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Image Formation Mechanism of Ultra Fine Grain Emulsion BB640
Processed with High Contrast Developer D8
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Photographic emulsions based on silver halide grains and their developers are characterized by the H-D curve, relating density
with exposure. The H-D curve depends on a number of parameters from both of the emulsion and of the developing process, and
always has a typical shape. In this study we present a H-D curve obtained with an ultra fine emulsion, Colourholographics
BB640, developed with a high contrast developer, Kodak D8, whose shape differs considerably from that of the standard curve.
This process leads to very high values of density as well as to an apparent holographic overmodulation. Based on these results an

image formation mechanism is proposed.
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Introduction

Of the materials suitable for holographic recording, fine
and ultra-fine grain silver halide emulsions have the
highest light sensitivity. The photographic and holo-
graphic properties of silver halide emulsions are the best
known of all high resolution materials, since these emul-
sions have been deeply studied and used for more than
a century.’® In recent years, due to fact that the his-
torical manufacturers of fine and ultra fine grain emul-
sion discontinued production of these materials, new
emulsions of this kind have appeared on the market.
These new emulsions have new characteristics and,
therefore, different photographic and holographic prop-
erties compared to the discontinued emulsions.

The characteristics of Colourholographics BB640¢
emulsions studied in this work differ from those of older
emulsions in such important features as thickness of the
layer (between 7 and 9 um for BB640 compared with <6
um for Agfa 8E and Ilford and 12 um for Kodak 649F),
mean grain size (20 nm for BB640 against 40 nm for the
other emulsions mentioned), sensitivity, and hardness of
the supporting gelatin.”® We assume that these differ-
ences may be related to the results reported in this ar-
ticle. These results were not found with the earlier
emulsions in all the years they were used for holographic
applications or as high resolution photographic materi-
als.

BB640 emulsions have been recently studied as holo-
graphic recording materials using conventional fine

Original manuscript received March 15, 2002
A IS&T Member

*Corresponding author telephone: 34-96-6658428; Fax: 34-96-6658602;
E-mail: m.ulibarrena@umbh.es

©2003, IS&T—The Society for Imaging Science and Technology

grain processing schemes commonly used with the clas-

sical emulsions. The results reported are not very dif-

ferent from those of the discontinued emulsions.?

The most important difference that we found when
working with BB640 plates is related to the anomalous
D-Log E curve'® obtained when processing BB640 emul-
sion with Kodak D8, a high contrast developer rarely
used in holography,'? and whose properties have been
photographically analyzed.'® The special characteristics
of Kodak D8 developer are the following:

e It works at a very high pH value (>13) but it is not a
buffered solution, although it includes a strong base
(NaOH) to raise the pH. Since no buffer is present,
we can expect local pH changes as the development
process takes place, thus leading to an important lo-
cal and time dependence of the development process.

¢ Sodium sulfite, a common developer preservative, is
present in a high concentration in the developer so-
lution. But sodium sulfite is also known as a strong
ultra-fine silver grain solvent, especially with BB640
plates with an average grain diameter of 20 nm.

Our own hypersensitivity studies with sodium sulfite
plus urea revealed a decrease in sensitivity caused by the
silver grain solution, while this was not the case for classi-
cal Agfa emulsions (average grain diameter of 40 nm) where
this process increased the sensitivity by a factor of 2.1

The H-D curve relates the density (D) of the devel-
oped emulsion to exposure (E)¥ and is a means of char-
acterizing photographic emulsions and their processing
Density D is defined as D = —log T, where T is the trans-
mittance or transparency of the developed recording,
calculated as the ratio of transmitted to incident light
intensity.'. E is the product of the recording light inten-
sity (I) and the exposure time (¢), E = It.

