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Realisticphysicalandchemicaldescriptims of the Sunrequre obserationsthathave
beenmadewith spectrorambmetrically calibratedielescopeandspectranetersj.e., with
instrumerts thathave a known spectrakesponsiity. Suchcalibratimsassurghata mea-
suredspectraradiarce or irradanceis deteminedon a scalethatis definedby theradio-
metricstandard realisedandusedin laborataies.

For grond-kased obsenrationsof the Sunin the visible or nearinfrared spectral
regiors, conparisonswith laboratey standard of radianceor irradian@ are relatively
straightfoward. However, measurmentsat shorteror longer wavelenghs, or measure-
mentsof the total solarirradiancewith aradiametricaccugacy to within onepartin 1000
thatis indispansablefor climatolagy today requite obsenations outsidethe atmosplere.
For thesethe spectrafesponasiity of theinstrumemationmustbe known.

Calibratingtelescope-speatmetercomhbnations for the wide wavelengh range of
spaceobsevationsis acomple andproddematictask,particuarly for extencedspacemis-
sions.Satellitetelescopespectromtercombirationscanbecalibratecbeforelaundiin the
laboratey by useof apprgriateprimary or secondey radiane or detecto standads. We
review suchstandard andtheir usein the cortext of the SOHO instrumentcalibratiors
andwe notelimitationsin accurag andcoverageof parametespace.

Environmentalinfluences suchas contamiration on the ground andthe influenceof
radiationin spacemay, however, causethe spectralresponasiity of satelliteinstrumers
to chan@ betweenlabomatory calibrationand initial opeation in spaceand during the
subsequet long period of orhital operatims. In-orbit monitoing and validation of the
resposivity of a satelliteinstrumen is, therefae, necessaryThis hasbeenachiesed for
SOHODby intercomp@risonsof the responsesf the various Instrunentswhena comnon
sources viewed by obsevationsof stars,andby unde-flights.

In the past,solarphysicshasoftenbeenatrailblazerfor new astronorital technques.
Theeffortsto calibratesolarobsenrationsasthey arerepatedin thisbodk shouldtherebre
be of interestfor astronony asawhole.
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2.1 Intr oduction

The adwent of spectroscpy in solarphysicsled, abou 100 yearsago,to the devel-
opmen of astroplysics. Today our knowvledge of the Universe s, in part, basedon
spectrordiometric obsendtions, i.e., on the determiration of the spectralirradanceor
spectralradiarce? of a variety of objectsandover a wide rangeof wavelengtts. Such
measuremntsrequile determingéion of the numbe, the spectraland in caseof the radi-
ance,alsothe spatialdistribution of photors from an objectthatarrive in the focal plane
of an obserer’s telescope.Whencomhbned with atomicandmolecuar data,spectroa-
diometically accurateobsenrationsprovide evidene for deriving temperattes,densities,
elementabhundartes,ionisationstagesandflow andturbulert velocitiesin objectsthat
arein the gaseas or plasmastate. In this way, we elucidatethe physical structureand
chemicalcompositionof astronorital objectsaswell astheprocessethatcausehemto
emitandevolve. Suchobserationsalsoprovide similar insightinto propertiesof plasma,
gas,anddustin interplaretary interstellar andintergalacticspace.

Becausegigoroussciencaequresaccuratalata,solarphysicistsshoud insistthattheir
spectrordiometricobsenationsaretraceabldo laboratey standadsthroudh sufiiciently
frequentandthoraugh spectroadiometic calibration This implies determirmtion of the
spectralresposivity, i.e., the effective areaof a telescopespectromeer combirationasa
function of enegy or wavelergth.3

In Section2.2, we considerthe laboratay basisfor radionetric calibraion, anddis-
cuss,with explicit attentionto solar physics,the transferof the calibration to satellite
instrumerts. In Section2.3,we discussspecificcase®f solarsatelliteinstrumentcalibra-
tions andintroduce the calibration of telescopespectromeer combirationson the Solar
andHeliospheic Obsenratory (SOHO).

Theradianetricinter-calibrationof SOHOis anexanple of aneffort to recortile the
resposivities of all the spectroadiomeric instrumerts on a spacecrfi underreal-time
operatimsandwithout recouseto stellaratmospleremodelling suchasthatusedfor the
radionetric calibration of the Hubte SpaceTelescopgColinaandBohlin, 1994].

