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A simplified multi-wavelength ESPI’ contouring technique
based on a diode laser system. A simplified multi-wavelength
ESPI contouring technique using a diode laser source has
been demonstrated to be a useful tool in the shape measure-
ment of an object. Unlike other type of two-wavelength
ESPI contouring systems, the technique described in this
paper does not required a master-wavefront illumination
and the conjugate condition imposed on the reference beam,
the experiment procedure is, therefore, considerably simpli-
fied. Instead of modulating the injection current of the diode
laser, the alternation of wavelength is achieved by adjusting
the temperatures applied to the laser diode so that the prob-
lem of visibility reduction due to intensity variations of
kle pattern can be overcome. In addition, the decorrela-
tion effect due to the wavelength change in this specific ESPI
contouring system is also analyzed quantitatively in order to
show the limitations of this technique on practical applica-
tions. Contour fringes of a pyramid, as an example, are
obtained from experiments, which are in agreement with the
theoretical analysis.

Ein auf dem Laserdiodensystem basierendes vereinfachtes ES-
Pl-Konturlinienverfahren mit Multiwellenlingen. Es wird ein
vereinfachtes ESPI-Konturlinienverfahren mit Multiwellen-
lingen, das eine Laserdiode als Lichtquelle verwendet, (Ee-
zeigt und bei Oberflichenmessungen eingesetzt. Das in die-
sem Artikel beschriebene Verfahren braucht keine Muster-
. wellenfrontbeleuchtung und keine konjugierte Bedingung
fir Referenzwellenfront, was aber die anderen ESPI-Kon-
turlinienverfahren mit Doppelwellenlingen verwendet ha-
ben. Dadurch ist der VersuchsprozeB weitgehend verein-
' facht. Anstatt der Modulation des Laserdiodenstroms wird
die Wellenldnge durch Anderung der Laserdiodentempera-
tur variiert, so daB die durch Intensititsinderung der Speck-
le-Muster verursachte Kontrastreduzierung vermieden wer-
den kann. Ferner wird der durch Wellenlingenanderung ver-
- ursachte Dekorrelationseffekt in diesem spezifischen ESPI-
- Konturlinienverfahren quantitativ analysiert, um die Be-
grenzung des Verfahrens auf praktische Anwendungen zu
Z’I:.Ilfm Als Beispiel sind Konturlinienstreifen einer Pyramide
autgenommen und diskutiert, welche mit theoretischer Ana-
lyse Gibereinstimmt.

1. Introduction

Electronic speckle pattern interferometry can be applied
to compare the shape of test object with a master wave-
front 1, 2]. To produce speckle contours, the test object
13 illuminated at wavelength 4, by a wavefront that
matches the master shape exactly. An image of the object
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is formed on the vidicon together with the usual reference
beam. A speckle pattern is then obtained at 4, and sub-
tracted from the first pattern. The fringes obtained repre-
sent the difference in depth along the view direction be-
tween the master wave front and test object. When such
a technique is used, the role of the master wave front is
fundamental to ESPI shape measurement. However, sev-
eral drawbacks exist in these systems such as the master
wave that may be derived from conventional optical
components limit the object to those having plane, spher-
ical, or cylindrical surface geometries. The object with
more complex geometry would be inspected in the same
way but with the illumination wave front formed by holo-
gram recorded from a specular master component [3].
The procedure of generating a master wave front from
holographically recording a specular master component
is usually a tedious procedure, and therefore is a serious
limitation on practical applications in many cases. In
addition, to obtain shape-difference fringes, the point to
which the master wave front converges must be located at
the centre of the viewing lens of an ESPI system and a
smooth reference beam must satisfy the conjugate condi-
tion. This would impose another difficulty on aligning the
arrangements.

