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TheUVCS White Light Channel(WLC) is desigredto measuréhelinearly polaized
radiane (pB) of the corona in the wavelergth bandfrom 450nmto 600nm, in orde to
derive oneof the fundamentalparametes of the solarcorora: the electrondensity This
papergives a thoraugh descriptim of the in-flight radionetric calibration of the WLC,
which usesthe stara Leo andthe planetJupiterastransferstandard andis basedn cal-
ibratiors of ground-basedinstrurrents. The methal for computing the polatizedradiance
from the measuremds is also describd, togetler with the stray light and polarization
characterationsobtainedrom dedicatedin-flight measurerants.

12.1 Instrument Description

TheUVCS/WLCis discussedxtensiely in Romoli [1992] , Romoli et al. [1993], and
Kohl et al. [1995. TheUVCS/WLCis designedo measuréhelinearlypolaizedradiance
of thecororain thebandfrom 450nmto 600nm. Figure12.1is a schematidiagam of
the UVCS/WLC telescopdayout. Like the UV chanmls,the WLC is aninterrally- and
exterrally-occuted cormagragh. The primary mirror focusesthe cororal light onto the
entrane pinhole. This pinhole correspadsto a 14” by 14" patchof sky. Figure12.2is
a schematiadiagramof the part of the WLC thatlies beyond the entrancepinhde. The
light divergesfrom the pinhde andfirst passeshroud arotating,half-wave retarder plate
(HWRP), which rotatesthe plare of linear polarization. Next, the light passeghrowgh
a fixed linear polarizer which allows only the compamentwith the electricfield vector
oscillatingin aspecificdirectian to pasghrowgh. Theamount of light transmitteddepend
on the ande betweerthe planeof polarizdion of the incidert light andthe transmission
axisof thepolarize. Choosinghreedifferentrotation anglesof the HWRP allows oneto
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Figure12.1: Schematialiagran of the UVCS/WLC telescopédayout(na to scale).
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Figure12.2 Schematidiagran of the UVCS/WLC polarimeter Takenfrom Kohl et al.
[1995].

determiretheStokesl|, Q andU compmentswhichis thelinearpolatization(seeSection
12.2). After passingthrough the polaizer the light goesthrowgh a sphericallensanda
band@ssfilter (450 nmto 600nm). Thesphericalensforms animageof the pinhole just
in front of the detectorandthe bandssfilter contrds the spectrabropeties of thelight.
Sincethelinear polarizeris fixed, the light that passeshrough the lensandthe band@mss
filter andhits the detectoris always100% linearly polarizedin the sameway, regardless
of the obsenation. This makesthe charactézation of the optical systemsimpler The
detectoris a photanultiplier tube(PMT) designedo work in photan countirg moce.

12.2 Polarization Measurement

The polarization stateof partially polarizedlight is mostreadilydescrited by the vec-
tor of Stolkesparaneters,s = [s;, Sg., su, sv1', where' denoteghetranspos@peator.
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Although Collett [1993 descrilesthis elementay materialin detail, we review it here.
The Stolesvecta s = [s|, Sg, U, sv1" hasunits of phota spectralradiarce suchas
cm2 s71 sr1 nm~1. The | compnentis the total spectralradianceof the light in-
cluding the polaized and unpolarizedcomponerts. If the light is comgetely polatized
s = ,/s§ + s5 + s, andif thelight is partially polarizeds; > /3 + S5 + sJ.
For agiven coordnatesystemthe Q compamentcorrespondgo horizantal (parallelto the
x-axis) linear polarizationif so > 0 andvettical linearpolarization if so < 0. TheU
compamentcorrespadsto +45° linearpolarizaion if sy > 0 and—45° linearpolariza-
tionif sy < 0. TheV compmentcorrespondso right-circularpolarizatioif sy > Oand
left-circuar polarization if sy < 0. Theangleof the planelinear polaiization is given
by therelationtan2ys = sy/sq. Light thatis elliptically polarizel may have nonzro
valuesfor all four compamentsof the Stokesvecta.

The light from the solardisk Thompsonscattersoff the free electrors in the corana,
andthis scatteredight is partially polarizel [Collett, 1993] with the electricfield vector
of the polarizedcompamentoscillatingtangetially to the solardisk. Givenan appopri-
ate coordnate system,the Stokes vector of the light that the corora emitsis given by
[si, sq, O, 017, wheresg > 0. s andsq arerelatedto the distribution of electronden-
sity alongtheline-of-sight (see e.qg.,Altschuler [1979)). Thus,sq is the spectraradiance
of thepolarizzd portionof thecoranallight. Dustmakesa contritutionto s butnotsg, at
leastnotwithin abou 5 R, [Billings, 1965].

12.2.1 Polarization Computation

In this sectionwe usetheradionetric calibration andthe polarizatian propertiesof the
HWRP andthe polarizerto calculatethe first threecompamentsof the resulting Stokes
vectors = [s|, Sg, U, sy]T for a sourceof arbitrarypolaization. As we will see,the
UVCS/WLC doesnotrespamdto theV compamentof the Stokesvector

The effects of polarizing commnentsin an optical systemcan be descriled using
Mueller matrices. The Mueller matricesfor retarde platesand polaizersas a function
of rotationanglemaybefoundin Collett [1993]. We will take the x-axisto be parallelto
the occulteredge The Mueller matrix for aHWRP with thefastaxisrotatedby anangle
« relativeto thex-axisis M r(a) = R(—2a)M r(0)R(2x), whereR andM r(0) arethe
Mueller matricesfor rotationanda HWRP ate = 0O, respectiely. Theanglewx in the R
matrix is multiplied by two becauséherotatedStokesvecta, whichis anintensityvecta,
is the prodict of therotatedelectric-fieldvecta andits comple conjugate.We have

1 0 0 0
0 cosda  sinda 0
0O sinda —cosda O
0 0 0 -1

MRr(a) = (121)

wherethe overall resposivity factoris setto unity (seebelow).

