
— 12—

In-flig ht Calibr ation of the UVCS White Light
Channel

MARCO ROMOLI

Dip. di Astronomia eScienzadelloSpazio,Universit̀adi Firenze,Firenze,Italy

RICHARD A. FRAZIN, JOHN L. KOHL ,
LARRY D. GARDNER, STEVEN R. CRANMER

Harvard-SmithsonianCenterfor Astrophysics,Cambridge,MA, USA

KEVIN REARDON

Dip. di Astronomia eScienzadelloSpazio,Universit̀adi Firenze,Firenze,Italy

SI LVANO FINESCHI

OsservatorioAstronomico di Torino, PinoTorinese,Italy

TheUVCS White Light Channel(WLC) is designedto measurethelinearlypolarized
radiance (pB) of thecorona, in thewavelength bandfrom 450nm to 600nm, in order to
derive oneof the fundamentalparameters of thesolarcorona: theelectrondensity. This
papergives a thorough description of the in-flight radiometric calibration of the WLC,
which usesthestar � Leo andtheplanetJupiterastransferstandards andis basedon cal-
ibrations of ground-basedinstruments.Themethod for computing thepolarizedradiance
from the measurements is alsodescribed, together with the stray light andpolarization
characterizationsobtainedfrom dedicated, in-flight measurements.

12.1 Instrument Description

TheUVCS/WLC is discussedextensively in Romoli [1992] , Romoli et al. [1993], and
Kohl et al. [1995]. TheUVCS/WLCis designedto measurethelinearlypolarizedradiance
of thecorona in thebandfrom 450nm to 600nm. Figure12.1is a schematicdiagramof
theUVCS/WLC telescopelayout. Like theUV channels, theWLC is an internally- and
externally-occulted coronagraph. The primary mirror focusesthe coronal light onto the
entrance pinhole. This pinhole correspondsto a 14

� �
by 14

� �
patchof sky. Figure12.2is

a schematicdiagramof the part of the WLC that lies beyond the entrancepinhole. The
light divergesfrom thepinhole andfirst passesthrough arotating,half-waveretarderplate
(HWRP), which rotatesthe plane of linear polarization. Next, the light passesthrough
a fixed linear polarizer, which allows only the componentwith the electricfield vector
oscillatingin aspecificdirection to passthrough. Theamount of light transmitteddepends
on theangle betweentheplaneof polarization of the incident light andthe transmission
axisof thepolarizer. Choosingthreedifferentrotation anglesof theHWRPallows oneto
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Figure12.1:Schematicdiagram of theUVCS/WLC telescopelayout(not to scale).
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Figure12.2: Schematicdiagram of theUVCS/WLC polarimeter. Takenfrom Kohl et al.
[1995].

determinetheStokesI , Q andU components,whichis thelinearpolarization(seeSection
12.2). After passingthrough the polarizer the light goesthrough a sphericallensanda
bandpassfilter (450 nmto 600nm). Thesphericallensforms animageof thepinhole just
in front of thedetectorandthebandpassfilter controls thespectralpropertiesof thelight.
Sincethelinearpolarizeris fixed,the light thatpassesthrough thelensandthebandpass
filter andhits thedetectoris always100% linearly polarizedin thesameway, regardless
of the observation. This makesthe characterization of the optical systemsimpler. The
detectoris a photomultiplier tube(PMT) designedto work in photon counting mode.

12.2 Polarization Measurement

Thepolarizationstateof partiallypolarizedlight is mostreadilydescribedby thevec-
tor of Stokesparameters,s UWV s I X sQ X sU X sV Y T , whereT denotesthetransposeoperator.
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Although Collett [1993] describes this elementary materialin detail, we review it here.
The Stokesvector s UZV s I X sQ X sU X sV Y T hasunits of photon spectralradiance suchas
cm[ 2 s[ 1 sr[ 1 nm[ 1. The I componentis the total spectralradianceof the light in-
cluding the polarized andunpolarizedcomponents. If the light is completely polarized

sI U s2
Q \ s2

U \ s2
V , andif the light is partially polarizeds I ] s2

Q \ s2
U \ s2

V .

For agiven coordinatesystem,the Q componentcorrespondsto horizontal (parallelto the
x-axis) linearpolarizationif sQ ] 0 andvertical linearpolarization if s Q ^ 0. TheU
componentcorrespondsto \ 45_ linearpolarization if sU ] 0 and ` 45_ linearpolariza-
tion if sU ^ 0. TheV componentcorrespondsto right-circularpolarization if s V ] 0and
left-circular polarization if sV ^ 0. Theangleof theplanelinearpolarization a is given
by the relationtan2abU sU c sQ . Light that is elliptically polarized may have nonzero
valuesfor all four componentsof theStokesvector.

The light from thesolardisk Thompsonscattersoff the free electrons in the corona,
andthis scatteredlight is partially polarized [Collett, 1993] with theelectricfield vector
of thepolarizedcomponentoscillatingtangentially to thesolardisk. Givenanappropri-
ate coordinate system,the Stokes vectorof the light that the corona emits is given by
V sI X sQ X 0 X 0Y T , wheresQ ] 0. sI andsQ arerelatedto thedistribution of electronden-
sity alongtheline-of-sight (see,e.g.,Altschuler [1979]). Thus,s Q is thespectralradiance
of thepolarizedportionof thecoronal light. Dustmakesacontribution to s I but not sQ , at
leastnotwithin about 5 Rd [Billings, 1966].

12.2.1 Polarization Computation

In thissectionweusetheradiometriccalibration andthepolarization propertiesof the
HWRP andthe polarizerto calculatethe first threecomponentsof the resultingStokes
vectors UeV sI X sQ X sU X sV Y T for a sourceof arbitrarypolarization. As we will see,the
UVCS/WLC doesnot respond to theV componentof theStokesvector.

