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Spectroradiometry of Spatially-resolved Solar
Plasma Structures

KLAUS WI LHELM

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

Dennebenwo Begrif fe fehlen,
dastellt einWort zur rechtenZeit sich ein.

J.W. v. Goethe, FaustI, Mephistopheles

The investigationof spatially-resolved solarplasmafeatures in termsof radiometric
measurements requires concepts different from thoseuseful for full-Sun observations.
After a definition of the relevant physical quantities, formulaearederived for studiesof
optically-thick andoptically-thin plasmasobserved with bothspectralandspatialresolu-
tion. Simpleexamplesof their applicationsto thedeterminationof electrondensitiesand
electrontemperaturesaswell astostudiesof emissionmeasuresandelementalabundances
arediscussed.

3.1 Intr oduction

TheSun,averyclosemain-sequencestarof spectralclassG2V, allowsusto studyits
atmospherein greatdetail,and,in particular, perform spatially-resolvedobservations. In
thesestudies,notonly themorphology is of importance,but alsothedynamicalprocesses
in thesolarplasma.Spectralinformation is required to disentangle this complex system.
Moreover, after the atomicprocessesleadingto the emissionof radiation have beenun-
derstood, theobserved radiationhasto beinterpretedin termsof thegenerationprocesses.
Thiscallsfor aquantitative investigation of thesolarradiation emittedby smallstructures.

Sincethemiddle of thelastcentury, spacetechnology hasmadeit possibleto observe
theSunin thevacuum-ultraviolet (VUV) radiation, andthusto exploit the rich informa-
tion containedin thespectralemissionlinesandcontinuain this wavelengthregime. The
radiationis formedat temperaturescorresponding to thoseprevailing in the solarchro-
mosphere, transitionregion andcorona. Early instruments hadvery limited or no spatial
resolutionat all, and,consequently, obtainedSun-as-a-starobservations. Assumingspe-
cific distributionsof the radiatingplasmas,eventhensub-resolutioninferencescouldbe
drawn [cf., Pottasch, 1963]. However, someof the evaluation proceduresestablishedat
that time have never beenthoroughly adjustedsoasto take into account thehigh spatial
andspectralresolution measurementsavailablenow.

The purposeof this article is to discussthe radiometric aspectsof suchan adjust-
ment in line with the standard usageof SI (The InternationalSystemof Units [BIPM,
1998]), which explicitly lists the following quantities with specialnameswhich arerele-
vantin thiscontext: “power” (“radiantflux”) in unitsof watt (W), “irradiance”in wattper
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2 3. SPECTRORADI OMETRY OF SPATIALLY-RESOLVED STRUCTURES

squaremetre(W m
� 2), “radiant intensity” in watt persteradian(W sr

� 1), and“radiance”
in watt persquaremetresteradian(W m

� 2sr
� 1). They will besupplementedby thecor-

respondingspectrally-resolvedquantities,whichareusuallygivenpernanometre(nm
� 1),

although many solarphysicistsstill useper ångstr̈om (Å
� 1) as the wavelength interval

(1 Å = 0.1nm).

3.2 Elementary Radiation Theory

For mostsolarapplications, theelectromagneticVUV radiationcanbe thought of as
emittedduring transitionsof electronsbetweendifferent energy levels of atomsor ions.
This is thecasethatwill beconsideredhere.Let

���
i j � hc0�

j i
(3.1)

betheenergy differencebetweentwo levelsandthustheresultingphotonenergy, whereh
is thePlanckconstantandc0 is thespeedof light in vacuum, thenradiationwith a wave-
lengthof

�
j i will beemittedduring thetransitionfromtheupperlevel j to thelowerlevel i .

For variousreasons (atomicphysics,thermal andnon-thermalspeedsof theemitters),the
wavelength,

�
, will exhibit a certainspreadaround its nominal value,

�
j i , generating a

spectralprofileof theemissionline, whichwill beassumedhereto beresolvedby aspec-
trometer.