A new feature found with these plates and this par-
ticular process is an apparent holographic overmodula-
tion performance of the bleached gratings. Two peak
values of diffraction efficiency (DE) at two different ex-
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posures separated by a low DE zone were found.
Overmodulation typically presents this type of results
and is usually found in those materials that verify that
the product of thickness of the layer (d) and index modu-
lation (n,), which we will refer to as optical path modula-
tion — OPM = n, xd, may vary within a range wide enough
for the diffraction efficiency to reach its first maximum
value, decreasing to a minimum, reach its next maximum
value and so on periodically. According to Kogelnik’s
coupled wave theory,'® this behavior continues until a
certain limit of OPM for the material is reached. DE in
the case of an unslanted lossless transmission grating
recorded in a material with high index modulation capa-
bility and sufficient thickness will increase and decrease
periodically with the OPM according to:

. nmyd
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where 1 is the wavelength, 6 is the Bragg angle of the
grating and T, is a factor that takes into account scat-
tering, absorption and Fresnel losses. This theoretical
result has been experimentally confirmed for materials
such as dichromated gelatin,'” silver containing porous
glasses’ or photopolymers.'® These materials may have
compositions with a greater product of index modula-
tion and thickness than the optimal one for achieving
the highest possible DE.

Silver halide holographic materials have a relatively
limited capacity for index modulation, based on the rela-
tively small silver ion concentration present in the emul-
sion. This property, together with a fixed thickness
determined by the manufacturers—which is never more
than 12 yum—has made holographic overmodulation dif-
ficult to observe with these materials. Furthermore, the
solvent action of developing agents in the presence of high
concentrations of metallic silver tends to produce a de-
crease in local density in the exposed zones (bright zones
of the interference pattern), an effect known as solariza-
tion. On the other hand, silver halide grains in the dark
(unexposed) zones continue their spontaneous reduction
process to give metallic silver, thereby increasing its con-
centration and, consequently, its local density. Thus, to-
gether with high exposure energies, changes in silver
population in both zones lead to a net decrease in den-
sity modulation in the emulsion. In this case, when me-
tallic silver is converted back into ionic silver by means
of a direct bleaching process, a corresponding decrease
in index modulation of the bleached plate is obtained,
resulting in a diminished DE of the resulting hologram.

One of the key characteristics related to ultra fine
grain silver halide materials used in holography is their
ability to accurately store the optically generated sinu-
soidal interference pattern of the hologram as density
differences. In order to assure this result, the linear zone
of the D-Log E curve has been commonly used. When
the idea of diffusion mechanisms associated with cer-
tain bleaching techniques was introduced,? holographers
started to move towards the saturation region of the D-
Log E curve. The main problem introduced by this tech-
nique is that the material response is no longer linear,
leading to some distortion from the original sinusoidal
profile. These distortions can be analyzed by means of
the angular response of the recordings and generally
appear as an asymmetric response.202!

In this study we used post-development processes
which are characterized by their direct action. By this
we mean that they act only locally and no diffusion pro-
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cesses are involved. Direct bleaching is a two step pro-
cess. First, the fixing step dissolves all unexposed sil-
ver halide remaining in the emulsion, thus ideally
leaving only metallic silver suspended in the support-
ing gelatin in the bright zones of the recorded interfer-
ence pattern, and only gelatin in the dark ones. The
action of the direct bleach is to rehalidized the result-
ing silver grains, thereby generating a new silver salt.
This gives rise to zones with a high concentration of sil-
ver salts inside the supporting gelatin and zones with
only gelatin, so each zone will have a different refrac-
tive index. Therefore, this process directly converts the
density recording into a phase recording and the den-
sity modulation into a refractive index modulation.

The second bleaching technique used in this study was
reversal bleaching. In this process all metallic silver
present in the emulsion is dissolved, leaving only the
original unexposed and undeveloped silver halide grains.
Therefore the exposed regions of the plate end up with
a low concentration of silver halide crystals, whereas in
the unexposed regions the original concentration is
maintained. As before, no diffusion processes are asso-
ciated with this bleaching technique. It must be noted
that some ripening resulting in a slight increase in the
original grain size, has been reported.’? Index modula-
tion in this case results from the different silver halide
concentrations in the exposed (low concentration) and
unexposed (high concentration) regions.

