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Photothermographic materials that contain silver halide grain and organic silver salts are widely used in dry processing imag-
ing systems. Because its characteristic curves are very sensitive to development condition, precise calculations of the character-
istic curves under various development conditions are essential for practical development system designing. Though some previous
models for the characteristic curves had been proposed, those uses are limited because they based on some ideal assumptions. In
this study, change of experimental characteristic curves under various development conditions was analyzed, and a new model
using semiempirical simulation method was found. This method gives both the fraction of silver halide grains receiving a latent
image exposure and the radius of sphere of influence from the experimental characteristic curves of several development condi-
tions. The fraction is an intrinsic value of the film, and it represents the photosensitive character including fog. The radius of
sphere of influence represents the degree of development, and its rate of increase is constant under fixed development tempera-
ture. These parameters are useful for analysis of development rate. Once these parameters were defined, exact characteristic
curves of any development conditions are calculable. The found simulation method is useful for analysis and design of practical
photothermographic system.
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Introduction named sphere of influence. These spheres are observed
Photothermographic materials that contain silver ha-  as white faint hollows using a scanning electron mi-
lide grain and organic silver salts are widely used in  ¢roscope. Based on this assumption, they gave a pri-
dry processing imaging systems. In these systems, la- mary numerical model fo? characteristic curves. In the
tent image centers are formed on the surface of silver ~ Mmodel, number of latent image centers Was'calm’llat.ed
halide grains by light exposure. These latent image cen- ﬁ"?m exposure and grain size, ba§ed on Poisson’s dis-
ters are grown into visible metallic silver image by  tribution. Amount of developed silver was considered
physical development in thermal development process.  t0 be equivalent to amount of organic silver salts within
Silver ions are supplied from organic silver salts that the sphere of influence. Thl? amount was calculated
surround the silver halide grain. In contrast with clas- from the volume of sphere of influence and the content

sical silver halide photography, silver from the silver of organic §ilver salts. Optical density was as§umed to
halide grains doesn’t contribute to the developed silver be proportional to the amount of developed silver. Ra-

density. So the behavior of its characteristic curve dif- dius of the sphere of influence must be limited so that
fers from one of classical silver halide photography. Be- the volume of the sphere of 1nﬂuence dqes not exceed
cause the characteristic curves of photothermographic the phys1cal layer volume. The;r conclus10n_1s summa-
materials are very sensitive to its development condi- rized in Egs. 1, 2 and 3. Details of the derivation are

tion, precise calculations of the characteristic curves mentioned in the Appendix.
under various development conditions are essential for
practical development system designing. Klosterboer and Rutledge’s Model

Klosterboer and Rutledge'? gave the fundamental
theory for calculation of thermally developed charac-
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fraction of silver halide grains receiving a latent
image exposure

number of absorbed photons required forming a
latent image

number of photons per unit area

fraction of photons absorbed

edge length of the silver halide grain

optical density of the film

proportional constant

coating weight of organic silver salts per unit area
thickness of coated layer

coated area

density of silver halide grains

coating weight of silver halide grains per unit
area

radius of sphere of influence
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The limitation of Eq. 3 seems to be somewhat unnatu-
ral. Though total volume of the sphere of influence
should be equal to physical layer volume of the film at
the maximum value of r, spheres of the maximum ra-
dius couldn’t packed into the physical layer without
overlapping. In fact, calculated results of their model
tend to differ from experimental characteristic curves
at shoulder to maximum range.?*

The most important insufficiency in the Klosterboer
and Rutledge’s model is the implicit assumption that
the spheres of influence do not overlap. This sugges-
tion was pointed out by Kong® and Hirano® in 1997,
and they gave improved equations respectively. Also
Hirano® pointed out further insufficiencies of
Klosterboer and Rutledge’s model. The points in his
argument are as follows.

1. Overlap of the sphere of influence should be consid-
ered instead of the limitation of its radius.

2. Optical density is not proportional to the amount of
developed silver. Covering power should be consid-
ered.

3. Dead volume of the undeveloped silver halide grains
within the sphere of influence should be considered.

In Hirano’s model, overlap of the sphere of influence
was corrected by integration of its probability, and the
limitation for the radius of sphere of influence was re-
pealed. Optical density was assumed to be proportional
to the shadow area of developed silver particles consid-
ering the covering power. And the optical density was
calculated from both number and radius of the developed
silver particles. The undeveloped silver halide grains
incorporated in the sphere of influence were treated as
dead volume in calculation of the amount of developed
organic silver salts, and the dead volume was calculated
from probability of the incorporations. Hirano’s model is
summarized in Eqgs. 1, 4, 5, 6, 7 and 8. Details of the
derivation are mentioned in the Appendix.