The effects of polarizing componentsin an optical systemcan be described using
Mueller matrices. The Mueller matricesfor retarder platesandpolarizersasa function
of rotationanglemaybefoundin Collett [1993]. We will take thex-axisto beparallelto
theocculteredge. TheMueller matrix for a HWRPwith thefastaxisrotatedby anangle� relative to thex-axisis M R f �hg U R f ` 2�hg M R f 0g R f 2�hg , whereR andM R f 0g arethe
Mueller matricesfor rotationanda HWRP at � U 0, respectively. Theangle � in the R
matrix is multipliedby two becausetherotatedStokesvector, whichis anintensityvector,
is theproduct of therotatedelectric-fieldvector andits complex conjugate.We have

M R f �hg U
1 0 0 0
0 cos4� sin4� 0
0 sin4� ` cos4� 0
0 0 0 ` 1

(12.1)

wheretheoverall responsivity factoris setto unity (seebelow).
TheMuellermatrixfor anidealpolarizerwith afastaxisatananglei to thex direction

is given by M P f i g U R f ` 2i g M P f 0g R f 2i g , where R and M P f 0g are the Mueller
matricesfor rotationanda linearpolarizerat ijU 0, respectively. Again, theanglei in
the R matrix is multiplied by two becausetheStokesvectoris a vectorof intensities,not
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fields.We have

M P f i g U 1

2

1 cos2i sin2i 0
cos2i cos2 2i cos2i sin2i 0
sin2i cos2i sin2i sin2 2i 0

0 0 0 0

(12.2)

wheretheoverall responsivity factoris setto unity (seebelow).
TheStokesvector describing thelight afterit passesthroughtheHWRPandthepolar-

izer is givenby s klU M P f i g M R f �mg s U M f � X i g s. Thematrixproduct is:

M n!o�prqtsvu 1

2

1 cosn 4oxw 2qts sinn 4oyw 2qzs 0
cosn 2qzs cosn 2qts cosn 4oxw 2qts cosn 2qzs sinn 4oxw 2qts 0
sinn 2qzs sinn 2qts cosn 4oxw 2qzs sinn 2qts sinn 4oyw 2qzs 0

0 0 0 0

(12.3)

Thevalueof thepolarizedspectralradiances Q (of which thelinearly polarizedcoro-
nal light is a part) is determinedby measuringthecount-ratesat threerotationanglesof
theHWRP, � 1, � 2 and � 3. SincethePMT detectorsignalcorrespondsto thefirst element
of s k U M f � X i g s, only the top row of Equation(12.3) is of consequencefor our pur-
poses.For a givenposition � of theHWRP, thecount-ratepernanometerat wavelength{

0 measuredby thedetectoris

N| 0 f �mg U 1

2
C sI \ cosf 4� ` 2i g sQ \ sinf 4� ` 2i g sU c Bd f { 0

g (12.4)

whereB d f { 0
g is the spectralradianceof the centerof the solardisk, andC , which has

unitss[ 1, is ascalingfactor. C dependsontheresponsivity, thegeometryandthespectral
responseof theinstrumentandis describedin Section12.2.3.

12.2.2 WLC Polarization Characterization

Equation (12.4) mustbe an accuraterepresentation of the observation processif the
polarizedradiance measurementsmadeby theUVCS/WLC areto bemeaningful. Equa-
tion (12.4) predicts thatthecount-ratedueto anunpolarizedsourcewill notvarywith the
HWRPangle.Rastersof } Leo(donein August2000) weremadeat threedifferentHWRP
angles.Theresultingmeasurementshows (2 ~ 2) % polarization. SincetheUVCS/WLC
typically measures0.5% to 9 % polarizedsignals,this testwasnotconclusive. However,
later(16June2001) measurementsof Jupitershow lessthan0.5% polarization.

A report of the testsperformedon theflight polarimeteris givenin Pernechele et al.
[1997]. Nearly fully polarizedvisible light wasfocusedon theentrance pinhole, andthe
count-rateon theflight PMT wasreadastheangleof theHWRPwasvaried.

Ignoringwavelengthdependence,efficienciesandgeometrical factors,theStokesvec-
tor for a fully linearlypolarizedsignaltraveling alongthez direction andwith theelectric
field making anangle� with thex axisis s U I V 1 X cos2� X sin2� X 0Y T , whereI is thetotal
spectralradianceof thebeam.Usingthis Stokesvectorin Equation(12.3) to calculatethe
radiantflux at thePMT gives

�
RF U 1

2
I0 [1 \ cosf 4� ` 2i�` 2� g ] (12.5)
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Equation (12.5) is calledthe modulation curve. This modulation curve describesthe re-
sultsof the white-light laboratory testsof Romoli and Fineschi [1993] to a high degree
of accuracy. In-flight measurementsof themodulation curve usingthepolarized light of
thecorona have alsobeenmade.An example of sucha curve is givenin Figure 12.3. In
this caseEquation (12.5) needsanadditional constanttermto accountfor theunpolarized
fractionof thelight.

In addition, Frazin [2002] performedlaboratory testson a replicaof theUVCS/WLC
polarimeterto verify its characteristics.All testsindicate that the instrumentperformsas
intended.

-100� 0� 100� 200� 300�
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Figure12.3: In-flight modulationcurve. This figureshows thenumberof PMT countsvs.
theUVCS DataAnalysisSoftware(DAS) variable POLANGL U 4� ` 2i (in deg). This
curvewasretracedseveraltimesandtheverticalscatteris causedby time variation of the
corona. Thedataweretakenbetween19:02h and21:15 h on18April 1998at2.0R d with
60s exposures.

12.2.3 WLC Radiometric Factor

Thescalingfactor, C , containstheradiometric factorthatwill bederivedthroughthe
in-flight radiometriccalibration. Thenumberof countsperseconddetectedby thePMT
perunit wavelength, N | , according to Equation(12.4), is

N| f r X �mg U RT

�
ph phm

�
m f r g

f 2 TL TP TF f { g#� f { g

� sI f { g \ sQ f { g cos2� \ sU f { g sin2�
2

(12.6)

wherewehaveput

2��U 4� ` 2i (12.7)
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andwhere � p andh p arethe width andthe height of the pinhole (both 50 � m), h m is
thetelescopemirror height(3 cm), � m f r g is theexposedtelescopemirror width, f is the
mirror focal length(75cm), RT is themirror reflectance,TL is thelenstransmittanceand
TP is thepolarizertransmittance1. � m f r g in centimetersis givenby 0 � 792r ` 0 � 951 ` � o

[Kohl et al., 1995], wherer is themirror angle in units of R d (969.6
� �
, asseenfrom the

average SOHO-Sundistance)and � o is the amount of over-occultationby the internal
occulter, 0.15 cm for most observations. The bandpasswindow spansthe wavelength
rangefrom 450 nm to 600 nm. The bandpassfilter hastransmittanceT F f { g , and the
detectedquantum responsivity of the detector systemis givenby � f { g . T F f { g and � f { g
weremeasuredontheflight units.Plotsof TF f { g and� f { g (normalizedto unityat546nm)
areshown in Figure12.7.

