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Onthebasisof ahigh-curren hollow-cathodelischage we have developedtwo trans-
fer sourcestandardsuitablefor the radiometic calibration of vacwm-ultraviolet (VUV)
telescopesThe sourcestandardsretranspotable and (in their currert design)produce
collimatedbeamsof 5 mm (grazing-ircidenceregion) and 2.5 mm, 5 mm, 10 mm and
15 mm (normal-incidenceregion) diameter By irradating the entranceapertue of the
telescopavith thisbeam theoverall spectratespoiseof theinstrunentcanbedetermired
andspectral-esponsiity variatiins over the entranceapeture canbe directly evaluated.
Thetransferstandard describedn this papetave beencalibratedn theradionetry labo-
ratory of the PhysikalischTechnischdBundesanstalfP TB) by useof the calculablespec-
tral phaon flux of the Berlin electronstoragering for synchotronradiationBESSYI: a
primary radianetric VUV sourcestandard The outpu of the sourcestandard hasbeen
determired at 57 emissionlines covering the wavelengthrange 15 nm to 150 nm. The
phota flux in theseemissioniinesrange from 10% s 1 to 10° s~1 andthe overall relative
standardincertaity of the phota flux in any givenline is found to be notmore than8 %.

Note: This paperis anupdatedversionof J. Hollandtet al., 1996,A&AS 115 561

4.1 Intr oduction

Theradiametric calibrationof instruments is basedon eithersoure or detectorstan-
dards.Sincein the vacuun-ultraviolet (VUV) spectraldomain reliablecelestialstandard
arestill being establishedthe radianetric calibrationof space-brne VUV instrumers
mustbebasedn laboratey standard.

In the past,calibratiors in the vacuum-ultraviolet have beenmadealmostexclusively
by useof detecto standadsratherthansourcestandads. The detecto standad wasused
to determire thephaonflux enterirg thetelescopevhenthecomgeteinstrunentwasillu-
minatedwith amonahromatic phaonbeam.Theratioof theinstrumemndetectorespoise
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andthemeasurednonahromdic flux enteringthetelescopeahenrepresentethespectral
resposivity of thecompeteinstrumen atthis particularwavelength This procedirewas
repeatedt differentwavelengtls in order to establisithe wavelengh-degndemn spectral
resposivity of theinstrumen. For practicalreasonsin mary casesheoverall calibration
wasmadein two (or more) steps:thetransmissiorof thetelescopandtheresposivity of
the spectrometedetectoisystemhadto be measurd separatelyReeaesetal., 1977.

A wide variety of VUV detectorstandadls is availablein the form of phote@mission
diodes[Canfieldand Swanson1987], sodiumsalicilate-basedletectos [Philips, 1984,
proportional courters[Henle and Tester 1975;Kroth et al., 199Q or photeelectricion-
izationchamlers[Samson1964 SamsorandHaddad, 1974. Therelative uncertaities
of thesedetecto standardsareof theorderof 10 % (10), and particdarly for phaoemis-
sion diodesand sodiumsalicilate-basedetectorsjong-term stability is a prodem. The
possibilitiesofferedby the significantlylower uncertaitiesthathave beenachiesed using
electricalsubstitutionradiametersopearting at liquid-helium tempeatureasthe primary
detectorstandardRabusetal., 1997 Shaw etal., 199] will bebriefly addresseth Sec-
tion 4.5 of this paper

In contiastto theratherconplex proceluresthatarerequred to acconmodatethe use
of detectorstandard, a radianetric instrumen calibrationbasedon sourcestandard is
straightfoward. If theradiationof the sour@ is well-matchel to the demandsof the cali-
brationanda level of uncetainty of a few percenis suficient, the instrunentto be cali-
bratedis illuminatedwith the sour@ of known spectrakmissiorandthe spectrakespomse
of the detectoris measurd. This classicalappr@chto radiametric calibrationcould not,
however, be usedin the VUV until abou two decade ago, sincesuchsourcesverenot
available.

During thelasttwo decadesyUV sourcestandards- in particlar, dedicaed electron
storageings(in fact,theprimaryradiametricVUV standard}- have becomeavailableand
severalinstrumeits have beencalibratedwvith the SURF-II storageing attheU.S.Nationd
Instituteof StandadsandTechndogy (NIST) [Furstetal., 19%]. Similar actities took
placeatthepositronstorageing SUPER-ACO atthelnstitutd’AstronomieSpatialg(IAS)
atOrsay[Bessoretal., 1989.

