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1 Introduction

1.1 Holography

The idea of holography was invented and developed by Dennis Gébor (1900-1979). If a
coherent laser beam were split into two coherent partial waves, one of them would strike the
photo plate after being reflected or scattered from the object (object beam), and another
one came from the light source directly (reference beam) on the photo plate, they would
interfere with each other and an interference pattern (interference fringes) would appear on
the photo plate which is called “hologram”. The information of the object wave is contained
in the modulation of the brightness of the fringes and in the distance of the fringes.

Since Gabor’s original paper [10] and the invention of the laser [20] various holographic
procedures have been developed[!2]. Holography is a two stage process. The first stage is
the recording of the hologram in the form of an interference pattern. In the second stage,
the hologram acts as a diffraction grating for the reconstruction beam, and the image of the
object is reconstructed by the hologram.

1.1.1 Holographic Recording

The most important thing in holographic recording is the recording of both the phase and
amplitude of the object wave. The phase of the wave cannot be recorded on the recording
medium, therefore it should be converted to an intensity. With an interferometry technique,
an unknown wavefront (object beam) can be added to a known wavefront (reference beam).
Both object and reference waves can be written in general as (cf. [3] and [19])

S(a,y) = e V52, y), (1)
R(z,y) = e ™ 0i(z,y). (2)
Here 5(z,y) and 7(z,y) are the amplitudes of object and reference beam at superposition
point, respectively. ®(z,y) is the phase of the object wave and W(x,y) represents the phase

of the reference beam. The intensity [ is the square of the sum of the complex amplitudes,
in which the dependency of I on the phase and amplitude of the object wave can be seen

= N 2
I(x,y) = |S(x,y) + R(z,y)

1.1.2 Hologarphic Reconstruction

By exposing the recording material to two beams in interferometer, the interference pattern
begins to be formed. The completed interference pattern can transmit the light with a
transmittance function ¢ which depends on the intensity of the hologram (cf. [19])

t=al =a (5. o)l + /e n)P) + o () By + Ray)-F@y) . 6
To reconstruct the object wave, Ehe hologram will be illuminated with the original reference
beam. The reconstructed wave P is
P=1tR
= aR(x,y) (|5(z,y)]* + |7z, y)) (4)
+aR(w.y) - ’(w,y) - Slz,y) + al(z,y) - Rlz,y) - S (z,y).
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There are four terms on the right-hand side of Eq. (4): the first term is too small and
negligible, the second term represents the attenuated reference beam. In the third term,
the phase of the conjugate reference beam recorded in the hologram and the phase of the
reconstruction beam cancel each other and the phase of the original object beam remains
which results in the reconstruction of the image of the object. The fourth term represents
the conjugate object beam which results in forming a conjugate image.

1.2 Different Types of Holograms

There are different types of hologram which can be used for different applications. Three
holograms, i.e., transmission hologram, reflection hologram and Denisjuk hologram will be
mentioned in next parts but we focused on the transmission holograms in this work exten-
sively.

1.2.1 Transmission Hologram

The transmission holograms can be recorded using a laser. During the transmission hologram
recording, the object and reference beams incident on the sample from the same side. They
interfere with each other to make an interference pattern. The image is recorded in the
interference pattern on the film, and can be reconstructed by shining the coherent light of a
laser on the hologram. The image will be formed by transmitting a beam of light through the
hologram. For these holograms, the recorded interference pattern is oriented perpendicular
to the film’s surface. These holograms are great at reconstructing the original wavefront but
they are not very capable to filter the different wavelengths of light, therefore using a white
light to reconstruct the original beam results blurriness in the hologram.

1.2.2 Reflection Hologram

In contrast to transmission hologram, the object and reference beam strike the sample from
the opposite sides. These two beams interfere with each other to create an interference
pattern which is oriented parallel to the film’s surface. During the reconstruction process,
the incident beam will be reflected from the hologram’s surface so that the incident beam
and reflected object beam lie on the same side of hologram.

1.2.3 Denisjuk Hologram

Denisjuk invented a simple method for making reflection hologram. The laser beam is fanned
out by a convex lens and shines through the holographic film as a reference beam. Behind the
film is the object which partially reflects the reference beam back to the film. The reference
beam and the reflected object beam interfere with each other and an interference pattern
will be made. To reconstruct the object beam a white light can be used as it is used for
other reflection holograms.

1.3 Mach Zehnder Interferometer

To record a hologram an interferometer is needed. The Mach Zehnder interferometer is used
for splitting the amplitudes of beams. It consists of two mirrors and two beamsplitters, so
that the incoming beam in the interferometer is split in two beams. The transmitted and



reflected beam will be reflected from the mirrors. Since these two beams travel the separate
optical paths, a phase modulation will happen. We consider the electric fields of s-polarized
transmitted E; and reflected waves F5 at the position of the sample in the interferometer as

follows (cf. [13])

E\(F,t) = Epe'®™ 7™ = Epe'® (5)
and . '

E2 (7?, ) = E02€z(k2-r—wt) = E0261¢2 (6)
where ¢; = k:1 7 — wt and qbg = k:g 7 — wt indicate the phase of transmitted and reﬂected
beams, respectively. Here, E01 is the amplitude of the transmitted wave and EQQ is the

amplitude of the reflected wave. The total electric field of the superimposed beam can be

written as B - |
Erorar = En(7,1) + En(7't) = [Emel(’“"?) + Eme’(kz'm] et (7)

The detectors are not able to measure the electric field directly, but it is the time averaged
intensity of the light that can be observed experimentally. The time averaged intensity can
be obtained by integrating of the electric fields over a time interval which results in

(B =0, (B =5, (8)
which in turn leads to
Lot = (| EI?) = (E'- %)
= ((E1 + Bs) - (E} + E3)) (9)
= (|E\[") + (| Bsl”) + (E) - E3) + (B> - Ef).
and
(B, B2) = (Byy - E*Sz>ei[(k§—ké)ﬂ _ \/Eei[(kl—ké)ﬂ : (10)
(By - By = (Bop - Byy)e l0 =7 = /T e~ (=R (11)
For simplicity, the exponential term can be written in terms of cosine function
Liotar = 11 —|—IQ+2\/ECOSQ, (12)

where () = (k:: — k:;) -7 is the phase difference between two waves and the controlling factor of
interference. It is clear from the form of (12) that it has a sinusoidal behaviour. Therefore,
the refractive index of the interference pattern has a sinusoidal behaviour

n(Z) = ng + nq cos <I? . a?) , (13)

where ng is the average refractive index, n is the amplitude of the spatial modulation of the
refractive index and K is grating vector (see section 2.2).

The maximum and minimum values of intensity will be obtained when cos{) = 1 and
cos §) = —1, respectively. Therefore

Imaxzjl+12+2\/ 11]2; (14)
and
Lnin = I + I — 2y/T 1. (15)

The quality of the interference pattern (contrast of fringes) can be described by the visibility
parameter V(7) given by

V(—.) Ima:c_]min 2\/11]2
T) = =
Imar+[min [1 +12 ,

which is bounded by 0 and 1 from below and above, respectively.

