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ABSTRACT

Liquid crystal spatial light modulators, lensesd dandpass filters are becoming increasingly capablmaterial and
electronics development continues to improve depedormance and reduce fabrication costs. Thesiees are being
utilized in a number of imaging applications in erdo improve the performance and flexibility oketeystem while

simultaneously reducing the size and weight contptzea conventional lens. We will present recengpess at Sandia
National Laboratories in developing foveated imagiactive optical (aka nonmechanical) zoom, andapobd multi-

spectral imaging systems using liquid crystal desic
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1. INTRODUCTION

Liquid crystal (LC) devices are quickly finding thevay into systems as active phase modulatorsoptidal bandpass
filters in order to improve imaging capability afidxibility. Our group has been at the forefroritaztive imaging
system, using active optics to increase field efwivary magnification, and spectrally resolve iemgvithout moving
components. The active optical components degtiibéhis paper rely on birefringent liquid crystahterials to alter
either the phase or the polarization of the incgmimvefront. LC materials, as the name impliesupg a phase state
in between an isotropic liquid and an anisotropigstalline solid. The sub-class of LC material the devices
described here are Nematic (NLC), which are unlasxigfringent. The application of an external iEld induces a
dipole in the NLC molecule, which in turn interagigh the external electric field to produce a tegcand a rotation of
the optical axis. An incident wavefront will exprce an optical path difference (OPD) that is deleat on the
orientation of the NLC molecule, or, in the caseaofive bandpass filters, the polarization of trevefront is rotated.
To prevent migration within the LC material, NLGise driven by an AC voltage. Since the dipole manieinduced,
not permanent, it changes sign with a change in sfighe external electric field, and the torqutires its direction.
The LC molecule stops its rotation when the torguerted by the external electric field is balanbgdhe elastic torque
exerted by the surrounding LC molecules [1].

2. LC LENSES

Liquid crystal lenses are made with either patt@rrdectrodes or gradient polymers in order to pecedan
inhomogeneous electric field across the LC matd@aé]. The goal is to produce a tunable lens vetactrically
controllable focal length. The liquid crystal lessdiscussed here employ an Aluminum circular eddet surrounded
by two transparent indium tin oxide (ITO) electredeln between these conducting layers are glasgators and the
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liquid crystal layer itself, as shown in Figure dldw. The LC molecules are all aligned with theitraordinary indices
of refraction oriented parallel to the x-axis. TWE square waves are applied to the device, onedesst the top and
bottom ITO electrodes (Y, and one between the circular electrode and dittetn ITO electrode (.

The square waves are 100 Hz in frequency and aphase. The resultant electric field varies rdglialAn incident
plane wave experiences maximum retardance at tiseedenter, and less at the edges. Ideally we waathieve a
quadratically varying phase profile given by= exp[-ik(pé+y?)/2f]. Besides voltages \and \4, there are several
additional factors that determine how closely eb€hlens approximates this desired phase profilduding: LC layer
thickness, glass thickness, aperture diameterdasitled focal length.
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Figure 1. Liquid crystal lens.

The relationship between the diameter of the hatéeepned electrode and drive voltage to achieyeeaific focal length
is graphically illustrated in Figure 2 (a). As thperture increases with fixed voltages/thickngsbesfocal length also
increases as expected. When one increases thaye€ thickness, keeping the other physical parameenstant, a
larger drive voltage is required to maintain a @ixecal length, as shown in Figure 2(b).
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Figure 2. Relationship between aperture diameter,fiective focal length, V2, and LC thickness

HoloChip, LLC provided us with 12 lenses, 3 differeliameters ranging from 2.5mm to 4.5mm and 4ktiesses
ranging from 5&m to 127m. We evaluated six of those lenses by varyinglthee voltages (Y. 20-100V and V. 50-

250V). We measured the wavefront error and redatim-axis irradiance and decided to fix & 20 V. We then
characterized six lenses.

