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ABSTRACT

Many dynamicphenomenan the Sunrequire obsenationswith high temporal, spatial, and spectralresolution.
Fabry-Ferot basedimaging spectro-polarimetrgan sene theseneeds,especiallyin combinationwith adaptve optics
(AO) andadwancedimagerestorationand processingechniques.Therefore a detailedunderstanding@f the instrument
characteristicss the foundationto exploit the capabilitiesof thesecomplex systems.We presenta novel, ef cient, and
robustalgorithmfor maintainingandquantifyingtheplateparallelismof Fabry-Ferotetalons Theplatecharacteristicare
quanti ed in termsof Zernike polynomials nding adirectrelationshipbetweerthevoltagesappliedto the piezo-electric
actuatorsthat control the tip-tilt motion of the etalon,and the plate parallelism. The plate defectsare cornveniently
describedby the Zernike coefcients up to 15th order The algorithm hasbeentestedwith the visible-light imaging
magnetograpkVIM) attheBig BearSolarObsenatory(BBSO)in California.

Subjectheadings: Sun: photosphere— Sun: chromosphere— instrumentationinterferometers— instrumentationpolarimeters—

methodslaboratory— techniquesspectroscopic
1. Intr oduction

The solarsurfaceis highly dynamicand magnetic elds on
variousspatialscalesfrom active regionsand sunspotgo net-
work elds and faculae, are intricately intertwined with the
plasmamotions. Two-dimensionalspectro-polarimetrys one
of the tools to accuratelymeasurethe physical propertiesof
solar activity. This study focuseson a particularclassof in-
strumentspamelyimagingspectro-polarimetethatuseFabry-
Pérot etalonsto imagethe solar surfaceat variouswavelength
settings(Bonaccinietal. 1989),i.e., scanningspectraline pro-
les at eachspatialpoint in the eld-of-view (FOV). Imaging
spectro-polarimeterare being operatedor developedat mary
solar solar obsenatories, e.g., the imaging magnetographat
the Mees Solar Obsenatory, Haleakala,Maui (Mickey et al.
1996;LaBonteetal. 1999),thetriple etalonsolarspectrometer
(TESOS,Kentischeret al. 1998;von der LuheandKentischer
2000;Tritschleretal. 2002),andthe Gottingentwo-dimensional
spectromete(Bendlinetal. 1992;BendlinandVolkmer 1995).
The latter both arelocatedin the GermanVacuumTower Tele-
scopeatthe Obsenatoriodel Teide, Tenerife.

The presentstudy addresses generaldif culty in operat-
ing Fabry-Ferotetalons,i.e., to measurecontrol,andmaintain
the parallelismof the etalonplatesover time periodsof several
hours. The stabilizationof Fabry-Ferotsby meansof capaci-
tancebridgeshasbeenintroducedby Hicks et al. (1984),who
useda feedbaclksystemto determineplatetilts alongthex- and

y-axesof theetalonplates.The etaloncanbestabilizedby com-
paringthe capacitancénformationto a referencecapacitorand
continuouslyapplying correctionsto the voltagesof the piezo-
electricactuatorsHowever, thefeedbaclsystemonly maintains
parallelismbut cannotestablisht in the rst place.