Laser diodes (LD’s) are useful light sources for an inter-
ferometer because they permit single-mode operation
and frequency tenability. Recently some new techniques
for using laser diodes in the interferometers have been
reported [4-6]. In these techniques, the alternation of the
wavelength (or the frequency) of a diode laser has been
achieved by modulating the injection current of the laser
diode [4]. When this method is applied to a two-wave-
length ESPI system, the speckle intensities corresponding
to different wavelength will be changed and thus the
visibility of interferogram will be degraded.

In this paper, we present a new arrangement of multi-
wavelength ESPI for contouring applications, which is
based on using a diode laser system. It can be used to
generate contours of a pyramid without having to pro-
duce corresponding master wave front and the conjugate
condition to the reference beam can also be eliminated,
this would considerably simplify the experiment proce-
dure and release the requirement for optics alignment.
Wavelength alternation is achieved by adjusting the tem-
perature applied to the laser diode instead of by modulat-
ing the injection current as made by another work [4], so
that the problem of the variations in the intensities of
speckle patterns due to the current change could be over-
come and permit relatively good fringe visibility. Con-
tour fringes of a pyramid at various sensitivities are ob-
tained from experiments which agree well with theoreti-
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cal analysis. The decorrelation effect due to the wave-
length change for this specific arrangement is also ana-
lyzed quantitatively by simple image processing tech-
nique incorporating with experimental data of speckle
patterns.

2. Theoretical background

Fig. 1 shows the arrangement used for generating con-
tour fringes of a test object. The object is illuminated by
a normal incident wave front. A speckle reference wave
front generated by a ground diffuser G is arranged to
combine with object wave at the second beam-splitter
BS,. Both object and reference wave are aligned to be
on-axis to simplify the analysis. However, it is important
to note that this geometry does not require that the point
of divergence of the reference beam be conjugate with
that of the original object illumination as assumed in
previous research [3].

It will be assumed that P is an arbitrary reference plane
which is across and parallel to the test object. The phase
¢, of the light at a point in the image plane (in the
absence of reference beam) is given by the following ex-
pression

bo = Qu/A)[ly + 21, + I5] + ¢o, + 4n/Dh, (1)

where [, is the optical path of the object beam from the
first beam-splitter to the second one; I, is the distance
from the sccond beam-splitter to an arbitrary reference
plane P; I, is the optical path from the second beam-split-
ter to the image plane. ¢,, is the random phase associated
with speckle pattern at wavelength A, and h represents the
height variation of the object surface about reference
plane P (normal to the optical axis). h is measured in the
direction of the optical axis. The phase ¢, of the speckle
reference beam may be written as

¢, = @n/A)l,y + 1y) + 4, 2)
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Fig. 1. Experiment set-up.
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where /,, is the optical path of the reference beam frop
the first beam-splitter to the second beam-splitter; ¢_js
the random phase associated with speckle pattern due 1o
scattering from a ground diffuser. It is evident that (2/))
(I, + 21, + 13)is a constant phase ¢, and (27/3)(l,, + 1)
also a constant phase ¢,. The image speckle pattern
interferes with the speckle reference beam and the ampli-
tude at a point in the image plane is given by the equation

U="U + U = |Uplexp(do) + |Ulexp(¢). (3)

The intensity at a point in the image plane is then given
by

I=Ia+ 1 +2/Ig1,cos[p + ¢, + (4n/A)h], (4
where ¢ = ¢o. — Ppes b, = Doy — Dys-

The intensities corresponding to two different wave-
lengths 4, and 4, can be written as follows

I, =1Igy + 1y + 2 /I, I,  cos[@, + @,, + @n/i)h)
(5a)

I, =lo; + 1, + 2./Io;1,; cos[§; + ¢, + (47/4;) h].
(5b)

It is assumed that the intensities of the object beam and
the reference beam keep unchanged approximately and
the phases of speckle patterns also approximately remain
constant, when the illuminating wavelength is changed.
Then we have Iy, = Igy, I,y = 1,5, @,; = ¢,;. I the inten-
sity on the screen is averaged over many speckles, then
the brightness B is proportional to {(I, — I,)*). Itis easy
to show that