TheMuellermatrixfor anidealpolaizerwith afastaxisatanangleg to thex direction
is given by Mp(B) = R(-28)Mp(0)R(28), where R and M p(0) arethe Mueller
matricesfor rotationanda linearpolarizerat § = 0, respectiely. Again,theangleg in
the R matrix is multiplied by two becasethe Stokesvectoris a vectorof intensities not
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fields. We have

1 cos28 sin2B 0
Mp(g) = —| €052 cof28  cos2Bsin2g 0
P ~ 2| sin28 cos2Bsin2g sin® 28 0

0 0 0 0

(122)

wherethe overall resposivity factoris setto unity (seebelow).
The Stokesvecta describimg thelight afterit passeshroughthe HWRP andthepolar
izerisgivenby s’ = Mp(B)MR(@)s = M(a, 8)s. Thematrix prodict is:

1 coYda — 2p8) sin(4a — 2B) 0
_ 1] cog2B) cog2B)codda —2B) cod2p)sin(4a —2B) O
M@, §) = 2| sin2B) sin(2B)cosde —2B) sin(2B)sin(4a —2B) 0 (12.3)
0

0 0 0

Thevalueof the polaized spectralradiancesq (of which thelinearly polaized coro-
nal light is a part) is determired by measuringhe count-atesat threerotationanglesof
theHWRR «1, a2 andas. Sincethe PMT detectorsignalcorresponddo thefirst elemen
of § = M(a, B)s, only the top row of Equation(12.3 is of consegencefor our pur
poses.For a given positiona of the HWRR the court-rate per nananeterat wavelergth
Ao measuredby thedetectolis

1
Ny () = EC (s1 + cogda — 2B)sq + sin(4a — 28)su) /Bo(ro) (124)

whereBg(10) is the spectralradianceof the centerof the solardisk, andC, which has
unitss™1, is ascalingfactor C depemisontheresposivity, the geonetry andthe spectral
resposeof theinstrumentandis describedn Section12.23.

12.2.2 WLC Polarization Characterization

Equation (124) mustbe an accuraterepresentatio of the obseration processf the
polarizedradiane measuremas madeby the UVCS/WLC areto be mearngful. Equa-
tion (124) predcts thatthe countratedueto anunpdarizedsourcewill notvarywith the
HWRPangle.Rasterof p Leo(dorein August200Q weremadeatthreedifferentHWRP
angles.Theresultingmeasuementshawvs (2 + 2) % polarizatio. Sincethe UVCS/WLC
typically measure®.5% to 9 % polarizedsignals this testwasnot conclusve. However,
later (16 June2001) measuremntsof Jupitershawv lessthan0.5% polarizaion.

A repat of the testsperfamedon theflight polaimeteris givenin Pernechele et al.
[1997]. Nearlyfully polaizedvisible light wasfocusedon the entrane pinhde, andthe
countrateontheflight PMT wasreadasthe angleof the HWRP wasvaried

Ignoring wavelengthdepeidence gfficienciesandgeometical factors the Stokesvec-
tor for afully linearly polarizedsignaltraveling alongthe z direction andwith theelectric
field makirg anangley with thex axisis s = 1[1, cos2y, sin2y, 01T, wherel is thetotal
spectrakadiarce of thebeam.Usingthis Stokesvectorin Equation(123) to calculatethe
radiantflux atthe PMT gives

Re = %|o [1+ cogda — 28 — 2y)] (125)
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Equation (12.5) is calledthe modulation curve. This moduation curve describeghere-
sults of the white-light laboratay testsof Romoli and Fineschi [1993] to a high degree
of accuray. In-flight measurmentsof the moduation curve usingthe polarizel light of
the corora have alsobeenmade.An examge of sucha curwe is givenin Figure 12.3. In
this caseEqudion (12.5 needsanadditioral constantermto accountfor theunpolarized
fractionof thelight.

In addtion, Frazin [2002] perfamedlaboratay testson a replicaof the UVCS/WLC
polarimeterto verify its chaacteristics.All testsindicate thattheinstrumentperfamsas
intended

3000 /4 0 07¢7°io° v --H-H496¢Zo4+—-—+—-+—+—"—+—-r1r—-+—+—————+r7r "+

2.90-10%

2.80-10°

counts

2.70-10%

LB L B O R S O
O
RS NN N N

2602080, L L

POLANGL

Figure12.3 In-flight modulationcurve. This figure shavs the nunberof PMT countsvs.
the UVCS DataAnalysisSoftware(DAS) variade POLANGL = 4o — 28 (in deg). This
curve wasretracedseveraltimesandthe vertical scatteris causedy time vaiiation of the
corora. Thedataweretakenbetweerl9:02h and21:15h on 18 April 1998at2.0R o with
60 s exposures.

12.2.3 WLC Radiometric Factor

Thescalingfactor C, containsthe radionetric factorthatwill be derivedthroughthe
in-flight radiametric calibration The nunberof countsper seconddetectecby the PMT
perunitwavelendh, N, , accordng to Equation(124), is

f2
9 Si (L) + so(A) cos26 + sy (1) sin20
2

Np(r,e) = Ry TLTPTE(M)n(A)

(126)

wherewe have put

20 = 4o — 28 (127)
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andwherewp andhp arethe width andthe heigh of the pinhde (bath 50 um), hp is
thetelescopamirror height(3 cm), wm(r) is the exposedtelescopanirror width, f is the
mirror focallength(75 cm), Rt is themirror reflectanceT | is thelenstransmittaceand
Tp isthe polarizertransmittanel. wm(r) in centimeersis givenby 0.792 — 0.951 — wq
[Kohl et al., 1995, wherer is the mirror ande in units of Ry (9696”, asseenfrom the
average SOHO-Sundistance)and wg is the amouwnt of overoccultationby the internad
occulter 0.15 cm for most obsevations. The bandmsswindov spansthe wavelergth
rangefrom 450 nm to 600 nm. The bandmssfilter hastransmittancer g (), andthe
detectedquantum resposivity of the detecto systemis givenby n(1). Teg(r) andn(i)
weremeasuredntheflight units. Plotsof Tg (1) andn (1) (normalizedto unity at546nm)
areshovnin Figurel27.

