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ABSTRACT

We investigated recording of holographic volume and surface-relief gratings in photorefractive crystal and in a
photo-thermoplastic (PTP) holographic camera. Holographic recording with an image-bearing signal beam leads
to the appearance of two Bragg and two or more non-Bragg diffracted beams that shows the transformed images
in each beam (rotation and angular amplification of images). Using this rea-time mode of interferometry, the
hologram is retrieved with a deformed object beam, resulting in the appearance of fringes with a proper phase
shift in each of four diffracted beams. Retrieval with a time-modulated single-pixel object beam lead of time-
modulated response in all diffraction orders. This one-shot (one-exposure) phase-shifting interferometry results
in clarifying the object wave-front information (as an example, from the surface deformation) and solving the
sign ambiguity problem. This procedure demonstrates that high-resolution holographic imaging of the PTP
holographic camera static deformations in the order of ~0.1mm can be revealed on the diffusion reflection
surface. In addition, it was demonstrated, that using the PTP materials could achieve holographic recording and
imaging through phase aberration, with the image appearing in the non-Bragg diffraction order.

Keywords: real-time holography, interferometry

1. INTRODUCTION

In this paper, we considered the self-diffraction in volume gratings of lithium niobate crystals (LN), and
analysed Bragg and first non-Bragg orders. Furthermore, we investigated the diffraction as seen on volume and
surface-relief gratings in photo-thermoplastic (PTP) carriers. In the volume grating (LN) two types of
interferometric beam coupling is seen, namely, self-diffraction and coherent beam combining.

Two-beam coupling in LN is a non-linear process [1], when two laser beams are employed to record
holographic grating by modulating the refractive index, they simultaneously diffract on this grating, thus the
term self-diffraction. We show that aside from the well-known effects of energy and phase transformation in
the Bragg beams, first non-Bragg diffraction orders may appear even for thick volume gratings. It has been
shown, that forward phase conjugation and phase doubling occur in non-Bragg orders [1]. However, we show
that in coherent beam combining, all four beams (2 Bragg and 2 non-Bragg) are sensitive to the seeking phase
modulation as well asto the type of non-linear process of grating recording.

In PTP self-diffraction is due to the formation of volume or surface phase-relief grating [2-4] that also
produces efficient high-order diffraction beams. We will analyze the similarity through imaging and through
holographic interferometry with higher diffraction orders for these two vastly different recording media. It is
interesting to note that the similarity between the gratings with large amplitudes of surface relief and the volume
grating was discussed in the paper [4]. In spite of the differences between lithium niobate and PTP n the
mechanism of recording, both materials allow for the recording of efficient holograms with similarity in the
transformation of images in non-Bragg orders
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Holographic recording results in structural transformations in the chalcogenide glassy semiconductor (CGS)
layer, leading to changes in optical and electrical characteristics of the semiconductor.

The diffraction grating is recorded in such a way that it is stored as a “hidden” image in CGS layer. The
“hidden” image, stored in the CGS layer, is finally transformed in the relief-phase grating in the thermoplastic

layer [6].

The goal of the present work is to study the possibility of the application of the PTP films and lithium-niobate
crystals in the recording of micro-object holograms for imaging and holographic interferometry, using non-
Bragg diffraction orders.

2. THEORETICAL MODELING AND EXPERIMENTAL SETUP IN LN CRYSTAL

Real time holographic interferometry is applied for applications like non-destructive testing. In his
method, the initial state of the object is holographically recorded as shown in Figure.1. During the recording of
the grating in the photorefractive (PR) LN crystal, photo-induced changes of the refractive index develop in real
time and recording beams (amplitudes, phases and polarizations) may also change by self-diffraction.

object

oo 170’) - N .
Laser
crystal
+3

Figure 1. Schematic of the dynamic hologram recording in LN crystal (object O and reference R waves) with generation of
the first non-Bragg orders (+3, -3)

In the symmetrical geometry, alaser wave time independent amplitude F can be written as a Fourier
decomposition of plane waves of the form [1]

F — chei(sk)(x—kzz). (1)
s=+1,+3
For the symmetric geometry of recording shown in Figure 1, the coupled-wave equations for the complex
amplitude of the recording waves are given by:

dCy1 .
£l iME+pC, 2)
dz
k 3
where, i=v-1 , z istheaxia coordinate dlong the depth of the crystal, M :%, risan effective

electro-optic coefficient of the LN crystal, £4+2 are componentsof the holographic electric-field grating,

k iswave number and » is the refractive index. It is convenient to introduce refractive index grating with the
amplitude

n+9 = COSSME+2 1 k.
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In further theorizing, we will consider the modulation of the refractive index as a phenomenological
parameter. Thus, our approach can also be used as the description of the holographic recording of volume
grating in PTP film, based on the photo-structural transformations.

Equations for the non-Bragg orders can be written as [1]

dCir} _iqCH — iknizci[ (3)
dz -

coso
2

where g =

For alocal response, when only phase changes occur during recording, results may be written in the compact
form. Denoting input amplitudes of the two reading waves (in real-time mode) C,(0) = 4, .

