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TheUltraviolet CororagraphSpectroneter(UVCS)wascharaterizedandradionetri-
cally calibratedn thelabomtoryasa systematthe Harvard SmithsoniarCenterfor Astro-
physicsin Juneof 19%. Compmentlevel calibrgionsof opticalcompnensanddetectos
werealsoperfomed. After laund, anin-flight calibrationactiity wascarriedoutthatex-
tendedhelaboratay calibration compmredUVCS measurerntsof starsto thoseof other
instrumerts andmoritored the radianetric stability of UVCS throudh repeatedneasure-
mentsof starsthat are believed to have nearly constantultraviolet irradance. In-flight
measurerantshave, in geneal, confirmed the laboratay radionetric calibration Com-
parisonsto Spartan201 obsenrationsof the samecormal structues agreewithin 10 %.
Thesystenrespomsivity, althowghit haschangdsomavhatduring the six yearsof opera-
tion, is well behaed andchagcterizable This paperdescrilesthe UVCS calibrationand
its results.

11.1 Intr oduction

In this paperwe describeheradiometic calibrationof UVCS andthe current stateof
knowledgeregardingits respomsivity. This paperdoesnot describethe extensie charac-
terizationof the instrunentmechaismsandnon+adiometic systempropertiesthathave
beenachieved through both laboiatory andin-flight proeedures. For exanple, the char
acterizationof the variableslit widths is not presentedven thoughthis information is
anintegral partof the spectralradiancecalibratian. Similarly, the characteration of the
pointing of thetelescopenirrors is not describecdhor arethe deterninationsof the wave-
lengthscalesandgratingrotatiors. Thelabordory charaterizationof theinterral occulter
position,which determiresthelimiting apertue for obsenrations at selectecheliograghic
heights,is notdescribedbut the determingion of the vignettirg function, which depend
on boththe internalocculterpositionandvariatiors of reflectancegndgratingefficien-
ciesacrosghe surfaceof the opticalcommnentsjs described Anotherimportart aspect
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of the UVCS charaterizationis thestraylight determirmtion,whichis aconsideationfor

all UVCS obsenations. The straylight deperls on the heliogaphic heigh of an obser

vation. It canbe determired by obsening spectrallines of low chage stateionsthatdo

notexist in significantamouns in thecorora. Comparisos of suchmeasuremasto lab-

oratoy straylight measurenms yield consistentesults. Calibrationfiles containng all

of thisinformationaswell asthe radionetric calibréion itself areincludedin the UVCS

DataAnalysisSoftware,whichis availablethrough the SOHOArchive andelsavhere.An

importantaspecbof thein-flight calibrationactivity hasbeenthemonitoiing of thedetector
gainstability. The gainof the microchannelplate(MCP) z-stackin thecrossed-dlay-line
(XDL) detectos [Siegmundetal., 1994 of UVCS degradeswith accumiatedphaondose
onthephotosenitive areaof thefirst MCP. This effectis believedto bearesultof wearto

thefinal MCP in the stack.In-flight measuementshave beenusedto trackthechangesn

gainacrosghe detectorsurfaceandincreasehigh voltageasnecessaryo ensue thatthe
detectedjuantumefficiency remairs constanto within +5 %.

TheUVCS radionetric calibraion is basednthe pre-launchsystemevel calibratio,
compament calibratiors and in-flight calibraticns. The calibraion of the Ovi channé
presentedherein includng specifiedchangs, is applicalte for the entire mission. The
calibrationof the Ly-o chanrel is appicablethrowgh 3 Septembr 1997 whenthedetector
high voltagefor that chanrel was loweredto reducethe currer, and certainregions of
the detectorbecane unrdiable. The systemlevel labomtory calibration could only be
doneat onepositionof theinternaloccdter (i.e., theapertwe usedfor obseneionsat2.7
solarradii). Thein-flight calibrdion togethemwith the compnert calibratiors wereused
to extendthe systemcalibrationto all instrumentapertues that have beenusedduring
themission(i.e., thosefor every heliogaphicheigh obsered). In-flight intercalibations
to UVCS/Spartar201 and SUMER were acconplishedusing co-registeredobsenations
of the Sunduring the mission. In addition periadic measuremas of stars,which are
believedto have relatively constabh UV spectrairradiarces,have beenusedto detemine
the consisteng of the UVCS calibrationandthatof Voyage, the InterrationalUltraviolet
Explorer (IUE) and Far Ultraviolet SpectracopicExplorer (FUSE) spacecraft.Periodic
measurerants of the samestarshave beenusedto indicate the stability of the UVCS
respomsivity overasix yearperiod.

In-flight obsenations were also usedto cormparethe labordory radiametric calibra-
tions of UVCS's two UV chamelsat overlapping wavelengtls near1216 nm. A small
differencewasdiscovered. As aresult,thecalibratiors of bothchanrlswereshiftedsoas
to bring theminto agreemat with eachothet

11.2 Instrument Description

The UVCS (seeFigurell.1),a systemof threeexterrally andinterrally occultedtele-
scopedeedirg two ultraviolet spectrogaphicchamelsandonevisible light polaimetric
chanrel, hasbeendescribegreviously[Kohletal., 19%)]. Light fromthesolardiskenters
theUVCS apertue andis absorledin alight trapmouwntedneartherearof theinstrunent.
Oneedgeof the apertue is a linear serrateladethatformsthe edgeof the exterral oc-
culter; eachUV telescopamirror residesin the shadev behindthat occuter. Raysfrom
the solardisk, diffractedby the externd occulter which would otherwisebe specularly
reflectedby the telescopanmirrors into the spectrogaph, are interceped by the internd
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occulterwhich canmove pergendicudarly to theexterna occulteredge.Theselectegosi-
tion of theinterral occuter depend on the heliocertric heightobsered. In this way the
limiting apertuwe of UVCS for ary givenobsenrationis determired by the positionof the
internalocculter The UV telescopepptical surfaces themselesare chenical vapa de-
posited(CVD) silicon carbice on silicon carbidesubstratesThe mirrors have a spherich
figurewith 750mmfocallengths.Both UV spectrgraphic chanrlsarenomalincidence
Rowlandcircle desigrs. Both have adjustablesntranceslits. The diffractiongratingsare
toric in figure [Huber et al., 1983] with 750 mm major radii of curvatue and are held