We assumethat the spectraldistribution of the coronal radiationis the solarFraun-
hoferspectrumradiation[Kurucz et al., 1984] convolvedwith a Gaussianrepresenting a
Maxwellianelectronvelocitydistribution correspondingto 106 K. AlthoughtheF-corona
(which shows theFraunhoferfeaturesasthey appearon theSun)andK-coronahave dif-
ferentspectra,they differ only by convolution with a function representing the thermal
distribution of electronvelocities.Sincewe areintegrating thespectrumover a bandpass
of � 150 nm, the convolution is of negligible consequence.Henceforth we ignore the
distinctionsbetweentheF- andK-coronaspectra.

TheStokesvector s f { X r g canbewritten ass f { X r g U B d f { g S f r g , whereB d f { g is the
photosphericphotonspectralradiance at Suncenter(in unitsof cm [ 2 sr[ 1 s[ 1 nm[ 1).2

The above assumptionmakes S f r g wavelength independent. The total count-rate is
determinedby integrating over thewavelengthasfollows:

N n r pro�s,u RT

�
ph phm

�
m n r s

f 2
TL TP

�
0

TF n!��s��vn ��s B d n9��s d� I � Q cos2��� U sin2�
2

(12.8)

wherewe have assumedthat TL , TP and RT vary slowly with wavelength over the
opticalband. We define� to bethevalueof theresponsivity at

{
0 U 546nm:

��� 1

2
RT TP TL TF f { 0

g�� f { 0
g � (12.9)

UsingEquations(12.8), (12.7),and(12.9) thetotal count-rateis:

N f r X �hg U 2K� m f r g I \ Q cos2� \ U sin2�
2

(12.10)

where

K U��
�

ph phm

f 2
B d f { 0

g �
0

TF f { g
TF f { 0

g
� f { g� f { 0

g Bd f { g
B d f { 0

g d{ (12.11)

In thefollowingsections,theparameters � andK will becalledtheradiometricrespon-
sivity andtheWLC radiometriccalibrationfactor, respectively. K is thefactorthatis used
in theUVCSDataAnalysisSoftware(DAS) with thevariablenameWLC.VLD.FACTOR.

1Here,the transmittance, TP , is definedrelative to the intensity of a radiationbeam which is 100% linearly
polarizedalongthe fastaxis. Thus,the transmittanceTP canbe ideally 1. This definition requiresthedividing
factor, 2, in thepolarizer Mueller matrix.

2Henceforth, wealways take S ��� I � Q � U � T to betheStokesvector in unitsof photospheric photonspectral
radianceat Suncenter.
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It is clearfrom Equation (12.10) that the factorC in Equation (12.4) is givenby the
expression:

C U 2K� m f r g (12.12)

12.3 WLC Radiometric Calibrations

Theoverall radiometriccalibration of theUVCS/WLCis still in progress.Thissection
describesthe in-flight radiometric calibration, which is basedon observationsof thestar� Leo andtheplanetJupiter. We stressthat thesearenot directcalibrations, ratherthey
usecelestialobjectsastransferstandardsandarebasedon calibrations of ground-based
instruments.

Table12.1givesa summaryof thevarious in-flight radiometriccalibrationmeasure-
ments.All valuesarein agreementto within thestatedstandard uncertainties.

method responsivity� Leo (1.16 ~ 0.12)%
Jupiter1997 (1.33 ~ 0.13)%
Jupiter2001 (1.38 ~ 0.13)%
meanof � Leo& Jupiter2001 (1.27 ~ 0.09)%

Table12.1: Radiometricresponsivity measurements.

For the purposesof the inter-comparisonwork presentedelsewherein this volume
[Frazin et al., 2002], we adopt the average of the � -Leo andJupiter2001 calibrations.
Becausethe pointing schemewasbetterfor the Jupiter2001 observations,we adoptthe
Jupiter2001 calibrationas the bestvalueandregard the 1997 resultasa confirmation.
Thus,the 1997Jupiterresult is not included in the average. The uncertainty associated
with the1997 pointingschemeis not includedin Table12.1.

12.3.1   -Leo Radiometric Calibration

In August 1998, aspartof theUVCS calibrationprogram,we maderadiometric mea-
surements of the star � Leo, a B7V star. The � -Leo radiometric calibrationis basedon
literaturevaluesof the star’s magnitude in the JohnsonV bandandthe catalogof nor-
malizedstellarspectracompiledby Breger [1976]. Breger’s spectraweremeasuredwith
narrow-bandfilters. This shouldbe adequatebecause the library of stellarspectrapre-
sentedby Jacoby et al. [1984] shows that B7V stellarspectraarequitesmoothbetween
400nm and650nm, except for anabsorption featureat 486nm that hasa full-width at
half-maximumof about2.3nm. We usedBreger’s catalogto determine theshapeof the
spectraandthe V magnitudesfrom the literature for the normalization. The meanof V
magnitudesin theSIMBAD databaseis 1.36mag. Accordingly, we calculatethe � -Leo
photon spectralirradianceat

{
0 U 546nmto be F| 0 U 2 � 91 � 103 cm[ 2 s[ 1 nm[ 1. We

usethesymbol F| to represent theirradianceat otherwavelengths.
We defineHtotal f { g to betheradiant flux reflectedby themirror. Thatis,

Htotal f { g U F| hm
�

m f r g RT (12.13)
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wherehm
�

m f r g is the exposedmirror areain cm2, and RT is the telescopemirror re-
flectance.Htotal f { g hasunitss[ 1 nm[ 1. Thestarimagein theplaneof thepinhole(image
plane)is smearedby thetelescopeoptics.Werepresent thissmearedimageby thefunction�
H f {¢¡ x X y g , wherex andy arecoordinatesin thepinhole plane.They-axis is defined to be
parallelto theinternalocculterbladeandUV slits (seeFigure12.1).

