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Abstract

The spectroscopic techmques in the X and LUV region to determine electron density
and tempuratwe of solar plasma have been presented The line wintensity ratios as a
diagnostic probe of solar plasma from berryllum, boron, nitrogen and oxygen - [ike tons
have been discussed with a detalled tnvestigation of carbon-ltke ions Absolute line fluxes
from thesc 1ons ai car th distance have alse been discussed

1  Introduction

A high Lomperature plasma is vividly described by the famous astiophysieisl Sir
Arthur Stanley Eddington as follows

"Crowded Logethot within a cubie centimeler therg are mare than a(trillion Leillian)
atomd, ahout Lwice as many free elecirons, and (20 billion tmillion) X rays The X rays
are fravelling wilh the speed of light and Lhe electrons at 10,000 miles a second Most of
the atoms arc simply protons (1 ¢ hydiogen nuclel travelling al 300 miles a second)
Here and therc will be heavier atoms, such as lron, lumberng along al 40 miles a sucond
I have told you tho specds and the state of congestion of the road, and | will leave
you to imagine the caollisiong'

The X and LWV peclia of astrophyaical objocls have become avallable only aince
advent of spacc roseaich X and EUV spectrometers and spoctrographs of increasing
sophistication have been flown on rockots, unmanned and manned spacecraflls These
tnstruments have provided bowildering large amount of dala which have opened up
exciting ncw aron In astrophysies Interpretation of these observations required atomic
data for speciral Lransitlons at X and CUV wavslengths of highly 1onized atoms leading
to now areas of research n atomic physics The process of identifytng emlission hnes in
the solar > and CUV gpoclidm has progressed through a combination of theorelical
alomic physics, Lthe production of similar spectra In laboratory experiments and under
standing of the likely physical condilions in the solar atmosphere Even Lhe sarly work
ol Grotrian (1931) and Cdlen (1942, 1945) On the 1dentification of magnelic dipole Lrang
tions n highly lomzed won observed 1n the visible spectrum of Lhe solar corona during
eclipses 13 an exampte of this fruitful combinalion of techriques The existence of
these 1ons 1n Lhe coronal gas led to the dicovery of million degree hat corona The
method of clessifying lines from high stages of Jjonization by building up data from
different elemants along 1soeleckronic sequence hay been widoly used A variety of labora
tary sources 1s avallable for producing the different stales of lomzation, for example, ©
pinch deviees, a range of apark sources of laser produced plasmas

High spatial and spectral resoluLion cen be used to determine the physical conditions
in high tempcralure plasmas The slectron density and temperature can be derived from
the tensiky ratlos of certain speclral lines The combined lon temperature and non
thermal turbulenge can be determined from spectral line profiles In some cases, the
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lines are primarily broadened by tie Zesman or Stark effect y and t'h( zlm isy t (jyr |}lu
line shapes and widths allows the strenglh of the magnetic ficld ar Lhe clut i:m ((H:ll ¥
to be inferred The Doppler shiits of the lines reveal an atropic masi Mo |lnn W
absolute intensity of certain emission lines and the knowledge of the ¢ ronbhing volume can
be used to determine the abundance of impurity etements Lach of the ¢ mua urements
involves 1solating particular emission hnes that are primaitly en 1Lve to IH[;I{ phy 1cad
parameter These lines may fall 1n the X , the CUV the UV or ¢ven e Lhe viahle toguon

of spectrum

In the section 2, theory of line formation 18 presentec The clrclion b mpoerature
and denstty dependence of line intensity ratias have been di cu cd mn e cction 3 oand
4 respectively Seetion 3 deals with the solar atmasphere and hine mlenaly inilos to
diagnose solar plasma Closing remarks have been made i echion G

2 Theory of Spectral line formation

We consider a low density plasma where the number density Noof diffoient ot
species 1s determined by electron impact 1ontzation and radiative and die doobonie tetom
binations The 1on number densities for an element with nuclear chargt 7 ot toromne 4
by the set of coupled rate equations