in independentlyadjustablelohnsorOnakastyle mechanismsThe detecto systemsare
microchannelplatebasedvith XDL anodesThegratingrangesandrulings arechoserso
asto centertheH 1 Ly-« line (1216 nm)in onechanrel andthe Ovi douldet 1032 and
1037 nmin the other Insidethe O vi chanrel thereis anauxiliaty mirror thatis strateyi-

cally placedto divert a bandof light which includestheH 1 Ly-o wavelengthtowardthe
OvVI detectowhenthe O vi gratingis rotatedto a specificrangeof angles. In thisway a
“redurdang” hasbeencreatedor thepottion of the spectrun cortainingH | Ly-a.
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Figure1l1ll: Scheméc of the UVCS opticd system.

The instantaeousfield of view of UVCS is a variablewidth slice of the corma ap-
proximately 40 long (i.e., in the direction thatis tangentto the disk). The width of the
slice(i.e.,in theradialdirectior) is given by theratio of the spectrometeslit width to tele-
scopefocallengthandsois selectabldetweerabou 1”7 and1.4. Theimagesecadedby
the XDL detectos displayspatialimaginginformationalongthe slit lengthandspectral
informationin the directionof the width. The UVCS canberolled abait the sun-cater
axis by appraimately 350 degrees,andthe telescopemirrors canbe rotatedfrom 1.2 to
10 Rp. UVCS canalsochang its normally sun-ceteredpointingby +35’. In this way
UVCS canobsenreradialheighitsfrom—-1to 12R,.
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11.3 Cleanliness

Cleanlinessvasanissueof majorconcen during thefabiication,integration,andtest-
ing of UVCS. Its stray light perfomanceis sensitve to light scatteringby particulate
contamiration, andits optical efficiencies are affectedby molecularcontamiration pho-
topolymerizedonits opticalsurfaces While theformeris routinely contrdled by carrying
out the work on the instrunent in suitablecorventianal cleanroons, the latter requiles
attentionto all manne of detailsrangng from choicesof constructio materialsto ap-
propriate filtration throudh actvatedcarba of the air circulatedin the aforemationed
cleanr@ms. For UVCS the cleanlinesgprogramwaslaid outin appopriateprocesscon-
trol docurrentsthatspecifiedatotal allowablequartity of chemichandparticulatesurface
contamiration, procediresfor cleaningpartsallowale solventsandmaterialsetc. Since
the structue of UVCS wasconstrctedof graplite fiber reinforcedepoy (GFRE),which
is sensitve to the absorptio of moistuee, it wasalsoessentiato controlhumidity andto
keeptheinstrumen pugedwith dry gaswhenever it wasnot actively beingassembledr
tested.A rigorous programwassetup to moritor the contamimantlevels,including mois-
ture absorpion, throughou all stagef constrietion, integration, andtestingin orde to
verify compliarce with the contrd doaumentsandto beableto take corrective actionbe-
fore levelsappioachtheallowablelimits. Theprogamwasreasonaly successfubverall,
andcertainlynore of its rigor shouldberelaxedfor ary future instrumem. However with
the benefitof hindsigh, somechangswould be made.,i.e., the allowarce of additiond
time for opticaltestingandcomponer charge-ou asnecessaryandthe addition of doois
and active punping to the detectorgo prevent deterization of the photacathods. For
further detailsof the UVCS cleanliressprogram,seeSdihle etal. [2002.

11.4 Laboratory Measurementsof Instrument Properties

TheUVCSsystenleveltestswerecarriedoutin labordoriesattheHarvard-Smithsmian
Centerfor Astrophysicsin Juneof 19%. A descrigion of thatwork waspuHishedin 1996
[Gardrer etal., 199%] andonly will besummarizedhere.Owingto thedesignof theinter
nal occuter mechaism, the UVCS systemlevel calibrationswerelimited to oneopticd
apertue — the one usedfor measuremntsat a heliocerric heigh of 2.7 R andcorre-
spondng to theinternd occulters launchlocked position.

The couwnt rateof the UVCS responséo a sourceof spectraradiarcel(1) is:

C = (WshsWmhm) /2 / I(A\)e(h)dr, (111)

wherews is the slit width, hg is the slit height,wp, is the urvignettedmirror width, hy, is
themirror heightandf is thetelescopdocd length. The systenrespamsivity is givenby:

8(}") = Rt(}"a Xt, yt)Eg()h ng YQ)Ed()\s Xds yd)s (112)

whereR; (X, Xt, yp) is themirror reflectace, Eg(X, Xg, Yg) is the gratingefficiency includ-
ing the coatingandEq(X, Xg, Yq) is the detectedquantum efficiengy of the detectorsys-
tem. All threeof thesequariities depeid onwavelengthandcanvary overtheirrespectre
surfaces. Hence,Equdion (111) describeghe countrate for a particularregion of the
apertue anda particularpixel.
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Theeffective areafor a particdar wavelengh A; is given by
Aef = Wmhm)e(Xi), (113)

wherean average valueover the apeture is usedfor Rt andEg, anda reference areaon
thedetecto is usedfor E4. Equations(111) and(11.3 areapplicableto the primary Ly-«
anddirectOvI chamelsbut notto theredwundart Ly-a path,which contairs anadditionad
opticinsidethe spectromeer. SeeSection11.53.

