
— 5 —

Calibr ation and Inter -calibrat ion of SOHO’s
Vacuum-ultraviolet Instrumentation

KLAUS WI LHELM

Max-Planck-Institut für Aeronomie,Katlenburg-Lindau,Germany

TheSOlarandHeliosphericObservatory (SOHO)is equippedwith a suiteof instru-
mentscapableof observing the Sunfrom the coreto the outercorona. Several of these
instruments observe radiationin thevacuum-ultraviolet (VUV) wavelength range,where
preciseandaccurateradiometricmeasurementsareof extremesignificance for solarand
terrestrialinvestigations,but, at the sametime, arevery difficult to obtaindueto degra-
dationeffects of most optical systemsundersolar ultraviolet irradiation. Radiometric-
calibrationandcross-calibration mattershave consequently beenimportant topics from
the initial planning phaseof the missionto the operational implementation. An attempt
will bemadehereto summarizetheearlyrequirementsandgoalsaswell astheachieve-
mentsof SOHOin this context. Although not all planscouldbecarriedout, thegeneral
picture is very encouraging. SOHO allowed us to make a major stepforward in solar
radiometry, in particular of spatially-resolvedstructures.

5.1 Intr oduction

Solarelectromagneticradiationin the VUV (10 nm to 200nm) is strongly absorbed
in theEarth’s atmosphere[cf., Rees, 1989]. Thedirectconsequenceis thatobservations
at thesewavelengths areonly possiblefrom rocketsor spacecraft. Both for many fields
of solarresearch(for example, elemental abundancestudiesandplasmadiagnostics)and
for anunderstanding of theprocessesin theEarth’s atmosphere, it is of vital importance
that the radiationbe measuredquantitatively. Spatially-resolved spectralradiancemea-
surements have to be obtained for mostof the solarstudies,whereasspectralirradiance
dataareneededfor terrestrialapplications.

Theearlyhistoryof solarVUV radiometry, in particular from instrumentson theOr-
biting SolarObservatories (OSO)andtheSkylab mission,is characterizedby significant
progressin obtaining radiance andirradiancedatawith betterandbetteraccuracy [e.g.,
Dupreeand Reeves, 1971; Huber et al., 1973; Reeveset al., 1977; Hinteregger, 1977;
HerouxandHiggins, 1977; Schmidtkeetal., 1992]. However, it alsobecameevident [e.g.,
ReevesandParkinson, 1970] thatsomelong-termobservationsin this rangewereplagued
with severeresponsivity deterioration,whichat leastin onecase[Bruner, 1977; Woodgate
et al., 1980] amountedto lossesof factorsof tenwithin days.To copewith this difficulty,
two complementarystrategiesweredeveloped:(1) onedevisessophisticatedmethods of
monitoring the degradation and thusmaintaining an establishedradiometric-calibration
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status,and(2) onediscoversandunderstandsthe processesthat leadto the degradation,
andthenemploysappropriateproceduresanddesignconceptsto eliminatethem.

At thebeginning of thedevelopmentphaseof SOHO,afterthefinal instrumentselec-
tion in 1988, the time wasripe to follow the route of the secondstrategy, while, at the
sametime, performing carefulcalibration tracking. The degradationproblem hadbeen
clearly identifiedon many occasions,not only for spacecraft, but also for synchrotron
applications. The processesresponsible for it hadbeendescribedas a combination of
contaminationof opticalsurfaceswith hydrocarbonsandotheroutgassingproductsfrom
structuralelements,followedby photo-activatedpolymerizationunderUV irradiation[cf.,
Austin, 1982; Boller et al., 1983; Kentet al., 1993, 1994; Schühle, 1993]. Thusa promis-
ing strategy wasto eliminatesourcesof contaminationandoutgassingwherever possible
andto monitor quantitatively andcontinuouslyany thatmayunavoidablybepresent.This
approachwasadoptedfor SOHOandis fully described in thecontributionscoveringthe
cleanlinessaspectsof the spacecraft [Thomas, 2002] and the instruments[Lang et al.,
2002; Schühle et al., 2002]. Thecleanlinessrequirementswere,however, not partof the
SOHOAssessmentStudydatedSeptember1983, andwereonly briefly mentionedin the
joint ESA/NASA SOHOAnnouncementof Opportunity (AO) of March1987. They hadto
bedefinedin detailby theinstrument andspacecraftteams.As wewill seein thefollowing
sections,theseendeavourswereextremelysuccessful.With a few exceptions,which will
bementionedbelow, theSOHOVUV instrumentsdid notshow any long-termdegradation
of their radiometric responsivitiesunder nominal operational conditions.

We will discussonly the solarVUV instruments on the SOHOspacecraft,namely,
CDS (Coronal DiagnosticSpectrometer),EIT (Extreme-ultraviolet Imaging Telescope),
SEM (SolarExtreme-ultraviolet Monitor), SUMER (SolarUltraviolet Measurements of
EmittedRadiation),andUVCS (UltraViolet CoronagraphSpectrometer). SWAN (Solar
Wind ANisotropies),althoughanH I Ly-� instrument, looksawayfrom theSunandis not
includedin this report. For a review of the history of the SOHOmissionin general see
Huberet al. [1996].

5.2 Scientific Requirements

5.2.1 ProposalPhase

Thescientificrequirementsasfar asVUV radiometry wasconcernedwerediscussed
during thisphasein aseriesof meetingsstartingin 1986– before theSOHOAO in March
1987– andcontinuing until the endof 1987, shortlybeforethesubmissiondeadlinefor
the revisedproposalson 8 January 1988. Someof the meetings werequite eventful as,
for instance,thesessionin January 1987, whenmany potential participantswerestranded
somewhere in snow-hit Paris, andthoseactuallypresent in Verrièrescould not take off
their coatswithout freezing to deathin theold Vauban castle.

It wasrealizedearly on in thesediscussionsthat the radiometric calibrationwasnot
theonly calibrationtaskat hand. Wavelengthmeasurements,telescopeandspectrometer
spatialandspectralresolutions, aswell aspointing performancewereintimately related
to the absolutecalibration. This wassummarizedby PeterMcWhirter in notestaken at
themeetingheldin Parison23 and24 April 1987. For theradiometric work itself, it was
suggestedto considera typical relative standard uncertainty of atomicdataof � 10 % as
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a guide, andaim for relative uncertaintiesof the observations between25 % and30 %
at the short-wavelengthrange andratherbetterperformanceat longerwavelengths. All
uncertaintiesaregivenhereasrelativestandarduncertainties,unlessspecifiedotherwise.

Basedonpastexperience,severedegradationof theresponsivity wasexpectedin flight,
in particular for normal-incidence instruments. Monitoring of the calibrationstatuswas
suggestedtobeperformedagainstwell-calibratedspacecraft instruments(e.g., SUSIM,the
SolarUltraviolet SpectralIrradianceMonitor on UARS, theUpper Atmosphere Research
Satellite)andcalibration rockets. In addition,internalchecksandcross-calibrationmight
be possibleusingatomicphysicsdataon branching ratiosandotherline ratiosnot very
sensitive to thesourceplasmaconditions.

