—8 min., 3—12 min., 4—20 min.

T | T T
0*.pl ]
R
20 [~ O- _d" ‘\\\ —
oo
18 — A “‘\ -1
/ N\ ‘\ ‘
e u, W
16 - // - ‘\ \“ —
' d \ ©
Na--a
1% B - 3 » —
2L 1 | ] |

1
-05 0 05 1 JogE

Fig. 12. Graph showing P/log E for Agfa
Tf 4 material developed in developers
with organic reducing agents.
Curve 1 - fenidone developer, curve 2 -
Kodak. D 76 developer.
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Fig. 13. Graph showing P/log E for fine-grain negative material Agfa Isopan

FF developed in ionorganic ferro-oxalate developer.
Development times: curve 1 - 5 min., curve 2 - 10 min.
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Fig. 14. Graph showing the relation P/D at different development
temperatures for material Agfa Tf 4.
Development temperatures: 1—12° C, 2—20°C, 3—28°C, 4—38°C.
Ferro-oxalate developer, development time 8 min.
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Fig. 15. Graph showing P log I at different development temperatures
for Agfa Tf 4 material.
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Fig. 16. The relation between the Fig. 17. The relation between the

mass of deposited silver and develop-
ment temperature for optical density
D 1.5. (The mass of silver is given
in gms on arca 10° sq. em. temperat-
ure is given in degrees centigrade).

mass of deposited silver producing a
definite optical density and develop-
ment temperatura. Curves: 1—12° (.
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Fig. 18. Microphotbgraph showing grains of material Agfa Tf 4
developed in a ferro-oxalate developer at 38° C. (D = 1.95, t = 8 min.).
. Total magnification is 5400.
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Fig. 20. The relation between the photometric
equivaglent and development time for Agfa Tf 4
material.

(Ferro-oxalate developer, defined for D = 1.5).
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Fig. 19. Microphotograph showing grains of positive material Agfa Tf 4
developed in a ferro-oxalate developer at 20°C. (D = 1.95, t = 8 min.).
Total magnification is 5400.
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Sheppard and Ballard.

Curves: 1 - Special film, 2 - commercial film, 3 - East-
’ man 33 plates.



materials) are not taken into account by SHEPPARD and BALLARD. Further we
have not found a mention of a rapid rise in P for very small values of 1.

The dependence of the photometric equivalent on derelopment time and type of
applied developer.

If the dependence of the photometrie equivalent on development time for an
optical density lving on the lincar part of the characteristic curve (fig. 20) is
plotted, it is apparent that the value of P risex with increasing development
time until it recaches a definite value. For still longer development times the
value of P shows a slight decrease. A similar relation was found between the
ratio of the concentration of oxidised products in ferro-oxalate developers to D
and development time.

The dependence of P on type of applied developer or reducing agent was
observed in all previous studies. It is natural because in the first place a molecule
of the reducing agent itself influences the speed of development and secondly
the chemical composition of developers is an important factor in the develop-
ment of grains of defined size,

CONCLUSION

It was found that the dependence of Pon D studied on Tt 4 material is rather
different from that measured by SHEPPARD and BALLARD.

The study of the dependence of the photometric cquivalent on optical den-
sityv. logarithm of exposure. time and temperatures of development was carried
out on two materials of greatly different properties. These measurements were
supplemented by studies of size and shape of cmulsion grains on an optical
microscope. In order that a comparison of size and shape of grains of the used
materials could be made. the grains were photographed by means of an electron
nmicroscope.

The determination of the mass of deposited silver for the study of the photo-
metric equivalent was accomplished by a potenciometric method which is
more reproducible then the colorimetric method.

ZAVER

Bylo ukdziano. ze prubch zavislosti fotometrického ekvivalentu na optické
hustoté. sledovany u stiedne citlivého materialu. vyrabéného v soucasné dobe.
se podstatné 1isi od prabéhu téze zavislosti sledované SHEPPARDEM a BALLAR-
DEM.

Studium zdvislosti fotometrického ekvivalentu na optické hustoté. logaritmu
exposice. dob¢ a teploté vyvolivani bylo provedeno na dvou — vlastnostmi
zeela odlisnych materidlech a doplnéno sledovanim velikosti a tvaru vyvola-
nyeh emulsnich zrn na optickém mikroskopu. Moznost porovndni velikosti
a tvaru zrn u pouzityeh citlivyeh materialt byla dana provedenim snimku
emulsnich zrn na elektronovém mikroskopu.
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Ke stanoveni mnoistvi vyvolaného stibra p¥i studiu fotometrického ekvi-
valentu byla pouZita potenciometrickd metoda, kterd zarufovala reproduko-
vateln&j§i vysledky, nez pouZivané. metody kolorimetrické.

