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The mechanism of hologram formation in fixation-free rehalogenating bleaching processes have been
treated by different authors. The experiments carried out on Agfa 8E75 HD plates led to the conclusion
that material transfer from the exposed to the unexposed zones is the main mechanism under the process.
We present a simple model that explains the mechanism of hologram formation inside the emulsion.
Also quantitative data obtained using both Agfa 8E75 HD and Slavich PFG-01 fine-grained red-sensitive
emulsions are given and good agreement between theory and experiments are found. © 2002 Optical
Society of America
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1. Introduction

Nowadays, holography is increasingly important in
different fields of optical technology, and many types
of holograms are being used for scientific and techni-
cal applications.1 For example, holograms are
among the most important components for the same
optical systems and the physical principles of holog-
raphy are being applied in fields of great importance,
such as optical data storage2 or holographic optical
elements. Volume phase holograms are attractive
for use as optical elements or in holographic storage
owing to their high-potential efficiency and high in-
formation densities. Silver halide emulsions are
commonly used for recording holograms, mainly in
display holography, numerous scientific applications,
and in the fabrication of holographic optical ele-
ments.3,4 This is due to their high sensitivity and
ease of processing, the availability of improved pro-
cessing chemistries, and commercial films. Holo-
grams recorded on silver halide emulsions are
commonly bleached to improve their diffraction effi-
ciency. Bleaching is a common method used to ob-
tain phase holograms of high quality in photographic
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emulsions.5 However, conventional bleaching tech-
niques in which the hologram is bleached after the
development and fixation steps have some disadvan-
tages. These are, for instance, the production of
high levels of scattering and the significant reduction
in the thickness of the emulsion layer. Because of
these reasons, processing techniques in which holo-
grams are bleached directly after development, with-
out a fixation step, are more adequate. In particular
reversal6,7 and fixation-free rehalogenating8–12 meth-
ods have been used during the past decades, mainly
with Agfa plates. With fixation-free techniques sig-
nificant changes in the average refractive index of the
emulsion do not occur,13 and changes in the thickness
of the emulsion layer are minimized.9–14 The mech-
anism of hologram formation in fixation-free rehalo-
genating bleached holograms have been studied by
Hariharan.14 It is assumed that diffusion of mate-
rial from the exposed to the unexposed zones occurs
during the bleach bath. The metallic silver grains
are converted back into silver halide grains during
the bleach bath by means of an oxidation process.
After this oxidation process, some silver ions go into
solution. Some of them are deposited in situ in the
exposed zones, whereas some of them diffuse away to
the unexposed zones. The refractive-index modula-
tion is established between the exposed and non-
exposed zones by the differences in size of the silver
halide grains. This diffusion mechanism has been
demonstrated,13–15 but a detailed theory explaining
how this mechanism occurs has not been treated yet
to our knowledge. Dealing with conventional
bleached holograms, Van Renesse et al.16,17 presented
a model that predicted how the refractive-index mod-



ulation varies with the optical density inside the pho-
tographic emulsion. Following a similar treatment
we will demonstrate that the refractive-index modu-
lation is proportional to the optical density, and we
can also derive a theoretical expression that relates
the diffraction efficiency with the variations of the
optical density of the hologram for fixation-free reha-
logenating bleached holograms.

2. Experimental Procedure

Unslanted holographic transmission gratings were
recorded by use of two collimated beams from a 15
mW He–Ne laser �633 nm�, with the polarization vec-
tor prependicular to the plane of incidence. The two
beams, of equal intensity, impinged on the emulsion
forming an angle �in air� of 45°. With the geometry
described, the spatial frequency of the gratings was
calculated as 1200 lines�mm. The experiments
were carried out on Agfa 8E75 HD and PFG-01 Slav-
ich plates. After exposure, the plates underwent the
scheduled procedure illustrated in Table 1, so that
rehalogenating bleached transmission holograms
were finally obtained. The bleach-bath solution is
composed of two different solutions: A and B.18,19

The oxidizer is contained in the solution A, whereas
the potassium bromide is contained in the solution B.
To obtain the bleach solution 1 part of A is mixed with
10 parts of distilled water and X parts of B. The
ratio X � B�A indicates the relation between the
potassium bromide concentration and the oxidizer
concentration �potassium dichromate�. The concen-
tration of potassium bromide in the bleach bath de-
termines the rate of the diffusion process.14 All
processes described, development, washing, and
bleaching were carried out at 20 °C.

