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ABSTRACT Shape measurement through holography using two
diode lasers emitting in the red region and a sillenite Bij2TiOg
photorefractive crystal as a holographic medium is theoretically
and experimentally studied. By properly aligning and tuning
both lasers, a synthetic wavelength is obtained providing the
contour fringes on the holographic image in single-exposure
recordings. The influence of alignment and tuning of the lasers
on the contour interval as well as the dependence of the interfer-
ogram visibility on the deviations from the Bragg regime was
analysed. Contour intervals down to 150 wm where achieved
and measurements of low-curvature and low-derivative surfaces
were performed.

PACS 42.40.Ht; 42.40.Kw; 42.40.Pa

1 Introduction

Optical methods for surface shaping are powerful
tools for non-destructive testing including material analysis,
deformation and strain measurement, vibration analysis and
industry applications like machine vision and enhancement
of manufacturing processes. These noncontacting methods
present high precision, accuracy and reproducibility. Inter-
ferometric techniques like electronic speckle pattern interfer-
ometry (ESPI) and holographic interferometry have the ad-
ditional advantage of whole-field quantitative and qualitative
analysis. Their general principle is to generate interference
fringes corresponding to the contour lines of the studied sur-
face, typically in two-exposure processes. This can be carried
out through two-color interferometry with tunable lasers [1],
tilting of the illuminating mirror [2], or optical setups with
two illuminating beams [3]. Although such double expo-
sure procedures are widely used in the fields of holographic
and speckle profilometry, they can lead to errors due to the
relatively long acquisition times for interferograms because
interferometers have stringent stability requirements.

In order to overcome this drawback, multimode large
free-spectral range (FSR) diode lasers have been success-
fully used as light sources in optical profilometry through
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multi-wavelength holographic recording in photorefractive
crystals [4, 5]. This method provides single-exposure contour
interferograms due to the multi-wavelength character of such
lasers [6]. The resultant diffraction efficiency depends on the
difference between the optical paths of the reference and the
object waves, and the resulting holographic image is spatially
modulated by interference contour fringes. These fringes are
the region of intersection of the object wavefront with planes
of constant elevation which, in turn, are perpendicular to the
bisector of the illuminating and scattered beams. It has been
shown elsewhere [6] that the contour interval Az (i.e., the
distance between two consecutive planes) equals the laser
resonator length L when the illuminating and the scattered
beams propagate in opposite directions. For this reason the
short-cavity diode lasers are the most suitable light sources for
holographic profilometry purposes when the studied surface
presents depth differences of the order of a few millimeters.

The ability to obtain single-exposure interferograms rep-
resents an obvious advantage of multi-wavelength holo-
graphic profilometry over other techniques which require
two-exposure processes for fringe pattern generation: by
using multimode diode lasers additional procedures like laser
tuning or mirror tilting are not necessary, so that contour
fringes can be obtained in real-time, single-exposure pro-
cesses. This leads to faster and more accurate measurements
and the whole experimental setup can be simpler and more
compact than those used in two-exposure holographic tech-
niques. This advantage exists regardless of the method used
for fringe evaluation, such as phase- stepping or Fourier trans-
form techniques.

One drawback to this method is that the contour interval
cannot be changed because the length of the diode laser is con-
stant. Remarkably, this limits the technique in the measure-
ment of nearly flat surfaces or regions with low-derivative re-
liefs, which require smaller Az values in order to minimize the
measurement noise. Some alternatives have been presented
in the literature in order to overcome this limitation: a holo-
graphic setup with two properly-shifted reference beams [4],
the positioning of a Fabry—Pérot etalon at the laser output
in order to increase the effective laser free spectral range [7]
and the use of an eight-stepping procedure for interferogram
evaluation through multi-wavelength electronic speckle pat-
tern interferometry (ESPI) [8]. The free spectral range Av
of the diode laser used in these studies is 53 GHz, corres-
ponding to a wavelength gap AA between consecutive modes
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of 0.082 nm, a synthetic wavelength A>/A = 5.30 mm and
a contour interval Az = A%/2AA = 2.65mm. Among these
studies, the smallest contour interval was obtained by employ-
ing a Fabry—Pérot etalon in order to re-inject some specific
frequencies back into the diode laser. Thus, larger values of
the emission free spectral range were achieved, providing
contour intervals down to 0.88 mm and enabling less noisy
and more accurate measurements.