We assumehat the spectraldistribution of the cororal radiationis the solar Fraun-
hoferspectrunradiation[Kurucz et al., 1984 corvolvedwith a Gaussianmepreseting a
Maxwellianelectronvelocity distribution correspndingto 108 K. Althoughthe F-corma
(which shavs the Fraurhoferfeatuesasthey appeaon the Sun)andK-coronahave dif-
ferentspectrathey differ only by convolution with a function representig the therma
distribution of electronvelocities. Sincewe areintegraing the spectrunover aband@ss
of ~150 nm, the corvolution is of negligible corsequence.Hencebrth we ignore the
distinctionsbetweerthe F- andK-coronaspectra.

The Stokesvecta s(i, r) canbewrittenass(i,r) = B (1) S(r), whereBg (1) is the
photasphericphaon spectraradiane at Suncenter(in unitsof cm=2 sr1 s~ nm=1).2

The above assumptiormakes S(r) wavelergth indepemlent. The total court-rateis
determiredby integraing overthewavelengthasfollows:

o0 I + Qcos29 + U sin20
O e [/O TF(k)n(k)Bo(k)dk] Q

N =R
(r,a)=Rr >

(12.8)

wherewe have assumedhat T, Tp and Ry vary slowly with wavelendh over the
opticalband We definee to bethevalueof therespmsivity ati o = 546nm:

1
€=3 Rt Tp TL Tr(Xo) n(o) . (129)

Using Equations(12.8), (12.7), and(12.9 thetotal countrateis:
| + Qcos20 + U sin26

N(r, @) = 2Kwm(r) > (12.10)
where
wphphm |:foo Te(A) n(d) B@()v) :|
K = e——Ba(A dx 12.11
gz 20| | 00 ko) Bo o) (12.1)

In thefollowing sectionstheparametese andK will becalledtheradionetricrespm-
sivity andthe WLC radionetric calibrationfactor respectiely. K is thefactorthatis used
in theUVCS DataAnalysis Software(DAS) with thevariegble nameW.C. VLD. FACTOR.

1Here,thetransmitance, Tp, is definedrelative to the intensity of a radiation bean which is 100 % linearly
polarized alongthe fastaxis. Thus,the transmittinceTp canbeideally 1. This definition requiresthe dividing
fador, 2,in the polarizer Mueller matrix.

2Hencefath, we alwaystake S=[I, Q,U 1" to bethe Stoles vector in units of photospleric photonspectal
radianceat Suncener.
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It is clearfrom Equatian (12.10) thatthe factorC in Equation (12.4 is givenby the
expression:

C = 2Kwn(r) (12.2)

12.3 WLC Radiometric Calibrations

Theovernall radiametriccalibratian of the UVCS/WLCis still in progess.Thissection
describeghein-flight radioretric calibratian, which is basedon obsenrations of the star
«a Leo andthe planetJupiter We stressthatthesearenot direct calibratiors, ratherthey
usecelestialobjectsastransferstandardsandare basedon calibratins of groundbased
instrumerts.

Table12.1 givesa summaryof the variows in-flight radiametric calibrationmeasure-
ments.All valuesarein agreerentto within the statedstandad uncertainties.

method resposivity

a Leo (1.16+0.12)%
Jupiterl997 (1.33+0.13)%
Jupiter2001 (1.384+0.13)%
meanof « Leo & Jupiter2001 (1.27+ 0.09)%

Table12.1 Radiometricresponsiity measurerants.

For the pumposesof the intercomparisonwork presentectlsavherein this volume
[Frazin et al., 2003, we adop the averag of the x-Leo and Jupiter200L calibratiors.
Becausedhe pointing schemewas betterfor the Jupiter200L obserations,we adoptthe
Jupiter200QL calibrationasthe bestvalue andregard the 1997 resultas a confirmatian.
Thus,the 1997 Jupiterresultis notincluded in the average. The uncertaity associated
with the 1997 pointingschemaes notincludedin Table12.1

12.3.1 «-Leo Radiometric Calibration

In August 1998 aspartof the UVCS calibrationprogam,we maderadiometric mea-
suremets of the stara Leo, aB7V star The «-Leo radianetric calibrationis basedon
literaturevaluesof the stars magritude in the JohnsonV bandandthe catalogof nor
malizedstellarspectracompiledby Breger [1976]. Breger's spectravere measued with
narrav-bandfilters. This shouldbe adegate becasethe library of stellar spectrapre-
sentedby Jacoby et al. [1984] shawvs that B7V stellarspectraare quite smoothbetween
400nm and650 nm, excep for anabsorptio featureat 486 nm that hasa full-width at
half-maximumof about2.3 nm. We usedBreger’s catalogto determire the shapeof the
spectraandthe V magntudesfrom the literatute for the nomalization. The meanof V
magnitulesin the SIMBAD databasés 1.36 mag. Accordngly, we calculatethe ¢-Leo
phota spectrairradiarceatio = 546nmtobeF;, = 2.91x 103 cm=2 st nm~1. we
usethesymbd F, to representheirradianceat otherwavelengtts.

