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Fan-out elements recorded as volume holograms:
optimized recording conditions

H. P. Herzig, P. Ehbets, D. Prongué, and R. Dandliker

The recording of efficient fan-out elements as volume holograms is investigated by using the coupled-wave

theory.

In contrast to the results published in the standard literature, we find that the efficiency and the

uniformity of regular fan-out elements depend strongly on the relative phases of the object waves, at least,

if the thickness of the hologram is less than ~ 50 wavelengths.
At the same time, the required dynamic range of the

achieved by optimized recording conditions.
holographic material becomes minimum.
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l. Introduction

Optical fan-out elements divide a single laser beam
into a regular array of equally intense light spots in
one or two dimensions. They are used in many
applications of modern optics, such as parallel optical
processing and fiber-optic communication. Cur-
rently fan-out elements are fabricated synthetically
as surface-relief phase structures by using microfabri-
cation techniques (e.g., see Ref. 1, Sec. 6). Such
elements are Dammann gratings,? multilevel grat-
ings,® or continuous surface-relief structures.*
However, proper modulation at large carrier frequen-
cies (> 1000 lines/mm) is difficult to achieve by mask
projection. Therefore interferometrically recorded
holograms are still of interest for realizing off-axis
elements and large fan-out numbers. This paper
deals with the recording of efficient fan-out elements
in thick volume holograms. We have applied the
coupled-wave theory for studying recording condi-
tions for high diffraction efficiency and uniformity of
the generated beam array.

Papers on the coupled-wave theory for multiple
beam recording predict high efficiency for replaying N
waves, and only a weak dependence of interactions
between the beams because of the highly selective
Bragg condition. This would suggest that the re-
cording of fan-out elements is an easy task. How-
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ever, experimental results show the difficulties in
recording uniform fan-out elements as volume holo-
grams and the precautions that are necessary for
generating a uniform distribution of the irradiance in
the hologram plane.® Fundamental difficulties are
explained in terms of recording nonlinearity. By
using the coupled-wave theory, we have found that
even in the case of prefect linearity a hologram does
not generate a uniform fan-out.” We demonstrate
how to apply the coupled-wave theory to the special
problem of regular fan-out elements. These ele-
ments are called degenerated because all gratings
with equal periodicity diffract light in the same
direction and must be added coherently. As a conse-
quence, the results for efficiency and uniformity
depend strongly on the relative phases of the recorded
object waves.

Il. Simultaneous Recording with Minimum
intermodulations

A fan-out element can be fabricated by recording a
hologram of N object waves E;(x) = A; exp(—jkx +
J&;) with a reference wave Ey(x) = A, exp(—jkex +
dy). The basic configuration is shown in Fig. 1.
The waves are characterized by wave vectors k; =
(k?, k#), amplitudes A;, and phases ¢,;, where x =
(y, 2) are the coordinates. Only the s polarization is
considered.

We assume that the recording material responds
linearly to the accumulated energy during exposure,
ie.,
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Fig. 1. (a) Recording and (b) readout of fan-out elements. The

angles are defined inside the recording medium with refractive
indexn = \/;_: [see Eq. (1)]; a is the full fan-out angle.

The dielectric permittivity e(y, z) after exposure then
becomes

N
e(y,2) = e + 2, Aeg; cos(Kox — Pp;)
i=1

N
+ D Mgy cos(Kpx — B,,),  (2)
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where @, = $, — ¢, and Ae,, = 204,A,. Besides the
desired N primary gratings Ko, = ko — i{i, NN - 1)/2
unwanted intermodulation gratings K, = k, — lg are
recorded. At readout, they generate intermodula-
tion waves, which are coupled with the desired recon-
struction beams. As a consequence, efficiency and
uniformity of the fan-out suffer.

One possibility of reducing the intermodulations
with respect to the primary gratings is to increase the
reference-to-object beam ratio B (see Ref. 5), which is
defined by

[42
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Then the modulations of the desired primary gratings
become dominant (Aey; > Ae,,). Unfortunately this
method requires a high dynamic range of the record-
ing material.

