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Realisticphysicalandchemicaldescriptionsof theSunrequire observationsthathave
beenmadewith spectroradiometricallycalibratedtelescopesandspectrometers,i.e.,with
instruments thathave a known spectralresponsivity. Suchcalibrationsassurethata mea-
suredspectralradianceor irradianceis determinedon a scalethat is definedby theradio-
metricstandards realisedandusedin laboratories.

For ground-based observationsof the Sunin the visible or near-infrared spectral
regions, comparisonswith laboratory standards of radianceor irradiance are relatively
straightforward. However, measurementsat shorteror longer wavelengths, or measure-
mentsof thetotal solarirradiancewith a radiometricaccuracy to within onepart in 1000
that is indispensablefor climatology today, require observationsoutsidetheatmosphere.
For thesethespectralresponsivity of theinstrumentationmustbeknown.

Calibratingtelescope-spectrometercombinations for the wide wavelength range of
spaceobservationsis acomplex andproblematictask,particularly for extendedspacemis-
sions.Satellitetelescope-spectrometercombinationscanbecalibratedbeforelaunch in the
laboratory by useof appropriateprimary or secondary radiance or detector standards. We
review suchstandards andtheir usein the context of the SOHOinstrumentcalibrations
andwenotelimitationsin accuracy andcoverageof parameterspace.

Environmental influences,suchascontamination on the ground andthe influenceof
radiationin spacemay, however, causethe spectralresponsivity of satelliteinstruments
to change betweenlaboratory calibrationand initial operation in spaceand during the
subsequent long periodof orbital operations. In-orbit monitoring andvalidationof the
responsivity of a satelliteinstrument is, therefore, necessary. This hasbeenachieved for
SOHOby intercomparisonsof theresponsesof thevarious Instrumentswhena common
sourceis viewed, by observationsof stars,andby under-flights.

In thepast,solarphysicshasoftenbeena trailblazerfor new astronomical techniques.
Theefforts tocalibratesolarobservationsasthey arereportedin thisbook shouldtherefore
beof interestfor astronomy asa whole.
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2.1 Intr oduction

The advent of spectroscopy in solarphysics led, about 100 yearsago,to the devel-
opment of astrophysics. Today, our knowledgeof the Universe is, in part, basedon
spectroradiometric1 observations, i.e., on the determination of the spectralirradianceor
spectralradiance2 of a variety of objectsandover a wide rangeof wavelengths. Such
measurementsrequire determination of thenumber, thespectraland, in caseof the radi-
ance,alsothespatialdistribution of photons from anobjectthatarrive in the focal plane
of an observer’s telescope.Whencombined with atomicandmolecular data,spectrora-
diometrically accurateobservationsprovideevidence for deriving temperatures,densities,
elementalabundances,ionisationstages,andflow andturbulent velocities in objectsthat
are in the gaseous or plasmastate. In this way, we elucidatethe physical structureand
chemicalcompositionof astronomical objects,aswell astheprocessesthatcausethemto
emit andevolve. Suchobservationsalsoprovide similar insightinto propertiesof plasma,
gas,anddustin interplanetary, interstellar, andintergalacticspace.

Becauserigoroussciencerequiresaccuratedata,solarphysicistsshould insistthattheir
spectroradiometricobservationsaretraceableto laboratory standardsthrough sufficiently
frequent andthorough spectroradiometric calibration. This implies determination of the
spectralresponsivity, i.e., theeffective areaof a telescope-spectrometer combinationasa
function of energy or wavelength.3

In Section2.2, we considerthe laboratory basisfor radiometric calibration, anddis-
cuss,with explicit attentionto solar physics,the transferof the calibration to satellite
instruments. In Section2.3,we discussspecificcasesof solarsatelliteinstrumentcalibra-
tions andintroducethe calibration of telescope-spectrometer combinationson the Solar
andHeliospheric Observatory (SOHO).

Theradiometric inter-calibrationof SOHOis anexample of aneffort to reconcile the
responsivities of all the spectroradiometric instruments on a spacecraft underreal-time
operationsandwithout recourseto stellaratmospheremodelling, suchasthatusedfor the
radiometric calibration of theHubble SpaceTelescope[ColinaandBohlin, 1994].

The effort describedin this book originally had a purely scientific aim, namelyto
assurea correct physical interpretation of theSOHOobservations. In themeantime,this
effort hasalsoattainedapracticaluse:irradiancemeasurementsby SOHOinstrumentsare
todaydirectly flowing into datasetsthataremadeavailablefor operationalpurposes(cf.
[McMullin et al., 2002b]).

1In astronomy, thetermphotometry is oftenusedwhendealing with broadbandintensitymeasurements;those
with higher spectral resolutionarecalledspectrophotometry. However, in theterminologyof physics,photometry
refersto intensity determinationsthatarerelevant to humanvision. Therefore,we have chosento usetheterms
radiometry or spectroradiometryin thispaper.