Thegereralarrargemenfor theUVCSradiomeéric calibratianis shovnin Figurel1.2.
Radiationfrom a gasdischage light sourcewas predispesed using a 1 meterradius
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Figurel12: Thearrargemenfor the UVCS systemlevel calibrationandchaacterization.
This primary vacuumchanber andits peripteral units included the light sourcespre-
dispersingmonahrormrator, the collimating mirror, standargphotaliodesandinstrumen

suppot. All of theseunitswereequipgdwith mectanismghatfacilitatedremotecontrd

of thein-vacwm devices.

monahromator with a 1200line-permm grating A single bright atomicline was fo-

cusedontoits exit slit. The light passingthroudh the silt (andthrowgh insertablefilters
of known density)was collimatedby a 4.6 m focal length, f/10 mirror. The mirror was
remotelyadjustabldrom outsidethe vacuwumandsothelight couldbedirectedtowardthe
UVCS, which was mownted on a support that could be remotelytranslatedand pivoted.
The collimatingmirror andthe positionof UVCS wasadjustedso thatthe line radiation
enteredhroughthe UVCS instrunentapertue andontoits telescopemirrors comgetely
filling the pottion of the mirrors thatwasnot covered by UVCS’s internalocculter That
11 mmwide portionof themirrors, whichis theoneusedfor obserationsat 2.7 solarradii

from sun-ceter, wasthe only partof the apertue thatcould be calibratedduring the sys-
tem level calibration. The UVCS radionetric respoise was measurd agairst secondry
photaliode (cesiumtelluride andaluminum oxide) standard from the Nationallnstitute
of Standard and Techrology (NIST). The NIST phaodiodesresidedon x-y translation
stagedocatedimmediatelyin front of the UVCS andcould be insertedanywherewithin

the collimatedbeam. The portion of thelight striking eachof the telescopemirrors was
measuredby scanninghe apprgriatephotodode over the portion of the beamilluminat-

ing the mirror. Theintensitywasuniform to within + 10 %. The~1 mm wide exit slit
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Table111: Labordory measured)V radiametricsystenresposivities. Therelative stan-
darduncertaity in thenumberspresenteds 16 %.

Wavelength/ SystemResposivities
nm Ly-a chanrel Ovi channel redundablLy-« path

1026 0.0038

104.8 0.000

1165 0.0022

1126 0.0020

1236 0.0021 0.0010

2537 <3x107°

** With instrumentconfiguredto detectH 1 121.6nm.

of the predspersemwasimagedontoeachUVCS slit by a combnation of the collimating
mirror andtherespectie UVCS telescopenirror with demagification by a factorof six.

Eachslit could be setlarge enowgh to passthe entirelight bundle,which was passedn

towardsthe respectre gratingwhereit was dispersedand focusedonto an XDL detec-
tor. The countratesregisterel on the detectorqadjustedby the filters’ densities)were
compaed directly to the output of the NIST photaliodes,therebygiving the systemre-

sponsvity. Measuremets weremadefor bothUV channelsat severalwavelenghswithin

theirrespectie ranges.

A totalrelative standardincetainty of 16 % for eachof theradionetric measuements
is computedasa quadatue sumof therelative standardincertaitiesin the calibrationof
therefererce diode (10 %), theuniformity over thetelescopeapertue of theincidert radi-
ation (10 %), thevariationof theincidentlight intensityduring a measuement(5 %), and
variows miscellaneasuncertaities (5 % total) suchasthe calibratian of the current mea-
suringdevices,areasf apertues,etc. Theresultsobtainel arerepralucedin Table11.1.

Sincethelaboratoy systencalibrationcouldbeaccomplishd atonly oneapertue,the
determimmtionof thebehavior of thesystenresposivity of UVCSasafundion of apeture
was not carriedout until after launch. To suppat in-flight measurerents(preseted in
Sectionl1.50f this paper) alabomtorystudyof thebehaior of theefficiengy of theUVCS
gratings asafunction of illuminatedapertue wascarriedout usingreplicasmade from the
samemastersaastheflight gratings. A descriptio of thosemeasuremntsis pulishedin
Gardneretal. [2000]. Theresultsarerepioducedin Figure11.3 Becauseof schedule
constraims duting the laboratey testingperiod completemeasuremes of the variatiors
of theinstrumen's respmsiities overthefull actve areaof thedetectosystemsi.e.,the
flatfield-calibraions,couldnotbe made However, representatve portiors of thedetectos
werestudiedwith the planof confirming andexterding the measuremntsin flight.

Thelaborataey calibrationdid notincludesystemevel measuremntsof theO vi chan-
nelsecondrderresposivity. Estimatef resposivities at secondrderhave beenmade
usingmeasuementsof commnentsandtakinginto account degradationobseredin the
detectorsystems.

Basedon measurermantsof the individual compnentsand/a replicasof the individ-
ual compnentstherespomsivity at 1048 nm shouldbe the product of the reflectvity of
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Figure11.3: Behavior of the UVCS chanrls asa functionof urvignettedwidth. Curves
(a),(b),and(c) shawv theeffective areaaveragedover thewidth of theapertue asfunctions
of themirrorwidth for theO V1 Ly-«, andredurdantLy-« chamels,respectidly, asdeter
minedfrom the labomatory measurments.The errorbarsdende the standad uncetainty
in eachcurve andareplottedatthelaunchlockedapertue valueof 11 mm. Thehorizontal
dottedlinesareprovidedasanaidto the eye.

