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ABSTRACT

This paper reports on a simple approach of determining the ability of a transparent material, such as cellophane to rotate
the direction of polarization of a light beam. In order to determine the birefringence of such a material, a Mach-Zehnder
interferometer is used to generate interference patterns when the cellophane sheet is mounted on one arm such as to
intercept a portion of the laser beam. The recorded interferograms show a phase shift which is calculated to be 0.98n
radians. By rotating the cellophane sheet on the object beam, the fringe separation is measured for different angles and
the values used to calculate the ordinary and extraordinary refractive indices as 1.4721 + 0.0002 and 1.4680 £ 0.0002
respectively at 632.8 nm wavelength. A surface error of approximately 4/16 (peak to valley) is measured from the re-
corded interferograms. Because of its sufficient birefringence and small thickness of 24 pm, cellophane can be used to

fabricate special polarization pupil masks by cutting and aligning different cellophane structures appropriately.
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1. Introduction

Cellophane is a thin, flexible, transparent material made from
wood pulp and used as a moisture proof wrapping. Its im-
permeability to air, oils, greases, and bacteria makes it
useful for food packaging. It is still used today for pack-
aging a variety of food items as well as in industrial ap-
plications like a base for self-adhesive tapes. There has
been some resurgence of interest on cellophane sheet due
to its behavior as a half-wave plate [1]. The sheet has been
used to fabricate a complementary cellophane optic gate
for 3D iPad display [2] and to study the effect on polar-
ized light [3].

During its manufacturing process, an alkaline solution
of cellulose fibers (usually wood or cotton) known as
viscose is extended through a narrow slit of an acid bath.
The acid regenerates the cellulose, forming a film. Fur-
ther treatment, such as washing and bleaching, yields
cellophane. Due to the unidirectional stress during the
extrusion process, the cellophane is an anisotropic mate-
rial and behaves like a calcite crystal. The refractive in-
dex n, of the cellophane along the longer dimension of
the rolled cellophane is different from the refractive in-
dex n, in the direction of the shorter dimension (x-direc-
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tion). As a result, a light wave component polarized in
the x-direction propagates through the medium faster
than the component polarized in the y-direction. After
transmission through such a medium, a phase difference
arises between these two light wave components. This
behavior exhibited by the cellophane sheet strongly
points to the fact that it can be used as a half-wave plate.
The sheet shows superior behavior when used for rotat-
ing the direction of polarization and as a result has been
used to convert a laptop computer screen into a three
dimensional display [4]. The film has been shown to
have retarder properties for a wide spectrum of wave-
lengths 400 nm to 780 nm [5]. Wave plates operate by
imparting unequal phase shift between the two polarized
components of an incident light beam. On emergence,
the phase difference ¢ between the two beams is given
by:

9= nn,)a 0

where A is wavelength of the incident light, n, and n,
are the refractive indices of the fast and slow axes re-
spectively and d is the thickness of the wave plate [6-8].
If such a phase difference is equivalent to n radians, the
material is a half-wave plate (HWP). Such a material will
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rotate an incident beam to twice the angle between the
incident beam and the optical axis [9-11].

In the next sections, it will be demonstrated that, the
ability of a transparent material to rotate polarization of
an incident beam can be deduced by measuring the opti-
cal power modulation of the s- and p-polarized compo-
nents. Further, a Mach-Zehnder interferometer is used to
measure the birefringence due to a transparent sheet such
as cellophane.

2. M ethodology

A simple optical system is designed to measure the mo-
dulated light beam as the cellophane sheet is being ro-
tated. A comparison with a commercial HWP is done.
Further, a Mach-Zehnder Interferometer is used to study
the birefringence of a cellophane sheet.

2.1. Measurement of Modulated Light Beam
Intensity

The schematic set-up used for this study is shown in Fig-
ure 1. A linearly polarized light beam from a He-Ne La-
ser is spatially filtered and then collimated. The colli-
mated beam is passed through a polarizing beam splitter

cube (PBS), which separates the P and S-polarized waves.

The cellophane sheet sample was mounted on a rotatable
holder calibrated in degrees and placed on the beam path
before the PBS (Figure 1). In order to investigate the
phase retarding property of the cellophane sheet the
mounted sample was rotated in steps of 5° and the power
of one of the polarized waves from PBS measured. The
power meter was interfaced to a computer for display and
recording of data. A commercial half wave plate at 633
nm was also investigated for comparison with the cello-
phane sheet sample. This experiment produced the result
presented in Figure 3.