In order to obtain smaller values of Az and improve
the measurement sensitivity, this work proposes an optical
setup for real-time holographic profilometry with sillenite
Bi;,TiOy9 (BTO) crystals employing two diode lasers emit-
ting in the red region. The central wavelengths of both lasers
are tuned to allow the simultaneous illumination of the object
with two slightly different wavelengths and providing a very
wide range of Az values. Other works reported analogous
experiments performing surface contouring through ESPI,
generating contour intervals of few millimeters [9, 10]. For
holographic recording with thick BTO crystals, the achieve-
ment of small values of Az is limited by the Bragg condi-
tion, since the diffraction efficiency drops significantly in the
out-of-Bragg holographic reconstruction. This drawback is
partially compensated by the fact that photorefractive holog-
raphy is able to provide the best visibility and lowest noise
interferograms compared to most whole-field interferometric
techniques, thereby providing more accurate and reproducible
results. In the present work, the dependence of the diffrac-
tion efficiency and the interferogram visibility on the syn-
thetic wavelength is experimentally investigated, as well as
the influence of beam misalignment on the contour interval. In
addition, alternatives for eliminating the low spatial frequency
envelope generated in the holographic recording by each one
of the multimode diode lasers are proposed. In the quantitative
analysis, the fringe pattern was evaluated through the phase
stepping technique (PST) [11] and the phase unwrapping was
carried out by the Branch-cut method [12, 13].

2 Theoretical analysis

2.1 Holographic recording and readout

Let us consider the incidence of a reference and an
object beam with amplitudes Ry and Sy, respectively, upon
a photorefractive BTO crystal in a two-wave mixing scheme.
Each beam originates from two properly aligned multimode
diode lasers 1 and 2, and both lasers emit simultaneously N
longitudinal modes with the same free spectral range (FSR)
Av = cAX/A%, with AX being the wavelength gap between
adjacent modes and c the light velocity. The emission of lasers
1 and 2 are centered at ky = 27 /A1 and k, = 27 /X,, respec-
tively, where A; and A, are their respective central wave-
lengths. Thus, Ry and Sy can be written at the crystal input
as
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where I's and Iy are the optical paths of the object and the ref-
erence beams, respectively, Ak = 2w A)L/ A2, A, is a real co-
efficient related to the n-th mode intensity and ¢, is the phase
of the n-th mode at the laser output. The resulting interfer-
ence pattern rearranges the charge carriers inside the crystal,
giving rise to a spatially modulated electric field. Through the
electrooptic effect this field generates a corresponding refrac-
tive index modulation forming a phase volume grating. The
diffraction efficiency 7 of the recorded grating can be written
as a function of the modulation index m of the interference
pattern according to [14]
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where * denotes complex conjugation. In the product Ry Sy
it shall be taken into account that two terms related to differ-
ent wavelength numbers cannot be multiplied, since different
modes are not mutually coherent [6]. For the same reason the
phase difference ¢,, — ¢,y has a random temporal behavior if
n # n’. Hence, from (1) and (2) the diffraction efficiency is
given by
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where Ip = R} + S} and As = A4/ |A2 — A1 is the synthetic
wavelength. For the sake of simplicity we assume that all
modes in both lasers oscillate with the same intensity, so that
A, = 1. Thus, the diffraction efficiency becomes

2RoSo  , [sin(Ny) 7]
cos“ | .
Iy sin (y)

where ¢ =n(I's—Ig)/As and y = Ak(I's—Ig)/2. The
holographic reconstruction in two-wave mixing occurs by
self-diffraction, i.e. the reference beam is the readout beam.
The holographic reconstruction /s of the object is then given
by
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where I, is the reference beam intensity and 7y is the spatially
unmodulated diffraction efficiency.

Equation (4) shows that the reconstructed object image ap-
pears to be doubly modulated by interference contour fringes.
By tuning the diode lasers to get |l —Aj| > AA, the re-
sulting reconstructed image appears covered by high spatial
frequency cos” ¢-fringes generated by the lasers detuning.
This in turn appears enveloped by a low spatial frequency
[sin(Ny)/ sin y]*>-term which is due to the multi-wavelength
emission of each diode laser. The intensity /s is shown in
Fig. 1 as a function of AT for |[A; — 1| = 10, AA = 0.8 nm
and N = 3 modes according to (4).