�
H f {£¡ x X y g hasunits

s[ 1 cm[ 2 nm[ 1 andsatisfiestherelation

Htotal f { g U
�

H f {¢¡ x X y g dxdy (12.14)

If the pinhole is centeredat coordinates f x k X y k g in the pinholeplane,the number of
photonspernanometergoing throughit is given by theexpression:

Hp f { X x k X y k g � �
H f {¢¡ x X y g¥¤ f x k ` x

l
X y k ` y

l
g dxdy (12.15)

where ¤ f x X y g is the two-dimensional rectanglefunction (in eachdimensionit is unity
from -1/2 to 1/2 andzeroelsewhere)andl is thewidth of the(square) pinhole (0.005 cm
or 13.76k k ). The rectangle function ¤ f x k c l X y k c l g representsthe squarepinhole. H p has
unitss[ 1 nm[ 1. Themeasured count-rateis proportional to H p. Therectanglefunction
itself hasan areaof l2. Thus,by the propertiesof the convolution integral in Equation
(12.15) andEquation(12.14), wehave therelation

Htotal f { g U 1

l2
Hp f { X x X y g dxdy (12.16)

Sincethestaris unpolarized,themeasuredcount-ratein unitsof s [ 1 is given by

Cr U 1

2
TL TP Hp f { X x X y g TF f { g	� f { g d{ (12.17)

IntegratingEquation (12.17) overx andy andusingEquations(12.9), (12.13)and(12.16)
yields

1

l2 Cr dxdy U 1

2
RT hm

�
m f r g TL TP F| TF f { g	� f { g d{ (12.18)

U � hm
�

m f r g F| 0

F|
F| 0

TF f { g
TF f { 0

g
� f { g� f { 0

g d{ (12.19)

where � is the radiometric responsivity. Equation (12.18) is similar in form to Equation
(12.8). Due to the spectraldifferencesbetween� Leo and the Sun, it is not useful to
incorporatethecalibrationfactorK asin Equation(12.10),although it maybecalculated
via Equation(12.11)once� is known.

The goal of the � -Leo observation wasto determine the responsivity � by making a
measurementof theleft-hand-sideintegral in Equation (12.19).

Fromtheperspectiveof theSOHOspacecraft,starstravel atconstantvelocity of about¦ � 0 � 04 k k s[ 1, or 1 � 45 � 10[ 5 cm s[ 1 in thepinhole plane.For the � -Leo observation,
thestartrajectory wasinclinedto thex-axisby 11_ . Sincecosf 11_ g � 0 � 9816, this effect
is negligible, andfor thepurposeof this discussionwe will assumethatthestartrajectory
is parallelto the x-axis. Theobservationconsistedof eighteen passes.Beforeeachpass
the instrument waspointedso that thepinholewasaheadof thestarandwasnot moved
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until theentirestarimagehadpassedby thepinhole. Foreachpass,thepinhole wasplaced
sothat thestar’s pathwasat a differentvalueof the y-coordinate,relative to thepinhole.
The value of y was determined from the spatialpositionof the star’s UV signaturein
the O IV channel. Thus,we may considerthe count-rateC r in Equation (12.17) to be a
function of time and y. We will usethe notationC r f t X y g to symbolize this. Using the
sameproportionality factorsasin Equation(12.17),wehave therelationship:

Cr f t X y g¨§ Hp f {£¡ x ` ¦ f t ` t0
g X y g (12.20)

wheret0 is chosenso that the maximum count-rateoccurs at t U 0. Figure12.4 is an
example thatshows thetime-variation of thecount-rateduring onepass.Theexamplein
the Figure is thefirst pass,which happenedto beneary U 0, thecenterof the pinhole.
IntegratingCr f t X y g over time,we maydefinethequantity

�
Cr f y g � Cr f t X y g ¦ dt (12.21)

�
Cr f y g hasunits of cm s[ 1. Numerically integrating the count-rate in eachpassgives
a measurement of

�
Cr f y g . We will call

�
Cr f y g the integrated count-rate (ICR).

�
Cr f y g is

relatedto theresponsivity � via Equation(12.19) asfollows:

1

l2

�
Cr f y g dy U 1

l2 Crdxdy (12.22)

The result of the measumentis ��U f 1 � 16 ~ 0 � 12g %. The uncertainty analysisis
discussedbelow.

12.3.2   -Leo Uncertainty Analysis

Theuncertainty in the � -Leo calibrationis dominatedby the uncertainty in the inte-
grationover the y-axis in Equation (12.22). Figure12.5shows theresultsof numerically
integrating all of the passesaccording to Equation (12.21). The statisticaluncertainties
arenegligibly small in theverticaldirectionbecausethedatafrom which theintegralsin
Equation (12.21)wereevaluatedincludedmillions of counts.Themoresignificantuncer-
tainty is in the y positionof eachpass,whichwasdeterminedby fitting a Gaussianto the
signalmeasuredin theOVI channel. EachUV signalcontained on theorder of 2 � 104

counts.Thestatisticaluncertainty in determining thecentroidof theGaussianwasmuch
smallerthantheoverall uncertainty inherent in this procedure.Only thevariation of the
error in thedeterminationof the individual valuesof y is importantsinceanoverall shift
will not affect the integral in the left-hand-sideof Equation 12.22. A significantuncer-
tainty is introducedby the fact that the UV spatialimageof the starhada full-width at
half-maximumof about 25k k while thespatialbinning (3 pixels)was21k k , andbecausethe
spatialimageof thestaris notaGaussian,aswasassumedby thefitting procedure(rather,
it is apointspreadfunction thatis notaccurately known). Wecanestimatethisuncertainty
asone-third of a spatialbin, or 7 k k . We considerit to beroughly equivalent to a coverage
factork U 2 uncertainty. This7 k k uncertainty is indicatedashorizontalerror barsin Figure
12.5.

Althoughweusedsplineinterpolationof thedatapoints in Figure12.5to estimatethe
left-hand-sideintegral in Equation (12.22),wechoseto modelthisspatialprofileasasum
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Figure12.4: Thecount-rateasa function of time for thefirst � -Leo passby thepinhole.
Thedatasetconsistsof aseriesof suchpasses.

of two Gaussiansfor thepurposesof theuncertainty analysesof both � Leo andJupiter,
andfor computationsof theJupiterbroadeningfunction discussedlater. Thetwo-Gaussian
modelcandescribe thedatawell, exceptfor two pointson thefar left of Figure12.5. We
propagatedthe 7k k uncertainty through a perturbation analysisin order to determine its
effectontheparametersof thetwo Gaussianmodel.Theresultis thatthesumof theareas
of the two Gaussianshasan uncertainty of 20 %. We considerthis 20 % uncertainty to
be coveragefactork U 2 sinceit is a direct resultof the coveragefactork U 2 spatial
uncertainty discussedabove. Therefore,we take thestandarduncertainty to be10%. The
sameperturbationanalysisallowedusto determine thebroadest andnarrowest(coverage
factork U 2)profilesthatareconsistentwith thedatain Figure12.5; they areshownby the
dottedanddashedcurves,respectively. Thesecurveswill beusedlater in Section12.3.4
for theuncertaintyanalysisin theJupitercalibration.