2.2. Measurement of Cellophane Birefringence

To further investigate the birefringence properties of the

SF CL Cellophane  pgg

LASER _lld] >
V

p—pélarized

v »

s-polarized

y

Detector

Figure 1. Set-up to investigate the birefringence of the cel-
lophane sheet. A correct choice of the cellophane sample
rotated the direction of the linearly polarized beam giving
riseto varying p- and s-polarized beam powers.
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cellophane sheet, a Mach-Zehnder interferometer set-up
was used as shown in Figure 2. The Laser beam was
spatially filtered and collimated by the collimating lens
CL. It was then split by beam splitter BS; to form Beam
1 and Beam 2. Beam 1 interacted with the cellophane
sample before being reflected by M, to BS, where it in-
terferes with the Beam 2. As a result Beam 1 is referred
to as the object beam because it carries information about
the sample whereas Beam 2 is the reference beam. The
cellophane sample in Figure 2 was half-way sandwiched
between two glass plates for support and the combination
mounted on a calibrated rotatable mount. The mounted
cellophane sample was such that, the zero mark of the
rotatable holder coincided with the direction of its length.
It is this mounted cellophane sample that was placed on
the path of Beam 1 and the resulting interference pattern
in the set-up recorded.

The patterns were projected on the CCD-Camera in-
terfaced to a computer for the display and recording of
the inteferograms. The results of this experiment are pre-
sented in Figure 4. To determine the refractive index of
the cellophane sample, the orthogonal directions defining
the fast and slow axes must be known. To accomplish
this, the cellophane sample was placed on the path of
Beam 1 of Figure 2 and rotated as the fringes were re-
corded.

The refractive indices were determined by measuring
the spacing between adjacent fringes AV, and AV,
for two sets of interference patterns recorded at different
angles of the mounted cellophane sheet. Equation (2) was
used for evaluating the extraordinary and ordinary re-
fractive indices 7, and n, respectively.
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Figure 2. Set-up to record the interference pattern with the
cellophane mounted so as to intercept a portion of beam 1.
The same set-up is used to determine the fringe spacing for
different angles of the cellophane sheet. SF is the spatial
filter, CL iscollimator lens, BS; and BS,; are the beam split-
tersand M;and M, arereflecting mirrors.
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where n is the refractive index and & is the incident
angle [12].

3. Experimental Results and Discussion

A series of experiments were performed to investigate
the ability of a cellophane sheet to perform as a purpose
built half-wave plate (HWP). The graph presented in
Figure 3 indicates the power variation from the polariz-
ing beam splitter (PBS) as the cellophane sample and
commercial HWP were rotated. This was achieved using
the setup in Figure 1.

The graph shows power in milliwatts at each of the
data points corresponding to an angular position of the
cellophane sample and HWP. The cellophane sample
compares very well to an ideal HWP in rotating the di-
rection of polarization of the laser beam. The power is
maximum when the polarization direction of the beam
emerging from the cellophane sheet is parallel to the di-
rection of an s-polarized wave of the PBS and minimum
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Figure 3. A plot of the measured optical power values
versus angles of rotation for cellophane sheet (a) and a
commercial HWP (b).
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when orthogonal. It is also clear from the graph in Fig-
ure 3, that the commercial HWP gives higher maximum
and lower minimum power levels. This is due to the
anti-reflection coating possessed by the commercial HWP.
If we define the ratio between the maximum and mini-
mum power as the extinction ratio; the extinction ratio of
the cellophane sheet is approximately 470 and 1770 for
commercial HWP.

Figure 4 shows the recorded fringes in gray scale
when the cellophane sheet is mounted such as to inter-
cept a portion of beam 1 in Figure 2. The interferogram
shows a discontinuity at the point where the cellophane
sample ends. This discontinuity is rather not straight be-
cause of an irregular cut of the cellophane sample. The
interferogram clearly shows a phase shift which causes a
dark fringe to coincide with a bright fringe at the oppo-
site sides of the boundary. Figures 5(a) and (b) shows
the pixel intensity plots along the cross-sections (i) and
(ii) of Figure 4 respectively. The fitted waveform is in-
cluded as well. Using equation 1 and the parameters ex-
perimentally obtained, a calculated phase shift of 0.98x
radians was obtained. To determine the directions defin-
ing the fast and slow axis, a comparison of the cello-
phane sheet with a commercial HWP (which has both the
fast and slow axis defined) was done.