3.2.1 Radiation fr om Optically-thick Plasmas

Theassumptionof anoptically-thick plasmaismadein thissectionin ordertoestablish
a radiating surface. We will not discussthe radiationtransferprocessesinsidea plasma
volume.Onits surface,with totalareaST , weassumein Figure3.1asurfaceelementwith
theareadSandanormal n. We thenspecifyasolid angled � by

�
d � � � d� � d	 sin	 d
 (3.2)

in adirection of theco-elevationangle	 andtheazimuthal angle
 . Thespectralradiance,
L � , is thendefinedby

dQ � L ���	���
�� cos	 dSd� dt d
�

(3.3)

wheredQ is thedifferential radiant energy emittedfrom dScos	 , theprojectedareanor-
mal to d� , at thepositionP0 ontheradiant surfaceinto thesolidangled � duringthetime
interval (t � t � dt) andin thewavelength interval (

� � � � d
�
).

As indicated in Equation (3.3), L � is a function of
�
, 	 , and 
 (and, in general, of

P0 andt). Sincethewavelength,
�
, is specified,theenergy, dQ, canbeexpressedby the

number of photons,dN � , according to Equation(3.1) as

dQ � hc0� dN� (3.4)

If L � andall otherenergy-relatedquantitieswerethenreckoned in photon units,one
coulddrop thephoton energy,

���
i j , from theequations.Although thesephoton unitsare
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Figure3.1: Geometricalrelationof thesolidangle,d � , to thesurfaceelement with anarea
of dS andits normal, n. Theco-elevation is givenby theangle 	 andtheazimuth by 
 .
Thesurfaceelement is partof thetotal surfacewith areaST of a plasmavolume.

quitepopular in thesolarphysicsliterature,wewill notapplythemhere,becausewewant
to follow SI definitionsasmuchaspossible.In any case,it is very important to establish
for a radiometric studywhetherit is performedin photonor energy units.

By integrating the spectralradianceover all 
 and 	 from 0 to ��� 2, we obtainthe
outwardspectralradiantflux density

M �� �
2�

���
0

��� 2

� �
0

L � ��	�� 
!� cos	 sin	 d	 d
 (3.5)

asa functionof P0, t , and
�
.

Theradiant flux density is sometimescalled“emittance”.It correspondsto theirradi-
anceat thesource1, i.e.,apowerdividedby anarea.

Integrationof the spectralradiance over the projectedsurfaceareaof the source, S " ,
visible from thedirection ( 	�� 
 ) givesthespectralradiant intensity

I ���	�� 
!� �
S#

L ���	�� 
!� cos	 dS �%$ L ���	�� 
!�'& S" (3.6)

which dependson 	 , 
 , t , and
�
. Thespectralintensitycanbeobtainedby multiplying

thespatially-averagedspectralradianceby theprojectedarea,S " . Note,in particular, that
the intensityis relatedto the total projectedareaof a source,andthusis helpful in char-
acterizinga radiationfield, but is not very usefulin studying thestructureof anextended
source.For point sources(S" � 0), on theotherhand, the intensityis thebestchoice as
thequantityradiancecannot bedefinedfor suchanunphysicalcase.

1In the official Frenchtext of SI: “flux density” is named“flux surfacique” and“irradiance” correspondsto
“ éclairementénergétique” [BIPM, 1998].
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Figure3.2: Observing geometry (schematic andnot to scale)showing theprinciplesof a
radiance measurement for anoptically-thick plasma(solid lines),anda generalizationto
theoptically-thin case(dottedlines).Also sketchedis anirradiancemeasurement(dashed
lines).Thesolidanglesareonly markedby someof theextremeraysto keepthedrawing
simple.Thespectralintensity, I � , is indicatedin thesolid angle d� (dashed-dottedlines).