The effort describedin this book originally had a purely scientific aim, namelyto
assurea corred physicalinterpretéion of the SOHO obsenations. In the meantimethis
effort hasalsoattaineda practicaluse:irradian@ measuementdy SOHOInstrumers are
todaydirectly flowing into datasetsthatare madeavailablefor opeaationalpurposes(cf.
[McMullin etal., 20@b]).

ln astronomythetermphotomety is oftenusedwhendealng with broadtandintensitymeasuremets;those
with higher spectal resolutobnarecalled spectophotomeaty. However, in theterminology of physics photametry
refersto intensity deteminationsthatarerelevantto humanvision. Therefoe, we have choserto usetheterms
radiomety or spectoradiometryin this paper

2|f an object is not spatidly resoled, irradiance, |, the power deteded per unit area(i.e., W m2; often,
loosel, calledflux) is measuredSpetral irradiancerefers to the irradianceperenagy (or wavelength) interval
at a given enegy (or wavelength),i.e., W m 2 eV—1 (or W m—2 nm~1). Radance,R, is the power emitted
perunit areaperunit solid angle i.e., W m2sr1 [Grumand Bederer, 1979]. Spectal radiancerefers to the
radiance per enegy (or wavelength) interval at a given enegy (or wavelength),i.e., W m2Zsrlevl (orwW
m~2 sr1 nm™1). If thedistane, d, to a uniformly emitting objed of area S, is known, thenthe irradianceis
relatedto theradianceby | = R(S/d?).

3Theeffective areaof aninstrument is the equiwalentcollecting area of anidealinstrumenti.e., of aninstru-
mentthatdeteds incidentradiantenegy with aresponsivityof 100 %.
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2.2 The Laboratory Basisfor Spectroradiometry and its
Transfer to Orbit

Any spectroadionetric measuremntsthat are performed on the Sunor otherastro-
nomical object with the aim of deriving physical properties must be traceableto, i.e.,
ultimately basedon a comgarisonwith, primary labotory standardsj.e., on absolute
radiationsour@s or detectos that can be realisedin the laboratoy [Cook 19%].4 In
this Sectionwe discusghe primary standard$or laboratoy radionetry andgeneal ways
of applying themto the spectroadiometriccalibrationof solarspectrometc spacetele-
scopes.We alsoconsicer calibration changesduringaninstrumen’'s orhital lifetime and
how onecandeternine changsfrom the laboradory calibration onceaninstrumet is in
orbit.

2.2.1 Primary Radiometric Standards

Ideally, therewould beoneprimary standardor absolutespectrordiometry However,
becausef thelargerange of radiarce andirradiarce aswell asenegy (or wavelengh) of
electromgneticradiationstudiedin scienceandits applicatiors, practicalconsideations
andcurrenttechnolgy have resultedn four. Therearetwo emissionpr soure, standard
— black bodiesand electron(or positror) storagerings — and two detectorstandard —
doube-ionisationchamlersandcryogenicelectricsubstitutiorradioneters(ESRS).

Black bodes|cf., Kaaseet al., 1984]areemissionstandard basecon thermodyram-
ics: the radigion from a black body is relatedto its temperatte by the Plancklaw. To
optimisethe accurayg of thesestandadls, they arenormally opeatedat the meltingtem-
peratue of anappopriatemetal.

Electran or positran storagerings [cf., Maddenet al., 199] are standard$asedon
electrodyamics.Here,the Schwinger [1949] formulais usedto calculatethe synchotron
radiationemittedby accelerated¢haged particles.Inputsrequira for the calculation are
the enegy andcurrent of the storedbeam,aswell asthe magneticinductian at the point
wherethe radiation is emitted; small corretions are required to accoun for the finite
verticalextert anddivergerce of the particlebeam.

Rare-ga doube-ionisationchambes aredetectorstandard basedon the factthatthe
photaionisationyield of various raregasespresenin anopticdly thick colunm, is unity
from 22.8 nm, the secondionisationthreshdd for He, to 101.2nm, the first ionisation
thresholdfor Xe [Samsa, 1964 West 1998].

Cryogenic ESRs[cf., Mostl, 1991] are detectorstandardshat are basedon accurate
curren andvoltagemeasuements Thetemperatte increasef anirradiatedcavity cooled
to liquid heliumtempeatureis compaedby a null methal with thetempeatureincrease
causedvy depaition of accuately measued electricalpower into an equivalent cavity.
Although correctionsfor reflectiors, scattering anddiffraction mustbe made,cryogenic
ESRsareacceptd asthemostaccurateadioméric standard[FoxandMartin, 1990.