I, — I, =4I 1, sin[a + ¢, + (87/A,) h]
-sin[B + (27/I') h, (6)

where & = (¢, + ¢,)/2, B = (¢, — ¢;)/2 and I' = Ay 4,/
(24, — 24,) is the [ringe contour interval and

B={(I, —1)* =8>, sin? [+ 2n/N)h]. (1)

In derivating eq. (7), we have assumed that I, and I, are
statistically independent, and ¢, is statistically indepen-
dent of the intensity fluctuations, as well as that ¢, is
uniformly distributed random variable. As h varies, the
value of B fluctuates between zero and 8 {l,) ], and
dark fringes will therefore be observed when h changes by
an amount of I'. Thus the departure of object surface
from an arbitrary reference plane P is contoured at inter-
vals of I'. The sensitivity of the fringes obtained (the
contour interval) is determined by the wavelength differ-
ence.

It should be pointed out that there is no conjugate
condition imposed upon the reference beam and the
shape difference between an arbitrary reference plane,
rather than the master, and test object may be determined
from the fringe pattern described by eq. (7). )

The analysis above provides a theoretical basis for
contouring objects with more complex geometries in the
absence of master wave front illumination.
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3. Experiment
3.1 Arrangement and results

The basic experimental technique is shown in fig, 1. The
input laser beam is divided by the first beam-splitter BS,
into a reference beam and an object beam. The object
beam illuminates the test object and is imaged using a
lens and an aperture combination on to the face of a CCD
camera. The speckle reference beam is generated by a
ground diffuser G and is introduced from the second
beam-splitter BS,. The object beam and the reference
beam are aligned being coaxial. Contour fringes are ob-
tained by illuminating the test object at A, and then at 4,,
the first image is acquired and recorded by a frame grab-
ber and the second is digitally subtracted from it to give
correlation fringes by subtraction. In this arrangement, a
high power diode laser (30 mW) is used as a light source.
The diode laser system used consists of a Melles Griot
diode laser head (06DLLA407) in conjunction with a PRO-
FILE laser diode controller (LDC 700A). For this specific
diode laser system, the dependence of the wavelength on
the temperature applied to LD system is measured and
given in fig. 2, which shows a linear region from 20°C to
27°C. The differences of wavelengths corresponding to
this region are also given in fig. 2. It has been shown from
fig. 2 that emission wavelength of this diode laser system
can be altered continuously from 781.66 nm to 783.40 nm,
and a range of contour sensitivities from 3.8 mm to
0.7 mm may be achieved, when the temperature applied
to the LD system is adjusted from 20°C to 27°C. The
advantage of shifting wavelength by adjusting the tem-
peratures instead of by modulating the injection current
is that the variations in the intensities of speckle patterns
due to the current change may be minimized so that
relatively good visibility should be obtained [4]. A pyra-
mid, chosen as a test object, is inspected at several con-
tour sensitivities. The resultant interferograms obtained
at these sensitivities are shown in figs. 3(a)—3(e) respec-
tively. This result has proved the possibility of contouring
a test object with more complex geometry without having
to produce a special master wave front; on the other
hand, this result also indicates that the technique gives
consistent and repeatedly results. In addition, the decor-
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Fig.2. Experimental curve of wavelength variation vs. tempera-
ture applied to the diode laser at constant optical power. For
technical details see text. —— Series 1, —— Series 2.

relation effect due to the wavelength change for this
specific ESPI contouring arrangement may also be ob-
served from figs. 3(a)-3(e).