The preceding analysis is valid provided the whole holo-
graphic reconstruction process occurs in the Bragg regime.
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FIGURE 1 Intensity of the diffracted beam as a function of Iy for
[A2— A1 Z 10AXand N =3

However, a more complete description of the involved phe-
nomena must take into account eventual deviations from the
Bragg conditions in order to evaluate the resulting inter-
ferogram visibility. Such deviations arise mainly from the
lasers detuning, A, — 1 and from eventual angular misalign-
ments of the laser beams. If there are two wavelengths,
two holographic gratings are recorded in the BTO crystal.
In the readout process each wavelength, which produces
small diffraction efficiencies, generates two mutually coher-
ent diffracted waves with amplitudes proportional to /no
(self-diffraction, perfect Bragg regime) and x /70, where x =
sin£/&. The phase & is given by &€ = 23)‘1 o» Where d is the inter-
action length of the interfering beams inside the holographic
medium, 26 is the angle between the interfering beams and

v=m 2%”‘ — 25;2 ’}\‘1) in our case is the dephasing measure
introduced by Kogelnik in the coupled-wave theory for thick
gratings [15]. The term A« is the angular misalignment of the
laser beams (which is also the deviation from the Bragg condi-
tion) and n is the bulk refractive index of the medium. As the
deviation from the Bragg condition increases, ¢ also increases
but x decreases. Thus, (5) can be written in a more rigorous
form as

. 2
sin (Ny)i| In.
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From (6) the interferogram visibility V defined as
V = (Ismax — Ismin) / (Lsmax + Ismin) assumes the form

_ 2x

= 241 7)

2.2 Interferogram evaluation

We employed the standard four-frame phase step-
ping technique (PST) for fringe pattern evaluation. This tech-
nique consists in sequentially acquiring and storing four 7 /2-
phase-shifted interferograms with intensities I, Is;, Is> and
Is3. A more detailed description of this procedure can be
found elsewhere [4,5]. The phase ¢g at a point (x, y) of the
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studied surface is given by the well-known formula [16]
1 1 ) —1 s
os(r.y) = - arctan ( s1(x, y) — Is3(x }’)> , )
2 Iso(x, y) — Isa(x, y)

where Ig;(x, y) is the intensity at (x, y) for the ith-frame.
It should be noticed, however, that (7) is not immediately
applicable to the fringe pattern given by (5) or (6). The
[sin(Ny) /sin y]*>-term can be used in some specific cases for
PST through holographic recording with only one multimode
laser. In the present study, however, this term only modulates
the cos? ¢- pattern, which is the real object of interest. Two
procedures can be adopted in order to eliminate the undesired
influence of the envelope function: placement of a Fabry—
Pérot etalon at the output of each laser, or proper positioning
of the envelope maximum and decreasing the synthetic wave-
length such that Ay <« A2 /AM. In the first case, the etalon re-
injects some specific laser modes back into the laser resonator,
enhancing the oscillation of these modes while suppressing
the other modes [7]. This increases the effective free spectral
range of the emission. If the gap ¢ between the plane mirrors
of the etalon is smaller than the laser resonator length L, only
one mode can be selected from each laser, thus eliminating the
[sin(Ny)/sin y]>-term. The other approach requires the acqui-
sition of an interferogram when the entire studied surface is il-
luminated by a single low-frequency [sin(Ny) /sin y]*-fringe
using one multimode laser, it shows the holographic image of
aflat plate in Fig. 2a for A>/ AA = 5.30 mm. The intensity pro-
file of a cross section of the object is shown in the lower part
of Fig. 2a. The contour interferogram of the same surface with
two multimode lasers is shown in Fig. 2b for Ag = 0.30 mm,
showing the respective intensity profile. By digitally divid-
ing the image of Fig. 2b by that of Fig. 2a pixel-by-pixel, one
obtains a non-modulated cos” g-interferogram, as shown in
Fig. 2c. This approach is limited to the analysis of surfaces
with slight curvatures or with low derivative surfaces, which
is the aim of our work.

