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A series of holograms were taken of a pop can to observe the deformations that arise due to
external stress. The research looked at stress due to a rubber band, carbonation, as well as the
gravitational weight from a small stack of papers. The deformations were observed using double-
exposure holographic interferometry in which two successive holograms were taken of the object with
and without stress. Stress was successfully observed and measured in two of the samples stressed
by a rubber band. The deformation of these samples were both calculated to be Ay = 7.0+ 0.2 um

along the surface of the can.

I. INTRODUCTION

In 1947, Dennis Gabor created a method of recording
both the amplitude and phase of a scattered light wave
by interfering the scattered wave with a reference wave.
A three-dimensional image, or hologram, could then be
reconstructed from the recorded information about the
scattered light. The process of creating holograms, or
holography, did not receive considerable attention until
the invention of the laser. The laser provided a coherent
and monochromatic light source that was able to produce
clean, well-developed holograms [1]. Since then, holog-
raphy has been used for microscopy, acoustical imaging,
radar imaging, and interferometry. Holographic inter-
ferometry is, by far, one of the most practical uses of
holography and its a technique that allows scientists to
observe the microscopic distortions of an object due to
stress. This technique has been applied to testing air-
plane parts and automobile tires, to studying the flight
of a high-speed projectile [2]. In this experiment, I used
holographic interferometry to measure the stress inflicted
on a pop can by a rubber band, carbonation, and a stack
of paper.

II. THEORY
A. Holography

A hologram is produced by interfering a reference beam
of light with a beam that has been scattered off an object,
as seen in Fig. 1. The xy plane is defined to be the plane
of the photographic film where the two waves interefere.
Light travels as a oscillating electromagnetic wave so the
electric field of the reference wave can be described by

Er(x, y) = Ey COS[Wt + ¢r(x, y)] (1)

where E,, is the constant amplitude of the field, w is
the angular frequency of the wave, and ¢,(z,y) is the
phase of the wave. The phase depends on position be-
cause the wave does not arrive at normal incidence [3].
The wave that scatters off the object has an amplitude
that depends on position because the light rays scatter
at different angles and locations. Therefore, the electric

field of the scattered wave can be written as

E(z, y) = Eos(r,y) COS[Wt + ¢s(x, y)] (2)

where F,s is the amplitude of the field, w is the angular
frequency, and ¢,(z,y) is the phase, also a function of
position due to the irregular wavefront.
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FIG. 1: The experimental setup used to create the holograms.

An irradiance distribution is created when the two
beams interfere at the photographic plate. This distri-
bution is found by

I(z,y) = ((B. + E)?) = (B} + E} + 2B, E,),  (3)
I(z,y) = (E2) + (EZ) + (2B, E,). (4)

Time averaging the first two terms results in

(B2 = S, (5)
and
(B2) = S B2, (6)

The third term is the interference term of the irradiance
distribution and depends on the phase difference between
the two waves. If the phase of the two waves differ by



an odd multiple of 7, the term will be be negative re-
sulting in destructive interference. If they differ by an
even multiple of 7, the term will be positive resulting in
constructive interference. This can be written as

(2E, Ey) = EorEos cos(¢r — ¢s). (7)

Therefore, the photographic film records an irradiance
distribution of

1 1
I(z,y) = iEgr + éEgs + EorEos cos(¢r — ¢s). (8)

With the interference of the two beams recorded onto a
photographic film, a hologram is produced. The informa-
tion can be extracted from the hologram by illuminating
the film with the original reference beam,

Er (:E, y) = Eor COS[Wt + d)'r‘(xa y)] (9)

The electric field of the transmitted wave is proportional
to the product of the irradiance distribution recorded in
the hologram and the electric field of the reference wave,
or

Et(xay) :I(I7y)ET(I7y) (10)

We can multiply Eq. 10 out and use the law of cosines
to determine the transmitted electric field to be

1
Et(gjvy) = §(E§r + EES)ET(‘T5 y)
1
+ iEgrEOS cos(wt + 2¢, — )
1
+ iEgrEs(xay)v

where the first term is the amplitude-modulated refer-
ence beam which was used to illuminate the hologram,
the second term contains —¢4 < 0 which carries informa-
tion on the inverse of the object the light was scattered
off, and the third term is an amplitude-modulated scat-
tered beam [1]. This final term contains all the necessary
information from the wave scattered off the object and
therefore describes the virtual image of the object.

