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SUMMARY

Studies of the structure and composition of the solar corona have
been undertaken, using a number of satellite observations of the coronal
x-ray spectrum, A systematic technique has been developed to carry out
the required analysis, and the analytical techniques available to calcu-
late the coronal spectrum have been developed and improved. A review

of other analyses of solar coronal structure is also included.
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Introduction

The principal analytical tools which are required for the analysis of
the 0SO and OV1-10 and OV1-17 observations are the calculation of the coronzl
spectrum, and the development of models of the thermal and abundance
structure of the corona., A systematic approach for the calculation of the
coronal spectrum has been developed as a part of the work undertaken during
the present grant, and that approach is described in Section 2.1 of this
report. New results have been obtained for neon-like ions (Walker et al.,
197kc), and these results are summarized here. In Section 2.2, we treat
a number of spectroscopic techniques for diagnostic studies of the corona.

A systematic technique has been developed for the development of coronal
models, using the coronal spectral calculations of the author (Walker et al.,
1974a). This technique, and a generalized approach which takes the coronal

magnetic structure into account, are described in Section 2.3,

In Section 3; a review of coronal models is presented, and these
models are compared to the models developed by the author in the early
phases of the present study. A bibliography of the results so far

developed is also presented,

2 Techniques for the Construction of Coronal Models from

*
Spectroscopic Observations

Walker (1972) and Gabriel and Jordan (1972) have reviewed the
calculation of the coronal spectrum, and the spectroscopic techniques
which have been used to construct models of the corona. Consequently,

I shall only briefly summarize the status of calculations of the coronal
spectrum, with emphasis on the most recent results, The spectroscopic
techniques used for the development of coronal models have also been
adequately treated in the above references, and a brief summary will

suffice here,

The development of coronal models from coronal permitted line
observations was first discussed in a general way by Pottasch (1964, 1966,

1967). Pottasch's analysis was confined to transition region lines whose

*
The text of this report will be published in the proceedings of IAU
Symposium No. 68 (Buenos Aires, June 1974), where it was presented
as an invited paper,



excitation functions have a sharply peaked dependence on temperature,

and he was able to replace the explicit temperature dependence of the
emission function of each line by an average emission function evalu-
ated at the temperature of most efficient emission for that line. A
number of authors[batstone et al, (1970), Chambre (1971) and Walker

(1972ﬂ have revised Pottasch's analysis for coronal lines, by including
the temperature variation of each line explicitly. Walker, Rugge and
Weiss (1974a) have presented a systematic formulation of this approach.
Since the spectroscopically resolved observations of the corona which
have been available prior to the launch of the Apollo Telescope Mount
(ATM) solar observatory on Skylab have not had sufficient spatial reso-
lution to allow the physical structure of coronal X-ray emitting regions
to be studied, analyses of these observations have ignored the geometry
of the emitting region. The observation of X-ray emitting arch filament
systems by Skylab (Vaiana et al, 1973; vVaiana, 1974; Underwood, 1974)
has emphasized the importance of the magnetic struétd%e of coronal active
regions. Accordingly, I will conclude this section with a discussion of
the medification in the analytical approach developed by Pottasch required
to take account of the geometrical constraints imposed by the coronal

magnetic structure.

2.1 Calculation of the Coronal Line Spectrum

The intensity observed in an emission line (with upper level i and
lower level j) in ionization stage z of element 7 is given by
I (D

2zl = Epay[Te(x,), nx)]dx1dx.dxs v=1,213.

The integral is over the coronal volume unresolved by the spectroscopic

chservation,

The emission function for a particular line may be written



Ezoy = ;' ["zl(Tes n) + qzﬂ iz = it Ty "e)] > .
where Ari, is the transition probabillity for transition ij, N4 is the
population of the excited level i in the ion whose charge is z, and
Me_yanr 15 the population of the doubly excited level in the ion whose
charge is (z-1), with the same configuration as the level i, but with an
additional electron in the level n'l’, As a number of authors have
pointed out [ﬁee for example Walker, (1972) and Gabriel and Jordan (1972)],
if n'l is sufficiently large (in practice:>H;+1)‘the transitions
in'l' - jn’'l’ cannot be resolved from the transition i = j, and therefore
effectively increase the flux in the line i~ j. For nfin;¥1 the tran-
sition in'l’ —» n'l’ can be resolved as a satellite line from i - j,

and in that case the emission is given by

Ezas = % A" il - vimrTe el 3
F
where we have no longer made the assumption Ar..a‘Ar-. o
1} ijn'l