2If an object is not spatially resolved, irradiance, I , the power detected per unit area(i.e., W m
� 2; often,

loosely, calledflux) is measured. Spectral irradiancerefers to the irradianceperenergy (or wavelength) interval
at a given energy (or wavelength), i.e., W m

� 2 eV
� 1 (or W m

� 2 nm
� 1). Radiance,R, is the power emitted

perunit areaperunit solid angle, i.e.,W m
� 2 sr
� 1 [GrumandBecherer, 1979]. Spectral radiancerefers to the

radianceperenergy (or wavelength) interval at a given energy (or wavelength), i.e., W m
� 2 sr
� 1 eV

� 1 (or W
m
� 2 sr
� 1 nm

� 1). If the distance, d, to a uniformly emitting object of area, S, is known, thenthe irradianceis
relatedto theradianceby I � R

�
S� d2 � .

3Theeffective areaof aninstrument is theequivalentcollecting area of anideal instrument, i.e.,of aninstru-
mentthatdetects incidentradiantenergy with a responsivityof 100%.
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2.2 The Laboratory Basisfor Spectroradiometry and its
Transfer to Orbit

Any spectroradiometric measurementsthat areperformedon the Sunor otherastro-
nomical object with the aim of deriving physical propertiesmust be traceableto, i.e.,
ultimately basedon a comparisonwith, primary laboratory standards,i.e., on absolute
radiationsources or detectors that canbe realisedin the laboratory [Cook, 1994]. 4 In
this Sectionwe discusstheprimary standardsfor laboratory radiometry andgeneral ways
of applying themto the spectroradiometriccalibrationof solarspectrometric spacetele-
scopes.We alsoconsider calibration changesduringan instrument’s orbital lifetime and
how onecandetermine changesfrom the laboratory calibration oncean instrument is in
orbit.

2.2.1 Primary Radiometric Standards

Ideally, therewouldbeoneprimary standardfor absolutespectroradiometry. However,
becauseof thelargerange of radianceandirradianceaswell asenergy (or wavelength) of
electromagneticradiationstudiedin scienceandits applications, practicalconsiderations
andcurrenttechnology haveresultedin four. Therearetwo emission,or source,standards
– black bodiesandelectron(or positron) storagerings – and two detectorstandards –
double-ionisationchambersandcryogenicelectricsubstitutionradiometers(ESRs).

Black bodies[cf., Kaaseet al., 1984]areemissionstandards basedon thermodynam-
ics: the radiation from a black body is relatedto its temperature by the Plancklaw. To
optimisetheaccuracy of thesestandards, they arenormally operatedat themeltingtem-
perature of anappropriatemetal.

Electron or positron storagerings [cf., Maddenet al., 1992] arestandardsbasedon
electrodynamics.Here,theSchwinger [1949] formula is usedto calculatethesynchrotron
radiationemittedby acceleratedchargedparticles.Inputsrequired for thecalculation are
theenergy andcurrentof thestoredbeam,aswell asthemagneticinduction at thepoint
wherethe radiation is emitted; small corrections are required to account for the finite
verticalextent anddivergenceof theparticlebeam.

Rare-gas double-ionisationchambers aredetectorstandards basedon thefact thatthe
photo-ionisationyield of various raregases,presentin anoptically thick column, is unity
from 22.8 nm, the secondionisationthreshold for He, to 101.2nm, the first ionisation
thresholdfor Xe [Samson, 1964; West, 1998].

Cryogenic ESRs[cf., Möstl, 1991] aredetectorstandardsthat arebasedon accurate
current andvoltagemeasurements.Thetemperatureincreaseof anirradiatedcavity cooled
to liquid heliumtemperatureis comparedby a null method with thetemperatureincrease
causedby deposition of accurately measured electricalpower into an equivalent cavity.
Although correctionsfor reflections, scattering,anddiffraction mustbemade,cryogenic
ESRsareaccepted asthemostaccurateradiometric standards [FoxandMartin, 1990].

4Thecriterion for a primarystandard is that it cangive a resultdirectly without theneedfor any calibration
relative to the quantity beingmeasured.Onemustbe ableto write down its operating equation in full without
any unknown (or empirically determined)constantsor functionsthat area function of the quantity being mea-
sured[Quinn, 2001]. By internationalconvention, namely through theInternational Committeefor Weights and
Measures (CIPM), standardsaregiven in termsof theunitsdefinedby theSyst̀emeInternational (SI).
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TheAccuracy with whichtheradiometricscalesarerealisedby synchrotronradiation,
blackbodies (at ��� 650nm) andcryogenicsubstitutionradiometers hasbeenevaluated
by Stock et al. [1993]. Their uncertainty analysis,carried out for visible radiation,indi-
catedthatsynchrotronradiation, blackbodiesandcryogenicESRsproducedanddetected
spectralradiantintensity5 with uncertaintiesof 0.1%, 0.07% and0.007 %, respectively.6

Thornagel etal. [1996] measuredemissionfrom anelectronstoragering with acryogenic
radiometerand found agreement betweenthe two primary standards within 0.3 % at a
photon energy of 15keV and0.08% for visible radiation;in thelattercaseconfirming the
analysisby Stock et al. [1993].