B. Holographic Interferometry

Holography can be used as a means of measuring small
changes in distances or defects do to stress placed on an
object. A technique known as double-exposure interfer-
ometry measures these defects by taking two successive
holograms of the object. The first hologram observes the
object under stress. This stress causes a point on the sur-
face of the object to contort a distance of Ay. When the
object is relieved of the stress, the small change in dis-
tance vanishes and the second hologram is taken. There-
fore, two slightly different holograms are recorded onto
the same photographic plate and the difference between
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FIG. 2: A depiction of the thin film treatment of double-
exposure interferometry.

their recorded images creates an interference pattern of
light and dark fringes.

We will assume the object is locally flat for a light
ray hitting at any given point on the object’s surface,
allowing us to treat the situation as thin film interference,
as shown in Fig. 2. In this scenario, we have a light ray,
z1, deflecting off the unstressed surface to z3, followed by
a light ray, zo, deflecting off the stressed surface to z4.
Both rays deflect at an angle 0 to the normal. The optical
path difference between the stressed and unstressed path
is given by

AP = (214 2z3) — (22 + 24) (11)

and is visually represented by the green line segments in
Fig. 2. If the difference between the surfaces is Ay, we
can geometrically determine the optical path difference
to be [3]

AP = 2Aycos?b. (12)

For the two deflected light rays to total destructive
or constructive interference, the optical path difference
must fulfill the requirement

AP = @7 (13)
2

where A is the wavelength of the light ray, n is the total
number of fringes, odd n represent destructive interfer-
ence, or dark fringes, and even n represent constructive
interference, or bright fringes. By combining Eq. 12 and
13, we can derive an equation that measures the total
affect of the applied stress, or

nA

Ay = .
4 4 cos

(14)

III. EXPERIMENTAL PROCEDURE
A. Producing the Hologram

To create the holograms depicting the stress applied
to a pop can, I used the set up shown in Fig. 1. A



A = 632.8 nm HeNe laser beam was sent through a beam
splitter, transmitting 95% of the laser light and reflecting
5%. The reflected light was sent through an 0.85 NA
objective lens and directed onto the photographic plate.
The transmitted light was passed through another 0.85
NA objective lens and directed onto the stressed pop can.
The pop can was aligned to allow most of the transmitted
light to reflect off its surface and onto the photographic
plate without disturbing the path of the reference beam.

The hologram was made in the dark room and the
photographic plates were stored in the dark so they would
not be exposed. A beam block was used to control the
exposure of the plate. Before exposing the plate to the
laser light, the beam block was lifted from the table and
kept in the path of the laser beam for about a minute and
a half to quell the vibrations caused by lifting the beam
block. The block was then removed from the laser path
for four seconds to expose the plate. For the holographic
interferometry experiments, a second exposure of four
seconds was taken after removing the stress from the pop
can. As soon as the photographic plate was exposed and
the hologram was recorded, the plate was removed for
developing procedures.

B. Developing the Photographic Plate

The chemical solutions used for developing were pre-
pared before the holograms were created. The procedure
required 50 mL + 50 mL of an A-B developer solution,
a distilled water bath, 75 mL of a bleach solution, and
a container of distilled water mixed with Photoflo. The
contents of the A-B developer solution and bleach were
provided by the manual from Photographers Formulary
Inc. [4].

With the lights remaining off, the photographic plate
was submerged into the A-B developer solution with the
front of the plate facing up. The photographic plate
turned a cloudy black color in the developer. The so-
lution was shaken gently for two minutes and then the
plate was moved to the distilled water bath. The plate
lay in the bath for two minutes and then moved to the
bleach solution where it remained for less than two min-
utes. The bleach solution caused the plate to lose its
cloudy, black color and turn transparent again. After
the plate was removed from the bleach, it was placed un-
der running tap water for three minutes to rinse off the
bleach. Before it was left to dry, it was placed into the
Photoflo solution for one minute to allow the plate to dry
without any water marks. The lights were turned on at
this point and the plate was left to stand upright, against
a wall, to dry on a paper towel.