It was shown in an earlier paper that for on-axis
regular fan-out elements the intermodulation grat-
ings can be nearly perfectly eliminated.* In the case
of regular elements, the projections K, of the grat-
ing vector K,, in the hologram plane (y axis) are all
integer multiples of the lowest frequency 2wv, which
is formed by the interference between two neighbor-
ing object beams. Thus we can write the intermodu-
lation term in Eq. (2) as

N N
> Ay, cos(K,x — B,) = >, Ae,, cos(2rmuy
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where m = p — q. There are N — 1 gratings with
m = 1, N — 2 gratings with m = 2, etc. By adding

2

the gratings with the same frequency but with opti-
mized phase shifts ®,,, one can minimize the inter-
modulations.? Note that the grating with the high-
est frequency (m = N — 1) cannot be canceled because
it appears only once.

The intermodulations vary in the z direction with
K,/ [Eq. (4)]. Consequently, they can be minimized
for only one specific plane parallel to the hologram
plane (z = constant). For on-axis object beams, as
shown in Fig. 1, the z variation is rather slow, i.e., K,
is small. The largest component K,;? is formed by
the interference between the central beam propagat-
ing in the direction of the z-axis and the marginal
beams of the fan-out. We obtain

a

1 2 (5)
—cosg) = )
where \ is the wavelength, a is the full angle (k;, ky)
of the fan-out, n is the refractive index, and A is the
periodicity of the grating (K,;?)max- The intermodu-
lations remain small within a depth & of £+A/10, i.e.,

B A A
5 5n[l1 — cos(a/2)]
We can conclude that for the geometry shown in Fig.
1 the hologram plane must be normal to the z axis
within the tolerances given by Eq. (6). This restricts
the optimum recording geometry.

For thick holograms the off-Bragg interactions
become negligible, and, therefore, the phases of the
object waves are irrelevant. In this case the record-
ing geometry is not restricted by Eq. (6).

, 2m
(Kpg* Jmax = i

(6)

lll. Coupled-Wave Equations

Below we derive the coupled-wave equations for
regular fan-out elements. The electrical field has to
fulfill the Helmholtz equation

AE(y, z) + k2%(y,2)E(y, 2) = 0, (7

where & = (2w/\), and e(y, z) as determined by Eq.
(2).

The total electric field inside the hologram is
written as a sum of M plane waves diffracted in
different directions:

N M
E(y,2) = Eyy,2) + 2 E(y,2 + 2 Ei(y,2), (8
=1 i=N+1

where the first N waves are the desired object waves.
Each component of the electric field is of the form

E.(y, z) = B;(2)exp(—jk;x), 9)

where B;(z) are complex amplitudes.

The waves E;(y, z) are generated by diffraction of
an incident beam (k,,) at a grating K,,. The wave
vectors k; are then determined by the beta-value
construction, namely
kY =k,? — K,

Pq

q>p=0,...,N-1;
i,m=0,...,M. (10)



For the z components we obtain
k7 = [k2%, — (k7)Y an

The coupled-wave equations are now obtained by
introducing the electric field [Eq. (8)] into the Helm-
holtz equation (7). This yields

dC,,
? cos 6,

M
=— X FuC,y m=0,...,M, (12)
n=0

where C; = B; exp(—jk#). The reason for this substi-
tution is to separate the wave parameters, which are
described by the coefficients C;, and the independent
grating parameters, which are described by the ma-
trix #,,,. Note that the matrix must be Hermitian,
ile, Znn = an , and that the diagonal elements are
equal to zero, i.e., Zmm = 0.

For a s1mple couphng between two waves E,, and

E, through one grating K,,,, we get

Pran = Xpg = %pq €XPLJ(— K" + Pp0)]. (13)
Kpg = kAe,,/4 is Kogelnik’s coupling coefficient for the
grating K,

We have to consider that each beam E,, diffracts at
all gratings. In our degenerated case all gratings
with equal periodicity, i.e., equal K., diffract light in
the same direction. Their coupling coefficients have
to be added coherently, which means that

W = 2 Xpg> (14)

for ¢ — p = constant.

Figure 2 shows the spectrum of the waves included
in our model for a fan-out of N = 3 and possible
interactions for object wave (O wave) number 2
through the three primary gratings Ko, Koz, and Ky,
and the three intermodulation gratings K;,, K3, and
K,s. For further reading, I waves are the intermod-
ulation waves generated by diffraction of the readout
wave at the intermodulation gratings K,,, and S
waves are the secondary waves generated by diffrac-
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Fig. 2. Spectrum of the waves included in our model for a fan-out
of N = 3, and possible interactions for object wave (O wave) no. 2
through primary gratings Ko; and intermodulation gratings K.
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tion of the object waves at the intermodulation
gratings K.