Hirano’s Model
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number of total silver halide grains

number of silver halide grains receiving a latent
image exposure
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In both Kong’s model and Hirano’s model, radius of
the sphere of influence could grow without limit, but
the amount of developed silver converges on the coat-
ing amount because of overlap of the spheres of influ-
ence. This treatment seems to be quite an improvement.
In 1999 Kong” developed a further generalized model in
consideration of incomplete reduction of organic silver
salts within the sphere of influence, variations in size
and shape for the sphere of influence, random distribu-
tion of AgX grains, grain-shape and grain-size distribu-
tion, and fog centers. Though the model stands on most
realistic assumptions, it incorporates too many param-
eters. To fix all the parameters from experimental data
is rather difficult, so methods to fix parameters in part
were reported.

Purpose of the Study

On design of a dry processing imaging system, it is very
important to keep the shape of characteristic curves un-
der precise control. Because the characteristic curves
of photothermographic materials are very sensitive to
development conditions, system designers often need to
calculate the precise change of the characteristic curves
under various development conditions. Some problems
must be solved prior to use of the previous models. In
Kong’s (1997) and Hirano’s models, calculation of the
fraction of silver halide grains receiving a latent image
exposure was based on Poisson’s distribution in Eq. 1.
This treatment was based on the assumption that sil-
ver halide grains are uniform in sensitivity. But in prac-
tice, the sizes of grains are distributed, and it is difficult
to examine precise distribution of their size because they
are very small (about 0.05 pm in edge length). In Kong’s
(1999) model, the distribution and size of the latent
images are determined by Poisson statistics. Though it
is a proper approach, to calculate the whole shape of
the sensitometric curve is not easy. Additionally, the
image density is assumed to be proportional to the
amount of developed silver particles in both Kong’s mod-
els. This is a typical difference from Hirano’s model and
this study, in which the image density is assumed to be
proportional to the shadow area of developed silver par-
ticles considering covering power.

Though spheres of influence are observed as white
hollows using a scanning electron microscope, their fig-
ures are too faint and too distorted to examine distri-
bution of their size. Radius of sphere of influence should
be regarded as a conceptual parameter. To solve these
problems, we adopt a semiempirical method. In this
study, values of the fraction of silver halide grains re-
ceiving a latent image exposure, the radius of sphere
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TABLE I. Conditions of Thermal Development

No Heat time (sec.) Temperature (°C)
1 14 119
2 14 121
3 14 123
4 14 125
5 14 127
6 7 125
7 10 125
(4) 14 125
8 20 125
9 30 125

of influence, and the proportionality constant for cov-
ering power are determined systematically from the
experimental characteristic curves of various develop-
ment times and temperatures.

Experimental

Konica Medical Imaging Film SD-P is exposed uniformly,
and developed under various development times and
temperature. The coating weight of organic silver salts
is equivalent to 19 g/m? of silver metal, and the coating
weight of silver halide grains is equivalent to 1 g/m? of
silver metal. The average edge length of the silver ha-
lide grain is 0.065 micrometer. The thickness of coated
layer is 20 micrometer. Both exposure and development
were performed by Konica DRYPRO model 722. The
wavelength of exposure is 810 nm. The system program
was modified to be capable of adjusting development
conditions. Table I shows the development conditions.

Results

Figure 1 and 2 show the characteristic curves of vari-
ous development conditions.

These data were used in following regression analy-
ses. First, Hirano’s model equations were modified to
suitable form for regression. Equation 1 of Hirano’s
model was deleted. Instead, f, namely fraction of silver
halide grains receiving a latent image exposure was
treated as a look up table function in Eq. 9. Their table
values were fixed latter. Because Hirano’s Eq. 7 has an
inconsistency when the volume of a sphere of influence
is near to the volume of a silver halide grain, a correc-
tion term is added referring to Kong’s (1999) model. The
detail of the correction is mentioned in the Appendix.
Equations 4 to 8 were arranged into one equation by
substituting N, N, Py, and M. A was eliminated.