Synchrotronradiationwasidentified astheprimary radiometricstandard, in particular
from the Super-ACO positronstoragering at the Laboratoire pour l’Utilisation du Ray-
onnementElectromagńetique (L.U.R.E.) in Orsay, theSynchrotron Ultraviolet Radiation
Facility (SURF-II) at theNationalInstituteof Standards andTechnology (NIST), andthe
Berlin ElectronStoragering for SYnchrotronradiation(BESSYI), but theneedfor trans-
fer standards wasalsorecognized. It was thought that both individual componentsand
thefully-assembledinstruments hadto beradiometrically calibrated. Theserequirements
formed thebasisof theVUV calibrationplansin theSOHOproposalsof January1988. In
addition, thedesirabilityof are-calibration opportunity betweeninstrumentdeliveriesand
launchwasstressed.A directradiometricin-flight calibration usingtransferstandardswas
alsoconsidered,but it wasfelt thatit couldnot reliablybeimplemented within theproject
constraints (see,however, Section5.5for detailson thein-flight calibration).

5.2.2 Definition and DesignPhases

In someof theSOHOproposals,theoretical support groups wereidentifiedasAsso-
ciateScientist(AS) teams.Thesegroupsplayedanimportantrôlein thedetaileddefinition
of thescientificrequirements.TheSUMERAS teammetin Parisin June1988for thefirst
time,followedby aCDS/SUMERscienceworkshopin Oxford in September. Sincemany
of the participantswereinvolved in both the CDS andthe SUMER investigations, and,
moreover, a closecoordinationof theCDSandSUMERscienceplanning washighly de-
sirable,the following meetingswereheld asJoint CDS/SUMERScienceMeetings. On
many occasions,radiometric-calibration topicswereon the agenda and thosemeetings
areincluded in Table5.1, which lists all meetingsrelevant in this context held after the
SOHOAO hadbeenissued.A specialcalibrationpanelchairedby P. McWhirter (at the
first JMASmeetingin February 1989) cameupwith areport, concludingthatrelativestan-
darduncertaintiesshouldideally belessthan20 %. A realisticaim appearedto be35 %,
and50 % would be the lowestlevel worth attemptingfor solarradiometry. It should be
noted,however, thatfor planetaryapplications uncertaintiesof the irradianceof lessthan
5 % wererequired. Noticealsothat, in narrow wavelength ranges,line ratioscanbede-
terminedwith smalleruncertaintieswithout involving absoluteradiometry. Therequired
or anticipated, andlaterachieved,radiometricuncertaintiesasdocumentedin meetingre-
portsor theopenliteraturearesummarizedin Table5.2. Thewayssuggestedto obtainthe
requiredaccuracieswere:
(1) extensive laboratory calibration with secondary standardstraceable to primary stan-
dards;(2) cross-calibration (calledherealso “inter-calibration”) on SOHOandwith in-
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Table5.1: Meetings Relatedto SOHOCalibrationandInter-calibrationActivities.

Date Place Meetinga� b andRemarks
23/24 Apr 1987 Paris Proposalpreparation;atomicdata� 10%c

21/22Jun1988 Paris 1stSUMERAS Meeting;requirements
29/30Sep1988 Oxford CDS/SUMERScienceMeeting;requirements

7/8Feb1989 Lindau JMAS-1;calibration panel report
11/12Jul1989 Berlin WSVUV-1; HCL andmirror chambers

5/6Oct1989 Abingdon JMAS-2;uncertainty20% envisaged
5/6Nov 1989 Noordwijk SICWG-1;irradiancefor terrestrialuse5 %

14/17 May 1990 Noordwijk SICWG-2;cleanlinessimportant
22/23Oct1990 Berlin WSVUV-2; SUSIMirradiancecomparison
25/26Oct1990 Lindau JMAS-3;uncertainties20% to 30%

27+30Nov 1990 Noordwijk SICWG-3;stars;SEM recommendation
3 Jun1991 Noordwijk SICWG-4;HCL: uncertainty � 20%

18Nov 1991 Noordwijk SICWG-5;report onSUSIMdegradation
15–18 Jun1992 Killarney SOHO/Cluster;CDS/SUMERcalibration
21–23Oct1992 Orsay JMAS-5;absolutewavelengths: 20pm
25/26Jan1993 Noordwijk SICWG-6;calibrationrehearsals

22–24Nov 1993 Abingdon JMAS-6;purgedirectly to instruments
24/25Jan1994 Noordwijk SICWG-7;uncertaintiesconsidered

13Jun1994 Portsmouth SICWG-8;report onsomeanomalies
3–5Oct1994 Greenbelt JMAS-7;calibration rockets;UARS/SOLSTICEd

11+13Jan1996 Greenbelt SICWG-9;inter-calibrationJOPs;Spartan
9 Feb1996 Greenbelt SICWG-10;Intercal-1,Intercal-9

17May 1996 Greenbelt SICWG-11;Intercal-2:No He I I full disks
31Oct/1Nov 1996 Berlin WSVUV-3; first resultspresented

5–7Nov 1996 Orsay JMAS-9;lastmeetingof this series
13/14Nov 1997 Orsay WSVUV-4; continueIntercal-1androckets
29/30Mar 1999 Berlin WSVUV-5; inaugurationof BESSYII
12/16Feb2001 Bern WSVUV-6; review SOHOcalibration tasks
8/12Oct2001 Bern WSVUV-7; continuationof WSVUV-6

a JMAS: JointMeetingof AssociateScientists(CDS/SUMER);
WSVUV: WorkShoponVUV radiometryandinter-calibration;
SICWG: SOHO Inter-CalibrationWorkingGroup.
b JMAS-4(2 to 4 October 1991, Nice) andJMAS-8(19 to 21 September 1995, Oslo)did
notcover calibration aspects.
c This relative standarduncertainty wasoriginally relatedto branching ratios,which may
even be known to 5 %. Doublets shouldbe accurate within relative deviationsof 10 %
anddensity/temperatureinsensitive ratiosfor eachion within � 20 %; ratios,in general,
canbeexpectedto have relative uncertaintiesof asmuchas30 % [H.E. Mason,personal
communication, 2001].
d SOLSTICE:SOLar-STellar IrradianceComparisonExperiment.
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Table5.2: Relative Standard RadiometricUncertaintiesin Percent[%] a� b.

Phase/Document/Channel HCL CDS SUMER UVCS EIT SEMc

1987pre-proposal 20 25...30 � 25 20 - -
1988rev. 1 of proposals 25 25...30 30...50 20 - -
1989earlydevelopment 13 � 20 ... 35 ... 50 � 10 � 100 -
1988/90 earlyColouredBooks 15...20 � 20 � 20 20 - -
1991/92 calibrationplans 10 � 20 15...30 12...15 - � 10
1994/95 final ColouredBooks 6...8 - � 20 - - -
1993/95 laboratorycalibration 6...7 � 30 15 16 60...150 10
unvignetted - - 11 - - -

1996/98 in-flight calibration - - - - 15(He) 10
CDS– NIS - 15...29 - - - -

– GIS - 45 - - - -
SUMER– DetectorA - - 15 - - -

– DetectorB - - 20 - - -
UVCS– H I � andO VI - - - 20 - -

1998/2001in-flight calibration - - - - � 20 10
CDS– NIS - 20...30 - - - -

– GIS - 45 (TBC) - - - -
SUMER– DetectorA - - 33 - - -

– DetectorB - - 36 - - -
UVCS– H I Ly � andO VI - - - 20 - -

a Radiometricuncertaintiesaregiven for the prime wavelengthranges(for further detailsseetext
and/orthecorresponding instrumentcontributions).Bold face:valuesachievedaspublished.
b SolarirradianceinstrumentsonUARSreportrelativeuncertaintiesof 2 % to 5 %. For acomparison
with stellarastronomy:the EUV Explorer(EUVE) calibrationplanspecifiesa relative uncertainty
of 25 % (3 � ), which correspondsto a coverage factorof k � 3, theFar-Ultraviolet Spectroscopic
Explorer(FUSE) achievedanin-flight performanceof � 10 % relative uncertainty[Sahnow et al.,
2000], but experienceda change of the effective areaby a factor of about0.95 over a period of
four months[Mooset al., 2000]; the InternationalUltraviolet Explorer(IUE) relative radiometric
uncertaintiesare � 10 % with final adjustmentsof 4 % to 10 % [NicholsandLinsky, 1996].
c SEMwasaddedto theSOHOpayload in 1990/91 [McMullin et al., 2002b].

strumentson otherspacecraft; (3) calibration rockets,and(4) comparisonswith stellar
sources.