Both integration of the spectralintensityover the full sphereandintegration of the
spectralflux densityover thetotal surfaceareayield thespectralradiant power

( � �
4�

I � ��	�� 
!� d� �
ST

M �� dS (3.7)

Not much more can be learnt from this discussionunlessspecificassumptions are
madethatareappropriatefor solarobservations.As will becomeclearlateron,very little
lossof generality, asfar asspatially-resolvedobservationsareconcerned,will resultfrom
assumingthefollowing: a rectangularcoordinatesystem(x ) y ) z) with the z coordinate
parallelto theviewing direction, theline of sight(LOS),of aninstrument observing from
a distance,r , which is muchlarger thanall otherdimensions. The radiating plasmais
contained in the volume x0y0z0. We now definethe area,

�
S, of a surfaceelementin

accordancewith thespatialresolutiondesired.Specificallywe write

�
S � �

x
�

y (3.8)

with increments
�

x and
�

y correspondingto thelinearresolutionelements of theinstru-
ment.

�
S will thenbe perpendicularto the LOS. Since,in this case,only observations

near	 � 0 arerelevant, thedependenceof theradianceon theazimuth, 
 , vanishesand

L *� � L �� 0 � 
!� (3.9)

canbeconsidered representingthespectralradiancewithin a smallsolid angle,
� � . This

geometry is sketchedwith solid lines in Figure3.2, where,in addition, anaperture of the
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observing instrument – atelescopefollowedby aspectrometer– with anarea,A, is shown.
We thenchoosethesizeof asolidangle,

� � , soasto fill theapertureat adistancer from
thesource.Hence

� � � A

r 2
(3.10)

anddefineanothersmallsolidanglecentred at thepositionof theaperture by

��+ �
�

S

r 2 �
�

x
�

y

r 2 (3.11)

This equationrelatestheangular resolutionof the instrument to its spatialresolution at a
distancer (for a technicalrealizationseeSection3.2.2 below).

Theconsequencesof assuming,L � � L �'��	-� insteadof Equation(3.9), i.e., ,L � is only
dependenton 	 , but not on 
 , aretreatedby Wilhelm et al. [1998a]andFontenla et al.
[1999] in thecontext of VUV irradiancemeasurements.

From Equation(3.3), appliedto
� � and

�
S, and with Equations (3.8 to 3.11), it

follows thattheradiantenergy collectedby thespectrometerduring thesamplingtime
�

t
andin a spectralresolution element,

���
, on its effectivedetectorsectionis

�
Q � L *� �

S
� � �

t
��� � L *� A

��+.�
t
���

(3.12)

wherethespectralradianceis approximatedby its averagevaluein theresolutionelements
selected.Equation (3.12) eludicatesthetransitionfrom a solidanglecentredat theSunto
aninstrumental geometry.

There will bea certainresponsivity, / , of thedetectorto radiation at
�
, which relates

the energy,
�

Q, entering the sensitive areaof the instrument to the number of output
counts,

�
Nc. We definetheresponsivity by

/0� � � �
�

Nc�
Q

(3.13)

In realisticcases,theresponsivity is a strongfunctionof thewavelengthof theradiation.
In order to obtainradiometricmeasurements, theresponsivity hasto bedeterminedby a
calibrationprocedure, in which the radiantenergy,

�
Q, mustbe traceable to a primary

radiometric standard[cf., e.g., Hollandt et al., 1996, 2002]. All the otherquantities in
Equations(3.12and3.13) require lengthandtimemeasurements,whichcanbeperformed
with calibratedlaboratoryinstrumentation.