The spectraldistribution of radiation at mostsynchrdron sourcegseeFigure4.1 for
BESSY 1) is usually not well matchedto the VUV emissionof the Sunor other stars.
Theincreaseof photm flux with decreasingvavelengthof thetypical synchotronsource
cancauseextremelyhigh cortributionsfrom high ordes of the spectrometegrating,es-
peciallyfor grazingincidene optics. In order to overcomesomeof the major difficulties
thatoccur whenspaceinstrumants are calibratedby direct useof synchotron radiatian,
we have developedtransfersour@ standards.Being basedon a corventiond emission-
line source(a hollow-cathoa dischage source)with a collimatedoutpu beamourtrans-
fer standardswvoid the problemsassociatedvith the uncollimated,spectrallyeontinwous,
synchotronradiation whosepolarization, morewer, varieswith the viewing angle. The
hollow-cathodelischage sourcewe describenereemitswell-sepaatedemissiorinesand
thusavoids the often severeprodem of high-order contiibutionsthatoccu in gratingin-
struments.It alsoprovidesa wavelengh calibration asa matterof course. The transfer
standard in questionaretranspotableandcan,accodingly, be mourted on the testtank
in thelabaatory, wheretheinstrunentto be calibratechasbeendeveloped.Thusthereis
noneedfor aspecialcalibration tanknoris therea needto transpot theinstrumentor cal-
ibration This alsoremoresschedulencompatibilities asthey arebourd to occurwith the
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Figure4.1: Compaison of a blackbody radiatorat a temperatte of 3200K and the
synchotron+adiationspectrunof theelectronstorageing BESSY| atanelectronenegy
of 340MeV and850MeV.

inflexible beam-schdulingthatis mandatoy for multi-purpcse storagering facilities. A
giventransferstandardan,in principe, alsobebrowghtto different instrumrentssothatan
intercalibationby useof thesamestandad canbeachiered. A furtherinterestingproperty
of our transfersoure standardss thatthey producedetectorcownt-ratesin the telescope
systemaunde calibrationwhich are comparablewith thoseexpectedfor the instrumers
whenin flight.

4.2 Transfer Source Standards

4.2.1 Hollow-cathodeSource

The sourcestandard for the measurerant of the spectralrespomsivity of astronani-
cal instrumers arebasedn a high-curren, hollow-cathoe, glow-dischage source(Fig-
ure4.2). Thissourceemitsintenseunpolarized line-radigion from thebuffer gasandthe
cathoa material(99.5% aluminum) atwavelenghsabore 15nm (Figure4.3). Equipped
with a compact,two-stage differential purmping system,the sourceallows windowless
obseration of its VUV radiationunder ultrahighvacwm condtions. The flux-limiting
apertue stopwith adiameterof 0.6 mmis partof thedifferentialpumpng system.

As a radionetric transferstandardhe sourceis opeatedwith a fixed current (e.g.,
1 A) with a currentstability betterthan1 mA. The voltagedrop over the hollow-cathode
dischage (e.g, 500V) is sensitve to buffer-gaspressurdtypically 1 mbar) It canbe sta-
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bilized (to betterthan+ 1 V) by regulding the buffer-gasflow with anautomaticneedle-
valve (BalzersRME 010 anda self-rggulatingvoltagecontiol unit. In this modeof oper

ation,theradiantintensityof the VUV emissiorlinesis repioducille within + 5 % overa
periodof 40 opeating hours.
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Figure4.2: Longitudinal sectionof the hollow-cathodesourcewith an integraed two-
stagedifferential purmping system.

In orde to provide a large number of calibraion lineswithin the spectralrange from
15nmto 150nm,thehollow-cathoe sourcds alternatelyoperatedvith various raregases
servingasthe buffer gas. Changng the buffer gasdoesnot affect the repraducibility of
theemissiorvaluss, if measurearetakento fully drive outthe pre@dingbuffer gasfrom
the dischagetube. After 40 hours of opertionthe source hasto be cleanedf sputtered
catho@ materialandthe alumirium cathodecylinder hasto be replaced. To repioduce
the old phota-flux after cleaningthe source the oxide layer from the freshaluminum
cathoa hasto be removed, otherwisethis layer severely limits the sputteringcoeficient
of aluminium atomsfrom the catho@. This canbe accomplishd by dischage-cleaing
whenthe soure is opeatedwith argon for oneto two hous with a current of at least
1 A. Over a perid of threeyearsthe hollow-cathoe dischage hasbeenopeatedfor
morethan1000hourswithout ary detectale systematiaccharmgesin its radian intensity
Detaileddescripions of its operatim and radionetric charactdration as a standardof
radiantintensityaregivenin Danzman etal. [1988] andHollandt etal. [1994].

4.2.2 SourceStandards

To sene asa transferstandardor the radiametric calibrationof astronanical instru-
ments the hollow-cathodesourcehasto be combined with adeqateopticsto corvertthe
diverging radiationof the sourcento a collimatedbeam To cover the spectrarangefrom
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Figure 4.3: Spectrin of the hollow-cathodedischage, shaving line emissionfrom
multiply-ionizedaluminium andneonions. The spectrumwasmeasurd with threediffer-
entconfigurationsof thetoric-gratingmonahromatorbeamline.

15nmto 150nmwith suitable collimated,spectraphaon flux, two telescopezalibration
standard, oneworking in grazingincidencethe otherin norma incidence,have beende-
veloped[Holland etal., 1998].