TheSIMBAD databaseshowsfourteenV-magnitudemeasurementsof � Leospanning
theyears1952through1986. Thestandarddeviation of thesemeasurementsis 0.02mag
or 2 %. Breger [1976] hasnineindependentspectrophotometric scansof F | . Thestandard
deviation of thesenormalizedspectrais about0.01 magbetween450 nm and600 nm.
Adding thesein quadrature,we find that thedeterminationof F | 0 impliesanuncertainty
of 2 %.

The uncertainty dueto counting statisticsin the integrated count ratesis negligible.
Sincetheexposedmirror width � m f r g was2.56cm,andtheuncertainty in thelocationof
the internalocculteris on the order of 0.01cm, this effect is alsonegligible. Thecurve
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Figure12.5: The � -Leo integratedcount-rate(ICR) alongtheUV slit (circles)andthree
pointspreadfunction curvesto describeit. The7 k k (coveragefactork U 2) uncertaintyon
the determination of y for eachpassis indicatedby the horizontal errorbars. The solid
curve is the optimal oneusedto calculatethe broadeningfactor in Section12.3.4. The
dottedanddashedcurvesarethebroadestandnarrowestfunctionsthatthedatacanjustify
at thecoveragefactork U 2 uncertainty level (seetext).

TF f { g wasmeasuredin thelaboratory onseveraloccasions,to within a few percent. � f { g
wasmeasuredontheflight unit by Ball Aerospace. The � f { g measurementagreeswith the
curvegivenby themanufacturer. Sincethemeasuredresponsivity � includesthevaluesof
TF and� at

{
0, any errors in thevaluesof thesecurvesat

{
0 will introducenouncertainty,

although errorsin the shapesof thesecurvescando so. As Figure12.7 shows, T F f { g
and � f { g aresmoothcurves,sotheintegralof their normalizedproduct,asis calledfor in
Equation (12.19),does not introducesignificantuncertainty. Table12.2summarizes this
uncertainty analysis.

12.3.3 © -Leo ConsistencyCheck

In August 1998, aspartof theUVCS calibrationprogram,we maderadiometric mea-
surements of thestar } Leo. According to Breger [1976] andtheSIMBAD database,the
} -Leoflux at546nmis 9.9% thatof � Leoandits F | c F| 0 curveis nearlyidenticalin the
UVCS/WLC band. This observation differs from that of � Leo described above only in
that thestaris a factorof about tenfainterin thevisible andthatnot enough passeswere
doneto make a measurementof Cr dxdy. Thus, insteadof attempting to integrate
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Item Relativestandard uncertainty (%)
positionaluncertainty 10
stellarphotometry 2
occulterposition 0.5ªrª¥ª d{ � 0
Poissonstatistics � 0
quadraturesum 10

Table12.2: Summaryof uncertaintiesfor the � -Leoradiometriccalibration: seeEquation
(12.29).

somethingakin to thedatain Figure12.5,we multiplied the } -Leo integratedcount-rates
by tenandplottedthemwith the � -Leo datain Figure12.6.Sincethesetwo datasetsfall
on thesamecurve, we take the } -Leo measurents asa confirmation of thevalidity of the� -Leoresult.

12.3.4 Jupiter 2001Radiometric Calibration

TheJupiterradiometriccalibration is basedonJupiterobservationstakenin June2001.
This calibrationaccounts for both the spectralpropertiesof Jupiterandthe broadpoint
spreadfunctionof theWLC. On16June2001Jupiterwasat oppositionandtheanglebe-
tweentheSunandJupiterwasonly about 1 � 75_ or 6 Rd , thusUVCSobserved,essentially,
theentiresolarilluminatedsurfaceof Jupiter.

Jupiter SpectralRadianceComputation

The projected solarspectralphoton irradiancehitting a surfaceelement of Jupiteris
givenby theexpression

Fin f { g U Bd f { g 4
5

« R2d
d2

cos¬ (12.23)

whereB d is thesolardisk-center spectralradiance,d is theSun-Jupiter distance,and ¬
is theanglebetweenthenormal to Jupiter’s surfaceandtherayscomingfrom thecenter
of thesolardisk. The4/5 factoraccounts for solarlimb-darkeningandthecosinefactor
accounts for theprojection effect. Sincetheincoming spectralirradiancetimesthealbedo
is equalto theoutgoing spectralirradiance we have

Fout f { g U a f { g Fin f { g (12.24)

wherea f { g is theBondalbedo[Allen, 1976].
The relationship betweenFout andthe spectralradianceI J f { g is determined by the

angular distribution of the radiation. We assumethat the radianceis not a function of
angle[Tejfel et al., 1993; Chanover, 2001], that is I J f {¢¡ � X�­ g U IJ f { g . Thenwe have
therelation

Fout f { g U
2®

0

®�¯ 2
0

IJ f { g cos� sin � d� d­ U « I J f { g (12.25)
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Figure12.6: The � -Leo (squares)and } -Leo (asterisks)integratedcount-ratesalong the
UV slit. The } -Leo datahave beenmultiplied by ten, according to the expected flux
difference.Exceptfor thefactorof ten,bothdatasetshave beennormalizedasin Figure
12.5. The horizontal error barsrepresentcoveragefactork U 2 uncertainties. This is a
confirmationof the � -Leocalibrationbecauseit givesnoreasonto believethatacomplete
data-seton } Leowouldgiveaninconsistentresult.