3.2 Decorrelation effect and limitations of the technique

When high sensitivity contours are observed, speckle
decorrelation is likely to occur leading to the visibility
reduction of contour fringes, this has been seen from
figs. 3(a)-3(e). The fine scale detail of the speckle pat-
terns I, and I, change with wavelength, which explains
why the conditions Iy, = I,,,I,, = I, and ¢,, = ¢,, can
only be approximately satisfied. The performance of this
multi-wavelength ESPI contouring technique is limited
by the intrinsic speckle pattern decorrelation effect. To
quantify this effect, the correlation coefficients of speckle
patterns corresponding to the wavelength change are
evaluated by simple image processing technique incorpo-
rating experimental data of speckle patterns. This
method has been used for determining the decorrelation
effect in a dual-beam ESPI contouring system with single
wavelength illumination [7]. Fig. 4 shows the results for
the evaluation of correlation coefficients with eight frame
images of speckle patterns corresponding to different
temperatures applied to the diode laser (therefore the
different wavelength changes). It can be seen from fig. 4
and fig. 3 that the correlation of speckle patterns decreas-
es as the temperature applied to the diode laser varies (or
the illuminating wavelength varies). When the value of
the correlation coefficient of speckle patterns drops to
0.278, the contour fringes tends to be vanished, or equiv-
alently, the visibility of the correlation fringes goes to-
wards zero. It should be noted that the decorrelation of
speckle is also a function of surface roughness except for
being a function of the wavelength change. However, in
our case, the surface roughness is a constant and the
condition I' > 80 is satisfied, where ¢ is the surface
roughness [8]. Furthermore, we have assumed that all
other variables of the interferometer such as reference
beam/object beam ratio, camera focus and gain, input
laser power etc., are optimized, so that any loss in fringe
visibility may be attributed to the wavelength only.

By the quantitative analysis above, we could determine
that the correlation coeficients of speckle patterns corre-
sponding to the wavelength change (or temperature ad-
Jjustment) should be in the range of 0.418 to 0.314 in order
to ensure a reasonable visibility of the contour fringes,
which is an acceptable degree of decorrelation in this
technique.

4. Conclusion

In conclusion, we have demonstrated a new multi-wave-
length ESPI contouring technique from which an object
with more complex surface geometry could be inspec-
ted directly without having to produce a corresponding
master wave front, this would much simplify the ex-
perimental procedure. The conjugate condition imposed
upon the reference beam, as required in other type



I l-wavelength ESPI contouring technique
¢ 1 Framni simplified multi-wavelengin C @ ue
84 X. Peng. Y. L. Zou. H. Y. Duto. H. J. Tizzam. A plified : ;

of two-wavelength ESPI system, has been eliminated so

that optics alignment would become easier. In
comparison with using the Argon laser or tuneable dye
laser. a special range of contour sensitivities of
0.7-3.8 mm could be achieved by using a diode laser

system, which may extend the measurement range of

ESPI contouring techniques. The alternation of illu-
minating wavelength has been performed by adjusting

Fig. 3. Photographs of fringe patterns obtained in lll!llll-‘.«‘.i‘L"
length ESPI system with different contrast due to Qururrul.umlj..
The contour fringes of a pyramid were obtained at different sonsi
tivites: namely (a) at 3.8 mm contour sensitivity (21°C); (b1 at
2.5 mm contour sensitivity (22°C): (¢) at 1.02 mm (l:ll_(tll.!f ﬂ[l‘fl'
tivity (24°C): (d) at 0.8 mm contour sensitivity (2537C)z (¢} at
0.70 mm contour sensitivity (26°C).

the temperature applied to the laser diode instead Ok
modulating the injection current in order to remain ¢
mtensities of speckle patterns corresponding to tempe
ture variation unchanged and therefore permit a ress
able visibility of fringe patterns. The speckle rclu..
beam has been used in this arrangement so Ihf” the
quirement of precisely aligning the Ct‘ll‘ll‘ig}ll’:ltm‘ﬂ s
leased. In addition, the intrinsic decorrelation effec!
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Fig.4. The variation of correlation coefficient is plotted as a
funcuon of the temperatures (or the wavelength change) applied to
the diode laser (eight speckle patterns have been used to evaluate
the correlation coefficients).

to the wavelength change in this special arrangement has
been analyzed quantitatively and practical limits for the
range of application of this technique have been deter-
mined.
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