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ABSTRA CT

I have examined the feasibility of using a liquid crystal device (LCD) as
an electronically generatedslit mask for multi-ob ject spectroscopy (MOS). The
clear-statetransmissionof a stack of two scattering-principleLCDs wasfound to
be 44� 2% with a contrast ratio of 7:4 � 0:1 magnitudes. No attention hasbeen
paid to surfacelosseswith the current device, but the clear-state transmission
(and likely the contrast ratio) will increasewhen an anti-re
ection (AR) coating
is applied to the glasssurfaces.The relativebrightnessof a point sourcedecreases
by 8 magnitudesfrom its central valuewhenthe point sourceis � 10 LCD pixels
(1000at a plate scaleof 5.85 00/mm, appropriate for the ARC 3.5m telescope at
Apache Point Observatory) from the center of a slit. The opacity of this device
is achieved by scattering incident light out of the beam,but even a clear slit will
scatter about 3% of a point source'slight in the forward direction, creating a
slightly non-uniform background. When illuminating the device with a di�use
light source, the clear-state transmission is 34 � 2% with a contrast ratio of
4:3 � 0:1 magnitudes.

Subject headings: instrumentation: miscellaneous| instrumentation: spectro-
graphs

1. In tro duction

Astronomical instrumentation and data acquisition programsat large-aperture ground-
basedtelescopescontinue to evolve in order to facilitate the most e�cien t useof observing
time. To this end, many of theseinstruments are capableof performing multi-ob ject spec-
troscopy (MOS), allowing observersto simultaneouslyacquirespectraof many targets. While
MOS capabilities can vastly increaseobservinge�ciency , noneof the currently available in-
struments can be easily adapted for use at remotely-operated, fully-automated telescopes
becausethey require human intervention and/or precursorobservations. New technologies
are neededin order for thesetelescopes,whether ground- or space-based,to perform MOS.
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Multi-ob ject spectroscopy hasbecomesuch an essential tool to astronomersthat every
large-aperture (4m classor larger) ground-basedobservatory has MOS capabilities in one
form or another. The two most common varieties of MOS instruments in use today are
�b er-fed and multislit spectrographs. Fiber-fed spectrographscan be found at the Anglo-
Australian Telescope (2dF; Lewis et al. 2002), the CTIO 4m (Hydra-CTIO), the WIYN
3.5m (Hydra-WIYN; Barden et al. 1992; Barden & Armandro� 1995), and the Lick 3m
(AMOS; Brodie et al. 1990). Multislit spectrographsare currently in useat the Kitt Peak
4m (MARS), the Hale 5m (COSMIC), the Gemini telescopes(GMOS-N & GMOS-S;Hook
et al. 2003), the Canada-France-Hawaii Telescope (MOS/SIS; LeF�evre et al. 1994),and the
Keck-I I 10m (DEIMOS).

Fiber-fedspectrographsuse�b er-optic cables,typically on movablearms,to gather light
from the sky (seee.g.,Hill & Lesser1986,1988). The other end of the �b er is placedat the
entrance slit of a spectrograph; many �b ers are generally stacked on top of one another in
order to maximize e�ciency . The main advantage of �b er-fed spectrographsis their large
�eld of view (FOV), which is limited only by telescope optics (Hill 1988). Since they are
capableof packing the �b ers quite tightly along the slit, these instruments also maximize
the number of spectra that oneis capableof squeezingonto the detector. The disadvantages
of �b er-fedspectrographsinclude the di�cult y of sky-subtraction, di�culties in aligning the
�b ers,and relatively low transmission(� 50%dueto endlossesand problemswith alignment
accuracy). Fiber-fedspectrographsarealsoquite expensive and their vast number of moving
parts makesthem unsuitable for space-basedtelescopes.