Absorption holograms were also recorded by use of
the geometry described. After exposure the plates

were developed for 5 min at 20 °C with D-19 devel-
oper. They were then washed in running water for 1
min and fixed with nonhardening F-24 fixer for 5 min
at 20 °C. Next, the plates were washed in running
water for 10 min and dried in a dissecator at low
humidity �� 18% relative humidity� for 24 h.

Measurements were made of the diffraction effi-
ciency � of the recorded phase holograms at the
Bragg angle. The diffraction efficiency � was calcu-
lated as the ratio of the diffracted-beam intensity to
the incident collimated probe-beam intensity of the
He–Ne laser. To take into account Fresnel losses
and absorption due to the glass substrate, this ex-
pression was corrected by multiplying by an appro-
priated factor. The losses were calculated by use of
Fresnel equations to take into account the reflections
that take place in the different interfaces of the ho-
logram.

The efficiency of the zero order or transmission �
was similarly calculated as the ratio of the directly
transmitted beam intensity to the incident power and
was corrected by the appropriated factor to take
Fresnel losses.

3. D-LogE Curves

To obtain the DlogE curves of Agfa 8E75 HD and
Slavich PFG-01 emulsions, for D-19 developer, the
amplitude holograms recorded on both emulsions
were illuminated with a collimated beam from a
He–Ne laser entering normal to the surface of the
plate. Measurements of the transmitted and inci-
dent light were then carried out.

The density D was obtained in terms of transmit-
tance T as

D � log10�1
T� , (1)

where transmittance T was calculated as the ratio of
light transmitted through the material and light in-
cident on the material.

The experimental data of the optical density versus
the exposure were fitted with an approximation of the
DlogE function obtained by Kasprzak et al20:

D �
D�

1 � exp�a � b log E� � exp�c � d log E�
, (2)

where

a � 2�1 �
2� log Ei

D�
� (3)

b �
4�

D�

, (4)

c � ln��
D�

D1
2 log Ei

� �1 � exp�2 �
2� log Ei

D� ���2

D�

D�log Ei�
� �1 � e2� 	 ,

(5)

Table 1. Schedule for Exposed Plates

Schedule procedure
1. Develop in AAC �20°C� 5 min
2. Rinse in running water 1 min
3. Bleach for 1 min after the plate has cleared
4. Rinse in running water 5 min
5. Dry at room temperature

AAC composition
Ascorbic acid 18 g
Sodium carbonate �anhydrous� 60 g
Distilled water 11

Bleach bath composition �modified version of R-10�
Solution A

Potassium dichromate 20 g
Sulfuric acid 15 ml
Distilled water 11

Solution B
Potassium bromide 100 g
Distilled water 11
�Just before use, mix 1 part of A with

10 parts of distilled water,
and add 8 parts of B�.
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d �

c � ln� D�

D�log Ei�
� �1 � e2��

log Ei
. (6)

� is the slope of the characteristic curve in the linear
region. Ei is the exposure of the inertial point, and
D� is the maximum of the measured optical density.
Ei gives information about the energetic sensitivity of
the particular emulsion. The lower the value of Ei
the higher the energetic sensitivity of the emulsion.

Figure 1 shows the DlogE curves for Slavich
PFG-01 and Agfa 8E75 HD plates and the theoretical
curves obtained by use of the Kasprzak equation.
There’s good agreement between theory and experi-
ment for both Agfa and Slavich plates below the so-
larization region, this region is not well described in
the case of the Slavich PFG-01 plates.

