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1. Abstract

Twisted nematic leuid crystal spatial light modolators, (SLM) are widely used for amplitude
modulation of light. The technique for measurnng phase and amplinde modulation introduced by
a twisted nematic cell 15 not new bt the novelty here is that after characterisation of a Holoeye
LC2002 THNLC device we were able to identify specific conditions that allow for its use as a pure
120 degree or more, phase modulater with little or no amplitode modulation at 514.5 nm laser
wavelength The phase shift introduced by the SIM was measwed wsing a Mach-Zehnder
interferometer. The expenmentally measured and the theoretically predicted intensity
transnussion and phase shift as functions of gray levels, are compared. Finally, the effects of
errors in the anmgplar sethings of the polarizess and cuarter waveplates on the infensity
transnission and phase shift are studied.

1. Introduction

Pure phase mode of operation of a SIM can be achieved by careful study of its physical
properties - twist angle (o), input director orientation, maxinmm (off state) phaseshift, and both
voltage-dependent phase shifts due to bulk and edge birefringences ( p and &) [ 1-6]. The intensity
transnuttance. (T) for a Polanzer-SIM- Analyzer system when the input director is parallel to

one of the coordinate axes is expressed as [3, 6]:
T =[X cos(9, -, ) +Zsin(p, -9, +0)]*+[Y, cos(p +¢,-w)}...0

where,
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Here, :plaﬂd g, are the polarizer and analvzer angles respectively, measured with respect to the
wmput director of the SLM. Here, all angles are taken as positive when measuged clockwise
locking from the detector side and the transmmssions are normalized m order to elinunate the
wtensity fluctuations [7]. By uvsing the Solver fitting whlity of Excel at three experimemntal
confignrations (p,= 0, p,= @+90°), (9,=45", p,=ar 45"), (p,=22.5°, p,=r+112.5") and at four
wavelengths the values of B(V) and 5(V) as functions of gray level [3, 6] were obtained. It was
then possible to search for any desired modulation behaviour by infroducing external polarization
components. The mwost general way to obtain any desired amplitnde or phase modulation
behaviour is to use a polanzer-QWP-SLM-QWP-analyzer setup [6. 8]. This setup was used to
generate a desired elliptically polarized eigenvector whose ellipticity changes as a finction of the
birefringence of the LC which in fwm is proportional to the applied voltage [9]. The infensity
transmittance and total phaseshift for such a system are given by [6]:

where, Agr and Apy are the real and imaginary parts of the whole system with
Aw= X {cos'dcos(Q—0:+ a) —sin’ deos[2( — ) -+ 0=+ ]}
-Yicoshsind {cos[2n: +pi—gz—a]+cos[2m—qou+@r—al} oo (4A)
+Z{cos’dsin(p - @: + a]—sin’ dsin[2(n—n) —o + 0+ a] b
and.
An=-X cos®sind{cos(2n: - ¢ —@:—a) +cos[2— @ —Q: + 1]}
+Y {cos*Dcos(p + 0. —a)+sin* D eos[2m+m2) — o -0 —a]} (4B)
+Z costh sind{smn[2n: - @ - @: —a]—sn[2n -g —g:+ a]}.

Here 1, 1; are the orientations of the slow axes of the first and second (QWPs. The value of $is
45" fixed by the QWPs at the desired 514 5nm wavelengih

In order to evaluate the inflnence of the nusalipnment of the angolar positions of the polarising

components on the cuiput Light properties (transoutted intensity and phase) equation (2) and (3)
nmst be analysed by differentiation. Tramsmussion and phase errors, (AT Ay due to small angular



misalignments of polarizer, (Ag) , analvzer, (Ag:)and first and second QWPs (A, Amy) are given

by
JT T JT
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The theoretical valves for AT and AW can be calculated by calculation of the partial differentials
(5A) and (3B) for specific valpes of the misalignments in the angular positions of the each
elements - Afpr, APz, Ay and Anz. For practical reasons this deviations should not exceed £2°.

The total transmission and phase errors, (57T,6y) due to ervor in positioning of all the elements in
the setup can be found as

&1 =J[ g; .L\.:pu]l +[}%{ .ﬂ.qhe.]z +[ %{ 3111..:’1 +{ % '_"Lr]_-]z ...................... (6A)
and,
E»q:=J[§: .ﬂtp]::+ %szz_{% .ﬁ11..:’!+[%.ﬂ.r].-]z ..................... (5B)