4The criterion for a primary standad is thatit cangive a resultdirectly without the needfor ary calibration
relative to the quantty beingmeasured One mustbe ableto write down its operding equaion in full without
ary unknavn (or empirically determined)constants or functionsthatarea function of the quantty being mea-
sured[Quinn, 2001]. By international corvention hamey through the International Committeefor Weights and
Measurs (CIPM), standadsaregiven in termsof the units definedby the Syseémelnternational (Sl).
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TheAccuracy with whichtheradiametricscalesarerealisedoy synchraronradiation,
blackbodes (at A > 650nm) andcryogenicsubstitutionradiometes hasbeenevaluated
by Stok etal. [1993]. Their uncertinty analysis,carried out for visible radiation,indi-
catedthatsynchrotronradiation blackbodesandcryogenicESRsproducedanddetected
spectraradiantintensity’ with uncetaintiesof 0.1%, 0.07% and0.007 %, respectiely.
Thornaggel etal. [1996] measure@missiorfrom anelectronstorageing with acryogenic
radiorreter and found agreenent betweenthe two primary standard within 0.3 % at a
phota enegy of 15keV and0.08% for visible radiation;in thelattercaseconfirning the
analysisby Stok etal. [1993].

For the vacwm ultraviolet (VUV) spectraldomain which is of prime interestin this
paper black bodiesare not suitable,sincetheir VUV spectralradiarce is very low (cf.
Figure 1 of Hollandt et al. [1996b; 2003). Similarly, for practicalreasonsyaregas
doube-ionisationchamters are infrequentlyusedin labomtory calibrations.” Thus, the
primary standagls usedin laboitory calibrationsof the VUV radiametricresposivity of
spectroretric spaceelescopesrestorageaings andcryogenicradioneters.

2.2.2 Seconday Standards

Storage ringsarelarge, comgex, andexpensive; cryogenicradianetersarelessso, but
still incorveniert for routinelabomatoryapplicatiors. Therefae, it is oftenmore practica
to usesimpler stablesourca or detectaos, known astransferstandard, thatarethemseles
calibratedby comparisonwith a primarystandardExampesinclude D ; lamps[Saindes
et al., 1978, tungstenfilamentincanagsceniamps[Bass 19%], hollow-cathoe [Hol-
landtetal., 199] andPenningHeiseet al., 19%] dischages,aswell assilicon photali-
odes[Canfeld etal., 1998a; Gulliksonetal., 199%], trapdetectos [Fox, 1991, andmetal
photaemissve diodes [Bass 1995 Canfield 1998].

2.2.3 Radiometric Calibration of Spectral Irradiance Detectorsand
Telescope-Sectrometer Combinations for Usein Space

In modernsolarastronany from spaceanassortmendf four methalsis usedto cali-
brateirradiarce detectos aswell astelescopespectronetercombnations:

e Calibrationby useof a primary or secondry standardhatis opeatedin orhit as
part of the scientificpayload Standard carriedinto orhit canseldombe usedto
assurea calibration“end-to-end”,i.e., from entranceapetureto detectoroutpu, of
atelescopespectromeersystem.However, they have beenemplo/edfor monitoling
the stability of irradiarce detectos.

o Pre-fligh calibrationin thelaboratey by endto-end compment,and/orsubsystem
level tests,with radionetric standard®eingemployedwhererequired.

o Calibrationof anorhiting telescopespectrometecombirationby comparingsimul-
taneos obsevationsof the samesourcemadeby boththe telescope-smtrometer

Sradiantintensityis a radiometic quantty whoseSI unitis W sr1.

6Unlessotherwiseindicated,all uncetaintiesin this pape aregivenin termsof onerelative standad unce-
tainty, i.e., with a 68 % confidencelimit.

7See however, Wenhold et al. [2002], for anappication asanin-orbit standad.
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combinationto be calibratel anda similar instrurmentflown on a sub-abital rocket
or the SpaceShuttle. The latter measuement,sometimegeferral to asan “un-
derflight”, usesinstruments that are calibratedwith a radiametric standardn the
laboratorybefae andafterusein space.

e Calibrationin orhit by what are called“celestial standads”, i.e., by starsor other
astronmnical objectsvhosespectrairradancesarestableandhave beendetermired
earlier

Usehasalsobeenmadeof the physical principlesundelying theopticalcharacteristicsf
givencompnentdn predictirg the perfamanceof instrument§Rosa 1997]. Givenafew
bencimark measurments,suchpredctions canbe usedto interpolatefrom respomsivity
measuremntsatafew valuesof instrumemn parametesinto acontiruouscalibrationspace.