We defineH;otal (1) to betheradian flux reflectedby the mirror. Thatis,

Hiotal (A) = Fx hmwm(r) Rr (12.13)
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wherehmwm(r) is the exposedmirror areain cm?, and Ry is the telescopemirror re-
flectance Hyotal (1) hasunitss~t nm~1. Thestarimagein the planeof the pinhole (image
plane)is smearedy thetelescop@ptics. We represetthis smearedmageby thefunction
H (x; X, y), wherex andy arecoodinatesin thepinhde plane.They-axs is definel to be
parallelto theinternalocculterbladeandUV slits (seeFigure12.1) H (s x, y) hasunits
s 1 cm 2 nm ! andsatisfiegherelation

Htotal (2) = / / H (%; X, y) dxdy (12.14)

If the pinhole is centeredat coodinates(x’, y’) in the pinhole plane,the numker of
photmspernarometergoing throughit is given by the expression:

X=X y -y
7
whereTl(x, y) is the two-dimersional rectanglefunction (in eachdimensionit is unity
from -1/2to 1/2 andzeroelsevhere)and! is the width of the (squae) pinhole (0.005 cm
or 13.76). Therectande functionII(x’/l,y’/l) repesentghe squarepinhole. H, has
unitss~! nm~. The measurd countrateis proportioral to H p- Therectanglefunction
itself hasan areaof 12. Thus, by the progertiesof the convolution integral in Equation

(12.15) andEquation(12.14), we have therelation

Hp(1., X/, y/)E//ﬁ(x; X, y)II( ) dxdy (12.15)

1
eota () = 15 [ [ Hotx, ) ey (12.6)
Sincethe staris unpdarized,the measuredourt-ratein unitsof s~ is given by
1
C = ETLTp/ Hp(A, X, )T (M) n(1)dr (12.17)

IntegratingEqudion (12.17) over x andy andusingEquatians(12.9), (1213)and(12.16)
yields

1 1
l—zf/CrdXdy = ERThmwm(r)TLTP/ F. TE()n(A)da (12.18)
- F Te() n(h)

wheree is theradionetric resposivity. Equation (12.18) is similar in form to Equation
(12.8. Dueto the spectraldifferencesbetweenx Leo andthe Sun, it is not usefulto
incorporatethe calibrationfactorK asin Equation(12.10), althoudn it maybe calculated
via Equation(1211) oncee is known.

The goal of the «-Leo obsenration wasto determire the responsiity € by makirg a
measurerantof the left-hand-sidentegral in Equation (12.19).

Fromthe perspectie of the SOHOspacecraftstarstravel at constanvelocity of abou
v~ 0.04” s71, or1.45 x 10~° cms 1 in the pinhole plane. For the «-Leo obsenration,
the startrajectoy wasinclinedto the x-axisby 11°. Sincecoq11°) ~ 0.9816, this effect
is negligible, andfor the puposeof this discussiorwe will assumehatthestartrajectory
is parallelto the x-axis. The obsevation consistef eighte@ passesBeforeeachpass
the instrumant was pointed so thatthe pinholewasaheadof the starandwasnot moved
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until theentirestarimagehadpassedy thepinhde. For eachpassthepinhde wasplaced
sothatthe stars pathwasat a differentvalueof the y-coordinate, relative to the pinhole.
The value of y was deternined from the spatial position of the stars UV signaturein
the O1v channé Thus,we may corsiderthe couni-rateC, in Equation (12.17) to be a
function of time andy. We will usethe notationC; (t, y) to symbdize this. Usingthe
samepropationality factorsasin Equation(1217), we have therelationslip:

Cit,y) o« Hp(A; x —w(t —1g),y) (12.20)

wheretg is chosenso that the maximunm countrateoccus att = 0. Figure12.4is an
exampe thatshaws thetime-variatian of the court-rateduring onepass.The examplein
the Figure is the first pass,which hapgnedto be neary = 0, the centerof the pinhole.
IntegratingC; (t, y) overtime, we maydefinethe quantity

Gy = / Cr (t, y) vat (12.2)

G (y) hasunits of cm sL. Numeically integrating the court-rate in eachpassgives
a measurenmd of C;(y). We will call C; (y) the integrated count-rate (ICR). C; (y) is
relatedto theresponsiity ¢ via Equation(12.19) asfollows:

1 2 1
> / Goydy = 5 / / Crdxdy (12.2)

The resultof the measumenis ¢ = (1.16 & 0.12) %. The uncertaity analysisis
discussedbelow.

12.3.2 «-Leo Uncertainty Analysis

The uncetainty in the a-Leo calibrationis dominatedby the uncetainty in theinte-
grationover the y-axis in Equatian (1222). Figure12.5shawvs the resultsof numeically
integrating all of the passesaccoding to Equatio (1221). The statisticaluncertaities
arenggligibly smallin the vertical directionbecausehe datafrom which the integralsin
Equation (1221) wereevaluatedincluded millions of counts. Themoresignificantuncer
taintyis in the y positionof eachpasswhichwasdeterninedby fitting a Gaussiano the
signalmeasuredn the Ovi channé EachUV signalcontaine on the order of 2 x 104
counts. The statisticaluncertaity in determiring the centroidof the Gaussiarwasmuch
smallerthanthe overall uncetainty inheentin this proeedure. Only the variation of the
errorin the determiration of the individual valuesof y is impartantsincean overall shift
will not affect the integral in the left-hand-sideof Equation 12.22 A significantuncer
tainty is introdwced by the factthatthe UV spatialimageof the starhada full-width at
half-maximumof abou 25” while the spatialbinning (3 pixels)was21”, andbecasethe
spatialimageof thestaris nota Gaussianaswasassumedby thefitting procedurg(rathe,
it is apointspreadunction thatis notaccurgely known). We canestimatehis uncetainty
asonethird of a spatialbin, or 7. We considerit to be rouchly equivalert to a coverage
factork = 2 uncertanty. This7” uncertaity is indicatedashorizontalerra barsin Figure
12.5

