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Onthebasisof ahigh-current hollow-cathodedischargewehavedevelopedtwo trans-
fer sourcestandardssuitablefor theradiometric calibration of vacuum-ultraviolet (VUV)
telescopes.The sourcestandardsaretransportableand(in their current design)produce
collimatedbeamsof 5 mm (grazing-incidenceregion) and2.5 mm, 5 mm, 10 mm and
15 mm (normal-incidenceregion) diameter. By irradiating the entranceaperture of the
telescopewith thisbeam,theoverall spectralresponseof theinstrumentcanbedetermined
andspectral-responsivity variations over theentranceaperture canbedirectly evaluated.
Thetransferstandardsdescribedin thispaperhavebeencalibratedin theradiometry labo-
ratoryof thePhysikalisch-TechnischeBundesanstalt(PTB) by useof thecalculablespec-
tral photon flux of theBerlin electronstoragering for synchrotronradiationBESSYI: a
primary radiometricVUV sourcestandard. Theoutput of thesourcestandards hasbeen
determined at 57 emissionlines covering the wavelengthrange 15 nm to 150 nm. The
photon flux in theseemissionlinesranges from 104 s

� 1 to 109 s
� 1 andtheoverall relative

standarduncertainty of thephoton flux in any givenline is found to benotmore than8 %.
Note: Thispaperis anupdatedversionof J.Hollandtet al., 1996,A&AS115, 561

4.1 Intr oduction

Theradiometriccalibrationof instruments is basedon eithersource or detectorstan-
dards.Sincein thevacuum-ultraviolet (VUV) spectraldomain reliablecelestialstandards
arestill beingestablished,the radiometric calibrationof space-borneVUV instruments
mustbebasedon laboratory standards.

In thepast,calibrations in thevacuum-ultraviolet have beenmadealmostexclusively
by useof detector standardsratherthansourcestandards. Thedetector standard wasused
to determinethephotonflux entering thetelescopewhenthecompleteinstrumentwasillu-
minatedwith amonochromaticphotonbeam.Theratioof theinstrument detectorresponse
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2 4. SOURCE STANDARDS TRACEABLE TO THE PRIMARY STANDARD BESSY

andthemeasuredmonochromatic flux enteringthetelescopethenrepresentedthespectral
responsivity of thecompleteinstrument at this particularwavelength. Thisprocedurewas
repeatedat differentwavelengths in order to establishthewavelength-dependent spectral
responsivity of theinstrument. For practicalreasons,in many casestheoverall calibration
wasmadein two (or more)steps:thetransmissionof thetelescopeandtheresponsivity of
thespectrometer-detectorsystemhadto bemeasured separately[Reevesetal., 1977].

A wide varietyof VUV detectorstandards is availablein the form of photoemission
diodes[CanfieldandSwanson, 1987], sodium-salicilate-baseddetectors [Philips, 1984],
proportional counters[Henke and Tester, 1975;Kroth et al., 1990] or photoelectric ion-
izationchambers[Samson, 1964; SamsonandHaddad, 1974]. Therelative uncertainties
of thesedetector standardsareof theorderof 10 % (1� ), and, particularly for photoemis-
sion diodesandsodium-salicilate-baseddetectors,long-term stability is a problem. The
possibilitiesofferedby thesignificantlyloweruncertaintiesthathavebeenachieved using
electricalsubstitutionradiometersoperating at liquid-helium temperatureasthe primary
detectorstandard[Rabuset al., 1997; Shaw et al., 1999] will bebriefly addressedin Sec-
tion 4.5of thispaper.

In contrastto therathercomplex proceduresthatarerequired to accommodatetheuse
of detectorstandards, a radiometric instrument calibrationbasedon sourcestandards is
straightforward. If theradiationof thesource is well-matched to thedemandsof thecali-
brationanda level of uncertainty of a few percent is sufficient, the instrument to becali-
bratedis illuminatedwith thesourceof known spectralemissionandthespectralresponse
of thedetectoris measured. This classicalapproachto radiometriccalibrationcouldnot,
however, be usedin the VUV until about two decades ago,sincesuchsourceswerenot
available.

During thelasttwo decades,VUV sourcestandards– in particular, dedicatedelectron
storagerings(in fact,theprimaryradiometricVUV standard)– havebecomeavailableand
severalinstrumentshavebeencalibratedwith theSURF-IIstorageringattheU.S.National
Instituteof StandardsandTechnology (NIST) [Furst et al., 1995]. Similar activities took
placeat thepositronstoragering SUPER-ACOattheInstitutd’AstronomieSpatiale(IAS)
at Orsay[Bessonet al., 1989].