Thus,from Equations(12.23),(12.24) and(12.25)wehave thefollowing Equation

IJ f { g U B d f { g a f { g 4
5

R2d
d2

cos¬ (12.26)

RelationshipBetweenSpectralRadianceand the Photomultiplier Count-rate

Thecount-rate N (in units of s[ 1) measured by the detectorfor unpolarizedlight of
photon spectralradiance I (in unitsof cm[ 2 s[ 1 nm[ 1 sr[ 1) canbederivedfrom Equation
(12.6), andis givenby theEquation

N U RT TP TL
1

2

�
ph phm

�
m f r g

f 2 I f { g TF f { g�� f { g d
{

(12.27)

SinceJupiteris essentiallyunpolarized, the HWRP hasno effect andthe linear po-
larizercutsthe intensityin half. Thereforewe have placeda factorof one-half in Equa-
tion (12.27) insteadof using the polarimeter Mueller matrix. Figure 12.7 is a plot of
thewavelength-dependentdetectedquantumresponsivity, thebandpasstransmittance,the
Sun-center spectralradiance andthe reflectedJupiterspectrum[Karkoschka, 1994]: all
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normalizedto unity at 546nm. UsingEquations (12.27) and(12.9), therelationshipbe-
tweenthedetectorcount-rateandtheJupiterradianceis

NJupiter U 2� b
�

ph phm
�

m f r g
f 2

TF f { g
TF f { 0

g
� f { g� f { 0

g
IJ f { g
IJ f { 0

g d
{ IJ f { 0

g
2

(12.28)

where
{

0 U 546 nm andb is an instrument broadeningfactor, which is the fractional
reduction in the apparent centerradiance due to instrument blur. The evaluation of b
for Jupiter is discussedbelow. Note that the integral in Equation (12.28) hasunits of
wavelength.
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Figure12.7: Radiometriccalibrationcurves. Shown aretheUVCS/WLC bandpassfilter
transmittance, thesolarmeanspectralradiance,thereflectedJupiterspectralradianceand
thedetectedquantumresponsivity: all normalized to unity at546nm.

Calibration Factor Computation

UsingEquations(12.11)and(12.26), Equation(12.28) canberewritten:

NJupiter U bK � m f r g
TF ° |²±
TF ° | 0 ±´³ °

|²±
³ ° | 0 ± IJ ° |²±

IJ ° | 0 ± d
{

TF ° |²±
TF ° | 0 ± ³ °

|²±
³ ° | 0 ± B µ ° |²±

B µ ° | 0 ± d
{ a f { 0

g 4
5

R2d
d2

cos¬ (12.29)

rememberingthat
{

0 U 546nm; � f r g is theexposedmirror width in centimeters,andK
is theradiometric calibrationfactordefinedin Section12.2.3.

Wemaynow usetheJupitercount-ratesandEquation(12.29)to determinethevalueof
K. Themaximum Jupitercount-rateon16June2001 was1 � 59 � 105 s[ 1, themirror width
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was � m f r g U 2 � 56 cm, theratio of thewavelengthintegrals is f 150� 5 nmg c�f 156nmg U
0 � 965, a f 546 nmg U 0 � 493 [Karkoschka, 1994], R d U 6 � 96 � 105 km, andat that
time theSun-Jupiter distancewas7 � 630 � 108 km. Sincetheobservationwasessentially
“straighton,” we have cos¬¶� 1 � 0. Thevalueof b is shown below to be0.72. Using
thesevaluesin Equation(12.29), wefind that

K U 2 � 76 ~ 0 � 50 � 1011 cm[ 1 s[ 1 (12.30)

This calibrationfactorcorrespondsto a radiometric responsivity of �·U f 1 � 38 ~ 0 � 13g %.
Theuncertaintyanalysisis discussedin Section12.3.4.

Evaluation of the BroadeningFactor b

TheUVCS/WLCtelescopemirror hasout-of-focusandopticalaberrationsthatstrongly
affect theobservationsof objectsthatarelessthanabout 1

�
in size.Theseaberrationsblur

the imageover thepinholesothata significantfraction of theobject’s light will not pass
throughthepinhole. Jupiteris anextendedobjectandits angular diameter, asviewedfrom
Earthon theobservationdate,is about 30k k . This substantiallylessensthebroadeningef-
fect (comparedto stars).We determinedthebroadeningfunction with observationsof the
star � Leoby allowing it to drift pastthepinhole asdescribedin Section12.3.1.

To calculatetheone-dimensional (1D) broadeningfactorandits uncertainty, we con-
volved the Jupiterimage,given by Equation (12.26), with the profilesshown in Figure
12.5(seeSection12.3.2). Theoptimal1D broadeningfactor(0.77) wascalculatedusing
the solid curve. The dottedanddashedcurves in that figure lead to a (coveragefactor
k U 2) 9 % relativeuncertainty in this factor.

Figure12.8shows theeffect of theconvolution. Thedashedcurve is theidealJupiter
image,thesolid curve is theoptimalprofile (sameasthesolid curve in Figure12.5), and
thedottedcurveis theresultof theconvolution. Theconvolutionreducedthe(normalized)
peakof theJupiterimagefrom 1.0to 0.77for thecaseof theoptimal 1D profile.

Thetwo-dimensional(2D) pointbroadeningfunctionwasapproximatedby

p f u X ¦ g U p1 f u g p2 f ¦ g (12.31)

wherep1 f u g andp2 f ¦ g arebroadeningfunctionsparallelandperpendicularto theUV slit,
respectively. p1 f u g is shown in Figure12.5. p2 f ¦ g waschosento matchoneof thescans
of � Leo asits imagepassedthrough thecenterof thewhite-light pixel andis shown in
Figure12.9. Figure12.9showsthatthedataarewell-matchedbyconvolving the14 k k width
of thepinhole with a Gaussianopticalspreadfunction. Thelower panelshows p 2 f ¦ g and
thepinholeandGaussianfunctionsthatcompriseit. Thewidth of theGaussianwasvaried
to find a bestfit to thedatain theupperpanelof Figure12.9.

Comparisonof Figures 12.9and12.5shows that p 2 f ¦ g is muchnarrower than p1 f u g .
Thus,we expecttheresultof the2D broadeningcalculationto benotmuchdifferent than
thatof the1D broadeningcalculation. Furthermoresincep 2 f ¦ g is narrowerthanp1 f u g and
is betterconstrainedby thedata,wecanexpecttheuncertainty in the2D broadeningto be
dominatedby theuncertainty in the1D broadeningdescribedabove. Convolving p f u X ¦ g
from Equation(12.31) with a 2D Jupiterimagecalculatedfrom Equation(12.26) givesa
2D broadeningfactorof b U 0 � 72. SinceEquation(12.31) is separable,therelativeuncer-
tainty in thebroadeningeffect is still determinedby thebroadestandnarrowestcurvesin
Figure12.5 andis 9 % (coveragefactork U 2).
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Figure12.8: Illustrationof Jupiterbroadeningparallelto theUV slit. Thedashedcurve is
theJupiterimage,thesolid curve is theoptimalprofile,andthedottedcurve is theresult
of the convolution. Also shown in circlesis the � -Leo integratedcount-rate(ICR). The
profilesof the Jupiterdisk and � Leo have beennormalized to the samepeakvalueof
unity.

