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Abstract: Holograms have found their use as optical ele-
ments in a variety of applications. Yet using them with
incoherent and divergent lightsources like LEDs proves
difficult, as their characteristics need to be simulated by
lasers duringmanufacturing to get a correct reconstruction
of the desired light distribution. We present a new setup to
allow for a high flexibility during the manufacturing pro-
cess, which is able to produce volume holographic cell
arrays (VCAs) that can be illuminated directly with uncol-
limated LEDs. Results are presented for the case of reflec-
tion holograms.
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1 Introduction

Since the holographic principle was shown by Gabor [1],
holograms have found their way from a purely scientific
application to a wide range from 3D imaging and micro-
scopy [2] to head-up displays, copy protection and tailored
optical elements.

With the introduction of new holographic photopoly-
mers [3] in form of thin films, an integration of volume
holographic optical elements (vHOEs) in automotive ap-
plications is conceivable [4]. Furthermore, the optical

designer has the ability to provide different optical func-
tions with the element. This is because vHOEs consist of a
volume grating, defined by a refractive index modulation
of the photopolymer. These gratings act in a similar fashion
as a crystal lattice does for X-rays and scatter the incident
light. The scattered waves interfere constructively and
reflect light when Bragg’s condition

2d sin θ � nλ (1)

[5] is met, with glancing angle α, lattice plane distance
d and wavelength λ. A coupled wave analysis of condition,
Equation (1), allows for a calculation of the angular and
wavelength sensitivities of the volume grating [6]. The
material stays transparent when it is illuminated by an
angle or wavelength differing from Equation (1), which
may give the possibility to provide different optical func-
tions within the same area, realize barely visible optical
elements or simply achieve optical functions with very thin
elements. First approaches to collimating optical elements
are presented in the studies by Bruder et al. [7] and Mintz
et al. [8], which use a point-source during exposure of the
holographic film. The main difficulty to achieve this for
different kinds of LEDs lies in the forming of a reference
beam, capable of representing their Lambertian charac-
teristics. That means each new illumination system would
require a specific manufacturing setup, as the reference
beam has to be formed accordingly. But achieving such
large divergence angles with lasers is nearly impossible
with common lenses and generating point sources by
diffraction at small apertures does not give accurate results
as the characteristics strongly depend on the lightsource
used [9, 10].

Here we present a new setup, which allows to
manufacture computer-generated matrix holograms [11]
with a very high flexibility regarding the reference angle
during the printing process. Therefore, changes in the
illumination setup can be addressed without changing
elements in the holographic printer. As we use volume
holograms, we call them volume holographic cell arrays
(VCAs).
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2 Hologram printer

2.1 Illumination system

Our goal is to print holograms suitable for the general
lighting system depicted in Figure 1. A VCA is illuminated
by a nearby LEDwith lightrays ϱ coming from the LED. The
hologram is supposed to reflect the rays σ to achieve the
desired light distribution on the screen. The rays are
described in spherical coordinates with elevation angle θ
and azimuthal angle φ. The collimation of σ would, for
instance, require the reference beam directions to be
identical to ϱ for each matrix element and the object beam
directions σ to be parallel to each other.

2.2 General setup

To achieve the desired flexibility in printing VCAs with a
wide range of different reconstruction angles, we propose a
new setup that allows to produce transmission and
reflection holograms. A principle sketch is shown in
Figure 2. The setup contains different lasers according to
the desired wavelength sensitivity of the holographic film.

The laser beams are widened up, collimated and
limited by amuch smaller rectangular aperture AR tomatch
the active area of the spatial light modulator (SLM) and get
a homogenous intensity distribution from the Gaussian
profile of the laser intensity. Dicroitic mirrors reflect the
laser beams onto a common optical axis. After that, the
beams get split up by a beam splitter BS1 into the reference
beam (positive x-direction) and the object beam (negative
x-direction). As the VCAs are computer-generated, the
calculated phase information of the object beam is dis-
played on an SLM and depicted on the holographic film by
lenses fO1 and fO2 with magnitude s = 0, 1. The reduction is
necessary to decrease the structural size of each cell. Un-
wanted diffraction orders are blocked by aperture AO.
In the reference beam, the mapping of aperture AR on the

film is covered by a variable lens system f *R and the para-
bolic mirror itself, which acts as the second lens of a 4f
system.