Several methodshave beenusedto make the etalonplates
parallel. Mickey (2005)suggested calibrationschemehatis
basedon polarizationmeasurementsPolarizersareinsertedin
threeaperture®f a pupil maskthatcoverstheentranceaperture
of thetelescopeThisintroduceghreedifferentbut well known
polarizationrealizationsn the obsenationof the non-magnetic
telluric line at 630.28nm. Measuringthesepolarizationreal-
izationsin threequadrantof the Fabry-Ferotetalonyields the
voltagesthathave to beappliedto thepiezo-electriactuatorso
achieve plateparallelism. In spiteof the instrumentaklegance
of themethodi,it is limited by the factthattelluric linesarenot
availableacrosgheentirevisible andnearinfraredspectrumln
addition,theinstrumenthasto includeapolarizationanalyzeito
accuratelymeasurehe averagepolarizationin the etalonquad-
rants.Anotherapproacho optimizetheperformancef aFabry-
Pérotetalonhasbeenputforwardby JonesandBland-Havthorn
(1998), who employ a four quadrantsensingwith a Hartmann
maskandcombineit with repeatedcanghrougha slit maskin
the focal plane. Theserepeatednonochromatidong-slit spec-
traaresynchronizedvith the read-outof the CCD detectorand
about80 of themarecombinedn onesingledigitalimage.The
x- andy-offsetvoltagesfor the piezo-electricactuatorsarethen
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Fig. 1.— Coatingcurvesof the Fabry-Ferotre ectivity R and
absorptionA. The peaktransmissiort max andnominal nesse
Fnom canbe derivedfrom the coatingcurvesaccordingto Equa-
tions1 and2.

derived from a comparisonof the long-slit spectrain the four
guadrants.

In thefollowing sectionswe will developa methodto quan-
tify the degreeof plate parallelismandto monitor the charac-
teristics parameterf the Fabry-Ferot etalon. Note that the
calibrationmethodpresentechereis not restrictedto imaging
spectro-polarimetersr solarphysics,but canbe appliedto ary
Fabry-Ferot basedinstrument,wherea collimatedlaserbeam
canbeincorporatedn the opticaldesign.All experimentshave
beenconductedvith VIM in alaboratorysettingatBBSO.VIM
is basicallya twin of the nearinfraredimaging magnetograph
(IRIM) system,which hasbeendescribedn detail by Denlker
et al. (2003b). A brief summaryand comparisonof VIM and
IRIM is givenin Denker et al. (2003a). The characteristicef
thelRIM Fabry-Rerotetalonarepresentedy Caoetal. (2004)
andthe VIM control and acquisitionsoftware is discussedn
Shumlo et al. (2002). Finally, a generaldescriptionof Fabry-
Pérotetalonsandtheunderlyingtheorycanbefoundin Vaughan
(1989).

2. Instrument and Optical Set-Up

The Fabry-Ferot is an integral part of VIM, a spectro-
polarimeterfor solar obsenationsin the visible wavelength
region from 510 nm to 660 nm. The VIM designgoal is to
combinemoderatespectralresolution(/ =d/  85;000), high
spatialresolution(closeto thediffractionlimit a = | =D 0:2%°
of theD = 65 cmaperturevacuumre ector), andhightemporal
resolution(Dt 1 min), whichis requiredto addresghe scien-
ti ¢ objective, namelymonitoringactive region dynamics.The
overall measuremendccurag will suffer asa consequencef
the deteriorationof the nesse dueto temporalchangeof the
plateparallelismduringthe daily obsenations.

We usea high-speedALSA-1M60 camerawith four read-
out channelg20 MHz datarate)for theimageacquisition.The

Laser SF A; FPI A, ND CCD
Fig. 2.— Sketchof the optical set-up,where SF denotesthe
spatial lter, A; and A, aretwo achromatsfPlI is the Fabry-
Pérotetalon,andND is the neutraldensity lter .

interline frame transfersensorhas 1024 1024 pixels with a
70% Il factorand a frame rate of 60 fps. The pixel sizeis
14mm 14 nm. However, we usethecameran the2 2 pixel
binning mode,wherethe imagesare sampledat 12-bit. In this
casetheframerateis 110fps andthe dynamicrangeis 72 dB.
Sincethe quantumef ciency of the detectoris relatively low
(aboutl5%at 630nm), the exposuretime wasdt = 200ms.