(16)
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2 Kogelnik Theory

There are different methods for modeling and calculating the diffraction efficiency of thick
holograms to see the efficiency of the holograms for reconstruction of object beam. Here
the coupled wave theory which was developed by Kogelnik in 1969, is used. This section is
mainly based on the work of Kogelnik [15].

2.1 Thickness Parameter of Grating

There are different definitions for thickness of grating. One of the practical definitions is
clarified by [ 1], in which the thickness parameter p is defined as

22

p:Q/Z’Y:AZGl,

(17)

where
, 2mAd

— B 1
Ve cosf’ (18)

and
merd

- 2X\\/€gcos b

Here A denotes the wavelength of the incident beam, A is the grating spacing and ¢, is the
average relative permittivity, €; is the amplitude modulation of the permittivity, v is the
strength parameter, d is the thickness of the grating, and the 6 is the angle of incident beam.
The grating acts as a thick grating when p > 10.

v (19)

2.2  Wave Theory for Thick Hologram Gratings by Kogelnik

The coupled wave theory can predict the maximum possible efficiencies of thick holograms
and the angular and wavelength dependence of diffraction efficiencies close to the Bragg
angle. We recall that for a grating, the incoming waves are reflected from the interference
pattern which are separated by the grating spacing A. If the path difference of the reflected
waves is equal to an integer multiple of the wavelength of incident beam (), then the waves
interfere constructively (Bragg’ law)

2A sin 05" = m\, (20)

where 05" is the external Bragg angle and m is a positive integer.

This theory assumes monochromatic light strikes on the hologram grating at or near the
Bragg angle which is polarized perpendicular to the plane of incidence. Only two waves:
incoming reference beam “R” and outgoing signal beam “S” obey the Bragg condition ap-
proximately.

In the present work the fringes are oriented perpendicular to the plane of incidence and
sample’s surface normal. Moreover, the grating vector K with length of |Kt | = K =27/A
is oriented perpendicular to the fringe planes. Wave propagation in the grating is described
by the scalar wave equation

V2E + k*E =0, (21)

where F is the complex amplitude of the electric field and k is the propagation constant,
which is spatially modulated and is related to the relative dielectric constant and the con-
ductivity of the medium.



In this work it is assumed that the recording of the hologram takes only the form of a
spatial modulation of the refractive index of the medium. The average absorption constant «
and its modulation are zero. It is more convenient to use refractive index under the following
condition

ng >Ny . (22)

Here, ng is the average refractive index, and n; is the amplitude of the spatial modulation
of the refractive index. The coupling of two waves and an exchange of energy between
them in grating is because of amplitude of the spatial modulation n;. The electric field of
superposition by two waves in grating is

E— Re—iﬁ-f+ Se—iﬁfy (23)

where p is the propagation vector of the reference wave before of coupling and § is the
propagation vector of the diffracted wave which is related to p

S=p-K, (24)
where

Da sin 0

p=10]=8| 0 , (25)
o cost

. 0z sind — K/

i=10|=p5 0 : (26)
0, cos 0

where = 27n/A. In general, if the Bragg condition is not satisfied, the vectors g and 5
have different lengths, but if the incidence happens at the Bragg angle, then the length of
both vectors is equal to 5 (see Fig. 1).

T
)

=i
=i

S

(@ (b)

Figure 1: Wave vector diagram (Ewald sphere) (a) at near and (b) exact Bragg angle (see

Eq. (24)).

If we set the length of 7 and & as 3, we get the following result for Bragg condition
i in : in K
cos (5 — HBt) = sin ' = %5 (27)
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where 6 is the internal Bragg angle. For a fixed wavelength the Bragg condition is violated
by small angular deviations Af from the Bragg angle 6p

0=0p5+A00, A=D\g. (28)

2.3 Diffraction Efficiency of Transmission Hologram

Solving the wave equation (21), in terms of R and S given in (23), by imposing the boundary
conditions

one arrives at (see [18] for details)
R=e" (cos €2 4124 gi? -sin /&2 + Iﬂ) , (29)
1%
g 2 g2
§ = _jemie. MV HE (30)
V14 &2/ 102

where
mnyd
= — 31
YT Ncosh’ (31)
vd

= _ 32
¢ 2cos (32)

Here the dephasing measure ¥ in the coupled wave equation is given by
v=A0 K -cosfp. (33)

The diffraction efficiency n shows that how much the incident light power is diffracted into
the signal wave. It is defined by

n=5(d)S*(d). (34)
According to the data sheet of Bayfol foils used in this experiment [2], the diffraction effi-
ciency of the hologram recorded on these foils are more than 95%. Hence, the diffraction
efficiency of lossless dielectric gratings will be calculated. Finally, the diffraction efficiency
of these gratings can be derived (see Fig. 2 below)

sin? /12 + €2

1+&2/v? (35)

7”:

<

Iy

C

Q

& — v=T11/2
w

S v=2711/5
o

@

£ v=r11/3
o

¢ [rad]

Figure 2: Diffraction efficiency as a function of £ for three different values of v.



3 Experiment

3.1 DMaterial

The holographic film used in this experiment is Bayfol HX 200, a commercially available
recording material for volume holography. Previous works on this material and its properties
can be found in [3]. Most of the early holographic materials required wet-chemical or heat
processing for formation a hologram after exposure to light while the Bayfol HX material
can be recorded easily without any kind of these processings and shows a long term stability
[7]. This material facilitates full color recording with low shrinkage (change in volume)
after recording, although no chemical or heat processing is needed after recording [15]. To
determine the optical properties of this film, some Denisyuk and 2-Beam reflection holograms
were recorded on this material by the producer (Covestro). That is to say, this light-sensitive
photopolymer film can be used to produce both reflection and transmission holograms. As
we see the transmission spectrum of this material in Fig. 3, it can be recorded at different
wavelengths between 440 nm and 680 nm in particular around 520 nm and 655 nm, while
readout should ideally be carried out at about 570 nm. The Bayfol HX 200 consists of three

100

90

80

70

60

50

40

Transmission [%]

30

0

10

300 350 400 450 SO0 550 600 650 700 750 80O 850 900
Wavelength [nm]

Figure 3: Transmission spectrum of Bayfol HX 200 [2].

layers:

e Protective cover film. It is a polyethylene film (PE) with 40 gm thickness. The cover
film can be removed before recording (see 3.2).

e Light sensitive photopolymer with (16 & 2) pum thickness and mean refractive index
1.505.

e Substrate. It is a cellulose triacetate film (TAC) with approximately (50 £ 2) pm
thickness and refractive index 1.485.