the SiC-coatedelescopeanmirror (46 %) [Osantavski et al., 199], the grating reflectiv-
ity (18 %), the groove efficiency averagedover the “standad apertue” of 11 mm width
(49%), andthedetectedjuantum efficiengy of theKBr-coatedXDL detecto (18%) [Siey-
mund 19%; Kohl etal., 1995. However, the product of thesenuntbersis 0.73%, which
is 2.1 timesthe measuredystemvalue. A similar analysis hasbeencarriedout for H |
Ly-a 121.6nm, whichin the redundar Ly-« pathof the Ovi chanml includesa reflec-
tion atan 85 degreeangleof inciderce (75 % efficient) off the MgF 2/Al coatedauxiliary
mirror. Herethelossfactoris 3.2. Giventhe natue of the opticalcompmentsandtheen-
vironmentalconditiors experiencedby UVCS, we believe thelossin resposivity at both
wavelengtlts is consistentvith damaeto the KBr coatingof the detectofrom expasureto
watervapa (i.e., humidity). A reasonhble wayto modé thelossin responsiity is to take
a weighted linear combiration of the quantum efficiendes of baremicroctannelplates
(fromthesamdot asUVCS) [Siggmundetal., 1995]andof theassumedindeyradedk Br
coatedmicrochannelplate(i.e., thatof theactualUVCS detectoy asmeasure@tthecom-
ponet level [Kohl etal., 1995] It hapensthat73 % “bare” plus27 % KBr provide the
obsereddegradationatboth1048 and1216 nm.

To obtainaresposivity of theUVCS in secondrderatHel 58.4nm, we first modfy
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the efficiency of the XDL detecto using the coeficients deducedabove andthe unde-
gradecefficienciesfor 584 nm. Theoverall detectorefficiency at58.4nmis thenredwed
from 27 % to 12 %. Multiplying by the compment efficiendes at 584 nm (telescope
mirror, 27 %; averagegrating efficiengy for the first 11 mm, 4.6 %; redwndantmirror
reflectiity, 70 %) providesa systemlevel respomsivity of about0.10% for the standard
apertue.

An alternatie metha of estimatingherespmsivity at58.4nm canbe madebasedn
the performarce of a“life-test” KBr coateddetector Jelinsky etal. [1996] repot respm-
sivity measuementshathave beenperiadically madefor 67 morths. Thedetecto, which
wasstoredin dry nitrogen betweerlaboratay air exposuresat the time of measurment
update, hasshavn a 30 % lossof resposivity at58.4nm,a21% lossat104.8nm, anda
lossof 36 % at121.6nmoverthe67 morths. Admittedly theenvironmen expeliencedby
the UVCS detectos hasbeenvery differentfrom thatexperiencedby the “life-test” unit.
Indeed the latter haslik ely beenbettercontiolled andthe ervironment moreberign than
that experiencedby UVCS during integration andtesting. Nevertheless,if oneassumes
thatthe UVCS O vI detectohasdegradedin the samerelative proportiors asthe life-test
detectoy thenthe degradationat 58.4nm canbe relatedto the obsered degradatiors at
1048 nmand1216 nm. Thus,comparingto 1048 nm, oneobtairs a degradationgiven
by the ratio of the testdetectors degradcation at 58.4 nm to thatat 104.8nm (0.30/0.2L)
timesthe obseved degradationof the UVCS detecto at 1048 nm. TheresultingUVCS
systemlevel resposivity at 58.4nmis 0.06L %. Comparirg to 1216 nm, one obtairs
a degradhtion given by the ratio of the testdetectors degradationat 58.4 nm to that at
1216 nm (0.30/0.3), timesthe obsered degradationof the UVCS detecto at 1216 nm.
TheresultingUVCS averagesystenresposivity at58.4nmis 0.03 %.

Lacking betterinformation,we chooseo algebrécally average thethreevalues (0.10%,
0.06L % and0.052%) to obtaina bestestimateof 0.071 %. Therelative standardincer
tainty is estimatedo be 50 % of this numter. This valuereflectsthe conficencein the
method usedandis delibeately choserto encompssall threevalues.

11.5 In-flight Radiometric Measurements

In-flight performane hasbeendeternined and monitaed using speciallydesigned
obsenations of three sourcetypes: (1) stars,(2) the solar disk, and (3) the corma at
heliocerric heightsin theranges 1.5t0 5.0R, .

11.5.1 Obsewationsof Stars

Obsenationshave beenmadeby UVCS of abou 15 starsthatpasswithin 12 R, of
sun-ceter. Voyager IUE, andFUSE,amorg others,have madespectrairradian@ mea-
suremets of oneor moreof thesamestarsin spectrarangesoveiappingthoseof UVCS.
A typicalUVCS measuremantcorsistsof a“passage’df thestarsimageacrosshe UVCS
slits. Depenling on the detailsof thetrajectoryof the starin the sky, the configuation of
theUVCSroll andmirror anglecanbe setsuchthattheangleof the passageelativeto the
UVCSslit edgeis ary anglebetweerrero(i.e., perfectlyalignedwith thelong dimersion
of theslit) and90 degrees(i.e., atright anglesto the long dimensionof thesslit). Theslits
aresetsuficiently wide andthe exposuretime is suficiently shortthatthe entireimage
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of the starpasseshrowgh the slits for several exposures Multiple exposuresandmultiple
passagearesummedo improve the statisticsfor the lessbright stars.

Responsvity Changeswith Time from Star Obsevations

The starsthat have beenobsered by UVCS arewithin its field of view typically for
four to five days onceperyear Several of the brightest starshave beenobsered each
yearof themission.Someof theseobsenationsaresuitablefor the puposeof monitoling
the UVCS radiametric calibration in sofar asthe starsobsered (typicdly B-stars)have
moreor lessconstahemissionin the UV. An exanple of sucha setof obserationsfrom
the Ovi chamel for the stars Sco,a binary starsystem,is presetedin Figure114. It
hasbeenobsered by UVCS with the sameor nealy the sameinstrumentconfiguration
in Novemberof every yearsinceSOHOwaslaunded. Figure11.4a) shows the spectra
obseredin 1996 1999 and2001 Thedatawereall takenfor anappraimately 49 mm
apertue andtherefae areonly maminally sensitve to ary chargesin theresponsiity of
the first few mm of the mirror. A portion of the spectrun on the left of the figure has
contritutionsfrom theredurdantpath. Figure 11.4b) shavs integrals of the spectrafrom
100 nm to 140 nm (which includesan undeterminedportion of “redundant” spectrun)
plottedagairst the yearin which eachwastaken. The dataareconsistentvith a constai
behaior of the UVCS radiametricresponseandthe variahlity of this particularstarsys-
temwithin about+10%. However the plot suggests trendtoward a lower responsiity,
alossof abaut 2 % peryear Sincethetrendcouldbedueto avariationin the UV outpu
of this particularstarsystemwhich wasobsevedto prodiceouthurstsin thevisible por-
tion of the spectrumduring the recentperiastra passagéMiroshnidenio et al., 2001,
we have examined otherdatasearchindor possiblerespoiselossesparticulaly at small
apertues.