2.3 Contour interval considering laser misalignment

The design of our optical setup was based upon
two perfectly aligned and parallel laser beams. It is worth-
while, however, to evaluate the influence of an eventual angu-
lar misalignment of both beams on the contour interval Az and
show how this misalignment can be useful in enhancing the
measurement sensitivity. Consider the incidence of the illumi-
nating beams 1 and 2 on the object at angles @ and o + A«,
respectively, as shown in Fig. 3.

The reference and object waves (disregarding the
[sin(Ny)sin y]* envelope) can be written as

R=R, (ei(kl Tri+e1) +ei(kzFR2+<ﬂ2)) ,
S=25 (ei(kIFSl+‘/’l) +ei(k2Fsz+<ﬂ2)) , 9)
where I'sr); is the object (reference) beam optical path of

laseri under angle «;. Asin Sect. 2.1 one obtains from (2) and
(6) the resulting intensity of the reconstructed object image

Ip=nolp{1+ x*+21x|

x cos[2ki (I'si — I'r1) — 2ka (T2 — Tr2)1} - (10)
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FIGURE 2 Holographic image of a flat bar: (a) covered by a single low spatial frequency [sin(Ny)/ sin y]>-fringe; (b) covered by high spatial frequency
fringes with Ag = 0.30 mm; (c) without the low frequency [sin(Ny)/sin y]z—envelope

From (10) the phase of a point A on a bright fringe is given by
Y

while the phase of a point B on an adjacent bright fringe is

kil'sia—kol'soa —kiI'pi +koI'po =2gm,

kil'sip—kolsop —kiI'ri+kal'ro = 2+ D, (12)

where ¢ = 1,2, 3... and Is4(p) is the optical path of the ob-
ject wave through point A(B). Let us denote gratings 1 and 2
as those recorded by lasers 1 and 2, respectively. Both grat-
ings have slightly different spatial frequencies and are slightly
slanted with respect to each other due to the lasers small mis-
alignment. A reference wave of a wavelength X will interact
with both gratings, thus generating two diffracted waves, as
mentioned in Sect. 2.1. Due to the misalignment and the lasers
detuning, both waves emerge from the crystal with the phase
difference & [15]. Since & does not depend on the surface re-
lief, the influence of the misalignment of the reference beams
on the contour interval is negligible. Thus, from (11) and (12)
one gets

ki(I'sip— I's1a) —ko(I'sop — I'spa) =27 . (13)

Figure 3 shows the incidence of illuminating beam 1 at angle
« on points A and B separated by a distance Az. If the inci-
dence angle of beam 2 (not shown in this figure) is @ + Ac, the
optical path differences between points A and B due to beams
originating from lasers 1 and 2 (Fig. 3) are determined to be

Isia — I'sg = 2Az cos® (a/2)

Isoa — Tsap = 2Az cos” [(a + Aa) /2] , (14)

where A« is the beam misalignment. For small A, the con-
tour interval can be thus obtained from (13) and (14) after
simple algebraic manipulation:

2 (A —A A !
AZE[ (2 1)cos2<0l)— olsin01:| ,

15
A2 2 A (15)

illuminating
beam object

c surface

()() = \ AB=Az \

FIGURE 3 Incidence of the illuminating beam onto points A and B distant
separated by Az

where > = A4, and |Ay —A1| < A. Notice that for A; =
A, the contour interval reduces to the result obtained for
holographic profilometry through the rotation-source me-
thod [2, 17]. Thus, the misalignment A« between the beams
1 and 2 in the real-time two-laser method is equivalent to
the small tilt angle applied on the illuminating mirror in the
two-exposure rotation-source technique. As expected, when
the lasers are perfectly aligned, Az = Ag/(2 cos® @/2), which
is identical to the contour interval obtained elsewhere [4, 7].
Equation (15) is closely related to the dephasing measure
mentioned in Sect. 2.1, showing that laser detuning and beam
misalignment produce similar effects. In addition, both A, —
A1 and A« can be set so as to cancel or mutually enhance their
individual effects, since A« can assume both positive and
negative values. Hence, the interferogram spatial frequency
1/Az can be regarded as a measure of how far from the Bragg
regime the wave from laser 1 (2) is diffracted by grating 2 (1).