New Model

f=g(Ex) 0 < f< 1Ex: exposure 9

Density

35

25

Density
8]

—a— 119°C/14 sec
—8— 121°C/14 sec
—=— 123°C/14 sec
—A— 125°C/14 sec
—8— 127°C/14 sec

0 1.5 2

0.5 1
Log exposure (mW)

Figure 1. Characteristic curves at various temperatures.
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Figure 2. Characteristic curves at various times.
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TABLE II. The Principal Differences Between Previous Models and This Study

Klosterboer? Kong (1997)° Hirano® Kong (1999)’ This Study
Overlap of the sphere of influence Ignored Considered Considered Considered Considered
The image density is proportional to Amount of Ag Amount of Ag Shadow area of Ag Amount of Ag Shadow area of Ag
Fog centers Ignored Ignored Ignored Considered Considered
Correction for AgX grain volume Ignored Ignored Considered Considered Considered
AgX grain-shape, grain-size
and sensitivity distributions Ignored Ignored Ignored Considered Eliminated
Poisson statistics Number of Number of Number of Number and size
latent images latent images latent images of latent images Not used
Variations in size and shape for
the sphere of influence Ignored Ignored Ignored Considered Ignored
Amount of the reduced organic
silver salt in the sphere of influence. All All All Fraction All

The differences between previous models and this
study are summarized in Table II.

Though Eq. 10 is complicated, it can be interpreted
as follows.

D=h(f,r,C, Wy, Wgs, L, T, d) (10"
In this equation, parameter f, r and C are unknown,
and their values need to be fixed. The rest, such as coat-
ing weight and layer thickness are already known. In
Hirano’s model, L, namely edge length of the silver ha-
lide grain has two functions. First, L impacts the speed
of the film in Eq. 1. Second, L represents the volume of
the silver halide grains in Eqs. 4, 6 and 7. Differing from
Hirano’s model, f is independent of L in our model. L
only represents the volume of the silver halide grains
in Eq. 10. So a rough average value for L is enough for
our calculation.

Equation 10 gives a maximum value at fequal 1 and r
equal infinity. This represents that the maximum den-
sity would be obtained at the condition of sufficient ex-
posure to form a latent image on all silver halide grains
and sufficient developing time to consume all organic sil-
ver salts. Equation 11 shows the maximum density value.

D1/3
D,y = C OWg 2/3% SH

_ OWggr
OG Dma)p WSS Z/ﬁ %E

(11)

(12)

Parameter C, namely the proportionality constant for
covering power was fixed by putting the observed maxi-
mum density into Eq. 12. The base density must be sub-
tracted prior to use. To get a proper maximum density,
the exposure should be in the range of practical use.
Extreme exposure causes the formation of undesired
latent image on in situ silver halide, and gives exces-
sive density. Now r and f remain to be evaluated. To fix
these, an inverse function for Eq. 10 was defined.

f=h'D, 1, C, Wey, Wy, L, T, d) (13)

Though the algebraic expression of above function is
difficult to solve, numerical solution of above is calcu-
lable by iterative routines such as the Newton—-Raphson
method. Initial values for f were calculated by putting
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Figure 3. Calculated f for r = 1 [Am.

1 pym in the place r and putting experimental density
(base density was subtracted) of Fig. 1 in the place D on
Eq. 13. Figure 3 shows the initial value for f.

These f values are NOT proper. Because all experi-
ments are equal in the sensitivity and exposure condi-
tions, calculated f, namely the fraction of silver halide
grains receiving a latent image exposure should be equal
to each other at the same exposure. So all plot lines
should gather to almost one line. Because r, namely ra-
dius of sphere of influence, is the only undecided pa-
rameter in the right hand side of Eq. 13, the value of r
should be adjusted to gather all plot lines. This assump-
tion is a key principle of our method. Error function of
Eq. 14 was defined for calculation of the optimum r.

5‘-1§D Err= z z( _')2 14
= 1.7 - 12
n = j=1i=1 (14)
where
i wedge index
J: development condition index
D,: experimental optical density at wedge i and con-
dition j.
Ito, et al.
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Figure 4. Calculated f at optimum r values.
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Figure 5. Optimum r at various development temperatures.

Parameter r for each development condition were ad-
justed to give minimum Err in Eq. 14 using the
Marquardt method.® Figure 4 shows calculated f at op-
timum r.