3.1.1 Photopolymerization in Photopolymers

From the chemical point of view the raw material of the Bayfol film is composed of two
different polymer chemicals: 1) The matrix precursors. The term matrix refers to a homoge-
neous and continuous material which provides a strong medium. A precursor in chemistry is

7



~40 um PE Cover

1642 um Photopolymer

Figure 4: Bayfol HX 200 consists of three layers: 1) cover, 2) photopolymer, and 3) substrate

[2]-

a compound that participates in a chemical reaction that produces another compound. The
matrix precursors are bonded during the film production and are responsible for the physical
stability of the photopolymer. 2) The imaging components. They are responsible for the
hologram formation during the exposure. The imaging components include polymerizable
monomers and have abilities for absorbing the light and activating the polymerization.

In this experiment we recorded approximately sinusoidal interference patterns (see Sec-
tion. 3.3.4). As a result, the refractive index will change sinusoidal when the photopoly-
mer is exposed to the interference pattern. Then it triggers the monomers to start to be
polymeized. The longer the exposure time, the more monomers are polymerized until no
monomers are left. There are more polymarized monomers in the bright region than in the
dark region. After a short period of time there is no more monomer in the bright region,
therefore a monomer concentration gradient occurs between the bright and dark regions, so
that the monomers diffuse from dark regions to the bright regions. The exposure with ligth
can be continued until all the monomers are polymerized [2, 1].

3.2 Preparation of Samples

3.2.1 Pre-preparation

As mentioned above, the Bayfol HX 200 is very sensitive to light, therefore the films were
prepared in a dark lab. At first we wanted to remove the cover layer from a piece of the
foil material. Because the cover was thin and could not be too easily removed by hand, we
decided to use adhesive band so that the adhesion between the adhesive tape and the cover
can remove it from the photopolymer layer without applying any pressure or scratching on
the latter. It was not possible to use tweezers because it could damage the material. Next
step was to build a holder with round tips so that it would not tear the foil while holding
it (see Fig. 5 and 6). The holder was built from a mounting base, a binder clip and a piece
of paper just to keep the clip on the mounting base stable. It was difficult to remove the
cover from the foil without light and without touching the foil. Therefore, we prepared all
the necessary tools using for preparation before turning off the light. At first a lamp with
red light was placed in about 1m distance from the preparation table. The lamp head was
positioned lowly not to shine on the material directly. According to Fig. 3, a good choice
would be a dim light with the wavelength about 560 nm, because the absorption of the
Bayfol foil is low at this wavelength and the foils would not absorb prematurely. However
there was no lighting with corresponding wavelength spectrum available. For shipment, the
Bayfol foils were completely sealed in an aluminum envelope and packed in a white box.
The box of sheets, a pair of gloves, a pair of scissors, an adhesive band and the binder clip



mounting on a base were placed close to each other on the table before turning off the light.
Wearing the gloves, the top of the aluminum envelope was cut with the scissors carefully so
that the sheets would not tear. A small piece with size about 2 x 2 em? was cut with scissors
and held with the holder described above (see Fig. 5) as a test sample to see if, for example,
the cover layer can be identified by its color. We closed the aluminum package with adhesive
tape, put it back in the white box and put it in a drawer not to receive any light or dust.
We cut a piece of adhesive tape and attached it gently to the sheet. Then the sheet was
held with two fingers without applying any pressure. The adhesive band was pulled back
and then down, so that the cover layer was removed. The suspected cover layer and the rest
consisting of photopolymer and substrate were laid on the table in full lighting. After one
day, the part that changed color from blue to light purple was identified as photopolymer
on substrate, the other part as the cover layer.

Figure 5: Preparation of foil samples, ready for recording: The foil is held with a binder clip

on a mounting base.

3.2.2 Single Photopolymer Layer Hologram (PS)

The single photopolymer layer hologram consists of one layer of foil, i.e. of a photopolymer
(p) and a substrate (s). (The single photopolymer layer hologram is referred to as PS
hologram in the following). After removing the cover layer, the film with size of 2 x 2cm?
was attached between two microscope glasses like a sandwich. The glasses were fixed together
with glue and left in the black box at room temperature for one day to ensure adhesion.

3.2.3 Two Photopolymer Layer Hologram (SPPS)

To reach the high diffraction efficiency for light as well as for neutrons, we decided to double
the thickness of photopolymer, because one can see from the diffraction efficiency’s equation

9



Bayfol Foil without Cover

Figure 6: Preparation of films: The cover layer is removed from the foil by using an adhesive

band (the photopolymer and the substrate layers cannot be separated).

Microscope Glass

Photopolymer
f

|

Microscope Glass

Figure 7: Schematic of PS sample.
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from Kogelnik (see Eq. 35), by increasing the thickness of material, the diffraction efficiency
will also increase. The SPPS hologram consists of two substrate layers (s) and in between
there are two photopolymer layers (p). (The two photopolymer layer hologram in this design
is referred to as SPPS hologram in the following). To prepare this sample, two small pieces
of sheet with the size of 2 x 2 cm? were cut with scissors and put on a tissue. The cover of
first sheet was removed while it was held by the binder clip. The photopolymer sticks a little
bit to the hand after removing the cover. This stickiness property of photopolymer helps us
to identify which layer it is, a photopolymer or a substrate. We put the sheet immediately on
a microscope glass from the substrate side. The second sheet was attached from its polymer
side to the polymer of the first sheet (one polymer after another) after removing its cover.
The sheets were sandwiched between two microscope glasses. The glasses were fixed with
glue together and left in the black box for one day.

Microscope Glass

\

v
<« Substrate
< —— Photopolymer
< Photopolymer
< Substrate

Microscope Glass

Figure 8: Schematic of SPPS sample.

3.2.4 Two Photopolymer Layer Hologram (PSPS)

The major idea was to increase the thickness of sample further more but we figured out it
is not possible to have a stratified sample with three photopolymer layers one after another
because there is a substrate in between which is not separable from the photopolymer. Since
the diffraction properties of the stratified gratings consisting of recording layers with buffer
layer in between, were studied before by [14, 22], a two photopolymer layer hologram with
another design from SPPS hologram was prepared. It consists of two substrate layers (S)
and two photopolymer layers (P). In this design, two small pieces of sheet with the size of
2 x 2 cm? were cut with scissors and put on a tissue. After removing the cover of first sheet,
the first photopolymer layer was put on the microscope glass from its polymer side after
removing the cover. Then the cover of next sheet was removed and the sheet was put on
the substrate of the first sheet so that the polymers did not stick to each other. The sheets
were sandwiched like the other samples between the two microscope glasses. The glasses
were fixed together with glue and the sample was left in the black box for one day. (The two
photopolymer layer hologram in this design is referred to as PSPS hologram in the following)

11



Microscope Glass
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Photopolymer

Substrate

T

Photopolymer

Microscope Glass

Figure 9: Schematic of PSPS sample.

