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Abstract

Nonlinear holographic characteristics of Agfa 8E75HD plates processed with two developers were measured. To assess the
effects of nonlinear recording, reconstructed holographic images of a microline test object were numerically calculated by using
these characteristics. The possibility of optimizing the recording parameters was demonstrated.

1. Introduction

Nonlinear characteristics of holographic recording
materials have been studied since the 1960’s. A num-
ber of papers appeared on the effects of nonlinear re-
cording on the quality of the holographic image. The
greatest part of them was based on the use of the am-
plitude transmittance (¢) versus exposure (E) curve
of the recording material [1-8]. However, the (~F
curve is strictly applicable only to thin absorption
holograms. The approximate forms of the /-E curve
and the interpretation of the higher order terms in
the transmittance of the processed hologram posed
further restrictions on the validity of these results. It
was Lin [9] who first suggested the use of the o ( Ey, V)
function for characterizing the holographic recording
materials, where o is the square root of the diffrac-
tion efficiency of a hologram recorded with two plane
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waves with a bias exposure of E, and a visibility of
the interference fringes of V. This function is appli-
cable to the description of all kinds of holograms.
Although o(Ey, V) curves of silver halide and other
holographic recording materials were often pub-
lished in the literature, they are not sufficient for the
complete description of holographic imaging because
the range of either the bias exposures or visibilities
covered in the measurements was usually not wide
enough. In the first part of this report we present a
systematic measurement of the g(E,, V) and t(E)
functions of Agfa 8E75HD processed by two devel-
opers to yield absorption holograms. In the second
part of the paper these characteristics are used for the
evaluation of the reconstructed holographic images
of a test object by a method published recently [10].

2. Experiments

We recorded two series of elementary (plane wave)
transmission holograms in Agfa-Gevaert 8E75HD
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high resolution holographic plates. The two colli-
mated beams impinged at the hologram symmetri-
cally with an interbeam angle of 37.6°. The holo-
grams were recorded and reconstructed by a helium—
neon laser operating at a wavelength of 632.8 nm,
hence the spatial frequency of the holographic grat-
ings was 1019 lines/mm. The bias exposure ranged
from 1 to 50 pJ/cm?, while the beam ratio was be-
tween 1 and 113,

The exposed plates were developed with two pro-
cesses. They are called AAC and Pyrogallol, after the
main components of the developers. The developer
plays a crucial role in the formation of both absorp-
tion and bleached holograms in silver halide mate-
rials. The effects of different developers were ana-
lyzed for example by Phillips and his co-workers [11-
13]. Phillips pointed out that the Pyrogallol devel-
oper, first proposed for holography by Van Renesse
and Bouts [14], plays a fundamental role in the for-
mation of the high index modulation needed to
achieve high efficiency and good signal-to-noise ratio
in bleached holograms. Pyrogallol has a Very strong
tanning effect on the gelatin. AAC is also an excellent
chemical developer for holography [15], but with
different action.

The processes are summarized in the following:

. Develop AAC/Pyrogallol 4/3 min.
2. Wash 1 min,
3. Fix F-24 5 min.

4, Wash 10 min.

Temperature: 20 C°
The compositions of the two developers are:

AAC: Ascorbic Acid 18 ¢
Sodium Carbonate 120 g
Water to make 1 litre

Pyrogallol: Ascorbic Acid 18 g

Pyrogallol 10g
Sodium Carbonate 120 g
Water to make 1 litre

We measured transmission and diffraction effi-
ciency of the holograms as a function of bias expo-
sure and fringe visibility, The diffraction efficiency
was defined as the ratio between the power in the first
diffracted order and that of the incident beam, cor-

rected for the reflection losses at the surfaces of the
plates.

The 1-E curves (also corrected for reflection losses)
obtained by the two developers are shown in Figs. 1
and 2. The symbols represent measured data and the
lines analytical functions fitted to the experimental
values. They are of the following form:

¢
"= @y 0
where ¢, E, and k are parameters describing the ¢(E)
function.

It can be seen that Pyrogallol produces a steeper
{(E) curve with a shorter quasi-linear range than
AAC.

Square root of the measured diffraction efficien-
cies is presented by the symbols in Figs. 3 and 4. The
maximum diffraction efficiency obtained by the two
developers is about the same, while the holographic

Fig. 1. Amplitude transmission of Agfa SE7SHD versus expo-
sure. AAC developer. Points: measured data. Solid line: fitied by
Eq. (1), c=1.008, E,=18.869 puJ /cm?, k=2.058.

osure (ud/em?)