As their nameimplies, multislit spectrographswork by placing a slit over each object of
interest in the detector's FOV. The exact manner in which this is accomplishedvaries from
pre-cut plates(the standard) to pre-exposedphotomasks(COSMIC at the Hale5m) to using
a computer controlled laserto cut masksat the telescope (MOS/SIS+LAMA at the CFHT;
Di Biagio, Le Coarer, & Lemaitre 1990). The primary advantage of multislit spectrographs
is their transmission; they have perfect transmissionthrough the slits and no transmission
through the opaqueregions,allowing objects to beobservedthat aresigni�cantly fainter than
those that can be reached by �b er-fed spectrographs. One disadvantage of thesedevicesis
that their FOV is limited by the sizeof the detector. However, with the current growth rate
of CCDs and the abilit y to mosaicseveral of them together, this drawback is becomingless
signi�cant. Somemultislit spectrographsarequite e�cien t and havebeenautomatedto some
degree,but noneare currently able to run in a completelyautomatedmode, which is clearly
necessaryfor use in space. The most sophisticated current system (MOS/SIS+LAMA)
requires a team of astronomersto analyze imagesin real-time at the telescope so that a
computer-controlled lasercancut an appropriate focal planemaskthat must then be carried
to the telescope, installed, and aligned for each new �eld. This requirement of human
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intervention between every �eld has becomethe primary disadvantage to using multislit
spectrographs.

Liquid crystal devices(LCDs) are an intriguing technology for building a completely
automated MOS instrument that has the 
exibilit y and lack of moving parts necessaryfor
spaceapplications. An LCD with individually addressablepixels could be usedas a focal
planeslit generatorfor a multislit spectrograph. A MOS observation using this devicemight
proceedas follows (Wurtz & Stocke 1992):

1. With all pixels in their clear state and a 
at mirror inserted in place of the grating,
the observer takesan imageof the �eld of interest.

2. The observer usesthis imageto selectthe objects for which spectra shouldbeacquired.

3. Using a real-time interactive mask designprogram, the observer designsa focal plane
mask with slits at the locations of the objects to be observed.

4. The observer electronically recon�gures the LCD to the desiredslit con�guration (slit
widths, lengths, positions) without manually inserting a focal plane mask or moving
the telescope.

5. The 
at mirror is replacedby the grating (at the proper angle)and the MOS exposure
is begun.

If the spectrograph is con�gured to have the 
at mirror and gratings be interchangeable
(like DIS-II I on the ARC 3.5m at Apache Point Observatory), then the total setup time
is estimated to be �v e to �fteen minutes, depending on the �eld (Wurtz & Stocke 1992).
This device would not be limited solely to MOS applications; coronagraphicmasking or
standard long-slit spectroscopy could be performedwith the same
exible instrument. Since
this instrument allows the observer to manipulate the con�guration of the focal plane mask
in real-time and with no moving parts, it has the potential for useas a space-basedMOS
system.

The two types of LCDs used to make optical shutters like those described above are
polarizing and scattering(Wurtz & Stocke1992). Polarizing LCDs arethosemost commonly
found in consumergoods such aslaptop computer displays. Thesedevicesconsistof a liquid
crystal sandwiched between two crossedpolarizers. In the clear state, the liquid crystal
moleculesrotate the polarization of the incident light coming through the �rst polarizer
such that it passesthrough the secondpolarizer. When a su�cien tly high electric �eld is
applied, the liquid crystal moleculesalign themselves parallel to the applied �eld. In this
state the liquid crystal moleculesdo not changethe polarization of the light that haspassed
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through the �rst polarizer to allow it to passthrough the secondpolarizer, and the LCD is
opaque. The transmissionof the clear state is limited by the transmissionof the polarizers
(. 50%) and the transmissionof the crystal and its substrates(generally> 80%), while the
transmissionof the opaquestate dependson the polarizersusedand the abilit y of the liquid
crystal moleculesto align themselvespurely in the direction of the applied �eld.

There are several varieties of scattering LCDs, all of which have opaquestates that
are achieved by scattering the incident light rather than absorbingit. The majorit y of the
incident 
ux is removed in thesedevicesby backscatter or large-angleforward scattering.
The transmissionof the opaquestatedependsprimarily on the collectionangleof the detector
(detectorswith a larger collectionanglewill detect moreof the large-angleforward scattered
light) and whetheror not a dyehasbeenused. The transmissionof the clearstate is typically
much higher than for polarizing LCDs (& 90%), but will be reducedby the presenceof a
dye.

In one particular variety of scattering LCD known as a PDLC (Polymer Dispersed
Liquid Crystals; Doaneet al. 1986;Vaz & Montgomery 1987),the liquid crystal is dispersed
in micron-sizeddroplets throughout a polymer network with a di�eren t index of refraction.
In the opaquestate, incident light is scatteredat the droplet surfacesdue to the mismatch in
refractiveindices. As an electric�eld is applied, the index of refraction of the dropletschanges
to match that of the polymer, allowing incident light to be transmitted. The transmission
of the clear state in these LCDs is typically � 95%, but they are unsuitable for MOS
applications becausethey cannot be pixelated to display arbitrary light patterns.