For a fan out of N waves, we have made the
following assumptions for our coupled -wave model:

e Simultaneous recording of N object waves and
one reference wave leads to N primary gratings
K, and N(N — 1)/2 intermodulation gratings

qu,whereq >p=1,...,(N-1).

® The prlmary gratmgs are thlck only one diffrac-
tion order is considered.

e The intermodulation gratings are considered to
be optically thin; the + first diffraction orders
are included.

® At readout, N object waves (O waves), 2(N — 1)
secondary waves (S waves), and 2(N — 1) inter-
modulation waves (I waves) are generated.

® Any possible coupling between the waves E,,
through the gratings K,; and K,,, are accepted.

® Coupling coefficients x,, of gratlngs with equal
periodicity, i.e., equal K., are added coherently.

IV. Numerical Results

The coupled-wave equations (12) have been solved by
numerical integration with a Runge-Kutta equation.
The boundary conditions for transmission holograms
atz=0areCy=1andC;=0fori=1,..., M.

The diffraction efficiency nr of all obJect waves is
obtained from Eq. (15):

N
nr = 2 Mi»
i=1
with

cos 0;

n = IC.k,  i=1,...,N. (15)

cos 0,

The uniformity error e, which is important for fan-
out elements, is described by

nimax B T]jmin

=T 1
e <'T]l> ( 6)

Below we distinguish between the corrected case and
the uncorrected case. The corrected case has opti-
mized phases ®,, for minimum intermodulations at
the point z = 0, 1 e., at the surface of the holographic
emulsion. Except in the trivial case of three waves,
the phases ®,, have been determined by numerical
optimization.* In the uncorrected, worst case, a
constant phase is assumed. We have calculated the
results for a fan-out of N = 3 (Fig. 3 and Table I) and
N = 9 (Fig. 4 and Table II). The following values
have been used for the calculations:

® For three object beams: & = b3 =0, by = w/2.

e For nine object beams: &, = &g = 1.77219, ¢g =
bg = 0.13512, ¢35 = b7 = 3.88710, b, = dbg =
2.45465, b5 = 3.14159 rad.

® Uncorrected worst case: ¢; = 0.

Note that ®,, = b, — b,
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Fig. 3. Resultsforafan-outof N =3: (a)Total useful diffraction
efficiency nr versus the modulation amplitude Ae. The solid curve
corresponds to the case of corrected phases and the dashed curve
corresponds to the worst case; (b) uniformity error e versus
Ae. The recording parameters are A = 0.488 pm, n = 1.5, B =1,
80 = 30°, Aa = 1°,and d = 15 um.

Figures 3 and 4 show the total useful diffraction
efficiency mr and the uniformity error e as a function
of the modulation amplitude Ae = Aey; of one primary
grating for N = 3 and N = 9, respectively. The
corrected cases (solid curve) show a high diffraction
efficiency and a good uniformity. The efficiency
increases up to a maximum with increasing modula-
tion, similar to the behavior of a single grating in a
volume hologram. In the uncorrected cases (dashed
curve), the efficiency is low and the uniformity is
poor. Note that the modulation amplitude Ae that is
necessary for optimum efficiency is approximately
V/N smaller than in the case of a single grating.

The angular separation of the fan-out is indicated
by the angle Aa = 6,., — 6; between two neighboring
object beams. Tables I and II present the maximum
diffraction efficiency ny for different interbeam angles
Aa and different beam ratios B, again for N = 3 and
N = 9, respectively. From the numerical results we
can clearly see the importance of using corrected
phases for the object beams. For a reference-to-

Tablel. Resuits for a Fan-out of N = 3¢

Maximum
Useful
Interbeam Beam Modu- Diffraction Uniformity

Angle, Ratio, lation, Efficiency, Error,

Aa B Ae nr e

0.1° 1 0.013 0.23 0.63 uncorrected
5 0.017 0.40 0.15
10 0.018 0.44 0.12

0.1° 1 0.021 0.62 0.20 corrected
5 0.022 0.78 0.28
10  0.024 0.81 0.30

0.1° 1 0.021 0.62 0.20 corrected?

1° 1 0.016 0.32 1.10 uncorrected
5 0.020 0.55 0.58
10  0.021 0.60 0.41

1° 1 0.024 0.82 0.33 corrected
5 0.026 0.94 0.16
10 0.026 0.95 0.12

1° 1 0.024 0.82 0.32 corrected?