Gabriel and Jordan (1972) have discussed the eguation of statis-—
tical equilibrium which must be solved in order to calculate the state
population functions. For most cases of interest, we may considerably
simplify the equation of statistical equilibrium, and consequently, the
excitation function can be expressed in simple form. For singly excited
states, direct collisional excitation is the principal mechanism of

population, and we may express the upper state population as

ex
n n (T ) o . (T )
L - € 2zg e gi ‘e (4)

zZi
r,
i

where I“ri is the total radiative width of the state i[ie (rr;— ZArik )]

ex ) . .
and & gi‘(Te) is the collisional excitation rate from the ground state,

We may express the ground state density, nzg’ in terms of the
*
relative population of the ionization stage of interest, a_ s the relative

and the number of hydrogen atoms per

abundance of the element, AZ’

* Jordan (1969,1970) and Landini and Fossi (1972) have calculated a, for
the abundant elements.
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electron, aH. This latter quantity is approximately constant since the

hydrogen and helium in the corona are completely ionized.

*
Neg = (nzg/nz)(nZ/nH)(nH/ne)ne - azAZaHne *

We shall also have occasion to use the fractional population of an excited

state
ni= (nzi/nz)(nz/nﬂ)(nH/ne)ne =f .Aam_ .

The emission function can be written as

r 2 ex
A

ex _ hc ij e aHAZaz(TE)a gi(Te) . (5)
r

M j T

EZzij
i

This equation is called the coronal excitation equation. We shall now
discuss the modifications to equation 5 which are necessary in order to
discuss the line emission functions of ions for the hydrogen-like through
neon-like isoelectronic sequences which are responsible for the coronal lines
belowt 25 K. We shall refer to the ions which have no metastable excited
levels, and no levels with strong excitation rates from the ground level
which have forbidden decays, as belonging to Class I. The coronal exci-
tation equation will provide a good approximation in calculating the

spectrum of these ions. Hydrogenic ions and lithium-like ions satisfy

these criteria.

If an ion has a metastable excited level, this level will generally
be strongly coupled to adjacent levels by radiative and collisional
processes., It is then possible to solve the equation of statistical
equilibrium for this group of strongly coupled levels separately. The
population of other levels in the ion will still be governed by the
coronal excitation equation. An example of this situation is provided by
the metastable lsZ2s %SState in helium-like ions, which is strongly coupled
with the 1s2p 3%%1)0 status. The relative intensities of the linesg from
these ions becomes density dependent at sufficiently high densities. The

density dependent emission functions of the triplet states of helium-like

ions has been discussed extensively in the literature (Gabriel and Jordan,

* This equation is not strictly valid if the ion contains metastable states

which may have an appreciable steady state population,
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1972,1973). We shall refer to ions with metastable excited levels as

belenging to Class II.

In deriving equation 5, we neglected population processes such
as radiative recombination, and cascade from higher levels. The
assumption that these processes are of minor importance is generally
valid as long as the decay of the higher levels to the ground level is
not forbidden. If such decays are forbidden, these levels will con-
tribute to the population of the lowest lying excited levels by cascade
processes, and equation 5 will no longer describe the level populations.
If there are no metastable states, we must solve a set on N simultaneous
equations, which involve population of each level by collisional exci-
tation from the ground term, and hy radiative decay from higher levels.
The level population will then be expressed as a sum of terms such as
appear in Equation 5, with coefficients which depend on the radiative
decay rates from the levels responsible for the cascadé. Walker et al

(1974c) show that the emission function may be written

N r
EX (T ,n ) =R A .4 Ek:l @ ek Irrmﬁmn - Amnl (6)
ijt el e Aij ij e z,g N rr
k=i “k
where m = i+l, ..... N; p =i, ... k-1,kt1, ..., N(i.e., p # k) and A;p =0
for p.2:m5 We have defined the total radiative width of the state m,
E r
Pr = A mk - The symbol 6 refers to the Kronecker delta function
m k=1 . mp ‘
=1 = = N
[émp ‘, m= p, 6mp O m# p]

The neon-like jion Fe XVII provides an example of an ion of this
type. Figure 1 (taken from Walker et al, 1974c) shows the level structure
of the excited levels of Fe XVII with principal quantium number 3, and the
principal decay paths of each level. We will refer to ions of this type

as Class III.