We can write the intensities in the two Bragg and the two non-Bragg orders as.

V+I = V+1T+V+ID+2\/ V+1TI/+ID COS(¢+qJ+I) (4a)

V7,=|c7,| =V, AV, 42V, cos(@+ W) (4b)
For non-Bragg orders we can get:

Vo) =[CL @ =V 4V, + VT, cos@+ W) (58)

V(@) =|CL@) =V, +V,, +V, V. cos(®+W) (5b)
wherethevaluesof v, ..V, ,,%Y, .V ..V, WYV, V., W, V, vV, ¥, aedeermined by the parameters
of recording material or they may be found from the calibration experlment of an object that has aknown phase

modulation ®.
For the lithium niobate crystal we can write in explicit form for Bragg orders:

Vir = Vip =|A.D_|",® = Are(4,47),¥,, = Are(D,D’)
Vg |A E | b |A E | L =Arc(E,E)
—ixf} ] ) ﬂxﬂ
Here D+ — € (bezx +e—1x)1D_ — \/_( —ix _ —I‘C)
1+5H 1+5H
e (1) (14 )
E+ — (belx — _e—lx + )
a+ b)\/_
_leﬂ'\/_ Ly(l—ﬂ) +e—bc(l+ﬂ)) X = 7_2 ﬂ _ b'l
T (+b) b) ’ 27 b+l

For non-Bragg orders we can write
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2
V+3 (Z) = |C+3 (Z)| = V+3,+ + V+3’_ + 4/ V+3’+ V+3_ COS(CD + lP+3)
Here

V—3,i =

AF,|'F, = Me@ j e = PO D ()i

T 1+b
Y., = Arc(F.F)

2
Va(2) =|Ca(2) =V +Vi5, +4V.5 Vs, COSD+Y,)
Here:

0

V. =|4.G|",G. = (’Z*E) e"QZje"ZW‘Q)a (z)dz
=[O G =2 0 .

Y, = A4rc(G.G")

From Egs. 4(a,b) and Egs. 5(a,b), the intensities of the two Bragg and the two non-Bragg orders, all have
phase change ® with different phase shifts W, ,, W,, . Thus, it means that during one shot (one exposure and

conceptive reading) we have four equations for intensities that contain the phase ® with different phase shifts.

2.1 Retrieval with phase modulation.
To describe retrieval with phase modulation, we have in general case to solve time- dependent equation for the
refractive-index grating:

%
dni2 "2 _ CaC -1 15, ) c0s9 )
dt T lok

here t isa relaxation time of grating recording.
General solution of equation (6) can be written in the integral form:

t * .y
nyo(t) =ny0(0)e 7 4 j%(i r12+ 7 Dald coso (1)
o 10

Where first term in the right-hand side of (7) describe decay of the old grating, and the second term show build-
up of the new grating.

For very slow grating recording and erasure and for short observation time we may ignore time dependence of
recorded grating and consider time modulation of phases parametrically.
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Fig.2. Imaging with non-Bragg order (left) that show rotation of image on the 180 degree along the direction of propagation
(recording in the 2mm thick Lithium-Niobate crystal, cone angle about 2 degree). Object: reflection from the Air Force
resolution chart.

In the Fig.2 it is shown images of reflection object (US Air-Force resolution chart) in phase-conjugated non-
Bragg order (left) and in transmitted object beam (right) that are 180-degree rotated.

3. RECORDING IN PHOTO-THERMOPLASTIC CARRIERS

The recording of the surface relief phase grating in PTP film includes several stages that are described in the
papers[2, 3].
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Figure 3. @) Anillustration of the recording mechanism, b) The dependence of the diffraction efficiency on spatial
frequency.

A transparent chrome electrode of (2) was deposited on the flexible polymer film (1). A layer of the
chalcogenide glassy semiconductor As-Se-S (3) with thickness range of 0.2- 2.6 um was deposited on top of the
metal electrode. The thermoplastic layer (4) (thickness 0.2-0.7 um) is based on the co-polymers and oligomers
and was deposited from the solution of thermoplastic in toluene.

The maximum diffraction efficiency, resolution power and holographic sensitivity were registered for
thermoplastic layer based on poly-N-epoxypropylcarbazole. Figure 3b shows the diffraction efficiency
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dependence on spatial frequency for thermoplastic layer thickness 0.5 um (1) and 0.2 um (2). For PTP with
thermoplastic thickness 0.5 um, the diffraction efficiency of phase-relief grating was near 37% (curve 1, Figure
3b which was close to the maximum of 40% for phase-relief gratings [3].