For thevacuum ultraviolet (VUV) spectraldomain, which is of prime interestin this
paper, black bodiesarenot suitable,sincetheir VUV spectralradiance is very low (cf.
Figure 1 of Hollandt et al. [1996b; 2002]). Similarly, for practical reasons,rare-gas
double-ionisationchambersare infrequentlyusedin laboratory calibrations.7 Thus, the
primary standardsusedin laboratorycalibrationsof theVUV radiometricresponsivity of
spectrometric spacetelescopesarestoragerings andcryogenicradiometers.

2.2.2 Secondary Standards

Storageringsarelarge,complex, andexpensive;cryogenicradiometersarelessso,but
still inconvenient for routinelaboratoryapplications. Therefore, it is oftenmore practical
to usesimpler, stablesourcesor detectors,known astransferstandards,thatarethemselves
calibratedby comparisonwith aprimarystandard.ExamplesincludeD 2 lamps[Saunders
et al., 1978], tungsten-filament incandescentlamps[Bass, 1995], hollow-cathode [Hol-
landtet al., 1994] andPenning[Heiseet al., 1994] discharges,aswell assilicon photodi-
odes[Canfield et al., 1998a;Gulliksonet al., 1996], trapdetectors [Fox, 1991], andmetal
photo-emissivediodes [Bass, 1995; Canfield, 1998b].

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

In modernsolarastronomy from space,anassortmentof four methodsis usedto cali-
brateirradiancedetectors aswell astelescope-spectrometercombinations:

� Calibrationby useof a primary or secondary standardthat is operatedin orbit as
part of the scientificpayload. Standards carriedinto orbit canseldombe usedto
assurea calibration“end-to-end”, i.e., from entranceapertureto detectoroutput, of
atelescope-spectrometersystem.However, they havebeenemployedfor monitoring
thestabilityof irradiancedetectors.

� Pre-flight calibrationin thelaboratory by end-to-end, component,and/orsubsystem
level tests,with radiometricstandardsbeingemployedwhererequired.

� Calibrationof anorbiting telescope-spectrometer combinationby comparingsimul-
taneous observationsof thesamesourcemadeby both the telescope-spectrometer

5radiant intensity is a radiometric quantity whoseSI unit is W sr
� 1.

6Unlessotherwiseindicated,all uncertainties in this paper aregivenin termsof onerelative standard uncer-
tainty, i.e.,with a 68 % confidencelimit.

7See,however, Wienhold et al. [2002], for anapplication asanin-orbit standard.
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combinationto becalibrated anda similar instrumentflown on a sub-orbital rocket
or the SpaceShuttle. The latter measurement,sometimesreferred to as an “un-
derflight”, usesinstruments that arecalibratedwith a radiometric standardin the
laboratorybeforeandafterusein space.

� Calibrationin orbit by what arecalled“celestialstandards”, i.e., by starsor other
astronomicalobjectswhosespectralirradiancesarestableandhavebeendetermined
earlier.

Usehasalsobeenmadeof thephysicalprinciplesunderlying theopticalcharacteristicsof
givencomponentsin predicting theperformanceof instruments[Rosa, 1997]. Givenafew
benchmarkmeasurements,suchpredictions canbeusedto interpolatefrom responsivity
measurementsatafew valuesof instrument parametersintoacontinuouscalibrationspace.

2.2.4 Monitoring the Stability of Spectral Responsivity

Unlessextremecareis exercised, the consequencesof contamination of optical sur-
facescanbe dramaticfor a solar telescopein space.Surfacelayersthat originate from
exposureto pre-launch environments or from “outgassing”from the spacecraft bus and
payload itself causechangesin performancewhenexposedto the harshelectromagnetic
andparticleemissionfrom the Sun.8 The variability of the VUV radiationof the Sun
[Solanki, 2002] compoundsthe problem: disentangling solarvariations from changes in
calibrationis oftennot trivial. Underflightsare,therefore,usuallyrequired.

Unlesson-boardradiometric standards that calibratethe overall systemfrom endto
end,or reliablecelestialstandards that areconfirmed to be stableandcanbe compared
easily with solar radiation, are available, it is particularly difficult to detectwhethera
changein thespectroradiometric responsivity hasoccurredbetweenlaboratory calibrations
andmeasurementsin orbit.