Table 2 shows the values of �, D�, and Ei for both
Agfa and Slavich plates. The energetic sensitivity
presented by Agfa 8E75 HD plates is higher than that
of Slavich PFG-01 plates, and also the maximum den-
sity obtained with Agfa plates is higher. The reason
for these differences is the concentration of silver
halide grains suspended in the gelatin of both emul-
sions. The concentration of silver halide grains in-
side the emulsion can be calculated according to the
following expression3,21:

N �
6mAgBr

d	
3�
, (7)

where � is the density of the silver bromide �6.47
g�cm3�, mAgBr is the mass per unit surface of silver

halide, 
 is the mean grain size of a silver halide grain
inside the emulsion, and d is the thickness of the
emulsion. The values of the thickness of the layer,
d, for Agfa 8E75 HD and PFG-01 emulsions were
measured experimentally with a procedure based on
the film-resonance method reported by Thöll et al.,22

obtaining d � 6 m and d � 7 m for Agfa 8E75 HD
and PFG-01 emulsions, respectively. The values of
mAgBr and 
, given by the manufacturer, and the
values of N, obtained by Eq. �7�, are illustrated in
Table 3 for both emulsions. It can be seen that
whereas the value of 
 is similar for both emulsions,

 � 40 nm, the concentration of silver halide grains is
higher in the case of the Agfa 8E75 HD emulsion.
Owing to the lower concentration of silver halide
grains in PFG-01 plates, the energetic sensitivity and
the maximum optical density are lower than in the
case of Agfa 8E75 HD plates.

4. Theoretical Model and Experimental Results

To obtain an hologram in a photographic emulsion,
the plate is exposed, developed, and bleached.

A. Exposure and Development

After the exposure and development the variations of
intensity created by the interference pattern are con-
verted in optical-density differences inside the holo-
gram.

The optical density of an exposed zone can be re-
lated to the partial atomic concentration of silver in-
side the emulsion, Ns

17:

D �
aNsdr

cos ��
, (8)

dr is the thickness of the emulsion after the develop-
ment step, �� is the angle that light forms with the
normal to the plate inside the emulsion and a is an
absorption constant.17

We define the following parameters: N0 the ini-
tial concentration of silver halide molecules inside
the photographic emulsion. Nd

1 concentration of sil-
ver halide molecules remaining inside the emulsion
after the exposure and development step, and Nd

2

concentration of developed silver halide molecules,
namely the silver halide molecules that have been
converted into silver atoms �Fig. 2�.

The concentration of silver atoms after develop-
ment, Ns, can be related to the concentration of silver
halide molecules that have been developed through
qd, the number of silver halide molecules that yield to
one silver atom:

Ns �
Nd

2

qd
�

N0 � Nd
1

qd
. (9)

Table 2. Energetic Sensitivity Values

Emulsion D� � Ei �J�cm2�

Agfa 8E75 HD 6.0 6.9 5.3
PFG-01 de Slavich 3.8 3.3 28

Table 3. Values Given by Manufacturer

Emulsion 
 �nm� mAgBr �g�m2� N �grains�cm3�

Agfa 8E75 HD 44 8.7 5.2 � 1015

PFG-01 40 2.7 1.7 � 1015

Fig. 1. DlogE curves for absorption holograms recorded on Agfa
8E75 HD and Slavich PFG-01 plates.
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The swelling factor after the development step is de-
fined as the ratio of the emulsion thickness after the
development step, dr, and the thickness before the
development step, d0:

mr �
dr

d0
(10)

B. Bleaching Step

The aim of the bleaching bath is to convert the me-
tallic silver back into silver halide. This action
takes place through an oxidation reaction. For in-
stance, in the case of dichromate bleaches, the follow-
ing oxidation reaction occurs:

6 Ag � Cr2O7
�2 � 14 H� 3 6 Ag� � Cr�3 � 7H2O.

(11)

The silver ions Ag� combine with the negative ions
of the halide atom provided by the rehalogenant
agent. For example, when the rehalogenant agent
is potassium bromide:

Ag� � KBr 3 Ag Br � K� (12)

If qb quantifies the number of silver atoms yielding to
a silver halide molecule formed through the oxidation
reaction, the concentration of rehalogenated silver
halide molecules that are formed after the bleaching
bath, Nb is