It wasalsonotedthat goodco-alignment, knowledgeof the polarization properties,
cleanlinessstandards,andwavelengthstability wereof greatimportancein achieving the
radiometric-calibration goals. Theserequirementswereeventually adoptedin the CDS
“Blue Book”, theUVCS“Yellow Book”, andtheSUMER“RedBook” (first drafteditions
by Harrison[1988], Kohl andNoci [1989], andWilhelm [1990]). TheBlueandRedBooks
weresubsequently revisedquite often, mostly as a consequenceof the deliberations at
theJointScienceMeetings,but theradiometric requirementsdid not significantly change
until the launchof SOHOon 2 December 1995. In general,the Blue, Yellow, andRed
Booksprovided a wide exchangeof information aboutthe instrumentsin non-technical
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formats andhelpedduring thepreparationof theobservations.They will bereferredto as
“Coloured Books”here.

Radiometric-calibration issuesof SOHOinstruments werespecificallytakenupby:
(1) aninter-calibrationworking group chairedby JohnKohl, and(2) workshopson spec-
troradiometry.

The SICWG wassetup by the SOHOScienceWorking Team(SWT) of the SOHO
principal investigatorsand the workshops were organizedon an ad hoc basis(seeTa-
ble 5.1). TheSICWG preparedtheSOHOinter-calibrationactivities by definingseveral
inter-calibration JOPs(Joint Observing Programme) andmonitoring the flight schedule
of calibration rockets(Table5.3), which werecarriedout in support of SOHO,but man-
agedindependently, and,in many cases,with additional scientificobjectives. The panel
repeatedly emphasizedthe needfor stringentspacecraftand instrument cleanlinessre-
quirements.Reports thattheresponsivity of theoperationalchannel of SUSIM decreased
by afactorof 1.3within daysdemonstratedtheurgency of suchmeasures.Theworkshops
onspectroradiometrydiscussedtheinstrumentcalibrationandinter-calibrationaspectson
a broaderscope,andalsocoveredtheparticulateandmolecularcleanlinessrequirements
of the mission. The first workshop took placein Berlin on 11 and12 July 1989, where
the participants outlined the calibrationconcepts of CDS andSUMER basedon trans-
fer standardsources[Hollandt et al., 1993] consistingof Hollow-CathodeLamps(HCL)
[Danzmannet al., 1988] andcollimatingmirror chambers.

5.3 Radiometric Calibr ation beforeLaunch

In this section,no attemptwill bemadeto cover all aspectsrelatedto thecalibration
effort of theVUV instrumentson SOHO.Rathersomeevents or factsdirectly relevant to
thisreview will bepresented. For furtherdetailstheinstrument-relatedpublicationsshould
beconsulted [Cletteet al., 2002; Gardner et al., 2002; Langet al., 2002; McMullin et al.,
2002a; Wilhelm et al., 2002]. Hollandt et al. [2002] discussVUV radiometric-calibration
mattersin general. Someintroductoryremarks referring to morethanoneinstrumentare
relatedto thecleanlinessconcepts.

Beforethe beginning of the instrument development phase,it wascommonwisdom
thatradiometric-responsivity degradationwasunavoidablein theVUV range,aswasmen-
tionedabove. Even after the SOHOcleanlinessprocedureshadbeendefined,therewas
no proof that they would eliminatethe problem or at leastimprove the situation. It was
thusfelt that, in orderto maintainthe laboratory calibrationfrom instrument delivery to
operation in space,a re-calibrationjust before launchwasrequired aswell aspurging di-
rectlyto theinstrumentsonthespacecraftuntil lift-of f. Thepurgingwasimplemented [cf.,
Thomas,2002]. However, whenin August 1993ESA announcedthat therewould beno
re-calibrationslotsfor theVUV instrumentsbeforelaunch, it wasthought thatthis would
haveanadverseeffectontheircalibrationstatusin flight. Only in thecaseof UVCSdid the
final calibrationoccursix months before launch. Fortunately, for all theVUV instruments
thepre-flight calibrations by andlarge neverthelessremainedvalid afterlaunch.



5.3. RadiometricCalibrationbefore Launch 7

Table5.3: Payloads Launcheda to Verify SOHOCalibrations.

Date Timeb Payloadc� d Remarkse

26Jun1996 19:00 Cal-SO-2 (30.4
	

4.0)nm: uncertainty8 %;
monitor spectralresponsivity of SEM

15May 1997 19:15 EGS,XPS uncertainty6 % to 10%; CDSupdate;
MXUVI FeIX /X (17.1 nm);EIT, TRACE

11Aug 1997 18:18 Cal-SO-3 calibration updatefor SEM/SOHO
16Oct 1997 19:00 EIT CalRoc EIT degradationcorrection

andflat fielding
18Nov 1997 19:35 SERTS-97 uncertainty � 25%; with EM (0.1to 50)nm

usedfor CDS-NISandEIT updates
31Jan1998 04:30 XDT f FeXIV (21.13 nm) images;Dopplergrams
1 Nov 1998 21:49 UVCS calibration updatefor UVCS;

– 3 Nov 1998 12:45 Spartan201g uncertainty25%
2 Nov 1998 18:20 EGS,XPS validatedSNOESXPcalibration;

MXUVI FeIX /X (17.1 nm) images
24Jun1999 17:00 SERTS-99 uncertainty25%; with EM

18Aug 1999 18:05 Cal-SO-4 calibration updatefor SEM/SOHO
26Jul 2000 18:00 SERTS-00 uncertainty25%; with EM

a XDT launchedfrom Kagoshima,all otherrocket payloads launchedfrom WhiteSands.
b In CoordinatedUniversalTime(UTC).
c Payloadnames:

Cal-SO Rocketunderflightsfor SOHOcross-calibration
EGS EUV GratingSpectrograph
EM EUV monitor(simplifiedSEM) to updateSEM/SOHOchannel 2
HRTS High ResolutionTelescopeandSpectrograph
MXUVI Multiple XUV Imager
SERTS SolarEUV ResearchTelescopeandSpectrograph
SNOE Student Nitric OxideExplorer
SXP SolarX-ray Photometer
XDT XUV Doppler Telescope
XPS XUV PhotometerSystem

d TheSERTS-96flight on 13 November1996at 18:30UTC andtheHRTS-10flight on
30 September 199720:10 UTC arenot listed, becauseno radiometric calibrations were
available.
e Accuracies,a, areindicatedhereby their relative standarduncertainties,u r , andnot by
a 
 1 � ur .
f DetailsonXDT havebeenpublishedby Sakao et al. [1999] andHara et al. [1999]. The
instrument wascalibratedat componentlevel. An initial comparisonwith EIT showeda
factorof two lessin emissionmeasure.
g LaunchedontheSpaceShuttle.