2.2.4 Monitoring the Stability of Spedral Responsvity

Unlessextremecareis exercised the conseqancesof contanination of optical sur
facescanbe dramaticfor a solartelescopdn space. Surfacelayersthat originate from
exposureto pre-lanch ervironmeris or from “outgassing”from the spacecrfi bus and
payloal itself causechangsin perfaamancewhenexposedto the harshelectromagetic
and particle emissionfrom the Sun® The varialility of the VUV radiationof the Sun
[Solanki, 2003 compoundsthe prablem: disentanting solarvariatiors from changs in
calibrationis oftennottrivial. Underflihtsare,therebre,usuallyrequred.

Unlesson-toardradiomeric standadls that calibratethe overall systemfrom endto
end, or reliable celestialstandard that are confirmel to be stableand canbe compaed
easily with solarradiation are available, it is particdarly difficult to detectwhethera
changin thespectroadiometit resposivity hasoccuredbetweeraboratay calibratiors
andmeasurmentsin orhit.

2.3 Absolute Calibration of Solar Instruments onboard
Spacecraft

2.3.1 Solar Total Irradiance Monitors

In order to demanstrateconrectionsbetweenaboratoy primary standard andradio-
metricallyaccuratebserationsof the Sun,we startwith a discussiorof total solarirradi-
ancemonitas. A numbe of thesearedirectly traceake to primarylabomatory standard.

The mostaccuateradianetricinstrumens operatedn spaceare electricsubstitution
radioneters(ESRs),suchasthe Active Cavity Irradiarce Monitors (ACRIM) [WilIson,
1999 on the SolarMaximum Mission (SMM) [Bohlin et al., 1980; Chipman 1981] and
theUpperAtmosptereResearclisatellite(UARS) [Reberetal., 1993, andtheDifferertial
AbsoluteRadiometes (DIARAD) andPMOG6-Vinstrumets thatarepartof theVariability
of Solarlrradiarce and Gravity Oscillations(VIRGO) [Frohlich etal., 1999 packag on
SOHO.TheseESRsoperteatabou 300K and,in principle,have measuementuncetain-
tiesatthe0.2% level [Frdhlich andLean 1998]. Neverthelesssignificart adjustmets of

8How suchcontanination hasbeenminimisedfor SOHOis summarisedn this volumeby Thomag2002].
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the datafrom giveninstrumets — adjustmets thatarejustified by appaentdegradatiors
andchangsin obseving paraneters— have beenrequired [Fr dhlich, 20@®]. Moreover,
in orderto male a plausibletime seriesout of datasetsthat cover different periads and
wereobtaired by differentinstruments, the absolutescaleof somemeasuremntshadto
beshiftedby upto 0.5% to make themfit ontothe SpaceAbsoluteRadiometridReference
Scale[Crommelynk et al., 1995. The needfor suchdatareconciliation, which exceed
the expectedinstrunent uncetainties, demastratesthe problenatic natureof absolute
radiorretry from spaceplatforns andthe needfor improvementsn instrumeration.

Thevariatiors in thetotal solarirradiane — varigionsthatarerelevart to understand-
ing the influerce of the Sunon the climate of the Earth— arethoudht to be atthe 0.1 %
level. Quinnand Frohlich [1999] suggesthatthe next generatia of instrumerts for such
measuremntsshouldemploy a primary standardnamelya cryogenicESRwhosemea-
suremehuncertaity is 0.06 % or better

2.3.2 A Solar EUV Broadband Radiometer

The SOHO spacecraftarrieda Solar Extrene-ultraviolet Monitor (SEM) that was
describedas “highly stable” [Hovestad et al., 1995. SEM compriseda freestanihg
50001/mm transmissiorgrating aluminium-coatedsilicon photododes,andaluminum
filters thatdefinedthe bangass.SEM wasdesignedo measurehe He 11 304 nm irradi-
ancefrom the Sunaswell astheintegratedflux betweernl7 nmand70 nm.

Although originally assumedo be insensitve to in-flight degradationin radiametric
perfamance the resposivity of SEM is now believed to have decreasethy abou 15 %
over a periodof 400d at 30.4nm [McMullin etal., 20@a]. This changean perfamance
wasdiscosered asaresultof a seriesof pre-ganned dedicatedundeflights — an experi-
encethat poirts to the needfor suchmeasurem@sfor all spaceaxpeimentsthatrequire
radiometric accungy.