5° 1 0.024 0.75 1.73 uncorrected
5 0.026 0.94 0.75
10  0.026 0.97 0.51

5° 1 0.025 0.85 1.35 corrected
5 0.026 0.96 0.80
10 0.026 0.97 0.60

5° 1 0.025 0.96 0.60 corrected?

aThe recording parameters are A = 0.488 pm, n = 1.5, 8¢ = 30°,
andd = 15 pm.
bSee Section V.

object beam ratio equal to unity, the fan-out element
already possesses good characteristics. For exam-
ple, for N = 9 and Aa = 0.1° the maximum diffraction
efficiency becomes ny__ ~ 94% with a relatively good
uniformity ofe < 0.2.

All calculations have been made with the following
parameters: wavelength A = 0.488 pm, refractive
index of the holographic medium n = 1.5, thickness of
the medium d = 15 wm, and reference beam angle
60 = 300.

V. Discussion

Here we try to explain the results obtained by our
coupled-wave model. We have found that for small
interbeam angles Aa the corrected phases give a much
better efficiency. For larger angles the effect is less
significant. A similar behavior is observed for the
uniformity error e, except that for large Aa the
uniformity may become bad.

In the ideal case, the Bragg condition is fulfilled for
only the reconstruction of the desired N object waves
through the primary gratings Kg. In reality, an
unwanted cross coupling between the object waves (O
waves) and intermodulation waves (I waves) through
the efficient gratings Ky; also occur, as shown in Fig.
2. These interactions are influenced by the phases
®,;, but not by the beam ratio B (see results for
Aa = 0.1°). For fan-out elements, neighboring beams
are rather close; thus the interactions are still close to
the Bragg condition. Figure 5 shows the typical
off-Bragg behavior of a thick volume grating. We
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Fig.4. Resultsfor afan-outof N =9: (a) Total useful diffraction
efficiency nr versus the modulation amplitude Ae. The solid curve
corresponds to the case of corrected phases and the dashed curve
corresponds to the worst case; (b) uniformity error e versus
Ae. The recording parameters are A = 0.488 uym,n = 1.5,B = 1,
8o = 30°, Aa = 0.1°,and d = 15 pm.

assume that wave : fulfills the Bragg condition. It
has been generated by diffraction at the grating K;.
The neighboring wave { + 1 can also receive light
through the same grating K;, but this interaction is
now off-Bragg. The coupling remains efficient if the
phase mismatch is less than 2w. We have applied
this criterion to the arrangement shown in Fig. 1.
It turns out that these off-Bragg interactions are
important for a hologram thickness that is smaller
than

t = A/(n tan 6,Aq), amn

where Aa = a/(N — 1) is the interbeam angle be-
tween two neighboring beams, 6, is the reference
beam angle, A is the wavelength, and rn is the refrac-
tive index. Consequently for a larger interbeam
angle Aa and thicker holograms the fan-out proper-
ties become less sensitive to the phases. This can be
observed for the efficiencies but not for the uniformi-
ties.

Table ll. Results for a Fan-out of N = 9«

Maximum
Useful
Interbeam Beam Modu- Diffraction Uniformity

Angle, Ratio, lation, Efficiency, Error,
Aa B Ae nr e
0.1° 1 0.030 0.45 4.20 uncorrected
5 0.050 0.34 4.10
10 0.038 0.47 3.91
0.1° 1 0.015 0.94 0.19 corrected
5 0.015 0.97 0.12
10 0.015 0.98 0.12
0.1° 1 0.015 0.94 0.19 corrected®
1° 1 0.021 0.30 3.21 uncorrected
5 0.036 0.41 2.93
10  0.042 0.42 4.70
1° 1 0.015 0.96 1.51 corrected
5 0015 0.97 0.73
10 0.015 0.98 0.57
1° 1 0.015 0.98 0.35 corrected®
3° 1 0.024 0.77 1.09 uncorrected
5 0.016 0.89 0.86
10  0.016 0.94 0.79
3° 1 0.016 0.83 3.95 corrected
5 0.015 0.95 1.68
10 0.015 0.97 1.11
3° 1 0.016 0.83 2.44 corrected?

%The recording parameters are A = 0.488 pm, n = 1.5, 6; = 30°,

andd = 15 pm.
bSee Section V.

We have assumed that, at recording, the N ampli-

tudes of the object beams are equal A; = 1.

For small

interbeam angles Aq, a perfect uniformity (e < 0.01)
is achieved by adjusting the amplitudes A,.