On-Axis IrradianceWe measured on axis irradiance relative to tot@tient irradiance for a given focal length. Metric
Highest relative on-axis irradiandight in a bucket



Focal Length We varied \, measuring distance at which on axis irradiance avanaximum. Metric: Minimum focal
length, defined as the distance at which on-aréliance was at least 20% of incident.

Aberrations We then selected two lenses with best F/# arativel on axis irradiance and obtained wavefronbreimr
the shortest focal length. Metric: OPD ¢ 1

We illuminated the LC lens with a collimated HeNe= .632mm) and measured the total irradiance exiting tlearcl
aperture. Having fixed ) we then varied Yand measured the resulting focal length by tréinglaa 150nm pinhole in

X, ¥y, and z until we achieved a maximum readingtlom detector/power meter. As we reduced the ftaragth,

aberration increasingly blurred the focused spdte defined the minimum focal length as the distaacahich this

maximum was at least 20% of the total irradiancasneed in an unpowered state.

Figure 3 depicts the result for five of the mostmising LC lenses. Based on their relatively sfiocal lengths and
high on-axis irradiance, we selected LC lensesnti748 for further characterization.
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Figure 3: Focal Length versus. Y

To quantify the wavefront error of the LC lenseg set up the LC lenses in front of a Zygo with sifie reference

sphere. By placing the focused spot from thisreafee sphere at the front focus of the LC lensthad reflecting the

collimated light off a flat mirror we were able toeate an external reference leg. In order to len@ieasurements at
various focal lengths we inserted a positive lensadranslation stage between the flat mirror dedltC lens. When

power is applied to the LC lens, the distance thiat positive lens needs to be moved to re-collinthe light onto the

flat mirror is given by:

2
(Zo)

DZ=——"—.
ch - Zo

To independently verify our previous focal lengtleasurements, we applied the appropriaieadd \4 voltages, and
translated the positive lens until the OPD was aimmim. Measurinddz, we then calculated and compared shert
focal lengths for LC 47 and 48, with the followingsults. The aberrations for the minimum focaptérfor each lens
are shown below in Figures 4 and 5.

LC 47 Irradiance OPD LC 48 Irradiance OPD
7.3cm 7.0cm 7.0cm 7.15cm
8.5cm 8.5cm 7.8 cm 8.0cm
10.0 cm 9.96 cm 10.0 cm 9.8 cm

Table. 1. Comparison of the focal lengths of twoduid crystal lenses using irradiance and OPD measaments.




3. LC SPATIAL LIGHT MODULATORS

At a molecular level the LC SLM operates on exatlly same principles as the LC lenses. They etlizefringent
liquid crystals, an AC external electric field, asd induced dipole moment from that electric fietlrotate the parallel
aligned molecules in the axis of polarization. Heer, the OPD is adjusted by changing the indesefsbction on a
pixel-by-pixel basis [4], see Figure 6. Becaussytare pixilated, SLMs have more flexibility thaf lenses and can be
used to compensate higher order wave front abensti However, they suffer from a reduction in sigfthroughput)
and an increase in noise (diffraction artifactsg tluthe opaque transistors surrounding each pikeese opaque areas
are necessary because of the transistors reqoitedally vary the electric field, see Figure 7.

Figure 5: OPD LC 48, f=7 cm. W, =0.61l

The LC layer in an SLM is also typically much thémn(order(s) of magnitude) than an LC lens, whinhldes faster
response times, but limits the maximum OPD. Thizsédces are typically designed to achievepgpBase depth, and
therefore wavefront compensation is accomplishedulm2p. For a reflective LC SLM this is reduced by haifa a
double pass at each pixel, necessitating muctLiégsaterial. The most significant limitation imged by pixilation of
the phase map, is on the achievable phase graafim® LC SLM. Spatial light modulators quantihe desired phase
correction (electronic addressability) and sampgpatially (pixel size). All of the spatial lightodulators that we used
were fabricated by Boulder Nonlinear Systems, &rad had 8 bits of phase addressability (g@r 2This exceeded the
spatial resolution of the LC pixels, and tlaasnpling was our limiting constraint.