Fig. 2. Amplitude transmission of Agfa 8E75HD versus expo-
sure. Pyrogallol developer. Points: measured data. Solid line: fit-
ted by Eq. (1), ¢=0.997, E;=9.751 pJ/em?, k=2.114,
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Fig. 3. a(E,, V) function of Agfa 8E75HD. Developer: AAC. Symbols: experimental data. Lines: fitted by Eq. (2) with parameters shown

in Table 1.
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Fig. 4. o(Eo, V) function of Agfa 8E75HD. Developer: Pyrogallol. Symbols: experimental data. Lines: fitted by Eq. (1) with parameters

shown in Table 2.

sensitivity of the pyrogallol processing is about twice
as great as that of the AAC processing.

3. Theory

We fitted the following analytical function to the
measured a(F,, V) curves [10]:

= Vo(Eo}]z)

O'(EO: V)=ﬂEO) (1_e_V) BXD(— WZ(EQ)

(2)

where E, is the bias exposure, Vis the visibility of the

interference fringes and [ ( Ey), Vo(Ey) and w(E,) are
parameter functions of the following form:

1
Par(E;)=¢; +c;
an(Eo)=cni ([(Cm —Ey)/exp ci2] + 1 Cu)

|
X +C‘:
([{Eu—ca'zl)fEXD 2] +1 ”)

1
X([(Cial-Eo)feXD Caa]+1 +Cm), )

where Par stands for f,V; and w and ¢;,, represent the
three sets of constants (i=f, Vo, w).
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The parameters of the fitted functions are shown
in Tables | and 2. The solid lines in Figs. 3 and 4
represent fits to the measured data with the above
function. If we take into account the experimental er-
rors affecting the precision of g, E, and V, and the
great number of parameters to be fitted, the fits can
be regarded to be satisfactory.

The reconstructed nonlinear holographic image was
evaluated in the following way. We assumed one di-
mensional objects and one dimensional holograms.
If the complex amplitude transmittance of the one-
dimensional amplitude object is s(u) where u is the
local object coordinate and the object is illuminated
perpendicularly by a plane wave, the complex ampli-
tude distribution of the object wave in the hologram
line can be described by the following form of the
Fresnel-Kirchhoff integral [16]:

Table 1
Parameters of the a(E V) function of Agfa 8E7SHD. Devel-
oper: AAC

Indices Crax Crimyax Cines
(xx)
01 0.43 3.0 ET
11 6.05 3.1 3.6
12 5.3 0.5 2.0
13 0 0.4 1.02
21 43.0 9.5 8.1
22 17.0 2.35 3.25
23 0 0.3 0.325
3l 3.65 18.0 2.3
32 0.65 42.0 2.7
33 0 0.006 0

. ible 2

Parameters of the a(Eg, V) function of Agfa 8E75HD. Devel-
oper: Pyrogallol

Indices Crex C(1oyxx fikescy
(xx)

01 0.43 7.0 5.3
11 3.1 1.8 1.9
12 AT/ 0.145 0.16
13 0 0.35 0.35
21 21.5 2.4 4.2
22 11.2 2.35 12.5
23 0 0.125 0.17
31 1.5 8.0 10.0
32 0.25 40 30
33 0 0.09 0.09

uz

$(@)= | s(u) = Lexpikr,) du, )

U1

where r, (&, &) is the separation of the actual source
and observation points and 0(u, £) is the inclination
angle, and a factor of i/A was omitted from before the
integral.

The complex amplitude of an off-axis plane refer-
ence wave at the hologram line is

P(&)=Pexp(—ikésin ;) , (5)

where P is the constant amplitude, & the coordinate
along the hologram and e is the angle of incidence
of the reference wave.

In case the intensity distribution of the object wave
in the hologram plane is a slowly varying function
compared to the carrier fringe spacing, a sufficiently
small surrounding of each hologram point can be re-
garded as a plane wave hologram recorded at a well
defined bias exposure and visibility. The local bias
exposure at point £is

Eo(&)=1S(&) 1>+ |P(&)| (6)
The local fringe visibility at point & is

NIZGRIEGIE
V(E)=2 |P(O)*/1S(D)]

L+|P()|*/18(0) 1>

We can evaluate the actual o[ Ey(&), V(&) ] function
by substituting Ey (&) and V(&) into Egs. (2) and (3).
The complex amplitude of the diffraction limited first
order real image at the hologram line is

H(&)=M(E)P()S*(C) , (8)

where * stands for the complex conjugation and in
case of perfect reconstruction the complex amplitude
of the reconstruction wave is the complex conjugate
to that of the reference wave:

M(&)=P(S)*. €

In case the different diffraction orders do not overlap
in the image space the complex amplitude, &(x) of
the reconstructed nonlinear first order real image is
readily obtained by multiplying the diffraction lim-
ited complex amplitude (8) by the a[ Ey(&), V(&) ]
function, and performing the second Fresnel-Kir-
chhoff integration:

(7)
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&2
h) = [ olEa(@), V(O]
&1

XM(&) P() $*(9) < L explikn) &g, (10)
where x is the image coordinate, r, is the separation
of the source and observation points (in the holo-
gram and image planes) and p is the inclination angle.