Thespectraldistribution of radiation at mostsynchrotron sources(seeFigure4.1 for
BESSY I) is usuallynot well matchedto the VUV emissionof the Sunor otherstars.
Theincreaseof photon flux with decreasingwavelengthof thetypicalsynchrotronsource
cancauseextremelyhigh contributionsfrom high orders of thespectrometer grating,es-
peciallyfor grazing-incidence optics. In order to overcomesomeof themajordifficulties
that occur whenspaceinstruments arecalibratedby direct useof synchrotron radiation,
we have developedtransfersource standards.Being basedon a conventional emission-
line source(ahollow-cathode dischargesource)with a collimatedoutput beam,our trans-
fer standardsavoid theproblemsassociatedwith theuncollimated,spectrally-continuous,
synchrotronradiation, whosepolarization, moreover, varieswith theviewing angle.The
hollow-cathodedischargesourcewedescribehereemitswell-separatedemissionlinesand
thusavoids theoftensevereproblem of high-order contributionsthatoccur in gratingin-
struments.It alsoprovidesa wavelength calibration asa matterof course.The transfer
standards in questionaretransportableandcan,accordingly, bemountedon thetesttank
in thelaboratory, wheretheinstrumentto becalibratedhasbeendeveloped.Thusthereis
noneedfor aspecialcalibration tanknoris thereaneedto transport theinstrumentfor cal-
ibration. Thisalsoremovesscheduleincompatibilities asthey arebound to occurwith the
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Figure 4.1: Comparison of a black-body radiatorat a temperature of 3200 K and the
synchrotron-radiationspectrumof theelectronstoragering BESSYI atanelectronenergy
of 340MeV and850MeV.

inflexible beam-schedulingthat is mandatory for multi-purposestoragering facilities. A
giventransferstandardcan,in principle, alsobebrought to different instrumentssothatan
intercalibrationby useof thesamestandard canbeachieved.A furtherinterestingproperty
of our transfersource standardsis that they producedetectorcount-ratesin the telescope
systemsunder calibrationwhich arecomparablewith thoseexpectedfor the instruments
whenin flight.

4.2 Transfer SourceStandards

4.2.1 Hollow-cathodeSource

Thesourcestandards for the measurement of the spectralresponsivity of astronomi-
cal instruments arebasedon a high-current, hollow-cathode,glow-discharge source(Fig-
ure4.2). Thissourceemitsintense,unpolarized,line-radiation from thebuffer gasandthe
cathodematerial(99.5% aluminium) atwavelengthsabove15nm(Figure4.3). Equipped
with a compact,two-stage,differentialpumping system,the sourceallows windowless
observation of its VUV radiationunder ultrahigh-vacuum conditions. The flux-limiting
aperture stopwith a diameterof 0.6mmis partof thedifferentialpumping system.

As a radiometric transferstandardthe sourceis operatedwith a fixed current (e.g.,
1 A) with a currentstability betterthan1 mA. Thevoltagedropover thehollow-cathode
discharge (e.g., 500V) is sensitive to buffer-gaspressure(typically 1 mbar). It canbesta-
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bilized (to betterthan
�

1 V) by regulating thebuffer-gasflow with anautomaticneedle-
valve (BalzersRME 010) anda self-regulatingvoltagecontrol unit. In this modeof oper-
ation,theradiantintensityof theVUV emissionlinesis reproducible within

�
5 % overa

periodof 40operatinghours.
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Figure4.2: Longitudinal sectionof the hollow-cathodesourcewith an integrated two-
stage,differential pumpingsystem.

In order to provide a largenumberof calibration lineswithin thespectralrange from
15nmto 150nm,thehollow-cathodesourceis alternatelyoperatedwith variousraregases
servingasthe buffer gas. Changing the buffer gasdoesnot affect the reproducibility of
theemissionvalues, if measuresaretakento fully drive out theprecedingbuffer gasfrom
thedischargetube. After 40 hours of operationthesourcehasto becleanedof sputtered
cathode materialandthe aluminium cathodecylinder hasto be replaced.To reproduce
the old photon-flux after cleaningthe source,the oxide layer from the freshaluminium
cathode hasto beremoved,otherwisethis layerseverely limits thesputteringcoefficient
of aluminium atomsfrom thecathode. This canbeaccomplished by discharge-cleaning
whenthe source is operatedwith argon for one to two hours with a current of at least
1 A. Over a period of threeyearsthe hollow-cathode discharge hasbeenoperatedfor
morethan1000hourswithout any detectable systematicchangesin its radiant intensity.
Detaileddescriptions of its operation and radiometric characterization as a standardof
radiantintensityaregivenin Danzmannet al. [1988] andHollandt etal. [1994].

4.2.2 SourceStandards

To serve asa transferstandardfor the radiometriccalibrationof astronomical instru-
ments,thehollow-cathodesourcehasto becombinedwith adequateopticsto convert the
divergingradiationof thesourceinto a collimatedbeam. To cover thespectralrangefrom
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Figure 4.3: Spectrum of the hollow-cathodedischarge, showing line emissionfrom
multiply-ionizedaluminium andneonions.Thespectrumwasmeasured with threediffer-
entconfigurationsof thetoric-gratingmonochromatorbeamline.

15nmto 150nmwith suitable,collimated,spectralphotonflux, two telescope-calibration
standards,oneworking in grazingincidencetheotherin normal incidence,have beende-
veloped[Hollandt et al., 1993].

Grazing-incidence SourceStandard:
In thegrazing-incidence spectralrange,a Wolter type-II telescopewith aneffective focal
lengthof 2.120 m is usedto provide a collimatedbeam(Figure4.4). Theaperture stopof
thehollow-cathode sourceis placedat thefocusof theWolter telescope.Thediameterof
thecollimatedbeamis limited to 5 mmwhenit leavesthetelescope.Thecompletetransfer
standardis mountedona platform thatcanbemoved upanddown (

�
150mm)to allow a

precisevertical mapping of theprimary telescopemirror of theinstrument for calibration
with thecollimatedradiation.