2.3.3 Solar Spectral Irradiance Measurements

Theonly satellitespectrometes with true,on-toard,spectal irradancecalibratian ca-
pabilitiesthatpermitefficiency chamgesto betrackedfrom thetime of laboratay calibra-
tion throughintegration,launch,andyearsof usein orhit arethe SolarUltraviolet Spectral
IrradanceMonitors (SUSIM) [VanHoosieret al., 1983; Bruedkneretal., 1998]. These
have modest spectralresolvingpower and no telescopeput moritor the full-disk VUV
andUV solarspectrairradancein thewavelengthbandthatdrives the photahemistryof
the Earth’s ozore layer. The SUSIMs, which have obsered the Sunseveral timesfrom
the SpaceShuttleandfrom the UARS, compise several spectrometersandfour D 2-lamp
transferstandardswhich have significantlydifferert duty cycles. Theinitial spectroneter
calibratiors wereestablisheéh thelabomtoryby directcompaisonwith synchotronradi-
ation. Duringorbitalopeations,oneof thespectrometesis notusedto view theSun,since
this could contiibute to degradationin perfamance but only to monitorrelative changs
in the output of the D2 lamps.

The SolarStellarlrradianceCompaison Experiment (SOLSTICE) [Rottman and
Wbods 1994 is also part of the UARS instrumem comgementand monitass the full-
disk solarspectrairradiarcewith appoximatelythe sameresolutionandspectratangeas
SUSIM. SOLSTICEwascalibratedusingsynchraron radiationbefae launch but hasno
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on-toardcalibraion lamp per se. Instead, SOLSTICEtrackschangsin its respoisivity
by compmring solarirradiarcesto thoseof hot starsthat are thoudht to have negligible
variability. Thesetof starsis large enoghthatchargesin theinstrunentcanbedisentan-
gledfrom unexpectedstellarvarialility by compaing eachstarto the ensembleaverage.
Moreover, excessve variability was not expected sincethe starsin questionhadearlier
beenobseredby IUE andHST. Two potentialdifficultieswith SOLSTICEmeasuements
are: (i) possibleundetetedchang in theinstrumemrespomivity betweerpredaunchcal-
ibrationandin-orbit obserations,and(ii) thelargedynamicrange abou 108, over which
accurateadionetry is required. Differert exposue timesanda wide rangeof spectrone-
terentrarceandexit apertuesaccommadatethisrange. However, theapertue differences
meanthatthe solarandstellarobsenations usedifferentfractions of the spectronaterop-
tics, which may be non-wiform in perfamance Carefulinstrumen designandweekly
monitaing of relevart nonuniformities indicatedthat their influenceremaired within a
few percenbvertheten-yeatUARS mission.

The UARS SUSIM and SOLSTICEinstrumets have monitored the VUV solarirra-
diancereguarly andsimultaneasly since1992 Woodsetal. [1996] compredtheresults
andthoseof several otherVUV solarirradiarce monitors. Thedifficultiesin making spec-
tral irradancemeasuremntsaredemastratedjn part, by the delaybetweerthe launch
of UARS andthe puHlishing of this conmparison:despiteheemplasison carefulpre-flight
calibratiors, protection of the instrumentsrom contamiration, and ontoard calibration
(SUSIM) andefficiengy tracking(SOLSTICE),earlyresultsdid not agres. Extended ob-
senatiors gave the obsening teamsadditianal insightinto their instrumets, especially
scatteredight properties,andnow thereis confidencethatthe two instrumrentsagreeand
bothprovide reguar, accuate measurmentsof the VUV solarspectralirradiarce within
theuncertairy limits.

Thenext geneationof solarspectralrradiarceinstrunmentsis representecby the Solar
EUV Expeiment (SEE)on the TIMED spacecraffWbodset al., 1998] andthe Spectral
Irradance Monitor (SIM) [Rottmanet al., 1998 Lawrenceet al., 1998]. The latteris
particulaly interestingbecaseit incomporatesa very sensitve ESR asa detectorin its
focal planeanda dud spectroneterarrargementthat allows degradationin orbit to be
tracked.