The ET70FS-1024Seriesll Fabry-Ferot etalonwas manu-
facturedby IC Optical SystemsLtd. (ICOS, formerly part of
Queensgatendis operatedy a CS100controller(SerialNum-
ber8099).A glassreferencecapacitolis usedto improve stabil-
ity. To shieldit from ervironmentalfactorssuchasdustparti-
cles,humidity, andtemperatureuctuationsthe etalonin placed
in a sealedcell with high ef ciency anti-re ection coatedwin-
dows. The manufcturerspeci cation for the nominal cavity
spacingis d = 496 nm. The cavity scanrangeis larger than
4 mm. Theplate atnesswasestimatedo be/ =136 0r betterat
632.8nm aftercoating(/ =200beforecoating).The set-upcon-
ditions stateminor cosmeticdefectson the anti-re ective coat-
ing onthetop etalonplateandthe presencef someduston the
inside of the windows. Neitherof thesedefectswill affect the
operationof the Fabry-Ferot etalonand attemptingto remove
themmight actuallycausemore harmthanimproving the opti-
cal quality of the instrument. The coatingcurvesof the etalon
re ectivity R andabsorptionA are presentedn Figurel. The
peaktransmissiort nax Of the etaloncanbe derivedfrom these
curvesaccordingo
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— 1
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andits wavelengthdependencis shavnin Figurel aswell. The
coatingof the etalonplateshasbeenoptimizedfor the wave-

lengthrangefrom 510nmto 660nm. The nominal nesseFnom
is alsoshavn in Figurel andgivenby

tmax= 1
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wherel =pisthe atnesserrorof theetalonplatesafterthecoat-

ing. Thepassbandi! of the Fabry-Ferotin atelecentriccon g-
urationandits dependencacrosshe FOV canbewrittenas
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wheren is therefractive index of the mediuminsidethe cavity,
d istheplateseparationandb is theangularsizeof theincident
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Fig. 3.— Left: Transmissiorcurve of the Fabry-Ferot etalon
illustratingthe free spectrarangeDl . Right: Detailedview of
a singletransmissiommaximum( thin blue curve) comparedo
an analytical t to the Airy-function (thick orangecurve, see
Equation?).

light beam. In a telecentriccon guration, f-ratios larger than
100aretypically encounteredh orderto avoid anunacceptable
broadeningof the passbandsindicatedby the lasttermon the
right-handside of Equation3. Finally, we cancharacterizehe
Fabry-Ferotby its spectrakesolution

ac T (4)
theeffective nessethefreespectrarange
o = 1 d Ry ©)
2nd
andtheresolvingpower
r= (;_l = 0:97mk; (6)

wherem is the orderof interferencecolorgreenandFgf denotes
theeffective nesse.We differ betweerthenominal nesseand
theeffective nessebecaus¢heformeris derivedfrom theman-
ufacturersspeci cationsonly while the later resultsfrom our
lasermeasurementsEquation6 shows the importantrelation-
shipthatthe resolvingpower is proportionalto the effective -
nesse.¢ emphasizingone moretime the role of the effective
nessein characterizinghe propertieof a Fabry-Ferot.

The optical set-upis shown in Figure2. The Fabry-Rerot
etalonis placedin a collimatedlaserbeam.Thelight sourceis
ared(632.8nm), 20 mW, TEMgo HeNe laser(Model 1136P)
with a 500:1polarizationratio manufcturedby JDSUniphase.
The rst optical elementin the set-upis a spatial lter consist-
ing of a 10 mm high enepgy pinhole anda microscopeobjec-
tive with a 40 magni cation. The resultingdiverging beam
lIs theinner75 mm of a customachromatwith a diameterof
D1 = 90 mm anda focal lengthof f; = 450 mm. This achro-
matis placed473 mm behindthe pinholeandproducesa colli-
matedbeam,which wascon rmed in an auto-collimationtest.
The Fabry-Ferotimmediatelyfollows (157 mm) the rst achro-
mat. A secondachromatmanufcturedby Linos Photonicsjs
located1020mm behindthe Fabry-Ferotetalon. This lenswith
adiameternf D, = 150mmandafocallengthof f; = 1250mm
imageshe rst etalonplateontothe LIM60 CCD camerawith an

Fig. 4.— Line scanacrossa singletransmissiormaximumwith

astepwidth of 1.2pm. A g-correctionwith g= 0:75wasapplied
to the imagesto enhanceahe detailsin the darker partsof the
images.Thenumbersn thelowerleft cornerof theCCDimages
correspondo picometers.

appropriatemagescale. A SchottNG51 mm (t = 52%)neutral
density Iter hadto beinsertedto avoid saturationof the CCD
camera.