Normal-incidenceSourceStandard:
To provide collimatedVUV radiationabove 50 nm, theflux-limiting aperture stopof the
hollow-cathodesource is placedat thefocusof agold-coated, concavemirror with a focal
lengthof 1.090 m (Figure 4.5). The angleof incidencebetweenthe mirror normal and
the incoming radiation is 3 � . The diameterof the collimatedradiationis limited to 10
mm (standarddiameter)on the mirror surface. (Sincethe limiting aperture is mounted
on a preciselymoveablelinear feedthrough, aperturesresultingin diametersof thebeam
of 2.5 mm, 5 mm, and15 mm arealsoavailable.) The spherical collimatingmirror can
betilted about two perpendicularaxes(

�
20 mrad). In thecasethat the instrument to be

calibratedalsopossesestheability to tilt its primarymirror this allows a two-dimensional
mapping of theprimary telescopemirror with thecollimatedradiation.
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Table4.1: Radiantpower of thegrazing-incidencesourcestandardin theHeI resonance
line at 58.43 nmovera periodof thirteenmonths.

Emissionline RadiantPower RadiantPower RadiantPower RadiantPower
April ’92 August’92 November’92 May ’93

58.43nm HeI 605pW 608pW 591pW 630pW

1.5 m

Figure4.4: Schematicdrawing of thegrazing-incidence sourcestandard.Thediverging
radiationfrom thehollow-cathodesource(A) is collimatedby a Wolter type-II telescope
(B).

Thehollow-cathodedischargeof thegrazing-incidencesourcestandardis operatedat
a fixedworking point of 2 A and400V. Sincetheemissionlines of highly-ionizedions
typically show a pronouncedsuperlinearcurrentdependenceof their radiant intensity, the
2-A/400-V working point providessufficient photon flux in the15 nm to 50 nm spectral
range,wherethespectrumof thesourceis dominatedby doubly- andtriply-ionizedneon
andaluminium emissionlines. For thenormal-incidencesourcestandard a workingpoint
of 1 A and500V hasbeenchosen.Undertheseconditions,theneutralandsingly-ionized
buffer-gasemissionlines that predominatein the spectrumof the sourceabove 50 nm
appearwith adequateflux.

As anexample of theradiometric, long-termstabilityof thehollow-cathodesourcethe
radiantpowerof thegrazing-incidencesourcestandard in theHeI resonanceline at 58.43
nmis givenin Table4.1for aperiod of thirteenmonths.During thisperiod, thealuminium
cathode wasreplaced22 times andthe sourcewas transported threetimesbetweenthe
storagering BESSYin Berlin andtheRutherford AppletonLaboratorynearOxford, UK,
to enabletheground-basedcalibration of CDS(Coronal Diagnostic Spectrometer).

The vacuumsystemsof both sourcestandardsaremadeof stainlesssteelandbuilt
according to ultrahigh-vacuum standards. Hollow-cathodesourcesandmirror chambers
arepumpedby turbomolecular pumps. Typicalpressuresin themirror chambersarein the
lower 10

� 8 mbarrangewhenthehollow-cathodesourceis not in operation. Pressuresin
themirror chambersgo up into the10

� 6 mbarrangewhenthedischarge is operatedwith
raregases.
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 1.5 m

Figure4.5: Schematicdrawing of the normal-incidencesourcestandard. The diverging
radiationfrom the hollow-cathode source(A) is collimatedby a concave, gold-coated
mirror (B).

4.3 Calibration Procedure of the Transfer Source Stan-
dards

In order to perform the spectral-responsivity calibrationof astronomical instrumen-
tation, the photon flux in the emissionlines of the collimatedradiationof the transfer
sourcestandardsmust be known. The spectralradiantflux for a given collection ge-
ometryof synchrotron radiationfrom an electronstorage ring is calculableaccording to
Schwinger’s formula [Schwinger, 1949] from threestoragering parameters:electronen-
ergy, magnetic field in thebending magnet,andthecurrent representedby the electrons
in thering. Thus,well-characterizedelectron storageringsareprimaryradiometricsource
standards for radiation which extendsfrom thefar-infraredto theX-ray region. PTB had
setup a radiometric laboratoryat theBerlin electronstoragering BESSYI, which wasa
storagering dedicated, among otherthings,to VUV radiometry. In this laboratory, spe-
cial beam-lineshavebeendevelopedfor theradiometriccharacterizationof VUV sources.
(Note: BESSYI closeddown in November1999andthe radiometry laboratoryof PTB
wastransfered to BESSYII. All thework describedin this paper hasbeenperformedat
BESSYI.) Theradiometriccalibrationis performedonthesebeamlinesby comparing the
unknown radiationof transferstandardswith the calculablesynchrotron radiationof the
primary standardBESSYI. Thephotonflux in theemissionline of atransferstandard� T S

is determinedby comparing thedetectedphotocurrenti T S �-�&� of thetransferstandard with
thedetectedphotocurrent i SR ���&� of thecalculablespectralphotonflux of thesynchrotron
radiation � SR� ���&� (for detailsseeFischeret al. [1986] andHollandt et al. [1992]):

� T S � � T S� �-�&� d� � i T S
0
�-�&�O� i SR

0
�-�\� � SR� �-�\� F0

�-�\� d� (4.1)
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� T S � � T S� �-�&� d� � i T S
90
�-�&�O� i SR

90
�-�\� � SR� �-�\� F90

�-�&� d� (4.2)

Thesubscripts0 and90 indicatetheorientationof theopticalplaneof theinstrumen-
tation usedfor the flux comparisonwith respectto the electronorbit plane. The term
F �-�\� describesthedifferent degrees of polarizationof thetwo sourcesandthepolarizing
propertyof theinstrumentationusedfor theflux comparison.