Like 8 Sco,the starp Leo hasalsobeenobsered eachyearof the mission. Thein-
strumentconfiguationwasin generahotidenticalyearto year However, therehasbeen
sufficient “overlap”in the obsenationsto provide insightinto possiblerespasiity varia-
tionsatsmallapertues. Partial datasetsalsoexist for someotherstarsaswell. In general,
thereexist a few measuremntsby otherinstrumentsmadein this wavelengh rangefor
someof thesestars. Shavn in Figure115 is a plot of the dedwcedresponsiities. Each
plottedpoint is the total countrate obsened in a 1 nm bandcenteredn the wavelergth
notedin thelegerd divided by the apertue width usedfor the measuementandthenap-
profriately scaled. The wavelendgh bandschosenhad negligible contibutionsfrom the
redurdantpath. Theerrorbarsshavn aretypical of the standarduncetainty in eachmea-
suremeh Thesolid blackcurwe is theresultof the labordaory componert level measure-
mentswith the absolde scalesetby thelaboratay systemlevel calibrationat2.7R 5. The
1997 obsenationsof p Leo at 1010 nm were carriedout at threeapertues. They are
normalizedto thelaboratay curve at the largestapertue andprovide corfidencethatthe
shapeof thelaboratay curveis correctfor the earlypartof themission.In 199% and1999
measurerntsat 1067 nmof p Leoweremadeatthesameapertue of 35mm. Thep Leo
datafrom 199 areactuallya seriesof obsenationsmadeatanumter of differert occulter
values.Thescaleof the 199 datawasfixed by assuminga constanirradancefor p Leo
andusingtheratiosof coun ratesobsevedin 1996and199 for the sameapertue. One
canreadily seethat the responsiity at small apertuesfalls significantlyand systemati-
cally below thelabordory plot. At the“standardapertue” of 11 mm, theresponsiity for



10 11. UV RADIOMETRIC CALIBRATION OF UVCS

2.0x10 10T

15x10710

1.0x10710

5.0x107

Spectral Irradiance (Watts/mn2/nm)

99 100 101 102 103 104
Wavelength (nm)

9

5.0x10

4.8x10

46x10 9

4.4x107 9

9

4.2x10

4.0x1079

3.8x10" Y

Integrated Spectral Irradiance

3.6x10" 2

1 ‘ [ ‘ L1f ‘ [ ‘ [ ‘ [ ‘ [ ‘ [

L L L I B L L L Y B B
—

cov v b b b b b i
1995 1996 1997 1998 1999 2000 2001 2002
Year

Figure11.4: Yearly measuremas of the shortwavelengthspectrumof § Sco. (a) is an
over-plot of O vi chanmel measuremntsfrom 1996 199, and200L. Theleft-most portion
of the measuredpectrum,n eachcase,hasredundantpath contributions. (b) shawvs a
time history of the integral of eachmeasuredspectrm from 100 nm to 104 nm. The
measurermntsare corstantwithin 10 %. However, the bestfit to the datais a line with a
smalldecreasingrendof 2 % peryear Theerrorbarsrepresetthe standardincertaities
including thoseattributalie to theflatfields.

Augustof 199 is 80 % of thelaboratay value.

In Decemlerof 19990bserationsweremadeof § Ophat1111nmasafunctionof the
apertue. They arealsoshovn in Figure115. UVCS obsenationsdo not exist for § Oph
in 19960r 1997 andconsegently the scalecannotbe setin the sameway asit wasfor
p Leo. However thedatain 1999includeobsenations madeat relatively large aperturs.
Fromthe § Scoobserations(seeFigure11.4)it wasconcluad that for large apertues
thereis no more thanabout6 % degradationfrom November19%, until November199.



11.5 In-flight Radionetric Measurerants 11

Heliocentric Height (Ro)
5.0 6.0 7.0

2.0 3.0 4.0 8.0 9.0 10.0

0.50F T T T T T T T T ]
__ 040 -
B C ]
> c ]
= F ]
5 r J
s oso/ 50 -
= r s 0 Rho Leo (106.7 nm) Aug., 1996 ]
L C e N Rho Leo (106.7 nm) Aug., 1997 7
c C Cl B O Rho Leo (106.7 nm) Aug., 1999 ]
© C ;o Rho Leo (106.7 nm) Aug., 2000 ]
2 o0 O } Rho Leo (106.7 nm) Aug., 2001 i
2 C e Rho Leo (101.0 nm) Aug., 1997 3
o A Rho Leo (101.0 nm) Aug., 2000 ]
o re Rho Leo (101.0 nm) Aug., 2001 3
v C. ® Theta Oph (111.1 nm) Dec., 1999 7
< 010 Theta Oph (111.8 nm) Dec., 2001 ;
e * 38 Agr (104.8 nm) Feb., 1996 ]

- & 38 Agr (104.8 nm) Feb., 2002 ]

0.00 vy [ Lo Lo Lo Lo Lo ]

0 10 20 30 40 50 60 70

Mirrar Width (mm)

