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ABSTRACT
Many dynamicphenomenaon the Sun requireobservationswith high temporal,spatial,and spectralresolution.

Fabry-Ṕerot basedimagingspectro-polarimetrycanserve theseneeds,especiallyin combinationwith adaptive optics
(AO) andadvancedimagerestorationandprocessingtechniques.Therefore,a detailedunderstandingof the instrument
characteristicsis the foundationto exploit thecapabilitiesof thesecomplex systems.We presenta novel, ef�cient, and
robustalgorithmfor maintainingandquantifyingtheplateparallelismof Fabry-Ṕerotetalons.Theplatecharacteristicsare
quanti�ed in termsof Zernikepolynomials�nding adirectrelationshipbetweenthevoltagesappliedto thepiezo-electric
actuators,that control the tip-tilt motion of the etalon,and the plate parallelism. The plate defectsare conveniently
describedby the Zernike coef�cients up to 15th order. The algorithm hasbeentestedwith the visible-light imaging
magnetograph(VIM) at theBig BearSolarObservatory(BBSO)in California.

Subjectheadings: Sun:photosphere— Sun:chromosphere— instrumentation:interferometers— instrumentation:polarimeters—
methods:laboratory— techniques:spectroscopic

1. Intr oduction

The solarsurfaceis highly dynamicandmagnetic�elds on
variousspatialscales,from active regionsandsunspotsto net-
work �elds and faculae,are intricately intertwined with the
plasmamotions. Two-dimensionalspectro-polarimetryis one
of the tools to accuratelymeasurethe physical propertiesof
solar activity. This study focuseson a particularclassof in-
struments,namelyimagingspectro-polarimetersthatuseFabry-
Pérot etalonsto imagethe solarsurfaceat variouswavelength
settings(Bonacciniet al. 1989),i.e.,scanningspectralline pro-
�les at eachspatialpoint in the �eld-of-view (FOV). Imaging
spectro-polarimetersarebeingoperatedor developedat many
solar solar observatories,e.g., the imaging magnetographat
the MeesSolar Observatory, Haleakala,Maui (Mickey et al.
1996;LaBonteet al. 1999),thetriple etalonsolarspectrometer
(TESOS,Kentischeret al. 1998;von der LüheandKentischer
2000;Tritschleretal. 2002),andtheGöttingentwo-dimensional
spectrometer(Bendlinet al. 1992;BendlinandVolkmer1995).
The latterbotharelocatedin theGermanVacuumTower Tele-
scopeat theObservatoriodelTeide,Tenerife.

The presentstudy addressesa generaldif�culty in operat-
ing Fabry-Ṕerotetalons,i.e., to measure,control,andmaintain
theparallelismof theetalonplatesover time periodsof several
hours. The stabilizationof Fabry-Ṕerotsby meansof capaci-
tancebridgeshasbeenintroducedby Hicks et al. (1984),who
useda feedbacksystemto determineplatetilts alongthex- and

y-axesof theetalonplates.Theetaloncanbestabilizedby com-
paringthecapacitanceinformationto a referencecapacitorand
continuouslyapplyingcorrectionsto thevoltagesof thepiezo-
electricactuators.However, thefeedbacksystemonly maintains
parallelismbut cannotestablishit in the�rst place.

Several methodshave beenusedto make the etalonplates
parallel. Mickey (2005)suggesteda calibrationschemethat is
basedon polarizationmeasurements.Polarizersareinsertedin
threeaperturesof apupil maskthatcoverstheentranceaperture
of thetelescope.This introducesthreedifferentbut well known
polarizationrealizationsin theobservationof thenon-magnetic
telluric line at 630.28nm. Measuringthesepolarizationreal-
izationsin threequadrantsof the Fabry-Ṕerotetalonyields the
voltagesthathaveto beappliedto thepiezo-electricactuatorsto
achieve plateparallelism.In spiteof the instrumentalelegance
of themethod,it is limited by thefact that telluric linesarenot
availableacrosstheentirevisibleandnear-infraredspectrum.In
addition,theinstrumenthasto includeapolarizationanalyzerto
accuratelymeasuretheaveragepolarizationin theetalonquad-
rants.Anotherapproachto optimizetheperformanceof aFabry-
Pérotetalonhasbeenputforwardby JonesandBland-Hawthorn
(1998),who employ a four quadrantsensingwith a Hartmann
maskandcombineit with repeatedscansthrougha slit maskin
the focal plane. Theserepeatedmonochromaticlong-slit spec-
tra aresynchronizedwith theread-outof theCCD detectorand
about80of themarecombinedin onesingledigital image.The
x- andy-offsetvoltagesfor thepiezo-electricactuatorsarethen
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Fig. 1.— Coatingcurvesof the Fabry-Ṕerot re�ectivity R and
absorptionA. The peaktransmissiont max andnominal�nesse
Fnom canbederivedfrom thecoatingcurvesaccordingto Equa-
tions1 and2.