2.3 Parabolic reflector

The primary feature of the setup is the large parabolic
mirror, which acts as a focusing and beam steering
element. By addressing different positions parallel to the
optical axis oP, large angle variations of θ ≈ [5, 70] deg (in
the x-z plane in Figure 2) and φ ≈ [5, 175] deg (in the x-y
plane in Figure 6) can be achieved without changing the
focus position. A microscopy stage is positioned at the
center of the reflector to change the position of the holo-
graphic film in the x-y plane. Together with a movable
mirror MP2, it is possible to change the reference angle at
different positions of the holographic film. Following the
work of Bruder et al. [12], the power density ratio of the laser
beams at the focus point inside the holographic film should
be equal to one. To ensure this, several correctionsmust be
made that arise from the parabolic mirror principle.

Figure 1: Illumination system consisting of an LED with lightrays ϱ
and the VCA, which reflects the incident light into direction σ.

Figure 2: Principle sketch of the hologram
printer. An SLM is used to apply the
computer-generated VCA phase images to
the object beam. The reference beam is
steered by a large parabolic reflector to
achieve a wide range of reference angles,
which results in focal length changes
depending on the reflector position. In
example (a), printing of a reflection holo-
gram with acute angle and fP ≈ 0, 30 m and
(b), a transmission hologram with flat
angle and fP ≈ 0, 15 m is observed.
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2.3.1 Optical path correction

The reference angle is changed for each cell, which means
that the reflector’s focal length changes aswell. In Figure 2,
two cases are depicted: (a) Manufacture of a reflection
hologram with elevation θ1 results in a focal length of
≈300 mm, while a small angle θ2 in case (b) for a trans-
mission hologram gives a focal length of ≈150 mm. Inde-
pendent of the reference angle, the size of the focus needs
to be constant and the 4f relation has to be preserved. This

means that the focal length of lens system f *Rand the optical

path between AR, f *R, and the parabolic mirror have to be
modified accordingly.

The optical path lengths depend on those of the
reference beam in the given setup, however, we will
describe the procedure exemplary for our assembly. The
focal length of the mirror lies roughly between 150mm and

300mm, which means the optical paths before and after f *R
must cover 1/s = 10 times the mirror focal length for a
magnification of s = 0, 1. Figure 3 shows a pseudocolor plot
of the effective path length that has to be covered by delay

stage DS2 after f *R. Taking into account that the laser beam
travels along the x and y directions before coupling into the
reflector along z, the resulting path length becomes
asymmetrical and is not identical to the focal length
anymore.

2.3.2 Focal length correction

For the calculation of the lens system, one canmake use of
the matrix formalism [13, p. 26–32] in Figure 4.

The effective focal length f *R is calculated by propa-
gating a collimated beam ray

r0 � ( r0
ϕ0

) � ( r0
0
) (2)

through the system consisting of a thin diffusion lens fR1

and a thin converging lens fR2 in distance d2 to each other.
This yields the complete matrix equation

r2 � L(f2)  ⋅ T(d2)  ⋅ L(f1)  ⋅ T(d1)  ⋅ r0 (3)

and f *R can be calculated from r2 with

f ∗ � tan(−ϕ2)
r2

. (4)

A suitable lens system is depicted in Figure 5,
providing the complete range of focal lengths by moder-
ately changing d2. In addition, the back focal length, which
is crucial for the path of delay stage DS1, progresses in the
same way with a constant offset.

2.3.3 Polarization correction

Beamsparallel to the optical axis of a parabolicmirror have
a common focus point.We use this feature to vary the angle
of the reference beam, but as illustrated in Figure 6, its
polarization vector pR changes as well with regard to the
object beam polarization pO. This change needs to be
compensated to match the polarizations of the respective
beams in the substrate plane. Otherwise, the interference
pattern recorded in the photopolymer film will be of low
contrast, resulting in a low efficiency of the VCAs. For
maximum contrast, s-polarization (Figure 6) is necessary.
Changing the reference beam would result in p-polarized
beams, which is why the object beam has to be modified.
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Figure 3: Resulting optical path of the reference beam, depending
on the lateral reflector position.

Figure 4: Illustration of the matrix description of the lens system in
the reference beam.
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To match the polarizations, pR is calculated in the
substrate plane and the liquid crystal (LC) (Figure 2) is used
to adjust the polarization of the object beam. The element is
configured as a λ/2 wave plate for the specific wavelength
used during the writing process. The polarization is then
adjusted by rotating the LC depending on the reflector
position.

Equation (5) shows an implicit representation of the
parabolic mirror in the coordinate system, where the x axis
is the axis of rotational symmetry. The parameter a in
Equation (6) depends on focal length f. The normal vectors

n
→
of the parabolic mirror are given by the gradient of p in

Equation (7).

p � −a(z2 + y2) + x � 0 (5)

a � 1
4f

(6)

n̂ � n
→∣∣∣∣∣n→∣∣∣∣∣ �

∇
→ (p)∣∣∣∣∣n→∣∣∣∣∣ � ( − 2az,−2ay, 1)�������������

4a2(z2 + y2) + 1
√ (7)

The reference beam is approximated by a plane elec-

tromagnetic wave E
→
, Equation (8). Since there is only linear

polarization in this case, it is sufficient to consider the

amplitude vector E
→
0, Equation (9) for further calculations.