This providesthebasisfor a measurementof theaveragespectralradianceof thesur-
facearea

�
S:

L *� �
�

Nc

/ A
��+1�

t
��� (3.14)

Note that theresultobtained for L *� depends not only on theplasmaconditions, but also
on thechoiceof

��+
(
�

S),
�

t , and
���

. Conversely, we canpredict theoutput counts of
thedetectorfor certainobservationalconditions

�
Nc � / L *� A

��+2�
t
��� � / L *� A

�
S

r 2

�
t
���

(3.15)
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With giveninstrumental parameters/3� A � ��+ � � t , and
���

, thenumber of counts is lin-
earlyrelatedto theradiance.In particular, it is notdependentonthedistanceof theobserv-
ing instrument fromthesourceof theradiation. If, ontheotherhand,theareaof thespatial
resolutionelement,

�
S, is heldconstant at differentdistancesby varying

��+
according

to Equation (3.11), thenthenumber of counts is proportional to theinversesquareof the
distance,r , to thesourcefor constant L *� .

3.2.2 Conceptual Optical Design

Thedeterminationof thespectralradianceaccordingtoEquation (3.14) is ratherstraight-
forwardwith theexceptionof theexperimentalrealizationof

��+
. In Figure3.3anoptical

designof a model instrument is drawn to demonstrateits essentialfeatures.Thesurface
elementwith area

�
S is imagedthroughanopticalsystemwith focal length f onadetec-

tor pixel, P. Theaperturestopof thedesignhasanareaof A. Thefield stopis represented
by thepixel, P, of size

�
x " � y " . We thenhave from thecentralrays(notall areshown in

thefigure)

��+ � ��+ " �
�

x " � y "
f 2 (3.16)

defining
��+

by thepixel sizeandthefocal length. We alsofind

�
x

r
�

�
x "
f

(3.17)

and
�

y

r
�

�
y "
f

(3.18)

With fixed f ,
�

x " , and
�

y " , thelinearspatialresolution elements,
�

x and
�

y, arepropor-
tional to thedistance,r , while, of course,

��+
is notdependentonr and,with referenceto

Equation (3.15), theoutput count number,
�

Nc, is constantfor differentr .

3.2.3 Radiation fr om Optically-thin Plasmas

Most of the solar upperatmosphere can be assumedto be optically thin for VUV
radiation, and,consequently, theseconditions have attractedquite someattentionin the
literature.For a discussionof principles,referenceis madeagain to Figure3.2,especially
to theportion drawn in dottedlinesandthevolume element

�
x
�

y dz, from which radi-
ation is isotropically emitted(seenfrom a greatdistance).Its contribution to thespectral
radiantpowercanbeexpressedas

d
( � �54 � � x

�
y dz (3.19)

where4 � is definedasthespectralradiant power density2, i.e., aspower dividedby vol-
ume. As will beoutlinedin thenext section,4 � maybedirectly linkedto thegeneration

2Comparewith footnote in Section 3.2.1andnote that “power density” is “puissance volumique” [BIPM,
1998].
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Figure3.3:An imagingelement(alensin thismodeldesign,butaconcavemirror for VUV
applications) with focal length f andan aperture stopwith areaA projects the radiant
surfaceelement,

�
x
�

y, at a distancer 6 f on the photon-sensitive area,
�

x " � y " ,
definedby thefield stop,P, which usuallyis a detectorpixel. Thespectrometerportion
hasbeenomitted.

processof theradiationthrough the“emissionmeasure”,andthusits observationaldeter-
minationis oneof ourprimeobjectives.

First we calculatethecontribution of thevolume
�

x
�

y z0 to thespectralirradiance,
E� , which is incidentonthesurfaceof asphere with radiusr 6 x0 � y0 � z0 centredaround
thetotal emittingvolume,x0y0z0. We obtainwith Equation (3.11)

�
E� � $�4 �7& z0

�
x
�

y

4� r 2 � $�4 �8& z0
��+

4� (3.20)

where

$�4 � & � 1

z0
z0

4 � dz (3.21)

is theaveragespectralpowerdensity alongz0.
By consideringthe radianceof the surfaceelement