2.3 Absolute Calibration of Solar Instruments onboard
Spacecraft

2.3.1 Solar Total Irradiance Monitors

In order to demonstrateconnectionsbetweenlaboratory primary standards andradio-
metricallyaccurateobservationsof theSun,westartwith adiscussionof totalsolarirradi-
ancemonitors. A number of thesearedirectly traceable to primarylaboratorystandards.

Themostaccurateradiometric instruments operatedin spaceareelectricsubstitution
radiometers(ESRs),suchas the Active Cavity Irradiance Monitors (ACRIM) [Willson,
1999] on theSolarMaximumMission(SMM) [Bohlin et al., 1980; Chipman, 1981] and
theUpperAtmosphereResearchSatellite(UARS)[Reberetal., 1993], andtheDifferential
AbsoluteRadiometers(DIARAD) andPMO6-Vinstrumentsthatarepartof theVariability
of SolarIrradianceandGravity Oscillations(VIRGO) [Fr öhlich et al., 1995] package on
SOHO.TheseESRsoperateatabout 300K and,in principle,havemeasurementuncertain-
tiesat the0.2% level [Fröhlich andLean, 1998]. Nevertheless,significant adjustments of

8How suchcontamination hasbeenminimisedfor SOHOis summarisedin this volumeby Thomas[2002].



6 2. SPECTRORADIOMETRY FOR SOLAR PHYSICS IN SPACE

thedatafrom giveninstruments– adjustments thatarejustifiedby apparentdegradations
andchangesin observing parameters– have beenrequired [Fr öhlich, 2002]. Moreover,
in orderto make a plausibletime seriesout of datasetsthat cover different periods and
wereobtainedby differentinstruments, theabsolutescaleof somemeasurementshadto
beshiftedby upto 0.5% to makethemfit ontotheSpaceAbsoluteRadiometricReference
Scale[Crommelynck et al., 1995]. Theneedfor suchdatareconciliation, which exceeds
the expectedinstrument uncertainties,demonstratesthe problematic natureof absolute
radiometry from spaceplatforms andtheneedfor improvementsin instrumentation.

Thevariations in thetotal solarirradiance – variationsthatarerelevant to understand-
ing the influence of the Sunon theclimateof theEarth– arethought to beat the0.1 %
level. QuinnandFröhlich [1999] suggestthatthenext generation of instruments for such
measurementsshouldemploy a primary standard, namelya cryogenicESRwhosemea-
surement uncertainty is 0.05 % or better.

2.3.2 A Solar EUV BroadbandRadiometer

The SOHO spacecraftcarrieda Solar Extreme-ultraviolet Monitor (SEM) that was
describedas “highly stable” [Hovestadt et al., 1995]. SEM compriseda freestanding
5000l/mm transmissiongrating, aluminium-coatedsilicon photodiodes,andaluminium
filters thatdefinedthebandpass.SEM wasdesignedto measuretheHe I I 30.4 nm irradi-
ancefrom theSunaswell astheintegratedflux between17nmand70nm.

Although originally assumedto be insensitive to in-flight degradationin radiometric
performance,the responsivity of SEM is now believed to have decreasedby about 15 %
over a periodof 400d at 30.4nm [McMullin et al., 2002a]. This changein performance
wasdiscoveredasa resultof a seriesof pre-planned, dedicatedunderflights – anexperi-
encethatpoints to theneedfor suchmeasurementsfor all spaceexperimentsthatrequire
radiometric accuracy.

2.3.3 Solar Spectral Irradiance Measurements

Theonly satellitespectrometerswith true,on-board,spectral irradiancecalibration ca-
pabilitiesthatpermitefficiency changesto betrackedfrom thetime of laboratory calibra-
tion throughintegration,launch,andyearsof usein orbit aretheSolarUltraviolet Spectral
IrradianceMonitors (SUSIM) [VanHoosieret al., 1988; Brueckner et al., 1993]. These
have modestspectralresolvingpower andno telescope,but monitor the full-disk VUV
andUV solarspectralirradiancein thewavelengthbandthatdrives thephotochemistryof
the Earth’s ozone layer. The SUSIMs,which have observed the Sunseveral timesfrom
theSpaceShuttleandfrom theUARS,compriseseveralspectrometersandfour D 2-lamp
transferstandards,whichhavesignificantlydifferent dutycycles.Theinitial spectrometer
calibrationswereestablishedin thelaboratoryby directcomparisonwith synchrotronradi-
ation.Duringorbitaloperations,oneof thespectrometersis notusedtoview theSun,since
this couldcontributeto degradationin performance,but only to monitorrelative changes
in theoutput of theD2 lamps.

