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1.  INTRODUCTION

In recent years several efficient systems have been developed to analyze
laser speckle interferograms. These systems employ both single beam and full
field reconstruction techniques to perform these analysis. This report
documents a new technique for obtaining data using aperture reconstruction.
The new technique is one of the most simple and least costly methods to use.

Laser speckle interferograms are most commonly used to make deformation
measurements of deformable bodies. ' Figure 1 illustrates the basic method
for making a laser speckle interferogram. When a diffuse surface of a
structure is illuminated with coherent radiation, a grainy speckle effect is
imaged by the eye or film plane of a camera due to the interference of light
from the structure. This speckle effect is enhanced when the structure has
microscopic surface irregularities. If the optical configuration remains
fixed, the speckle pattern of the test object may be recorded on the film
plane of a camera. Further, if the structure is deformed, the speckle points
shift with the deformation and a second exposure of the deformed speckle
pattern can be made.

Using a technique of double exposure, speckle interferograms of a
structure are normally-made by photographing the speckle pattern in a de-
formed and undeformed configuration. A beam of laser light is then passed
through a region of the double exposure where the local deformation is desired.
As the beam passes through the film, the deformed and undeformed speckle
recorded there diffract the laser light and cause an interference effect on
a viewing screen. A diffraction halo modulated by light and dark bars of
light is produced where the distance 2d between bars is inversely proportional
to the distance between the undeformed and deformed speckle on the film
plane. A normal to the light and dark bar pattern indicates the axis of
deformation of the speckle. The theory to be developed assumes that the
deformation region illuminated by the laser beam in reconstruction is uniform
and that the linear optical theory is applicable.
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Figure 1. Laser speckle interferometry configuration.
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2, THEORETICAL DEVELOPMENT

Figure 2 illustrates the reconstructed diffraction halo modulated by
light and dark bars of light. From the linear theory,1 the displacement in
the 6 direction of a point on the body is given as:

- SAf
Ysg = 724 &

where,

film scale factor (magnification ratio).

wavelength of laser illumination source.

distance from interferogram to analyzer screen.

1t

distance from central bright spot to first minima.

[=I-T
m

displacement of the point illuminated by the laser on the object
in the 6 direction.

CENTRAL BRIGHT SPOT
FROM LASER

/ DIFFRACTION HALO

i [ - I

FIRST MINIMA IN
LIGHT FIELD

Figure 2. Diffraction halo geometry.

The vertical, U, and horizontal, Uy components of displacement may be
obtained from Ue as:

UH = Ue cosh = %%; cosb . (2)
UV = Uy sin 6 = %%; sinB . 3

and from the geometry,
= cosb (4)

4
dH




%—-= sinf (5)

\
therefore,
SAf
H 2dH
SAf
U, = 201 (7
\ 2dV

Figure 3 illustrates the aperture method for the full field reconstruction
of laser speckle interferograms. In this system a laser light source is
filtered and collimated to produce a parallel light field. An interferogram
is placed in the light field. This action generates an infinite number of
Young's fringe diffraction halos. An aperture placed in the diffraction field
is used to selectively map only a small region of each diffraction halo into
the film plane for photographing purposes. The result in the viewing plane
appears as a series of light and dark fringes from which displacements can be
obtained. In this process the collimater can also be replaced by a point
source of light located at infinity and multiple wavelength light is permis-
sible. The aperture is the key component in the system. Its purpose is to
map out small regions in the interferogram plane which interfer in the viewing
(or film) plane to produce fringes. In the process, speckle is a deformed
configuration and undeformed configuration recorded as a double exposure
speckle interferogram, interfer in the viewing plane to produce fringes which
can be interpreted for displacements.
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Figure 3. Aperture reconstruction of laser speckle interferograms
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A. Optical Path Length Analysis

Figure 4 illustrates the path lengths to be analyzed in this section.
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Figure 4. Interference of laser speckle in the viewing plane.

From Figure 4, the path length difference of speckle located at c and d
interfering at y1 is given as?:

B=]s-%] (8)

Now, from the geometry:

8= {o+y + DT a2}t oGt 4y - D2 22l ()
let,

Y=y+y

=3
Therefore,

g=fiy+er? +22} - fy -0 +22}? (10)




For a minima to occur at y1:

B=(n+ %)X n=0,1,2,... (1D)
For a maxima to occur at yl:
= 1 135>
B=(n + z)k n =, o s e (12)
For a binomial series?:
T 13)
= (n— _ = =4 Ty
(X + y)n - X 4 ox™ ly o n(;.ll 0 2y2 5 n(n 1)(n3%)X y3 4+ ...
where (y2 < X2) (13)
ooo for y2 < Xz,
(L Lo, 2
(X + y)% = X% + x5y + 50 - DX*Py (14)
2 251
1 (L 1 L-3 3
L - 1)Cs - 2) X2 Y
* 521 i e
L 1 1 -3 3 5
or, (X+y)2=X/2+7X"/2y-§X 2y2 +35 X7 y3 4+ ... (15)
The first and second approximations yield:
1
X+ )i~ Xt 2x7y (16)

Using the first and second approximations with Z>>y and returning to Equation
(9) yields:

N+

B = {Z+ %(y+y1 +§)2}‘{Z+%%(y+yl —%)2}

{Z +-§E (v + e)z} - {Z +-%Z(y = e)z}

]

