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ABSTRACT

This study proposes an innovative optical mechanistin a miniature motorized circular wheel for pigation optics
for an ultra-broadband polarization state generaidre proposed apparatus can be suitable for aripefic

microspectrophotometer for measurements of micracepand metamaterials with circular dichroism direar

dichroism. Different types of micro optics have ithewn wavelength dependence, meaning differenvesuiin the
broadband range of light. This study presents &a-broadband platform for measuring and identiymicro optics
such as chiral metamaterials, plasmonics, micrarjaars, and patterned retarders. The key comparienpolarimetric
microspectrophotometer is a polarization state gagaoe (PSG). A simple PSG consists of a polarizet a waveplate.
An arbitrary polarization state can be created diatmg either the polarizer or the waveplate. $hpedarizers and
achromatic waveplates have a limited bandwidth eaf@r the ultra-broadband measurement range ohA0@® 1700
nm, the PSG needs at least three sheet polarirdrtheee achromatic waveplates: 400 nm-700 nm,nf8.000 nm,
and 1000 nm-1700 nm. This optical mechanism, witichsists of only one control motor and two highcsien

unidirectional bearings, includes several polaszand waveplates arranged in a matrix on a circeagel. This
apparatus can shift one of the polarizers and watepto a predetermined position and rotate @&l gblarizers to
change the polarization status. An ultra-broadbpatarimetric microspectrophotometer with a compauitorized
wheel is an advanced polarization optical instrunfi@nresearch on chiral metamaterials, plasmomtsto polarization
optics, green optics, and bio optics.

Keywords:. circular dichroism, linear dichroism, circular vehepolarimetric microspectrophotometer, polarizatstate
generation, ultra-broadband

1. INTRODUCTION

A microspectrophotometer (MSP), which combines tlighurces and optical spectrometers in a microscigpan
instrument designed to measure the spectra of stopic samples by transmittance, reflectance, dsmence, and
emission. An MSP can measure and identify sampdesdestructively, and is widely used in numeroupliaptions
such as forensic science [1], new materials scietiie-film technology, nano- and micro-optics, miptics [2], and
plasmonics and metamaterials [3-4]. Applicationgolding plasmonics and metamaterials are currestigne of the
most attractive topics for MSPs because of thejatiee refractive index and cloaking. Because efrthiarious artificial
patterns or shapes with different alkali metalgsplonics and metamaterials have spectroscopic aladirpetric
characteristics. Anisotropic metamaterials exhib@ characteristics of linear polarization sensitiresonance, such as
linear dichroism (LD), because of their non-symrmgestructure. Anisotropic metamaterials can be usegolarizers
because of their strong LD effect. Densemetamatariays with various patterns have great potefitialapplications
involving high data storage [5]. Because of thdirality structure, chiral metamaterials exhibitccilar polarization
dependence in the form of circular dichroism (CQjrcular dichroism (CD) is characterized by thefatiéntial
absorption of right circularly polarized (RCP) deft circularly polarized (LCP) light, and is redat to optical activity.
Chirality is needed for the creation of a perfesid, and provides a demonstration of a negativexinhe resonant
frequency of metamaterials has recently shiftednftbe microwave range to the optical range. Théblsand near
infrared range is a suitable range for real apptioa. Most designed metamaterials currently ogeinatthe range of
near infrared to visible light. Different applicatis have their own wavelength dependence, meatiifiiegesht curves in
the broadband range of light. Most conventional El$Rovide the ability to measure spectra in thgeaof 400 nm -
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900 nm (visible to short wavelength near IR, VIS{SNR) and lack the ability of polarization identifiton. However, it
is difficult to measure the spectrum of a microscaea in the ultra-broadband range from 400 00 nm because
of the chromatic dispersion of optics. By improvithg modern optics design and fabrication, an apoohtic lens can
reduce the chromatic problem in broadband MSPsagaothromatic microscope can be produced easilyedsonable
cost. Therefore, this study presents a broadbané Mi®gated by modifying a conventional microscopéh viivo
spectrometers which are si based one cover fromt¥yISWNIR and the InGaAs based one cover from SWiIR
LWNIR. An ultra-broadband polarimetric MSP is nedde measure chiral metamaterials and micro p@tdn devices.
The MSP system requires a polarization state gtore(®SG) and a polarization state analyzer (PS#) the
polarimetric analysis of a microscopic sample. TR8G and PSA have the same configuration, but difter
arrangements. The PSG can produce any arbitrargripation state, whereas the PSA can analyze abpiyraay
polarization state. Together, a PSG and a PSA earséd as a polarimeter. Commercial PSGs or PSAstduave such
a broadband range, and are not so suitable forostdope applications. There are two orthogonal fraiion states for
measuring the polarimetric characteristics of armipolarization device or metamaterial: verticald almorizontal
polarization states are needed for LD measureraadtRCP and LCP states are needed for CD measureinsimple
PSG consists of a polarizer and a quarter-wavegl@WP). Rotating either the polarizer or the QWRhwa high-
precision rotator creates an arbitrary polarizastate, including horizontal polarization, vertigallarization, RCP, and
LCP. A sheet polarizer and thin achromatic QWP easily installed in a microscope, making them $lgtdor high-
quality microscopic imaging and microspectrophotbgnesystems without introducing too much aberratiarich
distorts the image quality and decreases the signaloise ratio. However, the bandwidth of a shsaarizer and
achromatic QWP is limited by the dispersion of piaktion optics. The purpose of this study is tealep an apparatus
for an ultra-broadband polarimetric MSP system V@D and LD measurement. For the ultra-broadbandsoreanent
range from 400 nm to 1700 nm, the PSG needs dttle@e sheet polarizers and three QWPs for difteranges: 400
nm - 700 nm, 700 nm - 1000 nm, and 1000 nm - 1'#0This study proposes an innovative optical medmarwith a
miniature motorized circular wheel for the polatiaa optics of an ultra-broadband polarization estg¢nerator (PSG).
This apparatus can be used in a polarimetric mp@osophotometer for measurements of micro optiod a
metamaterials with CD and LD characteristics.