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

In thefollowing sections,wewill developa methodto quan-
tify the degreeof plateparallelismandto monitor the charac-
teristics parametersof the Fabry-Ṕerot etalon. Note that the
calibrationmethodpresentedhereis not restrictedto imaging
spectro-polarimetersor solarphysics,but canbeappliedto any
Fabry-Ṕerot basedinstrument,wherea collimatedlaserbeam
canbeincorporatedin theopticaldesign.All experimentshave
beenconductedwith VIM in alaboratorysettingatBBSO.VIM
is basicallya twin of the nearinfrared imagingmagnetograph
(IRIM) system,which hasbeendescribedin detail by Denker
et al. (2003b). A brief summaryandcomparisonof VIM and
IRIM is given in Denker et al. (2003a). The characteristicsof
theIRIM Fabry-Ṕerotetalonarepresentedby Caoet al. (2004)
and the VIM control and acquisitionsoftware is discussedin
Shumko et al. (2002). Finally, a generaldescriptionof Fabry-
Pérotetalonsandtheunderlyingtheorycanbefoundin Vaughan
(1989).

2. Instrument and Optical Set-Up

The Fabry-Ṕerot is an integral part of VIM, a spectro-
polarimeterfor solar observations in the visible wavelength
region from 510 nm to 660 nm. The VIM designgoal is to
combinemoderatespectralresolution(l =dl � 85;000), high
spatialresolution(closeto thediffractionlimit a = l =D � 0:200

of theD = 65cmaperturevacuumre�ector), andhigh temporal
resolution(Dt � 1 min), which is requiredto addressthescien-
ti�c objective,namelymonitoringactive region dynamics.The
overall measurementaccuracy will suffer asa consequenceof
the deteriorationof the �nessedueto temporalchangesof the
plateparallelismduringthedaily observations.

We usea high-speedDALSA-1M60 camerawith four read-
out channels(20 MHz datarate)for theimageacquisition.The

Laser SF FPI A ND CCDA 21

Fig. 2.— Sketch of the optical set-up,whereSF denotesthe
spatial�lter , A1 andA2 are two achromats,FPI is the Fabry-
Pérotetalon,andND is theneutraldensity�lter .

interline frame transfersensorhas1024� 1024 pixels with a
70% �ll factor and a frame rate of 60 fps. The pixel size is
14 mm � 14mm. However, weusethecamerain the2� 2 pixel
binning mode,wherethe imagesaresampledat 12-bit. In this
case,theframerateis 110fps andthedynamicrangeis 72 dB.
Sincethe quantumef�ciency of the detectoris relatively low
(about15%at 630nm), theexposuretimewasdt = 200ms.

The ET70FS-1024SeriesII Fabry-Ṕerot etalonwas manu-
facturedby IC Optical SystemsLtd. (ICOS, formerly part of
Queensgate)andis operatedby aCS100controller(SerialNum-
ber8099).A glassreferencecapacitoris usedto improvestabil-
ity. To shieldit from environmentalfactorssuchasdustparti-
cles,humidity, andtemperature�uctuationstheetalonin placed
in a sealedcell with high ef�ciency anti-re�ection coatedwin-
dows. The manufacturerspeci�cation for the nominal cavity
spacingis d = 496 mm. The cavity scanrangeis larger than
4 mm. Theplate�atnesswasestimatedto bel =136or betterat
632.8nmaftercoating(l =200beforecoating).Theset-upcon-
ditionsstateminor cosmeticdefectson theanti-re�ective coat-
ing on thetopetalonplateandthepresenceof someduston the
insideof the windows. Neitherof thesedefectswill affect the
operationof the Fabry-Ṕerot etalonand attemptingto remove
themmight actuallycausemoreharmthanimproving theopti-
cal quality of the instrument.The coatingcurvesof the etalon
re�ectivity R andabsorptionA arepresentedin Figure1. The
peaktransmissiont max of theetaloncanbederivedfrom these
curvesaccordingto