�
S, we find, with the help of

thedefinition in Equation (3.9) andEquations (3.8, 3.10,and3.11), the irradianceat the
aperture stopof theinstrument as

�
E *� � L *� �

x
�

y
� �
A

� L *� ��+
(3.22)

We have usedherethat
� � and

��+
areconstantto a very goodapproximation for po-

sitionsof
�

x
�

y alongz0 9 r . We thennotethat
�

E � is uniform on thesurfaceof the
sphereunder theconditionsassumed.Thus

�
E� � �

E *� (3.23)

andhence, by comparingEquations (3.20and3.22),

L *� � $:4 � & z0

4� (3.24)
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It shouldalsobe notedthat, from summing Equation(3.22) over x 0 y0 andwith Equa-
tion (3.23), it follows

E� �;$ L *� & + (3.25)

with
+ � x0 y0 � r 2 (Figure 5.2, dashedlines)andthe averagespectralradiance $ L *� & of

thesurfaceareax0y0.
Theirradiance,E � , canbeobtainedthroughobservationseitherby opening up thean-

gularacceptanceconeof theinstrument soasto encompassthecompleteradiantvolume,
or by covering

+
by a rasterwith

��+
, if temporal variations areslow with respectto

thescanduration. Thesolarirradiance is oftengivenfor r � 1 AU if usedfor terrestrial
applications.3

By combining Equations(3.14 and3.24)thefinal resultof this sectionis

$�4 � & � 4� �
Nc

/ z0 A
��+<�!�=�

t
(3.26)

which is directlyapplicableif z0, thelengthof theLOSin theradiatingplasmavolume, is
smallcomparedto thestructuresunder study. In thiscasewe canusetheapproximation

4 �?> $�4 � & (3.27)

Otherwise,Equation(3.21) describes thewell-known LOS problem,and $�4 � & alongz0 is
all thatcanbedeterminedwithout additional observationsor assumptions. It is, however,
evident thattheexact orientation of theplasmaboundarynearthesurfaceis notof critical
importance,becauseof the integration alongthe LOS. This justifiesthe assumptions of
a surfaceelement

�
x
�

y perpendicular to theLOS andof L *� , at leastfor optically-thin
conditions. It might beappropriateto mentionin this context thatstereoscopicmeasure-
ments,i.e.,observationsfrom two or moredifferentdirections,wouldbeextremelyuseful
in resolvingsucha LOSproblem.

3.3 EmissionMeasures

The purposeof observing the Sun in the VUV is not to study radiationtheory, but
to extract informationon the physical conditions in andthe composition of the solarat-
mosphere. This requiresaninterpretationof theobserved radiationin termsof processes
responsiblefor theVUV emission.Evenasummarypresentationof theavailableliterature
would be far beyond thescopeof this discussion.The readeris referred to the research
andreview articlesonthistopic[e.g.,Mariska, 1980; Raymond andDoyle, 1981; Mariska,
1992; MasonandMonsignori Fossi, 1994; Dwivedi, 1994; Dereetal., 1997; Masonetal.,
1997; Landiet al., 1997]. Without further specificreferenceto earlierwork, concepts and
resultsobtained in thepastwill bere-formulatedherein accordancewith Section3.2. This
will first of all affect, ona formal level, thenomenclature: L � thespectralradiance,I � the
spectralintensity,

( � the spectralradiantpower, M �� the outward spectralradiant flux
density, 4 � the spectralradiant power density, and E � the spectralirradiance. However,
it shouldbenotedthat,in mostcases,theradiance wascalledintensityin thepast,andit

3In BIPM [1998], theofficial unit symbolfor theastronomical unit is (ua).
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is not alwaysclearwhethera change is merelya formal oneor not. Eventhe quantities
irr adianceandradiancehave not alwaysbeenunambiguously defined,which canleadto
significantconfusion: theirradianceis decreasingwith theinversesquareof theobserving
distance(cf., Equation (3.25)), whereastheradiancedoesnotdepend onthisdistance(cf.,
Equation (3.14)).