3. Obsewations

TheFabry-Rerotwasmanuallyalignedaccordingo theman-
ufacturerspeci cations before proceedingwith the new cali-
brationmethod. The nominal nesse Fhom = 55:7 at the laser
wavelengthof 632.8nmwascomputedaccordingto Equation2
andspeci cationsfor re ectivity R= 96:8% andthe plate at-
nesserror p = 136 provided by the manuficturer The plate
spacing,i.e., the voltagesusedto adjustthe z-spacingcan be
changedy the CS100controllerwith 12-bit resolutionor 4096
discretesteps.Thetransmissiorcurve of the Fabry-Ferotetalon
wasscannedn arangeof 2000steps. Somecautionshould
be mentionedbeforecontinuingwith the descriptionof the ob-
senations. Laserlight is not strictly monochromaticj.e., the
Dopplerbroadenedyain curve of the laserwith a FWHM of
about2 pm cancontainseveralmodeswith avery narrown cavity
FWHM of just a few femtometer The exact numberof modes
dependson the mode spacing. The 30 cm cavity spacingof
our lasersupportsbetweenthreeand ve longitudinal modes.
However, sincethe effective bandpassf thelaseris only 2 pm,
whichis muchnarraverthanthe Fabry-Ferotbandpassf about
8 pm, we ngglectits convolution with the transmissiorcurve.
Thetransmissiorturve of a Fabry-Ferotinterferometers given
by the Airy function

4pndcosg

with d= ;

| R ,d !
E = tmax 1+ 7(1 R)2 S|n2§
(7)
whereq is theangleof incidence.

Theentirecurve wasscannedn incrementof ve stepsand
theresultis shavn in the left panelin Figure 3, which depicts
six free spectralrangesD! (FSRs)with ve distinct transmis-
sion maxima. Note the additionaltransmissiormaximaat the

periphery of the scanningrange. The FSR was determined
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Fig. 5.— (a) Maximum intensity of the transmissiorcurve acrossthe FOV, (b) Gaussiant to the data,and(c) the corresponding

residualsTheresidualof the t werescaledoetween 0:25.

from the distancebetweenneighboringtransmissionrmaxima
andamountsto 6700 1.0 steps. The bandpasgi! is about
9:6 0:4 stepsandwasdeterminedrom anAiry-function t to
one of the transmissiorpeaksshown in the right panelof Fig-
ure 3. The effective nesse within the inner 15 mm or 22.5%
of the etalonplatesis Fef = 69:8 3:0. Startingwith the FSR
in steps,Equation5 with d = 496 nm and ng; = 1.0 is used
to corvert the stepsto wavelengthunits (1 stepcorrespondso
0:602 0:010pm),i.e.,theFSRis DI = 0:404nm andthefull

scanningangeof the Fabry-Ferotetalonis DI nax= 2:47 nm.

If notmentionedtherwiseall of thefollowing obsenations
were obtainedusing the inner 65 mm or 93% of the etalon
plates,which correspondso a circle with a 413 pixel diameter
onthe512 512 pixel detector In addition,mostillustrations
arebasedon the nal resultsof the alignmentprocedure.Fig-
ure 4 displaysa typical line scanacrossa single transmission
maximum. In the ideal caseof a collimatedsystemwith per
fect coatingandperfectly at plates,we would expectto seea
concentriaing closingin on the centerof the platesforming an
illuminatedcentralregion beforefadingaway. Thisis theresult
of thewavelengthshift | o acrosghe FOV, whichwill besmaller
for higher f-ratios. In reality, deviationsfrom plateparallelism
canmale it dif cult to recognizethe aforementionegattern.
Thisis particularlyproblematic sincethis patternis usedin the
visualalignmentprocedure Alleviating this dif culty is oneof
the strengthf the new alignmentprocedure.