t max =
�
1�

A
1� R

� 2

(1)

andits wavelengthdependenceis shown in Figure1 aswell. The
coatingof the etalonplateshasbeenoptimizedfor the wave-
lengthrangefrom 510nmto 660nm. Thenominal�nesseFnom
is alsoshown in Figure1 andgivenby

Fnom =
�

(1� R)2

Rp2 +
4
p2

� � 1
2

; (2)

wherel =p is the�atnesserrorof theetalonplatesafterthecoat-
ing. Thepassbanddl of theFabry-Ṕerotin a telecentriccon�g-
urationandits dependenceacrosstheFOV canbewrittenas

dl =

" �
l 2(1� R)

2pnd
p

R

� 2

+
�

l 2

ndp

� 2

+
�

l b2

8n

� 2
# 1

2

; (3)

wheren is therefractive index of themediuminsidethecavity,
d is theplateseparation,andb is theangularsizeof theincident
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Fig. 3.— Left: Transmissioncurve of the Fabry-Ṕerot etalon
illustrating the freespectralrangeDl . Right: Detailedview of
a singletransmissionmaximum(thin blue curve) comparedto
an analytical �t to the Airy-function (thick orangecurve, see
Equation7).

light beam. In a telecentriccon�guration, f -ratios larger than
100aretypically encounteredin orderto avoid anunacceptable
broadeningof thepassbandasindicatedby the last termon the
right-handsideof Equation3. Finally, we cancharacterizethe
Fabry-Ṕerotby its spectralresolution

l
dl

=
2ndFeff

l
; (4)

theeffective �nessethefreespectralrange

Dl =
l 2

2nd
= dl Feff ; (5)

andtheresolvingpower

r =
l

dl
= 0:97mFeff ; (6)

wherem is theorderof interferencecolorgreenandFeff denotes
theeffective �nesse.We differ betweenthenominal�nesseand
theeffective�nessebecausetheformeris derivedfrom theman-
ufacturersspeci�cationsonly while the later resultsfrom our
lasermeasurements.Equation6 shows the importantrelation-
ship that the resolvingpower is proportionalto theeffective �-
nesseFeff emphasizingonemoretime the role of the effective
�nessein characterizingthepropertiesof a Fabry-Ṕerot.

The optical set-upis shown in Figure 2. The Fabry-Ṕerot
etalonis placedin a collimatedlaserbeam.The light sourceis
a red (632.8nm), 20 mW, TEM00 HeNe laser(Model 1136P)
with a 500:1polarizationratio manufacturedby JDSUniphase.
The �rst opticalelementin theset-upis a spatial�lter consist-
ing of a 10 mm high energy pinholeanda microscopeobjec-
tive with a 40� magni�cation. The resultingdiverging beam
�lls the inner 75 mm of a customachromatwith a diameterof
D1 = 90 mm anda focal lengthof f1 = 450 mm. This achro-
mat is placed473mm behindthepinholeandproducesa colli-
matedbeam,which wascon�rmed in an auto-collimationtest.
TheFabry-Ṕerotimmediatelyfollows (157mm) the�rst achro-
mat. A secondachromat,manufacturedby Linos Photonics,is
located1020mm behindtheFabry-Ṕerotetalon.This lenswith
adiameterof D2 = 150mmandafocal lengthof f2 = 1250mm
imagesthe�rst etalonplateontothe1M60CCDcamerawith an

-14.4 -13.2 -12.0 -10.8  -9.6  -8.4

 -7.2  -6.0  -4.8  -3.6  -2.4  -1.2

  0.0   1.2   2.4   3.6   4.8   6.0

  7.2   8.4   9.6  10.8  12.0  13.2

Fig. 4.— Line scanacrossasingletransmissionmaximumwith
astepwidthof 1.2pm. A g-correctionwith g= 0:75wasapplied
to the imagesto enhancethe detailsin the darker partsof the
images.Thenumbersin thelowerleft cornerof theCCDimages
correspondto picometers.

appropriateimagescale.A SchottNG51 mm(t = 52%)neutral
density�lter hadto be insertedto avoid saturationof theCCD
camera.

