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ABSTRACT The holographic imaging of rigid objects with
diode lasers emitting in many wavelengths in a sillenite
Bij,TiOyp photorefractive crystal is both theoretically and
experimentally investigated. It is shown that, due to the multi-
wavelength emission and the typically large free spectral range
of this light source, contour fringes appear on the holographic
image corresponding to the surface relief, even in single-
exposure recordings. The influence of the number of emitted
modes on the fringe width is analysed, and the possible appli-
cations of the contour fringes in the field of optical metrology
are pointed out.

PACS 42.40; 42.62; 42.70

1 Introduction

Holographic recording with photorefractive media
has found many applications in the fields of fundamental and
applied research [1]. Due to very important characteristics,
like reversible recording with unlimited number of recording-
erasure cycles, high image resolution and high storage ca-
pability, the photorefractive materials are currently of great
interest in areas like information storage [2], pattern recogni-
tion [3], phase conjugation [4], optical image processing [5]
and optical metrology [6, 7].

Macroscopic parameters like response time, typical dif-
fraction efficiency, response to wavelength, birefringence
and optical activity distinguish the photorefractive materi-
als from each other. These parameters determine the choice
of the most suitable material for a specific application.
Among the photorefractive crystals, the sillenite crystals
(Bi12S1049, Bi1> TiO;¢ and Bij;GeO,) have interesting prop-
erties which make them very useful for image process-
ing and for optical metrology, particularly for holographic
interferometry [8—11]. Despite their typically lower diffrac-
tion efficiency, they have a much shorter response time,
which is very desirable for the field of non-destructive test-
ing. Moreover, the limitation of low diffraction efficiency can
be overcome through the anisotropic diffraction properties of
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these crystals, allowing the cut-off of the transmitted wave
and enabling the readout of the weak diffracted wave [12, 13].
The BipTiOy (BTO) crystals have the additional advan-
tage of a relatively low optical activity for the red light,
which allows the highest possible diffraction efficiency for
this wavelength range [14]. It is well-known that diode red
lasers are among the most compact, available and low-cost
commercial lasers, which permits the construction of robust,
efficient, low-cost, BTO-based holographic interferometers.
Many works studied the holographic recording with photore-
fractive materials (including also the amorphous polymers)
by diode lasers [15—17]. However, the recording and imaging
with red diode lasers and BTO crystals has not been exten-
sively studied so far.

Surface contouring is one of the most promising appli-
cations of holographic interferometry, due to its precision,
accuracy, reliability and non-destructive character [18-21].
Since the work of Kuchel and Tiziani [22] about surface con-
touring in BSO crystals in a four-wave mixing configuration,
the photorefractive materials became also a subject of interest
in this field.

This work reports, for the first time to the author’s know-
ledge, the appearance of stable interference fringes on holo-
graphic images of rigid, non-vibrating objects in single ex-
posure recordings. A red (A = 670 nm) diode laser is em-
ployed as the light source and a BTO crystal is the holo-
graphic medium. In order to describe this effect a theoret-
ical analysis based on the holographic recording of multiple
volume holograms by a multimode laser in a sillenite crys-
tal was developed. By this analysis, one can show that the
fringes which cover the holographic image are the contour
fringes of the studied object surface. The depth difference
between two neighbouring fringes is determined by the wave-
length interval between two adjacent laser modes, which, in
turn, is related to the laser free spectral range (FSR). It is
shown that the contour fringes in single-exposure recordings
are only observed when short-cavity, multimode lasers are
employed.

2 Theoretical analysis

Consider two coherent, monochromatic waves of
wavelength X interfering in an optically active sillenite pho-
torefractive crystal (PRC), as shown in Fig. 1. The resulting
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FIGURE 1 Incidence of the reference (R) and the signal (S) waves onto the
Bi2TiOy crystal