N
z
i U VNZ Ne(NZ ’le 1+ Nz+1a2+1) NBNZ(@Z FCIZ) (1)
z
with the additional condition N2 N
0

where @ and a are 10mzaetion and recombination rate coefficients m¥at 1), 7w b
jonic charge Np the electron density, N the number density of Lhe tlomenl and U Lhe
plasma fluid velocity The solutions of eqn (1) are obviously model deprandent Tor any
realistic calculation The 1onization equilibrium s generally vahd or at loail assume ¢t
and egn (1) then becomes

Nz Qz - N o {2}

2+l Tz+l

The itne emission from a given volume element 18 given by

E(),0) -E’%Al h \Jl] N] {ergs cm fsec tsr 1)

i

-
= T By N, ()
The flux Fll at earth 1n an optically thin spectral line 15 qiven by

E
!
F) = H‘qu‘z A, J N, dv {erg cm *sec ') (4)
Av

where £ ts the energy of the transition between upper Jevel ) and lower level 1, Ay s
the radiative transitton probability AV s the volume of the plasma where the line
1s formed R 1s the earth to object distance, and Ny 15 the number denaity of the tons in
excited level | The excitation processes are usually much faster Lhan iomzation and 1e
combination time scales, particularly near 1onization equilibiium  The exeltalion can,
therefore be decoupled from ionization and recombination That 1s, in many a4y, exel
tation processes are dominant over tomzation and recombination processes in pm’duc‘lnti
an excited state In such cases, N, can be found using detailed halance belwecn excitation

?Qilﬁ?atwe processes alone neglecting 1onizatlon and recombination proccsses  The
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L Z = & I
NJ [1«:] (Ap" NECJI) * k> Nyl = Ni(le Necu) * k>

e "k 1<) NI<(Ak]+ Neclcj)

J

with JENJ = N, (5)

where Nj1s the eleclron density C1 the colhsion rale and R,; are the photo excitation

rates The collision rales (cm®sec ) are expressed 1n tcrms of the collision strengths
f2)) 1n the form

f2 E
Co= 863x10°% 4 oxp( k)
] w T? KT
e
b8
3 g fl [:I
= 170 x 10 - exp { ==~ )  (fa excrtations) (6a)
KT
T2 E (eV) e
e 1
iV C
i, _ _X)
CkI = Clk( ™ ) exp (7 TB) (for de oxcitations) (6b)

where Te 13 the electron temperature K the Boltzmann constant Ejyy the excitation
energy and w1 Lhe stalistical weight

N N M
!
Nos = (N, T) G20 (T ) N
1 Nmn e e N-:al c NH -

whero in the tmple & case (N{/Njand = 10, INjgn/Nel] is the 1onization equilibrium popula

tion for the 1on and [Ny /Ni]hs the ebundance of the element relalive to hydrogen
Nij = 08 Ng

5 Electron Ternperature Measurementa

There are two methods for delermining electron lemperature The more commonly
known method ihvelve using the DBoltsmann faclors 1n excltation rate coefficients If we
congidcr an 1 othermal plasma of density Ny and volume V, the lLine intensily ratio
of two lines from an fon, originating from excited levels k and ) and terminating on
lower lovel 1 18 given by

C(pl) Eu iu
gy © F C

¢ 1

assurming for implicily that levels k and ) decay to only level i (NgCl) << Ai) Using
equation (6)

col . o Ty o Fie Ey
£k, Eik ﬂrk KT
The intensity ratio In this equation is temperature senattive 1f (E;;  Ej)/KT >>1 The

method 18 independent of 1onization equililbrium but dees depend on the atmospheric
gtructure We assume an isothermal plasma of constant density 1n deriving this equation
Most real plasmas are not 1sothermal and density may vary wilh temperature In such a
case, the excilation ratio coeffieients ¢pnnot be removed from the Integral equation and
the intensity ratio depends. on atmospherle structure in addition to temperature
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Another method of deterrmming temperature 1s simply to assume 1omzation equil)
brium (Gabriel and Jordan 1975) There are many highly 1omzed atormns Lhat are formed in
lonization equilibrium over a very narrow temperature range (Jordan, 1969) This s
true for most of the 1ons formed 1n the transition region belween aboul 2 x 10%K and 108K
[t 18 not true for most L1 ke, He like and - like 10ns which are formed ovir very bioad
temperature ranges (Jordan, 1970) However, If a line of an ion, such 38 CIII or O, s
observed and 1onization equilbrium 1s assumed, then from the equilibrium calcuiations,
the temperature 15 known (le Tg 2 6 X 10' K far these ions)