3 Experimental setup

The two-laser holographic setup is shown in Fig. 4.
Both 30-mW diode lasers (Laserline, model LRM-40/650)
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FIGURE 4 Optical setup: M1-M4
— mirrors; L1-L3 — lenses; P1 and
P2 — polarizers; BS1 — beam split-
ter; BTO — Bij2TiOyg crystal; CCD;
camera; PC; computer

Tunable Tunable
diode diode
laser1 laser 2
BS1 M1
M4 > = \
N b
' |
I y L1

CCD

PC

Spectrometre

Translation
stage

with emissions centered at 670 nm were coupled by the beam
splitter BS. Mirror M4 made the propagation of both laser
beams collinear after BS. The BTO crystal was placed at the
image plane of lens L2, with the CCD camera (Sony SSC-
C104, 768 x 494 pixels) focused on the image plane of lens
L3 in order to visually display the holographic image. L1 is an
afocal telescope which collimates the beam illuminating the
object. In order to achieve smaller values of the contour in-
terval Az without significant loss of the diffraction efficiency,
the intersection region of the reference and the object beams
inside the crystal was adjusted to be ~ 2 mm, which can be
regarded as the effective crystal thickness for Bragg selectiv-
ity estimation. In our setup the angle between the recording
beams was 26 ~ 90°. The crystal with front face 10 x 10 mm?
and thickness 8 mm was cut in the transverse electrooptic con-
figuration [110] and the holographic recording occurred in the
pure diffusion regime with a hologram build-up time of ~ 10 s
and an acquisition time of ~ 60 s for the four interferograms.
The refractive index of the BTO crystal is np ~ 2.6 in the
red region. By using the anisotropic diffraction properties of
the sillenite crystals, polarizer P1 selected the input polariza-
tion angle oL /2 with respect to the crystal (001)-axis, where
o is the crystal rotatory power. This allowed the transmit-
ted object and diffracted waves to be orthogonally polarized
at the BTO output [18]. By cutting off the transmitted beam
through analyser P2, only the reconstructed object image was
observed. For the phase stepping procedure a 90°-prism PR
was mounted on a translation stage in order to work as a con-
stant deviation reflector, so the spatial superposition of the
interfering beams at the BTO crystal was kept constant as the
phase shifts were applied. The other arm of the interferome-
ter containing the transmitted object beam and its holographic
reconstruction was used for laser spectrum monitoring. This
beam was delivered to a goniometer with a 1200-lines/mm
diffraction grating.

= ——————
>

Wslation direction

As will be seen in the following sections, relatively large
synthetic wavelengths compared to the precision of the trans-
lation stage (0.001 mm) were used, resulting in a low sensitiv-
ity to phase shifting errors of the four stepping procedure.

4 Results and discussion

Influence of laser misalignment on the contour
interval

The initial dependence of the contour interval on
the misalignment angle Ao was analysed. By properly set-
ting this angle, convenient values of Az were easily obtained
without the need of further laser tuning. Hence, setting slight
misalignments actually worked as a fine Az adjustment. Obvi-
ously A« or A, — A cannot be set to indefinitely large values
in order to increase the contour sensitivity since a highly
out-of-Bragg holographic reconstruction would significantly
decrease the hologram diffraction efficiency and spoil the in-
terferogram visibility. For practical purposes, considering our
experimental conditions, it was not worthwhile measuring Ao
since its typically very small values led to relatively large
errors. Instead we measured Az directly by choosing a ref-
erence point on the interferogram displayed on the monitor
screen and measured the displacement applied to the refer-
ence beam as the fringes ran through this point. For p run-
ning fringes after a displacement A, the contour interval
is given by Az = AT'g/p. Figure 5 shows interferograms of
a curved and smooth aluminum surface obtained for |A2 —
A1| =0.2nmand A = 671 nm, which gives Ag = 2.2 mm. Al-
though the optics of the system was designed and adjusted
in order to make the speckle size significantly smaller than
the CCD pixel, low-pass FFT filtering was applied in order
to reduce speckle noise. In this case lasers 1 and 2 oper-
ated in monomode employing a Fabry—Pérot etalon at each
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laser output. From the interferogram shown in Fig. 5a the
contour interval was measured to be Az = 1.7 mm and the
misalignment was estimated to be Aa ~1.6 x 10~* rad using
the methods of (15). In Fig. 5b, Az = 1.4 mmand Ao ~—5 x
1073 rad. In both cases, @ =~ 0.5 rad. The rather poor visibil-
ity of the interferograms in both figures is due to the fact that
the diffraction efficiency in the out-of-Bragg holographic re-
construction was estimated to be ~ 20% of that in the Bragg
regime, i.e. x% &~ 0.2in (6), giving V ~ 0.37. The data was ob-
tained from the experimental parameters with the help of the
expressions shown at the end of Sect. 2.1.