The SolarStellarIrradianceComparisonExperiment (SOLSTICE) [Rottman and
Woods, 1994] is also part of the UARS instrument complementandmonitors the full-
disksolarspectralirradiancewith approximatelythesameresolutionandspectralrangeas
SUSIM.SOLSTICEwascalibratedusingsynchrotron radiationbefore launch, but hasno
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on-boardcalibration lampperse. Instead,SOLSTICEtrackschangesin its responsivity
by comparing solar irradiancesto thoseof hot starsthat are thought to have negligible
variability. Thesetof starsis largeenoughthatchangesin theinstrumentcanbedisentan-
gledfrom unexpectedstellarvariability by comparing eachstarto theensembleaverage.
Moreover, excessive variability wasnot expected, sincethe starsin questionhadearlier
beenobservedby IUE andHST. Two potentialdifficultieswith SOLSTICEmeasurements
are:(i ) possibleundetectedchange in theinstrument responsivity betweenpre-launchcal-
ibrationandin-orbit observations,and(i i ) thelargedynamicrange,about 108, over which
accurateradiometry is required.Different exposure timesanda widerangeof spectrome-
terentranceandexit aperturesaccommodatethis range. However, theaperturedifferences
meanthatthesolarandstellarobservationsusedifferentfractionsof thespectrometerop-
tics, which maybe non-uniform in performance. Careful instrument designandweekly
monitoring of relevant non-uniformities indicatedthat their influenceremained within a
few percentover theten-yearUARS mission.

TheUARS SUSIM andSOLSTICEinstruments have monitored theVUV solarirra-
dianceregularly andsimultaneouslysince1992. Woodsetal. [1996] comparedtheresults
andthoseof several otherVUV solarirradiancemonitors. Thedifficultiesin making spec-
tral irradiancemeasurementsaredemonstrated,in part,by thedelaybetweenthe launch
of UARSandthepublishingof thiscomparison:despitetheemphasisoncarefulpre-flight
calibrations, protection of the instrumentsfrom contamination, andonboardcalibration
(SUSIM) andefficiency tracking(SOLSTICE),earlyresultsdid not agree. Extendedob-
servations gave the observing teamsadditional insight into their instruments, especially
scatteredlight properties,andnow thereis confidencethat thetwo instrumentsagreeand
bothprovide regular, accuratemeasurementsof theVUV solarspectralirradiancewithin
theuncertainty limits.

Thenext generationof solarspectralirradianceinstrumentsis representedby theSolar
EUV Experiment (SEE)on theTIMED spacecraft[Woodset al., 1998] andtheSpectral
IrradianceMonitor (SIM) [Rottmanet al., 1998; Lawrenceet al., 1998]. The latter is
particularly interestingbecause it incorporatesa very sensitive ESR asa detectorin its
focal planeanda dual spectrometerarrangementthat allows degradationin orbit to be
tracked.

2.3.4 Telescope-Spectrometer Combinations for Solar Spectral Ra-
diometry

Solarphysicistshaveattemptedspectroradiometricmeasurementsof thesolarradiance
fromspacesincethe1960s. ThetelescopemirrorsandspectrometersontheOrbitingSolar
Observatories OSO-4andOSO-6wereseparatelycalibratedbefore launch with transfer
standardphotodiodes [ReevesandParkinson, 1970; Huberet al., 1973]. However, it was
shownduring thesecalibrationsthatspatialnon-uniformitiesin thediffractionefficiency of
a concave grating, which wasusedin thecalibrationfacility to producea monochromatic
testbeam,introducedaninherent uncertaintyof at least10% [Huber etal., 1973]into the
radiometric pre-launchcalibration. Suchoptical non-uniformities have alsoaffectedthe
responsivity of theCDS[Langetal., 2000] andUVCS [Gardner etal., 2000] instruments
onSOHO.Thecalibration of theS-055 spectrometeronSkylab [Reevesetal., 1977a] was
similar to thatof theOSO-6instrument [Reeveset al., 1977b] andperformancewasmon-
itoredduring themissionby meansof underflights[Timothyet al., 1975]. Nevertheless,
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theultimateS-055radiometricaccuracy wasinsufficient to disentangle possiblechanges
in theinstrumentsensitivity from variationsin theVUV output of theSun.

The radiometric calibrationof the spectroheliometerflown on OSO-8was also es-
tablishedin the laboratory [Arztneret al., 1977; Bonnet et al., 1978]. This instrument
hada Cassegrain telescopeandsuffered a large lossof responsivity in orbit. A similar
instrument, alsofirst flown on OSO-8[Bruner, 1977], waspartof thepayloadof theSo-
lar Maximum Mission (SMM). This instrument, in its secondversion,hada Gregorian
telescopeandfeatured a polarimetric capability . Dataon the responsivity of the SMM-
spectroheliometerwerepublished[Woodgateetal., 1980], albeitwithoutanassessmentof
uncertainties.