A number of ions have metastable low lying excited states within
the ground term, or within a Iow lying execited term. At sufficiently
high temperatures and densitites, the population in these low lying excited

states can become substantial, and may exceed the population of the ground

-



level. The coronal excitation equation must quite obviously be modified
for these ions. Generally, the populations of the ground term, and of the
low lying excited states may be computed by regarding these levels as
strongly coupled, and solving the statistical equilibrium equation ig-
noring all higher levels. Once the populations of these metastable levels
have been determined, we can calculate the population of excited states

by applying equation 5 to each highly populzted level. If fg' fg; f woees

are the fractional populations of these levels then we may write the

‘emission function of a line as

r
ex he ™13 % aHAZa (T )Ef a® Te) (7

E_ . =
Zzij lij rr

i

Examples of ions with metastable low lying excited states are those
of the beryllium-like and boron-like isoelectronic sequences. The density
dependent populations of the 2 2 1S ground state and 2sZ2p 3P2,1,0 excited
states of beryllium-like ions have been extensively discussed by Jordan
{(1971) and Munro et al (1971). We will refer to ions with metastable low
lying excited states as Class IV. 1In Table 1, we have classified the

ions of the ten simplest isoelectronic sequences.

The collisional excitation funection which appears in equation 5
is generally expressed .in terms of a collision sStrength, Qgi’ which is
defined as

2
o= ma QgiIH(EJg+1)E

where ¢ is the excitation cross section, a, the Bohr radius, IH the ryd-
berg, J the spin of the initial state, and E the incident electron
o

energy. For a Maxwellian distribution, the excitation rate is

2
ex 2ve ao Jﬁbﬁ
(2J 1) ‘r““ﬂka Iy )

i

Ei is the threshold energy of the excitation under consideration.

8

exp(-E/KT) kT . (8)

The collision strength can be eXpressed in terms of the oscillator



strength, £, and the gaunt factor g, using the modified Bethe approxi-

mation of Van Regemorter (1962).

I
8 "H (2)
— f

Qgy = 3 i1

For two excitations which are similar, we may presume that the

gaunt factors are equal, and derive the useful relation

£, E, E,,

. i _ 10

0 () =57 % Qgi‘(E. ) | (10
i b S 1

In the succeeding subsections, we will briefly discuss the determi-
nation of the atomic rate parameter required to evaluate equations 5, 7,
8, and 10, Emphasis will be placed on the calculation of collisional
excitation cross sections. References for oscillator strengths and
transition probabilities are given by Gabriel and Jordan (1972) and Walker

(1972).

2.1.1 Hydrogenic Ions

Burgess, Hummer, and Tully (1970) have calculated the collisional
excitation cross sections for the 1ls-2s and 1s~2p excitations in hydro-

genic ions, using the Coulomb Born II approxXimation.

Walker (1972) has tabulated the temperature averaged collision

2
strength z {} for these transitions

oo

;55 = §3§;I.£ de%zaﬂ exp[—(e-l)/e]}/e

(where e = E /Ei and 0= kT/E;) using the collision strengths given by
Burgess et al. We may obtain the collision strength for higher excitations
(l1s-ns and ls-np) by using equation 10, Recently, Walker (1974) has
calculated the c¢ross section for 1ls-2s and 1s~2p excitation using
relativistic wave functions. He finds substantial corrections to the
results of Burgess et al, for large Z, however, for values of Z of

importance for coronal studies, (ZE;BB) the corrections are small.



2.1.2 Helium-like Ions

Until quite recently, there were few calculations available for
the collision strengths of excitations in helium-like ions. Collision
strengths were derived from the hydrogenic calculations of Burgess et al
for the singlet (IS and 1P) excitations using equation 10, by Walker
(1972) and by Gabriel and Jordan (1972) using the R matrices tabulated
by Burgess et al. Gabriel and Jordan were able to derive collision
strengths for excitation of both the singlet (1P and 1S) aud triplet
'(BP and 38) lines. Tully (1974} has recently calculated the excitation
cross section for the lsns 15 (n=2, ,.. 6) and lsnp 1P (n=2, ,.. 6)
levels in the Columb Born Approximation. The cross section obtained by
this more accurate technique .are equal, within a few percent, to the
cross section derived by Walker (1972), using equation 10, from the

hydrogenic cross sections, as shown by Table 2.