Jupiter Uncertainty Analysis

Theuncertainty analysisof thecalibrationfactorK is basedon Equation (12.29). The
uncertainty in K is dominatedby theuncertaintiesin thebroadeningfactorb andthealbedo
a. Theuncertainty in b hasbeendiscussedabove. Sincethe9 % relative uncertaintyin
b is basedon a coveragefactork U 2 uncertainty in the spatialpositionof the � -Leo
UV signature shown in Figure12.5, it shouldalsobeconsideredroughly equivalentto a
coveragefactork U 2 uncertainty. We will take the relative standard uncertainty to be
5 %.

Axel [1972] hascompiledalbedomeasurementsfrom a number of differentauthors,
although only threemeasurementsarewithin the UVCS/WLC bandpass. Thesealbedo
measurementsrange from 89 % to 102 % of valuesgiven by Karkoschka [1994]. The
standarddeviationof thefour datasets(including Karkoschka’s) is 7 %. We haveadopted
thisvalueasthestandarduncertaintyin Jupiter’salbedo. IncludingKarkoschka’s 4 % rel-
ative standardradiometricuncertainty in quadrature,we take theoverall relative standard
uncertainty in Jupiter’s albedoto be8 %.

SinceNJupiterwas1 � 59 � 105 s[ 1 andtheexposure timewas15s, theuncertainty due
to Poissonstatisticsis negligible. Sincethe exposedmirror width � m f r g was25.6 mm,
andtheuncertainty in the locationof the internal occulteris on theorderof 0.1 mm, the
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Figure12.9: Illustration of the � -Leo imageperpendicular to the UV slit length. The
datain theupper panelweretakenasthestarpassedthrough thecenterof thewhite-light
pixel. Thelower panelshows thebest-fit(thewidth of theGaussianwasallowedto vary)
composition of thefitted (solid) curve in theupperpanel. Thesolid curvesin bothpanels
areidentical.

associateduncertainty is alsonegligible. The ratio of thewavelengthintegrals would be
unity, except for the slight differencebetweencurves I J f { g c IJ f { 0

g andB d f { g c B d f { 0
g ,

which areshown in Figure12.7. Sincethesecurvesaresosimilar, theuncertaintyin the
ratio of integralsis negligible whencomparedto theuncertainty in thebroadeningfactor
or thealbedo. For the2001 Jupiterobservations,theuncertainty in ¬ maybeestimatedby
comparing themaximum count-ratesin thefiveJupiterpassesandfitting themto acosine
curve. Theresultis ¬ ^ 12_ for thecentralpass.Sincecosf 12_ g � 0 � 978, thisuncertainty
is alsonegligible. The solarradius Rd is known to threeor four digits (see,e.g., Allen
[1976]) andtheSun-Jupiterdistanced canbecalculatedto severalkilometersor less.This
uncertainty analysisis summarizedin Table12.3.

12.3.5 Jupiter 1997Radiometric Calibration

TheJupiter1997 observationwasalmostidenticalto the2001observationdescribed
above,andhasbeendescribedin detailby Cranmer [2001]. Theonly importantdifference
betweenthe two observations is theway in which the instrument waspointed. Sincethe
pointing calibrationhadnotyetbeenfully establishedandJupiter’s positionrelativeto the
Sunnotpreciselycalculatedfor the1997 observation,theUVCS/WLCwasrepointed after
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Parametersymbol Parametername Relativestandarduncertainty (%)
b broadeningparameter 5
a f { 0

g albedo 8
cos¬ radiationangle 2�

m f r g exposedmirror width 0.4
NJupiter

� (15s) numberof counts 0.065
ªrª¥ª c ªrª¥ª ratioof integrals � 0

Rd solarradius � 0
d Sun-Jupiter distance � 0¸ Poissonstatistics � 0
quadraturesum 9.4

Table12.3:Summaryof uncertaintiesfor theJupiterradiometriccalibration: seeEquation
(12.29).

every exposurein aneffort to put theWLC over thecenterof theplanet.Theresultwas
a seriesof exposuresrandomly clusteredaround theplanet.A histogramof theresulting
intensitiesshowsaclearcut-off atamaximum intensity. Wehaveassumedthatthiscut-off
intensitycorrespondsto theWLC beingpointednearthecenterof thedisk. In contrast,the
Jupiter2001observationswerecarefully rasteredin a way suchthattheobservationplan
ensuredthattheWLC waspointedat thecenterof theplanetatsometime. Sincethe2001
pointing schemewasbetter, we usethe2001 observationsto determine our bestvalueof
theJupitercalibrationandusethe1997observationasa confirmation.

For the1997Jupiterobservations,all of theanalysisgivenabove for the2001 obser-
vationscarriesoverexactly. Theresultis �¹U f 1 � 33 ~ 0 � 13g %.

12.4 A Model of the Stray Light in the WLC

In Section12.2.1wedescribedtheprocedurefor computingthefirst threecomponents
of theStokesvectorof thelight thatentersthepinhole, s. This light hastwo components,
one,sc, is coronal in origin andtheother, s i , is instrumentalin origin. Thus, s U sc \ si .
In this sectionwedescribea model of s i , sothat sc maybedeterminedfrom observations
of thecorona.