4.3.1 Grazing-incidenceMonochromator BeamLine

In the15nmto60nmspectralrangethecalibrationhasbeenperformedwith agrazing-
incidence, toric-grating,monochromator (TGM) beamline [Fischer et al., 1986]. For the
radiometric comparison,anellipsoidalfocusing-mirror canimageeitherthetangentpoint
of thestorage ring or theaperture stopof thehollow-cathodesourceinto theentranceslit
of themonochromator in sucha way that,for bothsources,theimageof thesource is not
limited in width or heightby thesizeof theentranceslit (Figure4.6). Themonochromator
is movedalongits opticalaxis to compensatefor thedifferentimagedistancesof thetwo
sources.Measurements have beenperformedwith a grating of 600 lines/mm(15 nm to
32 nm) andof 200 lines/mm(22 nm to 60 nm). To allow for correctionscausedby the
different degrees of polarization of the transferstandardand the synchrotron radiation,
themonochromator canberotatedby 90 � around its opticalaxis,which is definedby the
centerof theentranceslit andthecenterof thegrating.Thisallowsmeasurementswith the
opticalplaneof theinstrument parallelandperpendicular to theplaneof theelectronorbit.
The polarizing property of the monochromator-detector systemM M D �-�&� is determined
from measurementsof thecompletelypolarizedsynchrotronradiationin bothorientations
of themonochromator,

M M D �-�\� � 1 � PSR �-�\� M E �-�\�
PSR �-�\� � M E �-�&���

i SR
0
���&��� i SR

90
�-�\�

i SR
0
���&� � i SR

90
�-�\� (4.3)

Thepolarizing property of theellipsoidalfocusingmirror M E �-�&� is calculatedby use
of theFresnelformulae.Thedegreeof linearpolarizationis definedas

P ���&� � �M�� ���&��� ���� �-�\�
� �� ���&� ������ �-�\� (4.4)

� �� �-�\� and � �� �-�&� arethecomponentsof thespectralradiantpower with theelectric-
field vectoroscillatingparallelandperpendicularto theplaneof theelectronorbit. With
equations 4.3 and4.4 the wavelength-dependentfunctions F0

�-�&� and F90
�-�&� in equa-

tions4.1and4.2aregivenby

F0� 90
�-�\� � 1

�
PSRM M D � M E � � PSR � M M D �

1
�

PT SM M D � M E � � PT S � M M D � (4.5)

For the radiometric calibration, knowledge of the percentageof radiationdiffracted
into the higherorders of the synchrotron radiationspectrumis essential.Therefore, the
high-order performance of the gratings hasbeenmeasured[K ühneand Müller, 1989].
Additionally, in specificwavelength ranges,absorption-edgefilters (Al: 20 nm – 32 nm,
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Mg: 25nm–41nm,Sn:53nm–59nm)havebeenusedbehind theexit slit to suppressthe
influenceof synchrotronradiationdiffractedin higher order, andthestoragering hasbeen
operated with a reduced electron-beamenergy of 340 MeV (vs. the standardenergy of
800MeV), whichreducedthephoton flux ontheshort-wavelengthsideof thesynchrotron
radiationspectrumsignificantly.

4.3.2 Normal-incidenceMonochromator BeamLine

Complementaryto thegrazing-incidencebeamline,anormal-incidencemonochroma-
tor (NIM) beamline hasbeenusedfor the calibrationof selectedemissionlines above
40 nm(Figure4.7). This beamline consistedof anaperture stop(definingthesolid angle
of theacceptedsynchrotronradiation), a sphericalimaging mirror, a 15 � McPherson-type
monochromatoranda photomultiplierdetector. Again, theinstrumentationis built for the
comparisonof a transferstandardwith theprimary standardBESSY. For thatpurpose,the
entireinstrumentationcanbe rotatedaround a vertical axis,which permitsthe spherical
mirror to form alternatelyanimageof thetangent pointof thestoragering or theaperture
stopof the hollow-cathodesourcein the entranceslit of the monochromator. As in the
caseof the toric-grating monochromator, the sizeof the entrance slit doesnot limit the
radiantflux of eithersource. Thedifferentdistancesof thetwo sourcesunder comparison
require thatthenormal-incidencemonochromatorcanbemovedalongits optical axis. In
contrastto theTGM beamline, thecompletenormal-incidence instrumentation(including
theimagingmirror) canberotatedby 90� aboutits horizontalaxis,which coincideswith
theoptical entranceaxis.By measuringthesynchrotronradiationwith theoptical planeof
the instrumentationbothparallel andperpendicular to theplaneof theelectronorbit, the
polarizing propertyof themirror-monochromator-detectorsystemM �-�\� is determinedby