5.3.1 CDS

TheCDSteamconcludedthat theonly viablemethodfor pre-launchradiometric cal-
ibration was a transferstandardtraceableto a synchrotron radiationfacility asprimary
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sourcestandard. At thefirst WSVUV in July 1989, this concept wasoutlinedanda co-
ordination with the SUMER calibrationwasagreed. The HCLs later employed for the
SOHOinstrumentcalibrations performedevenbetterthananticipatedat thattime: a typi-
cal relativestability of 2.5% wasachievedover 40h with onegasand5 % aftera change
of gas. The grazing-incidence telescopeof CDS required a collimating mirror different
from thecollimatorfor SUMER,but theHCLs andthegeneral schemeswerethesame.

In total, twenty-nine emissionlines wereselectedcovering the spectralrangeof the
instrument. The transfersource wascalibratedagainstBESSYI in thesespectrallines.
After an end-to-endcalibrationof CDS, the sourcewasreturnedto BESSYfor a post-
calibration. For the NIS-2 waveband, the comparisonof the pre-launchestimatesof the
efficienciesof thecomponentswith measuredresponsivities of theinstrument wereclose,
whereasfor NIS-1 andNIS-2 in secondorder thedeficiencieswerea factorof ten. They
areattributed to problems with the measureddetectorquantum efficienciesusedin the
estimate.For thefour GISchannelsthecomparisonyieldsabout a factorof twenty, noting
that the estimatesfor the pre-launch sensitivities of the componentsweremuchpoorer.
The relative uncertaintiesin the laboratory measurementsof the responsivities for both
GIS andNIS wereestimatedat around30% [seeLanget al., 2000, 2002].

5.3.2 EIT

Theground-basedprogrammeprovidedacompletecalibrationof theEIT system[De-
fiseet al., 1995], but time constraintsduring the integration scheduleanddifficulties in
combining it with thepriority schemeof a large synchrotron facility, aswell asthe sub-
stitutionof a new detector (Tektronix, thinnedback-side,back-illuminated, CCD sensor)
after theend-to-endtest(usingsilicon diodescalibratedat NIST) reduced thevalidity of
thepre-flight characterization[Defiseetal., 1998; Cletteetal., 2002]. Consequently, Dere
et al. [2000] suggested,for instance,formal relative combined standarduncertaintiesat
theendof thelaboratory calibration of (60,70,and75)% for the(19.5,28.4, and30.4)nm
channels,respectively.

5.3.3 SEM

Themainpurposeof theSEM instrument [Judge et al., 1998] is to measure with high
precisionandaccuracy thesolarirradianceneartheprominentHe I I emissionline in the
wavelengthrange(30.4

	
4.0)nm (Channel 1), but it alsomonitors thewavelengthband

between0.1nm and50 nm (Channel 2). It hasbeencalibrated with Beamlines2 and9 at
SURF-IIwith typical relativeuncertaintiesof 5 % for the30.4nmchannelproviding solar
irradiances,after the convolution needed, with an uncertainty of 10 % [McMullin et al.,
2002a]. A typicalvalue for thebroad-band channel is also10% [Judge et al., 1999].

5.3.4 SUMER

There-calibration idea,which hadto beabandonedin 1993, hadbeensuggestedfor
SUMERbyESAin astatusreview in October1991andhadbeentheagreedscenariosince
November1991. The original plan to calibratethe assembledinstrument at the Super-
ACO facility wasalsonot carriedout, because it was felt that cleanlinessandschedule
constraints would lead to severe difficulties. The controlled attenuation of the intense
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synchrotronradiation wasanother problemarea.Themethodfinally adoptedat WSVUV-
1, in cooperationwith CDS,useda transferstandardsource consistingof a lamp(HCL)
attachedto a chamber with a sphericalconcave scanmirror. A total number of thirty-
two emissionlines wascalibratedin thewavelengthrangefrom 53.7nm to 147.0nm at
BESSYI. The source wasalsosuccessfullycompared with a diode calibratedat NIST
[cf., Hollandt etal., 2002]. Theresponsivitiesof bothdetectorsof theSUMERinstrument
werevery similar, but thatof detector B, whenoperatedat nominal gain,generally wasa
factorof � 1 � 2 higherthandetector A. Theactualresponsivities found werebetween0.65
and1.35 of theprediction basedonsub-systemmeasurements[Wilhelm etal., 1995]. The
relativeuncertaintyof theSUMERlaboratory radiometriccalibration was11% [Hollandt
et al., 1996].

A specificfeatureof this calibration wasthat the calibrated beamwasnot vignetted
insideSUMER(cf., Table5.2).Aperturesandstopsthereforehadto betakeninto account
separatelyin evaluating the throughput of the instrument [Wilhelm et al., 2000]. To ver-
ify the imagingproperties of the telescope,it wasnecessaryto fill thewholeaperture of
SUMERwith a collimated,evenif uncalibrated,beam. This wasgeneratedwith thehelp
of theSpectralandAngularResolutionUV Tube(SARUVT). It should bementionedthat
the end-to-endcalibration wasperformedunder extremetime pressure, which hadbeen
caused,at leastpartially, by a latechange of thedetectorsystem.

Thesensitivity to thestateof polarization of theincident radiationcouldnot bedeter-
minedfor the assembledinstrument. An engineering model of the planemirror andthe
holographicgratingwasusedto determine theeffectsof thesepolarization-sensitive items
at theSuper-ACOfacility [Hassleret al., 1997].

5.3.5 UVCS

Thedevelopmentprogrammeof UVCS reliedon component calibrations andanend-
to-endcalibrationaswell asa rigorouscontaminationcontrol programmeto limit optical
degradation. UVCS wasdelivered to ESA for spacecraft integration with its end-to-end
behaviour uncharacterized(andwithout flight detectors). While at ESA, theflight detec-
torswereinstalled,thediffractiongratings werereplaced, theH I Ly- � channel telescope
mirror wasreplaced,andtheO VI-channel mirror cleaned.In JuneandJuly 1995, UVCS
wasreturnedafterspacecraft-level testingto laboratoriesat theSmithsonianAstrophysical
Observatory. There,overaperiodof about32d, theUVCSwasradiometrically calibrated
end-to-endandits stray-lightrejectionmeasured.

TheUVCSradiometricresponsewasmeasuredagainstsecondaryphotodiode(cesium
telluride andaluminium oxide) standardsfrom NIST [Gardner et al., 1996]. Radiation
from a gas-dischargeradiationsourcewaspre-dispersedusinga monochromator. A sin-
gle bright spectralline wasfocusedontotheexit slits. Theradiation passingthrough the
slits (andthroughinsertable filtersof known attenuation) wascollimatedby a4.6m focal-
lengthmirror anddirectedthrough theUVCS instrument apertureandonto its telescope
mirrors completelyfilling theportion not coveredby the launch-locked internal occulter
[Gardner et al., 2002]. Thatportion, which is theoneusedfor observationsat 2.7 solar
radii from Suncentre,wastheonly partof theaperturethatcouldbecalibratedduring the
end-to-endmeasurements.Theradiancewasfound to beuniform with relative variations
of lessthan10 %. The UVCS entrance slits wereopened sufficiently to passall of the
radiationin that imagetowards the gratings whereit wasdispersedandfocusedonto a
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detector. Thecounting ratesregisteredonthedetectorswerecompareddirectly to theout-
putof theNIST photodiodes,therebygiving thesystemresponsivity. Measurements were
madefor bothUV channelsatseveralwavelengthsnearthecentresof their intendedoper-
atingranges.Therelative standard uncertainty for eachof theradiometricmeasurements
was16%.