To producea Gaussiafeamthelaseris usedn combination
with a spatial lter madeof a pin hole anda microscopeobjec-
tive. The shapeof the beamis displayedin Figure 5, which
shavs thetransmissiormaximafor eachpixel in Figure5a. We
normalizedthe datasuchthatthe brightestpixel hasanintensity
of 1.25. This takesinto accountsomevery bright pixelsin the
centerof theFOV. We appliedatwo-dimensionalGaussiant to
thedata(Figure5b)

" #
fx Cx 2+ ry o 2+C:
Wy Wy

(i) = loexp 2 ®
The t parametersurelg = 0:56, ¢y = 0:015,cy = 0:005,wy =
0:046,cy = 0:51,andC = 0:03, wherecy andcy arethe center
coordinate®f the beamandthe width of the Gaussiarin the x-
andy-directionarewy andwy, respectiely. All measurements
are normalizedwith respectto the radiusof the etalonplates
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Fig. 6.— The rms-wavelengthshift / oms acrossthe FOV as

a function of the voltageappliedto the piezo-electricactuators
that control the x- and y-parallelismof the etalonplates. The

blue asterisksare the measurementandthe orangecurve is a

2" orderpolynomial t. Theminimumvaluesareindicatedby

verticalredlines.

rep = 35 mm. The maximumintensity of the Gaussiant is
Imax= lp+ C = 0:59, whereC is a constantrepresentingcat-
teredlight andcontritutionsfrom backre ections. For thefol-
lowing discussionye canassuméhatthebeamis well centered
on the detectorandthatthe width of the Gaussiarnis consistent
with the illumination of the inner 65 mm of the etalonplates.
Sincethelight level dropsexponentially the signal-to-noisea-
tio atthe peripheryof the etalonplatesbecomesery low. This
is oneof thereasonswhy we only show theresultsfor theinner
partof the plates. Finally, we depictthe residualsn Figure5c
scaledbetween 0:25. Laserfringesand the salt-and-pepper
patternof the micro-roughnesareclearlydiscernible.

In principle, two measurementsould be taken to align the
etalonplates,i.e., the effective nesse Fe¢ andthe root-mean-
square(rms) variationof the wavelengthshift / o.yms acrossthe
FOV. Since Fe¢ seemsto be very susceptibleto the micro-
roughnes®f the etalonplatesand becomesncreasinglyunre-
liable nearthe edgeof the etalonplates,we decidedto usethe
rms-wevelengthshift asan indicatorof plate parallelism(Gul-
lixson 1998). We adjustedthe voltagesettingsvy andVy man-
ually on the CS100controlunit andscanneda rangeof 0.05V
in boththe x- andy-direction(seeFigure6). In eachdirection,
we measuredl5 datapoints with an irregular spacing,which
sampledthe centralregion at higher frequeng. We applieda
2" orderpolynomial t to the dataand/ orms perfectlyfollows
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Theresidualof the t werescaledbetween 1:5pm.
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Fig. 7.— Schematiwiew of the Fabry-Ferotetalon.Left: Loca-
tion of the piezo-electricactuatorqa, b, andc) andthe capaci-
tancesensorgCxz, Cxz, Cy1, Cy», andCz). Right: Crosssection
illustratingthe operationprinciple of the Fabry-Ferot.

a paraboliccurve. Note that the parabolais slightly wider in
the x- directionthanin the y-directionindicating minor differ-
encesn theresponsef the piezo-electricactuators.The mini-
mumof thewavelengthshift wasobtainedor Vx = 0:143V and
Vy = 0:099V for the x- andy-direction, respectrely, asindi-
catedby theredverticallinesin Figure6. The minimumwave-
lengthshift correspondingo the appliedvoltagesvx andVy, are
I oxmin = 2:76 pmand/ gymin = 2:89 pm. The minor offsetbe-
tweenthe x- andy-valuesis dueto the time lag of morethan
one hour betweenthe measurementandre ects the changing
ervironmentalconditions.