Both the LC lenses and the LC SLM suffer from chatimaberrations due to dispersion. However, #edividth on
the LC SLMs is an further restricted by an ordem@gnitude due to the modulg@-2peration. Modulog is only
accurate at a single wavelength, and as we moveg &we that central wavelength, chromatic aberraiquickly
become very pronounced. Thus, LC SLMs can onlydesl over narrow wavelength bands. However, diGc8&LMs
have fast response times, the phase correctiofeaianged at rates greater than 30 Hz. Wheninsszhjunction
with PIFs (see below), this gave us the abilitintage various wavelength bands (e.g. RGB) at nieaowates.

The LC molecular rotation is a non-linear functafrpixel voltage, and the index of refraction in@n-linear function of
wavelength [4]. Thus the LC SLM must be charaztatiat each voltage for each wavelength of inteneghis case

| v=.486, .532, and .632m. The end result of any effort at characterizatfoa voltage look-up table that takes a linear
input (desired phase/8 bit integer) and appliesagheropriate voltage to achieve the correct amaofinbtation for a
linear phase at the output:



The voltage at a pixel location, is given by th#edence between the transparent top plane (al\Rayd/olts) and the
reflective backplane. The voltage on the backplairel is determined by an (8 bit) .bmp file, artdig the top and
bottom potential difference is:

_ Grayscal )
DV = 55 OV - 25V

For example, a pixel programmed with grayscale r00(&/olts) would produce a maximum electric fielof .5 V)
across the liquid crystal. A pixel programmed wjthyscale 255 (5 Volts) would produce a differeate2.5 V across
the LC. Due to the polarity independence of therbation, 8 bits over 5 V actually limits us to itsb(128 levels) of

phase response.
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Figure 6: LC SLM Molecular Orientation
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Figure 7: LC SLM Pixilation Scheme

4. POLARIZATION INTERFERENCE FILTERS

Polarization interference filters rely on birefrexg materials placed between a polarizer and asalyz This
birefringence performs both the wavefront sheadang OPD necessary for interference of a linearlgimed input,
while the analyzer provides the requisite recomtizna The number of birefringent layers, layecknesses, amount of
birefringence, and orientation relative to the pakr and analyzer dictate the pass-bands.

Filters have been constructed that are simply thditian of multiple such stages, each of geomdtyicacreasing
retarder thicknesses but with the same birefringearad orientation, a concept first described by yt in 1933 [5].
Solc et.al, later improved upon the basic Lyot gieddy introducing multiple retarders between a lsimgplarizer and
analyzer, albeit with different birefringent oriatiobn [6]. With the addition of birefringent LC teaial in the individual
stages of both types of filters, the narrow spégiaas-band of the filter can be tuned via an apploltage [7].



Commercial devices based on both Lyot and Solcognfilters are currently available. In generalalag bandpass
filters based on the Lyot and soc designs suffemfsignificant drawbacks for our applications dfeimest including
throughput, filter thickness, and field-of-view. & polarizing film in each filter stage typicallyshapproximately a 10%
transmission loss. Filters with high finesse anceptable dynamic range generally have poor peakrnasion and are
bulky. In the Solc filter, bandpass tunability uégs that each multi-order retarder is fully tulealSo in practice,
throughput is often not significantly improved, base the insertion loss of each polarizer is trddethe additional LC
cell losses. A more viable alternative has bemrelbped by ColorLink, Inc. for use in the VIS, kwihe potential for
extension to the NIR and SWIR.

Digital Tunable Filters (DTFs)

DTFs use digitally driven LC devices as wavelenggitral polarization switches for the random-acceslection
between a pre-defined set of spectral profilesike lthe Lyot filter, DTFs represent the productimdependent filter
stages. However, the task of generating a highitguadndpass is almost exclusively confined torale element: a
Solc-type passive retarder stack (RS) placed ih stage. The retarder stack is typically a malyiel laminate of bulk
transparent stretched polymer (birefringent) regarfilms. The LC layer simply provides (digitalcaess to the
passband of each retarder stack.