3. Observations

TheFabry-Ṕerotwasmanuallyalignedaccordingto theman-
ufacturerspeci�cationsbeforeproceedingwith the new cali-
brationmethod. The nominal �nesse Fnom = 55:7 at the laser
wavelengthof 632.8nmwascomputedaccordingto Equation2
andspeci�cationsfor re�ectivity R= 96:8% andtheplate�at-
nesserror p = 136 provided by the manufacturer. The plate
spacing,i.e., the voltagesusedto adjustthe z-spacingcan be
changedby theCS100controllerwith 12-bit resolutionor 4096
discretesteps.Thetransmissioncurveof theFabry-Ṕerotetalon
wasscannedin a rangeof � 2000steps.Somecautionshould
bementionedbeforecontinuingwith thedescriptionof theob-
servations. Laserlight is not strictly monochromatic,i.e., the
Doppler-broadenedgain curve of the laserwith a FWHM of
about2 pmcancontainseveralmodeswith averynarrow cavity
FWHM of just a few femtometer. Theexact numberof modes
dependson the modespacing. The 30 cm cavity spacingof
our lasersupportsbetweenthreeand � ve longitudinal modes.
However, sincetheeffectivebandpassof thelaseris only 2 pm,
which is muchnarrowerthantheFabry-Ṕerotbandpassof about
8 pm, we neglect its convolution with the transmissioncurve.
Thetransmissioncurveof a Fabry-Ṕerotinterferometeris given
by theAiry function

I
I0

= t max

�
1+

4R
(1� R)2 sin2 d

2

� � 1

with d =
4pndcosq

l
;

(7)
whereq is theangleof incidence.

Theentirecurvewasscannedin incrementsof � vestepsand
the result is shown in the left panelin Figure3, which depicts
six free spectralrangesDl (FSRs)with � ve distinct transmis-
sion maxima. Note the additionaltransmissionmaximaat the
peripheryof the scanningrange. The FSR was determined
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Fig. 5.— (a) Maximum intensityof the transmissioncurve acrossthe FOV, (b) Gaussian�t to the data,and(c) the corresponding
residuals.Theresidualsof the�t werescaledbetween� 0:25.

from the distancebetweenneighboringtransmissionmaxima
andamountsto 670:0� 1:0 steps. The bandpassdl is about
9:6� 0:4 stepsandwasdeterminedfrom anAiry-function �t to
oneof the transmissionpeaksshown in the right panelof Fig-
ure 3. The effective �nessewithin the inner 15 mm or 22.5%
of theetalonplatesis Feff = 69:8� 3:0. Startingwith theFSR
in steps,Equation5 with d = 496 mm and nair = 1:0 is used
to convert the stepsto wavelengthunits (1 stepcorrespondsto
0:602� 0:010pm), i.e., theFSRis Dl = 0:404nm andthefull
scanningrangeof theFabry-Ṕerotetalonis Dl max = 2:47nm.

If notmentionedotherwise,all of thefollowing observations
were obtainedusing the inner 65 mm or 93% of the etalon
plates,which correspondsto a circle with a 413pixel diameter
on the 512� 512pixel 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
concentricring closingin on thecenterof theplatesforming an
illuminatedcentralregionbeforefadingaway. This is theresult
of thewavelengthshift l 0 acrosstheFOV, whichwill besmaller
for higher f -ratios. In reality, deviationsfrom plateparallelism
can make it dif�cult to recognizethe aforementionedpattern.
This is particularlyproblematic,sincethis patternis usedin the
visualalignmentprocedure.Alleviating this dif�culty is oneof
thestrengthsof thenew alignmentprocedure.