For fast and slow axis the direction of polarization is
only altered in such a way that the two beams remain
parallel to each other and therefore make maximum con-
tribution to interference. When mounted 45° from the fast
axis the polarizations of the object and reference beams
are orthogonal to each other. Their contribution to inter-
ference is zero. Figure 6 shows the interference patterns
and their corresponding pixel intensity profiles when the
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Figure 4. The interference pattern of the cellophane sheet
half way mounted, where (i) Indicates a cross section on
part with cellophane and (ii) Indicates a cross section on
part with no cellophane. An irregular cellophane boundary
can be seen dueto an irregular cut.
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Figure5. (a) The graph of the intensity profile on the half without cellophane and fitted curve; (b) the intensity profile on the
half with cellophane and fitted curve; (c) graph of intensity profiles from (a) and (b) plotted together. The graph clearly
shows a phase shift where the maximum of one profile coincides with the minimum of the other. L ower power isrecorded on

part with cellophane sheet because of losses due to diffuse reflection on cellophane surface.
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Figure 6. (a) Fringe pattern recorded with cellophane mounted along its length; (b) The corresponding pixel intensity graph
for (a); (c) Fringe pattern recorded with cellophane mounted 45° relative to its long dimension; (d) The pixel intensity plot for

(c).

polarizations of the interfering beams are parallel and or-
thogonal respectively. The cellophane sheet showed maxi-
mum fringe contrast along the length axis and along the
width axis (Figure 6(a)). This corresponds to the polari-
zation of the object and the reference beams being paral-
lel to each other at the point of interference.

In order to determine the fast and slow axis, interfero-
grams were recorded for angles of incidence adjacent to
the two axes. The recorded interferograms were further
analyzed to obtain the fringe separation in each case.
Using the measured values and applying Equation (2) for
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the fringes recorded at different angles of incidence ad-
jacent to both axes yields refractive index values of
1.4680 £ 0.0002 and 1.4721 £ 0.0002. The fast axis has
the lower value of refractive index and is along the
length of the cellophane sheet. The slow axis is along the
width of the sheet and has the higher value of the refrac-
tive index. Therefore the ordinary and extraordinary re-
fractive indices for the cellophane sample at 632.8 nm
wavelength are given as 1.4680 + 0.0002 and 1.4721 +
0.0002 respectively. From the refractive index obtained
and thickness of 24 pum, it becomes possible to calculate
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the phase difference. Applying Equation (1) results to a
phase difference of 0.977031 ¢ radians. A peak to valley
surface quality error of 0.0634 (approximately 4/16) was
calculated using the Atmosfringe optical software.

4. Conclusions

Interferometry analysis of a cellophane sample has been
accomplished using a Mach-Zehnder interferometer (MZI)
setup. Using the setup, it was established that a right
choice of cellophane sheet possessed sufficient birefrin-
gence to perform as a half wave retarder. The fast and the
slow axis of the sample were determined to be along the
length and width of the sample respectively. The calcu-
lated values of the ordinary and extraordinary refractive
indices were 1.4680 = 0.0002 and 1.4721 + 0.0002 re-
spectively which gave a birefringence value of 0.0041 +
0.0003 with the error being calculated as the square root
of the sum of the squares of the errors.

A phase shift of 0.98n radians was evaluated from in-
terferograms recorded when mounting the cellophane
sample on one arm of the MZI as to intercept a portion of
the laser beam. The measured phase shift value compares
very well with that of a purpose built half wave plate. Its
retardation is 98% that of an ideal half wave retarder;
hence a correct choice of cellophane is good enough to
perform as a half wave retarder. A surface quality error
of approximately /16 (peak to valley) was measured by
analyzing the recorded interferograms. Consequently, the
cellophane sheet provides an alternative to commercial
half wave plates especially in applications that are not
critical to surface aberrations or the beam can be spatially
filtered after passing through the sample. Because of its
sufficient birefringence and small thickness, cellophane
can be used to fabricate special polarization pupil masks
by cutting and aligning cellophane structures appropri-
ately. Such a mask has been proposed in a theoretical
paper on super resolution [13] and shown to be a poten-
tial candidate of narrowing down the focal spot of a
highly focused laser beam.
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