So with these processes we assume a direct relation-
ship between density modulation of the developed plate
and refractive index modulation of the bleached holo-
gram. Based on this premise we will extend our density
study to the results obtained from the analysis of the
properties of the holographic gratings post-processed as
described. Diffraction efficiency is one of the most im-
portant parameters studied, since it is directly related
to index modulation. It is defined as the ratio of diffracted
to incident light intensity of the probe beam at the Bragg
angle. Another important tool to analyse the holographic
properties, directly related to the OPM, is the angular
response of the gratings, which consist of measuring the
diffraction efficiency for different angles of incidence of
the reconstructing beam. Off-Bragg diffraction efficiency
provides information on the OPM of the recording.??

Experimental

Silver halide materials were used to record holographic
unslanted transmission gratings with a spatial fre-
quency of 1150 Ip/mm with a p-polarised He-Ne laser (A
= 633 nm). Gratings were recorded in a symmetrical
layout with two collimated laser beams at an angle of
21.0° to the perpendicular of the plate. A diagram of this
setup is shown in Fig. 1. The beam ratio of holographic
exposures was 1:1 and the power of the exposure beams
was about 130 uW/cm? each. Plates were prewashed in
a 3% solution of tri-ethanolamine (TEA) in deionized
water for 15 minutes and dried with warm air prior to
exposure. After exposure they were processed with
Kodak D8 developer and fixed with non-hardening fixer
Kodak F-24" as described in Table I. After measuring
the densities, the plates were bleached with direct
ferricianide bleach (potassium ferricianide, 8 g/l, and
potassium bromide, 7 g/1) or Kodak R9' reversal bleach
(fixation-free) according to Tables II and III. A refer-
ence test with plates developed with AAC (ascorbic acid,
18 g/1, and sodium carbonate, 60 g/1, for 4 minutes at
20°C) and fixed with Kodak F-24 was done in order to
compare our results with a standard D-Log E curve.

Ulibarrena, et al.



TABLE I. Emulsion processing.

TABLE Il. Rehalogenating Bleaching.

Kodak developer D8 4 minutes 20°C
Washing 10 minutes
Fix with F-24 5 minutes
Final washing 15 minutes
Drying room temperature

‘ Mirror

BS

Mirror ’

Beam expander
+ Collimator

Holographic Plate

Figure 1. Interferometric setup for recording holographic
transmission gratings with a spatial frequency of 1200 lp/mm.

Densities were calculated from transmission mea-
surements taken with a solid state detector ranging
from 20 W/cm? to 0.0001 nW/cm?. The probe beam was
a slowly expanded laser beam with an intensity of over
20 mW/cm?2. With this configuration it is not possible to
measure transmission values corresponding to densities
higher than 11.3, so all graphics will show that limit.
Accordingly, transmission values of 0.0000 nW/cm?2
were measured, indicating higher densities outside the
limits of our detector.

DE measurements of the bleached recordings were
made using a collimated He-Ne laser beam at the Bragg
angle of the grating. Detectors were placed 50 cm away
from the plate in order to avoid the scattered radiation
of the grating on the detector, to obtain indirect infor-
mation on hologram quality. Angular responses of the
bleached holograms were measured with a computer
controlled rotating stage with steps of 0.5°. All experi-
mental values were corrected for reflection losses based
on both experimental measurements and Fresnel for-
mulae calculations,? in order to avoid, especially in the
angular responses, mismatches due to different angles
of incidence. For this calculations we took 1.523 as the
refractive index of glass and 1.579 as that of gelatin.
Both values were calculated from interferometric data
obtained using a thin film resonance method.?*

Results

Transmission measurements of the unbleached plates
developed with Kodak D8 resulted in the D-Log E curve
shown in Fig. 2, which clearly differs from a typical H-
D curve. Apart from the shape, which is completely dif-
ferent to that of a standard curve such as that obtained

30-60 minutes’ 20°C
15 minutes
room temperature

Potassium ferricianide bleach
Final washing
Drying

Bleaching time ranged from 30 to 60 minutes according to the higher
density recording in each plate.

TABLE lll. Reversal Bleaching (Fixation Free).