Although we usedsplineinterpdation of the datapoints in Figure12.5to estimatethe
left-hard-sideintegralin Equation (1222), we choseto modelthis spatialprofile asa sum
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Figure12.4 Thecourt-rateasa fundion of time for the first «-Leo passby the pinhole.
Thedatasetconsistf a seriesof suchpasses.

of two Gaussiangor the pumposesof the uncetainty analyseof both« Leo andJupiter
andfor computationsof the Jupiterbroadningfunction discussedater Thetwo-Gaussian
modelcandescrile the datawell, exceptfor two pointsonthefarleft of Figure125. We
propagatedthe 7” uncertaiy through a perturtation analysisin order to determir its
effectontheparametesof thetwo Gaussianimodel. Theresultis thatthe sumof theareas
of the two Gaussianfiasan uncertaity of 20 %. We considerthis 20 % uncetainty to
be coveragefactork = 2 sinceit is a directresultof the coveragefactork = 2 spatial
uncerténty discusse@bore. Therebre,we take the standardincertaity to be 10 %. The
sameperturtationanalysisallowedusto deternine the broadst andnarravest(coverage
factork = 2) profilesthatareconsistentvith thedatain Figure12.5 they areshovn by the
dottedanddashecturves, respectiely. Thesecurveswill be usedlaterin Section12.34
for theuncetainty analysisn the Jupitercalibration.

TheSIMBAD databaseshavsfourteenV-magnituce measurmentsof o Leospantng
theyears1952through 1986 The standardieviation of thesemeasurermntsis 0.02mag
or 2 %. Breger [1976] hasnineindepenlentspectropotoméric scanof F,. Thestandard
deviation of thesenomalizedspectrais about0.01 magbetweerd50 nm and 600 nm.
Adding thesein quadature,we find thatthe deternination of F;,, implies anuncetainty
of 2 %.

The uncertaity dueto countirg statisticsin the integrated cownt ratesis negligible.
Sincetheexposedmirror width wn(r) was2.56cm, andthe uncetainty in thelocationof
the internal occulteris on the order of 0.01cm, this effect is alsonegligible. The curve
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Figure12.5: Thea-Leo integratedcountrate (ICR) alongthe UV slit (circles)andthree
pointspreadunction curvesto describdt. The7” (coveragefactork = 2) uncetainty on
the determiration of y for eachpassis indicatedby the horizantal error bars. The solid
cune is the optimal one usedto calculatethe broadgningfactorin Section12.3.4 The
dottedanddasheauresarethe broadstandnariowestfunctionsthatthe datacanjustify
atthe coveragefactork = 2 uncertaity level (seetext).

Te (1) wasmeasuredh thelaboratey on severaloccasionsto within afew percent. n (1)
wasmeasuedontheflight unit by Ball Aerospae. Thern (i) measuremntagreeswith the
cune givenby themanugcturer Sincethe measuredesponsiity ¢ includesthevaluesof
Tr andn at Ao, ary errasin thevaluesof thesecurvesat A g will introduceno uncetainty,
althoudh errorsin the shapesof thesecurvescando so. As Figure12.7 shavs, Tg(A)
andn (1) aresmoothcurves, sotheintegral of their normalizedproduct,asis calledfor in
Equatian (1219), does not introducesignificantuncetainty. Table12.2summarizs this
uncerténty analysis.

12.3.3 p-Leo ConsistencyCheck

In August 1998 aspartof the UVCS calibrationprogam,we maderadiomnetric mea-
suremets of thestarp Leo. Accordng to Breger [1976] andthe SIMBAD databasethe
p-Leoflux at546nmis 9.9% thatof « Leoandits F, /F,, curveis nearlyidenticalin the
UVCS/WLC band. This obseration differs from that of « Leo describé above only in
thatthe staris a factorof abou tenfainterin the visible andthat not enoudp passesvere
doneto make a measurmentof [ [ C; dxdy. Thus,insteadof attemptimy to integrate
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Item Relative standad uncetainty (%)
positionaluncertaity 10
stellarphaometry 2
occulterposition 0.5

JRERY:"S ~0
Poissorstatistics ~0
guadaturesum 10

Table12.2 Summaryof uncertaitiesfor the«-Leoradiomnetric calibration seeEquation
(12.2).

somethingakin to the datain Figure12.5,we multiplied the p-Leo integratedcount-rates
by tenandplottedthemwith the«-Leo datain Figure12.6. Sincethesetwo datasetsfall

onthe samecurwe, we take the p-Leo measurets asa confirmation of the validity of the
a-Leoresult.

12.3.4 Jupiter 2001Radiometric Calibration

TheJupiteradionetric calibratian is basedn Jupiterobserationstakenin June20QL.
This calibrationaccounts for both the spectralpropertiesof Jupiterandthe broadpoint
spreadunction of theWLC. On 16 June2001Jupiterwasat oppositionandthe anglebe-
tweenthe SunandJupiterwasonly abait 1.75° or 6 Rg, thusUVCS obsered,essentially
theentiresolarilluminatedsurfaceof Jupiter

Jupiter Spectral RadianceComputation

The projeded solar spectralphaon irradancehitting a surfaceelemen of Jupiteris
givenby the expression
4 R2

Fin() = Bo(hg—;> cosp (12.3)
whereBg is the solardisk-cetter spectralradiarce, d is the Sun-Jufier distanceandg
is the anglebetweerthe norma to Jupiters surfaceandthe rayscomingfrom the center
of the solardisk. The 4/5 factoraccous for solarlimb-dakeningandthe cosinefactor
accours for theprojectian effect. Sincetheinconing spectrairradiancetimesthealbedo
is equalto the outgoirg spectrairradiane we have

Fout(A) = a(M)Fin(d) (12.2)

wherea(}) is theBondalbeddAllen, 1976].