Another variety of scattering LCD is known asa PSCT (Polymer StabilizedCholesteric
Texture; Yang et al. 1992,1994). Thesedevicesconsist of a cholesteric liquid crystal in a
polymer network. Cholestericliquid crystals are those in which the liquid crystal molecules
twist around an axis to form a helical structure. In the absenceof an applied electric
�eld, the intermolecular interactions between the liquid crystal molecules(which tend to
have a helical structure) and the polymer network (which is perpendicular to the surface
of the material in which it is sandwiched and tends to align the liquid crystal molecules
along it) causesa di�erence in refractive index between the areaswhere the helical and
polymeric structures dominate. This abrupt changein refractive index causesthe material
to beoptically scattering,aswith PDLCs, and the deviceis opaque.When a su�cien tly high
electric �eld is applied, the helical structure of the liquid crystal moleculesbecomesunwound
and the moleculesalign themselves in the direction of the applied �eld. If the direction of
the applied �eld is chosento coincidewith the direction of the polymer network, then the
material has a uniform index of refraction and is transparent. Clear-state transmissionof
these LCDs is also � 95% and they can be pixelated to display arbitrary light patterns,
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Fig. 1.| Results of tests performedat LCI to determine the LCD material's transmission
as a function of wavelength for the clear (left) and opaque(right) states. The clear-state
transmissiondeclinesrapidly blueward of 4000�A (400 nm) due to the glassthat is holding
the LCD material. Figurescourtesyof D.-K. Yang.

making them an excellent candidate for further study.

I have tested an LCD devicethat works on this principle in order to measureits basic
properties, such asmaximum transmissionand contrast ratio betweenthe clear and opaque
states, and to assessits feasibility for use as a slit mask generator in a MOS instrument
similar to the oneenvisionedabove.

2. Our LCD Device

I tested two LCDs that were designedand built by Dr. Deng-Ke Yang of the Liquid
Crystal Institute (LCI) at Kent State University. The maximum clear-statetransmissionof
the PSCT LCD material was measuredat LCI to be approximately 80% with a contrast
ratio betweenthe clear and opaquestatesof 140. The clear-statetransmissionis lower than
the canonical 95% value stated above becausethe polymer concentration and pitch angle
of the cholestericliquid crystals in our mixture were chosento maximize the contrast ratio
rather than the clear-statetransmission. Observationally, a high contrast ratio is essential
for observinga faint object in the sameFOV as a much brighter one.

The testing at LCI alsodeterminedthat the opaquestate of the LCD material allowed
blue light leakssuch that its transmissionwas about 4% at 4000�A (comparedto � 1% at
6500�A). Their solution to this problemwasto add a pink dichroic dye to the PSCT material.
Addition of this dye lowered the throughput in the opaquestate at 4000 �A to 2% without
adverselya�ecting opaque-statetransmissionat longer wavelengths;however, the addition
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Fig. 2.| Resultsof testsperformedat LCI to determinethe LCD material's transmissionin
the near-UV portion of the spectrum. The numberson the x-axis represent the wavelengthof
light in nanometers,and the numberson the y-axis represent the transmissionof the device
in percent. The ITO layer is the electrically-conductinglayer required to addressthe pixels
in our device. The fringing apparent for the clear-stateof the LCD material is most likely
causedby interferencewith the polymer network. Figure courtesyof D.-K. Yang.

of the dye also reducedthe clear-statetransmission. With the dye present, the clear-state
transmission is a minimum (70%) at 4000 �A and steadily increasesto reach a maximum
valueof � 85%at 6500�A, and then decreasesto a valueof about 75%at 7000�A (seeFigure
1). This changein clear-statetransmissionwas more than compensatedfor by the lowering
of the opaque-statetransmission,as evidencedby the increasein contrast ratio from 140to
200with the addition of the dye.