Kodak R-9 bleach
Final washing
Drying

30-60 minutes’ 20°C
15 minutes
room temperature

Bleaching time ranged from 30 to 60 minutes according to the higher
density recording in each plate.

with the reference developer AAC, as shown in the same
figure for comparison purposes, the most remarkable
feature is the maximum density attained, which is
higher than our detection limit of 11.3. Sensitivity is
also higher for D8 than for AAC. The other special char-
acteristic is that three distinct zones can be observed in
the curve, labeled as region I ranging from exposures of
10 pud/em? to 90 pd/cm? region II from 100 pd/cm? to 400
ud/em? and region ITI, from 500 pud/cm? to 7000 pud/cm?.
Region I, starting at fog density and reaching a density
value of 5 may be considered a standard H-D curve. The
curve then reaches a low gradient zone in region II. In
region III the D-Log E curve again has a steeper slope,
and instead of entering the expected solarization region,
the reduction process is reactivated and the limit den-
sity of 11.3 is reached. Finally, there is a gradual de-
crease in density.

The DE versus E curves shown in Fig. 3, together
with the D-Log E curve, correspond to direct bleached
(ferricianide) and to R-9 reversal bleached plates. Di-
rect bleached emulsions show an apparent holographic
overmodulation. We use the term apparent holographic
overmodulation since two maximum DE values sepa-
rated by a low DE zone is observed. In the reversal
bleaching process, as was to be expected, the DE in-
creases until it reaches a maximum and then decreases.
It is remarkable that the values of exposure energy
corresponding to the maximum DE for reversal bleach
are located in zone II, in the energy range with low
DE between the two maxima of the rehalogenation
bleach processing.

The results obtained from the angular DE curves are
shown in the set of figures labeled Fig. 4. We chose
twelve curves from the complete set of gratings recorded,
processed with D8 and post-processed with the F-24 and
ferricianide direct bleach. Curves 4b and 4k correspond
to the two DE maxima of the DE-E curve, and have a
regular shape. Curves 4d to 4j correspond to energy re-
gion II, and show lower peak values for maximum DE,
a reconstruction angle different to the recording one,
and a non-symmetrical response with respect to the
Bragg angle. The deviation is more dramatic in 4f, whose
maximum DE value lies at a Bragg angle of 41°, given
the recording angle of 21.0°. The second maximum DE
is higher and slightly broader than the first one, and
the maximum DE angle has shifted from 21.0° to 23.0°.

In order to confirm that we have obtained a holographic
overmodulation response, we checked to see if these an-
gular responses matched the theoretical results. We fit-
ted and simulated the theoretical angular responses of
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Figure 2. D-Log E curve of BB640 plates developed with Kodak
D8, compared to standard D-Log E curve of same plates devel-

oped with AAC.

Figure 3. BB640 plates processed with Kodak D8 developer. D-
Log E curve (®), DE - Log E curve for non-hardening fix followed
by ferricianide rehalogenating bleaching (¢) and DE - Log E curve

for Kodak R-9 reversal bleaching (¥).

holographic gratings with increasing index modulation
n,. Simulations were done, as a first approximation, ac-

cording to Kogelnik’s coupled wave theory'® for an
unslanted transmission grating. This model assumes that
the modulation index is not attenuated in the direction
perpendicular to the grating vector and that there is no
bending or distortion of the generated fringes. Therefore,
the expression for the off-Bragg diffraction efficiency ob-

tained by Kogelnik is given by Eq. (2),%

nnd )2 . 2A6nnyd sin(@)2
Acos6 A

- ( Abng sin(26) JZ

ny

where 0 is the Bragg angle at the reading wavelength
(633 nm), A6 is the angle of incidence with respect to
the Bragg angle, A is the wavelength, n, is the mean
refractive index, n; is the index modulation, d is the
emulsion thickness. Scattering is given by the factor,
T, the higher that value the lower the scattered light.
Starting values for these simulations were taken from
the analytical fitting calculated for the angular response

sin2 (

(2)

n="Ty,
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curve of the first DE maximum, corresponding to an ex-
posure energy of 60 uJ/cm?, which lies in the first linear
region of the D-Log E curve where a fairly regular re-
sponse was found. Fittings were carried out using the
Levemberg—Marquardt method.?¢ Calculations resulted
in a good fitting with a regression coefficient r2 of 0.990
showing, for a Bragg angle of 21.0°, a modulation index
n, of 0.049, an effective thickness of 6.79 um and a scat-
tering coefficient of 0.40. Figure 5 shows the compari-
son of the fitted curve with the experimental data. With
these values we have made a set of simulations corre-
sponding to increasing values of n,, ranging from val-
ues lower than the fitted ones to values higher than
those corresponding to the second DE maximum. The

results are shown Fig. 6.