To produceaGaussianbeam,thelaseris usedin combination
with a spatial�lter madeof a pin holeanda microscopeobjec-
tive. The shapeof the beamis displayedin Figure 5, which
shows thetransmissionmaximafor eachpixel in Figure5a.We
normalizedthedatasuchthatthebrightestpixel hasanintensity
of 1.25. This takesinto accountsomevery bright pixels in the
centerof theFOV. Weappliedatwo-dimensionalGaussian�t to
thedata(Figure5b)

I (rx; ry) = I0exp

"

�
1
2

�
rx � cx

wx

� 2

+
�

ry � cy

wy

� 2
#

+ C: (8)

The �t parametersareI0 = 0:56, cx = 0:015,cy = 0:005,wx =
0:046,cy = 0:51, andC = 0:03, wherecx andcy arethecenter
coordinatesof thebeamandthewidth of theGaussianin thex-
andy-directionarewx andwy, respectively. All measurements
are normalizedwith respectto the radiusof the etalonplates
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Fig. 6.— The rms-wavelengthshift l 0;rms acrossthe FOV as
a functionof thevoltageappliedto thepiezo-electricactuators
that control the x- andy-parallelismof the etalonplates. The
blue asterisksare the measurementsandthe orangecurve is a
2nd orderpolynomial�t. Theminimumvaluesareindicatedby
verticalredlines.

rFPI = 35 mm. The maximumintensityof the Gaussian�t is
Imax = I0 + C = 0:59, whereC is a constantrepresentingscat-
teredlight andcontributionsfrom backre�ections. For thefol-
lowing discussion,wecanassumethatthebeamis well centered
on thedetectorandthat thewidth of theGaussianis consistent
with the illumination of the inner 65 mm of the etalonplates.
Sincethelight level dropsexponentially, thesignal-to-noisera-
tio at theperipheryof theetalonplatesbecomesvery low. This
is oneof thereasons,why weonly show theresultsfor theinner
part of theplates.Finally, we depictthe residualsin Figure5c
scaledbetween� 0:25. Laserfringes and the salt-and-pepper
patternof themicro-roughnessareclearlydiscernible.

In principle, two measurementscould be taken to align the
etalonplates,i.e., the effective �nesseFeff andthe root-mean-
square(rms)variationof thewavelengthshift l 0;rms acrossthe
FOV. Since Feff seemsto be very susceptibleto the micro-
roughnessof the etalonplatesandbecomesincreasinglyunre-
liable neartheedgeof theetalonplates,we decidedto usethe
rms-wavelengthshift asan indicatorof plateparallelism(Gul-
lixson 1998). We adjustedthevoltagesettingsVx andVy man-
ually on theCS100controlunit andscanneda rangeof 0.05V
in both thex- andy-direction(seeFigure6). In eachdirection,
we measured15 datapoints with an irregular spacing,which
sampledthe centralregion at higher frequency. We applieda
2nd orderpolynomial�t to thedataandl 0;rms perfectlyfollows
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Fig. 7.— Schematicview of theFabry-Ṕerotetalon.Left: Loca-
tion of thepiezo-electricactuators(a, b, andc) andthecapaci-
tancesensors(Cx1, Cx2, Cy1, Cy2, andCz). Right: Crosssection
illustratingtheoperationprincipleof theFabry-Ṕerot.

a paraboliccurve. Note that the parabolais slightly wider in
the x- directionthanin the y-directionindicatingminor differ-
encesin theresponseof thepiezo-electricactuators.Themini-
mumof thewavelengthshift wasobtainedfor Vx = 0:143V and
Vy = 0:099 V for the x- andy-direction, respectively, as indi-
catedby theredvertical linesin Figure6. Theminimumwave-
lengthshift correspondingto theappliedvoltagesVx andVy are
l 0x;min = 2:76 pm andl 0y;min = 2:89 pm. Theminor offsetbe-
tweenthe x- andy-valuesis due to the time lag of more than
onehour betweenthe measurementsandre�ects the changing
environmentalconditions.

At this point, the platesareperfectlyparallel (the rms- and
peak-to-valley (PTV) �atness errorsare l =254 and l =46, re-
spectively). However, scanningtwo times15 voltagesettings
and analyzingthe correspondingdataprior to observationsis
not very convenient.In thefollowing sections,we presenta re-
�nement of thesemeasurementsand illustrate its potentialfor
anautomatedcalibrationprocedure.In addition,amathematical
modelhasbeenderivedto characterizetheetalonplatesthatcan
laterbeusedto calibratethesolarmeasurementswith VIM.