At this point, the platesare perfectly parallel (the rms- and
peak-to-alley (PTV) atnesserrorsare ! =254 and | =46, re-
spectvely). However, scanningtwo times 15 voltage settings
and analyzingthe correspondinglata prior to obsenationsis
notvery corvenient.In the following sectionswe presentare-
nement of thesemeasurementand illustrate its potentialfor
anautomateaalibrationprocedureln addition,amathematical
modelhasbeenderivedto characterizéheetalonplatesthatcan
later be usedto calibratethe solarmeasurementsith VIM.

4. Model of the Etalon Plates

In Figure 7, we shov a schematioview of the ET Seriesl|
etalon. The two fusedsilica etalonplatesare kept parallel by

threepiezo-electriactuators, b, andc actingasatripod. Five
capacitancesensorgCxz, Cxo, Cy1, Cy,, andC2) arefabricated
directly ontothe mirror surfaceto sensechangesn parallelism
andcavity length. Informationaboutparallelismis obtainedby
comparingthe signalsof the capacitancebridge sensorsCx;
with Cx, (x-channel)and Cy; with Cy, (y-channel). Cavity
length (z-spacingor plateseparation)s controlledby referenc-
ing Cz to a stable x edreferencecapacitor(z-channel).Theer-
ror signalsareintegrated enlaged,andtransferredo the piezo-
electricactuatorsa, b, andc in orderto minimize the errors,
i.e.,thedifferencesignals.Unbalancinghex- andy-capacitance
bridgesby usingthefront panelor theinterfacecausesheplates
totilt sothatthey canbeaccuratelyaligned.In thesamewaythe
z-channelcan be unbalancedtausingthe plate spacingto vary
thusenablingthe etalonto betunedto a particularwavelength.

In thefollowing analysiswe useZernike polynomialsto de-
scribethe characteristicanddefectsof the circular Fabry-Rerot
etalonplates. Zernike polynomialsarewidely usedto describe
atmospherid¢urbulenceandthe classicalaberrationof an opti-
cal system,especiallyin the context of wave front sensingfor
adaptve optics. Zernike polynomialsare orthogonalon a unit
circle andcanbe expressedn polarcoordinategsa productof
angularandradial functions. However, careshouldbetakenin
theinterpretatiorof theresultswhich arenotdirectly relatedto
opticalaberrationsr wave front deformations We usea modi-
ed setof Zernike polynomialswith aspecializechormalization
schemeéntroducedoy Noll (1976),whichis moreconvenientfor
statisticalanalysis

p—— P
Zejen = p* LRE(T)}, 2c0smg

Zoddj=p N+ 1RM(r)" 2sinmg mé 0 9)
Z;= n+ 1RJ(r) m= 0;
where
(n m=2 s
m — 2 ( 1) (n 1)' n 2s.
R= A gimem= 9 m= g =
(10)

The index j is a mode ordering number (see Table | in
Noll (1976), which also providesthe identi cation of Zernike
polynomialsin termsof the classicaloptical aberrationsjand
a function of the radial degreen andthe azimuthalfrequeng
m, which are always integral and satisfy the conditionm n
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Fig. 9.— Effective nesseFqf acrosghe FOV. (a) The original measurementand (b) the correspondin@ernike polynomial t. (c)

Theresidualof the t werescaledbetween 15.

andn jmj = even. The plate characteristicare expressedn
Zernike polynomialswith amodeorderingnumberupto j = 15
correspondingo radialdegreesn 4 andazimuthaffrequencies
jm 4.