Discussion
When comparing the set of experimental angular re-

sponses in Fig. 4 with the set of simulated angular re-
sponses in Fig. 6, we obtained a very good fitting for
experimental and theoretical values for the angular re-
sponse curves of the first DE values. However, regard-
ing the experimental data obtained for energy values
between the two DE maxima (Figs. 4(d) to 4(j) and 6(d)
to 6(j)), the disagreement is evident. Where the theo-
retical overmodulation curves indicated that we should

Ulibarrena, et al.
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Figure 4. Angular responses of transmission gratings recorded on BB640 plates with a spatial frequency of 1200 lp/mm, processed
with D8 and direct bleaching scheme.
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Figure 5. First DE maximum of direct bleached gratings recorded
on BB640 plates processed with D8 and direct bleaching scheme
and analytical fitting.

obtain a symmetrical angular response in relation to
the Bragg angle, we found nothing of the kind in the
experimental data. Furthermore, in the experimental
data there is no local or absolute maximum or minimum
DE value at the Bragg angle, as predicted by theory.
Regarding the second DE maximum, Figs. 4(k) and 6(k),
we notice some differences between them, such as the
broad response and the high DE side lobules predicted
by theory, but which were not found in the experimen-
tal angular response curves.

Based on these premises, we affirm that we are not
looking at a real but an apparent overmodulation. Let
us now analyze the results outlined in Fig. 3. In region
I we have a linear response in the D-Log E curve and
the first DE maximum value. Also it is in this region
that the only good theoretical fitting for the experimen-
tal angular responses is found, and the Bragg angle is
strictly maintained. Figure 7(a) represents the metallic
silver and silver ion population inside the emulsion in
this case. The sinusoidal profile generated by the inter-
ferometric setup is linearly reproduced by the emulsion,
as expected, since we are in a linear response zone of
the D-Log E curve.

In region II there is a gradual increase in D with E,
and in this region we find the greatest mismatches be-
tween experimental and theoretical values for the an-
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gular responses. Since we have ruled out the existence
of over modulation, we shall take into consideration an
important adjacency effect.??’ This effect has been stud-
ied for photographic image edges using photographic
emulsions with a mean grain size ranging from 350 to
1000 nm and within distances as small a 200 um. In
simple terms, the effect can be explained by diffusion of
development inhibiting or retarding products from the
reduction processes which accumulate in the high den-
sity zones, acting on the fresh chemical species diffus-
ing throughout the emulsion. This effects causes edges
to sharpen. In our case we are working with ultra-fine
grain holographic emulsions with mean grain size of
around 20 nm and the frequency of our sinusoidal in-
terferometric patterns is 1200 lp/mm. The densities
measured are an average of those local density levels.
Adjacency effects result in an almost null net average
density increase for the first E values in zone II.

The adjacency effect is presented in Figs. 7(b) and 7(c)
at two different stages. In 7(b) the adjacency effect
starts, sharpening the edges of the sinusoidal pattern.
In 7(c), corresponding to a higher E, the high contrast
developer also starts its solvent action in the presence
of a high metallic silver concentration; therefore some
silver ions appear in the exposed region. These ions are
joined by those coming from the unexposed zones, and
when there are enough of them the reduction process
starts again. This results in a deformation of the pro-
file, as shown in Fig. 7(d). This profile is the one that
renders the second maximum DE peak in zone III, cor-
responding to the almost regular angular response
shown in Fig. 4(k). The mismatch between Bragg angles
in this case is caused by some deformation of the sinu-
soidal profile resulting from these nonlinear chemical
processes, since Kogelnik’s theory is valid for sinusoi-
dal profiles only. Diffusion processes in holography have
only been reported with fixation free rehalogenating
bleaches,? but we consider that, due to the strong ac-
tion of the developer, these mechanisms may apply in
this case to the developing process. The profile shown
in Fig. 7(d) with no silver halide left renders a 50% DE
and an absorption coefficient of 42% corresponding to
oxidation products that remain inside the emulsion af-
ter final washing. Scattering is very low, compared to
that in region IL. From this result we infer that the den-
sity modulation of the unbleached emulsion is signifi-
cant, and from the D-Log E curve we know that it has
an average density over 11.3. Consequently, local den-
sities in the bright zones of the interferometric pattern
must be even higher than this value.