M ���&� � 1

PSR �-�&���
i SR
0
�-�&��� i SR

90
���&�

i SR
0
�-�&� � i SR

90
���&� (4.6)

With equations4.4 and4.6 the functions F0
�-�\� andF90

�-�&� in equations 4.1 and 4.2
aregivenby

F0� 90
�-�\� � 1

�
PSR �-�\� M �-�\�

1
�

PT S �-�\� M �-�\� (4.7)

To optimizetheinstrumentationfor thecalibrationof thetransfersourcestandards in a
specificwavelength range,particularcombinationsof imagingmirror, gratinganddetector
systemhave beenused.Calibrationshave beenperformedwith two gratings,differing in
line spacingandblazeangle,with two differently-coated,sphericalmirrors andwith two
differentphotomultiplier detectors. For thesourcecomparisonthehigh-orderperformance
of thegratingshasbeendeterminedandits influenceonthesynchrotronradiationspectrum
hasbeenconsidered. Additionally, above 105nm,LiF-filters have beenusedto suppress
high-ordercontributionsin thedispersedsynchrotron radiationspectrum. For detailson
theNIM beamline seeHollandt et al. [1992] andHollandt etal. [1994].

Dueto thespectralrangeof thegrazing-incidencesourcestandard, it hasbeencharac-
terizedfrom 15 nm to 60 nm with theTGM beamline andfrom 40 nm to 80 nm with the
NIM beamline. Fromthesemeasurements,twenty-five aluminium andrare-gas emission
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Figure4.6: Schematicdrawing of thegrazing-incidencemonochromator beamline for the
radiometric calibration of transfersource standards in the15nmto 60nmspectralrange.

lineshavebeenchosenfor calibration. All theseemissionlineshavebeensuccessivelycal-
ibratedwith adequatecombinationsof theopticalelements,filters anddetectors. When-
everpossibletheemissionlineshavebeencalibratedwith at leasttwo differentconfigura-
tionsof theinstrumentationto checkfor systematicuncertaintiescausedby inhomogeneity
of theefficiency of thegratingandhigh-ordercontributionsin thedispersedsynchrotron
radiationspectrum.

Thenormal-incidencesourcestandardcouldbecharacterizedcompletelybetween50nm
and150nmby useof theNIM beamline. In thisspectralrange,32rare-gasemissionlines
have beenselectedfor calibration. Again, all emissionlines have beencalibratedwith
at leasttwo differentconfigurationsof imagingmirror, gratinganddetectorto checkfor
systematicuncertainties. Additionally, a coarsecross-calibration with the VUV spectral
responsivity scale,which is traceableto NIST, hasbeenperformed. For this purposea
NIST-calibrated Al 2O3 photoemissiondiodehasbeenbrought into the collimatedradi-
ation of the normal-incidence sourcestandardwhenthe sourcehasbeenoperatedwith
helium.Themeasuredsignalof thediodeagreedwell, within thecombineduncertaintyof
thecomparison(15% at1 � level), with thecalibratedphotonflux of thesource.

4.4 Resultsand Uncertainties

4.4.1 PhotonFlux

Thephoton flux in the25selectedemissionlinesof thegrazing-incidencesourcestan-
dardis shown in Table4.2. It rangesfrom 5 ð 104 s

� 1 for theAl IV emission-linedoublet
(16.01 nm to 16.17 nm) to 2 ð 108 s

� 1 for the HeI resonance line at 58.43 nm. While
the emittedradiation of the hollow-cathodesourceitself is unpolarized, the collimated
radiationof the grazing-incidence sourcestandardis partly polarized owing to the two
grazing-incidencereflections in theWolter telescope.Below 50nmthepolarizationof the
collimatedradiationis lessthan20%. In thespectralrangefrom50nmto 80nmthepolar-
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Figure4.7: Schematicdrawing of thenormal-incidencemonochromatorbeamline for the
radiometric calibration of the transfersourcestandards in the 40 nm to 150nm spectral
range.

izationgoesupto 50%. Especiallywhencalibratinganinstrument with grazing-incidence
opticsat longer wavelengths,thesignificantpolarization of thegrazing-incidencesource
standardmustbe considered. Ideally, either the instrument or the sourceshouldbe ro-
tatedby 90� around theaxisof thecollimatedbeamto correct for thepolarization of the
instrument.

Thephoton flux in the32selectedemissionlinesof thenormal-incidencesourcestan-
dardis shown in Table4.3. It rangesfrom 4 ð 106 s

� 1 for theAr II emissionline at 58.34
nm to 7 ð 108 s

� 1 for theHeI line at 58.43 nm. After only onereflectionwith anangle
of incidence betweenthe mirror normal andthe incoming radiation of 3 � the degreeof
polarization of thecollimatedradiation is lessthan1 % for all emissionlines.

4.4.2 Uncertainties

Theoverall uncertaintyof thephoton flux in thecalibratedemissionlinesof Tables4.2
and4.3originatesfrom theuncertaintyof thespectralphotonflux of theprimary standard
BESSY, theuncertaintiesinherentin thecomparisonprocedureof thetransfersourcestan-
dardswith theprimary standardandthelong-termstabilityof theradiation emissionof the
transferstandards.