Romoli and Reardon [2000] performedanextensive analysisof thestray-lightin the
WLC. The fact that the photomultiplier gave a count-rate consistentwith the dark-rate
whenthe internaloccultercompletely covered the mirror indicatesthat all of the stray-
light in the WLC comesfrom the mirror or its edge, andnot from the internal occul-
ter surface. While the mirror-edgemay scatterlight from the sunlight trap, the mirror
surfaceis only illuminatedby light from the corona and light from the solar disk that
hasbeendiffractedby the external occulter. In order to determine the contribution of
diffracted light to the signal, it was first necessaryto measurethe Stokesvector of the
distribution of diffractedlight acrossthe mirror surface. This wasdone by pulling back
theinternalocculter, whichallows thespecularly reflectedrayof thediffraction patternto
enterthepinhole,andtakingpolarization measurements.TheStokesvector of theresult-
ing diffractionpattern,asa function of positionalongthemirror surfacex is denotedby
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Height(Rd ) Qcorr º Qcorr

1.74 0.610[ 8 0.210[ 8

1.84 0.110[ 8 0.010[ 8

1.94 0.710[ 9 0.310[ 9

2.04 0.410[ 9 0.110[ 9

2.29 0.710[ 10 0.410[ 10

2.54 0.310[ 10 0.410[ 10

3.00 0.410[ 10 0.210[ 10

3.54 0.210[ 10 0.110[ 10

4.00 0.210[ 10 0.110[ 10

4.54 0.210[ 10 0.110[ 10

4.84 0.210[ 10 0.110[ 10

Table12.4: Resultsof stray-lightmodel. Q corr is thenumberthatneedsto subtractedfrom
theobserved polarizedradiancewhennominal (1.5mm) occulting is used. º Q corr is the
uncertainty in this quantity. Thesenumbersarein units of Sun-center spectralradiance
andassumetheJupiter2001 radiometriccalibration.

V D f x g X q f x g D f x g X u f x g D f x g Y T .
Romoli and Reardon [2000] modeledthemeasuredStokesparameters as:

I U Ie�
m f r g \ Ic f r g \

AI�
m f r g

»
m ° r ±

0
D f x g ­ f x X r g dx

Q U Qe�
m f r g \ Qc f r g \

AQ�
m f r g

»
m ° r ±

0
q f x g D f x g ­ f x X r g dx

U U Ue�
m f r g \

AU�
m f r g

»
m ° r ±

0
u f x g D f x g ­ f x X r g dx (12.32)

wherer is themirror angle; � m f r g is theexposedmirror width; Ie c � m , Qe c � m and
Ue c � m aretheStokesparametersof thecontribution from themirror edge;I c, andQc are
theStokesparametersof thecontributionfrom thecorona(U c is assumedto bezero,using
theproperreferencesystem),A I , AQ andAU arethecoefficientsof non-specularscatter-
ing for the threeStokescomponents,and ­ f x X r g is thenon-specularscatteringfunction.
The parameters � m andr arefixed by the observations andall of the otherparameters
aredeterminedby thecurve-fits to speciallydesignedobservations.Romoli and Reardon
[2000] examined severaloptionsfor thescatteringprofile ­ f x X r g . Basedongoodness-of-
fit, they chose­ f x X r g to bea Lorentzianto thepowerof two.

Without entering the detailsof the specialobservationsthat wereusedto determine
the valuesof the model parameters,the model is capableof determining the stray-light
contributionat everyheightbetween1.7R d and5 Rd andfor any positionof theinternal
occulter. Thestray-light correctiontermis computed,for theknown exposedmirror width�

m f r g , from

Qcorr U Qe�
m f r g \

AQ�
m f r g

»
m ° r ±

0
q f x g D f x g ­ f x X r g dx (12.33)
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andsubtracted from themeasuredStokesQ.
This modelhasbeenusedto calculatea valueof theStokes Q parameter thatshould

be subtractedfrom coronal measurements with nominal (1.5 mm) occulting. Table12.4
givesthestray-light correction termasa function of height.

12.5 Conclusion

We have discussedthe in-flight radiometric calibration, the polarization calibration
andthestray-light calibration of theUVCS White Light Channel. Thein-flight radiomet-
ric calibrationis basedon measurementsof Jupiterperformedin June2001andof � Leo
obtainedin 1997. TheJupiter2001measurementwasconfirmedby a previousmeasure-
mentof Jupiterin 1997andthe � -Leo measurementwasconfirmedby a measurementof
} Leo. TheJupiter2001and� -Leomeasurementsagree to within thestateduncertainties.

Acknowledgements

This work is supported by NASA undergrantNAG5-10093 to the SmithsonianAstrophysical
Observatory, by the Italian SpaceAgency, andby theProdex programmeof ESA (Swisscontribu-
tion).

Bibliography

Allen, C.W., AstrophysicalQuantities,London,Athlone,1976.
Altschuler, M.D., in ImageReconstructionfrom Projections: ImplementationandAppli-

cations,editedby G.T. Herman, New York, Springer-Verlag,1979.
Axel, L., Inhomogeneousmodels of the atmosphereof Jupiter, Astrophys. J. 173, 451,

1972.
Billings, D.E.,A Guideto theSolarCorona,New York, Academic Press,1966.
Breger, M., Catalogof spectrophotometric scansof stars,Astrophys. J. Suppl. 32, 7, 1976.
Chanover, N., personal communication, 2001.
Collett, E., PolarizedLight: fundamentals andapplications,New York, MarcelDrekker,

Inc.,1993.
Cranmer, S.R.,unpublishedtechnicalreport,2001.
Frazin,R.A., Ph.D.Thesis.University of Illinois, Departmentof Astronomy, 2002.
Frazin,R.A.,Romoli,M., Kohl,J.L.,Gardner, L.D., Wang,D., Howard,R.A.,andKucera,

T.A., WhiteLight inter-calibrationsof UVCS,LASCOandSpartan201/WLC,thisvol-
ume,2002.

Jacoby, G. H., Hunter, D. A., andChristian,C. A., A library of stellarspectra,Astrophys.
J. Suppl. 56, 257, 1984.

Karkoschka, E., Spectrophotometry of the Jovian planetsandTitan at 300- to 1000-nm
Wavelength:Themethanespectrum,Icarus 111, 174,1994.

Kohl, J.L.,Esser, R., Gardner, L. D., Habbal,S.,Daigneau,P. S.,Dennis,E. F., Nystrom,
G. U., Panasyuk, A., Raymond, J. C., Smith, P. L., Strachan,L., van Ballegooijen,
A. A., Noci, G., Fineschi,S., Romoli, M., Ciaravella, A., Modigliani, A., Huber, M.
C. E., Antonucci, E., Benna,C., Giordano, S., Tondello, G., Nicolosi, P., Naletto,G.,



Bibliography 21

Pernechele, C., Spadaro, D., Poletto,G., Livi, S.,von derLühe,O., Geiss,J.,Timothy,
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