It is clear from Figure 1 that the clear state of the LCD material has high transmis-
sion throughout the visible wavelength range. In order to determine the rangeof potential
applications for this device,however, it is essential to know how far into the near-UV and
near-IR the transmissionof the LCD material extends. Tests of the near-IR transmission
have shown that the drop in the clear-state transmission redward of 6500 �A and rise in
opaque-statetransmissionnear 7000 �A in Fig. 1 continue into the near-IR such that the
contrast ratio approaches 1 by a wavelength of 1 � m. The results of the near-UV testing
of the LCD performed at LCI are shown in Figure 2. Sincethe transmissionof glasscuts
o� sharply blueward of 4000�A, another material with high throughput in the near-UV and
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optical bands neededto be found to hold the LCD material for the near-UV test. We de-
cided to usequartz, which, basedon my transmissiontests beforesendingsamplesto LCI
for application of the LCD material, has a transmissionof & 90% in the wavelength range
2000{8000�A (seeFig. 2). While the clear-state transmissionof the LCD material is not
as high in this wavelength regimeas in the visible band, the transmissionis still & 30%for
wavelengthslonger than 3500�A. Thus, the wavelength rangeover which this LCD material
is useful is 3500{10000�A. While the near-UV transmissionof the LCD material is too low
for space-basedapplications, it is su�cien t to make it viable for useasa focal plane shutter
in all optical ground-basedapplications. Applying another electrically-conductinglayer that
has a higher near-UV throughput than the ITO layer could also signi�cantly extend the
near-UV transmissionof this device.

However, theseLCDs werechosenfor study primarily becausethere is a hysteresisin the
transition betweenthe clearand opaquestatesthat allows arbitrary patterns to be displayed
on them. When the voltage applied to the LCD is increasedfrom zero to a bias level of
48 V, the LCD remains opaque. If the voltage is increasedto 10 V above the bias level,
then the LCD becomesclear; however, the hysteresisin the transition betweenthe clearand
opaquestates causesthe LCD to remain clear when the voltage is decreasedback down to
the original bias level. Similarly, if the applied voltage is equal to the bias level when the
LCD is clear, then reducing the voltage by 10 V causesthe LCD to becomeopaqueand the
hysteresisallows it to remain opaquewhen the voltage is again increasedto the bias level.
This hysteresisallowed the LCDs fabricated at LCI to be split into pixels addressableby
rowsand columns. When a constant biasvoltageis initially suppliedto the deviceit is in the
opaquestate, but by addressingeach pixel with either a positive or negative voltage pulse
of amplitude 10 V an arbitrary pattern can be drawn on the LCD and maintained merely
by returning to the bias level. This sort of bistabilit y under a passive voltage is essential for
the practical useof this deviceat the telescope.

Each of our two LCDs is divided into 116� 116,166� m squarepixelswith an inter-pixel
spacingof 5 � m, and the LCD material is sandwiched betweentwo piecesof glass.However,
sincea single LCD has a contrast ratio of 200, which corresponds to 5.7 magnitudes,and
many astronomical�elds of interest have objects whosemagnitudesdi�er by more than this
amount, we decidedto stack the two LCDs on top of one another in order to increasethe
contrast ratio of the device. I designeda mount to stably hold and align the two LCDs,
and R. J. Hodgson& Son'sMachine Shopof Erie, CO, built it. The two LCDs werealigned
on this mount under a microscope so that the pixels on each LCD would coincideto within
a tenth of a pixel. Hardware and software capableof drawing arbitrary patterns on both
LCDs simultaneouslywas provided by LCI.
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3. Testing and Results

While the basic properties of the PSCT LCD material were measuredat LCI, their
measurements werenot performedon the pixelated LCDs, much lessa stack of two of them.
Thus, the basic properties of the stack neededto be measuredin order for us to assess
the device'ssuitabilit y for astronomicalapplications. Thesemeasurements were madewith
the LCD stack placed in the focal plane of an f/8 beam in order to determine the device's
properties with optics similar to those found in large-aperture ground-basedtelescopes. A
HeNelaser(� = 6328�A) wasusedasa light sourceand passedthrough a 100� m pinhole to
createa point source.The pinhole waspositionedrelative to the LCD and the lenscreating
the f/8 beamsuch that the imageof the pinhole at the focal planewasmagni�ed by a factor
of two. However, the relevant number for observers is the angular extent of the pinhole at
the focal plane of a typical ground-basedtelescope and how this angular sizecomparesto
the seeingconditions. Assuminga plate scaleof 5.85 00/mm, appropriate for the ARC 3.5m
telescope at Apache Point Observatory (APO), a pinhole sizeof 200 � m at the focal plane
correspondsto an angular extent of 1:0017, which is comparableto the typical seeingat most
ground-basedobservatories.