Thequantities $�4 � & and 4 � in Equations(3.20,3.24, 3.26, and3.27) containinforma-
tion on the plasmaconditions. All otherquantities are relatedto the instrumental con-
figuration and/orthe observing geometry. In order to formulateideas,andin line with
many earliertreatments,wewill assumehereanoptically-thin solarplasmawith a certain
elementalabundanceandionizationstagesaccording to equilibrium conditionscharacter-
izedby anelectrontemperature,Te. Furthermore,only discretestatesof atomsandions
excited by electroncollisions from the ground stateareconsidered, restrictingthe fol-
lowing discussionto certainclassesof emissionlines,but a generalizationto othercases
would, of course,be possiblein the framework of the conceptsoutlined in Section3.2.
Onceexcited, the atomsandions spontaneously emit photonsasthe main depopulation
process.The probability for a transitionfrom state j to statei is given by the Einstein
coefficient, A j i . Thisproducesa radiant powerdensity4 in thespectralline at

�
j i of

4 � � j i � � ���
i j A j i n j (3.28)

wheren j is the number densityof the radiatingatomsor ions in state j . The quantity
4 � � j i � follows from 4 � in Equation (3.19), if a wavelength range, @ � , canbeselectedin
sucha way thatonly thecompleteprofile of thespectralline at

�
j i is includedandif the

background, b � , is takenout. Henceweget

4 � � j i � �
� j i �BA � � 2

� j i
� A � � 2

� 4 �DC b� � d
�

(3.29)

Equations(3.26and3.27) providethemeansof measuring 4 � under favourableconditions
or provide at leastan estimate. The backgroundhasto be determined from the shape
of the spectrumnearthe spectralline. This requiresadequatespectralresolution in the
measurements.

To maintainthe spectralradiantpower densityin Equation (3.28), an excitation rate
from theground stateis necessaryaccording to

A j i n j � ng ne Ce
gj (3.30)

with ng the number densityof the particlesin the ground state,ne the electrondensity,
and Ce

gj the collisional excitation rate coefficient. For a Maxwellian electronvelocity
distributionwith temperature,Te, this coefficient is

Ce
gj �FE 1G

Te
exp

C ���
gj

kTe
(3.31)

4Often called “emissivity” in the solarphysicsliterature, whereas in Symbols,Units andNomenclaturein
Physics(seeDoc. U.I.P. 20,1978)“emissivity” is definedasratio of theemissionof a surfaceto thecorrespond-
ing black-bodyradiation.
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where
�!�

gj is theenergy differencebetweenthestatesg and j , andk is theBoltzmann
constant.Thenumber density, ng, canbeexpressedby theionic fraction, ng � nX [Arnaud
andRothenflug, 1985; ArnaudandRaymond, 1992; Mazzottaet al., 1998]; theelemental
abundanceof X with respectto hydrogen,nX � nH; thenumberdensityof hydrogenrelative
to theelectrondensity, nH � ne; andtheelectrondensity, ne, as

ng � ng

nX

nX

nH

nH

ne
ne (3.32)

In thisconceptualpresentation, wewill thusassumethatmostof theatomsor ionsare
in theground state,and,in particular, n i is small– a condition which maybeviolatedfor
metastablelevels.TheunspecifiedfactorE in Equation (3.31) is of noimportancehereand
will not bediscussedany further, but will beassumedto beconstantaslong asa specific
spectralline is beingconsidered.FromEquations(3.28and3.30 to 3.32), wefind

E ���
i j

nX

nH

nH

ne
n2

e
ng

nX

1G
Te

exp
C ���

gj

kTe
�54 � � j i � (3.33)

With thedefinitionof acontribution function

G � Te� � ng

nX

1G
Te

exp
C ���

gj

kTe
(3.34)

theEquation(3.33) becomes

E ���
i j

nX

nH

nH

ne
n2

e G � Te� �H4 � � j i � (3.35)