interference pattern is responsible for a spatial rearrange-
ment of charge carriers inside the crystal by diffusion or drift.
The resulting charge redistribution leads to a spatially non-
uniform electric field which in turn produces a refractive index
grating of amplitude An, via the electrooptic effect. In the
readout process, the reconstructed object wavefront is propor-
tional to the hologram diffraction efficiency. If the sillenite
crystal is cut in a [110] transverse electro-optic configuration,
the diffraction efficiency n can be written as [23, 24]
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where ny is the crystal refractive index, ry4; is the electro-optic
coefficient, 2« is the angle between the interfering beams,
o is the optical activity and L is the crystal thickness. The elec-
tric field amplitude E, generated by the redistributed space
charges in the crystal is dependent on the modulation index
m of the interference pattern. In a purely diffusion recording
regime, this relation is given by [23]
) . 2R*S
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where R and § are the complex amplitude of the reference and
the signal (or object) beams, respectively, Iy is the total inci-
dent light intensity, and Ep is the diffusion electric field. The
superscript * denotes the complex conjugation of the wave
amplitude. It is convenient to express m in its complex form
since this parameter carries the phase information about the
interfering beams.

In this study the reference and the object beams are orig-
inated from a multimode laser. Considering the oscillation of
N modes, those beams can be expressed as

n=(N—1)/2
Ry(0) = Ry Z Anei[(k+’1Ak)FR+<ﬂnJ
n=—(N—-1)/2
n=(N—1),2
Sy(0) = So Z A, eil(tn A0 s+gn] (3)
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where Ak =2 AL/A?, AX being the wavelength interval be-
tween two adjacent modes, A, is a real coefficient, ¢, is
the phase of the n-th mode at the laser output, and | Ro|* +
|S0|2 = Iy. The factors I's and 'y can be regarded as the op-
tical paths of the object and the reference beams, respectively,
and ks =kgr =2n/A=k.

Each mode (i.e., each wavelength) will contribute for the
recording of its respective hologram and therefore the result-
ing grating will be a superposition of all holograms. Since
different modes are not mutually coherent, the phase differ-
ence ¢, — ¢, (n # m) is likely to vary randomly in time. Thus,
the interference of different modes does not contribute to the
holographic recording and therefore it does not affect the pro-
cess of fringe formation on the holographic image. It is only
responsible for a background light which lowers the grating
amplitude An, and consequently decreases the overall diffrac-
tion efficiency of the resulting grating. Hence, it is convenient
to express the electric field from (2) through the following
matrix product:

n=(N—-1)/2
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where Kronecker’s delta 8, , was inserted in (4) for the rea-
sons mentioned above. The diffraction efficiency is then given
according to (1) and (4) by

n=(N—1)/2 2

2.

n=—(N—1)/2
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Notice that the dispersion for g, r4; and ng in the equation
above was neglected due to the very narrow wavelength range
considered in this analysis. In the readout by self-diffraction,
the readout beam is the reference one. Such beam of intensity
Iy is diffracted by the hologram, producing the holographic
reconstruction of the object beam whose intensity /g is ob-
tained from (5):

n=(N-1)/2
Is=nlg=mno| Y  Ape"™Us—R | g (6)
n=—(N-1)/2

Consider the particular case for which A, =1 in order
to simplify the following analysis of surface profilometry by
holographic recording with multimode lasers. Equation (6)
can now be written as

sin [NAK(Is — IR)/2])?
Is =10 — Ir.
sin [Ak(I's —IR)/2]

(N

Figure 2a, b and ¢ show the behaviour of I5 from (7) as
a function of I's for I'x =0, w/Ak and 27/ Ak, respectively,
with Ak~ 1.39rd/mm and N =4. The intensity maxima
from (7) shown in Fig. 2 correspond to the bright fringes on
the reconstructed object image. A change in the value of I'g
leads to a phase shift and consequently the fringes run over
the object surface, as it can be seen from Fig. 2. The analy-
sis of such interference pattern allows the profilometry of the
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three-dimensional surface. According to (7), while the phase
Ak[I'sp— I'r] of a given point P on a bright fringe is

Ak(Isp—IR) =2nq, (8)

the light phase from a point O laying on the next bright fringe
is given by

Ak(I'spo—1Tw) =2m(g+1), ©)

where g = 1, 2, .... By combining the equations above one
may easily determine the difference on the optical paths be-
tween points O and P (i.e., between any pair of adjacent
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FIGURE 2 Intensity of the diffracted beam as a function of I's for N =4
and for (a) xR =0; (b) IR = /Ak and (¢) IR =27/Ak

I (arbitrary units)