3.3 Setup

3.3.1 Setup for the Recording the Holograms

The setup for recording the holograms consists of several parts. These parts and their
principles will be explained in detail in the following

1. Laser,
2. Beam expander part,
3. Mach-Zehnder interferometer,

4. Sample holder.

3.3.2 Laser

The semiconductor laser Genesis MX SLM from Coherent with the A = 514 nm and diameter
= 1 mm is used for recording[(]. It provides up to 1 W power of visible green laser light.

3.3.3 Beam Expander

To illuminate the sample completely with a collimated and clean beam, a beam expander
was used between the laser and the interferometer. By using a beam expander we could
throw out the wave components caused by e.g. dust to get a plane wave approximately.
There is a polarizer in front of the laser to make sure that the laser beam is linear and s-
polarized. Then the laser beam goes through the beam expander part. In this part, two
lenses are placed in a line on an optical rail. The first one is an objective lens with 5X
magnification and focal length = 25.4 mm. The second one is a plano convex lens with focal
length = 200 mm (see Fig. 10). The objective lens focuses most of the incident laser light
onto a single spatial position (the focal point of the lens). It is the property of a positive
convex lens to transform a single incident k-vector to a single point in space (the lens does a
Fourier transform, see [12], for instance). However, due to imperfections of the laser output
or dust particles in the beam path, the beam contains more than a single k-vector component.
A pinhole is adjusted between two lenses at the position of the focal point of lenses, so that

12



all the light that is focused at the focal point can pass the pinhole’s opening. The small part
of the incoming light that is not focused exactly at the focal point, but directed to a position
at the optical axis slightly in front of or behind the pinhole, or even to an off-axis position,
will be absorbed by the pinhole material. Thus, the wave expanding just behind the pinhole
is transformed into a larger-diameter parallel beam that will contain only one single k-vector
component, in good approximation. Therefore, it can be viewed as a good approximation
to a plane wave and enables cleaner hologram recording. The diameter of the pinhole can
be calculated [7]
Af

D="", (36)
where D is the diameter of pinhole, f the focal length of the objective lens and r the radius
of input beam to lens. In this experiment, the pinhole has the diameter of about 50 pm.
The cleaned output beam from beam expander has the s-polarization state as the outgoing
beam from laser.
A shutter is placed after the beam expander to be opened for a defined time for recording.

Figure 10: Beam expander from above.

3.3.4 Mach Zehnder Interferometer

In the Mach Zehnder interferometer (see Fig. 11), the laser beam goes to the beam splitter
(BS) and is split in two coherent beams. The reflected and transmitted beams from the
BS go to the mirrors (Mg and M) traveling different optical paths. The vertical zones of
two beams will interfere with each other within the sample material after reflecting from the
mirrors. We consider the electric fields of s-polarized transmitted El and reflected waves Eg
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at the position of sample in the interferometer as follows [13] We will reach the maximum
contrast in fringes when the intensity of both beams are equal and both of the beams are
s-polerized at the sample position. Therefore the power of both transmitted P, and reflected
beams Pr were measured with a LabMaster photometer close to the sample position. Because
the power of the reflected beam was much higher than the transmitted beam, two polarizers
were used to reduce the intensity of the beam (cf. Fig. 11). According to Malus’s Law, when
a linear polarizer is placed in a polarized beam of light, the intensity of the beam passing
through the polarizer is [13]

I =TIycos* 0. (37)

Here, Ij is the intensity of the initial beam and 6 refers to the angle between the polarization
direction of initial beam and the axis of the polarizer. The reflected laser beam was vertically
polarized. So, we rotated the first polarizer at an arbitrary angle different from 0° relative
to the incident polarization direction. The second polarizer was put after the first one so
that the polarization direction was set back to vertical. One can see in the Tab. 1 that the
power of the reflected beam is lower than the transmitted beam after using the polarizers
(a 50 : 50 ratio was desirable), but the visibility of the interference pattern is equal to 0.96
according to the Eq. (16) which is enough high and satisfying for the experiment. We chose

P, (mW) Pr (mW) X (nm)

3.58 1.72 514

Table 1: The measured power of transmitted (Pp) and reflected beams (Pg) at the sample

position using the polarizers.

the 0.,; in Fig. 11, so that we could get out a grating spacing A about 500 nm according to
the Eq. (20).

3.3.5 Sample Holder

The sample holder (Fig. 12) is an one-axis translation mount (model: XF50/M of Thorlabs)
that can travel 50 mm along the lateral axis. A sample with maximum 4 mm thickness can
be placed in this holder and carefully fixed by plastic-tip screws.

3.3.6 Recording the Holograms

To avoid the undesirable vibrations coming from air conditioner, train’s movement near the
lab, etc, it is important to record the holograms on an optical table which is isolated against
such vibrations. The optical table is mounted on vibration isolation support legs (usually
on air springs) to dampen vibrations. The compressed air in the legs of the table was once
removed to investigate its influence on the hologram quality. By removing the air from
the legs of the table, the table comes down and can not be isolated from the vibrations.
The diffraction efficiency became smaller, because the vibrations affected the recording of
hologram. So, the experiments leading to the results stated in this thesis were done on the
table with filled air springs.

The LabMaster photometer was placed at the position of sample to measure the total power
at the sample. The diameter of the photometer was d3 = 0.9 cm while the diameter of
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Shutter Lens 2 Pinhole ~Lens1 Polarizer
& Aperture J— —
f,=200mm f,=25.4mm

Interferometer

Figure 11: Setup for the recording. A green laser with A = 514 nm and a diameter of about
1 mm was used for recording. The laser beam was checked with a polarizer to make sure it
is s-polarized. Here the beam expander consists of lens 1 with f; = 25.4 mm, lens 2 with
f2 =200 mm and a pinhole with D = 50 pm which is placed between the lenses at their focal
point. In the interferometer, two polarizers P, and P, were placed on the right path between
beam splitter (BS) and the mirror (Mpg) to reduce the intensity of the reflected beam from
BS. Both laser beams on the right and left arms of the interferometer are s-polarized at the

sample position.
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Figure 12: Sample holder. A one-axis translation mount was used as the sample holder

which can travel 50 mm along the lateral axis. The sample holder is placed on a motorized

rotation stage.

laser beam at the sample was do = 1 cm. Therefore we converted the measured values by
photometer with diameter of d3 = 0.9 cm to the values for laser beam with the diameter of
dy = 1 cm. Then we started the recording with a total power of laser 13 mW and a recording
time of 5 s. Then we reduced the power and increased the recording time to keep the total
dosage (Ejoq) constant approximately, because we wanted to record the holograms with
the same recording’s conditions (dosage and recording time). The intensity of laser reduces
when it goes through the beam expander, therefore we measured the intensity of laser at the
position of sample.