3. Experimental Methods for measuring phase shift and intensity modulation

The Mach-Zehnder interferometer is commonly used for measuring the phase shift introduced
after transmission through a SIM [10-14]. Zhang [15] and McClain [16] uwsed diffraction



techniques for measunng phase shift, which are noninterferometric but have the disadvantage of
being derived from infensity measurements, as higher measuwrement accuracy depends uvpon
camera resolution and quantization by the image board. Marquez [17] vsed diffraction gratings
for measuring the phase shift experimentally, which required very precise Ronchi components, in
order to obtain required equal intensities in the first orders. We vsed a near common-path Mach-
Zehnder interferometer (Fig.1) to measure phase shift becanse this technique is less sensitive to
temperature, vibration, and 15 simple but cost effective as the SLM is effectively split info two
parts. An ordinary CCD camera or a webcam could be used to capture changes in the fringe
pattern. for measuring phase shift. A laser beam was expanded and collimated to illuminate the
SIM through a double-hole mask in fromt of the SI.M_ separating 1t mio two distinet paris; one
part 15 addressed with a constant gray lewel of 0, whereas the other part is addressed with gray
levels from 0 to 255, The holes had to be identical to obtain the best comtrast in the fringe

NDF P WP SLM WP2

-

A

Fig 1: Experimental setup for measuring phase shift Here, WDF: nentral Density filter, SE:
spatial filter, P: polarizer. WP: quarter wave plate, A: analyzer, SIM: spatial light modulator, W
mirror, BS: beam Splitter, and L- lens.

It is a nsual practice to vse a 4-f system [18] fo enable the beams to interfers with each other, (for
example, Holoeye used this technique), but in our expenment an ordinary beam splitter behind
the SIM was used to overlap the two beams [Fig.1]. A lens (L) was used to expand the
interference pattern onto a webcam (Pro 5000, Logitech). The phase shift appeared as a shift in
the mterference pattern and was evalsated by the ‘Phase cam’ software [18]. A program written
in LabVIEW was nsed to change the gray level of the SIM in crder to measure the intensity
modulation. Intensity modulation was measured by blocling one of the splitting beams and
teplacing the webcam with a photo detector and the whole display was addressed with a
homogeneons gray level.



4. Results

4.1. Characterisation of the basic properties of the SLM

By using the Solver utility of Excel module at three experimental configurations (9,= 0. 9,=
a+90%), (9,= 45" p,= -45"). (p,=22.5". p,=r+112.5") and at four wavelengths, the values of
B(V) and &(V) as functions of gray level, were found [3, 6] [Fig.2]. Once B(V) and &(V) were
obtained, we nsed the polarizer- QWP1-SIM-QWP2-analyzer zetup to get the desived phasze-only
or amplitnde modulation
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Fig.2: Phase shifts due to (a) Bulk birefringence, BV and (b).Edge birefingences, &(V) at four

different wawelengths: (+) 514.3, () 4965, (&) 488 and (w ) 438nm

4.2, Polaniser-QWP-SLM-analyser set up

In this study we used a polanzer-QWP 1-SIM-analy=er setup to get the desired phase-only or
amplinde modulation To simplify the setup, three parameters, (g, M1 @) were taken as fiee
parameters for Solver searching and a maxmmm of 182° phase shift was found with nearly flat
wmtensity modulation over the entire gray level range. The required onentation angles of the
polarizer, analyzer, and QWP1 were found to be -14.24% -33.42% and 6.84° respectively with
respect to the imput director of the SIM The theoretical intensity modulation was almest flat,

having a varzation of 6% over the entire range of gray levels.
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Fig.3: Theoretical (m) and experimental ( A ) transmission (a) and phase shift (b) at 514 5om for
P-QWP1-SILM-A’ setup.

From figure 3(a) it is seen that the experimental intensity modulation is slightly different from
the thecretical results. To investigate the influences of angular nusalisnment of the optical
components, the analyzer, polarizer and the cuarter wave plate angular posttions were
deliberately changed by up to * 2" from their theoretically deternuned values. Measuwrement
were carried out when two of the three polanizing elements were kept constant at their
thecretically predicted values nsing the Solver method and only one of them was misaligned by
+ 2" in order to analyze misalignment emrors. The experimental results showed that significant
changes m the transmission occurred even with small changes of these angles (Figd). The
wnfluence of the pusaligrment in the position of the analyzer i3 shown in Figda. It is seen that
deviation of the analyzer's angle by +2° from the theoretically predicted value of -33.42° would
lead to more than 10% deviation in the transmissicn especially at low gray levels. Similar results
were observed for the misalisnment in the polarizer’s position (Fig.4b) and the QWP1 position
(Fig.4c). Therefore, the slight disagreement between the theoretically predicted and the
experimentally measured values for the SIM transmission (Fig 3a) could be due to small errors
n the misaliznment of the optical components. At the same time, measurements of the phase of
the transmatted through the SIM light when the angular positicns of the polarising elements are
varied within + 2° from the thecretically predicted values show that the phase varies 1% from the
expected valoe.
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Fig.4: Experimental intensity transoussion due to +2 degree misalipnment of angles of (a)
analvzer, (b) polarizer, and (c) QWP and (d) their corresponding phase shifts, (P5) for P-OWP-
SLM-A setup. Here the angles of polarizer, QWP and analyzer are IM1(-14.24°, 6.84".-33.42"),
IM2(-14.24°, 6.84"-35.42%), IM3(-14.24°, 6.84°.31.42%. IM4(-16.24", 6.84°-33.42"), IM5(-
12.24°, 6.84° -33.42%), IM6(-14.24°, 4.84° -33.42%).and IM7(-14.24°, 8.84" -33 42" respectively.