2.3.5 Solar Spectroradiometric Telescopeson SOHO

This bookreports on spectroradiometriccalibrations for theSOHOmission[Fleck et
al., 1995] andcovers themostcomprehensiveeffort to dateto achieveaccuratesolarspec-
troradiometric measurementsfrom space.TheSOHOmissionrequired extreme cleanli-
nessin construction, integration, andlaunchoperationssothatchanges in performancein
orbit would beminimised[Thomas, 2002].Thespacecraft builders workedwith a cleanli-
nessrequirementof afew hundrednanogramof condensableandparticulatecontamination
persquarecentimetre, while the instrument teamsaimedfor even less. Theminimal de-
terioration in theresponsivity of theseinstruments over thecourseof theSOHOmission
[Pauluhn et al., 1999; 2001; Schühle et al., 2002; Gardneret al., 2002] is attributableto
thecleanlinessachieved.9

UVCS

The spectroradiometric efficiency of the Ultraviolet Coronagraph Spectrometer on
SOHO(UVCS) [Kohl et al., 1995] wasdeterminedbefore launchat selectedwavelengths
by useof transfer-standardphotodiodesthathadbeencalibratedat theU.S.NationalIn-
stituteof StandardsandTechnology (NIST). A one-meter spectrometerselecteda narrow
wavelengthbandfrom anexternal light sourceanda largecollimatingmirror produceda
simulatedsolarbeam[Gardner et al., 1996]. Theresults,which hadanestimateduncer-
tainty of 16 %, have beenconfirmed [cf., Gardneret al., 2002] by underflightswith the
Spartan201Shuttle-deployedcoronal spectrometer.

Annual observationsof starsthatpassthroughthefield of regard of UVCShaveshown
changes in responsivity that arefunctions of aperture, i.e., of the positionof the UVCS
internalocculter. At thestandardaperturewidth10 of 11mm,thedecreasein responsivity
appears to be7.5% peryear[Gardneret al., 2002]. This decreasehasbeenconfirmedby
Valcuetal. [2002], whocomparedspectraof 	 Tauobtainedwith thetwo UV channelsof
UVCS in the117nmto 125nmregionwith spectraobtainedby IUE.

9However, it is worth mentioning thatsomeof thedetectorsflown on SOHOwerenot thoseoriginally fore-
seen.Thereplacements requireda gainthat wastoo high for solarapplicationsand,asa consequence,lost gain
prematurely in regionsof the detector wherethe total numberof detectedcountswaslarge. The high voltage
on the replacement detectorsthereforehad(andstill has)to be increasedperiodically, so that their responsivity
couldbemaintainedover themission.

10UVCS is a coronagraphwith external and internal occulters. Adjustmentof the latter, which is doneto
reduce thelevel of scatteredlight, changestheaperture.
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Becauseof limited resourcesandinstrumentconstraints,it wasnotpossibletocalibrate
UVCS before launchover thefull rangeof instrument apertures usedin scienceobserva-
tions. In-orbit studiesandlaboratory testsusingreplicasof theflight gratings haveshown
that,becausethediffraction efficiency of thegratings is not uniform acrosstheir surface,
theeffective areaof theUVCS O VI andLy-
 channelsareslightly non-linear functions
of thewidth of theapertures[Gardner etal., 2000; 2002].

The performance of the UVCS gratingsanddetectors is instructive to thosewho at-
temptto modeltheperformanceof complex instruments from first principles[Rosa, 1997;
BallesterandRosa, 1997]: it is oftendifficult to predictthebehaviour of state-of-the-art
opticalcomponents, including detectors,andcoatings– andtheinevitable contaminants–
overthecompleterangeof physicaldimensions,opticalangles,wavelengths,andaccumu-
latedsignalexpectedin use.Thus,performancemodelsshouldbeverified with benchmark
measurementsover asmuchparameterspaceaspossible.