Figurel15: Apertureaveragel measuementsof the systenresponsiity deterninedfrom
obserationsof stars.Theidentificationof thevarious pointsis notedin thelegerd onthe
plot. Thedatafrom 19% and1997 arenomalizedto the laboratey values,which have
the samerelative variationwith mirror width. The later dataare put on a commonscale
throwghratiosof countratesobseredatthesameapertue valuesandthesamewavelergth
for thesamestar To connet differentstarsandtherebyexterd trendsinto lateryearsthe
relative scalesareestablishedisingthedemorstratecdconclisionthattheapetureaveragd
resposivity at apertues beyond 49 mm haschangedvery little in time. Implicit is the
assumptiorthattheirradancesof the starsarenearlyconstanin time. The smoothcolor
cunes, red-dahedred-dah-dot,andblue-cash-de, arethird degree polynomialfits to the
1999y Le0,199 6 Oph,and200L ¥ Ophdata,respectiely. All threefits areconstraired
by thetwo highestapertue pointsof the 199 6 Ophdataset.

Thescaleof the 199 6 Ophdatapointat 44 mm apertue hastherefae beenadjustedo
6 % below thelaboratay curve. Thevaluesat smallerapertuesfollow the sameshapeas
the 1999 Leo curve within the uncertaities. The valuesat larger apeturesfollow the
laboratay curve quitewell.

In Decembe of 2001 additicnal apertue scanobserationswere madeof & Oph at
1118 nm. Although the datafor the two yearsweretaken at slightly differentgrating
anglesthey canbe accuately put on the samescale,assumingheirradiarce of the star
is corstantin time, usingthe dataat the comnon aperturs of 4.80mm and 1039 mm.
At suchsmallapeturesthe partof the spectrun containirg reduindantpathcontritutions
beconesless. One canthencompae the datasetsat the slightly different wavelergth
of 1102 nm, therebyobtairing ratios of 0.8 and0.79 at the apertuesof 4.80 mm and
10.3® mm, respectiely. The 2001scanhasbeenplottedat 80 % of the scaleof the 1999
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data. Note thatthe 2001 point at a 49 mm apertue falls very nearthe laboratoy cure.
Note alsothat measuremantin 2001of p Leo ata 15 mm apertue, which is scaledto a
correspnding1996 measurend, falls on a smoothinterpolation betweerpoints on the
20016 Ophscan.

Thete existsoneothersmall setof datathattiesrecentbehaior of theresponsiity at
smallapertuesto muchearliertimes. Thatdatacomesfrom obsenations of 38 Aquarii, a
ratherdim starin relationto the onesdiscusse@bove. Thefirst measuremntstook place
in Febrary 1996 with anapertuwe of 11 mm. In Febrwary 2001, andagainin Febrary
2002 obsenationswererepeatedvith the sameinstrumen configurationasin 1996 The
countratesobseved in 2001 and 2002 have the samenunerical value. The standard
uncertinty is at the 10 % level. Whenthe 19% datumis nomalizedto the laboratay
value,the 20@ pointfalls almostexactly on the Decembef001, & Ophcure.

In summay, it is clearthatthe UVCS OvI chanml haslost resposivity over the
mission. The lossis limited to the the part of the apeture usedfor obsenrations at low
heliocertric heights. The lossis greatestat the edgeandtendsto becone lessasthe
apertue is opered. Thedataareconsistentvith theyearlytrendnotedfor large apertues
in the § Scoobsenations. The dataareinsufficiently accuratdo deternine exactly when
the degradationbegan to occu, althowgh thereis someeviderce thatthe respamskiity in
1997wasabou the sameasin 19%. Clearevidenceexists for degradationby August of
1999 Thelossrateatthestandardapetureof 11 mmis abou 7.5% peryearbeginningin
1997 i.e, therespomivity is at 62 % of thevalueatlaunchin 20Q.

Absolute Stellar Spectroradiometry

Spectraf p LeofromthelLy-« chanmel areshavnin Figurell.6togetlerwith spectra
obseredby IUE in April of 1980[MAST Multimission Archive at SpaceTelescopefile
SWP08650 TheUVCS measuementsveremace in Augustof 1996atanapertue width
of 26 mm. Assumingthe Ly-« channekespmsivity behaior in time parallelsthatof the
OvVI channelthereshouldbeno degradationfrom the laboratoryvalues. The UVCS data
have beenaveraged so asto matchthe spectralresolutionof the IUE dataset. Corona
emissionfeatureqe.g, H1 Ly-o 121.6nmandFexi1 1242 nm) andstraylightin theraw
UVCS spectrumhave beenremoved from the UVCS data. The spectralirradiarce mea-
suredby UVCS s on averageabou 1.3timeslargerthanthatfoundby IUE, nominally at
the edgeof onestandarduncertaintyof thecomparison. p Leo hasalsobeenobsened by
SUMER[Lemaik, 2003. Interrompaisonsof UVCS andSUMER usingthoseobsera-
tionsaswell asobserationsof thestara Leo arein processat this writing.

A compaison of UVCS OvI channé obserationsof the start Tauto obserations
by Voyacer [Holberg et al., 1982 Holberg, 1997 is presentedn Figure11.7. Themea-
suremehwas madein June,2001, at a UVCS mirror apertue of 35 mm. The UVCS
resposivity hasbeenadjusteddownward by 10 % in accoréncewith the curves shavn
in Figure11.5 Theresolutionof the UVCS datahasbeenrediwcedto matchthe 1 nmres-
olution of Voyager Thetwo spectramatchon average to within about15 %, well within
theUVCS uncetainty. UVCS hasalsoobseredFeige110Q awhite dwarf starthatis used
asacalibrdion referewefor FUSE[Moosetal., 200Q Sahmow etal., 2000. Thestarhas
veryweakUV emissionascompmaredto the“hot” starsmentimedabove. Theintegral of
thespectrmm betweerl026 nmand1037 nmmeasurethy UVCSis lessthan15% belon
thatobsened by FUSE.Theroa meansquarecombiredrelative uncetainty is 25 %.
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Figure1l1.6 UVCS comprisonto IUE. Thesolid darkline is a spectruntakenby IUE of
thestarp Leo. Theredline is the UVCS obsenation of the samestar Cororal emission
lines have beenremoved from the UVCS data. The UVCS datahave beenaveraged to
matchthe0.17nmresolution of this particularlUE dataset.