It must be mentioned that these diffusion processes
cause the developer to act as a kind of fixer. This ‘fixing’
action is not like that of a conventional fixer that dis-
solves silver halide grains in the fixing solution, thus
removing them from the emulsion, but in the sense that
there are no silver ions left since all of them are re-
duced by the developer. The high activity developer
makes the silver ions from the silver halide crystals,
under the influence of the solvent action of sulfite, dif-
fuse towards the zone with a high silver concentration,
where by a catalytic reaction they are reduced by the
developer. Accordingly, practically all the silver present
in the unexposed emulsion is reduced, none is dissolved,
and this explains the very high densities reported.

There is further evidence about the action of the de-
veloper in the range of energies corresponding to re-
gion II. Figure 3 shows the DE curve of the solvent
(reversal) bleach process. As already mentioned in the
introduction of this study, this process uses only the
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Figure 6. Simulated angular responses of transmission gratings with spatial frequency of 1200 lp/mm, effective thickness of 6.62 um
and T, of 0.39, for a set of increasing index modulation value.
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Figure 7. Proposed image formation mechanism of developer D8 acting on a high frequency interferometric sinusoidal profile re-

corded on BB640 plates.

original silver halide grains present in the emulsion,
since it dissolves all the reduced metallic silver in the
exposed zones. Index modulation is caused by the num-
ber of these crystals. At low exposure levels, the ex-
posed zone has a low concentration of reduced silver,
so that when the bleach acts, the difference of concen-
trations of silver halide grains between bright and dark
zones of the interferometric pattern is low, resulting
in a low DE value. On the other hand, at high expo-
sure levels, there are few silver halide grains left in
the emulsion, since most of them have been reduced
by the developer, and after bleaching, the differential
concentration between bright and dark zones is again
small. At the optimal exposure level, we found the op-
timal silver halide concentration differential, and the
DE for this energy is maximum. This maximum DE
for this process lies in region II, where there is only a
small net increase in D. However, the differential popu-
lation of silver halide grains between exposed and un-
exposed zones rises to a maximum, therefore indicating
some changes in the silver ion population. On the other
hand, in region II, we find the zone with the lowest
DE for the direct bleach process. Therefore, we have
an undistorted sinusoidal profile for the silver halide
grains (solvent bleach) for the same E values where
we find a heavily distorted distribution of the devel-
oped silver grains.

These results, together with the fact that D barely
increases in this region, insofar as D is proportional to
the amount of metallic silver, indicate the existence of
diffusion processes and changes in the metallic silver
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population and grain size (an increase in number and
decrease in size) rather than the expected increase only
in the number of developed grains, which would result
in a faster, and continuous increase of D.

Conclusions

We have proposed an image formation mechanism
with wultra fine grain emulsions BB640 from
Colourholographics Ltd. when processed with high con-
trast developer Kodak D8. This mechanism involves a
dramatic adjacency effect as well as diffusion mecha-
nisms within the emulsion layer owing to the special
characteristics of the developer. An apparent holographic
overmodulation has been reported as well as density val-
ues higher than 11.3. These facts, together with the
analysis of the angular responses of the bleached holo-
graphic recordings, have helped us to understand these
mechanisms. These features may be of great interest
for understanding image formation mechanisms with
ultra fine grain emulsions developed with high contrast
developers, which can also be employed for photolitho-
graphic applications and high contrast imaging. &
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