There are different reasons for uniformity errors.
One reason is that the coupling coefficients depend on
the directions of the wave propagation. Another
reason is that, for optimized phases, the intermodula-
tion gratings K are canceled only within a depth A,
which is given By Eq. (6). For larger fan-out angles
a, the depth A becomes short, and therefore undesired
intermodulation gratings are recorded. As a result
the uniformity error increases, as observed for Aa =
5° i.e., a = 10° (Table I), and Aa = 3° ie., a = 24°

1.01
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Diffraction efficiency

0.0 T
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Fig. 5. Wave i fulfills the Bragg condition when diffracted at the
grating K, whereas wave K;,; is off-Bragg. If the phase mis-
match becomes 2m, the coupling is no longer efficient.



(Table II). This error can be reduced by the beam
ratio B or by the position of the plane of minimum
intermodulations. As already mentioned above, the
corrected case has optimized phases ®,, for minimum
intermodulations at the point z = 0, i.e., at the
surface of the holographic emulsion. If we would
place the plane with minimum intermodulation in the
center of the hologram at z = d/2, the uniformity
error decreases significantly (see footnotes b in Tables
I and II).

The uniformity problems observed for large angles
between the beams are created by the thin intermod-
ulation gratings K,,. We think that these gratings
are not sufficiently described in our model by taking
into account the +1st orders only. A more rigorous
theory is necessary to treat them exactly for large
angles also.

Note that for sequentially recorded holograms the
intermodulation gratings K,, are not recorded,
whereas the strong cross coupling through primary
gratings K, is present.

Vi. Dynamic Range

A holographic emulsion has a limited dynamic range
that depends on the material and the thickness. For
an optimum hologram recording the exposure energy
must be within the dynamic range. If the exposure
is increased about saturation, the emulsion does not
generate a higher index modulation. For a high
reference-to-object beam ratio and large fan-outs the
limited dynamic range becomes important. We show
that recording with optimized phases requires a lower
dynamic range.

During recording, N object waves E;(x) = A X
exp[—j(k;x + &;)] and one reference wave E\(x) =
Ag expl—j (Kox + &g )] are present. As shown in Eq.
(1), the irradiance I (x) in the hologram plane is given
by

I(x) =
&
= A02 + NA? + ZA(]A 2 COS(K(),'X - (DOi)
i=1
N
+ 242 > cos(K,x — d,,), (18)
q>p=1

with ®,, = &, - &, and K, = k, —

Flgure 6 shows the 1rrad1ance 1 (x) in the hologram
plane (y axis) for optimized phases and for the worst
case (P = &, = 0), respectively Both cases are
calculated for maximum contrast, i.e., I,;, = 0 and for
the same maximum irradiance I, In the uncor-
rect case (Py; = ®,, = 0) all gratings are in phase at

= 0 and y = 0; thus all amplitudes add up and
produce a high maximum intensity. In the corrected
case with the optimized phases, however, the primary
gratings K, are never all in phase at the same
position, and the intermodulation term, which con-
tains the gratings K,,, disappears nearly perfectly.
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Fig. 6. Interference pattern in the hologram plane (y axis) of nine
object beams with a reference wave for (a) optimized phases, (b)
worst case, for the same maximum modulation level.

Then the first summation in Eq. (18) yields 24,A \/]V
and the second summation, i.e., the intermodula-
tions, can be omitted. The maximum and minimum
values of the irradiance are found to be

Ioax = (Ao + YNA2, I = (4, — yNA?, (19)
for the corrected case, and
I ax = (Ao + NA)E, Imin = (AO - NA)2, (20)

for the uncorrected case, where N is the number of
fan-out beams and A is the amplitude of the object
waves for the recording. Maximum contrast is ob-
tained for I, = 0, which gives the relations
A, = YNA and A, = NA for the two cases, respec-
tively. Then we get a reference-to-object ratio of B =
1 for the optimized phases from Eq. (3), whereas B =
N for the uncorrected case, which means that the
corrected case requires considerably less reference
irradiance.

The modulation of the dielectric permittivity Aeg;
for the primary gratings K;, as shown in Eq. (2), is
proportional to 24;A. Assuming that the recording



material saturates at a level corresponding to an
irradiance of I, = I, we then find from Egs. (19)
and (20), with I;, = 0, that

Aey; « 24,A = 2/NA? =

1,/2yN (21)

for the corrected case, and

Aey; « 2A,A = 2NA2 = /2N (22)
for the uncorrected case, which means that the
recorded modulation Aey; for the primary gratings is
\/ﬁ times higher for the optimized phases. Besides
the fact that the fan-out is more efficient in the case of
corrected phases, as shown in Figs. 3 and 4, the
required modulation amplitude Ae for maximum
efficiency can be obtained more easily within the
limited dynamic range of the recording material.