The test object was a five-element Ronchi-ruling of
a grating constant of 2 pm. We assumed a one dimen-
sional hologram of length of 84 mm. The object was
centred on the normal of the hologram. The separa-
tion of the object and hologram centre was 32 mm.
Thus the numeric aperture of the hologram was 0.795.
Both the recording and the reconstruction wave-
length were 632.8 nm.

The quality of the reconstructed image of the Ron-
chi ruling was described by the following quantities:

(i) Contrast of the image, defined as

(11)
op

where I,, is the integral of the reconstructed intensity
over the transparent object lines, while I, that over
the opaque ones, including two opaque lines at the
edges of the test pattern.

(ii) Total intensity or brightness (/1) of the recon-
structed image, defined as the integral of the recon-

229
structed intensity along the whole object.
(iii) Fluctuation of the reconstructed image:
r_.r= (Ir '_I:l\']z ¥*
As (;‘—'———) : (12)
n—1

where I, is the reconstructed intensity over the ith
transparent object line, n the number of transparent
object lines and I,, the average of the /; values.

We evaluated the reconstructed images of the test
object for a range of bias exposures and beam ratios
by calculating integrals (4) and (10) numerically.
Since neither of these quantities is constant along the
hologram, we fixed the maximum of the bias expo-
sure (E,) and the minimum of the beam ratio (R)
along the hologram in every case. The calculations
were carried out with the characteristics of the Agfa-
Gevaert 8E75HD obtained by both AAC and Pyro-
gallol processing.

Contrast, total intensity and fluctuation of the re-
constructed image as a function of the maximum bias
exposure are shown in Fig. 5 for the AAC developer
and in Fig. 6 for the Pyrogallol developer. The mini-
mum of the beam ratio is fixed, R=1. The quality of
the reconstructed image is the higher the higher the
contrast (and the total intensity) and the lower the
image fluctuation. For the case of the AAC developer
the maximum bias exposure required for minimum
image fluctuation is 12.5 pJ/cm?, while for the case
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Fig. 5. Calculated contrast, brightness (/1) and intensity fluctuation (4) of the reconstructed holographic image of the test object as a
function of the maximum bias exposure. The minimum of the beam ratio is 1. AAC developer.
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Fig. 6. Calculated contrast, brightness
function of the maximum bias exposur

of the Pyrogallol developer this value is about 10

W /cm?

To illustrate the results, we present two series of
the reconstructed intensity distributions in Fig. 7 and
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(/r) and intensity fluctuation (4) of the reconstructed holographic image of the test object as a
€. The minimum of the beam ratio is 1. Pyrogallol developer.
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ges of the test object reconstructed from nonlinear holograms. The minimum beam ratios
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8. In case of AAC processing, for R=0.1, contrast is
maximum at Ey=22.5 uJ/cm? and 4 is minimum at
Ey=40.0 pJ/em?, For R=1, 4 is minimum at
Eo=12.5 pJ/cm? For R=10, 4 is minimum and 7
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Fig. 8. Calculated intensity distributions of images of the test object reconstructed from nonlinear holograms. The minimum beam ratios
are indicated above the corresponding columns, the maximum bias exposures right to the corresponding rows. Pyrogallol developer.

is maximum at E;=22.5 uJ/cm?. In case of Pyrogal-
lol processing, for R=0.1, 4 is minimum at 27.5
uJ/cm? For R=1, 4 is minimum at E,=10 pJ/cm?.
For R=10, 4is minimum at Ey=6.25 uJ/cm? and I+
is maximum at E,=10.0 uJ/cm?.

It can be seen that one has to make a tradeoff, be-
cause maximum image contrast and brightness and
minimum fluctuation usually cannot be obtained
simultaneously.

4, Conclusions

We have measured the nonlinear holographic char-
acteristics of the Agfa-Gevaert photographic emul-
sion processed by two developers to obtain absorp-
tion holograms. We used these experimental data for
numerical simulation of the nonlinear holographic
recording and reconstruction of a non-diffuse micro-
line object. It was demonstrated that the quality of
the holographic image (characterized by its contrast,
brightness and fluctuation) can be optimized by a

suitable choice of the bias exposure and beam ratio
at recording. The optimal values of these parameters
depend strongly on the processing of the hologram
and they are different for different types of objects.
We hope that this method can be applied successfully
in designing holographic optical elements, especially
when high spatial resolution and reconstruction fi-
delity are needed. Extension of this method to phase
holograms is also planned.
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On p. 227, Eq. (3) appeared incorrectly. Eq. (3) reads correctly as follows:

/ | |
+ i
\expl(cy—Eo)lemal +1 ' 12)

Par(Ey) = ¢

/ \/ 1

1
1

\
1
X +¢; +¢; (3)
(exp[ (Ey—cim)/cizp] +1 23lexp[ (cni— Ep)/eia] +1 33)
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