Time(s) Piota = Pr + Pr (mW)  Eipe (mJ)  Intensity (mW/cm?) X\ (nm)
) 1.48 7.40 1.48 514
10 1.11 11.1 1.11 514
15 0.74 11.11 0.74 514
20 0.74 14.8 0.74 514
25 0.49 12.34 0.49 514

Table 2: Recording time, total power of laser at the sample position (Piq;), total dosage

of laser at the sample position (Eyyq), and the total intensity at the sample position for

recording.
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The diffraction efficiencies of these holograms were measured to find out how they behave
(see Fig. 13). As mentioned before, it is assumed that there is not any absorption in the
holograms and the whole power of incoming beam is transferred to the diffracted beams. So
the experimental form of diffraction efficiency (the diffraction efficiency is referred to as DE
in the following) was used

e DE of —1st order:

I I,
DE_, = - , 38
' Livtwr  I-1+ 1o+ 14 (38)
e DE of the forward diffracted light:
Iy Iy
DE, = - , 39
O Lo I+ 1o+ I (39)
e DE of +1st order: s ;
DE;, = = . (40)

Lot IT1+1Io+ 14

They are the only DEs we observed. We also checked if there were any higher orders. From
the DE’s plots, we got the external Bragg angle 6z ~ 40°. One can see according to the
Bragg’s law (see Eq (20))
o pewt MA  m-633
SInbim = 58 = 32500
as soon as the m > 2, the higher orders will not appear. According to the results, the DE of
the hologram recorded with Fyy = 7.4 mJ was too small due to an unknown mistake (see
Fig. 13). We decided to record a hologram with a total dosage between 7.4 mJ and 11.1 mJ
to see the value of diffraction DE. A hologram with the recording time 11 s and the power
3.08 mW was recorded. Its DE reached 0.94. It seemed that the recording time 11 s was
appropriate. That was the reason for recording another hologram with exactly ¢ = 11 s but
higher power P = 5.3 mW (all the powers of laser were measured at the sample position).
Therefore the recording time ¢ = 11 s and power of laser P = 5.3 mW (P = 26 mW at the
laser) was set for recording the holograms (Tab. 3).

> 1, (41)

Time(s) Piota = Ps+ Pr (mW)  FEipq (mJ) Intensity (mW/cm?) X (nm)

11 3.08 33.88 1.48 514
11 5.3 58.3 5.3 014

Table 3: Recording time of ¢t = 11 s, total power of laser at the sample position (Pya1), total
dosage of laser at the sample position (Eyuq;), and the total intensity at the sample position

for recording.

3.3.7 Setup for Readout the Holograms

A He-Ne laser (A = 633 nm) with low intensity was used for readout (see Fig. 14). The
intensity did not destroy the holograms to a degree noticeable after repeated readout at-
tempts. Here no beam expander was used. A mirror for redirecting the laser to the sample
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Figure 13: Diffraction efficiency of five holograms as a function of total dosage.

was used (because of the space limitations). To detect the intensity of diffracted beams, one
photodiode (model: “Series 5T” of Centronic) was used which was connected to an ampli-
fier. The amplifier was calibrated for the used wavelength. Then the amplified signal was
measured by a digital multimeter readout automatically by a computer.

-1.0rder I

Photodiode

0.Order

Rotation Stage
g ~a

Hologram ~

+1.Order

\ I

Mirror Laser

Figure 14: Readout-setup. A red laser beam is redirected by a mirror to the hologram. The
hologram is put on a rotation stage. By rotating the hologram, the diffraction spots will
appear at Bragg or near Bragg angle. A photodiode is placed behind the hologram to detect
the forward diffracted beam (Oth order). Then we moved the photodiode at the position of
1st Bragg diffraction order to measure its intensity. After that we placed the photodiode at

the position where the —1st Bragg diffraction order appeared.

18



3.3.8 Readout of the Holograms

The polarization of the light was checked to make sure if it is s-polarized. By rotating the
grating, the diffraction spots will appear if the Bragg’s condition is obeyed, i.e., at Bragg
and near the Bragg angle. The sample was rotated from 0° to 70° to find the position of the
Bragg diffraction order. The photodiode was placed at a distance of about 20 cm behind the
sample at the positions where the diffraction spots appeared. The angular dependency of the
diffraction efficiency had broad peaks at the Bragg angle. The measurement of the intensity
of each order and its side maxima(spanning more than 10°) was divided into several smaller
parts helping us to detect the entire angular dependency. Such procedure is necessary for
measuring broad peaks or the full angular dependency, because the actual positions where
diffraction spots occur can deviate substantially from what is expected from estimations
based on Bragg’s law only [9]. For far off-Bragg angular positions, the diffracted beam will
move away from the photo diode. The part of the sample hit by the laser must be the same
for all rotation angles. So, care needs to be taken in advance that the sample position on the
sample holder is such that the investigated sample part is positioned exactly at the position
of the motor rotation axis.

4 Results

We succeeded in recording three holograms of type PS, SPPS and PSPS (see sections 3.2.2,
3.2.3 and 3.2.4). To characterize the holograms and find their effective thickness, the ampli-
tude of the spatial modulation of the refractive index (n;) and the grating spacing (A), the
experimental data was compared with the model predictions by parameter fitting. The fit-
ting program was written in Mathematica. The holograms were characterized by measuring
the angular dependence of the diffraction efficiency (rocking curve). During the experiments
there was not any changes in both recording and readout setups. To obtain the rocking curve
of each sample, the intensity of the diffracted beams around the Bragg angle were measured
(see section 3.3.8 by step-wise variation of the sample rotation angle (external angle of inci-
dence). The diffraction efficiency of the diffracted beams for all measured diffraction orders
were calculated using QtiPlot (open source data analysis software) by using the experimental
form of DE (see section 3.3.6). The rocking curve for each hologram is shown in the follow-
ing. Each of the holograms was measured in two separate times in July 2019 and January
2020.

4.1 Single Photopolymer Layer Hologram (PS)

The DE of three Bragg diffraction orders as a function of external rocking angle for PS
hologram that were measured in July 2019 and January 2020 are shown in Fig. 15 and Fig. 16,
respectively. As expected, there are maxima at the angles corresponding to the £1st Bragg
orders with a DE of about 0.9 at the angles of —40° and 40°, respectively. The minima of the
DE almost reach zero, which suggests that the grating strength is approximately constant
along the full thickness of the sample [25]. The DE decreases as the sample rotates far away
from the +1st Bragg orders, as expected. According to the Kogelnik theory (see Eq. (32) and
Fig. 2) the angular distance Af between the two minima neighboring the central maximum
can be calculated. One can see in Fig. 2 that the DE reaches its maximum value when
& =0, i.e., at the Bragg angle. The angular position neighboring the central maximum,
where DE = 0, is found when the argument of the sine function in Eq. (35) is equal to ,
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ie. /v?+ & = 7. By substituting the v and £ from Egs. (31) and (32) in this relation and
considering that n > n; (see definitions in section 2.2), we get

A ~ 2;\ : (42)