4. Model of the Etalon Plates

In Figure7, we show a schematicview of the ET SeriesII
etalon. The two fusedsilica etalonplatesarekept parallelby

threepiezo-electricactuatorsa, b, andc actingasa tripod. Five
capacitancesensors(Cx1, Cx2, Cy1, Cy2, andCz) arefabricated
directly ontothemirror surfaceto sensechangesin parallelism
andcavity length. Informationaboutparallelismis obtainedby
comparingthe signalsof the capacitancebridge sensorsCx1
with Cx2 (x-channel)and Cy1 with Cy2 (y-channel). Cavity
length(z-spacingor plateseparation)is controlledby referenc-
ing Cz to a stable�x edreferencecapacitor(z-channel).Theer-
ror signalsareintegrated,enlarged,andtransferredto thepiezo-
electric actuatorsa, b, and c in order to minimize the errors,
i.e.,thedifferencesignals.Unbalancingthex- andy-capacitance
bridgesby usingthefront panelor theinterfacecausestheplates
to tilt sothatthey canbeaccuratelyaligned.In thesamewaythe
z-channelcanbe unbalancedcausingthe platespacingto vary
thusenablingtheetalonto betunedto a particularwavelength.

In thefollowing analysis,weuseZernikepolynomialsto de-
scribethecharacteristicsanddefectsof thecircularFabry-Ṕerot
etalonplates.Zernike polynomialsarewidely usedto describe
atmosphericturbulenceandtheclassicalaberrationsof anopti-
cal system,especiallyin the context of wave front sensingfor
adaptive optics. Zernike polynomialsareorthogonalon a unit
circle andcanbeexpressedin polarcoordinatesasa productof
angularandradial functions.However, careshouldbetaken in
theinterpretationof theresults,whicharenotdirectly relatedto
opticalaberrationsor wave front deformations.We usea modi-
�ed setof Zernikepolynomialswith aspecializednormalization
schemeintroducedby Noll (1976),whichis moreconvenientfor
statisticalanalysis

Zeven; j =
p

n+ 1Rm
n (r)

p
2cosmq

Zodd; j =
p

n+ 1Rm
n (r)

p
2sinmq

�
m6= 0

Z j =
p

n+ 1Rm
n (r) m= 0;

(9)

where

Rm
n (r) =

(n� m)=2

å
s= 0

(� 1)s(n� 1)!
s! [(n+ m)=2� s]! [(n� m)=2� s]!

rn� 2s:

(10)
The index j is a mode ordering number (see Table I in

Noll (1976),which alsoprovidesthe identi�cation of Zernike
polynomialsin termsof the classicaloptical aberrations)and
a function of the radial degreen and the azimuthalfrequency
m, which are always integral and satisfy the conditionm � n
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Fig. 9.— Effective �nesseFeff acrosstheFOV. (a) Theoriginal measurementsand(b) thecorrespondingZernike polynomial�t. (c)
Theresidualsof the�t werescaledbetween� 15.

andn� jmj = even. The platecharacteristicsareexpressedin
Zernikepolynomialswith amodeorderingnumberup to j = 15
correspondingto radialdegreesn � 4 andazimuthalfrequencies
jmj � 4.

In orderto usesingularvaluedecomposition(SVD, Presset
al. (2002))to solve the linear least-squaresproblemA � x = b,
we write the circular representationof wavelengthshift l 0 as
a 133,301elementcolumn vector b and the �rst 16 Zernike
polynomials(including the piston term) asa non-square16�
133;301 elementmatrix A. After back-substitutionandback-
transformationto a two-dimensionalimages,we obtainthe 16
coef�cients x of the Zernike polynomial �t for the wavelength
shift shown in Figure8. Figure8adisplaystheoriginalmeasure-
mentsof thewavelengthshift. Thepositionof eachtransmission
maximumacrossthe FOV wasdeterminedfrom a Gaussian�t
to thetransmissionpro�le. TheZernikepolynomial�t is shown
in Figure8b. The shapeof the platesareroughly symmetrical
aboutthey-axis.However, we�nd strongnegativeshiftsatboth
the left andright sideof the platesanda conspicuouspositive
shift centeredat the top of the plates. Finally, the residualsof
the �t aredepictedin Figure8c. Note thatwe useda different
scalefrom � 1:5 pmto highlight thesmall-scaledeviations.The
discerniblefringe patternoriginatesfrom the laser/spatial�lter
andis not relatedto theplate�atness.In thecenterof Figure8c,
a small red,ring-like structurecanbedetectedindicatingsome
imperfectionsof Zernike polynomial �t. However, the coef�-
cientsof thehigherorderZernike polynomialsbecomeincreas-
ingly smallsothatwedecidedto setthelimit at themodeorder-
ing numberj = 15andaccepttheseimperfections.Theresidual
granularpatternis againanindicationof themicro-roughnessof
theetalonplates.