I (cm)

Intensity profile of the interferogram as a function of I's for
N =2 (dotted curve), N =5 (dashed curve) and N = 8 (solid curve) modes

FIGURE 3

fringes) as a function of the wavelength difference AA:
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The term A?/AX is often called synthetic wavelength,
widely used in two-wavelength interferometry [25-27]. No-
tice by (10) that the difference I's o — I'sp is directly related
to the laser FSR for longitudinal modes typically given by
Av = /2l = cAL/A?, where [ is the laser resonator length.
Hence, when long resonator (e.g./ > 20 cm) multimode lasers
are employed the contour fringes cannot be visualised for
surface depths smaller of tens of centimetres, since the free-
spectral range of such lasers is much smaller than that of
short-length (I = 1 mm, typically) diode lasers.

Figure 3 shows the bright fringe for N = 2 (dotted curve),
N =5 (dashed curve) and N = 8 (solid curve) modes for
I'z =0, and the other parameters with the same values as in
Fig. 2. For N = 2 the intensity has the expected cos>-type pro-
file, as in a conventional two-wavelength, double-exposure
process. Notice that, the higher is the number of modes N,
the narrower is the bright fringe. In fact, the width §Is of
the bright fringe, defined as twice the I's difference from the
fringe peak to the first zero, can be easily obtained with the
help of (7):

2
s = —— 11
S= NAK (11)
3 Experiments
3.1 Holographic recording with plane waves

In order to verify the relation between the optical
path of the interfering beams and the diffracted wave intensity
given by (6), the holographic recording with plane waves was
carried out. The optical setup is depicted in Fig. 4. The ref-
erence and the signal beams (R and S in Fig. 4, respectively)
interfere at the BTO crystal after passing through the polar-
izer P1. The crystal is cut in the [110] transverse electro-optic
configuration. Using the anisotropic diffraction properties of
the sillenite crystals and considering their optical activity, if
the input wave polarization is selected to be parallel to the
[001] axis half-way through the crystal, the transmitted and
the diffracted beams are orthogonally polarized at the crystal
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FIGURE 4 Optical setup for holographic recording with plane waves.
BTO, Bi|2TiOyg crystal; BS, beam splitter; M1 and M2, mirrors; PR,
90°-prism; P1 and P2, polarizers; PD, photodetector

0,75

0,50

0,25

o

[=}

S
[
0

Diffracted beam intensity (arb. unit.)

o
N
»~
(<)
[e)
N
o

I (mm)

FIGURE 5 Diffracted beam intensity as a function of the signal beam opti-
cal path; dots, experimental data; solid line, fitting for Ak = 1.18 rd/mm and
N = 4 laser modes

output. Thus, the transmitted reference wave is blocked by the
polarizer P2 and only the diffracted signal beam is collected
by the photodetector PD. The optical path of the signal beam
is varied through the displacement of the 90°-prism PR, which
is mounted on a micrometer. The reflection of the beam by the
prism PR does not change the superposition of the interfering
beams at the BTO crystal as the prism is displaced throughout
the experiment. The laser beam has a nearly circular profile
and its output power is 30 mW.

Figure 5 shows the intensity of the diffracted signal beam
as a function of the prism position I, with the value I =0
set arbitrarily. The dotted curve is the measured diffracted
wave intensity, while the solid curve is the fitting of the ex-
perimental data with the intensity given by (6), for N = 4 laser
modes and Ak ~ 1.18 rd/mm. With the help of (10) one can
determine the wavelength interval AX between adjacent laser
modes to be AL = 0.082 nm (for A = 670 nm), and the FSR to
be &~ 53.4 GHz.

3.2 Holographic imaging

The holographic setup for the imaging of three-
dimensional surfaces is shown in Fig. 6. The object is imaged
onto the BTO crystal by the lens L2, while the reconstructed
object wave is collected by the lens L3 to build the holo-
graphic object image at the CCD camera. By properly ad-
justing the polarizers P1 and P2 as described in the previous
section, only the holographic image is displayed in a computer
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FIGURE 6 Optical setup for holographic imaging; L1, L2 and L3, lenses;
CCD camera and PC computer for image analysis
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FIGURE 7 (a) Contour fringes of the 30°-tilted bar; (b) light intensity pro-

file of the interferogram along the line A—B

monitor for further processing. The mirror M3 is attached to
a micrometer which introduces a phase shift in the reference
beam. For 30 mW of laser output power, the hologram re-
sponse time is about 15 s.