Vil. Recording Optimized Fan-Out Elements

Figure 7(a) shows the recording setup for on-axis
fan-out holograms. The object is an array of coher-
ent sources. The optimized phases ¢; can be ob-
tained by different techniques. One possibility is to
illuminate a pinhole array, followed by an appropriate
phase plate. Another is to use computer-generated
holograms or kinoforms to generate the desired array
(see Figs. 6 and 7 in Ref. 4). If the sources are in the
front focal plane of the lens (d = f), the recorded
element is nonfocusing; for greater object distances
(d > f) it becomes focusing. Figure 7(b) shows the
off-axis equivalent. Because of the limited depth of
the optimum plane [Eq. (6)], the source array and the
holographic optical element must be parallel.

If the lens is removed, we get a focusing fan-out
element. However, the optimized phases generate a
uniform illumination only if the hologram is in the far
field, i.e., at a distance d > (Ns)?/\ [see Fig. 8(a)l.
Another method of fabricating focusing fan-out ele-
ments without a lens uses the self-imaging properties
of large periodic structures.® In this case the object
is a regular array of coherent sources with identical
phases &; = 0. Considering the beam propagation in
free space, we find planes of reduced intermodula-
tions that are suitable for recording efficient holo-
grams. These planes are parallel to the object plane,
as in the case of optimized phases. In .Fig. 8(b) we
incline the object; thus we must also incline the
hologram. The self-imaging (Talbot) distance is pro-
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Fig. 7. Object waves (a) on-axis and (b) off-axis; the holographic
optical element (HOE) becomes focusing for d > fand nonfocusing
ford =f.
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Fig. 8. Recording without a lens with spherical object waves by

using the self-imaging properties of large periodic structures:
(a) on axis, (b) off axis.

portional to s2 and for inclined objects is proportional
to (s cos 0)2. If we incline a regularly spaced two-
dimensional array (same spacing s in the x and the y
directions) with respect to the y axis, we get two
different distances for the optimum planes, depend-
ing on s? and (s cos 0)?, respectively. However, a
common minimum plane can be determined. This
problem can be avoided if the initial array has two
different periods A in the x and the y directions,
namely A, = sand A, = s/cos 6.

Because of the self-imaging properties, this method
is suitable for large arrays only. Note that, depend-
ing on the position of the recording plane, this
element becomes either a fan-out (overlapping) or a
lenslet array (nonoverlapping beams).

Fan-out elements in volume holograms can be
fabricated also by copying the phase structure of
already existing fan-out elements as such, e.g., Dam-
mann gratings. A simple image formation with a
single lens would destroy the phase structure and
therefore the properties of the fan-out. This can be
avoided by using a 4-f imaging system, as shown in
Fig. 9, which twice applies a Fourier transform,
thereby conserving the phase distribution.® Analo-
gous to Figs. 7 and 8, there also exists an off-axis
arrangement of Fig. 9.

Vill. Conclusions

We have investigated the recording of efficient fan-
out elements as volume holograms by using the
coupled-wave theory. In contrast to the results pub-
lished in the standard literature, we have found that
the efficiency and uniformity of regular fan-out ele-
ments depend strongly on the relative phases of the
object waves, if the thickness of the holographic
emulsion is smaller than ¢ = \/(n tan 0,Aa), where 6,
is the angle of the reference wave and Aa the angle
between the fan-out beams. A typical valueis¢ = 32
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Fig. 9. 4-f system for copying fan-out elements, with magnifica-
tion m = fy/ f1, whered = f;. Focusing power can be included if
d > fe



pm for A = 488 nm, n = 1.5, 8, = 30° and Aa = 1°.
High efficiency and uniformity can be achieved by
optimized phases of the object beams, which mini-
mize the intermodulations. At the same time the
required dynamic range of the holographic material
also becomes minimum.

The recording conditions are optimum if the irradi-
ance of the object beam is uniform in the hologram
plane. This can be achieved only in specific planes
that are parallel to the object plane. As a conse-
quence, only specific recording geometries are al-
lowed. Several possible recording techniques for
fabricating efficient and uniform fan-out elements
have been presented.
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