SUMER

Thespectroradiometricefficiency of SUMER,theSolarUltraviolet Measurementsof
EmittedRadiationinstrument on SOHO [Wilhelm et al., 1995], was measuredprior to
launch[Hollandt et al., 1996a] by usinga sourcestandardthatwascalibratedby compar-
ing it with synchrotronradiation [Hollandtetal., 1996b]. 11 Thesourcestandardconsisted
of ahollow cathode,whichemitteda line spectrum, andasphericalnormal-incidencecol-
limatingmirror. Thecollimatedbeamhada diameteranddivergenceof (10 � 1) mm and
� 1� , respectively. In thelaboratory calibrationof SUMER,theimageof theflux-limiting
aperture of thehollow cathodeunderfilled theaperturein thefocal planeof thetelescope,
which is, at the sametime, the entrance slit planeof the spectrometer. An unobstructed
observation of the entiresourceradiationwas thusachieved andspectroradiometric re-
sponsivities that includedthereflectivities of all opticalsurfaces,thegrating efficiencies,
aswell asthe detector performancecouldbeestablished.Indeed, appropriatecombined
articulationsof thesourceandtelescopemirror alsopermittedmapping of theresponsivity
of the instrument asa function of the light beam’s positionwithin thetheentrancepupil.
Thepre-launchcalibrationshavesubsequently beenfurtherrefinedunderoperationalcon-
ditions[Wilhelmet al., 1997; Schühleet al., 2000].

CDS

The spectroradiometricresponsivity of CDS, the CoronalDiagnostic Spectrometer
[Harrison et al., 1995], wasmeasuredprior to launchin a mannersimilar to thatusedfor
SUMER,i.e.,by usinga sourcestandardthathadbeencalibrated by comparingit to syn-
chrotronradiation. But, in this instance,aWolter type-II telescopeservedasthecollimator
[Hollandt et al., 1996b] andthecollimatedbeamwaslimited to 5 mm diameterwhenit
left the telescope.The nominal divergencewas � 30� � . Insideits vacuum tank, the CDS

11Thecalibration of thetransfersourcestandard wasperformedby thePhysikalisch-TechnischeBundesanstalt
(PTB) Berlin by useof the BESSY(Berlin Electron Storage Synchrotron) storage ring. It wasverified in the
courseof thiscalibrationthattheradiometricscaleof thesourcestandardagreedwith that of aNIST photodiode:
a NIST photodiodegenerated thesignalexpected from thephotonflux in thehelium lines, whenit wasillumi-
nated by thecollimatedbeamof thesourcestandard, run with heliumgas(cf. [Hollandt et al., 2002]).Although
this wasnot a high-quality metrological comparisonof theNIST andPTBscales,thetestprovided animportant
reassurancewithin theaimed-foraccuracy.



10 2. SPECTRORADIOMETRY FOR SOLAR PHYSICS IN SPACE

instrument could be moved perpendicularto the beamwhile the optical axis wasmain-
tained,sothattheinstrumentaperturesthatilluminatedthegrazing- andnormal-incidence
gratings couldbemapped. The laboratory calibrationof CDS[Langet al., 2000] turned
out to be a muchmorecomplex undertaking thanthat of SUMER.Several reasons con-
tributedto this, for example,thecollimatedbeamwasnot uniform, i.e., showedstructure
in its crosssection,andexhibitedan angular divergenceexceeding its nominal valueby
nearlya factorof four.

In-orbit Comparisonswith Stellar Spectra

It is of interestto compare the calibrations of instruments designed for observations
of theSun,suchasthoseon SOHO,with thosedesigned for observing night-sky objects.
Sucha comparisoninformsusabout whethertherealisedradiometric scalesfor solarand
stellarultraviolet observationsagree with eachotherwithin theexpecteduncertainty lim-
its. The comparison is morethana checkon the correct application andtransferof the
laboratory standards,becausein a pragmaticbut debatablecourseof action,observersus-
ing someof thespacetelescopesfor night-sky objects,suchasIUE, Voyager, and,most
importantly, theHubble SpaceTelescope,madeuseof stellarmodelsratherthanlaboratory
standards to establishtheultraviolet responsivity.12 Otherspacetelescopes,theHopkins
Ultraviolet Telescope(HUT) [Kruk et al., 1999], for example, are traceableto primary
standards andhavepre-andpost-flight calibration or arevalidatedby underflights.

UVCS observationsearlyin theSOHOmissionshow thatits radiometricscaleagreed
with thatof IUE to within measurementuncertainties [Valcu et al., 2002; Gardner et al.,
2002]. Otherintercomparisonswith stellarobservationsarein progress[Lemaire, 2002;
Wilhelm et al., 2002].

2.4 Conclusionsand Outlook

TheISSITeamWorkshopontheRadiometricInter-Calibration of SOHOandthisvol-
umearetestimony to thefactthatthecalibrationof SOHOwasperformedwith foresight,
care,andregard for an approach that involved traceabilityto primary radiometric stan-
dards.Suchlaboratory standards provide a basisfor obtaining accuratephysical informa-
tion from radiometric observations.

The TeamWorkshopdealt with radiometric calibrationonly. However, the overall
calibrationof a telescope-spectrometercombinationrequires thata number of additional
quantitiesbe determined: the pointing accuracy and stability, plate-scale,on- and off-
axispoint-spreadfunctions,thespacecraftreferenceframe,flat-field maps,straylight and
theoccurrenceof ghost images,countingnon-linearities,darkcounts, andlengths of ob-
servation intervals. We enumeratethesemeasurement parametersherefor the sake of
completeness,andnotethatsomeof themmustbeknown for a proper spectroradiometric
calibrationaswell.