Surface scanning using AFM of diffraction grating with spatial frequency 1000 mm™* (0.5 um thermoplastic
thickness) reveals (Figure 44) that the sinusoidal profile of the grating has a high depth of modulation of 0.42
that allows getting the high diffraction efficiency[6]
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Figure 4. The surface-relief grating profiles for spatial frequency a) 1000 mm™ b) 4000 mm™*

On the PTP with 0.2 um thermoplastic thickness the grating registered with a high spatia frequency of 4000
mm™* with 0,5% diffraction efficiency (DE) (curve 2, Figure 3b). A high spatial resolution is achieved for the
thin thermoplastic layers with relatively low depth of modulation of 0,09 microns (Figure 4b) but in this case a
diffraction efficiency decreases. The threshold holographic sensitivity for PTP carriers based on
68mol%AS,S:Se; -28mol%AS,S; system with a thermoplastic layer of poly-N -epoxypropylcarbasole for
coherent radiation on 532 nm is S=5x10°cm?/J with DE=1%.
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Figure 5. The schematic of holographic recording of: @) holographic interferometry, b) holographic imaging via an aberrator

Real-time interferometry was demonstrated using the recording by green laser (532 nm) as shown in the Figure 5a. Non-
transparent letters LA placed on the Si single crystal plate was used as the object. Theinitial stage recording is shown on the
Figure 6.
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Figure 6. Real-time recording of the abject initial state

In the reconstructed image (Figure 6) there are images in Bragg and in non-Bragg orders, with the rotated
image in the (+1) order, which is similar to what was observed in the similar experiment on lithium - niobate
crystal (see Figure 2). The explanation of this rotation is related to the phase-conjugate nature of this diffraction
order that forms a real image of the object. The other non-Bragg order image is angularly amplified due to the
divergence of this diffraction order.

For this type of surface relief grating, it was shown that higher-order diffraction combines two self-diffracted
waves [5]. Thus, it is possible to realize rea -time interferometry with phase-shifting in al four diffracted beams.
The intensity in each diffracted beam can be described by interferograms with phase shifts similar to those
described by Egs. (4-5).

In the case of LN, we have phase-shifting interferometry realized in one exposure.

Figure 7a shows the imaging and interferometry from the metal reflective diffusion object, with letters PY
(initial state) and after the rotation of the object around a vertical axis interference pattern (Figure 7b) in al
diffracted orders. These results are similar to the experiments with lithium-niobate, where the phase-
conjugated non-Bragg orders are rotated 180-degree around the vertical axis.
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Figure7. Imaging and interferometry: a) in Bragg (OB,RB) and in non-Bragg (+1,-1.+2) diffraction orders: initial
state, b) object after deformation (rotation around vertical axis 15'")

During the reconstruction of the recorded hologram (when the object wave is blocked) the static
deformations of the fine structures (of order of ~0,1mm) of the diffusion-reflected object can be
revealed (Figure 8)

Figure 8. A reconstruction of the recorded hologram of the diffusion reflection object (when object wave is blocked)
that reveals the static deformation of the order of ~0,1mm.in non-Bragg orders.

In addition to the interferometric experiments, we have tested the ability of PTP materials for holographic
recording and imaging via phase-distorting media[6,7]. In the optical schematic of Figure 5b, agrounded
glass was placed between object and objective as a phase aberrator.
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Figure 9. View of the holographic imaging through a phase aberrator. Left: direct imaging shows only a diffuse spot.
Right: the image reconstructed in non-Bragg order after the hologram recording.

Direct imaging through an aberrator shows only a diffuse spot (left on the Figure 9), however, (Figure 9, right)
shows the image after the hologram recording image is revealed in the the non-Bragg order
Another set of experiments was to check sensitivity of non-Bragg diffraction orders for retrieval with time-

modulated object wave.Recording of grating was in a standard 2-beam geometry by HeNe laser with angle

between beams ~ 5.73 deg., (or 0.1 rad, that gives period of grating as 6.14 microns), polarized in the plane of

incidence (p-polarized) with grating vector along the C-axis of Fe-doped LN crystal (4 X 4 X 0.2 cm). Object wave
was formed by the reflection from the piezoelectric plate, intensities of the reference and object waves are 24 mW

and 6 mW respectively
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Fig.10. Intensities of Bragg (&) and non-Bragg (b) diffraction orders, when intermittently reference and signals waves are
step-wise and saw-tooth modulated in time. It is seen, that highest sensitivity to displacement isin the -3 non-Bragg order

(next to he reference beam) and in the reference beam.

4. CONCLUSIONS

Based on these results, we suggest the use of non-Bragg diffraction orders for imaging in both target rotation
and angular amplification. In addition, it was demonstrated, that the PTP materials can achieve holographic

recording and imaging through phase aberration with the image appearing in the non-Bragg diffraction order.

Retrieval of recorded hologram with a time-modulated object wave lead to time modulation of all diffracted

orders (Bragg and non-Bragg), with higher sensitivity in non-Bragg diffraction orders.

Different types of materials, PTP-films and LN-crystals, and different types of gratings are shown to exhibit
similar performance, producing higher-order diffracted beams. This one-shot (one-exposure) phase-shifting
interferometry clarifies object wave-front information (as with the example of the surface deformation) and

solves sign ambiguity problem.

Due to a high-resolution and the efficient imaging of the PTP -holographic camera static deformations in the
order of ~0.1mm can be revealed on the diffusion reflection surface.
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In addition, it was demonstrated that PTP materials can achieve holographic recording and imaging through
phase aberration, with the image appearing in the non-Bragg diffraction order.
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