UVCS obsenationsof ¢ Tau,ahotsupergiant star have beenusedto developatech-
nigue for separatinghe overlgpping “redundant” (long wavelengh) spectrun from the
direct(shot wavelengh) spectrumin theUVCS O vi chanrl. A paperthatdescrilesthe
detailsof themethdal is in prepaation[Valcu, 20Q2].

11.5.2 Disk Observations

Thefirst UVCS disk obserationswerecarriedouton 31 March19%. Measuremets
of theLy-« radianceneremadeat a nurmber of positionson thediskin boththeLy-« and
OvVI channés. Only thefirst 0.8 mm of the telescopemirrors have ever beenexposedto
directdisk light. The UVCS neural densityfilters, which attenuge Ly-a by a factorof
~ 1000, wereinsertedo prevent saturatiorof thedetectos.

Inter-calibrationwith SUMER hasbeencarried out using co-registeredand nearly
simultaneos obsevationswith both instrunentsof the Nv line at 1237 nm in 1996
and 1997. Theseobsenations were corductedas part of the SOHO Inter-Calibration
(ICAL _01)JointObsenationPlan. Thedatafrom bothinstrumens arelistedin Table11.2.
TheUVCS valuesareon averag 18 % lower thanthoseof SUMER. Therelative standard
uncerténties are 25 % (including countirg statistics)in the UVCS values,anda similar
valuefor SUMER. Thecombingl relative uncertaintyis thus35 %, andall of the six data
pointsareinsidethis value. All of theobserationswerecarriedoutin 1996and1997, and
notimerelatedtrendto thedifferenceds evident.

11.5.3 Coronal Obseations
UVCS IndependentObservations

Oneof theearlytasksin-flight wasthedeterninationof the UVCS systenresposivity
asafunctionof unvignettedapertue (i.e., internaloccuter locatior). Thebehaior of the
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Figure11.7 UVCS compmrisonto Voyager. The dark solid line is a spectrumtaken by
Voyagerl of thestarr Tauin August 1992 Theredline is the UVCS obsenretion of the
samestarin June200l. The UVCS datahave beenaveragedo matchthe 1 nmresolution
of Voyagerandadjustedo reflectan8 % lossof responsiity atthe 35 mm apertue used
for theobseration. SeeFigure11.5

primayy Ly-« andOVI chamelsis relatively straightforward to deternine; that of the
redurdantLy-« pathis not. The first suchmeasuremntswere carried out in March of

1996 The telescopesvere pointedto a height of about2.5 R in a cororal streamer
Obsenations of theH | Ly-« line andthe O v lineswerethenmeasued in all chanrels
asthe occulterwas progressively changd from abou 9 mm to zerowidth. Therelative

changs in intensity are consistentwith the laboratoy resultsfrom the replicagrating
discussedn Sectionl1.4.

At helioentricheightsabove approximately6 R thelight detectedy UVCSis dom-
inatedby the weakH 1 Ly-o emissionof the interplaretarymedium The interplan¢ary
hydrogengasis expectedto be “cold” gas:i.e., its temperatte shouldbe abou 8000K
[Clark etal., 1995. The phdon emissionis weak,abou 3x10”s 1cm2sr 1. We have

Table11.2 Comparisorof UVCS andSUMERfrom ICAL 01 measurerentsin 19% and
1997 Photan radiarce given in unitsof 1012 s~ cm=2 sr-1,

photonradiance
Date UVCS SUMER % Difference

96.09.30 3.64 4.66 -12%
96.10.07 3.52 3.79 -3.7%
96.11.04 3.64 5.49 —-20%
97.01.30 3.98 4.37 —4.7%
97.03.14 3.98 3.78 +2.6%

97.05.16 3.41 4.82 -17%
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usedthis emissionto characteriz¢herelative behaior of theresponasiity asafunction of
apertue atlargeapeturesfor boththe primary Ly-« chanrel andtheredurdantLy-« path
in theO VI chamel.

The effective areaof the redunndantpathin the O vi chamelis a functionof boththe
grating angleand the urvignettedtelescopemirror apertue width. This is becausehe
auxiliary mirror in thereduindantpathcanbefilled, over-filled, under-filled or comgetely
missedby particularwavelenghs dependingon the unvignettedtelescopeapertue and
gratingangleslts completevignetting behaior hasbeenmappedut usingcombirations
of cororal measuremntslik e thosementiored above at different gratinganglesin com-
binationwith the resultsof ray traces. The behaior, which includesthe combination of
the actualtelescopeamirror urvignettedapertue, the laboratey measuredyrating aper
ture non-uniformities, andthe geametrical effeds of the auxiliary mirror, is preseted in
Figure118. Thefunction hasbeenincomporatednto the UVCS DataAnalysisSoftware.
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Figure11.8 Effective areafor theredundantpath. The effective areais depemnlentonthe
actualurnvignettedwidth of the telescopemirror andthe vignetting by the redurdantpath
auxiliary mirror. Shavn areplotsof the effective areafor severalexanple mirror widths.