Thequantityon theright-handsidecanbemeasuredfor structureswith smallexten-
sionsalongtheLOS,aswehaveseenin Section3.2.3andin Equation (3.29). In thiscase,
someof the conceptsof separatingthe influencesof the abundance,theelectrondensity
andthetemperaturewill bementionedbelow, but they arenot themaintopic of this com-
munication. For long LOS paths,z0, we canonly measure$�4 � & andthusobtain $�4 � � j i �I& .
Thereforetheintegraloverz0

E nH

ne

nX

nH

���
i j

z0
z0

n2
e G � Te� dz �%$�4 � � j i �J& (3.36)

hasto be considered, wherethe elemental abundance,which is of greatimportance in
solarphysics studies,is removed from the integral in view of the fact that, in general,
the gradientsof the abundancevariations in thesolaratmospherearemuchsmallerthan
thoseof theelectrondensityandtemperature. Thetemperature-dependentfunction G � Te� ,
which is stronglypeakedfor mostionsat theso-called“formationtemperature”, canalso
beremovedfromtheintegral, if, for instance,it canbeassumedthatTe hasalsonogradient
alongz0 (which, of course,is notgenerallytrue,but seeFeldman etal. [1999] andMason
et al. [2002] for suchcases).Theresultingintegral alongz0

z0

n2
e dz �;$ n2

e & z0 � $�4 � � j i �I& z0

E ���
i j G � Te�

nH

nX

ne

nH
� 4� L * � � j i �

E ���
i j G � Te�

nH

nX

ne

nH
(3.37)
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is called“emissionmeasure”.
Theradianceof thespectralline, L * � � j i � , is determinedfromthespectralradiance,L *� ,

obtainedin Equation(3.14) in analogyto Equation (3.29) by integratingthebackground-
corrected spectralradianceover theline width

L *K� � j i � �
� j i �BAMLMN 2

� j i � A LON 2
� L *� C B�P� d

�
(3.38)

Providedthespectralline canbeisolatedfrom otherlines,theline radiance,L * � � j i � , does
not depend on thespectralresolutionof themeasurement in contrastto L *� , but will still
beinfluencedby thespatialandtemporal resolution (seeSection3.2.1).

Otherdefinitions of theemissionmeasure,in particularthevolumeemissionmeasure,
arenot really relevant in thecontext of spatially-resolvedobservations,but areusefulin
interpreting full-disk irradiance measurements[Pottasch, 1963; Athay, 1966]. The dif-
ferentialemissionmeasureshouldonly bementioned here,but will not bediscussedany
further. For moreinformationon this topicsee,for example, Mariska[1992].

3.4 Line-ratio Measurements

3.4.1 Density-sensitiveLine Ratios

For detailedtreatmentsof thetheoryof density-sensitive emissionseetheappropriate
articlescitedbelow. Herewenotethatcollisionally-excitedstatesmayalsobedepopulated
by non-radiativeprocesses,in particular, if they aremetastableandif theelectrondensity,
ne, is high. Theradiant powerdensityin Equation (3.28) is thusreducedfor emissionlines
from suchstatesasa function of ne. Theratio

R12 � 4 � � 1 �
4 � � 2 � (3.39)

of an allowed emissionline at
�

1 anda line at
�

2 emittedfrom a metastablelevel, for
instance,is consequently changing with ne, andcanbe calculatedfrom atomicphysics
principles. If theratio canbemeasuredin a plasmaof thesolaratmosphere,theelectron
densitycanthenbeestimated.FromEquations(3.24or 3.37), we mayconcludethat this
canbeaccomplishedby measuringtheratioof theline radiances

R12 � L * � � 1 �
L * � � 2 � (3.40)

This method is especiallyusefulif bothspectrallines areemittedby atomicparticlesof
the samespeciesandionization stage,becauseabundanceandionization variations will
thenhavenoeffect. It hasbeenusedextensively in theliterature[cf., GabrielandJordan,
1969; Feldmanet al., 1978; Laminget al., 1997; Doscheket al., 1997; Wilhelm et al.,
1998b].