SOUHRN

Byla sledovéna zavislost fotometrického ekvivalentu na optické hustoté,
logaritmu exposice, dob& a teploté vyvolavani a na druhu pouzZité vyvojky.
Pi#i studiu téchto zdvislosti bylo pouZito dvou zcela odlisnych materiala —
nesensibilovaného materidlu Tf 4 s citlivosti 11/10 DIN a jemnozrnného mate-
ridlu o citlivosti 10/10 DIN. Studium zivislosti fotometrického ekvivalentu
bylo doplnéno sledovénim velikosti a tvaru vyvolanych emulsnich zrn na
optickém wmikroskopu. Vysledky ziskané v této préaci byly porovnany s vy-
sledky price SHEPPARDA a BALLARDA.

SAR/IIOYEHUE

ABTOpHI BBIIBWIN, YTO 3aBUCHMOCT (OTOMETPMYECKOTO dKBHMBAIIEHTA OT
ONTHYECKON IIJIOTHOCTH, ompefejdeMas y BHIIYCKaeMOro B HacCTOAllee
Bpema MaTtepuana Tf 4 B 3HaunTelIbHON CTeNeHW OTINYAETCA OT ITOHN Ke
3aBUCUMOCTH, ycraHoBiieHHo llefinapnom u Banaapmom.

Onpenenenne 3aBUCMMOCTH (OTOMETPNYECKOT0 3KBUBAJIEHTA OT ONTH-
4ecKoM IIIOTHOCTH, jlorapuMa BBIAEPKKH, BPEMEH! U TeMIepaTyphl Impo-
ABJIEHNA MPOBOAMIIOCH HA IBYX, II0 CBOMM CBOJCTBaAaM COBEPHIEHHO pa3iny-
HBIX MaTepuajiaX U CONPOBOKAAIIOCh, KPOME TOT0, ONpefelleHUeM BelInyu-
HBEl ¥ OPMBI IPOABIIEHHBIX 3MYJIbCHOHHBIX 3€pH ONITHYECKUM MUKPOCKOIIOM.
BosmoHOCT, cpaBHUBATh BeINYNMHY M (GOpMYy 3epH Ha MCHOJIb30BAHHOM
YyBCTBUTEIBHOM MaTepuaile Obllla JaHA CHEMKOH BMYJIbCHOHHHIX 3€pH
3JIEKTPOHHBIM MUKPOCKOIIOM. '

JlnA ompeneneHnsa Koln4ecTBa NPOABIEHHOro cepe6pa NpH BHIYUCIEHNH
$oToMeTPHYECKOr0 SKBUBAJIEHTA NMPUMEHAICA, B oTiau4ue oT pabGor Ileit—
napra u Bannapma, moreHumoMerpuuyecKuii MeToR, KaBaBIIUiI rapaHTHIO
nony4aTb Gojiee OTUeTINBBHIE Pe3yJIbTATH, YeM Te, KOTOPHIE JAaeT KOJIOpH-
METPUYECKUIA METON.

BBIBOOBI

OnpenensAnace 3aBUCHUMOCTH (OTOMETPHYECKOr'0 DKBHBAJEHTA OT OINTH-
4YeCKOM INIOTHOCTH, JorapumMa BHIIEPKKU, BDEMEHH M TeMIepaTyphl HpoO-
AIBIIeHNA W OT BHUAA MCIOJIb30BAHHOTO IpoABMTeNsa. IIpM usydeHum atmx
OTHOLIEHMH GBIIM MCIOJb30BAHH ABA COBEPLIEHHO pa3HHIX Marepuajga —
HeraTuBHHI MaTepuan TF4 co cBerouyBcTBuTeNbHOCTEIO 11/10 DIN u men-
kKosepHucTEI# MaTepuana Isopan FF co cBerouyBcTBHTENIbHOCTBIO 10/10 DIN.

Onpenenenue 3aBHCHMOCTH (OTOMETPHMYECKOT'0 IKBHMBAJIEHTA COINPO-
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BOMKIAI0CH, KPOME TOT0, ONpeXeIeHueM BeIUYUHB U OPMBI MPOABIEHHBIX
AMYJIbCHOHHHX 3epH ONTHYECKUM MUKpockoroM. [ToiryuyeHHEIe B mpomecce
3Toil paGoTH pe3yabTaTH aBTOPH cpaBHWIM ¢ AaHHHMU lleitnapna u Ban-
Japna.
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