4.2 Determining the slope of an integrated circuit

We performed the profilometric measurement of an
15 x 8 mm?-integrated circuit (IC). This is a subject of great
interest in the study of chip packaging interaction in order to
reduce stresses and deformation and to improve packaging
reliability [19]. In order to allow an easier fringe visualiza-
tion, the IC was slightly tilted with respect to the front face
of the BTO crystal. The cos’-interferogram shown in Fig. 6a
was obtained by dividing the original interferogram by the
holographic image taken with only one multimode laser, as
described in Sect. 2.2. Figures 6b and ¢ show the phase map
and the 3-D plot of the integrated circuit for Az = 0.35 mm.
From 5a and b and from the lower part of Fig. 6¢ (with the
z- versus x-coordinate for y = 2 mm) the IC flatness was esti-
mated to be &~ 90 pm.

FIGURE 5 Contour interferogram of a curved sur-
face for Ag=2.2mm and (a) Ao~ 1.6 x 10~* rad
and Az = 1.7mm; (b) Aa ~ —5 x 107 rad and Az =
1.4 mm

4.3 Measurement of small surface irregularities

The measurement of a slightly curved metallic
plate was carried out in order to evaluate the capacity of the
method in evaluating small superficial structures and details.
The plate was covered by a opaque tape in such a way to intro-
duce some small relief irregularities. By tuning the lasers and
adjusting the optical setup, the contour interval was obtained
to be Az =0.15 mm. Figure 7a shows the interferogram of
the first frame, while Fig. 7b shows the corresponding phase
map obtained through (7). By unwrapping the phase through
the branch-cut method one obtains the 3-D reconstruction
of the plate shown in Fig. 7c. The three-dimensional plot of
the studied surface is in very good agreement with the ac-
tual object shape. Through our optical profilometry method
the height of the central elevation shown in Fig. 7c was meas-
ured to be 140 wm, which is in accordance with the value of
~ 130 wm obtained with a mechanical height gauge. The dis-
crepancy between the values can be attributed to the fact that
the mechanical contact of the gauge with the soft surface pro-
duced small deformations during the measurement.

5 Conclusion

Holographic profilometry employing two tunable
diode lasers and a BTO crystal was performed, and the re-
liefs of low-derivative surfaces were measured. The theor-
etical description of the holographic recording and readout
was developed for two multimode diode lasers, showing that

FIGURE 6 Two-diode laser profilome-
try of an IC surface: (a) interferogram for

Az =0.35 mm; (b) phase map; (¢) 3-D re-
construction
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the resulting real-time single-exposure high spatial frequency
contour fringes are modulated by a low spatial frequency en-
velope due to the multi-wavelength emission of each laser.
The dependence of the contour interval on the lasers wave-
lengths and their misalignment was also studied, describing
the relation between the interferogram spatial frequency and
the deviation from the Bragg regime. The results established
the conditions through which the lasers can be tuned and
aligned in order to provide small contour intervals without
significant loss of interferogram visibility.

Two procedures for eliminating the low spatial frequency
envelope were described and employed, significantly en-
hancing the interferogram visibility for visual inspection and
allowing quantitative evaluation through the four stepping
method. The profilometry technique presented in this work
points out promising potentialities for nondestructive test-
ing, providing very precise and fast measurements as well
as accurate qualitative analysis. The anisotropic diffraction
properties, high optical quality and high resolution of BTO
crystals enable them to obtain very small contour intervals,
resulting in lower measurement noise. This was found to cir-
cumvent the intrinsic low visibility of interferograms and aid
in visualization.
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FIGURE 7 Shape measurement of an ir-
regular surface for Az = 0.15 mm: (a) in-
terferogram; (b) phase map; (¢) 3-D re-
construction
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