Grazinginciden@ Souce Standérd:

In the grazingincidene spectrakrange,a Wolter type-Il telescopeavith an effective focd
lengthof 2.120 mis usedto provide a collimatedbeam(Figure4.4). Theapertue stopof
the hollow-cathoe sourceis placedat the focusof the Wolter telescopeThe diameterof
thecollimatedbeamis limited to 5 mmwhenit leavesthetelescopeThecomplée transfer
standards mourted on a platform thatcanbe moved up anddown (£150mm)to allow a
preciseverticd mappirg of the primary telescopenirror of theinstrumen for calibration
with the collimatedradiation

Normal-inddenceSouce Stanérd:

To provide collimatedVUV radiationabose 50 nm, the flux-limiting apertue stopof the
hollow-cathodesour@ s placedatthefocusof a gold-coated concae mirror with afocd
lengthof 1.090 m (Figure 4.5). The angleof incidencebetweenthe mirror normal and
the incomirg radiation is 3°. The diameterof the collimatedradiationis limited to 10
mm (standarddiameter)on the mirror surface. (Sincethe limiting apeture is mourted
on a preciselymoveablelinear feedthouch, apertuesresultingin diametersof the beam
of 2.5mm, 5 mm, and15 mm arealsoavailable.) The sphericé collimating mirror can
betilted abou two perpenlicularaxes(+20 mrad. In the casethatthe instrumet to be
calibratedalsopossesethe ability to tilt its primarymirror this allows atwo-dimersional
mappirg of the primary telescopenmirror with the collimatedradiation.
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Table4.1: Radiantpower of the graing-incidencesourcestandardn the Hel resorance
line at 58.43 nm over a periodof thirteenmontts.

Emissionline | RadiantPover | RadiantPover | RadiantPover | RadiantPowver
April '92 August’92 November92 | May’'93
58.43nmHel | 605pW 608 pW 591 pW 630pW
- A
<>
15m

Figure4.4: Schematiadrawing of the grazinginciderce sourcestandard.The diverging
radiationfrom the hollow-cathodesource(A) is collimatedby a Wolter typedl telescope

(B).

The hollow-cahodedischage of the grazirg-inciderce souce standards operaded at
a fixedworking point of 2 A and400V. Sincethe emissionlines of highly-ionizedions
typically shav a pronauncedsuperlineacurrentdepemlenceof their radiar intensity the
2-A/400-V working point providessuficient phaon flux in the 15 nm to 50 nm spectral
range wherethe spectrunof the sourcels domiratedby doully- andtriply-ionizedneon
andaluminum emissionlines. For the normalincidencesourcestandad a working point
of 1 A and500V hasbeenchesen.Undertheseconditions,the neutralandsingly-iorized
buffer-gas emissionlines that predaninatein the spectrumof the sourceabore 50 nm
appeamwith adequatdlux.

As anexampe of theradiomnetric, longtermstability of the hollow-cathoe sourcethe
radiantpower of the grazirg-incidencesourcestandad in the Hei resoranceline at 5843
nmis givenin Table4.1for a periad of thirteenmonths.During this period thealuminium
cathoa wasreplaced22 times andthe sourcewas transportd threetimes betweenthe
storagaing BESSYin Berlin andthe Rutherbrd AppletonLaboatory nearOxford, UK,
to enablethegrowund-tasedcalibration of CDS (Coranal Diagnastic Spectroneter).

The vacuumsystemsof both sourcestandardsare madeof stainlesssteeland built
accordng to ultrahighvacwm standard. Hollow-cathodesourcesand mirror chambes
arepunpedby turbomoleculiar pumgs. Typical pressuesin themirror chambes arein the
lower 10~8 mbarrangewhenthe hollow-cathodesourceis notin opeation. Pressure
the mirror chamkersgo up into the 10~% mbarrangewhenthe dischage is operatedith
raregases.
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Figure4.5: Schematiaraving of the nomal-incidence sourcestandard The diverging
radiationfrom the hollow-catho@ source(A) is collimatedby a concae, gold-coated
mirror (B).

4.3 Calibration Procedure of the Transfer Source Stan-
dards

In orderto perfam the spectral-respnsivity calibrationof astronanical instrunen-
tation, the phaon flux in the emissionlines of the collimatedradiationof the transfer
sourcestandardsnust be knowvn. The spectralradiantflux for a given collection ge-
ometryof synchotronradiationfrom an electronstorag ring is calculableaccordimy to
Schwinge's formula [Scdwinger, 1949 from threestoragering paraneters: electronen-
ergy, magretic field in the bendng maghet, andthe curren representedy the electrors
in thering. Thus, well-charaterizedelectra storageingsareprimary radianetricsource
standard for radiation which exterds from the farinfraredto the X-ray region. PTB had
setup aradiomeric labomtory atthe Berlin electronstoragering BESSY I, whichwasa
storagering dedicatedamory otherthings,to VUV radionetry. In this labordory, spe-
cial beam-line have beendevelopedfor theradionetric charactarationof VUV sourcs.
(Note: BESSY| closeddown in November1999andthe radiametry labomatory of PTB
wastransfeedto BESSYII. All thework describedn this pape hasbeenperfomedat
BESSYI.) Theradionetric calibrationis perfomedonthesebeamlinesby compaing the
unkrown radiationof transferstandardsvith the calculablesynchotron radiationof the
primary standar®®ESSYI. Thephaonflux in theemissiorline of atransferstandardp ™S
is deteminedby compaing thedetecteghotaurrenti TS()) of thetransferstandad with
the detectegphaocurrenti SR(1) of the calculablespectraphotonflux of the synchotron
radiationdR(2) (for detailsseeFischer etal. [1986] andHollandt etal. [1992]):