E
→ � E

→
0 exp( − i(k→ r

→ − ωt)) (8)

E
→
0 � (Ex,Ey,Ez) (9)

To calculate the polarization of the reference beam in

the substrate plane, the polarization vector E
→
0 of the

reference beam needs to be mirrored at a line g
→
, Equa-

tion (10) along the normal vector n̂ of the parabolic mirror,
Equation (7), and is then projected onto the substrate
plane. For the calculation of the mirrored polarization

vector E
→
′0, a shifted coordinate system S′ is chosen, where

the origin is the intersection of the reference beam and the

parabolic mirror. In this case, E
→
′0 can be calculated by

mirroring point (E
→
0) at line (g

→
). A plane through E

→
0 and

perpendicular to g
→
is cut with g

→
to find the parameter t = t0,

Equation (11).

g
→ � tn̂ (10)

t0 � 〈n̂, E
→
0〉 (11)

With E
→
g � g

→(t0), the mirrored polarization vector E
→
′0,

Equation (11), is found.

E
→
′0 � E

→
0 + 2(E→g − E

→
0) � 2 〈 n̂E

→
0 〉  n̂ − E

→
0 (12)

Now E
→
′0 needs to be projected on the substrate plane,

which is the x-y plane in the coordinate system S. The

projected vector is given by E
→
′0 proj, Equation (12).

E
→
′0 proj � (E→′x, E→′y,0) (13)

The angle between the polarization vectors of the ob-

ject beam E
→
O and the projected reference beam E

→′

0 proj is

given by Equation (14).

cos(γ) � 〈E
→
O  E
→′

0 proj〉∣∣∣∣∣∣∣E→O

∣∣∣∣∣∣∣ 
∣∣∣∣∣∣∣∣E→

′

0 proj

∣∣∣∣∣∣∣∣
(14)

Rotating the LC-element in the object beam’s path by
γ/2 matches the polarization of the object beam to the
reference beam.

2.3.4 Correction of the beam ratio

Finally, the beam ratio itself has to be modified, since the
reference beam is attenuated while entering into the sub-
strate due to Fresnel reflection for large angles. In Equa-
tion (15), the transmission coefficient ts for the reflection of
perpendicular polarized light is shown [13, p. 246]

ts � 2n1 cos(α)
n1  cos(α) +

�������������
n2
2 − n21 sin

2(α)
√ (15)

In this work, n1 ≈ 1 is the refractive index of air, n2 the
refractive index of the holographic foil and α � π

2 − θ, the
angle of the reference beam. For the collimation setup in
Figure 1, the angle of incidence is small for the object beam,
and the progression of the Fresnel reflection for the object
beam is neglected. Since there are two interfaces for the

Figure 6: Polarization changes caused by the parabolic mirror with
reference beam polarization pR and object beam polarization pO.
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object beampropagating through the foil (air–glass, glass–
foil), the transmission coefficient is approximated with
tobj ≈ 0, 9.

Because of Equation (15), the beam ratio inside the
photopolymer film decreases with elevation angle θ,
however, for good results a ratio of BR � 1 in the film is
needed [14, p. 10] with

BR � Pobj

Pref
 
tobj
tref

≈
Pobj

Pref
 
0, 9
ts

. (16)

The beam ratio is corrected by decreasing the object
beam power with a neutral density filter ND (Figure 2) and
adapting the reference beampower by rotation of halfwave
plate Pλ/2, which is positioned ahead of a polarizing
beamsplitter BS2.

3 Results

3.1 Evaluating correction measures

Before printing, the used material needs to be character-
ized and the described correction measures need to be
evaluated. For the given application, we use the Covestro
Bayfol HX200 [3]. As our setup allows for a wide range of
object and reference angle combinations, a quantitative
evaluation of every writable angle is not feasible. This is
because the aspired VCA consists of 4096 different refer-
ence and object angle combinations, whose individual
measurement regarding efficiency and spectral distribu-
tion is too much time consuming. The holographic printer
itself is fully automized, but efficiency and spectral mea-
surements are still done manually.

As a more tangible approach, we optimized for print-
ing parameters at a fixed object angle and fixed azimuth

angles φ, but different elevation angles θ of the reference
beam. The optimal parameters for each θ are found by
printing single cells with variation in exposure time and
laser power. Based on the obtained data, the optimal
printing parameters for other reference angles are calcu-
lated by making use of Equation (15). The achieved
diffraction efficiencies depending on different elevation
angles θ are given in Figure 7, together with the optimal
beam ratio.