The grating spacing A can be calculated from Bragg’s law (Eq. (20)). Because the Kogelnik
theory works with internal angles, the external Bragg angles 6% in all our data plots must
be transformed into internal Bragg angles §%' by using Snell’s law

o sin 05" = n, sin 0 = n, sin 65", (43)
where the refractive index of air is n, = 1, the refractive index of microscope glass is n, and
the refractive index of photopolymer is n, = 1.505. Here 6% represents the internal Bragg
angle in glass and 0% is the internal Bragg angle in photopolymer. The Bragg equation
(Eq. (20)) for 0% can be written as

2A sin 0% = A , (44)
Np

where A = 633 nm. Substituting the values of A\ and 6% in above equation leads to A =
470 + 0.5 nm. We calculated the error for A by using the Gaussian error propagation. Now
we can calculate Af from Eq. (42) which gives A = 3.32° for this sample. The angles at
the minima around the maxima of DE in Fig. 15 and 16 were determined using QtiPlot
and transformed in internal angles. The distance between two minima is Af = 3.65° and
coincides with its value calculated from (42). For this hologram only the +1st Bragg orders
were observed. The Bragg’s law for second Bragg order (m = 2) is: 2Asin 0% = m\ = 2.
By substituting the values of A and A we get sin %" > 1 which is impossible. The high DE
of this hologram shows that it can convert the incident light into the useful reconstructed
wave very well. On the other hand, the DE of this sample measured in 2020 is as high as
in 2019. In fact it is demonstrated that we are able to record an elementary hologram using
Bayfol photopolymer. It is clearly seen that the hologram has not decayed substantially
on a timescale of about half a year. Endurance is important for potential applications in
light- and neutron-optics. If appropriate, the Kogelnik’s calculation was used for the fitting
model (see Eq. (35)). As mentioned in section 2.2, this theory works with internal angles
while all the angles which were measured in this experiment are external. The corresponding
experimental and fit results for the single photopolymer layer hologram are shown in Fig. 17.
To find the best agreement of experimental and fit data, theleast squares method was used.
According to this method, if the squared difference between an observed value, and the
fitted value provided by a model reaches its minimum value, an appropriate fit can appear.
Here, the fit leads to n; = 0.015100 + 0.000025 which agrees well with the recorded value
in Bayfol foils stated in [2]. It is obvious that the uncertainty estimated by the program
is probably too small and would increase substantially when including more samples of the
same kind in the analysis. According to [2], the amplitude of modulation of the refractive
index of a transmission hologram varies between 0.005 and 0.020. The effective thickness
of PS hologram from fit is d = 15.652 4+ 0.016 pum and satisfying. The effective thickness
value of this hologram is practically equal to the thickness of photopolymer (16 pum). The
fit gives us also the value of A = 493.321000 4+ 0.000017 nm. The thickness parameter
for this hologram can be found by using the Eq. (17). In this case p = 218.072 which is
much larger than 10, therefore it is well justified to use the Kogelnik’s calculation for the
fitting, but comparing the data (black points) with the obtained fit functions, it is clear that
the Kogelnik function cannot account for the slight asymmetry of the diffraction patterns.
Also, the maxima neighboring the central peak are not well captured. The reason for this
observation could be adjustment errors during the measurement.
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Figure 15: PS hologram (measured in 2019): —1st, Oth and +1st order rocking curves (green,
red and black curves, respectively) as a function of external angle. One can not see a signal
on the left side between —60° and —50° and the right side of the rocking curve between
50° and 60° because the intensity of the diffracted beams at these positions were very small
in comparison to the other positions. Furthermore, there is a small asymmetry in peak
heigth of the +1st order peaks, which is less pronounced in Fig. 16. The reason might be an

adjustment error in photodiode positioning.
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Figure 16: PS hologram (measured in 2020): —1st, Oth and +1st order rocking curves (green,
red and black curves, respectively) as a function of external angle. One can not see a signal
on the left side between —60° and —50° and the right side of the rocking curve between 50°
and 60° because the intensity of the diffracted beams at these positions were very small in

comparison to the other positions. The reason might be an adjustment error in photodiode

positioning.
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Figure 17: PS hologram: experimental data (black points) and the fit data (red solid curve).
By rotating the sample, the existence of higher Bragg orders was checked but only the +1st

orders appeared as expected.
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4.2 Two Photopolymer Layer Hologram (SPPS)

The grating is structured as described in section 3.2.3 and sketched in Fig. 8 is effectively
a single photopolymer layer hologram with double thickness of a single photopolymer layer.
As the results show in Fig. 18 and 19, there are more oscillations around the +1st Bragg
diffraction orders and the frequency of these oscillations is higher than that of PS hologram.
Here the DE of both observed diffraction orders has two maxima which are not at the Bragg
position. The DE at the central peak (at the +1st Bragg angles) is smaller and the peaks
beside it go up which is a sign of so-called overcoupling. According to the Eq. (35), the central
peak of DE increases as the argument of the sine function approaches /2 and decreases again
for the argument increasing further (v > 7/2). As can be seen from the equations for v (see
section 2.2), such oscillations of the peak of DE may occur due to variation of the grating
“strength” (n;), the thickness or the incident wavelength. For illustration, the behavior is
shown by plotting theory curves following Eq. (35) for various values for the thickness d in
Fig. 20. In comparison to PS hologram the DE of SPPS hologram is obviously smaller and
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Figure 18: SPPS hologram (measured in 2019): —1st, Oth and +1st order rocking curves
(green, red and black curves, respectively) as a function of external angle. Here one can
see a slight asymmetry between the +1st diffraction orders. The photodiode might not be

adjusted at the correct position to detect the diffracted beams.

the minima of some oscillations do not reach the zero point. There can be different reasons
for that: 1) This may be attributed to the absorption of the grating. The grating might be
not pure refractive index hologram. 2) Maybe the refractive index modulation decays with
the depth in the sample [25]. Tt means the grating does not fulfill entirely the assumptions of
the Kogelnik theory. The rocking curves of +1st Bragg diffraction orders are not symmetric
because one can see in Fig. 21 and 22 that the maxima of DE for +1st Bragg diffraction
orders are not identical. The internal angular distance between two minima neighboring
the £1st order is about 1.5° which is in acceptable agreement with the calculated value
from Kogelnik theory 2A/d ~ 1.6° and it is smaller than the corresponding value for the PS
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Figure 19: SPPS hologram (measured in 2020): —1st, Oth and +1st order rocking curves
(green, red and black curves, respectively) as a function of external angle. Here one can
see a slight asymmetry between the +1st diffraction orders. The photodiode might not be
adjusted at the correct position to detect the diffracted beams.

d=10 d=13 d=16 d=19
1 1 1 1
w w w w
a a a o
0.4 0.6 0.4 0.6 0.4 0.6 0.4 6
Angle [rad] Angle [rad] Angle [rad] Angle [rad]
d=23 d=26 d=29 d=32
1 1 1 1
w w w w
a o o o
0.4 0.6 0.4 0.6 0.4 0.6 0.4 0.6
Angle [rad] Angle [rad] Angle [rad] Angle [rad]