TS = / TS0 di = / [ig S(A)/i§R(A)] SR Fo(x) di (4.1)
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TS = / oS0 di = / [13500/1880) | @R Fao(r) 4.2)

The subscript€) and90 indicatethe orientationof the optical planeof the instrunen-
tation usedfor the flux comparisonwith respectto the electronorbit plane. The term
F (1) describeghe different degrees of polaiization of the two sourcesandthe polaiizing
property of theinstrumemationusedfor theflux comparison.

4.3.1 Grazing-incidenceMonochromator BeamLine

Inthe15nmto 60nmspectratange thecalibration hasbeenperfamedwith agrazirg-
incidene, toric-grating, monahromaor (TGM) beamline [Fischer etal., 1985]. For the
radiometric comparison,anellipsoidalfocusirg-mirror canimageeitherthetangentpoirt
of the stora@ ring or the apertue stopof the hollow-cathodesourceinto the entranceslit
of themonodromata in sucha way that,for bothsources,theimageof the soure is not
limited in width or heightby the sizeof the entrarceslit (Figure 4.6). Themonahromnator
is movedalongits optical axisto compesatefor the differentimagedistance®f the two
sources.Measuremsts have beenperiormedwith a gratirg of 600 lines/mm(15 nm to
32 nm) andof 200 lines/mm(22 nm to 60 nm). To allow for correctionscausedoy the
different degrees of polaiization of the transferstandardand the synchrotron radiatian,
the monahromaor canberotatedby 90° arourd its opticalaxis, whichis definedby the
centerof theentrarcesslit andthecenterof thegrating. This allows measuementswith the
opticalplaneof theinstrumen parallelandperpgendicuar to the planeof theelectronorbit.
The polarizng property of the monahronatordetecto systemM MP (1) is determired
from measuremantsof thecompletelypolaizedsynchraronradiationin bothorientatiors
of themonahromator,

14+ PSRO) MEQ) ISR —igR(y)

MD — :
M = Ry e MEL iR iRy

(4.3)

Thepolaizing progerty of the ellipsoidalfocusingmirror M E(1) is calculatecby use
of the Fresneformuae. Thedegreeof linear polarizationis definedas

_olo) - ot

PO = I 1
ol (1) + D (1)

(4.4)

@R(A) andcl>f()») arethe compnentsof the spectraradiantpower with the electric-
field vectoroscillating parallelandperpedicularto the planeof the electronorbit. With
equatios 4.3 and 4.4 the wavelengh-dependentfuncions Fo(A) and Fgo(L) in equa-
tions4.1and4.2aregivenby

1+ PSRMMD 4 ME . (PSR MMD)
1+ pTSMMD_|_ ME ,(pTS+ MMD)

Fo/oo(2) = (4.5)

For the radiametric calibration knowledge of the perentageof radiationdiffracted
into the higherorde's of the synchotron radiationspectrumis essential. Therebre, the
high-order performarce of the gratings hasbeenmeasuredK ithneand Muller, 1989.
Additionally, in specificwavelengh ranges,absorpion-edyefilters (Al: 20 nm— 32 nm,
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Mg: 25nm—-41nm,Sn: 53nm-59nm)have beenusedbehird theexit slit to suppresthe
influenceof synchrdron radiationdiffractedin highe order andthe storageing hasbeen
operate with a redued electronbeamenepgy of 340 MeV (vs. the standardenepgy of
800MeV), whichrediwcedthephotm flux onthe shortwavelengthsideof thesynchotron
radiationspectrunsignificantly

4.3.2 Normal-incidence Monochromator BeamLine

Complenentaryto thegrazirg-incidencebeamline, anormalincidencemorochrana-
tor (NIM) beamline hasbeenusedfor the calibrationof selectedemissionlines above
40 nm (Figure4.7). This beamline consistedf anapertue stop(definingthesolid angle
of theacceptedynchotronradiation), a sphericaimaging mirror, a15° McPherso-type
monahromatoranda phaomultiplier detecto. Again, theinstrumenmationis built for the
compaisonof atransferstandardvith the primary standardBESSY For thatpurpose,the
entireinstrumentationcan be rotatedarownd a vertical axis, which permitsthe spherich
mirror to form alternatelyanimageof thetangent point of the storagering or theapeture
stop of the hollow-cathodesourcein the entrance slit of the monachronator As in the
caseof the toric-grating monahronator, the size of the entrane slit doesnot limit the
radiantflux of eithersoure. Thedifferentdistance®f thetwo sourcesinder compaison
require thatthe normal-inciderce monahromator canbe movedalongits opticd axis. In
contrasto theTGM beamline, thecompletenorma-incidene instrumemation(includng
theimagingmirror) canberotatedby 90° aboutits horizontal axis, which coinddeswith
theopticd entrarceaxis. By measuringhe synchiotronradiationwith the opticd plare of
theinstrumetation both pardlel andperpeuicularto the planeof the electronorbit, the
polarizing property of the mirror-morochranatordeectorsystemM (1) is deternined by