At optimum r, all plot lines gathered in almost one
line. This result proves our hypothesis. Average of the
calculated fin Fig. 4 was adopted as final value for f.
Characteristic curves of each development conditions
were calculated by putting the final value for f and the
optimum r on Eq. 10. Figures 5 and 6 show the opti-
mum r. Figures 7 and 8 show the calculated character-
istic curves. Figure 9 shows the correlation between
experimental fog and calculated fog.

Quite a linear relationship exits between the radius
of the sphere of influence and developing time in Fig. 6.
Calculated characteristic curves in Figs. 7 and 8 agree
well with corresponding experimental characteristic
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Figure 6. Optimum r at various development times.
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Figure 7. Calculated characteristic curves at various devel-
opment temperatures.

curves in Figs. 1 and 2. Also calculated fog well agrees
with experimental fog in Fig. 9.

Discussion

Various features of characteristic curves in Figs. 1 and
2 can be explained by only a change in the value of r in
Eq. 10 with a common value of f. Parameter f, namely
fraction of silver halide grains receiving a latent im-
age exposure is an intrinsic value of the film, and it
represents the photosensitive character of the film.
Figure 10 shows relationship between exposures and
values of f.

At minimum exposure, calculated f has a convergence
value that is above zero. Experimental fog was explained
using this convergence value. This convergence value
represents the fraction of silver halide grains having
fog centers. Because the development conditions of our
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Figure 8. Calculated characteristic curves at various devel-
opment times.
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Figure 9. Correlation between experimental fog and calcu-
lated fog.

experiments vary within the range of practical use, the
results only suggest that the change of the fraction of
silver halide grains having fog centers is negligible in
the range of practical development conditions.
Parameter r, namely radius of sphere of influence var-
ies with the condition of development. The value should
be regarded as a conceptual parameter that indicates
the degree of development. It is noteworthy that linear
relationship exits between the value of the r and the
development time in Fig. 6. It implies that the rate of
increase of the radius of sphere of influence is constant
at a fixed development temperature. The average diffu-
sion length of the silver ion from organic silver salts to
the development centers should be proportional to the
radius of sphere of influence. So the diffusion rate should
not be the rate-determining step of the development
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Figure 11. Relationship between r and development time at
various temperatures.

reaction. At the early state of development when over-
lap of the sphere of influence is negligible, the rate of
increase of the amount of developed silver is proportional
to square of the radius of sphere of influence. It implies
that development rate is proportional to the surface area
of developed silver or of the sphere of influence. At the
late stage of development, the corresponding rate rap-
idly decreased owing to overlap of the spheres of influ-
ence. In Fig. 6, the x axis intercept probably represents
the heating time before the film temperature increased
enough to initiate development.

The increasing rate of r should be regarded as a pa-
rameter that indicates development rate, which depends
on development temperature. Figure 11 shows the rela-
tionship between r and development time, including ad-
ditional data at various development temperatures.

Ito, et al.
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Figure 12 shows relationship between the rate of in-
crease of r and development temperature.

In Fig. 12, the increasing rate of r can be regarded as
a function of temperature as Eq. 15. If the function is
defined exactly, the characteristic curve at the end of
development with a complicated history of development
temperature is calculable. In typical application, finite
element method of analysis of development gives the
estimated history of development temperature for an
imaginary development unit as 7(¢). The estimated his-
tory of development temperature can be converted to
the rate of increase of r using Eq. 15, and the integra-
tion of these gives the predicted value of r as Eq. 16.

dr
- = T 3
o7 Q(Temp.) (15)

ot
r —IOQ(T(t))dt (16)

The predicted values of r can be converted into the
predicted characteristic curves by putting them into Eq.
10 with the known values of C and f. Such calculations
are quite convenient in the design work of development
systems.

Conclusion

Though some models for characteristic curves of
photothermographic materials had been proposed, some
problems must be solved prior to using these models in
practical matters. To solve the problem, a new model us-
ing a semiempirical simulation method was found. This
method gives both the fraction of silver halide grains
receiving a latent image exposure and the radius of
sphere of influence from the experimental characteris-
tic curves of several development conditions. Given that
values of the fraction of silver halide grains receiving a
latent image exposure are intrinsic values of the film,
they represent photosensitive character including fog.
The value of the radius of sphere of influence indicates
the degree of development, and it has a linear relation-
ship with development time under fixed development
temperature. These parameters are useful for analysis

Numerical Model for Characteristic Curves of Photothermographic Materials ...

of development rate. When the parameters are fixed,
exact characteristic curves of any development condi-
tions are calculable. This simulation method is useful
for analysis and design of practical photothermographic

systems. &

Appendix

Derivation of Eq. 12

For an average exposure of ¢ photons, and a minimum
of m photons needed to generate a latent image site, the
fraction of grains with a latent image of fis given by Eq.
17 that follows Poisson’s distribution. The ¢ is propor-
tional to the fraction of photons absorbed, the number of
photons per unit area, and the area to which photon ar-
riving. So the product of @, E, and L? was putted in the
place of ¢ in Eq. 17, and Eq. 1 were derived.