Laboratory measurementson gratings replicatedfrom the samemastersasthe flight
gratings,togetherwith in-flight data(seeSection5.5) haveallowedextensionof theresults
from the laboratorycalibrationto all telescopeaperturesavailableto UVCS [Gardner et
al., 2000, 2002].

5.4 Inter -calibration Plansand Achievements

Whereaslaboratorycalibrationswereto a largeextentthetasksof thevarious instru-
mentteams,inter-calibration couldonly beattemptedasa cooperative effort. Most of the
meetingslisted in Table5.1 therefore hadinter-calibration itemson their agendas. The
discussionsled to the definition of SOHO inter-calibration JOPs,namedICAL, which
will besummarizedhere(all procedurescanbefoundon theSOHOoperationspagesat
http://soho.nascom.nasa.gov). Someof themhave beenwidely used.Others
were just definedfor a specialoccasionandwereeithersuccessfullyexecutedor aban-
doned. Additionally, variousotherinter-calibrationactivitieshavebeenperformedthatare
not under theformal ICAL listingsandform thebasisfor someof theresultsreportedin
thisvolume. It is worthnotingthatdatatakenatregular intervalswith standardizedobserv-
ing sequences,suchasreference spectra,full-Sun rasters,etc. (not necessarilydesigned
for radiometricpurposes),turnedout to bevery usefulin many cases.

5.4.1 ICAL 01

The rootsof this JOPgo backto the SOHOAssessmentStudy, ESA SCI (83) 3, of
September1983, whereawavelengthoverlapbetweenthenormal-incidencespectrometer
(NIS) and the grazing-incidencespectrometer (GIS) of the model payload was recom-
mended. Suchan overlap wasindeedsuggestedby the original CDS andSUMER pro-
posalsin July 1987, but it disappeared after the selectionin 1988 according to the first
published list of SOHOinvestigationsin EOS,69,No. 13,of 29March1988. Fortunately,
however, thefinal wavelengthchoiceof CDSin December1988againintroducedcommon
wavelengthbands with SUMER.This madecomparisonsbetweentheinstrumentspossi-
ble in the bands: 65.6 nm to 78.5nm CDS GIS-4 (first order) with SUMER detectorA
(secondorder) anddetectorB (first order); 51.3nm to 63.3nm CDS NIS-2 (first order)
with SUMER detectorsA andB (secondorder). (The GIS andNIS instruments of the
SOHOmodel payloadshouldnotbeconfusedwith theGISandNIS channelsof CDS.)

In thecommonranges,thebright spectrallinesHe I 58.4nm, Mg X (60.9, 62.5) nm,
andNeVI I I 77.0nmareavailablefor CDS/SUMERcross-calibrations.In 1994thedetails
of thewavelength selectionandtheprocedurefor ICAL 01werediscussedby theSICWG,
beforetheagreementwasreachedthatICAL 01shouldbeanon-disk comparisonof quiet-
Sunregionsaimedatgoodcounting statistics.CDS,SUMER,EIT, andlatertheTransition
Region andCoronal Explorer (TRACE) participatedin most of the runs, whilst UVCS
performed on-disk observations only a few times. In 1996and 1997, UVCS/SUMER
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cross-calibrationsat N V 123.8 nm werewell within theuncertainty margins,with UVCS
indicatingradiancesabout a factorof 1.18lessthanSUMER.SinceAugust1999, theOV

63.0nmline hasbeenincludedin theICAL 01sequence.

Dataobtained on a regular basiswith ICAL 01 wereanalysedto investigate in detail
the CDS/SUMERcross-calibration aspects[Pauluhn et al., 1999, 2001a, b]. Theagree-
mentwas, in general, within the combined uncertainties. An important resultwas that
thevariations of theradiancesmeasuredby both instrumentswerehighly correlatedand,
consequently, musthave beenof solarorigin. TheSUMERobservationswerealsoused
to studythecalibrationchangesduring thelossof attitudecontrol in 1998[Wilhelm etal.,
2000; Schühleetal., 2000a],andthelong-termvariability of quiet-Sunradiances [Schühle
et al., 2000b]. No publishedradiometric comparisonwith TRACE is known.

5.4.2 ICAL 02

Theplan wasto transferSEM irradiance dataof the He I I 30.4nm channel with the
help of EIT imagesto small regions on the Sunfor CDS updates. In addition, the EIT
responsivity shouldbe mappedby a full CDS raster. It wasalsohopedthat the results
couldbetransferredto longerwavelengths(SUMERandUVCS).ICAL 02didnotproduce
the expectedresults,because the large bandpassof SEM (cf., Section5.3.3), with the
accompanyingvarietyof spectrallinesotherthanHe I I 30.4nm,limits adirectcomparison
of theSEMirradiancewith thesingle-line radiancemeasurementsof CDS.TheCDSfull-
Sunrastershave not provenvery useful in providing flat-field informationto EIT dueto
thediffering platescales,theundersamplingby CDS,andthe timing difference( � 12 h
for a full-Sunscanasopposedto 30s for anEIT image).

CDS/SUMERirradiancecomparisonshadbeenperformedin 1996 andagreedwell
within thecombineduncertainty estimatesfor He I 58.4nmandMg X 62.4nm[McMullin
et al., 2002b]. For OV 63.0 nm,however, CDSobservedirradianceswerelower by about
a factorof 1.35thanSUMER.Both instrument evaluations agreedon the centre-to-limb
variationin this line (� 4). TheseO V observationsarejust compatible within thecom-
bineduncertainty margins.

5.4.3 ICAL 03

ThisJOPwasalsomeantto comparefull-Sundataof SEM,EIT andCDSat 30.4nm.
It was not executed, because the load on the CDS detectorwould have beentoo high.
Thompsonet al. [2002] presentcomparisonsof irradiancemeasurementsby CDS – tied
to EGS1997(cf., Table5.3) – with SEM andEIT, which appearto achieve thegoalsof
ICAL 03,albeitwith adifferentmethodinvolving adifferential emissionmeasureanalysis
of theCDSandEIT data.For CDS,differentialemissionmeasureswereusedonly to fill
in theSEM bandpassbelow 30 nm. CDSirradiances arelower by 1.05to 1.15 thanSEM
values(usinga fixedspectrum) andfactorsof 1.05to 1.3 lower thanthoseof EIT. CDS
andEIT giveconsistentresultson thesumof theHe I I andSi XI contributionsto theSEM
30.4nmchannel [Thompsonet al., 2002; McMullin et al., 2002b].
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5.4.4 ICAL 04and ICAL 05

TheseJOPswereaimedat CDS/SUMER/EIT/MDIalignmentandresponsivity cross-
calibrations. Both goalsarenow incorporatedin the final ICAL 01 sequence. Without
specificpointingadjustments,typical misalignmentsof theinstrumentswerefound, in line
with expectations,to belessthan10
 
 . This couldbeimprovedby anorderof magnitude
by correlating imageswith solardiskstructures or thelimb.

Brynildsenetal. [1998] performedanearlyCDS/SUMERradiancecomparisonin the
O V 63.0nm line andfound a factorof 1.5 to 2 morewith CDS.Pauluhn et al. [2001b]
studiedtheO V 63.0nmline in moredetailandfoundagreementwithin relativedeviations
of 15%. Variationsof thesolarradiancedominateoverinstrumental effectsin thisspectral
line aswell asin theotherlinesobservedduringICAL 01. However, in latercomparisons,
CDSradiancesappearto belower by 1.31 [Pauluhn et al., 2002]. Thesefindingsarethus
consistentwith theirradianceresultsin Section5.4.2.