Thespectralphotonflux of the synchrotron radiationthrough the flux-limiting aper-
turestopof a sourcecalibrationbeamline � SR� �-�&� is calculatedaccording to Schwinger’s
formula. � SR� �-�\� is a function of six parameters� SR� �-�\� = � SR� �-�ºñ W ñ B ñ I ñ a ñ d ñÄò 0

� . W
is theenergy of thestoredelectronsin thering, B themagnetic induction in thebending
magnet at thepointof observation,andI is thecurrent representedby thestoredelectrons.

PTBmeasuredthestandardelectronenergy of 800MeV atBESSYI by meansof res-
onantspindepolarizationof theelectrons [Derbenev et al., 1980]. Sincethecharacteristic
polarization time of theelectrons is proportional to W

� 5, this method is not feasiblefor
energiesbelow 700MeV, whenthepolarization timebecomeslonger thanthelife-time of
theelectronsstoredin the ring. Theflux comparisonwith theTGM beamline hasbeen
performedwith the low electron-energy operation of BESSYof 340 MeV to reducethe
synchrotronradiationdiffractedin higher orderin thespectrum. In thelow-energy mode
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Table 4.2: Radiantpower and photon flux of selectedemissionlines of the grazing-
incidence sourcestandard– working point: 2 A, 400V.

Wavelength/ Spectrum/buffer gas RadiantPower / PhotonFlux / Rel. standard
nm pW s

� 1 uncertainty(1ó )
16.01/16.17 Al IV / Ne 0.67 5.43104 8 %
16.95-17.56 Al III / Ne 1.41 1.22105 8 %
16.01/16.17 Al IV / Ar 0.60 4.86104 8 %
16.95-17.56 Al III / Ar 1.01 8.77104 8 %
20.43-20.89 NeIV 3.3 3.43105 8 %
21.26 NeIV 1.15 1.23105 8 %
21.54-21.88 NeIV 4.4 4.81105 8 %
22.26-22.36 NeIV 1.81 2.03105 8 %
26.71-26.77 NeIII 7.5 1.01106 8 %
28.25-28.39 NeIII 18.3 2.61106 7 %
30.11 NeIII 10.2 1.55106 7 %
30.38 HeII 320 4.89107 7 %
30.86 NeIII 4.0 6.21105 7 %
31.31-31.39 NeIII 12.4 1.96106 7 %
37.93 NeIII 57 1.09107 7 %
40.59/40.71 NeII 98 2.01107 7 %
44.50-44.78 NeIII 173 3.89107 7 %
46.07-46.24 NeII 676 1.57108 7 %
48.81-49.11 NeIII 71 1.75107 7 %
53.70 HeI 26.5 7.16106 7 %
58.43 HeI 609 1.79108 7 %
71.81-74.53 Ar II 69 2.54107 7 %
73.59 NeI 271 1.00108 7 %
74.37 NeI 157 5.88107 7 %
76.92 Ar III 5.8 2.25106 7 %
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Table 4.3: Radiantpower and photon flux of selectedemissionlines of the normal-
incidence sourcestandard– working point: 1 A, 500V.

Wavelength/ Spectrum RadiantPower / PhotonFlux / Rel. standard
nm pW s

� 1 uncertainty(1ó )
53.70 HeI 55.3 1.49107 6 %
54.29/ 54.32 Ar II 50.9 1.39107 6 %
54.75 Ar II 67.9 1.87107 6 %
58.34 Ar II 14.3 4.20106 6 %
58.43 HeI 2394 7.04108 6 %
60.29/ 60.42 Ar II / Ar III 19.8 6.02106 6 %
61.24 Ar II 13.6 4.19106 6 %
67.09- 67.29 Ar II 66.9 2.26107 6 %
71.81 Ar II 18.8 6.80106 7 %
72.20 Kr III 33.5 1.22107 7 %
72.34/ 72.55 Ar II 68.1 2.48107 7 %
73.09 Ar II 23.0 8.47106 7 %
73.59 NeI 955 3.54108 7 %
74.03 Ar II 55.7 2.08107 7 %
74.37 NeI 526 1.97108 7 %
74.49/ 74.53 Ar II 42.5 1.59107 7 %
76.92 Ar III 24.7 9.56106 7 %
88.41/ 88.63 Kr II 212 9.45107 7 %
89.10 Kr II 75.8 3.40107 7 %
91.74 Kr II 382 1.77108 7 %
91.98 Ar II 812 3.76108 7 %
93.21 Ar II 486 2.28108 7 %
96.50 Kr II 455 2.21108 7 %
104.82 Ar I 508 2.68108 7 %
106.67 Ar I 406 2.18108 7 %
110.04 Xe II 108 5.98107 7 %
115.85 Xe II 47.6 2.78107 7 %
116.49 Kr I 136 7.98107 6 %
118.31 Xe II 95.0 5.66107 6 %
123.58 Kr I 421 2.62108 6 %
124.48 Xe II 22.5 1.41107 6 %
146.96 Xe I 200 1.48108 6 %
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of BESSY the electronenergy hasbeendetermined from an absolute measurement of
thesynchrotron radiationspectrummeasuredwith a calibrated, energy-dispersive, Si(Li)
detector[Tegeler andUlm, 1988].