Nb �
Ns

qb
. (13)

The mechanism by which the metallic silver is reha-
logenated to silver bromide is more complex than it
might seem at first sight. Hariharan suggested that
the Ag� ions of reaction �12� go into solution, some of
them are redeposited in situ in the exposed zones,
whereas others diffuse away to the unexposed zones
contributing to an increase in the grain size of the
silver bromide grains in these zones. The refractive-
index modulation is a consequence of the differences
in the grain size of the silver halide grains in the

exposed and non-exposed zones. This is the basis of
the fixation-free bleaching techniques. They are
called fixation-free because the fixing step included in
the conventional bleaching techniques is eliminated
from the procedure. The action of the fixing bath is
to remove the unexposed silver halide grains from the
emulsion, but as we have explained in the fixation-
free rehalogenating technique this is not necessary.

The diffusion mechanism can be explained from
the differences in concentration of the silver atoms
between the exposed and non-exposed zones. Let us
consider two zones of emulsion presenting a variation
of the optical density. Zone 1 presents a higher op-
tical density than zone 2. This implies a higher con-
centration of silver atoms in zone 1 and a consequent
higher concentration of silver ions, Nsi coming from
the oxidation reaction in zone 1:

Ns1 � Ns2 f Nsi1 � Nsi2. (14)

These differences in concentration create a diffusion
process of silver ions from zone 1 to zone 2, in a
similar way as the Fick molecular diffusion mecha-
nism. Nevertheless, to simplify the mathematical
treatment, it will be assumed that the number of
silver ions going from zone 1 to zone 2, Nsid is pro-
portional to the difference in concentration Nsi1 �
Nsi2 and to the time in which the plates are main-
tained in the bleaching bath:

Nsid � �t�Nsi1 � Nsi2�. (15)

Here the parameter � gives an idea of the rate of
the diffusion mechanism. It is influenced by factors,
such as the B�A, as will be demonstrated in Subsec-
tion 4. E, the degree of hardening of the gelatin, the
proper chemical compounds of the gelatin, etc. An-
other factor influencing parameter � is the spatial
frequency, which as commented on by Hariharan23

influences the rate of the diffusion process, an influ-
ence which is related with the mean life of the silver
ion.

Because the number of silver ions is proportional
through qb to the number of rehalogenated silver
halide molecules, the concentration of rehalogen-

Fig. 2. Two zones of the emulsion before and after the exposure and development.
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ated silver halide molecules in zone 1 will be Nb1 �
�t �Nb1 � Nb2�, whereas in zone 2, Nb2 � � t�Nb1 �
Nb2�, where

Nb �
Nsi

qb
. (16)

The total concentration of silver halide molecules
in zones 1 and 2, Nh1 and Nh2, respectively, will be:

Nh1 � Nd1
1 � Nb1 � �t�Nb1 � Nb2� (17)

Nh2 � Nd2
1 � Nb2 � �t�Nb1 � Nb2�. (18)

The swelling factor after the bleaching bath is defined
as

mb �
db

d0
(19)

db is the thickness after the bleaching bath
The swelling factor between the development step

and the bleaching step can be related through m:

m �
db

dr
�

mb

mr
(20)

C. Phase Difference as a Function of the Variation in
Optical Density

As explained, owing to the bleaching process without
a fixation step, differences in the emulsion appear in
the concentration of the silver halide molecules be-
tween the exposed and non-exposed zones. Because
of these differences in concentration, the refractive
index in the exposed zones is different than the re-
fractive index in the non-exposed zones.

The phase difference between two beams of light
going through two different zones of the emulsion
with different concentrations of silver halide mole-
cules �Fig. 3� can be obtained according to the follow-

ing equation17:

�2 � �1 �
2	�db2n2 � db1n1 � �dbna�

� cos ��
. (21)

n1 and n2 are the refractive indexes of zones 1 and 2,
respectively, na is the refractive index of air, �� is the
angle that the incident light forms with the normal of
the emulsion, db1 and db2 are the emulsion thickness
of zones 1 and 2, respectively, �db is the thickness
variation between the two zones, and � is the wave-
length of light in air.