1 ISR — iGR(A)
TOPSRGY) iSRG +igRM)

ML) (4.6)

With equaions 4.4 and4.6 the functions Fg(1) and Fgo(2) in equatios 4.1and 4.2
aregivenby

14+ PSR) M)

Foro) = T BTs0) My

4.7)

To optimizetheinstrunentationfor thecalibrationof thetransfersoucestandardin a
specificwavelengh range particularcombirationsof imagingmirror, gratinganddetector
systemhave beenused.Calibrationshave beenperfamedwith two gratings differing in
line spacingandblazeangle,with two differently-cated,sphericalmirrors andwith two
differentphotonultiplier detectes. For thesourcecomparsonthehigh-orderperfamance
of thegratigshasbeendetermiredandits influenceonthesynchraronradiatian spectrum
hasbeenconsideed. Additionally, above 105nm, LiF-filters have beenusedto suppess
high-ordercontibutionsin the dispersedsynchrdron radiationspectrmm. For detailson
theNIM beamline seeHollandt etal. [1992] andHollandt etal. [1994.

Dueto thespectrarangeof the grazirg-incidencesourcestandad, it hasbeencharac-
terizedfrom 15 nmto 60 nm with the TGM beamline andfrom 40 nmto 80 nm with the
NIM beamline. Fromthesemeasuremnts,twenty-five aluminium andrare-ga emission
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Figure4.6: Schematidrawing of thegrazingincidercemonodromate beamline for the
radiormetric calibration of transfersoure standardin the15nmto 60 nm spectrakrance.

lineshave beenchoserfor calibratian. All theseemissiorlineshave beensuccessiely cal-
ibratedwith adeqate combnationsof the optical elementsfilters anddetectos. When-
ever possibletheemissionlineshave beencalibraedwith atleasttwo differentconfigua-
tionsof theinstrumemationto checkfor systematiaincertaitiescausedy inhomaeneity
of the efficiency of the gratingandhigh-ader contritutionsin the dispersedsynchotron
radiationspectrum
Thenomal-incicencesourcestandardouldbecharactazedcompletelybetweerbOnm
and150nmby useof theNIM beamline. In thisspectrafange 32 raregasemissiorines
have beenselectedfor calibration. Again, all emissionlines have beencalibratedwith
at leasttwo differentconfigurationsof imagingmirror, gratinganddetectorto checkfor
systematiauncertanties. Additionally, a coase cross-calibation with the VUV spectral
resposivity scale,which is traceablego NIST, hasbeenperfamed. For this purposea
NIST-calibratel Al,O3 phaoemissiondiode hasbeenbrowht into the collimatedradi-
ation of the normd-incidene sourcestandardvhenthe sourcehasbeenopeatedwith
helium. Themeasuredignalof thediode agreedvell, within thecombireduncetainty of
thecompaison(15% at 1 o level), with the calibratedohaon flux of the source.

4.4 Resultsand Uncertainties

4.4.1 PhotonFlux

Thephotm flux in the 25 selectedmissioninesof thegrazinginciderce sourcestan-
dardis shavn in Table4.2. It rangesrom 5 x 10* s~ for the Al iv emission-linedoubiet
(16.01 nmto 16.17 nm)to 2 x 108 s~1 for the Hel resonane line at 58.43 nm. While
the emittedradigion of the hollow-cathodesourceitself is unpdarized, the collimated
radiationof the grazinginciderce sourcestandards partly polaized owing to the two
grazingincidercereflectiorsin the Wolter telescopeBelow 50 nmthe polaiizationof the
collimatedradiationis lessthan20%. In thespectrafangefrom 50nmto 80 nmthepolar
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Figure4.7: Schematidrawing of thenomal-incidexcemona:hronmatorbeamline for the
radionetric calibration of the transfersourcestandadsin the 40 nm to 150 nm spectral
range.

izationgoesupto 50%. Especiallywhencalibratinganinstrumenwith grazirg-incidence
opticsat longer wavelergths, the significantpolarization of the grazinginciderce source
standardmustbe consideed. Ideally, eitherthe instrument or the sourceshouldbe ro-

tatedby 90° arownd the axis of the collimatedbeamto correct for the polarizdion of the
instrumerh.

Thephota flux in the 32 selectedemissioninesof the nomal-incidencesourcestan-
dardis shavn in Table4.3. It rangesfrom 4 x 108 s~1 for the Ar 11 emissionline at 5834
nmto 7 x 108 s~1 for the Hel line at 5843 nm. After only onereflectionwith anangle
of inciderce betweenthe mirror normd andthe incomng radiation of 3° the degree of
polarizatia of the collimatedradiation is lessthan1 % for all emissiorlines.

4.4.2 Uncertainties

Theovenall uncetainty of thephota flux in thecalibratedemissioninesof Tables4.2
and4.3originatesfrom the uncetainty of thespectraphaon flux of the primary standard
BESSY theuncetaintiesinheentin thecomparisonprocedureof thetransfersourcestan-
dardswith theprimary standardndthelongtermstability of theradiation emissiorof the
transferstandards.