After therecovery of SOHOfrom its missionintermuptionin 1998 thecororal apeture
scanmeasuremdrwasrepeatedvith someadditians, which allowed an extensionof the
resultsto higheraperture For exanple, the methodwasto setthe mirror to 3 R, take
measuremntsasthe occulterwasclosedto a positioncorresponéhg to abou 2 R, then
move themirror to 2.5R o, andcontirueclosingthe occulter Measuremets for apertues
upto abou 4.5Rg werepossiblein this manrer. Above 4.5R the emissionis too weak
to reliably obtaina scan. Suchmeasuremdn have beenrepeatedererd timessincethe
beginning of 2000asanattempto monita changsin theshapeof thesystenrespomsivity
function. Sincethe corora is fundamentallyvariable,it is difficult to put the scanson a
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Figure11.9 Averag effective areaof the redundantLy-a pathasa function of apeture
width setting. Plottedis the maxinum averag effective areaof the redurdant path at
1216 nmfor theyears1996 2000, and2002 Thecolorel dashedunesareappopriately
scaledfrom Figurel1.5

comma absolte scale.In Figure 11.8we have normalizedthe19% scanto thelaboratoy
result,andthe 1999and2002scango the correspading curves obtaired from obsering
stars(seeFigure11.5) Thecurwes indicatea rediction in overall systemresponasiity of
theredurdantLy-« pathwith time. However it appeas thattheredictionis lessthanthat
for thedirectOvI chanml. A moredefinitive condusionawaitsa betternomalizationfor
thesedata.

Inter calibration with Spartan 201

The Spartan201 spacecrft, a SpaceShuttlededoyed andretrieved satellite,is com-
prisedof theUltraviolet CoronalSpectraneter(UVCS/SpartangandtheWhite Light Coro-
nagrap (WLC/Spartan) UVCS/Spartarviews a singlespatialelementat atime, hasless
spatialresolutionthan UVCS/SOHOand obseres primarily the Ly-o spectralline. Its
basictelescopealesignis similar to thatof UVCS/SOHO.It hasmademeasurmentsof
the solar corora at H1 Ly-a on four two-day long flights, the first three occuring in
1993 1994 and 19%, before SOHOwaslaunched The lastflight occuredon 1 to 3
November199®, shortly after SOHOwasrecanmissionedafterthe missioninterruption.
UVCS/Spartarwas radianetrically calibratedin the laboratey befoe andafter eachof
its flights. Co-tempeal andco-spatialobserations of H1 Ly-o weremack in streamers
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andcororal holeswith both UVCS/Spartarand UVCS/SOHO.After accouting for the
resposivity decreaeto 75 % of the UVCS/SOHOpredaunchvalue,thetwo instrumets
shav agreerent within 10 %. If the UVCS/Spartarand UVCS/SOHOcalibratios are
completdy indepandent,thenthe uncetainty analysisindicatesanexpectedrelative stan-
darduncertaity of 25 %.

11.5.4 Detector Flatfield Measurements

The pixel to pixel variationin the UVCS responsiity hasbeenmeasuredn-flight
for large pottions of the detectors.The initial measuremntsand subsegant monitoling
utilized a comhbination of starobsenations and gratingscans. The starobsenetions are
usedto determire the variationsin the directionthatis perpeuicular to dispersionand
gratingscansof solarspectralines areusedto determire the variationsin the dispersion
direction

The appoachfor the starobsenations consistsof orierting UVCS and settingeach
mirror so that a bright staris imagel in the centerof eachslit's narrov dimersion and
tracksdown its long dimension Expcsuresarerepatedlymade. The star’s spectrmn is
thusmapped from the “top” to the “bottom” of the detectos. Becauseof telemetryrate
limitations, only a small portion of the spectrumat high resolutioncanbe transmittecto
theground. Four bright UV stars(¢ Tau,« Vir, § Sco,andd Oph)have beenusedin this
way. The spatialflatfield calibrationcanbe extendel to otherpottions of the detectos in
the spectraldirection usinggratingscansof line radiatian (e.g, Ly «) from the corora or
disklight diffracedfrom theexterral occuter. Additional informationaboutthetechniqie
canbefound in Cosmoetal. [2000].

Theprocedures repatedperiadically in order to trackchangsin the detectos’ gain
with phaon dose. The high voltageappliedto the microchannelplatesis increasedo
restorethe gainbefole the efficiency of thedetectohasfallenby more than5 %.

Flatfield measuremntshave beenmadebothin the laboratay prior to laund andin-
flight. The pixe to pixel variation for the Ly-« detectoris 10 % andthe variation for
the OvI detecto is about+5 %. Giventhe magritude of otheruncertaities involvedin
UVCSradiametry; it is recomnendedhatfor essentiallyall analysestheusernotattempt
to correct thedatafor flatfield variations, butinsteadadop theabove uncetainties. Thisis
particularapprgriate becase of the uncertaities introduwcedby detectordegradationas
describecabore. Eachdetecto hasa few obvious defectswherethe detectionefficiency
apprachesero.Datafrom suchregions shouldnot be used.

11.6 Summary and Conclusions

Pre-flight labomatory measuementaveremadeof the key UVCS/SOHOperfamance
paraméerssuchasspectralresolutions, radionetric resposivities, straylight levels,and
flatfield variatiors over a limited portionof thefields. Measuremets madein-flight have,
in geneal, confirmel thoselaboatory measurerants. Becausdhe labordory systemra-
diometic calibrationwasonly donefor oneparticularlimiting apertue (i.e.,theoneused
for obsevationsat 2.7 solarradii), a combination of labomatory compment calibratiors
andin-flight obserationswereusedto exterd the calibration to all apertuesusedduring
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themission.Overthesix yearsof operationtherespmsiity hasdecreaseth acharacter
izablefashionfor portionsof theapertue. TheUVCS first orde radionetric calibrationis
in agreemetwith calibratiors of UVCS/Spartar?01,SUMER,IUE, Voyager, andFUSE.
Its accuray is at arelative standad uncertaity of 20to 22 % depewuling ontheyearand
the obsered height. The secondorderradioméric calibration of UVCS is basedon an
analysisof labomatory compmentcalibratiols andmodeleddetectorphaocatho@ degra-
dation.It is known only to anestimatedelative standadl uncetainty of 50 %.
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