In this analysis the fine grained photographic
emulsion is considered as an homogenous mixture
with Rayleigh scatter centers. In this case, the
Lorentz–Lorenz equation can be applied to obtain the
refractive index of a mixture of substances. We used
the linear approximation of the LorentzLorenz equa-
tion given by van Renesse et al.17:

n � c �
i

�iNi � n0 (22)

�i is the electrical polarizability of molecules of type i
in the mixture and Ni the concentration of molecules
of type i in the mixture. The values of c and n0 are:
c � 8.7 y n0 � 0.89.

By use of Eqs. �8�–�10� and Eqs. �17�–�22� the phase
difference between the two waves passing through
the two zones of the emulsions can be expressed in
the following form:

�2 � �1 �
2	

�a
c�h �m2D2�1 � �t � �t�L

qb
� qr�

� m1D1�1 � �t � �t�L
qb

� qr�� �

�
2	

� cos ��
�db�n0 � na � c�hN

0�, (23)

Fig. 3. Two zones of the emulsion after the bleach bath.

4096 APPLIED OPTICS � Vol. 41, No. 20 � 10 July 2002



where

L �
db2

db1
. (24)

The second term of Eq. �23� expresses the phase mod-
ulation due to the thickness modulation. This term
must be considered when recording low spatial fre-
quency holograms, but not in the case of high spatial
frequencies. If the thickness modulation is not con-
sidered, the following relations are also valid:

L � 1, (25)

m2 � m1 � m �
mb

mr
. (26)

In these conditions the phase difference becomes

�2 � �1 �
2	

�a
c�hm�1 � 2�t

qb
� qr��D2 � D1�

(27)

This relation indicates that the phase difference is
proportional to the optical density variations inside
the emulsion.

From each Ag Br molecule, one silver atom is ob-
tained after the exposure and development, therefore
qr � 1. According to reaction �12�, if a silver bromide
molecule is formed from each silver atom, then qb �
1. In this condition:

�� � �
4	

�a
c�hm�t�D. (28)

The minus sign indicates that the index modulation
created through the diffusion mechanism is estab-
lished from zones of higher optical density to zones of
lower optical densities.

D. Diffraction Efficiency as a Function of the
Optical Density

For sinusoidal gratings the diffraction efficiency is
related to the phase difference through the following
equation:

� � sin2���

4 � , (29)

where �� is the maximum phase difference between
two zones of the emulsion. By use of Eq. �28� a re-
lation between the diffraction efficiency and the max-
imum optical density store in the hologram, �D, can
be made:

� � sin2� 	

�a
c�hm�t�D� . (30)

In this work we have recorded unslanted transmis-
sion holographic gratings with an intensity ratio K �
1, K � Io�Ir, where Ir is the intensity of the reference

wave and Io is the intensity of the object wave. The
theoretical visibility is

V �
2
IrIo

Ir � Io
� 1. (31)

The optical density variation between a zone exposed
to the maximum intensity of the light and a non-
exposed zone is, therefore:

�D � Dmax � Dmin � Dmax � 0. (32)

where Dmax is the maximum store optical density,
whereas the minimum optical density store Dmin is 0.
Nevertheless, Dmin is non zero because of several fac-
tors: scattering in the recording, limited modula-
tion transfer function of the material, adjacent
effects, etc.

The maximum optical densities created inside the
emulsion should then be expressed as:

�D � D � D0. (33)

D0 is the minimum store optical density in the non-
exposed zones and D is the optical density to which
the holograms are exposed.

The diffraction efficiency can be expressed as fol-
lows:

� � sin2� 	

�a
c�hm�t�D � D0�� . (34)

E. Fit of the Theoretical Function of the Diffraction
Efficiency as a Function of the Optical Density

To test the proposed model the function of the diffrac-
tion efficiency versus the optical density was fitted for
holographic gratings recorded on Agfa 8E75 HD
plates.

The diffraction efficiency was measured as a func-
tion of the exposure. By use of the fitting to the
Kaszprak curve of the experimental DlogE curves,
the response of the diffraction efficiency as a function
of the optical density can be obtained.