5.4.5 ICAL 06

ThreeSERTSpayloads[Neupertetal., 1992] werelaunchedin theyears1997to 2000,
whichalsocarriedanSEM-type instrument for observationsin thewavelength bandfrom
0.1 nm to 50 nm (seeTable 5.3). Theseflights spanthe period of the attitudeloss of
SOHOandcanbeusedto studythechangesof thespacecraftinstrument responsivities.
SERTS coversa bandpassfrom 29.9nm to 35.3nm. A radiometric calibrationwasper-
formed betweenflights with there-calibratedCDStransfersource standard andprovided
a relative uncertainty of 25 % for the instrument responsivity, confirmedby density- and
temperature-insensitive line ratios. The SERTS-97 rocket underflight formed (together
with EGS,seeSection5.4.10) thebasisfor themostrecent CDS NIS-1 responsivity de-
termination in first order andfor NIS-2 in secondorder. SinceSERTS aswell asCDScan
clearly resolve thestrongSi XI andHe I I linesat 30.4 nm, this alsogivesinformationon
thespectralcomposition of theEIT andSEM 30.4nm channels,in additionto theresults
reportedin Section5.4.3. Comparisonsof SERTS-97observationswith EIT arepresently
ongoing.

5.4.6 ICAL 07

Since1996SUMERand,in particular, UVCS have carriedout many observationsof
bright, hot starscloseto the ecliptic plane. TheSUMER measurementsof � and � Leo
near125 nm agreedvery well with the corresponding laboratory calibrationandcanbe
taken asverificationthat no responsivity lossoccurred during the spacecraft integration
andthelaunchactivities. At longerwavelengths thestellarcalibrationbasedon IUE (cf.,
Table5.2) wasadoptedfor SUMER,becauseno reliableground calibrations wereavail-
able. In this range,stellar observations also provided information on the responsivity
changesin 1998 [Lemaire, 2002].

UVCS hasobservedapproximatelyfifteenstarsaswell astheplanetJupiter. Included
arethestars� and � Leo alsoobserved by SUMER.Inter-comparisonof the two instru-
mentcalibrationsusingthosestarsis progressing[Gardneret al., 2002; Lemaire, 2002].
Severalof theotherstarshavebeenobservedby instrumentsaboard otherspacecraft (e.g.,
IUE, Voyager, andFUSE).In general, the relative variations of irradiancesmeasuredby
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UVCS andIUE arelessthan10 %. A comparison of the UVCS OVI channel response
to thatof Voyager, observing thestar � Tauat wavelengths shorterthanwaspossiblewith
IUE, showsrelativeagreement to within 20%. Theirradianceof Feige110, awhitedwarf
starmeasuredby UVCS in February 2001 near100nm, hasbeencomparedto measure-
mentsmadeby FUSE.Relativeagreement is found to within 15%. Yearlyobservationsof
thebright star � Scohavebeencarriedoutwith nearly identical instrument configurations.
They show irradiancemeasurementswithout trendsandrelativevariationsof nomorethan
5 % over theelapsedSOHOmissiontime.

5.4.7 ICAL 08

Thisprocedurewasnotdefined.

5.4.8 ICAL 09

TheICAL 09procedureattemptedto inter-calibrateUVCSandSUMERwith acoronal
streamernearthe eastor west limb. It was performed several times in 1996with the
participation of both instruments. This inter-calibration was not successfulbecauseof
the strongradial gradient of the radiance which, for a reliable comparison, required a
very goodspatialcoalignmentof the field of view. This couldnot be ascertainedin the
featurelesscoronal streamer.

5.4.9 ICAL 10

The radiometric cross-calibration of SOHO instruments with the HIgh-RESolution
EUV spectroheliometer(HIRES) could not be carriedout, because the rocket payload
hasnotbeenlaunchedyet.

5.4.10 ICAL 11

ThisJOPdescribesarocketpayloadwith theinstruments EGS,XPSandMXUVI and
theradiometriccomparisonswith SOHOandTRACE. EGS[WoodsandRottman, 1990]
wascalibratedusingBeamline2 of SURF-II. The relative uncertainty in the wavelength
band25 nm to 120nm was6 % to 10 %. Five XUV photometers(XPS)(radiometers)in
the range 1 nm to 40 nm werecalibratedwith 10 % to 20 % uncertainty. TheEGSdata
wereusedto updatetheCDScalibration(seeSection5.5.1).

During theflight on15 May 1997, SUMERobserved spectraalongthecentral merid-
ian, but wasnot operatingon 2 November1998, whenthe rocket payload waslaunched
again.MXUVI obtainedFeIX /X (17.1 nm) imagesfor comparisonwith EIT andTRACE
[Auchère et al., 2001].

5.4.11 ICAL 12

Thisinter-calibrationJOPspecifiestherocketunderflightsin support of SEMandother
EUV instrumentationaboardSOHO.TheCal-SOrockets[Judgeetal., 1999] areequipped
with a solarEUV monitor representative of SEM. It hasbeencalibratedusingSURF-II,
andtransmitsbands nearHe I I 30.4 nm andfrom 0.1 nm to 50 nm. The first flight on
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26 June1996 obtainedan irradiance in photonsat 1 AU (astronomical unit) of 1 � 18 �
1014 m� 2 s� 1 with arelativeuncertaintyof 11% in theband(26to 34)nm. A comparison
of this and the following flights with SEM identified a modest amount of degradation
in the spacecraft instrument,probably because of a depositionof carbon (contained in
hydrocarbon layers)on theopticalsurfaces.At SICWG-4,it wasreportedthat therewas
anaveragerelative degradationof 5.5% betweenpre-andpost-flightrocket calibrations
of a silicondiode with aluminiumfilter.

SUMERobservedfull-Sun images in theHe I 58.4nm line on 26 June1996andob-
taineda photon line irradiance of 1 � 02 � 1013 m� 2 s� 1 with a relative uncertainty of
� 16%.

5.4.12 ICAL 13

Thefirst launchof theEIT CalRocproduced512 � 512pixel imagesin all four EIT
wavebands. They have beenusedfor deriving SOHOEIT flat-field information[Defise
et al., 1998]. In preparing this rocket underflight, testsshowed that therewasan EUV-
dosedependenceto theelectricpotential distributionin theCCDcharge-collectionregion.
Therocket flight provided input for thedegradationcorrection, andindicatedchangesof
the multi-layer coatings. A secondlaunchof the EIT CalRocis planned for 2002with
improvedmulti-layersealing.

5.5 Radiometric Calibr ation in Flight

Inter-calibrationactivities play an important rôle in mostof the in-flight calibrations,
andconsequently the inter-calibration chapterwaspresentedfirst. Thereare,however,
someaspects,which couldnot beadequatelytreatedin that context. Oneof themis the
change in responsivity of the instruments during the attitudeloss of SOHOin the year
1998.