The spectralphotonflux of the synchrotron radiationthrowgh the flux-limiting aper
ture stopof a sourcecalibrationbeamline ® fR(A) is calculatedaccordimg to Schwinge's
formua. ®$R(1) is afunction of six paranetersd >R (1) = @2R(x, W, B, 1, a, d, ¥p). W
is the enepgy of the storedelectrondn thering, B the magretic inductian in the bendng
magné atthe pointof obsenation, and| isthecurren represetedby thestoredelectrors.

PTB measuredhe standarcelectronenegy of 800MeV atBESSY| by meanf res-
onantspindepdarizationof theelectrors [Derberev etal., 1987. Sincethecharactestic
polarization time of the electrors is proportiond to W ~°, this methal is not feasiblefor
enegiesbelav 700MeV, whenthe polarizdion time becomedonger thanthe life-time of
the electronsstoredin thering. The flux comparisonwith the TGM beamline hasbeen
perfamedwith the low electronenepgy operatian of BESSY of 340 MeV to reducethe
synchotronradiationdiffractedin higher orderin the spectrum In the low-enegy mode
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Table 4.2 Radiantpower and photm flux of selectedemissionlines of the grazirg-
inciden@ sourcestandard- working point: 2 A, 400V.

Wavelength/ | Spectrum/bffer gas | RadiantPowver/ | PhotonFlux/ Rel. standard
nm pW s1 uncertainty(1o)
16.01/1617 Al'lv /Ne 0.67 5.43104 8%
16.95-1756 Al / Ne 1.41 1.2210° 8%
16.01/1617 AlIv / Ar 0.60 4.8610% 8%
16.95-1756 Al / Ar 1.01 8.7710% 8%
20.43-2089 Nelv 3.3 3.4310° 8%
21.26 Nelv 1.15 1.2310° 8%
21.54-2188 Nelv 4.4 4.8110° 8%
22.26-2236 Nelv 1.81 2.0310° 8%
26.71-2677 Nelll 7.5 1.0110° 8%
28.25-2839 Nelll 18.3 2.6110° 7%
30.11 Nelil 10.2 1.5510° 7%
30.38 Hell 320 4.8910 7%
30.86 Nelll 4.0 6.2110° 7%
31.31-3139 Nelll 124 1.9610° 7%
37.93 Nelll 57 1.0910 7%
40.59/4071 Nell 98 2.0110 7%
44.50-4478 Nelll 173 3.8910 7%
46.07-4624 Nell 676 157108 7%
48.81-4911 Nelil 71 1.7510 7%
53.70 Hel 26.5 7.1610° 7%
58.43 Hel 609 1.79108 7%
71.81-7453 Arll 69 2.5410 7%
73.59 Nel 271 1.00108 7%
74.37 Nel 157 5.8810/ 7%
76.92 Arlil 5.8 2.2510° 7%
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Table 4.3: Radiantpower and phaon flux of selectedemissionlines of the nomal-
inciden@ sourcestandard- working point: 1 A, 500V.

Wavelength/ | Spectrum | RadiantPowver/ | PhotonFlux/ Rel. standard
nm pW s1 uncertainty(1o)
53.70 Hel 55.3 1.4910 6%
54.29/ 54.32 Arll 50.9 1.3910 6%
54.75 Arll 67.9 1.8710 6%
58.34 Ar i 14.3 4.2010° 6%
58.43 Hel 23% 7.0410° 6%
60.29/60.42 | Arii /Arii 19.8 6.0210° 6%
61.24 Arll 13.6 4.191CF 6%
67.09- 67.29 Arll 66.9 2.2610 6%
71.81 Arll 18.8 6.8010° 7%
72.20 Kr i 335 1.2210 7%
72.34/ 72.55 Ar il 68.1 2.4810° 7%
73.09 Ar i 23.0 8.4710° 7%
73.59 Nel 955 3.541C° 7%
74.03 Ar i 55.7 2.08107 7%
74.37 Nel 526 1.971C° 7%
74.49/ 74.53 Ar i 425 1.5910 7%
76.92 Ar il 24.7 9.5610° 7%
88.41/88.63 Krii 212 9.4510 7%
89.10 Kr il 75.8 3.4010° 7%
91.74 Kr il 382 1.77108 7%
91.98 Ar i 812 3.7610° 7%
93.21 Ar i 486 2.2810° 7%
96.50 Kr il 455 2.2110° 7%
104.82 Arl 508 2.6810° 7%
106.67 Arl 406 2.1810° 7%
110.04 Xell 108 5.9810 7%
115.85 Xell 47.6 2.7810° 7%
116.49 Kri 136 7.9810 6%
118.31 Xell 95.0 5.6610 6%
123.58 Kri 421 2.6210° 6%
124.48 Xell 22.5 1.4110 6%
146.96 Xel 200 1.48108 6%
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of BESSY the electronenegy hasbeendeternined from an absoltie measuremenof
the synchrdron radiationspectrummeasuredvith a calibrated enegy-dispesive, Si(Li)
detector TegelerandUIm, 1989.