2. COMPACT MOTORIZED CIRCULAR WHEEL OF POLARIZATION OPTICS

In most industrial applications for power outputjrave unit, such as a motor, drives a set of wassion devices, such
as gears or pulleys. A movement, such as a trass\ahift or rotation, can be performed by one driwé. If it is
necessary to complete two or more movements niééessary to install more drive units, and eackedsnit must drive
a transmission device to operate and complete gamlement. For example, a polarization device pws#i in an
optical mechanism includes several polarizers aWdP® arranged in a matrix on a circular wheel. Oneedunit is
provided to operate the transmission device, switcbne of the polarizers and QWPs to a predetexthposition. If it
is necessary to adjust the relative angle of afpolarizers or QWPs, then another drive unit andther transmission
device are required. This design incurs a highst,@nd increases the volume of the transmissigiteleFor a manual
transmission device, the increase of componentg@atweight hinders the operation and transpiomadf the device,
causing inconvenience to users. Based on thesebdckw, this study proposes a novel mechanism witbnaponent
position adjusting function that overcomes the dragks of previous designs and improves the industise of the
mechanism.

A filter wheel is a good apparatus for switching ltiple optics devices. A motorized filter wheel ideal for
automated index applications requiring spectraéa@n or light intensity control. Suitable optidevices include
different objective lenses, multi-spectral filteasid multiple neutral density filters. Howevertdil wheels are unsuitable
for polarization optics applications that must kigreed with the azimuth angle or orientation anfglepolarization state
modulation. Therefore, this study proposes a newe ©yf circular wheel mechanism for generating daratdroadband
state. This new wheel mechanism is called a commatbrized circular wheel of polarization opticsMCWPO). To
achieve the objectives described above, this depignides a CMCWPO mechanism with a component iposit
adjusting function. Fig. 1 shows a schematic viéwhe mechanism with a component position adjusfimgtion in the
present design. The mechanism with a componentigosidjusting function includes a drive motor, rive shaft, a
plate body, a drive wheel, at least one passivepooent, and a brake. The drive unit provides a dotwor reverse
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rotating shift. One end of the drive shaft is fixedthe drive motor, which rotates the drive sh@fte plate body has a
unidirectional component positioned at its cergd the unidirectional component has a through. idie other side of
the drive shaft, which passes through the througle, hextends beyond the other side of the plateybadd the
unidirectional component limits the drive shaftsynchronously drive the plate body to rotate inoanterclockwise
direction (channel switching). The drive wheel fixi® the drive shaft is exposed from an end ofpillage body, and the
drive shaft synchronously rotates the drive whéglleast one passive component is positioned orptate body and
contacts the drive wheel, and the drive wheel syonabusly drives each passive component to rotai @ockwise
direction (self-rotation). The brake is placed gtasition corresponding to the height of the pladely. Through the
rotation of the unidirectional component and thetaot of the brake with the plate body, the platdyoremains still.
For example, when the drive motor drives the débhaft to perform a counterclockwise direction, filate body
switches to the predetermined position (channetcéivig). A pair of polarizers and QWPs with the saoptical
bandwidth is then chosen. In contrast, when thesdrotor drives the drive shaft in a clockwise dii@n, the plate body
does not move, but the drive shaft synchronousiyedrthe drive wheel to rotate all the polarizesslf¢rotation) with
different bandwidths. In this case, none of the @WRove or rotate. By rotating the polarizer at adptermined
position of the passive component to match the QWRise fixing component, a predetermined lightrseuis passed
from the polarizer and the QWP to produce any aahjtpolarization state of a predetermined wavedban

channel
switching

drive
wheel body

light path

uni-directional bearintg|

Figure 1. Schematic view of CMCWPO.