5.5.1 CDS

Three sounding rocket payloads (EGS, SERTS, Cal-SO;seeTable 5.3) on several
flights provided relevant measurementsfor the CDS in-flight calibration. A comparison
with the NIS-2 bandof CDS led to a relative uncertainty of 15 % at He I 58.4 nm and
25% ateitherendof theband[Brekkeetal., 2000]. Considerationof thewide-slitburn-in
correction later led to 18 % and29 %, respectively [Langet al., 2002]. Thecomparison
with NIS-1 at Mg IX 36.8 nm uncovereda severediscrepancy of a factorof 2.75, which
is interpretedasaneffectof anundetectedmisalignmentduringgroundcalibration.After
adoption of theMg IX pointandafurther refinementwith thehelpof aSERTS-97flight, a
relative uncertaintyof 15 % (in theSERTS wavelength range)to 25% (closeto 36.8 nm)
wasassignedto theNIS-1band in first order. It shouldbenotedthattheSERTS-97instru-
mentwascalibratedusingtheCDSHCL andits calibrationis thustraceable to BESSYI
(seeSection5.4.5). The ICAL 1 observations (CDS/SUMER)arebeingusedto check
thelaboratory calibrationof theGIS-4band(longestwavelength) [Pauluhn et al., 2002].
The resultsof Landi et al. [1999] show that thereareno grossdeviations betweenthe
laboratory andin-flight relativecalibrations of theGIS detectors. Del Zannaet al. [2001]
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andDel Zanna [2002] appliedspectroscopic methods to achieve a relative calibrationof
all CDS channels. The incorporation of the resultsinto the CDS calibration is still in
progress.

TheSOHOattitudelossaffectedtheCDSchannelsasfollows: theNIS-2bandappears
to beunchanged,butaslight increaseis appliedto therelevant uncertainty; theNIS-1band
mayhavechangedbyafactorof 1.5.Its responsivity is still understudy[Langetal., 2002].
Thecalibrationof theCDS GIS appearsunaffectedby the lossof attitudecontrol. CDS
wasverywarmduring mostof thetime without attitudecontrol. This is estimatedto have
led to a relative reduction of � 20 % of theburn-in pattern.This alsocausedthespectral
lines to changepositionon the detector, altering the burn-in characteristics[Thompson
et al., 2002]. Furtherinformation, including referencesto in-flight measurementsof line
ratioswhichareindependentof solarplasmaconditions, is givenin Langet al. [2002].

5.5.2 EIT

In-flight calibration resultsarepresentedby Cletteet al. [2002] including grid correc-
tions,point-spreadfunctionandstray-light determinations. Also covered is thedegrada-
tion of theresponsivity causedby contaminationandEUV-inducedreduction of theCCD
charge-collection efficiency. The latter effect is responsible for mostof the degradation
observed. Inter-calibrationof EIT with SEMindicatesarelativeuncertaintycloseto 20%
afterappropriatecorrectionshavebeencarriedout. Theon-board,visible-lightcalibration
lamp andSOHOoff-point manœuvreswereusedto derive flat-field images andcorrec-
tion procedures,which alsobenefitfrom the EIT CalRocdata(seeTable5.3 andSec-
tion 5.4.12). Duringtheattitudelossof SOHO,EIT wasverywarmandtheresponsivities
of all channelsrecoveredby a factorof abouttwo.

5.5.3 SEM

The in-flight calibration of SEM is closelyrelatedto the Cal-SOrocket underflights
(seeTable5.3 andSection5.4.11). With their help, it couldbedeterminedthata carbon
depositionof � 16 nm thicknesshadaccumulatedafterfive yearsin orbit, for which cor-
rectionfunctionshavebeenestablishedasfarasthedegradationof theEUV responsivities
is concerned. After this correction, the relative SEM uncertainties in both channelsare
� 10 %. During theSOHOattitudeloss,SEM waswarmerthannominal, but no change
in responsivity wasreported.

5.5.4 SUMER

As for all spaceinstruments,themostcritical taskwasto verify thattheSUMERlab-
oratory radiometric calibration did not degradeduringspacecraftintegrationandlaunch.
As arelativemeasureit couldbeconfirmedthattheratiosof theresponsivities of thepho-
tocathodes(KBr andbaremicrochannelplate)for both detectors werenot affectedover
the entirewavelength range. With invariant line ratiosthe relative shapeof the respon-
sivity curves hassuccessfullybeenchecked and, finally, stellar observationsallowed a
comparisonwith IUE datanear120nm, for which anagreementwithin a few percent of
the individual observations was found [Wilhelm et al., 1997; Schühle et al., 2000c]. A
cross-calibration with SOLSTICEon UARS (calibrated at NIST beforelaunch andwith
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early-typestarsin flight) gaveconsistentirradianceresultswith relativedeviationsof 10%
to 14% in therangefrom 123.8nmto 155.0nm[Wilhelmetal., 1999], and,with thelatest
SUMERcalibration, even4 % for C IV at 154.8 nm [Wilhelm et al., 2002]. TheICAL 01
dataandtheH I Lymancontinuummeasurementsacquiredduringflat-fieldexposureswere
usedto perform calibrationtracking[Schühle et al., 1998]. No lossof responsivity has
beenfound,but ratheraslight increaseis seenin mostof theemissionlines,which is con-
sideredto beof solarorigin. It shouldbenotedthatthegainof themicrochannelplatesis a
function of thecountingrateandthetotalcounts.Correctionproceduresfor highcounting
ratesareavailable.In orderto maintaintheradiometriccalibration aftertheaccumulation
of a largenumberof totalcounts requiresanincreaseof theoperating voltage.Thisoption
is availableuntil the maximalvoltagelevels of the power suppliesarereachedfor both
detectors.

After theSOHOrecovery late in 1998, theSUMERresponsivity haddecreasedby a
factorof � 1.31for bothdetectors,andtherelativeuncertainty estimateshadtoberaisedto
above30%. A final resultis notyetavailable[Wilhelmetal., 2002]. Oneof thedifficulties
is that the ICAL 01 spectrallinesareoptimized for comparisonswith other instruments,
but not for aninternaltracking of apotentiallywavelength-dependent lossof responsivity.
SUMERwasverycoldduring theperiodwhenSOHO’s attitudewaslost.

5.5.5 UVCS

Theradiometric calibrationof thetwo UVCS ultraviolet channelshasbeenconfirmed
byseveralmethods.Thesuccessfulinter-calibrationsto IUE, Voyager, FUSE,andSUMER
usingstarshavebeenoutlinedin Section5.4.6, andthefavourableon-disk inter-comparison
with SUMER at N V 123.8nm wasmentioned in Section5.4.1. Comparisons of UVCS
on SOHO to UVCS/Spartanat H I Ly � were carriedout in November 1998 (cf., Ta-
ble 5.3). Spartanwascalibrated in the laboratory before andafter its flight. Agreement
with UVCS/SOHOwasfound within 15 % of eachother, well within theuncertainty of
25 % [Frazinet al., 2002]. UVCS/SOHOhasalsomademeasurementsof theinterplane-
taryH I Ly-� emission,andfound a radianceconsistentwith theacceptedvalue.

A number of other radiometrically-important instrument functions has beendeter-
mined in flight. For example, field uniformities have beenmeasured. A major effort
hasbeento track the degradationof field uniformity resultingfrom changes in detector
gain,andmake periodic increasesin thehighvoltageto keepthelocal detectorresponses
within 5 % of thenominal values.Thesemeasurementsusea combinationof starobser-
vationsandgrating scansof brightcoronal emissionlines.Detailsof thesemeasurements
canbefoundin Gardneretal. [2002] andreferencestherein.Theresponseof theH I Ly- �
redundantpathin theO VI channel is dependenton the irradiationof theredundantpath
mirror, whichis a function of thegrating angleaswell astheunvignettedtelescopemirror
area.Thesefunctionshavealsobeenevaluatedin flight. Suchobservationswerealsoused
to ensureradiometricconsistency for observationscommon to bothultraviolet channels.