In expression �34� the absorption and scattering
�A&S� of the holograms has not been taken into ac-
count. The diffraction efficiency must be corrected
to take into account the A&S losses. Figure 4 shows
the values of the A&S losses as a function of the
exposure for holographic gratings recorded on Agfa
8E75 HD emulsion and developed with D-19 devel-
oper. The A&S was calculated as 1 � � � �. It can
be seen that A&S coefficient depends linearly with
the optical density in the range of exposures studied.
This fact allows a linear fitting to the experimental
data. The continuous lines correspond to the theo-
retical fitting, supposing that the A&S depends on
the optical density according to

A&S � mD � n. (35)

The values of m and n are shown in Table 4.
If the dependence of the A&S coefficient with the
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optical density is known, the diffraction efficiency as
a function of the optical density has the form:

� � f�1 � A&S��sin2�h�D � D0��, (36)

where

h �
	

�a
c�hm�t, (37)

and f is an empirical factor.
Figure 5 shows the diffraction efficiency as a func-

tion of the optical density for the holographic diffrac-
tion gratings recorded on Agfa 8E75 HD emulsion
and developed with D-19 developer, whereas Table 5
illustrates the values of h, D0 and f for the different
B�A ratios.

Good agreement between theory and experiment
can be found. The value of D0 is maintained almost
constant, D0 � 1, indicating that this value does not
depend on the B�A ratio.

Table 4. Values of m and n

B�A m n

2 0.1788 �0.0202
4 0.1929 �0.0272
8 0.2016 �0.0613

15 0.2026 �0.0423
60 0.2237 �0.0693

120 0.2188 �0.0562

Fig. 4. Absorption and scattering as a function of the optical density for transmission diffraction gratings recorded on Agfa 8E75 HD
emulsion.
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F. Refractive Index Modulation as a Function of the
Optical Density

By use of Eqs. �8�, �9�, �17�, �18�, and �22� an expres-
sion of the refractive index modulation as a function
of the optical density can also be obtained:

�n � �
2c�h�tcos �� �D

a dr
. (38)

Table 5. Values for Different B�A Ratios

B�A h D0 f

2 0.6618 1.0244 0.55
4 0.6926 0.9103 0.62
8 0.7561 0.9435 0.65

15 0.7107 0.9521 0.65
60 0.7628 0.9572 0.72

120 0.8069 0.9185 0.72

Fig. 5. Diffraction efficiency as a function of the optical density for transmission diffraction gratings recorded on Agfa 8E75 HD emulsion.

Fig. 6. Transmittance as a function of the angle of reconstruction
for transmission diffraction gratings recorded on PFG-01 emulsion
developed with D-19 and bleached with a B�A ratio of 60.
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For unslanted transmission holographic gratings
with a beam ratio 1:1, �n has the form:

�n � ��D � D0�, (39)

where

� �
2c�h�t cos ��

adr
. (40)

c, �h, and a are constants for all the holographic
gratings recorded on a same emulsion. Whereas dr
depends on the initial thickness of the emulsion and
of the swelling factor during the development step,
which mainly depends on the developer used and on
the bleach-bath temperature. For holographic grat-
ings recorded on the same emulsion and developed in
the same conditions, the swelling factor must be con-
sidered the same. In those conditions the growth of
the index modulation with the optical density is re-
lated with the rehalogenating bleaching time, t, and
the parameter �. The � parameter indicates the

Table 6. Theoretical Fitting Values for Agfa 8E75 HD

B�A � D0

2 0.0164 1.0122
4 0.0173 1.0116
8 0.0171 0.9298

15 0.0191 1.0367
60 0.0207 1.0290

120 0.0230 1.0387

Fig. 7. Refractive index modulation, n, as a function of the optical density for transmission diffraction gratings recorded on Agfa 8E75
HD emulsion.
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rate of the diffusion process of the silver ion from the
exposed to the non-exposed zones.