2.3.4 Telescope-Sectrometer Combinations for Solar Spectal Ra-
diometry

Solarphysicistshave attemptedpectroratbmetricmeasuremasof thesolarradiance
from spacesincethe 196G. Thetelescopenirrors andspectromtersonthe Orbiting Solar
Obsenataies 0SO-4and OSO-6were separatelycalibratedbefae laund with transfer
standarghaodiodes [Reevesand Parkinson 1970; Huberetal., 1973. However, it was
shavn during thesecalibratiors thatspatialnon-uniformitiesin thediffracion efficiency of
aconcae grating whichwasusedin the calibrationfacility to producea monotromdic
testbeam,introducedaninheren uncetainty of atleast10% [Hube etal., 1973]into the
radionetric predaunchcalibration. Suchoptical nonuniformities have also affectedthe
resposivity of theCDS[Langetal., 2000 andUVCS [Gardrer etal., 200Q instrumerts
on SOHO.Thecalibratian of the S-0% spectroneteron Skylab [Reevesetal., 197 &) was
similarto thatof the OSO-6instrument [Reeveset al., 197] andperfomancewasmon-
itored during the missionby meansof uncerflights[Timothyet al., 1975]. Nevertheless,
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the ultimate S-055radianetric accurag wasinsuficient to disentagle possiblechangs
in theinstrumentsensitvity from variationsin the VUV outpu of the Sun.

The radionetric calibrationof the spectrtieliometerflown on OSO-8was also es-
tablishedin the laboratey [Arztneret al., 1977; Bonret et al., 1978]. This instrumen
hada Cassgrain telescopeand suffered a large loss of respmsivity in orbit. A similar
instrumen, alsofirst flown on OSO-8[Bruner, 1977, was partof the payload of the So-
lar Maximum Mission (SMM). This instrunent, in its secondversion,had a Gregarian
telescopeandfeatued a polarimetric capalility. Dataon the responsiity of the SMM-
spectrokliometewerepublishedWoodgateetal., 1980], albeitwithoutanassessmeruf
uncerténties.

2.3.5 Solar Spectroradiometric Telescope®n SOHO

This bookrepats on spectrordiometriccalibratiors for the SOHO mission[Fled et
al., 19%] andcovers themostcompehersive effort to dateto achieve accuratesolarspec-
troradometric measuementsfrom space.The SOHO missionrequired extrene cleanli-
nessin constructio, integraion, andlaunchopemrtionssothatchangsin perfamancein
orbit would be minimised[ Thoma, 20@]. Thespacecrafbuilders workedwith a cleanli-
nesgequiemenbf afew hundednangramof concensablendparticulatecontamiration
per squarecentimére, while the instrumen teamsaimedfor evenless. The minimal de-
terioration in therespomivity of theseinstrumets over the couise of the SOHOmission
[Pauluhn et al., 199; 200L; Scihle etal., 20®; Gardneret al., 2007 is attributableto
thecleanlinesschieved®

UVCS

The spectroadiometic efficiency of the Ultraviolet Coronagaph Spectroneteron
SOHO(UVCS)[Kohl etal., 19%] wasdetermired befae launchat selectedvavelengtls
by useof transferstandird photaliodesthat hadbeencalibratedat the U.S. NationalIn-
stituteof StandardandTechndogy (NIST). A one-méer spectroreterselecteda narrov
wavelengthbandfrom an extemal light sourceanda large collimating mirror prodwceda
simulatedsolarbeam[Gardne etal., 1996] Theresults,which hadan estimateduncer
tainty of 16 %, have beenconfirmed[cf., Gardneret al., 2003 by uncerflightswith the
Spartar?01 Shuttle-eéployedcororal spectromatet

Annual obsenationsof starsthatpasshrowghthefield of regard of UVCS have shavn
chan@sin respamsivity that are functiors of apertue, i.e., of the positionof the UVCS
internalocculter At the standarcapeturewidth® of 11 mm, the decreasén resposivity
appeas to be 7.5% peryear[Gardneretal., 20®]. This deceasehasbeencorfirmedby
Valcuetal. [2002], who comparedspectraof ¢ Tauobtainedwith thetwo UV chanrelsof
UVCSin thell7nmto 125nmregionwith spectraobtainedoy IUE.

9However, it is worth mentioring that someof the detectorsflown on SOHOwerenot thoseoriginally fore-
seen.Thereplacemens requireda gainthat wastoo high for solarapplicationsand,asa consequece, lost gain
prematirely in regions of the detector wherethe total numberof detected countswaslarge. The high voltage
onthereplacemendetectorsthereforehad (andstill has)to be increasedperiodicdly, sothat their resporsivity
could be maintanedover the mission.
10yvecsis a cororagraphwith external and internal occukers. Adjustmentof the latter, which is doneto
redue thelevel of scateredlight, chargesthe apature.
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Becaus®f limited resourceandinstrunmentconstraintsit wasnotpossibleto calibrate
UVCS befae launchover thefull rangeof instrumem aperture usedin scienceobsera-
tions. In-omit studiesandlaboraory testsusingreplicasof theflight gratings have shavn
that,becasethe diffraction efficiency of the gratings is not uniform acrossheir surface,
the effective areaof the UVCS O vI andLy-o chanrels areslightly nortlinear functions
of thewidth of theapertues[Gardne etal., 200Q 20Q@].