Finally, an elegant method for determiming temperature in high temperature low
density plasmas has been developed by Gabriel and Jordan (Gabrial and Jordan 1372,
Bhalla et al 1975) and independently by Vainstein and Safronova (1978) This method uses
the temperature dependence of dielectrenic recombination and electran 1mpact excitation
A line formed by only dielectronic recombination and & line formed primarily by electron
impact exeitation are chosen as shown in Ftg 1, the Li hke jon dielectrorne X ray ling
and the He like 1on resonance line The intenstty ratio of these two lincs can be quite
temperature sensitive and this diagnostic 18 very useful for flare plasmas

4. Electron Density Measurements

Line ratios can be found that are sensitive primarily to electron density If Lhg
temperature of formation of the lines 18 also known, then the local election piessure (NyTe)
of Lhe plasma can be calculated If the density sensitive lhine pairs can be found over
a range of temperatures, then the pressure throughout the plasma can tn principle be
determined and this result 15 important from the hydrodynamical standpotnt

Density sensitivity arises because of the existence of metastable level The
transition probabilities for magnetic dipole transitions, and transitions that involve a spin
change (tntercombination lines), are much less than similar electric dipole transition pro
babilities that do not involve & spin change (allowed transitions) [r order to illustrate
density diagnostics, let us consider a hypothetical three level atom (Migure 2) with ground
level 1 and two excited levels ) and k For the sake of discussion, lel us consider only
the tran itions as indicated After solving the balance equations for the levels | and k, we
get

N c. A C Cc
—N—J = C'-:—U— “E‘lﬁ [1 k NB __|<_CJ(1 + '_"i”l's ) ]
ik itk " Akl CI}

Therefore, the intensity ratio for the two lines can be expressed as

c C c
E) =i k) "
) © T, [1+ Ny A, {1+ g, )]

If the level k 18 metastable then A, will be much smaller than 1t would be for allowed
one Thus this ratio becomes density dependent when Ng begins to approach the value
[Ak1/Cy that 18 Ng Ckj = Aki For very large N the ratio 1s usually impractically large
te measure reliably

3 The Solar Atmosphere
The method for determiming density 1s not new and has been used by astronomers

working i1n Lhe optical spectral reglon for some time {(Aller et al, 1949) The famillar
diagnostic for astronomers is the O Il ratio,
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that s, I (3730 pg\)/l (3727 /g\) This example from NI 1soelectromic scquence, 18 similar
to the three level case already discussed Doth the upper levels 2D3/2 and “Dss 1esull.
in intercombination transitions to 'Sz However, the hfetime of the Dsp levol e
ignificantly longer than the *Dyz lifetime Therefore, within a ltmited range of denaitic ,
the ?D3y2 level can be regarded as an allowed level relative Lo *Dsp Density sensitivity
for the O II ratio occurs eround 10° em® (Osterbrock, 1975) The O Il ralle is not
a useful diagnostic for the solar atmosphere However, (T more highly 1onized 1ons
in the NI sequence are considered, examples can be found that are useful at solar
densitirs (Raju 1378, Feldman et al, 1978) Forbidden lines of the 1ons Mg VI, St VIIL, § X
and Ar <II can be used to determine electron densities tn the inner carona  The same
line ratio considered for O Il 15 an excelient diagnostic at coronal densilie  for thes
heavier 1on particularly 5 X

The C 'l seems to be the first 10n considered for application to the solar tranaition
region (Jordan 1971, Munro et al 1971) Ions 1n the Be [ 1goeleclronic sequence have ruh
emission line spectra 1n the solar X and EUV region (Gabriel and Jordan 197?) Obstrva
tions of the relative strengths of these lines In a given 1on have bern widely used to
probe the olar and astrophysical plasma (Jordan 1974, Malinovsky 1975) loulergue
and Nussbaumer 1976, Doschek et al 1977, Dufton et al 1978, Dufton el al 1983 Kuinan
et al 1984) L.imes emitted from born like 1ons have also recelved considerable attentinn
to probe the solar atmosphere (Elwert and Raju, 1975, Mower and Nusshaumer 1975a,bj
Vernazza and Ma on 1978, Dwivadi and Raju 1980 and others)