The sameapproachas describedin the previous paragraph
canbeappliedto measurementsof theeffective �nesseFeff . In
thiscase,weusedthewidth of theGaussian�tted to theindivid-
ual transmissionpro�les andtheFSRdeterminedin Section2 to
computeFeff . The resultsareshown in Figure9. The Zernike
polynomial�t depictedin Figure9b resemblesa slightly tilted
ellipse and hasa quite different appearancecomparedto the
wavelengthshift in Figure8b. Note that the fairly strongvari-
ationof the �nessedueto themicro-roughness(seeFigure9c)
makesit dif�cult to detectthe ellipsein the original data(Fig-
ure9a).Thisstrongvariationis alsothereasonwhy it is betterto
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Fig. 10.— (a) Coef�cients of the Zernike polynomial �t for
aligned(orange)andcompletelymisalignedetalonplates(blue).
The tip (orange)andtilt (blue) coef�cients asa functionof (b)
thex- and(c) they-voltagethatwasappliedto thepiezo-electric
actuators.Theverticalredline indicatesthevoltagesettingsfor
thealignedplates.
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TABLE 1
CHARACTERISTIC PARAMETERS OF THE VIM FABRY-PÉROT ETALON AT 632.8 NM .

Parameters

d 496mm Feff(? = 15mm) 69.8
p 136 dl (? = 15mm) 5.8pm
R 96.8% Dl (? = 15mm) 0.404nm
A 0.30% l =dl (? = 15mm) 110,000
t max 82.0% l 0;PTV(? = 50mm) 12.9pm
Fnom 55.7 l 0;rms(? = 50mm) 2.1pm
Dl max 2.47nm p(? = 50mm) 262
step/pm 0.602 Feff(? = 50mm) 53.6

usethewavelengthshift l 0 asanalignmentcriterionfor theplate
parallelism.In summary, theetalonplateshaveanextendedcen-
tral region with high �nessevaluesexceeding50 indicatingthe
excellentquality of theICOSFabry-Ṕerotsystem.

After discussingin somedetail theFabry-Ṕerotcharacteris-
tics, we now comeback to the questionon how to align the
etalonplates. In Figure10, we comparethecoef�cients of the
Zernikepolynomialexpansionfor thewavelengthshift measure-
ments.The orangecurve representstheperfectlyalignedplate
andthebluecurve correspondsto misalignedplates.Thevolt-
agecontrollingthex-directionwasVx = 0:164V (corresponding
to the rightmostblue asteriskin Figure6) and the y-direction
remainedat its nominalsettingVy = 0:099 V. The pistonterm
of the expansionwas set to zero in the calibrationprocedure,
i.e., theaveragewavelengthshift is zero. Neglectingthetip/tilt
coef�cients for a moment,all higherordercoef�cients arevir-
tually the samefor the alignedandmisalignedplates,i.e., the
shapeof theplatesis effectivelyencodedin thesecoef�cients. In
addition,the coef�cients with the highestmodeorderingnum-
ber are closeto zero. Thus, justifying our earlier decisionto
limit the �ts to a modeorderingnumber j = 15. The striking
discrepancy of thetip/tilt coef�cients betweenalignedandmis-
alignedplatemotivatesa closerinspectionof their dependence
on the voltagescontrolling the x- and y-parallelismshown in
Figures10band10c. Thetip andtilt coef�cients areplottedas
orangeandbluecurves,respectively. Thegentleslopeof thetip
coef�cient is almostindependentof voltagecontrolling the x-
parallelism,whichdependsalmostentirelyon thesteepslopeof
the tilt coef�cient. As expected,thesituationis exactly theop-
positefor they-parallelism.Thegentleslopesof thetip/tilt co-
ef�cients aremostlikely dueto a imperfectalignmentbetween
the Fabry-Ṕerot and CDD detectoraxes. They might also be
relatedto the slight tilt of theellipserepresentingtheeffective
�nessein Figure9b Thetip/tilt coef�cients arenot exactly zero
in the alignedposition, sincesomeresidualtip/tilt is usedto
achieve thebestperformance,i.e., thesmallestrms-wavelength
shift l 0;rms, acrosstheFOV, which dependson theshapeof the
plates.Theseresidualtip/tilt coef�cients will change,if a FOV
with a differentsize is chosen. The linear dependenceof the
tip/tilt coef�cients on thex- andy-parallelismsettingsallowsus
to determineananalyticalrelationshipbetweenthem. We only
haveto measurethecalibrationcurves(seetheleft panelof Fig-
ure 6) onceandcandeterminethentheoptimumsettingsfrom