The relatiorship betweenF,: andthe spectralradiancel j (1) is deternined by the
angula distribution of the radiation We assumehat the radianceis not a fundion of
angle[Tejfel et al., 1993 Chanover, 2001], thatis | 3(A; 0, ¢) = 13(1). Thenwe have
therelation

27 pm/2
Fout(X) = / / l3(A) cosh sinddodyp = ml3(X) (12.%5)
0 0
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Figure12.68 Thea-Leo (squarespnd p-Leo (asterisks)ntegratedcourt-ratesalorg the
UV slit. The p-Leo datahave beenmultiplied by ten, accordng to the expeded flux

difference.Exceptfor the factorof ten,both datasetshave beennormalizedasin Figure
12.5 Thehorizontal erra barsrepresentoveragefactork = 2 uncetainties. Thisis a

confirmationof thex-Leo calibrationbecaseit givesnoreasorto believe thata complete
data-sebn p Leowould give anincorsistentresult.

Thus,from Equaions(1223),(12.24) and(1225) we have thefollowing Equation

4RZ
l3(4) = Bo(a(r) 3 CoSsp (12.%®)

Relationship BetweenSpectral Radianceand the Photomultiplier Count-rate

The court-rate N (in units of s~1) measued by the detectorfor unpolarizedlight of
phota spectratadiane | (in unitsof cm—2 s~ nm~1 sr-1) canbederivedfrom Equation
(12.8, andis givenby the Equdion
1 U)phpth)m(r)

N=RrTpT =

5 2 I (A) Te (L) () da (12.27)

SinceJupiteris essentiallyunpdarized, the HWRP hasno effect andthe linear po-
larizer cutstheintensityin half. Thereforewe have placeda factorof one-falf in Equa-
tion (12.27) insteadof using the polarimeter Mueller matrix. Figure 127 is a plot of
thewavelengthdepemnlentdetectedjuantum responsiity, theband@sstransmittancethe
Sun-ceter spectralradiarce and the reflectedJupiterspectrum[Karkoschka, 19%]: all
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normalizedto unity at 546 nm. Using Equations (12.27) and(129), the relationshipbe-
tweenthe detectorcownt-rateandthe Jupiterradiances

wphphmwm(r) (/ Te() n() 1300) dA) I3(20)

f2 Tk (o) n(20) 13(20) 2
whereip = 546 nm andb is aninstrumen broadeningfactor which is the fractiona
reduction in the appaent centerradiarce due to instrunent blur. The evaluation of b
for Jupiteris discussedbelon. Note that the integral in Equation (1228) hasunits of
wavelength

NJupiter = 2¢b (12%)

component analysis for Jupiter observation

2 T T T T
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Figure127: Radiometriccalibrationcurves. Shavn arethe UVCS/WLC bangassfilter
transmittancgthe solarmeanspectraradiarce, thereflectedlupiterspectraradianceand
thedetectedjuarium respomsivity: all normalizel to unity at546nm.

Calibration Factor Computation

Using Equations(1211)and(12.36), Equation (12.28) canberewritten:

[ G 200 o) 4R2
N — bK . F(Ao) n(ho) T3 (ro atio) = —2 co 12.9
Jupiter wm(r) / TE(W) n() Bo®) ( 0)5 d2 e ( )

Tr (20) n(*0) Bo(1o)

rememieringthatig = 546nm; w(r) is the exposedmirror width in centimetes, andK
is theradiometic calibrationfactordefinedin Section122.3.

We maynow usethe Jupitercount-ratesandEquation(12.29)to determinghevalueof
K. Themaximum Jupitercountrateon 16 June200L was1.59 x 10° s~1, themirror width
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waswm(r) = 2.56cm,theratio of thewavelengthintegralsis (1505 nm)/(156nm) =
0.965, a(546 nm) = 0.493 [Karkoschka, 19%], R, = 6.96 x 10° km, andat that
time the Sun-Jujer distancevas7.630 x 108 km. Sincethe obsevationwasessentially
“straighton; we have cosp ~ 1.0. Thevalueof b is shavn belov to be 0.72 Using
thesevaluesin Equation(12.2), we find that

K = 276+0.50 x 10" cm st (12.9)

This calibrationfactorcorrespadsto a radionetric resposivity of e = (1.38 + 0.13)%.
Theuncetainty analysisis discussedh Section12.34.

Evaluation of the BroadeningFactor b

TheUVCS/WLCtelescopenirror hasout-offocusandopticalaberationsthatstrondy
affecttheobsenrationsof objectsthatarelessthanabou 1’ in size. Theseaberratims blur
theimageover the pinholesothata significantfraction of the objects light will not pass
throwghthepinhde. Jupiteris anextendedobjectandits anguar diameteyasviewedfrom
Earthon the obseration date,is abou 30”. This substantiallyjessenghe broadningef-
fect (compredto stars).We determired the broadeningfunction with obsevationsof the
stara Leoby allowing it to drift pastthe pinhole asdescritedin Section123.1.

To calculatethe onedimensioml (1D) broadeningfactorandits uncetainty, we con-
volved the Jupiterimage,given by Equation (12.26), with the profilesshavn in Figure
12.5(seeSection123.2). Theoptimal 1D broaleningfactor(0.77) wascalculatedusing
the solid curve. The dottedand dashedcurves in that figure leadto a (coveragefactor
k = 2) 9 % relative uncertaitty in this factor

Figure12.8shaws the effect of the corvolution. Thedashedtune is theideal Jupiter
image,the solid cune is the optimal prdfile (sameasthe solid curve in Figure12.5) and
thedottedcurveis theresultof theconvolution. Thecornvolutionrediwcedthe (normalized)
peakof the Jupiterimagefrom 1.0to 0.77for the caseof theoptimd 1D profile.