Unlike the LC material in the SLMs and lenses, thi layer has its front and back alignment layeithwrthogonal
orientations. The result is that the bulk orieiotatof the LC molecules ¢naxis rotates helically through 90°, a
configuration know as twisted-nematic (TN). Theveraguiding effect this has on a LP input is thapleited for
amplitude modulation in LC displays. In this caaéen a 90° TNLC polarization switch is placed diieadjacent a
retarder stack, between polarizing films, the spmaetcan be electronically switched between a baagsgpectrum and
the complementary notch spectrum. It is not uniufswea driven TN device between crossed polarizersave a light
leakage below 0.1% (at normal incidence). Thelipaton of the filtering to the retarder stack ueds complexity/size
and eliminates calibration [8].

It is generally the case that nematic LC devicesrafed as digitally switched elements have oneageltstate that is
substantially more/less chromatic than the alterstdte. A 90-degree TNLC device has a self-cosgt@m feature,
such that the driven state is very nearly isotropgBonversely, it requires substantial effort t@iga a TN device that
provides a wavelength independent conversion ofitinnearly polarized light to the orthogonal pdatation.

Practically, TN devices with reasonable switchimgeedd have a relatively high degree of chromati¢gytheir

polarization conversion spectrum. This has theceftd compromising the performance of the retarstack, most
notably by reducing dynamic range. The driven stat¢hus used to generate the bandpass profild) that this

spectrum is minimally compromised [8].

For our applications, ColorLink's designed a visibDITF, customized with an additional passive (Sgp=) PIF, that
narrows the bandwidth of each channel from thevacttage. The clear aperture of this device isnB5, the total
thickness (passive and active stages) is 15 mmijtattepts a cone angle of F/2.2 or higher (HHDY3°). Spectral
response curves for the active and passive stageshawn below in Figures 8 and 9. The combitnadsmission
spectrum is shown in Figure 10. Note that at towdodger wavelengths (> 800 nm), the polarizergiwithe DTF and
PIF become isotropic, and thus no interference scctlihis necessitated the addition of an NIR diftoer.
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Figure 8: Digital Tunable Filter (DTF) pass-bands
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Figure 9: Passive Polarization Interference FiltefPIF) pass-bands
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Figure 10 Combined transmission from DTF and PIF “Blue”: 475 =5 nm. “Green”: 538 + 9 nm. “Red”: 631 + 13 nm.

5. ENHANCED SPECTRAL BANDWIDTH

Axial (or longitudinal) chromatic aberration is ity a variation in focal lengtf(l ) with wavelength. In addition to the
spectral response of the focal plane array/filnis bften the limiting factor determining the uskeaspectral bandwidth
of a transmissive system, especially near the aptxis [9]. In the case of a positive refractileas, shorter

wavelengths will have a shorter focal length thamgker wavelengths. Wherever we place the imageepkl but one

of the wavelengths will be out of focus (at leasttie geometric approximation), as shown belowigufe 11.
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Figure 11: Axial Chromatic Aberration in an F/2, BK7 Singlet



Further image degradation associated with dispenseults from transverse chromatic aberrationsthedvavelength
dependence of the so-called monochromatic abemsa{especially at large field angle) [10]. Traati@lly, more lenses
with different glass types are added in order fraase the spectral bandwidth over which the systerats some
required metric (e.g. diffraction/detector limitedjnimum spatial resolution, etc.). Mechanicalocavheels can also
be used in tandem with an adjustable focus if spkediscrimination is desired, typically over a rmaw field of view.