Under favourable conditionstheelectrondensitysodeterminedcanbecomparedwith
themeanelectrondensityobtained fromtheemissionmeasureanalysisin Equation(3.37).
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Any discrepancy pointsto thefactthattheso-called“filling factor” is not unity [Feldman
et al., 1979; Dere et al., 1987], becausetheline-ratiomethodprovidesanestimateof the
electrondensityat thesourceof theradiation, whereastheemissionmeasuredependson
thedistributionof theelectronswithin theunresolvedemittingvolume.

3.4.2 Temperature-sensitiveLine Ratios

If two excitedstates,j1 and j2, from whichemissionlinesoriginate,haveverydiffer-
ent energy levels, their relative collisional excitation becomesa functionof the electron
temperature, Te. As in Section3.4.1, a ratio R12 canbe obtainedfrom atomicphysics
calculations. Themeasuredratio of the line radiancesin Equation (3.40) thenprovidesa
handleon thedetermination of theelectrontemperature.For examplesseeHerouxet al.
[1972], DoschekandFeldman [1987], andDavidet al. [1998].

3.5 AbundanceMeasurements

If, in Equation(3.35), we considertwo emissionlines at
�

1 and
�

2 from different
species,but with very similarcontributionfunctions,emittedfromthesamelocationin the
solaratmosphere,andthusat thesameelectrondensity, thentheratioof theradiant power
densities,4 � � 1 � and 4 � � 2 � , or, from Equation (3.37), the ratio of the corresponding line
radiances(adjustedfor any variations of

�!�
i j and E ), canbeusedto obtaintheelemental

abundanceratio. Thespectrallinesof Mg VI andNeVI mayserveasexamples,aswell as
thoseof Mg VI I andNeVI I, whichhavebeentreatedby YoungandMason[1997], Laming
etal. [1999], andDwivedietal. [1999]astypicalspecieswith low andhighfirst-ionization
potentials.

3.6 Concluding Remarks

Thespectralradianceandtheradianceof emissionlinesin theVUV wavelength range
aredescribedasthebasicphysicalquantities for characterizingspatially-resolvedradiant
sources,suchas the Sunor featuresin the solaratmosphere. The relationship to other
radiometric quantities, in particular to radiantpower (flux), emittance,power density, ir-
radiance, andintensity is discussedin detail, aswell as the observational determination
of thesequantitiesin optically-thick or optically-thin plasmaregimes. Somemethodsof
interpreting the observationsin termsof theplasmaconditions in the sourceregions are
mentionedwith referenceto aselectionof therelevant literature.
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Hollandt,J., Scḧuhle, U., Paustian,W., Curdt,W., Kühne, M., Wende,B., andWilhelm,
K., Radiometriccalibration of the telescopeandultraviolet spectrometer SUMER on
SOHO,Appl. Opt.35, 5125–5133,1996.

Hollandt,J., Kühne,M., Huber, M.C.E., andWende,B., Sourcestandardsfor the radio-
metriccalibration of astronomical telescopesin theVUV spectralrangetraceableto the
primary standardBESSY, this volume,2002.
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T., Hassler, D.M., andHuber, M.C.E.,Solarirradiancesandradiances of UV andEUV
linesduring theminimumof thesunspotactivity in 1996,Astron.Astrophys.334, 685–
702,1998a.

Wilhelm, K., Marsch,E., Dwivedi, B.N., Hassler, D.M., Lemaire,P., Gabriel,A.H., and
Huber, M.C.E., The solar corona above polar coronal holesas seenby SUMER on
SOHO,Astrophys.J. 500, 1023–1038,1998b.