Themagnetic induction wasmeasuredby a nuclear magneticresonanceprobe in the
centerof thedipolemagnet. Sincethetangent pointsof bothsourcecalibration beamlines
arenot in thecenterof thedipole magnet,theuncertainty of B is dominatedby thefield
inhomogeneityalongthe electron path,which hasbeenmeasured relatively with a Hall
probe.

To measure theelectroncurrent over thefull rangefrom 0.8pA (onestoredelectronin
thering) up to 1 A, PTB is usingthreedifferent methods[Ulm et al., 1989]. While small
currents up to 1000storedelectronsareaccurately measuredby single-electron counting
[Riehleet al., 1988], a current above 0.5 mA is measured,with an uncertainty of 5 ô A,
by two identicaldc-beam-current transformers.For thecalibrationof the transfersource
standards thestoragering hasbeenoperatedwith anelectroncurrent of typically 100 ô A
to adjustthe acceptedphoton flux of the synchrotron radiation to the photonflux of the
transferstandards.In this intermediate current range(0.8 nA õ I õ 1.5 mA) the cur-
rent is measuredby meansof different photodiodes,which have to be calibrated against
thecurrent transformerat typically 1 mA. Theuncertainty of thecurrentmeasurementis
therefore dominatedby thecalibration uncertaintyandthelinearityof thephotodiodes.

The angle ò 0 of the centerof the flux-limiting aperture with respectto the electron
orbit planewasdetermined from the measuredvertical angular distribution of the syn-
chrotron radiation. Additionally, the sizeof the aperture stopa andits distanced from
the tangent point of observation hadto be measured. A description of the measurement
procedureis givenin Thornagel et al. [1996].

In Table4.4 the influenceof the uncertaintiesof the storagering parametersandthe
geometrical quantities on theuncertainty of thespectralphoton flux of BESSYI is shown
for typical wavelengths of the two source-calibrationbeamlines. For all measurements
with the two sourcestandards, the relative standarduncertainty of the spectralphoton
flux of thesynchrotron radiationhasbeenbelow 2.5 %. It shouldbementionedthat, for
precisionexperiments,asignificantly smalleruncertainty of thespectralphotonflux of the
synchrotronradiation wasachieved at BESSYI [Arnold andUlm, 1992; Thornagel et al.,
1996].

In theoverall uncertainty of thephoton flux of thetransferstandards,themaincontri-
butionsof thecomparisonprocedurestemfrom spatialvariationsof thegratingefficiency
andthedetector responsivity. Therefore,it hasbeenof crucialimportancefor theflux com-
parisonto illuminate,asfar aspossible,identicalareason thegratingandon thedetector
by boththetransferandprimary standards. Theuncertainties resultingfrom theinhomo-
geneitiesof theopticalcomponentsandthedetectorsweredeterminedfrommeasurements
of thesynchrotronradiationwith aperturestopsof differentsizes,whichresultedin slightly
differentresponsivities of theinstrumentationusedin theflux comparison.

Additionally, in general, the synchrotron radiationsignal i SR �-�\� containsradiation
diffractedin higherorder. With theTGM beamline, thecontributionof high-orderdiffrac-
tion to theuncertainty of theflux comparisonis reducedto 1 % by theuseof filters anda
reduced electronenergy (340MeV). With theNIM beam-line nofilters havebeenapplied
below 105 nm andthe influenceof second-order diffracted radiationcould be corrected
from the knowledge of the high-order performanceof the gratings employed. The un-
certaintyof this correction stronglydependson theobservedwavelength andtheimaging
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Table4.4: Contributionsto therelative uncertainty (1� ) of thespectralphoton flux of the
synchrotronradiation.

Sourceof
uncertainty

Value for TGM beam
line

Rel. std. uncer-
taintyöø÷íù SRú ÷øù SR

at 40 nm

Value for NIM beam
line

Rel. std. uncer-
taintyöø÷íù SRú ÷øù SR

at 90 nm

Electron energy W = (337 û 2) MeV 0.99% W = (798 û 1) MeV 0.09%

Magnetic induction B = (0.631û 0.005)T 0.13% B = (1.482û 0.005)T 0.23%

Electron current:

Diodecalibration at
Linearity of diode

I = (1500û 5) ü Aû 0.5%
0.60% I = (1500 û 5) ü Aû 0.5%

0.60%

Diameter of aper-
turestop

a = (5.286 û 0.010)
mm

0.38% a = (10.00 û 0.02)
mm

0.40%

Distance of aperture
stop

d = (15050û 15) mm 0.20% d = (23745û 50) mm 0.42%

Emissionangle ý 0 = (0.04 û 0.02)
mrad

0.01% ý 0 = (0.50 û 0.05)
mrad

0.93%

Beamemittance:

vertical beam diver-
gence
vertical beamsize

û 30 ü radû 500 ü m

þ
0.03% û 30 ü radû 500 ü m

þ
0.01%

Total sum in
quadratur eöø÷øù SR ú ÷íù SR

1.2% 1.3%

mirror used.As mentionedearlier, LiF filterswereusedto suppressradiationdiffractedin
higherorderabove105nm.