In orderto usesingularvaluedecompositio(SVD, Presset
al. (2002))to solve the linear least-squareproblemA x = b,
we write the circular representationf wavelengthshift | o as
a 133,301elementcolumn vector b andthe rst 16 Zernike
polynomials(including the pistonterm) as a non-squarel6
133 301 elementmatrix A. After back-substitutiorand back-
transformatiorto a two-dimensionaimages,we obtainthe 16
coefcients x of the Zernike polynomial t for the wavelength
shift shawvnin Figure8. Figure8adisplaystheoriginalmeasure-
mentsof thewavelengthshift. Thepositionof eachtransmission
maximumacrossthe FOV wasdeterminedrom a Gaussiant
to thetransmissiompro le. TheZernike polynomial t is shovn
in Figure8b. The shapeof the platesareroughly symmetrical
aboutthey-axis. However, we nd strongnegative shiftsatboth
the left andright side of the platesanda conspicuougpositive
shift centeredat the top of the plates. Finally, the residualsof
the t aredepictedin Figure8c. Note thatwe useda different
scalefrom 1.5 pmto highlightthe small-scalaleviations.The
discerniblefringe patternoriginatesfrom the laser/spatiallter
andis notrelatedto the plate atness. In thecenterof Figure8c,
a smallred, ring-like structurecanbe detectedndicatingsome
imperfectionsof Zernike polynomial t. However, the coef-
cientsof the higherorderZernike polynomialsbecomencreas-
ingly smallsothatwe decidedo setthelimit atthemodeorder
ing numberj = 15andaccepthesemperfectionsTheresidual
granularmpatternis againanindicationof themicro-roughnesef
theetalonplates.

The sameapproachas describedn the previous paragraph
canbe appliedto measurementsf the effective nesseFg¢. In
this casewe usedthewidth of the Gaussiantted to theindivid-
ualtransmissiorpro les andthe FSRdeterminedn Section2 to
computeFef. Theresultsareshavn in Figure9. The Zernike
polynomial t depictedin Figure9b resembles slightly tilted
ellipse and has a quite differentappearance&omparedto the
wavelengthshift in Figure8h. Note thatthe fairly strongvari-
ation of the nessedueto the micro-roughnes¢seeFigure9c)
malkesit dif cult to detectthe ellipsein the original data(Fig-
ure9a). Thisstrongvariationis alsothereasorwhy it is betterto
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aligned(orangelandcompletelymisalignedetalonplates(blue).
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thex- and(c) they-voltagethatwasappliedto the piezo-electric
actuatorsTheverticalredline indicatesthe voltagesettingsfor

thealignedplates.



TABLE 1
CHARACTERISTIC PARAMETERS OF THE VIM FABRY-PEROT ETALON AT 632.8 NM.

Parameters

d 496 M Feg(? = 15mm) 69.8

p 136 dl (? = 15mm) 5.8pm
R 96.8% DI (? = 15mm) 0.404nm
A 0.30% I =dl (? = 15mm) 110,000
I max 82.0% Ioprv(? = 50mm) 12.9pm
From 55.7 Ioyms(? = 50mm)  2.1pm
DI max 2.47nm p(? = 50mm) 262
step/pm 0.602 Fef(? = 50mm) 53.6

usethewavelengthshift | o asanalignmentcriterionfor theplate
parallelism.In summarytheetalonplateshaveanextendedcen-
tral region with high nessevaluesexceedings0 indicatingthe
excellentquality of the ICOS Fabry-Rerotsystem.

After discussingn somedetail the Fabry-Ferot characteris-
tics, we now comebackto the questionon how to align the
etalonplates. In Figure 10, we comparethe coefcients of the
Zernike polynomialexpansiorfor thewavelengthshift measure-
ments. The orangecurve representshe perfectlyalignedplate
andthe blue curve correspondso misalignedplates. The volt-
agecontrollingthex-directionwasVy = 0:164V (corresponding
to the rightmostblue asteriskin Figure 6) andthe y-direction
remainedat its nominal settingVy = 0:099 V. The pistonterm
of the expansionwas setto zeroin the calibrationprocedure,
i.e., the averagewavelengthshift is zero. Neglectingthe tip/tilt
coefcients for a moment,all higherordercoefcients arevir-
tually the samefor the alignedand misalignedplates,i.e., the
shapeof theplatess effectively encodedn thesecoefcients. In
addition, the coefcients with the highestmodeorderingnum-
ber are closeto zero. Thus, justifying our earlier decisionto
limit the ts to a modeorderingnumberj = 15. The striking
discrepanyg of thetip/tilt coefcients betweeralignedandmis-
alignedplate motivatesa closerinspectionof their dependence
on the voltagescontrolling the x- and y-parallelismshawn in
FigureslOband10c. Thetip andtilt coefcients areplottedas
orangeandblue curves,respectiely. The gentleslopeof thetip
coefcient is almostindependendf voltage controlling the x-
parallelismwhich dependslmostentirelyon the steepslopeof
thetilt coefcient. As expected the situationis exactly the op-
positefor they-parallelism.The gentleslopesof thetip/tilt co-
ef cients aremostlikely dueto aimperfectalignmentbetween
the Fabry-Ferot and CDD detectoraxes. They might also be
relatedto the slighttilt of the ellipserepresentinghe effective