The performane of the UVCS gratingsanddetectos is instructive to thosewho at-
temptto modeltheperfamane of compex instrumers from first principles[Rosa 1997,
Ballesterand Rosa 1997: it is oftendifficult to predictthe behaiour of state-of-tle-art
opticalcompnerts, including detectorsandcoatirgs— andtheinevitable contaninants—
overthecomgeterangeof physicaldimensims,opticalangles, wavelengtls, andaccunu-
latedsignalexpectedn use.Thus,performarcemodelsshouldbeveiified with bendmark
measurerantsover asmuchparaneterspaceaspossible.

SUMER

The spectrorammetricefficiency of SUMER, the SolarUltraviolet Measurenentsof
Emitted Radiationinstrumen on SOHO [Wilhelm et al., 1995, was measuregrior to
launch[Hollandt etal., 1996] by usinga sourcestandardhatwascalibratedby compar-
ing it with synchotronradiation [Hollandtetal., 1996)]. 1! Thesoure standaraorsisted
of ahollow cathoa, which emitteda line spectrun, anda sphericahomal-incidencecol-
limating mirror. Thecollimatedbeamhada diameteranddivergerceof (10+ 1) mmand
+ 1/, respectiely. In thelaboratwy calibrationof SUMER, theimageof the flux-limiting
apertue of the hollow cathodeundefilled the apeturein thefocal planeof thetelescope,
which is, at the sametime, the entrare slit planeof the spectroneter An undostructed
obsenation of the entire sourceradiationwas thus achieved and spectrordiometricre-
sponsvities thatincludedthe reflectvities of all optical surfacesthe gratirg efficiencies,
aswell asthe detecto perfamancecould be establishedIndeed apprgriate combired
articulatiors of thesourceandtelescopenirror alsopernitted mappirg of theresposivity
of theinstrumem asa function of thelight beams positionwithin the the entrancepupil.
Thepredaunchcalibratiors have subsequetly beenfurtherrefinedunder operdional con-
ditions[Wilhelmetal., 1997 Scihleetal., 2000].

CDS

The spectroadiometricrespamsiity of CDS, the Coronal Diagnastic Spectraneter
[Harrisonetal., 1999, wasmeasuregbrior to launchin a mannersimilar to thatusedfor
SUMER,i.e., by usinga sourcestandardhathadbeencalibratel by comparingit to syn-
chrotonradiation But, in thisinstanceaWolter type-Il telescopesenedasthecollimator
[Hollandt et al., 1996] andthe collimatedbeamwaslimited to 5 mm diameterwhenit
left the telescope.The nominal divergencewas+30”. Insideits vacuun tank,the CDS

11Thecalibration of thetransfersourcestandad wasperformedby the Physikalsch-TechrischeBundesastalt
(PTB) Berlin by useof the BESSY (Berlin Electron Storage Synchroton) storagering. It wasverified in the
courseof this calibrationthatthe radiometricscak of the sourcestandarcagreedwith that of aNIST photodode:
a NIST photodiale generded the signal expeded from the photonflux in the helium lines, whenit wasillumi-
nated by the collimatedbeamof the sourcestandad, run with heliumgas(cf. [Hollandt etal., 2002]). Although
this wasnot a high-quality metrolagical comparisorof the NIST andPTB scaks,the testprovided animportent
reassuracewithin the aimed-foracairagy.
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instrumei could be moved pergendicularto the beamwhile the optical axis was main-
tained,sothattheinstrumentapertuesthatilluminatedthe graang- andnomal-incidence
gratings could be mapped. The laboratay calibrationof CDS [Langetal., 2000] turned
out to be a muchmore comple« undetaking thanthat of SUMER. Several reasos con-

tributedto this, for example,the collimatedbeamwasnot uniform, i.e., shaved structure
in its crosssection,and exhibited an angular divergenceexceedng its nomnal value by

nearlyafactorof four.