Despite variation of θ and laser wavelength, the effi-
ciency of the printed cells stays nearly constant at η ≈ 0, 5.
The diffraction efficiency is calculated by measuring the
diffracted and transmitted beam power PD and PT

η � PD

PD + PT
. (17)

Higher efficiencies of η > 0, 9 should be possible, as
shown in the study by Berneth et al. [14], but could not be
achieved in consequence of a not ideal surface quality of
the parabolic reflector.

3.2 Test of a collimating VCA

To demonstrate the purpose of our setup, a collimating
VCA is produced in form of a reflection hologram for an
LED that is positioned at a distance of 40 mm and with an
angle of θ0 � 50 deg to the VCA, as depicted in Figure 1. In
case of collimation, the object beam is fixed (parallel light
beam), while the reference beam changes in θ and φ to
match the beam characteristics of the LED. Pseudocolor
images of the resulting angle distributions of the VCA are
shown in Figure 8. The VCA has a border width of 41, 9 mm
containing 64× 64 individual cells. As the active area of the
lightsource has an edge length of approximately 1 mm, the
different reference angles converge to the center of the
lightsource, which is positioned at the center of the y axis
on the left side in negative x direction from the view of
Figure 8.

If the reference angle distribution indeed matches the
LED characteristics, the lightrays are deflected similar to
the object beam, which yields a parallel light beam. The
VCA is then produced by printing all 4096 cells individu-
ally in an automated process: The reference angle is
changed for every cell according to the values in Figure 8,
the described corrections are executed and the substrate is
moved to the right position. After that the film is being
exposed within the dimension of a single cell.

Figure 9 shows the light distribution generated by the
VCA under LED illumination. As the LED is positioned to
the left side of the VCA, the intensity on the left side is
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bigger due to the quadratic distance law and a gradient in
the distribution is visible. Because the VCA has a quadratic
shape, the ideal distribution would be quadratic as well.
The screen is positioned in L=545 mm distance beyond the
VCA and the square-shaped distribution has an approxi-
mate width of Δx ≈ 100 mm which results in a remaining
divergence of

ωdiv � arctan( Δx
2 ⋅ L

) ≈ 5 deg. (18)

The spectral distribution of the LED, the VCA and the
laser wavelength during manufacturing can be seen in
Figure 10. The used laser has a wavelength of λL1 � 532 nm,
therefore the VCA lies in the green spectral range.
Shrinkage of the material during the manufacturing pro-
cess is below 3% [3], but causes a spectral shift of the re-
flected light toward shorter wavelengths. The angle
distribution in Figure 8 shows that the VCA acts similar to
an off-axis parabolic mirror for green light. As the recon-
struction angle θ decreases after shrinkage, but the
azimuthal direction is different for each cell, the result can
be compared to a slight deformation of the off-axis para-
bolic mirror, which explains the aberrations visible in the
target distribution.

4 Summary and outlook

In this article, we presented a new setup for the fabrication
of volume holographic cell arrays in transparent photo-
polymer films. Key aspect of the setup is the variation of
the reference angle within the hologram matrix using a
parabolic mirror. The aim is to create very thin optical
elements capable of forming light distributions with
incoherent lightsources like LEDs. Current approaches for
printing matrix holograms focus on increasing the quality
of image reconstruction by decreasing the pixel size of the
matrix or overlapping of the matrix elements[15, 16].
Hofmann et al. are printing holographic diffusers [17] or
micromirror arrays [18] utilizing a holographic printer
with two SLMs allowing for arbitrary wavefronts being
depicted onto each side of the holographic film. Yet the
reconstruction of these vHOE is done with collimated light
or laser beams, which requires preshaping of the light-
source, especially when LEDs are used for illumination at
small distances.

With our setup, we pursue the approach to adapt ma-
trix holograms to the specific radiation characteristics of
arbitrary lightsources, which will render preshaping
obsolete. As a first step, we managed to produce a reflec-
tion hologram, collimating the green spectral segment of
an LED to a remaining divergence of ωdiv ≈ 5 deg. In the
study by Neumann and Giehl [19], we presented an
approach to redistribute light with VCAs to form light dis-
tributions while using incoherent light sources. To this
end, the principle was only shown for collimated LEDs.
This setup allows for the next steps to be the combination
of the light redistribution applied to the object beam with
the demonstrated collimation accomplished by the refer-
ence beam variation. In combination, it might be possible
to digitally tailor VCAs to a specified lightsource, thereby
creating VCAs for different types of LEDs without changing
the printer setup and enabling holograms to be used as
illumination optics.
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