3.1. Transmission as a Function of the Num ber of Times a Pattern is Dra wn

While aligning the LCDs on the mount and setting up the test optics, I noticed that
the clear-state transmissionof the stack increaseswhen a particular pattern is repeatedly
displayed on it. Thus, tests of the transmissionas a function of the number of times that a
particular pattern is drawn werenecessaryin order to determinethe best operational mode
for the LCDs. Ideally, one would like to operate the stack in the mode that allows the
maximum clear-statetransmission.

The results of this test are shown in Figure 3 for three di�eren t patterns. The three
patterns usedwere(1) a completelyclear LCD, (2) a 116-pixel long, one-pixelwide vertical
slit centered on the LCD, and (3) a 116-pixel long, three-pixel wide vertical slit centered
on the LCD. From Figure 3 onecan seethat the generalshapesof the curvesare the same
for all three di�eren t patterns; the transmissionrisesfrom an initial value of 20{30% to its
steady-statemaximum value of 50{60% after being drawn � 5 times. The clear LCD and
three-pixel wide slit patterns have nearly indistinguishable curves within the errors, while
the one-pixel wide slit pattern has a transmission that is about 10% higher. Most of the
one-pixel wide slit data points deviate from the data points for the other two patterns by
� 2� (4.6% chanceof this happening at random).
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Fig. 3.| Transmissionof the LCD stack as a function of the number of times a pattern
is drawn for three di�eren t patterns: a completely clear LCD (red), a one-pixel wide slit
(green), and a three-pixel wide slit (blue).

For all of the other testswhoseresultsarereported here,I drew a pattern 10consecutive
times on the LCDs beforetaking any measurements in order to ensurethat the LCDs had
reached their steady-statetransmission.

3.2. Con trast Ratio

In order to observe a faint object in the sameFOV as a much brighter object, one
needsan instrument with a high contrast ratio so that the light from the bright object
doesn't contaminate the data from the faint one. The contrast ratio of the LCD stack was
calculatedby measuringits clear-stateand opaque-statetransmissions.As onemight expect,
the clear-statetransmissionwasmeasuredthrough a completelyclear LCD and the opaque-
state transmission was measuredthrough a completely black LCD. The transmissionsof
thesestatesweremeasuredto be 44� 2% and 0:05� 0:01%,respectively, yielding a contrast
ratio of 940� 90 (equivalent to 7:4 � 0:1 magnitudes). Thus, the contrast ratio of the LCD
stack was increasedby a factor of 4.7 (1.7 mag) over the value for a single LCD measured
at LCI.

In the opaquestate, the light from the point sourceis spreadover a much larger area
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Fig. 4.| Light distributions for a completely clear LCD (left) and a completely black LCD
(right), from which the contrast ratio was calculated. Both imagesare linear stretchesthat
show the entire FOV of the CCD detector. In the clear LCD image, white corresponds to
a transmissionof 0% and black to 0.1%; in the black LCD image, white corresponds to a
transmissionof 0% and black to 0.0002%.

than in the clear state becauseof large-angleforward scattering (seeFig. 4). The opaque-
state transmissionand contrast ratio quoted above were determined by using the number
of CCD pixels in the clear-statelight distribution to calculate the transmissionsin both the
clear and opaquestates. If one calculates the opaque-statetransmission using all of the
light in the black frame, then the transmissionbecomes0:4 � 0:1%, which corresponds to a
contrast ratio of 110� 20(5:1� 0:2 mag). This number is not very relevant, however, because
an observer would be interested in how much light from a bright object contaminates the
areaof the detector near the faint object of interest, not over the detector as a whole.