Figure 20: Diffraction efficiency of 1st order of a grating with increasing thicknesses according

to Eq. (35).
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hologram, because d of the SPPS grating is two times larger than that of the PS hologram.
To see the peaks of the rocking curve better, its plots are zoomed in 21 and 22. To compare
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Figure 21: SPPS hologram: —1st order rocking curve
(which is zoomed in) as the function of external angle

(measured in 2020).
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Figure 22: SPPS hologram: +1st order rocking curve
(which is zoomed in) as the function of external angle

(measured in 2020).

the experimental and fit data of SPPS hologram, the same Mathematica program was used
which is shown in Fig. 23. According to the fit, the amplitude of the spatial modulation
of the refractive index, the effective thickness and the grating spacing for this hologram
are: 0.0166 £ 0.0043, 30.9 £ 5.3 pm and 492.26100 £ 0.00331 nm, respectively. This sample
consists of two photopolymer layers which are put together one after another. The result
is meaningful: ny is comparable to the PS results and to what is stated here [5]. The
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reason could be that some undesirable processes such as: absorption, shrinkage or scattering
happened during the recording process because of the large thickness. Note also that the
minima neighboring the central maximum do not reach n = 0, which is also a hint that the
grating strength is not constant throughout the full sample thickness, but decreases. The
thickness parameter p for SPPS hologram equals to 199,22 which is larger than 10. Here it
seems that the DE of 1st order is higher than the —1st order. So we should check also the
Q' parameter from Eq. (18).

0.4+ B

Diffraction Efficiency n

-0.50 -0.45 -0.40 -0.35

Rocking Angle (internal) [rad]

Figure 23: SPPS hologram: experimental data (black points) and fit data (solid red curve).
In measuring of this sample, no higher Bragg orders were seen. By substituting the values

of A and X\ we get sin %" > 1 which is impossible.

4.3 Two Photopolymer Layer Hologram (PSPS)

The grating is structured as described in Sec. 3.2.4 and sketched in Fig. 9. The measured DEs
of the +£1st Bragg diffraction orders and the forward diffracted light are shown in Fig. 25. It
is obvious that its angular dependency is completely different from that of the PS or SPPS
holograms. There are actually two separate gratings that are glued together at the constant
distance (thickness of substrate of foil), therefore the transfer matrix implementation for
so-called multilayer holograms will be used as explained below (cf. [1, 21]). The DE of this
hologram at +1st orders is about 0.4 and higher than the SPPS hologram. As the sample
rotates and goes far from the Bragg angles, the groups of oscillations appear. Each oscillation
is not a single peak but consists of series of local maxima which may be asymmetric and have
various heights. Again here in comparison to the PS hologram the minima of the DE of some
oscillations do not reach the zero point maybe because of the absorption in the grating. The
latter is, again, twice the thickness of a single-foil grating. As mentioned above, the PSPS
hologram is a nonuniform multilayer hologram because there is a substrate between two
photopolymers whose angular selectivity has series of local maxima and minima. We used a
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Figure 24: SPPS hologram: experimental data (black points) and fit data (solid red curve).

In measuring of this sample, no higher Bragg orders were seen. By substituting the values

of A and A we get sin %" > 1 which is impossible.
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Figure 25: PSPS hologram: —1st, Oth and +1st order rocking curves (green, red and black

curves, respectively) as the function of external angle (measured in 2020).
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Figure 26: PSPS hologram: —1st order rocking curve (zoomed in) as the function of external

angle (measured in 2020).
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Figure 27: PSPS hologram: +1st order rocking curve (zoomed in) as the function of external

angle (measured in 2020).
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simulation for DE of the multilayer volume holographic gratings instead of fitting, because it
was very difficult to detect all the diffraction points around the +1st diffraction orders due
to the high number of oscillations and it seems some of them are missed. Beacause of the
lack of some data, no fitting was performed. To characterize the properties of the multilayar
hologram, the output wave was determined by multiplying the transfer matrices for each
layer (cf. [1, 21]). According to the Kogelnik theory the reconstruction and reconstructed
beams, R and S, are given by (29) and (30), respectively. The transfer matrix for the
hologram is written in the following way

(COS¢+Z'§SEI¢’) it _ius;Iui)efig

M - . : )
—grEne S;we*ig (COS ¢ — it Sg"b) e i

(45)

where
=&+ 12 (46)

The transfer matrix for the substrate with the thickness ¢ is as follows if it is assumed
that the refractive index of the substrate is equal to the average of the refractive index of
the hologram (1.505)

1 0 1 0
D = 0 exp [_iAaKsi:éggfeg)t} = {0 exp [_it(efeic))ifocoselg} : (47)

The transfer matrix of the whole structure of a nonuniform hologram without absorption
will be achieved by multiplication of the transition matrices of all the layers

Bou = M, x Dy x My x Dy x 1 (48)
Sout 0

To analyze the multilayer hologram, a theory curve was plotted according to the calculated
diffraction efficiency and the measured data was compared with the theory curve (see Fig. 28
and 29 ). The appropriate model would be Rigorous Coupled-Wave Analysis (RCWA) [21]
combined with the matrix theory. The RCWA method can be used to analyze the diffraction
of gratings surrounding by two different materials. It is possible but hard to realize. It can
be computed in a reasonable time.

4.4 Neutron Diffraction from the Holograms

The recorded holograms can be used also for diffraction of neutrons. Two holograms: SPPS
and PSPS holograms were measured with neutrons at the very-cold neutron beam line PF2
VCN at Laue Langevin in Grenoble, France. The rocking curve of +1st orders of SPPS
hologram are shown in Fig. 30. The absolute angular values are arbitrary. We cannot check
for normal incidence but we can estimate the +1st Bragg orders. From Bragg’s law

A
sin 05 = 5 ~ 0.005, (49)

where 65 is the Bragg angle for neutron. The angle of diffracted neutron beam is too small,
therefore

sin 0 ~ 0% =~ 0.005 rad ~ 0.29° (50)
According to the Bragg’s law, the DE at this position is about 0.06. It is difficult to fit the
data for neutron beacause the neutron has a very broad wavelength distribution [17, 23]. To
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Figure 28: PSPS hologram: —1st order, experimental data (black points) and theory curve
(red solid curve). As it is shown, the angular selectivity of this hologram has series of
local maxima and minima. Here the theory curve of a nonuniform multilayer hologram was
plotted with the following parameters: thickness of each photopolymer: 16 yum, thickness of
substrate: 50 ym, A = 633 nm, n; = 0.008, A = 487 nm.
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Figure 29: PSPS hologram: +1st order, experimental data (black points) and theory curve
(red solid curve). The theory curve for the +1st order was plotted with the same parameters
for —1st order but for the opposite angles: thickness of each photopolymer: 16 pm, thickness
of substrate: 50 ym, A = 633 nm, n; = 0.008, A = 487 nm.
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Figure 30: SPPS hologram: experimental data (red (—1st order) and pink points (+1st
order) ) and theory curves (solid black (—1st order) and blue curves (+1st order).
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see the difference between the experimental data and the theory curve, the measured rocking
curve was plotted on the Kogelnik theory curve. The neutron DE has the similar form as
Eq. (35) but the v and & are replaced by (cf. [10])