4.3, Polariser-QWPL-SLM-0OWPI-analvser setup

The best match for constant intensity modulation and more than 180° phase shift was found
when all parameters. (@1, M1 @2, and 1) were taken as free parameters during computer searching
and the values of g1, W1 g2, and 1 were found to be 144°, 3.3%, 4825" and -88 78" respectively
from the input director loolong from the detector side. The theoretical and experimental intensity
transmussion and phase shift agree with each other [Fig. 5] and a phase shift up to 224" (Fig.5b)
was achieved at laser wavelength 514.5nm. One conclusion from this result 15 that pure phase
modulation of 180° could be achieved at even longer wavelength using this SLM. For these
angular settings of the polarizing components the theoretically predicted intensity varies within
3% over the enfire range of gray levels from flat level The experimentally measured variation



was wiflun - % which is in a good agreement with the thecretically predicted dependence on the

gray level (Fig.3a).
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Fig. 5: Theoretical (m) and experimental { A ) transmi ssion (a) and phase shift (&) at 514.5nm for
P-QWP1-SIM-QWP2-A setup.

4.4. Theoretical study of the transmission and phase shift errors due to misalignment of the
polarizing components

To mvestigate transmission and phase shift ervor, (AT, and Ay due to the influences of angular
mizalignment of polanzers and both WPz, their angular positions were deliberately changed
+2° from their theoretical valies. These emors were analyzed using eguation 3C,
where, Ag: . Ag: An,and An: are the misalignment errors. The gesults showed that when beth
QWPs and polarizers were taken as free parameters during Solver searching, + 2 changes of the
angle do not affect transmussion significantly. The maxinmm vanation in transmittance 1s 2.5%
[Fizg.6a] and mn phase shaft the maxinmun variation 15 3 degrees [Fig.6b], whereas, when one
QWP and polarizer angles were taken as free parameters fhen maxinmum vanation of
transmittance 15 12% [Fig. 7a] and the phase shift vanance is 5 degrees [Fig Tb]. Therefore the,
P-QWPL-SIM-QWP2-A" setup is more stable against small errors in the positions of the
polarising components.
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Fig. 6: Theoretically calculated transmussion error, (AT) (a) and phase error, (Ay) (b) due to +2
degree misalignment of each optical components for P-QWP-SIM-QWP-A setup. Each graph
represents the misalipnment of one compenent: analyser (squares), polariser (tnamgles), QWP1
(circles) and QWP2 (crosses) while the positions of the other polansing components remamn
vnchanged and their angles are equal to the theoretically predicted by the Solver method values
which are 144° for the analyser, 3.3 for the polariser, -48.25" for QWP1 and -88.78" for QWF2.
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Fig. 7: Thecretically calenlated transnussion errer, (AT) (a) and phase error, (Ay) (b) duoe to £ 2
degree misalignment of each optical compeonents for P-QWP1-SLM-A setup. Each graph
represents the misalignment of one component: analyser (squares), polariser (tnangles). QWF1
(circles) while the pesttions of the other polansing components remain vnchanged and their
angles are equal to the theoretically predicted by the Solver method values which are -14.24" for
the analyser, -33.42° for the polariser and 6.84° for the QWPL.
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In order to estimate the total transmussion and phase ermror, (3T,5y)due to simultaneous

misalignment of 2 degrees of all pelarising components the equations 6A and 6B were used for

o



the P-QWP1-5IM- A’ and P-QWPI1-SLM-QWP2-A" systems. The results for the total error in
transnussion, (6T) and phase, (Gy) are shown in Fig. 8a and Fig. 8b respectively. It 1s seen from
these two fignres that the “P-QWP1-SLM-Q'WF2-A" set up is characterised by smaller error in
transmission and phase than the P-QWP1-SLM -A’ set-up.
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Fig8. Theoretically calculated total emror in tramsmittance (a) and in phase (b) due to 2 degrees
misalignment of all polarising compenents for the P-QWP1-SLM-QWP2-A system (m) and
the P-QWP1-SLM-A system ( A).

5. Conclusion

It 1z found that the LC2002 SIM can be used for implementing 180 degrees phase-only
modulation for phase coded reference beam holographic optical data storage. A near comumon-
path Mach-Zehnder interferometer was uvsed to measure the phase shuft It is shown
experimentally that the transmussivity is more sensitive to the precise orientations of the optical
components when the optical system contains one QWP than in the case when two QWPs are
utilised in the system Vanation of + 2 degrees in the positions of the optical components in the
system containing one QWP lead to maximmm 12% in transmission and & degree in phase shift
variation whereas, the same angular emrors m the system containing two QWPs leads to a
maxinmm of 2.3% variation in transmission and 3 degrees in phase.
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