To obtain the values of the refractive index modu-
lation, �n, we tested the holograms by rotating them,
and the variation in transmission with the angle of
incidence � in air was measured. The rotation axes
stayed in the plane of the hologram and perpendicu-
lar to the plane of incidence. The values of trans-
mission were corrected to take into account Fresnel’s
reflections and the absorption of the glass substrate.
By using Kogelnik coupled wave theory24 the theo-
retical function of the transmittance was fitted to the
experimental data, so we obtained information about
the refractive index modulation, the thickness, and
the absorption coefficient. Figure 6 shows the trans-
mission efficiency as a function of the reconstruction
angle for a bleached transmission grating recorded on

PFG-01 emulsion developed with D-19 and bleached
with a B�A ratio of 60. Good agreement between the
theoretical function and the experimental data can be
seen.

Figure 7 shows the refractive index modulation as
a function of the optical density for transmission ho-
lographic gratings developed with D-19 and recorded
on Agfa 8E75 HD emulsion and bleached with differ-
ent B�A ratios. Figure 8 shows the refractive index
values as a function of the optical density for holo-
graphic gratings developed with D-19 and store on
PFG-01 emulsion. In both figures the continuous
lines correspond to the theoretical fitting with Eq.
�38�.

Tables 6 and 7 illustrate the values obtained by the
theoretical fittings of the studied gratings. The val-
ues of Table 6 correspond to gratings recorded on

Fig. 8. Refractive index modulation, n, as a function of the optical density for transmission diffraction gratings recorded on PFG-01
emulsion.
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Agfa 8E75 HD emulsion, whereas the values of Table
7 correspond to gratings recorded on Slavich PFG-01
emulsion. The value of D0 obtained in the case of
the holographic gratings recorded on the Agfa 8E75
HD emulsion is almost the same for all the cases and
coincides with the value of D0 calculated in Subsec-
tion 4.D.

Figures 9 and 10 show the value of the slopes of the
regression lines of Figs 7 and 8 as a function of the
B�A ratio for Agfa and Slavich plates, respectively.
It can be seen that in the case of Agfa 8E75 HD plates
the slope of the regression line increases as does the

B�A ratio. The reason for this behavior is that as
the B�A ratio increases, so does the bleaching time,
but as indicated by Hariharan, the solubility of silver
ions is higher for higher B�A ratios, namely, higher
potassium bromide concentrations. Therefore the
value of � grows with the B�A ratio and so does the
slope of Eq. �38�, �. With respect to the diffraction
gratings recorded on Slavich PFG-01 emulsion, the
same tendency is observed. Nevertheless, there are
deviations from the expected behavior. The degree
of hardening of the gelatin also influences the diffu-
sion process, because a high degree of hardening lim-
its the diffusion of the silver ion. Because Slavich
PFG-01 gelatin is very soft, the hardening effects of
Cr�3 �after reaction �11��11 seem to be, then, more
critical than in the case of Agfa 8E75 HD emulsion,
which has a harder gelatin. These effects affect the
diffusion process and slightly alter the behavior ob-
served with Agfa 8E75 HD plates.

5. Conclusions

The mechanism of hologram formation in fixation-
free rehalogenating bleaches has been explained. It
is assumed that there is a diffusion of silver ions from
the exposed to the unexposed zones in the bleach
bath. Under this assumption it has been demon-
strated that in the case of unslanted phase transmis-
sion gratings the phase difference between two zones
of the emulsion depends linearly on the optical den-
sity variations. The experiments carried out with
Agfa 8E75 HD plates confirm the theoretical model.
An expression of the refractive index modulation as a
function of the optical density has also been obtained,
and we find that this is also proportional to the opti-
cal density variations. From the experiments car-
ried out with Agfa 8E75 HD and Slavich PFG-01
plates it was demonstrated that the slope of the lin-
ear line representing the index modulation as a func-
tion of the optical density increases with the B�A
ratio.

This work was financed by the CICYT �Comisión
Interministerial de Ciencia y Tecnologı́a, Spain� un-
der project No. MAT2000-1361-C04-04. We thank I.
Arias for her interest in this work and for her helpful
discussion.
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