3.3. Transmission as a Function of Distance from Slit Center

The contrast ratio is not the only characteristic of the LCD stack of concernto observers
trying to observe faint objects in the sameFOV assigni�cantly brighter ones.A questionof
particular interest to theseobservers is how far apart the two objects have to be beforethe
amount of light scatteredinto the clear slit by a bright object at the location of an opaque
pixel is negligiblecomparedto the amount of light comingfrom the faint one. Changingthe
position of the point sourceon the LCD and measuringthe amount of light transmitted by
the clear slit addressedthis question. The results are shown in Figure 5. The clear-state
transmissionat slit center was41� 2% for the one-pixelwide slit and 35� 7% for the three-
pixel wide slit. From Figure 5, onecan seethat if a point sourceis 500from the center of the
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Fig. 5.| Transmissionof the LCD stack as a function of distance from the slit center for
a one-pixelwide (left) and a three-pixel wide (right) slit. The angular scaleon the top axis
assumesthe plate scaleof the ARC 3.5m telescope at APO (5.85 00/mm).The black points
represent data taken in 50 � m intervals, and the red points represent data taken in 20 � m
intervals.

slit then the amount of light in the slit to drops by 8 magnitudesfrom its central value for
a one-pixelwide slit; it takes800for the amount of light in a three-pixel wide slit to drop by
the sameamount. Thus, dependingon the magnitude di�erence of the two objects, onecan
observe a faint object that is only a few arcsecondsaway from a bright onewith this device.

3.4. The Amoun t of Ligh t Scattered by a Clear Slit

PSCT LCDs are known to scatter incident light, so another important question to ask
is how much of the light that is incident on a clear slit getsscatteredout of it. Ideally, none
of the incident light would be scatteredout of the slit, especially if one wanted to perform
photometry with this device. In order to answer this question, long exposureswere taken
with a point sourcecentered in a one-pixelwide and a three-pixel wide slit; the results are
shown in Figure 6. The long vertical streaksin the middle of the imagesaresaturatedpixels.
By summing all of the counts in the non-saturatedpixels one �nds that (at least) 0.6% of
the incident 
ux of an object centered in the slit is scatteredfor a one-pixelwide slit, and (at
least) 3.0%of the 
ux is scatteredfor a three-pixel wide slit. Thus, the LCD stack is not an
ideal devicefor photometry becauseat least 3.0%of an object's 
ux is scatteredaway from
its imageon the detector (if attempting photometry, onewould be using a completelyclear
LCD, which is more similar to a three-pixel wide slit than a one-pixelwide one), which will
causethe object's calculatedmagnitude to be systematically high by at least 0.03mag. All
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Fig. 6.| Light distributions showing the amount of light scatteredby an object in a clear
slit for a one-pixel wide slit (left) and a three-pixel wide slit (right). Both images are
linear stretches that show the entire FOV of the CCD detector. In the one-pixel wide
slit image,white correspondsto 0% of the incident light scatteredto that location and black
to 0.0001%;in the three-pixel wide slit imagewhite, white correspondsto 0% of the incident
light scatterred to that location and black to 0.0005%.

objects in a �eld will scatter light in this way, adding to the background in a non-uniform
manner. While this background introduceserror to an object's calculated magnitude, it is
of the sameorder as absolute 
ux calibrations, and should be correctableby observinga
standard star through the sameslit as the object of interest.

3.5. Transmission as a Function of Time

Another operational concern is how the clear-state transmission of the LCD stack
changeswith time. If the stack's transmissionvariessigni�cantly with time, then observers
would want to limit the length of their longestexposuressuch that the LCDs' transmission
variations weresmall over that interval. In order to addressthis concern,the transmissionof
a completelyclearLCD stack wasmeasuredperiodically over the courseof onehour. During
this time, the stack's transmissiondecreasedsubstantially (seeFigure 7). The slope of the
best-�t line (reduced� 2 = 0:96) in Figure 7 is {9.4% per hour, suggestingthat the longest
advisableexposuretime is � 15 minutes, over which time the clear-statetransmissionwould
have decreasedby lessthan 2.5%. This is a reasonableexposuretime limit, and while it does
restrict the faintest objects that one could observe with this device,this limitation is more
important for photometry than spectroscopy.
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Fig. 7.| Clear-state transmission of a completely clear LCD stack as a function of time
sincethe pattern wasdisplayed. The reduced� 2 of the best-�t line shown (red) is 0.96,and
its slope is {9.4% per hour.