Although Mason (1975) has reported calculations for Ca XIII 10n, the first detailecl
tnvestigations on some lower 1ons 1n the Ol isoelectronic sequence were reported by
Raju and Dwived) (1978) The density sensitivity of line intensity ratios of 1ons 1t the € 1
1soelectronic sequence has been studied In detail by Mason and Bhatia {1978) and mde
pendently by Raju and Dwived (1979) and we briefly discuss the same 1n the following

Figure 3 1llustrates the energy level scheme adopted for carbon hke 1ons  Tie
various physical processes considered are as indicated More, the denstty determinalion
becames possible because of the first five levels which are metastable [or elsctron
deristities 1n the relevant range, the colli.ional and 1adiative de excitation rales for
these levels compete, therefore, the level population and consequently the line intensily
ratios hecome density dependenl Since the level population of higher term levels 18
essentially determined by the ground term levels, the wvariation of the population of
these levels with slectron density s reflected 1n the wvarlation of line cmission with
electron density We have shown in Figures 4 and 5 the variation of ground stale lovel
populatinns as & function of electron density The temporature indicated 1n Lhese figuios
correspaond to maximum relative on abundance of the elements We Tind that ground slate
level populations vary with electron density Therefore, the line iniensilies which arc
excited from the ground levels and emitled from different excited levels are expected
to show density sensitivity

In Figures 6 and 7 we have shown line intensity ratios as a function of electron
density for Ne V,Mg VI, S1 [X and S XI These line intensity ratios are rather insensilive
to temperature variation There are not many observed hines fram these lons with calibro
ted intensities surtable for density determinations In arder Lo check tf the density sensiti
vity of our line ratios falls into a range useful for solar work, we have calculaled the
relevant intensity ratios ustng a spherical’ symmetric model for the quiet sun (Clznor,
1976) The ratios thus obtained sre shown by dots in Figures 6 and 7 They fall on the
dens':JLy sensitive portions of the curves, thereby providing a direct method for determin
ing Ng
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From Mgures 6 and 7 we notice that the forbidden lines with tran itions 'S, °Py
and 1D;g aPa relative to the intersystem line SSE I, are density sensitive, particularly
suitable for active 1eqgions Forbidden line 'S %P, relative to the allowed line DY P,
could also be ued as a density indicator for active regions The ntensity ratios of
forbidden lines corresponding to transitions 'Dp ®P; and 5, %P, for the lons Mg VII,
St IX and § XI could also be useful for actlve region conditions Sandlint el al (1977) have
ohserved 1n two active regons off the lLimb, lines correspondm? to the ntersystem
transitions 553 %P, and %93 9P, as well as forbidden transttion 'Sp P, of Ne V In
the casc of Mg VII, they ob erve the forbidden line with transition 'S, P, However, two
forbidden hnes corresponding to the transitions ‘Dz %P and D, °P, are observed for
S IX and S XI For the two active reglong Sandlin et al (1977) quate the following inten
sity values relative to the Fe XII line at 1247 A, for the ahove mentioned forbidden
tranaitions 005 for Ne V hine at 1574 82 A and 19 for Mg VIl hine at 1189 92 A far
the acltive region AR 12300 at 40" above the himb, 25 for Mg VII for 118982 A and
6 6 and 11 for S IX at 1984,88 A and 2149 26 respectively whereas 04 and 2 8 for 5 XI
at 161451 A and 1826 21 for the active region AR 12114 at 4 arc sec above the
Iimb The Ne V and Mg VII hines correspond to the transition 5, P, whereas Si IX and
S XI lhnes correspond to the transitions 'Dg Py and ‘Dz P, respectively Sandiin et
al (1977) have quoted the conversion faclor to get absolute inlensity only 1n the case of
active region 4 arc gsec off the imb In view of the intensity ratios diseus cd above, lines
coriesponding Lo the transition °63 *P; of Mg VI, $11X end S X! must defimtely be
observable (n active reglons