Fig. 2 shows a top-view picture of the CMCWPO. Foe purpose of flexible applications in the fututeis
apparatus has 6 channels for 6 QWPs in the uppéx phd 6 polarizers in the lower plate. For theatbroadband LD
and CD measurement in the polarimetric MSP from d@0to 1700 nm wave band, the PSG based on CMCWde@sn
at least three sheet polarizers and three achro@&tiPs for three ranges: 400 nm - 700 nm (VIS), M®0- 1000 nm
(SWNIR) and 1000 nm - 1700 nm (LWNIR). The highgiseéon motor is Newport 50PP, with a rotation angigolution
of 0.01. The speed is 28. The sheet polarizers were obtained from Therlabmpany. The LPVISE100, LPVIS, and
LPNIR series were used for the VIS, SWNIR, and L\RNa&anges, respectively. Achromatic QWPs also haaeviband
limitations. This study also surveys the retardaiof the many QWP products worldwide, and seldetsport products.
The 10RP54-1, 10RP54-2, and 10RP54-3 series wext fos VIS, SWNIR, and LWNIR ranges. These produnes
achromatic Zero-Order Quartz-MgF2 waveplates. Bighows the product specifications. The retardationVIS is
approximately 0.2&+0.015,, whereas the retardation for both SWNIR and LW Rpproximately 0.26:-0.005.. The
retardation error for VIS is much larger than SWNIRI LWNIR because the material is more dispersivbe visible
range. The CMCWPO module is driven by a precisiaomand controlled by LabVIEW software.
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Figure 3. The retardation data of QWPs for Newpootlucts.

3. EXPERIMENTAL RESULTSAND DISCUSSION

To characterize the mechanical performance of tReC@WPO module, six sheet polarizers with a visibéd in the
module were used to measure the error of chann&hsng and each channel’s self-rotation. An anatywas used to
monitor both the switching angle and rotation angding Malus’s law. Fig. 4(a) shows the experimergaults for the
repetition measurement of a 360° switching anglee Tmotor drives the plate body to switch a wheelain
counterclockwise direction for each measuremeny. B{a) shows that the error of repetition testfog channel
switching is under 0.3°. The repetition errors @ased by the mechanical gap and intensity vaniatidghe light source.
The major error is from mechanical gap, whereasetiher due to intensity variation is only approxtaig 0.05°. The
error from switching two adjacent channels is alsmler 0.3°. Experimental data show that the erfoct@mnnel
switching is small. Therefore, the error of chamswitching can be neglected when switching polasizeg QWPs with
different bandwidths. Conversely, the same metlsoapplying for measuring error from e channel’s-smthtion. The
drive wheel synchronously drives each sheet paario rotate in a clockwise direction. Fig. 4(b)osls the
experimental results. The error of repetition tasfor self-rotation is under 1.2°. The major eiligofrom the mechanical
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gear gap, which can be improved by applying a higésolution gear set. The change of the functietwben channel
switching and self-rotation causes another shifireExperimental results show that the error isragimately 0.8°, and
this error can be eliminated through LabVIEW caliivn because of its repeatable characterizatitwe. 8rror from

different sources degrades the maximum extinctitio of both LD and CD when measuring samples. dfoexve better
performance, the mechanical device will be upgraatediimproved in the next generation design, windhprovide a

higher resolution unidirectional bearing and a @ulfor substitution of gear gap. The repeatablé snror can be
calibrated by predetermining the value embeddeddriLabVIEW software. The total error can be supped under 0.5°

in the next design to achieve better measuremefurpgance.
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Figure 4. The error of repetition testing (a). Chelrswitching. (b). Self-rotation.