3.6. Transmission of Di�use Ligh t

In all of the aforementioned tests, the light sourceusedwasa monochromatic (� = 6328
�A) point sourcewith essentially no background. Real astronomicalobservations always have
a di�use sky background, however, so the �nal test performed was to determine the LCD
stack's responseto a di�use light source.Someimagesfrom this test are shown in Figure 8
for (1) a completelyblack LCD, (2) a completelyclearLCD, (3) a one-pixelwide slit, and (4)
a three-pixel wide slit. The averagetransmissionof di�use light for a completelyblack LCD
was 0:6 � 0:1%, whereasthe averagetransmissionfor a completelyclear LCD was 34� 2%,
yielding a di�use-light contrast ratio of 54� 5 (4:3 � 0:1 mag). The averagetransmissionof
di�use light through a one-pixelwide slit was22� 1%, and for a three-pixel wide slit it was
30� 2%. For a di�use light sourcethe contrast ratio of the LCD stack decreasesby a factor
of 17 (3.10mag) from its valuefor a point source,and a one-pixelwide slit hasa signi�cantly
lower transmissionthan other clear patterns rather than being signi�cantly higher as for a
point source.The clear-statetransmissionfor all three clear patterns is signi�cantly smaller
for a di�use light sourcethan for a point source,while the transmissionfor the black LCD
is higher for a di�use light source,perhapsdue to o�-axis scattering.
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Fig. 8.| Di�use light transmissionof the LCD stack for a completelyblack LCD (top-left), a
completelywhite LCD (top-right), a one-pixelwide slit (bottom-left), and a three-pixel wide
slit (bottom-right). All imagesare linear stretches that show the entire FOV of the CCD
detector. For the completelyclearLCD, one-pixelwide slit, and three-pixel wide slit images,
white correspondsto a transmissionof 0% and black to 100%;in the completelyblack LCD
imagewhite corresponds to a transmission,of 0% and black to 2%.

4. Discussion and Future Work

The results of the tests described in x3, when comparedwith the results of the tests
performedfor a singleLCD at LCI, are at �rst glancesomewhatdisappointing. The tests at
LCI found a clear-statetransmissionfor a singleLCD of � 85%at a wavelength of 6328�A
and a contrast ratio of 200. Extrapolating theseresults to a stack of two LCDs, one would
expect that the stack would have a clear-state transmission of � 70{75% and a contrast
ratio > 10000,rather than our measuredvalues of � 50% and � 1000. However, we do
not know exactly how the tests at LCI were performedand how closelythey mimicked the
conditions under which real observations would be made; they were most likely performed
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with equipment designedto test LCDs for other commercial applications that would not
necessarilybe the instruments that astronomerswould have chosen.On the other hand, the
testsperformedherewerealways performedwith an eye toward how the devicewould be put
to practical useat the telescope and with optics designedto mimic an f/8 telescope beam.
Therefore, theseresults give a realistic indication as to how the device would perform for
astronomicalapplications.

Furthermore, the results presented above are not entirely discouraging. The measured
clear-statetransmissionof the stack is typically � 50%, but up to this point we have done
nothing to try to limit surface lossesin this device. With four glass-air surfacesin the
two LCD stack, it is possiblethat a signi�cant fraction of our lossescomesnot from the
transmissionof the stack, but rather from re
ections at theseinterfaces. If we were to treat
the glasssurfaceswith an anti-re
ection (AR) coating to minimize these losses,we would
likely seea 10{20%increasein the clear-statetransmissionof the stack. Also, the measured
\straigh t-through" contrast ratio of this devicewas 7:4 � 0:1 mag, which is reasonable,and
should increaseif the clear-statetransmissionincreaseswith the application of AR coating.
The resultsof x3.3areparticularly encouraging,sincethe relativebrightnessof a point source
falls 8 magnitudesfrom its peakvalue after it movesa few arcsecondsfrom the center of the
slit. Thus, one could plausibly observe a faint object that is as closeas � 1000away from
another object that is 6{7 magnitudesbrighter than it is.