The magretic induction was measuredby a nuclear magneticresonaceprole in the
centerof thedipolemagret. Sincethetangem points of bothsourcecalibration beamlines
arenotin the centerof the dipde magnetthe uncertinty of B is domiratedby thefield
inhormogeneityalongthe electra path, which hasbeenmeasued relatively with a Hall
proke.

To measue theelectroncurren overthefull range from 0.8 pA (onestoredelectronin
thering) upto 1 A, PTBis usingthreedifferert methals[UIm etal., 198]. While small
currens up to 1000storedelectrans areaccuraely measuredby single-electra courting
[Riehleet al., 1983], a currert abore 0.5 mA is measued, with an uncetainty of 5 ©A,
by two identicaldc-beam-curenttransfamers. For the calibrationof the transfersource
standard the storageing hasbeenopertedwith anelectroncurrern of typically 100 A
to adjustthe acceptechotm flux of the synchrdron radiation to the photonflux of the
transferstandards.In this intermaliate current range(0.8 nA < | < 1.5 mA) the cur
rentis measuredy meansof different phaodiodes, which have to be calibraed agairst
the curren transfomerat typically 1 mA. Theuncertaity of the current measuementis
therefae doninatedby the calibration uncertaintyandthelinearity of the photaliodes.

The angleWg of the centerof the flux-limiting apeture with respecto the electron
orbit planewas determiné from the measuredrettical angdar distribution of the syn-
chrotion radiation Additionally, the size of the apertue stopa andits distanced from
the tangen point of obseration hadto be measured A descrigiion of the measurment
procedrreis givenin Thornagel etal. [1996].

In Table4.4 the influenceof the uncertaintiesof the storagering paranetersandthe
geomdrical quariities ontheuncertaity of the spectraphota flux of BESSYI is shavn
for typical wavelenghs of the two soure-calibrationbeamlines. For all measuements
with the two sourcestandard, the relative standarduncetainty of the spectralphaon
flux of the synchraron radiationhasbeenbelav 2.5 %. It shouldbe mentiored that, for
precisionexpeaiments,a significarlly smalleruncertaity of thespectraphaonflux of the
synchotronradiation wasachieved at BESSY| [Arndd andUIm, 1992 Thornagel etal.,
1994.

In the overall uncetainty of the phaon flux of the transferstandardsthe maincontri-
butionsof the comparisonprocedire stemfrom spatialvariations of thegratingefficiency
andthedetecto respamsvity. Therebre,it hasbeenof crucialimpartancefor theflux com-
parisonto illuminate,asfar aspossible jdenticalareason the gratingandon the detector
by boththe transferandprimary standads. The uncertaities resultingfrom the inhono-
geneitieof theopticalcompamentsandthedetectorsveredeterninedfrom measuements
of thesynchotronradiationwith apertue stopsof differentsizes whichresultedn slightly
differentrespmsivities of theinstrumemationusedin the flux compaison.

Additionally, in geneal, the synchrdron radiationsignali SR(1) containsradiation
diffractedin higherorder. With the TGM beanline, thecontibution of high-orderdiffrac-
tion to theuncertaity of the flux compaisonis redwcedto 1 % by the useof filters anda
reducel electronenegy (340MeV). With theNIM beam-lire nofilters have beenapplied
belov 105 nm andthe influenceof second-ader diffraced radiationcould be corrected
from the knowledge of the high-order perfamanceof the gratings employed. The un-
certaintyof this correction stronglydeperls on the obsened wavelendh andtheimaging
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Table4.4 Contributionsto therelative uncetainty (10) of the spectraphaon flux of the
synchotronradiation.

Sourceof Value for TGM beam | Rel. std. uncer | Value for NIM beam | Rel. std. uncer

uncerainty line tainty line tainty
ADASR/ @SR ADASR/ @SR
at40nm atoonm

Electron enegy W = (337+2) MeV 0.99% W = (7984 1) MeV 0.09%

Magnetc indudion B =(0.63%0.005)T | 0.13% B =(1.482t 0.005)T | 0.23%

Electron current

Diodecalibrationat | | = (1500t 5) A 0.60% | = (1500+5) nA 0.60%

Linearity of diode +0.5% +0.5%

Diamete of aper | a = (5.286 + 0.010) | 0.38% a = (10.00 + 0.02) | 0.40%

ture stop mm mm

Distane of apertue | d =(15050+ 15)mm | 0.20% d =(23745+ 50)mm | 0.42%

stop

Emissionangle Yo = (0.04 + 0.02) | 0.01% Wy = (0.50 £ 0.05) | 0.93%

mrad mrad

Beamemittance

vertical bean diver

gence + 30 urad 1 0.03% + 30 urad 10.01%

vertical beamsize + 500 um + 500 um

Total sum in 1.2% 1.3%

quadrature

A®LSR/ @SR

mirror used.As mentioredearlier LiF filters wereusedto suppressadiationdiffracedin
higherorderabove 105nm.