just onemeasurementof thewavelengthshift.

5. Conclusions

We have presenteda detaileddescriptionof the alignment
procedureof Fabry-Ṕerot etalons, commonly used in solar
physics,astronomy, and astrophysics.The experimentswere
carriedout in a laboratorysettingwith VIM, an imaging po-
larimeter for high-resolutionobservationsof the solar photo-
sphereandchromosphere.Our techniquecanbe usedto char-
acterizea Fabry-Ṕerotspectrometerin termsof thewavelength
shift l 0 andeffective �nesseFeff acrosstheentireFOV. In addi-
tion, onecanobtain informationaboutthe plateshapeandthe
micro-roughnessof theetalonplates.Thelatteris relatedto the
multi-layerdielectriccoatingsof theplates,whichhaveatypical
thicknessof a few microns,and the intrinsic non-uniformities
and defectsof thesecoatings. We did not attempta detailed
studyof thesecoatingrelatedeffectsbut would like to pointout
that the residualsof Zernike polynomialexpansionprovide ac-
cessto this information. Thecharacteristicmapsof l 0 andFeff
canbearchivedandusedto monitorenvironmentaleffectssuch
asgravity, sunlightexposure,temperature,andhumidity on the
Fabry-Ṕerot performance.Sinceit is obvious that the “sweet
spot” of theFabry-Ṕerotetalonencompassesonly thecenterof
the plates,the characteristicmapscontainthe information for
trade-off studiesandto optimizetheopticalset-up.

In summary, the VIM Fabry-Ṕerot etalonhasa PTV wave-
lengthshift of 12.9pm acrossthe central50 mm of the etalon
plates correspondingto a surface �atness of about l =43 at
632.8nm. The inner 50 mm werechosenin this caseto pro-
vide aneasiercomparisonwith thedataprovidedby Caoet al.
(2004).Therms-wavelengthshift is 2.1pmandthecorrespond-
ing surface�atness is l =262. The averageeffective �nesse is
Feff = 53:6� 12:4, wherethestandarddeviation representsthe
spatialvariationacrossthe FOV. Note that in VIM, the Fabry-
Pérotetalonis mountedin a telecentricset-up.Thus,thepass-
bandwill be broaderaccordingto Equation3 than the values
presentedin thisstudy. All characteristicparametersof theVIM
Fabry-Ṕerotetalonaresummarizedin Table1.

The �rst-light observationswith VIM were taken in April
2005. A detaileddescriptionof VIM andthe integrationof the
Fabry-Ṕerot �lter is deferredto a forthcomingpublication. All
dataanalysisroutinesof this projectarewritten in the Interac-
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tive DataLanguage(IDL) of ResearchSystemsInc. (RSI) and
areavailableuponrequest.
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Spectroscopy. A&A, 340,569

LaBonte,B. J.,Mickey, D. L., & Leka,K. D. 1999,TheImag-
ing Magnetographat Haleakala.II. Reconstructionof Stokes
Spectra. Sol.Phys.,189,1

Mickey, D. L. 2005,Alignmentof Fabry-Pérot Interferometer
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Vaughan,J. M. 1989,TheFabry-Pérot Interferometer. History,
Theory, Practiceand Applications.Adam Hilger, Philadel-
phia
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