We have developed and demonstrated an alternatiéosolising liquid crystal (LC) based polarizatioterference filter
(PIF) to isolate a narrow spectral region of ins¢r@nd LC lenses to correct the aberration (dejoouer that spectral
region. The end state is a transmissive systemishaampact, requires no macro-moving parts, argltha ability to

spectrally resolve an image. Preliminary imagesfthis simple imaging system consisting of a &rgK7 lens and
utilizing the DTF from Colorlink as a dynamic spettfilter and the LC lens from Holochip to corrdot longitudinal

focus are shown below. Note that at @mbthe LC lens is off and the system is alignedbfest focus.
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Figure 13: Resolution target images at the designavelength (450nm), 650nm, and 850nm with and w/ogbrrection



Figure 14: Resolution target images at 1.0fm with and without spectral correction

6. FOVEATED IMAGING

When designing a wide field-of-view (FOV) lens, aptical designer is faced with the challenge ofntaning high
image quality across the entire FOV while achievspgcific metrics such as F/#, entrance pupil diamand overall
length. Complex designs utilizing multiple optiaie typically used in fast (i.e. low F/#) systemartinimize off-axis
aberrations, but even the best, well-correctecesysthave a limited FOV. Because of the multiplécapelements that
are required, these systems are often heavier @hikibthan narrower FOV systems. The complexity ba minimized
with a slower system but at the expense of eiigat bathering ability or overall length.

To minimize the complexity and maintain a low fi#( fast system), active optical elements candssl uo correct the
wave front in the pupil plane of a simple opticgstem with a wide FOV. This correction is only dafor a narrow
portion of the entire FOV, the instantaneous figldiew (IFOV), but its location can be changedading to the user
needs. The term “foveated” imaging originates frihim operation of the human eye, where a limited avithin a few
degrees of the point of gaze is highly resolved @sblution falls off rapidly with increasing fielhgle. Wave front
correction to better thdn'2 for 2 and 3 element systems out to %B8s previously demonstrated [11,12].

The limitation of this configuration is that thegs®e correction is done modulp-2As discussed previously, this means
that the applied phase map is valid at only oneelemgth (or narrow range of wavelengths). In otdemage multiple
wavelengths, in a manner that is consistent withpoagram goals (smaller, lighter weight, non-metbal, wide FOV)
we utilized a the DTF from Colorlink in conjunctiavith a foveated wide field-of-view imaging systéonobtain a multi
spectral foveated imaging system.

Figure 15 and 16 depict static images taken witapropriate phase correction for 631nm and 538nm, respectively
at a 25° field point. For comparison, the samiel fint is shown in an aberrated state. The afearrection is nearly
diffraction limited in both instances. Detailstbfs experiment are presented in Reference 13.

7. ACTIVE OPTICAL ZOOM

Previously, nonmechanical zoom (NMZ) systems haenldemonstrated using reflective SLMS or deformatitrors
only [14,15]. By their nature reflective comporgedb not lend themselves to wide FOV or compacigdss Instead,
we explored the range of transmissive nonmechaammaim designs, with a minimum of two and a maxinufnfive
optical elements.

The system we built to demonstrate the concept drdg three states but was theoretically capableamftinuous

zooming action through the entire range. The gmeited FFOV for the three states was 1.0°, 2rsP5a0°. While we
were excited by achieving 5X magnification fromyatem that was 36cm long, perhaps the most exditépgct was the
ability to magnify off-axis. Off-axis imaging igsplayed in Figure 17.



Note the slight degradation in image quality frome bn-axis case to the edges of the field. Thig shthe IFOV

required increasing spatial frequency content @ShM, eventually exceeding the Nyquist samplirte end reducing
the signal-to-noise. Nonetheless, the resultsevesrcouraging and, at a minimum, validate this umigapability
embodied in a nonmechanical zoom system. Thigsystill be described in detail in an upcoming aetic
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Figure 15: 25° Foveated Imagindl, ¢ = 631 + 13 nm.
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Figure 16: 25° Foveated Imagingdl, c = 538 £ 9 nm.



Figure 17: Off-Axis Magnification fgrr = 105 mm.




8. CONCLUSION

We have successfully demonstrated the use of liguistal spatial light modulators, lenses, and Ipasd filters to: 1)
increase the useable field-of-view of a simple imggystem, 2) increase the useable spectral bdtidwf a simple
imaging system, and 3) increase the transverse ifiagion of a simple imaging system without maa@agic moving
parts. Further development of active elements redlult in more compact, lighter weight systems tieguire less
power yet have greater capability than their cotieeal counterparts all at a lower cost.
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