The most unexpectedresult of thesetests is that a one-pixelwide slit appearsto have
a signi�cantly higher transmission for point sourcesand a signi�cantly lower transmission
for di�use sourcesthan a three-pixel wide slit or a completely clear LCD. The column of
pixels on the LCD doesnot appear to be any more or lesssensitive on averagethan other
columns;for the imagesin Figure 8, the averagetransmissionof the column over which the
one-pixel wide slit is drawn is 22 � 1% for the one-pixel wide slit, 33 � 2% for the three-
pixel wide slit, and 37 � 1% for the completely clear LCD. If the di�erences in clear-state
transmissionbetweenthe three di�eren t patterns were due to the LCD column over which
the one-pixel wide slit was drawn having a di�eren t sensitivity than other columns, then
one would expect the transmissionsfor that column quoted above to vary more from the
averagevaluesof 30� 2%for the three-pixel wide slit and 34� 2%for the clearLCD given in
x3.6. One possiblity for the di�erence in clear-statetransmissionbetweenthe three patterns
is that the amplitude and/or spacingof the voltage pulsesallows a pixel's maximum clear-
state sensitivity to vary more when a small number of clear pixels are drawn next to a large
number of opaqueones.

Clearly, much more testing and characterization of this device can be performed and
many questionshave been left unanswered. How much will applying an AR coating to
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the glass surfacesincreasethe clear-state transmission and contrast ratio of the LCDs?
By varying the amplitude and spacing of the voltage pulsesaddressingthe pixels, can a
more stable steady-statetransmissionbe reached for small slit widths? Do the clear-state
transmissionand contrast ratio changeif the f-ratio of the beamchanges?How doesthe LCD
stack respond to multiple point sources,or a point sourceon top of a di�use background?
What about light sourcesthat aren't monochromatic: what is the LCD stack's spectral
sensitivity? We intend to addresstheseand other questionsby placing the LCD stack in the
focal planeof a telescope, preferably the ARC 3.5m,and measuringits propertiesunder real
astronomicalconditions.

Ideally, the on-sky results will be encouragingenough to further justify using liquid
crystal technology to build a next-generationMOS instrument for the ARC 3.5m. Since
ARC is operatedremotely by most of its users,it is a perfect venue for testing the reliabilit y
and performanceof this technology before proposing to use it at space-basedtelescopes.
Unfortunately, in order to build a MOS instrument well-matched to ARC, we would have
to build another LCD stack. Given the ARC plate scaleof 5.85 00/mm, our current 166 � m
squarepixels correspond to 0:9700squarepixels, and our 116� 116pixel array correspondsto
a �eld of view of � 20� 20. While this is a very reasonablesizefor the next stageof testing, we
will want to increasethe �eld of view of the LCD deviceto somethingcomparableto the �eld
of view of most CCD detectors(more like 100� 100) in order to addressour continuedscience
goals. Currently, the area of the opaqueinterpixel gapssurrounding each pixel is equal to
about 12%of the pixel's total area;thus, in order to achieve the maximum transmissionone
would want asmuch of an object's light aspossibleto fall within a singlepixel. Typical seeing
conditionsat most ground-basedtelescopesare1{2 arcseconds,which arguesfor 250{350� m
(1:005{2:000) squarepixels rather than the 166 � m squarepixels that we currently have.

5. Conclusions

LCDs arean exciting technologywith potential for usein a next-generationMOS instru-
ment. I have testeda stack of two scattering-principleLCDs to determineits basicproperties
and feasibility for usein astronomicalapplications. The maximum clear-statetransmission
of this devicewas measuredto be � 50%, but this number could increasesubstantially by
AR coating the glasssurfaces.The measuredcontrast ratio betweenthe clear and opaque
states was 7:4 � 0:1 magnitudes, and this number will likely increaseby AR coating the
surfacesaswell. I have alsofound that the relative brightnessof a point sourcewill decrease
by 8 magnitudesfrom its central value when it lies at a distance of � 10 arcsecondsfrom
the center of the slit and that even a clear slit drawn with this device will scatter about
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3% of an object's light in the forward direction to create a non-uniform background. The
clear-statetransmissionof the devicewhenilluminated by a di�use light sourceis � 35%and
the opaque-statetransmissionis � 0:5%, yielding a contrast ratio betweenthe two statesof
4:3 � 0:1 magnitudes.

These results are encouragingand we would like to move on by placing this device
in the focal plane of the ARC 3.5m telescope and taking data with it to directly test its
performanceunder varying astronomicalconditions. If all goeswell then we will utilize this
LCD technology to build a next-generationMOS instrument that could open the realm of
MOS to space-basedtelescopes.

This work has bene�tted from the support of a NSF Small Grant for Exploratory Re-
search (J. Stocke, PI) and NASA UVSRT Grant #NA G5-3794(J. Stocke, PI).
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