Thetwo-dmensional2D) pointbroadningfunction wasapprximatedby

P(U,v) = Py(U)p2(v) (12.31)

wherep1(u) and p2(v) arebroadningfundionsparallelandperpeiicularto theUV slit,
respectiely. pi(u) is shavnin Figurel2.5 p2(v) waschoserto matchoneof the scans
of @ Leo asits imagepassedhrough the centerof the white-light pixel andis shavn in
Figurel2.9 Figurel2.9shavsthatthedataarewell-matchedy convolving the14” width
of the pinhole with a Gaussiaroptical spreadunction. The lower panelshovs p2(v) and
thepinholeandGaussiariunctionsthatcompriset. Thewidth of the Gaussiawasvaried
to find a bestfit to the datain the upper panelof Figure129.

Compaison of Figures 12.9and12.5shavs that p2(v) is muchnariower than py(u).
Thus,we expecttheresultof the 2D broadeningcalculationto be not muchdifferert than
thatof the1D broacdeningcalculation Furthermoresincep2(v) is narraverthanp1 (u) and
is betterconstrainedy the data,we canexpecttheuncertaity in the2D broadningto be
domiratedby the uncertaity in the 1D broadeningdescribedabore. Corvolving p(u, v)
from Equation(12.31) with a 2D Jupiterimagecalculatedrom Equation(1226) givesa
2D broackningfactorof b = 0.72. SinceEquation(12.31) is separabletherelative uncer
tainty in the broadningeffectis still deternined by the broadestandnarravestcurvesin
Figure125 andis 9 % (coveragefactork = 2).
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Jupiter broadening analysis
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Figure12.8 lllustrationof Jupiterbroadningparallelto theUV slit. Thedashedturveis
the Jupiterimage,the solid curve is the optimal profile, andthe dottedcurve is the result
of the convolution. Also shavn in circlesis the a-Leo integratedcourt-rate (ICR). The
profiles of the Jupiterdisk and« Leo have beennormalizedto the samepeakvalue of
unity.

Jupiter Uncertainty Analysis

Theuncerténty analysisof the calibrationfactorK is basedn Equdion (1229). The
uncerténty in K is domiratedby theuncertintiesin thebroadeningactorb andthealbedo
a. Theuncetainty in b hasbeendiscusse@bove. Sincethe 9 % relative uncertaintyin
b is basedon a coveragefactork = 2 uncetainty in the spatialposition of the «-Leo
UV signatue shavn in Figure12.5 it shouldalsobe consideed rougHy equvalentto a
coveragefactork = 2 uncertaitly. We will take the relative standad uncetainty to be
5 %.

Axel [1972] hascompiledalbedomeasuementsfrom a nunber of differentauthos,
althoudh only threemeasuementsare within the UVCS/WLC bandgss. Thesealbedo
measurerantsrange from 89 % to 102 % of valuesgiven by Karkoschka [1994]. The
standardieviation of the four datasets(including Karkoschkas)is 7 %. We have adopted
thisvalueasthe standardincertaintyin Jupiters albedo Including Karkoschlka's 4 % rel-
ative standardadianetricuncertaity in quadrature we take the overall relative standard
uncerténty in Jupiters albedoto be 8 %.

SinceNjypiterwas1.59 x 10°st andthe exposuetimewas15s,theuncertaity due
to Poissonstatisticsis negligible. Sincethe exposedmirror width wy(r) was256 mm,
andthe uncertaity in the locationof the internd occulteris on the orderof 0.1 mm, the
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Figure12.9 lllustration of the a-Leo image perpeuicular to the UV slit length. The
datain the upper panelweretakenasthe starpassedhroud the centerof the white-light

pixel. Thelower panelshavs the best-fit(the width of the Gaussiarwasallowedto vary)
compagition of thefitted (solid) curve in theupperparel. Thesolid curvesin bothpanels
areidentical.

associatedincetainty is alsonegligible. Theratio of the wavelengthintegrals would be
unity, exceq for the slight differencebetweencurves | 3(1)/13(Xg) andBg(X)/Bg(Xo),
which areshavn in Figure12.7. Sincethesecurvesareso similar, the uncertaintyin the
ratio of integralsis negligible whencomparedto the uncetainty in the broadeningfactor
orthealbed. For the 2001 Jupiterobsevations,theuncertaity in ¢ maybeestimatedy
compaing the maximum court-ratesin thefive Jupiterpassesndfitting themto a cosine
cune. Theresultis ¢ < 12° for the centralpass.Sincecog12°) ~ 0.978 this uncetainty
is alsonegligible. The solarradiss Ry is known to threeor four digits (see,e.g, Allen
[1976]) andthe Sun-Jpiter distanced canbecalculatedo severalkilometes or less.This
uncerténty analysiss summaizedin Table12.3

12.3.5 Jupiter 1997Radiometric Calibration

The Jupiter1997 obsevation wasalmostidenticalto the 2001 obsenration described
abore,andhasbeendescribedn detailby Cranmer [2001]. Theonly importantdifference
betweerthe two obsenationsis theway in which the instrumen waspointed. Sincethe
pointing calibrationhadnotyetbeenfully establisheéndJupiters positionrelative to the
Sunnotpreciselycalculatedor the1997 obseration,the UVCS/WLC wasrepointel after
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Parametesymbd Parametename Relatve standardincetainty (%)
b broadningparameter 5
a(io) albedo 8
coSyp radiationangle 2
wm(r) exposedmirror width 0.4
Njupiter<(15s) ~ numtkerof counts 0.06
IEERYA R ratio of integrals ~ 0
Ro solarradius ~0
d Sun-Juger distance ~0
o Poissorstatistics ~0
guadaturesum 9.4

Table12.3: Summaryof uncetaintiesfor the Jupiterradiametriccalibration seeEquation
(12.2).

every exposurein aneffort to putthe WLC over the centerof the planet. Theresultwas
a seriesof exposuresrandamly clusteredarourd the planet. A histogramof the resulting
intensitiesshavs a clearcut-off atamaximum intensity We have assumedhatthis cut-df
intensitycorresponddo theWLC beingpointednearthe centerof thedisk. In contrastthe
Jupiter2001obsevationswerecarefdly rasteredn away suchthatthe obseration plan
ensuredhatthe WLC waspointedatthe centerof the planetat sometime. Sincethe2001
pointing schemewvasbetter we usethe 2001 obsevationsto deternine our bestvalueof
the Jupitercalibrationandusethe 1997obserationasa corfirmation.