Adb,Ap
YT Y cos0 (51)
 wd(0p — 0)
N (52)

Here b, is the coherent scattering length and Ap is the modulation of the density of material.
We should consider that neutron is a fermion and we should solve the Schrodinger equation

AV + 2V =0, (53)
with )
T
k=n,—, 54
sy (54)

where n,, = 1 is the refractive index for neutron, A &~ 5 nm is the mean wavelength of neutron,
To plot the theory curve, the approximated values for A ~ 5 nm and b.Ap ~ 3 um~—2 were
used to match the height of DE. To calculate the b.Ap from (32), we put the maximum value
of DE from Fig. 30 in Eq. (35)

A
sin? (Adb p) ~06. (55)

2cosfp

Because the diffraction angle for neutron is very small: cosfp ~ 1. Therefore

Adb.A
n = sin? ( 5 p> ~0.6. (56)

By inserting the values of A and d in above equation, we get b.Ap ~ 3 pum~2.

As it is shown in Fig. 30, the rocking curve of £1st Bragg orders are overlapped on each
other, it means that it does not follow the assumption of Kogelnik theory because this theory
is valid only when we have just one Bragg order. The local minima around +1st orders do
not reach the zero point. It is attributed to the wide range wavelength of neutron. When
the neutrons with different wavelengths strike the grating, all the parameters depending on
the A will change. But the difference between the wavelengths is small, so the changes in
parameters can be also small. In comparison to the results from laser measurements, here
the Bragg angles are too small as expected and the 1st orders are very close to each other.
The mean wavelength of neutron (5 nm) is too small in comparison to the laser we used
(633 nm). According to the Bragg equation, the Bragg angle depends on the wavelength. If
the wavelength decreases, the smaller Bragg angle we will have.

In Fig. 31 and Fig. 32 the data of the measurements are plotted together with the theory
curve. For the theory curve, the transmission matrix for this grating was calculated to figure
out the amplitude of reconstructed beam by using the approximated parameters A ~ 5nm
and b.Ap ~ 3 pm=2 [17]. The rocking curves of 41 st orders consist of several local maxima
and the local minima do not reach the zero point. One can see the angles are too small
and the Bragg angles are close to each other. The theory curve did not agree with the
data exactly because of the wide wavelength distribution of neutron. The RCWA theory
combining with the transmission matrix for multilayer hologram may be a possible solution
for fitting or even for a theory curve but it exceeds the scope of this thesis.
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Figure 31: PSPS hologram: diffraction efficiency of
—1st order measured with neutrons (red points with red
error bars) and the Kogelnik theory curve (blue solid

curve).

0.06 -
0.05 -
0.04 -

0.03 -

Diffraction Efficiency n

0.01 [ +

Edy
0.00 :\/\ . f A . . . \ . .
0.18 0.20 0.22 0.24 0.26
Rocking Angle (internal) [rad]

Figure 32: PSPS hologram: diffraction efficiency of
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error bars) and the Kogelnik theory curve (blue solid

curve).
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5 Conclusion

The aim of this master thesis was to record the holograms with one and two layers on
the photosensitive material and investigate the properties of the holograms such as their
efficiency of converting light into the useful reconstructed wave (diffraction efficiency) and
the angular dependency of this diffraction efficiency.

To characterize the holograms, a Mathematica program was used to fit the data. The
Kogelnik theory was applied as the fitting model. The best coincidence of the fit and
experimental data for PS hologram yields: n; = 0.015100 £ 0.000025 , A = 493.321000 £+
0.000017 nm and the effective thickness of this hologram is d = 15.652 + 0.016 pm.

For SPPS hologram, the amplitude of the spatial modulation of the refractive index,
the effective thickness and the grating spacing are: 0.0166 £ 0.0043, 30.9 + 5.3 pm and
492.26100 £ 0.00331 nm

The PSPS hologram is a nonuniform hologram because there is a substrate between two
photopolymers. It was very difficult to measure the Bragg diffractions of this hologram
because some of the oscillations did not strike the photodiode while the sample was rotating.
To compare the measured diffraction efficiency with the theory, the transmission matrix of
the whole hologram was calculated to get the amplitude of the reconstructed beam and the
diffraction efficiency. Then the theory curve was plotted and the data was put on the theory
to see the difference between them.

If we compare the one layer hologram with two layer holograms, we can see that the
diffraction efficiency decreases when the number of photopolymer layer increases. The SPPS
and PSPS holograms have more oscillations around the +1st orders because they are actually
made of two holograms. There is a difference between these two holograms namely in PSPS
hologram each diffraction point is not a single peak and has several peaks. The combing of
RCWA theory with simulations for multilayer holograms could be an appropriate method to
characterize the PSPS hologram.

The measurements of the holograms were done two times in a period of about one year.
However none of the curing methods was used to fix the holograms, they remained on the
photopolymer without any changes and their diffraction efficiencies after one year were as
high as the first experiment. It means the Bayfol foils can keep the hologram for a long time.
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Abstract

To record diffraction gratings on photosensitive material (Bayfol HX 200), a Mach
Zehnder interferometer is constructed as the setup. The samples are foil stacks formed
from 1 or 2 photopolymer layers. In this setup, the green laser beam with 514 nm
wavelength is used to record the holograms on the photosensitive foils. After record-
ing, the holograms will be read out by a red laser beam with 633 nm wavelength to
characterize the quality and properties of the gratings such as angular dependence of
the diffraction efficiency with varying number of layers, thickness of grating, grating

spacing and the amplitude of the spatial modulation of the refractive index.

Zusammenfassung

Um ein Beugungsgitter in photosensitives Material einzuschreiben, wird ein Mach-
Zehnder-Interferometer als Aufbau verwendet. Die Proben sind Folien, die aus 1 oder
2 Photopolymer-Schichten bestehen. In diesem Aufbau wird der griine Laserstrahl mit
514 nm Wellenlinge verwendet, um Hologramme auf den lichtempfindlichen Folien
einzuschreiben. Nach dem Einschreiben werden die Hologramme von einem roten La-
serstrahl mit 633 nm Wellenléinge ausgelesen, um die Qualitdt und Eigenschaften von
Gittern wie die Winkelabh#ngigkeit der Beugungseffizienz bei variierender Anzahl von

Schichten, Brechungsindex-Modulation, Gitterkonstante und Dicke zu charakterisieren.
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