In-orbit Comparisonswith Stellar Spectra

It is of interestto compae the calibratios of instruments desigred for obserations
of the Sun,suchasthoseon SOHO,with thosedesigne for observim night-sky objeds.
Sucha comprisoninforms us abait whethertherealisedradionetric scaledor solarand
stellarultraviolet obsevationsagres with eachotherwithin the expecteduncertanty lim-
its. The compaisonis morethana checkon the correct application andtransferof the
laborateoy standadls,becausén a pragnmaticbut delatablecourseof action,obserersus-
ing someof the spacetelescopesor night-sky objects,suchasIUE, Voyager and, most
importantly, theHubHe SpaceTelescopemadeuseof stellarmocelsratherthanlaboratoy
standard to establisithe ultraviolet resposivity.1? Otherspacetelescopesthe Hopkins
Ultraviolet TelescopgHUT) [Kruk et al., 1999, for exanple, aretraceableto primary
standard andhave pre-andpost-fligh calibration or arevalidatedby uncerflights.

UVCS obsenrationsearlyin the SOHOmissionshow thatits radiametricscaleagreed
with thatof IUE to within measuremntuncertaities[Valcu etal., 2002 Gardne etal.,
2003. Otherinterconparisonswith stellarobserationsarein progess[Lemair, 2002
Wilhelmetal., 20@].

2.4 Conclusionsand Outlook

ThelSSI TeamWorkshoponthe Radiometridnter-Calibration of SOHOandthis vol-
umearetestimoty to thefactthatthe calibrationof SOHOwasperfamedwith foresight,
care,andregad for an appr@achthat involved traceabilityto primary radiorretric stan-
dards.Suchlaboratey standard provide a basisfor obtainirg accuatephysicalinforma-
tion from radionetric obserations.

The TeamWorkshopdealtwith radionretric calibrationonly. However, the overall
calibrationof a telescopespectronetercombiration requires thata numbe of additiona
guantitiesbe deternined: the pointing accurag and stability, plate-scalepn- and off-
axis point-speadfunctions,the spacecraftefererce frame, flat-field maps strayligh and
the occurenceof ghost images countingnoniinearities,dark courts, andlengths of ob-
senation intervals. We enuneratethesemeasuremnt paranetersherefor the sale of
complet@mess andnotethatsomeof themmustbe knowvn for a proper spectroadiometric
calibrationaswell.

12The accuray of 3 % claimed for theresponsiity of HST in the ultraviolet, which is better thanour knowl-
edgeof the solar ultraviolet radiometric spectum, may, in fad, be correct, and an intercomparsonwith solar
radiometricscales mayseemnmsuperfluousYet, thereadelis remindedhatexquisiteacarag for themirror shape
of HST wasclaimedbeforethe presene of sphertal aberation wasdiscorered. Unexpected discrepacies are
always possiblebeforean experimentalchedk hasbeenmade.
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The SOHO concen for all aspectf calibrationhasnot beencomnon for satellite
missions.In the past,mary astronanical findings have beenmadein spite of what may
be consideed a cavalier attitudetoward spectroadiometic instrument calibration. Given
time pressured acompetitive ervironmen, somemightarguethattimely launchof mary
astronorntal missionsvasachievedasaresultof suchneglectandthatsuppessionof in-
orbit calibrationruns gainedmore,albeituncalibated,obsering time. However, we note
thatit is the dataquality andnot the dataquantitythat enablesscientificdiscovery: long
obserationsthatresultin a statisticalaccuagy significantlygreaterthanthe radianetric
accuray areoftenunne&essary

A growing tendeey towardsmoreaccurag in astroromy will malke reliablecalibra-
tion of obsening instrumeits more andmore of anecessityAs mary calibratedquartities
aresusceptibleéo chang duiing orbital operatios, or asconseqenceof particlar everts
suchasspacecrafeclipseor largesolarflares frequentin-orbit monitoling of thevarious
paraméersis alsonecessary

As pointedout in the Foreword, in mary astronorical prgectsinvolving spectroa-
diometic measuremntsfrom spacethereoftenoccus a conflictbetweercalibrationand
otherprogramgoalsduring assemblyintegration,andverificationphasesWhenresouces
areconstraird, calibration activities, especiallyend-toendspectroratmetric measure-
ments,arefrequently the first to be sacrificed. Moreover, it is not uncommontoday for
effort to be spentonin-orhit calibrationobserationsintendedo recover partsof a missed
laboratay calibration. Fortunately the SOHOobsenrers hadberefitedfrom acompehen-
sive undestandingof the instrumrentsandtheir calibraion that hadbeenachiezedin the
laboratwoy before launch
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