M40

p
R

Derivation of Eqgs. 2 and 32

Note: In Klosterboer’s original article? both Wy and Wy,
were defined as coating weight, but in this article both
Wy and Wy, were defined as coating weight per unit
area as used in Hirano’s article.® Therefore related
Klosterboer equations were corrected.

Number of silver halide grains in the area A was given
as N, in Eq. 4. Content of organic silver salts per unit
volume was given as Wy in Eq. 18. Volume of the sphere
of influence was given as Vg, in Eq. 19. The amount of
organic silver salts in the sphere of influence was given
as Wy in Eq. 20. Optical density was assumed to be pro-
portional to W, as Eq. 21. Equations 4, 18, 19, 20, and
21 were arranged into one equation by substituting N,
Wy, Vg, and Wg,. Then Eq. 2 was derived.

Equation 3 was derived from the limitation of Vg, = 0
at f=1on Eq. 19.

M8

f:

p

e o Wss A
V rm-nN, 1 (18)

Vgr =Ny I:fl:%ml]r3 —L3E (19)
Wsr =Wy Wgr (20)
D=K Wy (21)

Derivation of Eq. 7

Though a derivative process was not mentioned in the
article,® the following process was assumed.

V was defined as the actual total volume of the sphere
of influence from which overlap volume was already sub-
tracted. Occupation ratio P was defined as the ratio of
above V per volume of the coated layer. If new AN of the
sphere of influence were added into the volume of the
coated layer, the expected increment of V and P could be
estimated as Egs. 22 and 23. Equation 23 was arranged
and integrated as Eq. 24, and Eq. 25 was derived.

In the actual total volume of the sphere of influence,
the volume in which undeveloped grains were distrib-
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uted was given as V;; in Eq. 26. In the total volume of
the coated layer, the content of the number of undevel-
oped grains per volume in which they are distributed
was given as P, in Eq. 27. So the dead volume of the
undeveloped grains within the sphere of influence was
given as Vj in Eq. 28, and the effective volume of the
sphere of influence in which developed organic silver
salts exit was given as V; in Eq. 29. The amount of de-
veloped silver was given as M in Eq. 30. Equations 25,
29 and 30 were arranged into one equation by substi-
tuting P and V,, and the Eq. 7 was derived.

4
AV:§nr3mNE61—P) (22)
4 3N - P
ap= BV _3 (23)
AT AT
1 S
[ dP =3 _dN (24)
1-P AT
4 N
p= 1—exp§~§ m (25)
Vy=V-NIO?=AT [P -N i} (26)
No-N
N @

NO_

VD:VU |TU st :(AU’T_N UJ3)FZ\5VE3

L (28)

OAT - N, 20

VE = VU —VD :(A TP -N m3)8m5 (29)

M = PSS WE (30)

Correction of Eq. 7 by Authors

Equation 7 has an inconsistency when the volume of
a sphere of influence is near to the volume of a silver
halide grain. When 4/31v? is close to L3, M should be
close to zero. However, it does not in Eq. 7. This incon-
sistency takes its origin from an error in Eq. 22. Taking
into account the volume of silver halide grains, the equa-
tion was corrected as Eq. 22’. Consequently Equation 7
was corrected as Eq. 7’.

AV = %rﬁ —L3§DSN q1-P) 22))
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Derivation of Eq. 8

The shadow area of a developed silver particle S, is
assumed to be proportional to the 2/3 power of the vol-
ume of a developed silver particle V, as Eq. 31. Consid-
ering covering power, the image density D is assumed
to be proportional to the total shadow area of developed
silver particles per unit area as Eq. 32. Equations 31
and 32 were arranged into one equation, Eq. 33, then
Eq. 8 was derived.

2 2
= 3 = 1
So=Ci VE =C; E@%@S (31)
NS
D=C g
274 (32)
FEINEL:
3 3
p=CM"N’"" AN when C =C; [, (33)
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