We have calculated line fluxes from the entire solar disk at earth's distance
for variou  trong and weak hines of Ne V, Mg Vil, St IX and 5 XI of carbon sequence
However we list 1n Table 1 the result of % XI lines for Lhe sake of brewvity Caleulated
fluxes for these lines may be useful 1n resolving difficulties associated with line 1dentifi
catlon, masking ar blending due to lines arising from the iona of other isceleclronic
saquences  The line omission per umit wvolume against heighl 1n the model almosphere
of Clzner (1976) for some of the intense lines of $ XI have been shown in Fig 8 This
diagram indicales the contribution of wvarious atmospheric layers to the total flux
Mrom Fiqures 6 and 7, wo soe that the line intensity ratio with transitions DS 'D, and
Ip! Dy retalive Lo the strongest line corresponding to the transition °Df *P, for Ne V
and Mg VII could be used as density Indicator for quiet sun regions Our model caleulalions
help us make the defimile wonclusion that singlel to singlet lines of Ne V and Mg VII are
inten e enough for ohsecrvation Futher the line intensity ratios of ainglet Lo singlel
relative to tiiplel to triplet tranmitions are useful probes for the quiet sun In the caso of
§i IX and 5 XI, this ralio coyld be useful for active regions Calculated flux values for
5 X! hnog 1n the range 190 A 280 A have greater discrepancy over ohservad onee  This
could partly be ascribed to blending of those lines

We have discussed the carbon sequence in some detall A similar study of oxygen,
nilragen and horon sequences has been carried out The lnes crmitied 1in the X and
EWUV region have been used ag 1 density monitor of the solar plasma Using a model by
Kopp and QOrral (1976), line inlenmities from the gqutet sun and coronal hole have also
been esltmated (Dwivedi and Raju 1985) which 18 useful in identifying closo lines arising
from different fons prevalent i the atmopsphere Such a study provides first hand 1nforma
tion to predict llnes which have hitherto not been observed for future obse:vation More
over, this study could also act es a test or constraint on the model atmosphere when
compared with observational dala In our opinion this kind of study might also heip
avold wrong Interpretation of the observational data by adjusting atomiec parameters
in arder to mateh the gbservations (Vernazze and Mason, 1978) However, we need more
observations with betler spectral resofution than currently available to substantiate
our contenlion (Dwivedi and Raju, 1980) For a review of sclar observations of the
n= 2 2 transitions 1n fourth period elements, the reader s referred to an article by
Lawsan and Peacock (1984)
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Table 1

Calculated Fluxes from the entire Solar Disk at Earth s distance
(Rayu and Dwlved:, 1979)

S5 XI 1on, n(S)/n(H)= 199 x 10 °

2
Flux (10 * erqs em * sec '

0
Transition A(A) Caleulated Observet

(14, 1 186 B85, 033

(14, 2) 188 68 0 95 16x
(14, 3) 191 26 139 2
(15, 4) 190 37 0 03

(13, 4) 215 95 0 08

(1, 1 239 81, 039 1 4x
(10, 3) 246 90, 0 38 15%
(11, 3 247 12 043 16%
(9, 1) 281 40, 056 2 3%
(92 285 58 Q51 1 4%
( 8, 2) 285 §3° 0 48 1 6%
(7, 3) 291 59 057 0 g5+
{6, 2) 555 00 168

(6 3) 578 00 368

(5, 2 782 76 002

(4, 2) 1614 51%% 003

(4, 3) 1826 2% 005

* Observed values from Malinovsky and Heroux (1973)
** Observed lines 1n active regions from Sandlin et al (1977}
b denotes that the line 18 blended

6. Closing Romarks

This review glves some ides of the power of spectroscopy to uncover secrets
governing the behaviour of high temperature plasmes The technical know how and the
basic theory underiying the interpretation of the data, represent the harvest of the
tremendous effort put forth to understand solar phenaomena through space observations
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