For the 1997 Jupiterobsenations, all of the analysis givenabove for the 2001 obser
vationscarriesover exactly. Theresultis € = (1.33+ 0.13) %.

12.4 A Model of the Stray Light in the WLC

In Section12.21 we describedhe procedurefor conputingthefirst threecompaments
of the Stokesvectorof thelight thatentershe pinhde, s. Thislight hastwo conponetts,
one,Sg, is cormalin origin andthe other s;, is instrunmentalin origin. Thus,s = s¢+ §.
In this sectionwe describea mockl of s;, sothats. maybe determiredfrom obserations
of thecorora.

Romoli and Reardon [2000] performedan extersive analysisof the stray-lightin the
WLC. The fact that the photonultiplier gave a count-ate consistentwith the darkrate
whenthe internal occultercomgetely covered the mirror indicatesthat all of the stray-
light in the WLC comesfrom the mirror or its edge, and not from the interral occul-
ter surface. While the mirror-edge may scatterlight from the sunlighttrap, the mirror
surfaceis only illuminatedby light from the corama andlight from the solar disk that
hasbeendiffractedby the exterral occuter. In order to deternine the contritution of
diffracted light to the signal, it wasfirst necessaryo measurethe Stokes vecta of the
distribution of diffractedlight acrossthe mirror surface This wasdore by pulling back
theinternalocculter which allows the speculaly reflectedray of the diffraction patternto
enterthe pinhole, andtaking polarization measuements.The Stokesvecta of theresult-
ing diffractionpattern,asa function of positionalongthe mirror surfacex is denotedby
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Height(Rp) Qcorr A Qcorr

1.74 0.610°8 0.210°%
1.84 0.1108 0.010°8
1.94 0.710°% 0.310°°

2.04 0.410° 0.110°°
2.29 0.710710 0.410°10
2.54 0.310710 0.410°10
3.00 0.410710 (.210°10
3.54 0.210°10 0.110°10
4.00 0.210710 .110°10
4.54 0.210°10 0.110°10
4.84 0.210710 (.110°10

Table12.4 Resultof stray-lightmodé. Qcqrr isthenumberthatneedgo subtratedfrom
theobsenred polatizedradiancevhennominal (1.5mm) occuting is used.AQ ¢y iSthe
uncerténty in this quantity Thesenumkersarein units of Sun-ceter spectralradiance
andassumehe Jupiter200l radiametriccalibration

[D(X), q()D(x), ux)DO)]".
Romoli and Reardon [2000] modeledthe measuredtolkesparametesas:

— Ie A| wm(r)
I = o) + le(r) + (@) /0 D(X)¢(x,r)dx
A wm(r)
0 = -2 Lo A / q() D) (X, 1) dx
wm(r) wm(r) Jo
_ Ue Ay wm(r)
VT 0 T um® /0 UG)D )X, 1) (12.2)

wherer is the mirror angle;wmn(r) is the expasedmirror width; le/wm, Qe/wm and
Ue/wm arethe Stokesparaméersof the contibution from themirror edge;l ¢, andQ¢ are
the Stokesparametesof the contibution from thecorona(U ¢ is assumedo bezero,using
theproperreferere system),A|, Ag andAy arethecoeficientsof nonspeculascatter
ing for the threeStokescompnents,and¢ (x, r) is the nonspecularscatteringunction.
The paraméers wyy, andr arefixed by the obsenetions andall of the otherparametes
aredeternined by the curve-fits to speciallydesignedbsenations. Romoli and Reardon
[2000] examinal several optionsfor thescatteringprdfile ¢ (x, r). Basedon goochess-of-
fit, they chosep (X, r) to beaLorertzianto the power of two.

Without enterirg the detailsof the specialobserationsthat were usedto detemine
the valuesof the mocel paraneters,the model is capableof deternining the stray-ligh
contrikution at every heightbetweerl.7 R and5 Ry andfor ary positionof theinternd
occulter Thestray-ligh correctiontermis compued,for theknown expasedmirror width

wm(r), from

A wm(r)
Qcorr = WLZ) +— ‘(gr) A a(x)D(x)¢(x, ) dx (12.3)
m m
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andsubtractd from themeasure®tolkes Q.

This modelhasbeenusedto calculatea valueof the Stokes Q parametethat should
be subtractedrom cororal measuremdn with nominal (1.5 mm) occulting Table12.4
givesthestray-ligh corretion termasafundion of height.

12.5 Conclusion

We have discussedhe in-flight radionetric calibratian, the polaiization calibration
andthestray-ligh calibration of the UVCS White Light Channé Thein-flight radiamet-
ric calibrationis basedon measuremantsof Jupiterperfamedin June2001andof « Leo
obtainedin 1997 The Jupiter2001 measuementwasconfirmed by a previous measure-
mentof Jupiterin 1997andthe ¢-Leo measuementwasconfimedby a measuremant of
p Leo. TheJupiter2001anda-Leo measuremasagres to within the stateduncertainties.
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