=%{(y+e)2— - oF =§%{Y2+2Y€+€2-Y2+2Y€—€2}

AL _ 2ye _Yr
= 7 {‘We} = 7 @7
Now, Z=12721+ 22
Y=y+y
1
and L/ P 121 (18)
’ Z1 2> y y Z>



11+% IZZZ+ =
e T 1
Y\TF 22 T \Zy + 22 £
g =L (n+d (20)
Z2 2
Finally,
SZaA 1
=i n + — 21
GRS (21)
Where,
r = displacement
y1 = screen location
A = wavelength of light source
n = fringe order
S = 1interferogram magnification ratio
7, = aperture-viewing plane separation

B. Diffraction Halo Analysis

Figure 5 illustrates an alternate method of analyzing the aperture
technique of reconstruction. Consider a diffraction halo originating at yi
or y2. The aperture effectively allows only a portion of each halo to be
mapped at yi and y% respectively. If y; or y2 are minimas then for each
minima“:

SAZ1 SAZ1 SAZ1
rs = _2_— y ra = _2—" y rs = T_ (22)
YI —3—-y2 -gyS

and so forth, where r; defines the order of the minima.
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Figure 5. Diffraction halo analysis of the aperture system.

8




In general, for a minima

SAZ1

= (2 1) W="0, 1, 2, 3, (23)

Now, 21 222 (24)
3 g

Therefore,

2 = 222l Pt (25)

2y}
1

or, r = %3%2 (n +3) (26)

Equation 21 or 26 may be interpreted as follows: Upon viewing the diffraction
image in the film plane fringes are assigned the numerical values of N = .0

for the first minima away from the central bright spot. Equations 21 or 26
are used to predict the displacement at a point based upon its distance from
the central bright spot and the displacement occurs along an axis formed
between the central bright spot and the point of interest.

3. EXPERIMENTAL VERIFICATION

A series of experiments were conducted to verify the theory of Section 2.
A typical test is documented in this section for the purpose of comparing
aperture and single beam methods of reconstruction. Figure 6 illustrates
the laboratory apparatus used in the experiment. The beam from a Spectra
Physics Model 125 He-Ne laser (6328A) was expanded and filtered using a
Spectra Physics Model 332 spatial filter. The beam was collimated using a
6.0 inch diameter lense although in some experiments a 2.0 inch beam diameter
Spectra Physics Model 336 collimater was used. A Uniblitz Model 310B shutter
timer control was used to control the radiation exposure on Poloroid Type 52
film. About a 1.0 sec exposure time was used. The interferogram used in the
experiment was obtained by loading an SP250 uniaxial 30° composite specimen
in simple tension. The specimen was 0.0625 inch thick by 1.00 inch wide and
12.00 inch long. TFigure 7 illustrates typical aperture reconstructions of
fringe patterns for similar composite specimens. 1In Figure 7 the central
bright spot was blocked out using a stop in the aperture-film plane field.

Verification of the theory was conducted using the specimen interferogram
shown in Figure 8. TFor the experiment the following test parameters were used:

Z1 = 13.75 in.

Z, = 15.25 in.

s = (1.14)"°1

fi  =alSlyls Tm.

2d = 1.125 in.

A = 2.4913 x 1072 in.

Aperture diameter = 0.10 in.



a. System with a commercial collimater.

b. System with a lense collimater.

Tigure 6. Typical laboratory aperture reconstruction systems.

10



Figure 7. Typical fringe patterns generated from
uniaxial composite tensile specimens
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In the experiment, data from the aperture reconstruction was compared
with the single beam analysis presented in Section 2. Using the single beam
analysis:

_ SAf _ -1 _5y (131.75),
rSp i (1.14) (2.4913 x 10™°) 1 175 in.
r = 2.5592 x 10~3 in.

sp

This data was taken at a point equivalent to the central bright spot of
Figure 8. Displacement was along the uniaxial load axis.

For comparison purposes using Figure 8 and for n = 3, yl = 0.481 and

y%l = 0.436 along the uniaxial load axis through the central bright spot.
For this case using Equation 26, the average displacement becomes:

i
2

r, = SZA(n + %) (27)
Thérefore,
r, = 110 22206 4013 % 10°5) (3 + 0.5) {—dr+ i
r, = 2.5501 x 1073 in.

The percent difference between the two solutions is 0.3567% indicating
excellent agreement in results.

<+————————» Uniaxial load axis

Figure 8. 30° uniaxial tensile composite specimen used to verify
the theory.
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4. CONCLUSIONS

The aperture analysis of laser speckle interferograms is a simple direct
approach to low-cost quantitative analysis. The process is simple to perform
and provides a permanent record of the analysis. Basic advantages of this
analysis include:

Low cost

Simple optical alignment
Simple system

Permanent record of the data
Excellent fringe contrast
High signal to noise ratio
Real time inspection

Variable sensitivity

The specific disadvantage is that a slight amount of interpretation and
formula usage is required. This is so insignificant that it is of little

concern.
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SYMBOLS

Distance from the central bright spot to the first minima
"Horizontal component of d

Vertical component of d

Distance from the interferogram to the analyzer screen
Fringe order

Displacement in aperturé analysis

Film scale factor (magnification ratio)

Horizontal component of UB
- Vertical component of US

Displacement of the point illuminated by the laser on the object in
the 6 direction

Screen location in aperture analysis
Aperture to the viewing plane separation
Wavelength of light source

Angle of fringe orientation

Optical path length change
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