Theyearlyobservationsof several starsby UVCS indicatethattherewerenochanges
in its responsivities as a consequenceof the SOHO attitudeloss, during which UVCS
experiencedmoderatetemperature excursions. Indeedthesesameobservationsindicate
that therehave beenno significantchangesto dateat all. This is likely to be dueto the
strict cleanlinessprogrammeandto thefact thatUVCS hasa telescopewith occulter. Its
mirrors thusarenot routinelyexposedto directsolarirradiation.
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5.6 Conclusions

A reliableandconsistentradiometriccalibrationof theSOHOVUV instrumentation
onthegroundandin flight is amajorundertaking,whichis still in progressasthemission
continues.It hasbeencloselyrelatedto thecorresponding cleanlinessprogrammesof the
spacecraftandtheinstruments.Togetherwith thecoordinatedcalibrationrocketflights,the
calibrationandinter-calibration activities (not restrictedto SOHOinstruments)havebeen
verysuccessfulandhaveledto alargedatabaseof solarVUV radiationmeasurementswith
high accuracy from thesunspot minimum in 1996 to thesunspotmaximum in 2000and
beyond. Theaccuracy achieved mustbe consideredasthe minimum standardfor future
solarmissions,whichwill havetheadvantageof buildingontheseexperiencesandresults.
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W.T. Thompson, andT.N. Woodsfor many suggestionsandfor providing informationon detailsof
someof theinstrumentperformancecharacteristicsor thedataobtained.

Bibliography

Auchère, F., Hassler, D.M., Slater, D.C., andWoods,T.N., SWRI/LASPsounding rocket
inter-calibration with the EIT instrument on boardSOHO,Sol. Phys.202, 269–280,
2001.

Austin, J.D., Contamination control plan for prelaunch operations,Proc. SPIE338, 42,
1982.

Boller, K., Haelbich, R.-P., Hogrefe,H., Jark,W., andKunz, C., Investigationof carbon
contaminationof mirror surfacesexposedto synchrotronradiation, Nucl.Instr. & Meth-
ods208, 273–279,1983.

Brekke, P., Thompson,W.T., Woods,T.N., andEparvier, F.G., The extreme-ultraviolet
solar irradiancespectrum observed with the Coronal DiagnosticSpectrometer (CDS)
onSOHO,Astrophys.J. 536, 959–970, 2000.

Bruner, Jr., E.C., The University of ColoradoOSO-8experiment.I – Introductionand
opticaldesignconsiderations,SpaceSci.Instrum.3, 369–387,1977.

Brynildsen,N., Brekke, P., Fredvik, T., Haugan, S.V.H., Kjeldseth-Moe,O., Maltby, P.,
Harrison,R.A., Pike, C.D., Rimmele,T., Thompson, W.T., and Wilhelm, K., EUV
spectroscopy of the sunspotregion NOAA 7981usingSOHO. I. Line emissionand
time dependence, Sol.Phys.179, 43–74, 1998.



18 5. THE CALIBRATION OF SOHO’ S VACUUM-UV INSTRUMENTATION

Clette,F., Hochedez,J.-F., Newmark, J., Moses,D., Auchère,F., Defise,J.-M., andDe-
laboudinière, J.-P., The Radiometric Calibrationof the ExtremeUltraviolet Imaging
Telescope,this volume,2002.

Danzmann, K., Günther, M., Fischer, J., Kühne, M., andKock, M., High current hollow
cathode asa radiometric transfer standardsource for the extreme vacuum ultraviolet,
Appl.Opt.27, 4947–4951, 1988.

Defise,J.-M.,Song,X., Delaboudinière, J.-P., Artzner, G.E.,Carabetian,C.,Hochedez,J.-
F., Brunaud, J.,Moses,J.D.,Catura,R.C.,Clette,F., andMaucherat, A.J., Calibration
of theEIT instrument for theSOHOmission,Proc.SPIE 2517, 29–39,1995.

Defise,J.M., Moses,J.D., Clette,F., andthe EIT Consortium, In-orbit performancesof
theEIT instrument on-boardSOHOandintercalibrationwith theEIT CalRocsounding
rocketprogram,Proc.SPIE3442, 126–139,1998.

Del Zanna,G., Bromage, B.J.I., Landi, E., andLandini, M., SolarEUV spectroscopic
observationswith SOHO/CDS.I. An in-flight calibration study, Astron.Astrophys.379,
708–734,2001.

Del Zanna,G., Theuseof atomicdatafor thein-flight calibrationof theCDSspectrome-
ters,thisvolume,2002.

Dere,K.P., Moses,J.D.,Delaboudinière,J.-P., Brunaud, J.,Carabetian,C., Hochedez, J.-
F., Song,X.Y., Catura,R.C., Clette,F., andDefise,J.-M., The pre-flight photometric
calibrationof the Extreme-ultraviolet Imaging TelescopeEIT, Sol.Phys.195, 13–44,
2000.

Dupree, A.K., andReeves,E.M., Theextreme-ultraviolet spectrumof thequiet Sun,As-
trophys.J. 165, 599–613,1971.

Frazin,R.A.,Romoli,M., Kohl,J.L.,Gardner, L.D., Wang,D., Howard,R.A.,andKucera,
T.A., White light inter-calibrationsof UVCS,LASCO andSpartan201/WLC,this vol-
ume,2002.

Gardner, L.D., Kohl, J.L., Daigneau, P.S., Dennis,E.F., Fineschi,S., Michels, J., Nys-
trom, G.U., Panasyuk, A., Raymond, J.C., Reisenfeld,D.J., Smith, P.L., Strachan,
L., Suleiman,R., Noci, G.C., Romoli, M., Ciaravella, A., Modigliani, A., Huber,
M.C.E., Antonucci, E., Benna,C., Giordano,S., Tondello, G., Nicolosi, P., Naletto,
G., Pernechele,C., Spadaro, D., Siegmund, O.H.W., Allegra, A., Carosso,P.A., and
Jhabvala, M.D., Straylight, radiometric,andspectralcharacterizationof UVCS/SOHO:
Laboratorycalibration andflight performance,Proc.SPIE 2831, 2–24, 1996.

Gardner, L.D., Atkins, N., Fineschi,S.,Smith,P.L., Kohl, J.L.,Maccari,L., andRomoli,
M., Efficiency variationsof UVCS/SOHObasedonlaboratorymeasurementsof replica
gratings,Proc.SPIE4139, 362–369,2000.

Gardner, L.D., Smith, P.L., Kohl, J.L., Atkins, N., Ciaravella, A., Miralles, M.-P.,
Panasyuk, A., Raymond,J.C.,Strachan,Jr., L., andSuleiman,R., UV radiometriccali-
brationof UVCS/SOHO,this volume,2002.

Hara,H., Nagata,S.,Kano,R.,Kumagai,K., Sakao,T., Shimizu,T., Tsuneta,S.,Yoshida,
T., Ishiyama,W., Oshino,T., andMurakami,K., Narrow-bandmultilayermirrors for an
extreme-ultraviolet Dopplertelescope,Appl. Opt.38, 6617–6627,1999.

Harrison,R.A., The CoronalDiagnostic Spectrometerfor SOHO:Scientificreport(The
Blue Book), 1988, attn.: laterrevisions until 1995.

Hassler, D.M., Lemaire,P., andLongval, Y., Polarization sensitivity of the SUMER in-
strumentonSOHO,Appl. Opt.36, 353–359, 1997.



5.6. Conclusions 19

Heroux, L., andHiggins,J.E.,Summary of full-disk solarfluxesbetween250and1940 Å,
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