BARBOSA Holographic imaging with multimode, large free spectral range lasers in photorefractive sillenite crystals

349

a b

The holographic image of a 50-mm long flat metallic bar,
30°-tilted with respect to the front face of the crystal (see
Fig. 6), was recorded. Figure 7a shows the holographic image
of the bar covered with the expected vertical and parallel con-
tour fringes, while Fig. 7b shows the interferogram intensity
profile along the line A-B from Fig. 7a. The x axis is shown
in Fig. 6. Notice that the appearance of narrow fringes in the
intensity profile from Fig. 7b is in agreement with the results
obtained in Sect. 3.1, which show the oscillation of four laser
modes.

By a simple measurement of the distance between bright
(or dark) fringes, the depth difference Ad along the y axis (see
Fig. 6) between any pair of points laying on adjacent fringes
along the line A-B (or lines parallel to it) was determined to
be Ad ~ 2.6 mm. Considering that both the beam inciding on
the object surface and the beam scattered from it propagate
in nearly opposite directions one gets Iso— Isp =2Ad ~
5.2 mm. Again from (10) one gets AA = 0.08 nm, which is in
good agreement with the result for AX obtained in the previ-
ous section.

As discussed in Sect. 2, by phase-shifting the reference
beam a three-dimensional scanning of the object can be car-
ried out as the contour fringes run along its surface. This phase
shift can be continuous in time or discrete, and it provides
a quantitative interferogram interpretation [28, 29]. For fringe
patterns with N > 2 the phase-shifting of the reference beam
is of fundamental importance even for visual inspection since
the interferogram provides no information about the surface
areas under the wide dark fringes. The phase shift was accom-
plished by displacing the mirror M3 with a micrometer along
the direction shown in Fig. 6. Figure 8a, b and ¢ shows the con-
tour fringes on the holographic image of a 40-mm diameter,
metallic cylinder, for g = 0, 7/ Ak and 27t/ Ak, respectively.
The position of mirror M3 for the value I = 0 was set arbi-
trarily. The change in the fringe position as the phase AkIRr/2
is varied can be clearly observed. As expected, a repetition of
the interferogram occurred as the mirror M3 was displaced by
multiple integers of ~ 2.6 mm.

4 Conclusions

This work reports the formation of interference
fringes on the holographic image from rigid surfaces with
Bi; TiOyg crystals when multimode, large FSR diode lasers
are used as the light source. The theoretical analysis de-

C
FIGURE 8 Holographic image of the 40-mm diameter cylinder for (a) IR =0; (b) IR = /Ak and (¢) Ik =2n/Ak

scribes the recording of multiple volume gratings in the BTO
crystal and obtains the diffraction efficiency of the resulting
hologram.

Two relevant characteristics of the holographic imaging
where shown both theoretically and experimentally: first, the
diffraction efficiency can have values from zero up to a max-
imum, depending on the difference between the optical paths
of the reference and the object beams, so that the holographic
image of the three-dimensional object appears covered of
contour fringes in a single-exposure holographic process; be-
sides, the bright fringe width inversely depends on the num-
ber of the oscillating laser modes. The combination of these
two properties does allow a very precise, simple and both
qualitative and quantitative evaluation of the relief of three-
dimensional surfaces. The employ of laser emitting with more
than two modes results in contour fringes which are nar-
rower than that obtained in two-wavelength methods. Thus,
the narrower the fringes, the higher the profilometry reso-
lution. Moreover, such contour fringes are achieved in single
exposure processes, leading to faster and simpler testing. By
phase-shifting the reference beam it is then possible to obtain
a complete and accurate 3-D scanning of the object surface.

The results of this work establish also the criterium for
the geometry of the optical setup in the case of holographic
recording with both reference and signal plane waves. Since
the diffraction efficiency is strongly dependent on the phase
difference of both waves, and since this dependence becomes
more critical as more modes oscillate, the optical path of the
interfering beams must be carefully adjusted.
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