C. Viewing the Hologram

After the holographic plate was left to dry for half
an hour, it was placed into a ThorLab filter holder and

illuminated with the HeNe laser. The transmitted light
was projected onto a white background in order to see
a real image created by the hologram. This image was
photographed with a digital camera and transfered to the
computer for further developing work.

IV. DATA

Seven holograms were developed, HT1-HT7, using the
described setup to investigate different forms of stress ap-
plied to a pop can. A rubber band was placed around the
center of the can to provide the stress in HT3 through
HT5. The other two forms of stress were increased pres-
sure within the pop can due to carbonation and a stress
due to the gravitational force of a stack of papers lying
on top of the pop can. The stress caused by these sce-
narios could not be successfully seen in the holograms.
Images of the holograms for HT4 and HT5 are shown in
Fig. 4 and 5 respectively. The images on the left of these
two figures are the actual photographs of the holograms
while the images on the right were manipulated in Pho-
toshop to increase the contrast between the red and black
colors. This made the total number of fringes easier to
count during analysis.

The distance between the surface of the pop can and
the surface of the photographic film was measured to be
a = 14.354+0.15 cm. The distance measured between the
surface of the pop can and the tip of the objective lens
was b = 14.6 = 0.2 cm. Finally, the distance measured
between the tip of the objective lens and the surface of
the photographic film was ¢ = 16.9 £ 0.2 cm.

V. RESULTS

The angle the light rays scatter off the pop can with re-
spect to the normal was found through the law of cosines,

or
1 (a® 4=
= — _— . 1
0 5 COS ( 575 (15)

The error in 6 was propagated using the equation

90 \® . (90 \* (90 \?
o= (%) o (%) (%) o

Plugging in the values for a, b, and ¢ gave us 6 =
0.62 £ 0.01 radians. Only the most direct angle was in-
vestigated in the analysis of the holograms. The most
direct angle the light rays could scatter off the object
corresponded to the most intense imaging. Therefore,
the hologram produced was made primarily from light
rays scattering off an angle of approximately 0.62 radi-
ans. We also desired to calculate the uncertainty in Ay.
This error in Ay was found through

C[fany \? o fony P
OAy = \/(anUn) + (8009) . (17)




FIG. 3: The geometry used to determine the scattering angle
0.

FIG. 4: The HT4 hologram depicting the pop can under the
stress of a rubber band.

Out of the three trials performed with the rubber band
as the agitator, HT4 and HT5 produced clear three-
dimensional holograms with interference patterns corre-
sponding to the deformations. Both holograms, shown in
Fig. 4 and 5 respectively, had n = 36 + 1 total fringes,
resulting in a deformation of Ay = 7.0 £ 0.2 um. An
uncertainty of o, = 1 was chosen because it was fairly
ambiguous where to begin counting the total number of
fringes. It is interesting to note that the rubber band
created different regions of strain. In HT4, the fringes
for each region were distinct, separate, and concentric,
however, in HT5, the regions began to overlap causing
outer fringes to merge. This can be seen in between the
two fringe patterns in Fig. 5

FIG. 5: The HT5 hologram depicting the pop can under the
stress of a rubber band.

VI. CONCLUSION

The results of this experiment demonstrated that the
stress inflicted on a pop can can be experimentally quan-
tified but defects do remain in the setup. From HT4 and
HT5, it was calculated that a rubber band can apply
enough stress on an object to distort it by Ay = 7.04+0.2
pm. While the rubber band applied a stress along the
total circumference of the pop can, the stress was un-
evenly distributed, resulting in the various regions of
strain observed in Fig. 4 and 5. Therefore, the value
of Ay = 7.0 £ 0.2 pm can only be attributed to one
point along the circumference of the pop can. The un-
equal deformation of the can was most likely due to the
variable strength along the length of the rubber band,
the defects of the pop can (eg. minor dents, imperfect
spherical shape), as well as the imperfect placement of
the rubber band around the can. If the rubber band was
tilted slightly with respect to the ground, it would apply
stress to the can in an elliptical form.

The stress caused by carbonation and the weight of a
stack of papers should be further investigated. For this
investigation, a better set up needs to be constructed
that can image the entire can and not just the upper
half. Kasper and Feller [2] describe a technique in which
two beams are used to illuminate different portions of
the object being imaged. This would improve the holo-
graphic image as well as give a broader view of the pop
can, allowing more forms of stress to be investigated.
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