In Table 4.5 the contritutions of the primary standad BESSY I, of the compaison
procedire andof the stability of the hollow-cathoe sourceto the uncertanty of the pho-
tonflux of thetransferstandard aregivenfor two differentwavelengtls andtwo different
opticalconfiguationsof theNIM beamline. Theoverall relative uncertaity of thephaon
flux in the calibratedemissiorlinesresultsfrom thesum,in quadature ,of thesecontiibu-
tionsandis listedin Table4.2andTable4.3

4.5 Summary

Wedescribdransfersourcestandadsbasednhollow-cathoe, glow dischageswhich
canbeusedfor the overall radiametric calibration of VUV astrononical instrunentation.
Our standard$iave a phaon flux thatis traceake to the electronstoragering BESSY|, a
primary radiametricstandardandproducea collimatedbeamthatcandirectlyirradatethe
telescopeentrarmce apertue. The sourcestandard aretranspotable,andtheir differential
pumpng systempernits windowlessoperatim in conrectionwith an ultrahighvacwm
system.

Calibrationcanthustake placein thetankthatis usedfor instrument development and
testing;theinstrumem neednotbetranspaotedto a specialcalibrationfacility. Schedling
prodems,asthey arebourd to occu with the primary synchotron sourcestandagls, are
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Table4.5: Overall relative uncetainty (1o) of the phaon flux of the nomal-incidence
sourcestandadl.

Sourceof uncertaiy | at55nm | at90onm
Imagingmirror:

Au SiC Au SiC
Spectralphota flux of syn- | 1.4% 1.4% 1.3% 1.3%
chraronradiation
Synchptron radiation - - 2.5% 0.6%
diffractedin high-orde
Inhomogereity of optical | 3.0% 3.5% 3.0% 3.5%
commnentsanddetecto
Linearity of detector 0.6% 0.6% 0.6% 0.6%
Wavelengthcalibration 0.4% 0.9% 0.1% 0.1%
Stability of hollow cathale | 5% 5% 5% 5%
source
Total sumin quadrature 6.0% 6.4% 6.5% 6.3%
ADASR/ PSR

alsoavoided. The transfersourcestandardgrodicea line spectrun sothatthey canbe
usedfor bothradionetricandwavelengthcalibration; order-sortingis straightfoward.

Thediameterof thecollimatedbeamg5 mmand10mm)aresmallcomparedto those
of atypicd (solaror nonsolar)space-telesgeentranceapertue (L00mmto severalme-
ters). This pernits a mappng of local spectral-esponsiity variatiors over thetelescope
apertue. At the sametime, the small, collimated input beamsyeneraténstrumen count-
ratestypical of thoseexpededin flight, sincetheirphaonflux correspadsto thattypically
collectedin flight by theentiretelescopeperture

Accordingly, thesetransporthle sour@ standard are suitablefor the calibration not
only of solarVUV instrumeits (for which they were originally developed) but alsofor
astronortal spaceinstrumetmationin general. Two of theinstrumes flown on SOHO,
CDS (Cororel Diagncstic Spectroreter Harrison et al. [1995]) and SUMER (SolarUl-
traviolet Measurerantsof EmittedRadiation Wilhelm etal. [1995]), have beencalibrated
by useof the systemslescribedn this papeffHolland etal., 1996 Langetal., 200Q.

The phaon flux of the sourcestandard is known to betterthan8 % (1o value). This
is clearlyadequatdor the current requiementfor quanitative solarspectroscop partic-
ularly in the extremeultraviolet spectraldomain, whereaccurag is limited by the larger
uncerténtiesin the atomicdatausedin diaghosticinvestigationsof solarplasma/Mason
andMonsignai-Fossj 1994.

We maintainthat the existenceof a reliablelaboratey standards a prereayisite for
verifying the radionretric stability of aninstrument, aslong asit is on thegrouwnd. Partic-
ularly, collimatedsource standard, suchasthosedescrited here provide a precisemeans
of testingthe radiometic stability of the entire,assembledystem ratherthanonly of its
individual opticd compments.

As indicatedin the introduction, at the radiorretry labaatory of PTB at BESSY an
improved primary detecto standard- an electrical substitutionradiomete opeating at
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liquid-helium tempeature[Ralus et al., 1997] — hasachieved significantlylower uncer

tainties.In thespectrarangebetweem0 nmand400nm, thespectrarespomsivity of pho-
todiodeshasbeendeterninedwith arelative uncetainty betterthan1 %, theresultsbeing
in goad agreemat with a calibrationagainstthe laseropeatedcryogenicradiomete of

PTBBerlin[Ralusetal., 1997. Similarprogesshasalsobeenmadein thedetermiration
of thespectratesposivity of phaodiodeswith thismethalin thesoftX-ray range (0.1 nm

to 25 nm) [Krumrey et al., 200]. Suchwell-characteézedtransferdetecto standard, in

combiration with collimatedmorochramatizedradiaion, offer the potentialto calibrate
completeastromicaltelescopgat specialsynchotronradiationbeamlineswith smaller
uncerténties thanthoserealizedin the past. A beamline of this kind is planred at the
radionetry laboratwey of PTB attheelectronstoragaing BESSYII.
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