12Theaccuracy of 3 % claimed for theresponsivity of HST in theultraviolet, which is better thanour knowl-
edgeof the solarultraviolet radiometricspectrum, may, in fact, be correct, andan intercomparisonwith solar
radiometricscalesmayseemsuperfluous.Yet, thereaderis remindedthatexquisiteaccuracy for themirror shape
of HST wasclaimedbeforethepresence of spherical aberration wasdiscovered.Unexpecteddiscrepancies are
always possiblebeforeanexperimentalcheck hasbeenmade.
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The SOHOconcern for all aspectsof calibrationhasnot beencommon for satellite
missions.In thepast,many astronomical findings have beenmadein spiteof whatmay
beconsidereda cavalier attitudetowardspectroradiometric instrument calibration. Given
timepressuresin acompetitiveenvironment, somemightarguethattimely launchof many
astronomical missionswasachievedasaresultof suchneglectandthatsuppressionof in-
orbit calibrationruns gainedmore,albeituncalibrated,observing time. However, we note
that it is thedataquality andnot thedataquantitythatenablesscientificdiscovery: long
observationsthat resultin a statisticalaccuracy significantlygreaterthantheradiometric
accuracy areoftenunnecessary.

A growing tendency towardsmoreaccuracy in astronomy will make reliablecalibra-
tion of observing instrumentsmoreandmoreof anecessity. As many calibratedquantities
aresusceptibleto change during orbitaloperations,or asconsequenceof particular events
suchasspacecrafteclipsesor largesolarflares,frequentin-orbit monitoring of thevarious
parametersis alsonecessary.

As pointedout in the Foreword, in many astronomical projects involving spectrora-
diometric measurementsfrom space,thereoftenoccurs aconflictbetweencalibrationand
otherprogramgoalsduring assembly, integration,andverificationphases.Whenresources
areconstrained,calibration activities, especiallyend-to-endspectroradiometricmeasure-
ments,arefrequently thefirst to besacrificed.Moreover, it is not uncommon today, for
effort to bespentonin-orbit calibrationobservationsintendedto recoverpartsof amissed
laboratory calibration. Fortunately, theSOHOobservershadbenefitedfrom acomprehen-
sive understandingof the instrumentsandtheir calibration thathadbeenachieved in the
laboratory before launch.
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Quinn,T. J.,andFröhlich, C.,Accurateradiometersshouldmeasuretheoutput of theSun,
Nature401, 841, 1999.

Quinn,T. J.,personal communication, 2001.
Reber, C. A., Trevathan,C. E., McNeal,R. J.,andLuther, M. R., TheUpperAtmosphere

ResearchSatellite(UARS)mission,J. Geophys.Res.98,10643–10647,1993.
Reeves,E. M., andParkinson,W. H., An Atlas of Extreme-Ultraviolet Spectroheliograms

from OSO-IV,Astrophys.J. Suppl. 21, 1–30, 1970.
Reeves,E. M., Timothy, J.G.,andHuber, M. C. E.,ExtremeUV spectroheliometeronthe

Apollo Telescope Mount, Appl.Opt.16, 837–848, 1977a.
Reeves,E. M., Timothy, J.G.,Withbroe, G. L., andHuber, M. C. E.,Photometriccalibra-

tion of theEUV spectroheliometeronATM, Appl. Opt.16, 849–857, 1977b.
Rosa,M. R., PhysicalModeling of ScientificInstruments,ASPConf. Ser. 125, 411–414,

1997.
Rottman,G.J.,Woods,T. N., andSparn, T. P., SolarStellar Irradiance ComparisonEx-

periment I. 1 Instrument DesignandOperation, J. Geophys. Res.98, 10667–10677,
1993.

Rottman,G. J.,andWoods,T. N., UARSSolarStellarIrradianceComparisonExperiment
(SOLSTICE),Proc.SPIE 2266, 317–329, 1994.



Bibliography 15

Rottman,G. J., Mount, G. H., Lawrence, G. M., Woods,T. N., Harder, J., andTournois,
S.,Solarspectralirradiancemeasurements:Visible to near-infraredregions,Metrologia
35, 707–712, 1998.

Samson,J.A. R., Absoluteintensitymeasurementsin thevacuum ultraviolet, J. Opt.Soc.
Am.54, 6–15, 1964.

Saunders,R. D., Ott, W. R., andBridges,J.M., Spectralirradiancestandardfor theultra-
violet: thedeuterium lamp,Appl.Opt.17, 593–600,1978.
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