In Table4.5 the contributionsof the primary standard BESSYI, of the comparison
procedureandof thestability of thehollow-cathode sourceto theuncertainty of thepho-
tonflux of thetransferstandardsaregivenfor two differentwavelengthsandtwo different
opticalconfigurationsof theNIM beam-line. Theoverall relativeuncertainty of thephoton
flux in thecalibratedemissionlinesresultsfrom thesum,in quadrature,of thesecontribu-
tionsandis listedin Table4.2andTable4.3.

4.5 Summary

Wedescribetransfersourcestandardsbasedonhollow-cathode,glow dischargeswhich
canbeusedfor theoverall radiometriccalibration of VUV astronomical instrumentation.
Our standardshave a photon flux thatis traceable to theelectronstoragering BESSYI, a
primary radiometricstandard,andproduceacollimatedbeamthatcandirectlyirradiatethe
telescopeentranceaperture. Thesourcestandards aretransportable,andtheir differential
pumping systempermits windowlessoperation in connectionwith an ultrahigh-vacuum
system.

Calibrationcanthustakeplacein thetankthatis usedfor instrument development and
testing;theinstrument neednotbetransportedto aspecialcalibrationfacility. Scheduling
problems,asthey arebound to occur with theprimary synchrotronsourcestandards,are
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Table4.5: Overall relative uncertainty (1� ) of the photon flux of the normal-incidence
sourcestandard.

Sourceof uncertainty at 55nm at 90nm
Imagingmirror:

Au SiC Au SiC
Spectralphoton flux of syn-
chrotron radiation

1.4% 1.4% 1.3% 1.3%

Synchrotron radiation
diffractedin high-order

– – 2.5% 0.6%

Inhomogeneity of optical
componentsanddetector

3.0% 3.5% 3.0% 3.5%

Linearityof detector 0.6% 0.6% 0.6% 0.6%
Wavelengthcalibration 0.4% 0.9% 0.1% 0.1%
Stability of hollow cathode
source

5 % 5 % 5 % 5 %

Total sum in quadratur eÿ � � SR� � � SR
6.0% 6.4% 6.5% 6.3%

alsoavoided. The transfersourcestandardsproducea line spectrum so that they canbe
usedfor bothradiometricandwavelengthcalibration; order-sortingis straightforward.

Thediametersof thecollimatedbeams(5mmand10mm)aresmallcomparedto those
of a typical (solaror non-solar)space-telescopeentrance-aperture (100mmto severalme-
ters). This permits a mapping of local spectral-responsivity variations over the telescope
aperture. At thesametime,thesmall,collimated, input beamsgenerateinstrument count-
ratestypicalof thoseexpectedin flight, sincetheirphotonflux correspondsto thattypically
collectedin flight by theentiretelescopeaperture.

Accordingly, thesetransportable source standards aresuitablefor the calibration not
only of solarVUV instruments (for which they wereoriginally developed), but alsofor
astronomical spaceinstrumentation in general.Two of the instruments flown on SOHO,
CDS (Coronal Diagnostic Spectrometer, Harrison et al. [1995]) andSUMER(SolarUl-
traviolet Measurementsof EmittedRadiation,Wilhelmetal. [1995]),havebeencalibrated
by useof thesystemsdescribedin this paper[Hollandt et al., 1996; Langetal., 2000].

Thephoton flux of thesourcestandards is known to betterthan8 % (1� value).This
is clearlyadequatefor thecurrent requirementfor quantitative solarspectroscopy, partic-
ularly in theextreme-ultraviolet spectraldomain, whereaccuracy is limited by thelarger
uncertainties in theatomicdatausedin diagnosticinvestigationsof solarplasma[Mason
andMonsignori-Fossi, 1994].

We maintainthat the existenceof a reliablelaboratory standardis a prerequisite for
verifying theradiometric stability of aninstrument, aslong asit is on theground. Partic-
ularly, collimatedsourcestandards,suchasthosedescribedhere,provide aprecisemeans
of testingtheradiometric stability of theentire,assembledsystem,ratherthanonly of its
individual optical components.

As indicatedin the introduction, at the radiometry laboratory of PTB at BESSY, an
improved primary detector standard– an electricalsubstitutionradiometer operating at
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liquid-helium temperature[Rabus et al., 1997] – hasachievedsignificantlylower uncer-
tainties.In thespectralrangebetween40nmand400nm,thespectralresponsivity of pho-
todiodeshasbeendeterminedwith a relativeuncertaintybetterthan1 %, theresultsbeing
in good agreement with a calibrationagainstthe laser-operatedcryogenicradiometer of
PTBBerlin [Rabusetal., 1997]. Similarprogresshasalsobeenmadein thedetermination
of thespectralresponsivity of photodiodeswith thismethod in thesoftX-ray range(0.1nm
to 25 nm) [Krumrey et al., 2000]. Suchwell-characterizedtransferdetector standards, in
combination with collimatedmonochromatizedradiation, offer the potentialto calibrate
completeastronomicaltelescopesatspecialsynchrotronradiationbeamlineswith smaller
uncertainties thanthoserealizedin the past. A beamline of this kind is planned at the
radiometry laboratory of PTB at theelectronstoragering BESSYII.
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