nessein Figure9b Thetip/tilt coefcients arenot exactly zero
in the aligned position, since someresidualtip/tilt is usedto
achiese the bestperformancei.e., the smallesrms-wavelength
shift | o.rms, acrosshe FOV, which depend®n the shapeof the
plates. Theseresidualtip/tilt coefcients will changejf a FOV
with a differentsizeis chosen. The linear dependencef the
tip/tilt coefcients onthex- andy-parallelismsettingsallows us
to determinean analyticalrelationshipbetweerthem. We only
have to measurehe calibrationcurves(seetheleft panelof Fig-
ure 6) onceandcandeterminethenthe optimum settingsfrom

justonemeasuremendf the wavelengthshift.

5. Conclusions

We have presentecdh detaileddescriptionof the alignment
procedureof Fabry-Ferot etalons, commonly used in solar
physics,astronomy and astrophysics. The experimentswere
carriedout in a laboratorysettingwith VIM, an imaging po-
larimeter for high-resolutionobsenations of the solar photo-
sphereand chromosphereOur techniquecanbe usedto char
acterizea Fabry-Ferot spectrometein termsof the wavelength
shift | o andeffective nesseFq¢ acrossheentireFOV. In addi-
tion, one canobtaininformationaboutthe plate shapeandthe
micro-roughnessf theetalonplates.The latteris relatedto the
multi-layerdielectriccoatingsof theplateswhich have atypical
thicknessof a few microns,andthe intrinsic non-uniformities
and defectsof thesecoatings. We did not attempta detailed
studyof thesecoatingrelatedeffectsbut wouldlik e to point out
thatthe residualsof Zernike polynomialexpansionprovide ac-
cessto this information. The characteristienapsof | g andFeg
canbearchvedandusedto monitorervironmentaleffectssuch
asgravity, sunlightexposure temperatureandhumidity on the
Fabry-Rerot performance. Sinceit is obvious that the “sweet
spot” of the Fabry-Ferotetalonencompassesnly the centerof
the plates,the characteristianapscontainthe information for
trade-of studiesandto optimizetheopticalset-up.

In summarythe VIM Fabry-Ferotetalonhasa PTV wave-
lengthshift of 12.9 pm acrossthe central50 mm of the etalon
plates correspondingto a surface atness of about/ =43 at
632.8nm. Theinner 50 mm were chosenin this caseto pro-
vide an easiercomparisorwith the dataprovidedby Caoetal.
(2004). Therms-wavelengthshiftis 2.1 pmandthe correspond-
ing surface atnessis | =262. The averageeffective nesseis
Fef = 53:6 12:4, wherethe standarddeviation representshe
spatialvariationacrossthe FOV. Note thatin VIM, the Fabry-
Pérot etalonis mountedin a telecentricset-up. Thus,the pass-
bandwill be broaderaccordingto Equation3 thanthe values
presentedh thisstudy All characteristiparametersf theVIM
Fabry-Rerotetalonaresummarizedn Tablel.

The rst-light obserationswith VIM were taken in April
2005. A detaileddescriptionof VIM andthe integrationof the
Fabry-Ferot Iter is deferredto a forthcomingpublication. All
dataanalysisroutinesof this projectarewritten in the Interac-



tive DataLanguagg(IDL) of ResearctBystemdnc. (RSI) and
areavailableuponrequest.
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