Fig. 5 shows the experimental results of extinctiatio for two orthogonal linear polarization. THigure shows
three curves: VIS, SWNIR, and LWNIR. Compared wvtith other two curves, the extinction ratio for \iiShe biggest.
The maximum extinction ratio for VIS can reach &%15 nm, and the minimum extinction ratio carche@5 at 400
nm. The maximum extinction ratio for SWNIR can ed®0 at 700 nm, and the minimum extinction ratio ceach 110
at 1000 nm. The extinction ratio for LWNIR rangesnh 75 to 100. The reason why the extinction riismaller in the
near infrared range is because of the lower lightee intensity and lower detector responsivity.
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Figure 5. Extinction ratio for two orthogonal limgzolarization.
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Conversely, the QWP performance was measured bththe step measurement method [6]. The zero-ayalertz
QWP of 632.8 nm (Meadowlark) was measured to thet d&ccuracy of the proposed method. Fig. 6 shows th
experimental results of the three step measurerietcurve shows the retardation value is almasglily proportion to
the wavelength. The retardation value is 0.2486632.8 nm, and the retardation value from thgiral specification is
0.2511. The error between the measured and desigalad is only approximately 0.00R6Therefore, the three step
measurement method [6] is suitable for retardati@asurement for QWPs. The same procedure can bdaiseeasure
three achromatic QWPs with three sheet polarizethe CMCWPO. Fig. 7 shows the measured retardatiove. This
figure shows three curves for the bandwidth fror #4én to 1700 nm: VIS, SWNIR, and LWNIR. The VIS weivaries
more obviously than the other two curves. Thisesause the material is more dispersive in the ég)e because of
refractive index variation. The SWNIR and LWNIR ces are flatter, indicating adequate achromaticpmmeation. The
retardation for VIS is approximately 028).02\, whereas the retardation for both SWNIR and LWMIRpproximately
0.25+0.01A. Compared to the designed value in Fig. 3, therdyetween measured result and designed valuedisrun
0.01A for the entire ultra-bandwidth from 400 nm to 1#08. The main reason for this error is the impéeréatlimation
of the ultra-broadband light source.
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4. CONCLUSION

This study introduces a compact motorized circwlbeel for polarization optics. The proposed desggan innovative
optical mechanism that is introduced successfulyan ultra-broadband polarization state generdtbe polarization
measurement method enables the measurement aratteliamation of the mechanical gap errors. The design will
improve and calibrate these errors. The errors fdifferent sources degraded the polarization. Téleerof extinction
ratio ranges from 85 to 725 in the VIS range amanfi75 to 400 in the SWNIR and LWNIR range. The ndd&on for
VIS is approximately 0.250.02\, whereas the retardation for both SWNIR and LWNdRpproximately 0.26:0.01\.

In the near future, we will build a polarimetric MSwith an ultra-broadband PSG/PSA based on themu@MCWPO
apparatus. We will use this polarimetric MSP tdyfudtharacterize micro polarization optics usingtbeD and CD
measurements. The proposed instrument can be wseffohtier research in areas such as chiral metmads,
plasmonics, micro polarization optics, green optcsl bio optics.

ACKNOWLEDGMENTS

The authors thank Mr. Shian-Wen Chang, Mr. Jun-¥arsy, and Mr. Gang-Hong Fan for their technical help

REFERENCES

[1] Eng, M., Martin, P. and Bhagwandin, C., “The An#édysf Metameric Blue Fibers and Their Forensic
Significance”, Journal of Forensic Sciences, vdl.[80. 4, 841-845(2009).

[2] Srinivasarao, M.,”"Nano-Optics in the Biological WitbrBeetles, Butterflies, Birds, and Moths”, Chenhica
Reviews, Vol. 99, No. 7, 1935-1961(1999).

[3] Fedetov, V. A., Papasimakis, N., Plum, E., Bitzer, Walther, M., Kuo, P., Tsai, D. P., and ZheludiV 1.,
“Spectral collapse in ensembles of metamolecul®hys. Rev. Lett., 104, 223901(2010).

[4] Chen, H.-A., Long, J.-L., Lin, Y.-H., Weng, C.-J.eéing, and Lin, H.-N., Plasmonic Properties of a
Nanoporous Gold Film Investigated by Far-Field awelar-Field Optical Techniques”, Journal of Applied
Physics, 110, 054302 (2011).

[5] Chen, W. T., Wu, P. C., Chen, C. -J., Weng, Cl-de, H.-C., Yen, T.-J., Kuan, C.-H., Mansuripur,, nd
Tsai, D. P., “Manipulation of multidimensional ptasnic spectra for information storage,” Appl. Phistt.
98(17), 171106 (2011).

[6] Safrani, A. and Abdulhalim, I., “Spectropolarimetimethod for optic axis, retardation, and birefenge
dispersion measurement,” Optical Engineering, 4853601(2009).

Proc. of SPIE Vol. 8487 848705-7

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 04/28/2014 Terms of Use: http://spiedl.or g/terms