However, it is recommended that the more accurate cross section
of Tully be adopted for future work., For the triplet levels, the cross

sections given by Gabriel and Jordan are the most reliable available.

2.1.3 Lithium-like Ions

Gabriel and Jordan (1972) and Sampson and Parks (1974) have
given extensive accounts of theoretical and experimental studies of the

cross sections of the lithium-like ions.

Bely (1966a,1966b) and Bely and Petrini (1970) and Flower and
Launay (1973) have calculated threshold collision strengths for the

transitions 2s - nl and 2p - n | in 1ithium-like ions.

The calculations of Bely and Bely and Petrini appear to result
in good agreement with observation, except for the 2s - 3p excitation,
where the cross sections of Burke et al (1966) appear to result in
closer agreement. Heroux and Cohen (1971), Heroux et al (1972), and
Malenovsky and Heroux (1973) have analyzed the relative intensities of

the lines of the lithium-like ions O VI, Ne VIII, and Mg X. They find



that their observed intensities are consistent with the theoretical

cross gsections.

2.1.4 Beryllium-like Ions

Jordan (1971) and Munro et al (1971) have discussed the density
dependent population of the 252 1S and 252p 3? levels of beryllium-like
ions, and have computed the statistical equilibrium of these levels as
a function of density for C III, N IV, O V, and Si kI. Once the popu-
lations of the ground level, and of ﬁhe three metastable levels have
been calculated, the modified coronal excitation equation (equation 5)
can be used to calculate the populations of the higher excited levels.
Gabriel and Jordan (1972) and Sampson and Parks (1974) have discussed
the theoretical and experimental studies of collision strengths for the
beryllium-1ike ions, The most extensive theoretical calculations are
those of Eissner which are unpublished. However, Gabriel and Jordan
quote a number of Eissner's results, and compare them with the experi-
mental observations of excited rates by Tondello and McWhirter (1971)
and Johnson and Kunze (1971) for Ne VII and 8i XI. The agreement is
fair for most transitions, however, there are substantial differences
for some transitions. In view of the difficulty of interpreting the
experimental observations, which require the determination of the popu-
laticon of the 2s2p 3P metastable levels in a transient lahoratory plasma,
the theoretical cross sections, where available, are likely to be more

reliable,

2.1.5 Neon-like Ions

Loulergue and Nussbaumer (1973) and Walker et al (1%74c¢) have
recently discussed the coronal spectrum of Fe XVII. Because the 2522p535
levels are populated primarily by cascade, the collisional excitation
rates and radiative decay rates for the first 36 excited levels must be
known before the relative and absolute intensities of the principal lines
of Fe XVII, which lie between ~12 and’~17x, can be calculated. Figure 'l
illustrates the complexity of the'spectrum of Fe XVII. However, Loulergue (1971,
1973) and Garstang (1969) have calculated all of the required transition
“rates, and Bely and Bely (1967j and Flower (1971) have calculated threshold



collision strengths for the transitions 2p - 3s, 3p, and 3d. For the

25 - 3s, p, d singlet excitations, Bely and Bely have estimated collision
strengths by using cross sections for lithium-like iong. Using these
atomic rate constants, Loulergue and Nussbaumer have calculated the rela-
tive intensity of the eight 1ines_observed in the coronal spectrum from
2p535, 252p63p, and 2p53d configurations of Fe XVII. 1In Table 3 these
results (column 1a) are compared with the line intensities observed by
Walker et al (1974c) and Parkinson (1974). The observations of Walker

et al are shown in Figures 2 and 3. Loulergue and Nussbaumer have esti-
mated the cross sections for the 252p635, 3p and 3d triplet excitations
by assuming that the collision strengths are equgl to the singlet col-
lision strengths multiplied by the statistical weights of the states.

The relative intensities derived with this assumption are given in
column 1lb of Table 3. Walker et al (1974b) have made somewhat different
assumptions regarding the 2s - 3s, 3p and 3d excitation rates. They
made use of the collision strengths for beryllium-like ions calculated
by Eissner to derive the 2s - 3s and 23 - 3d singlet excitation rates,
and used the observed intensities of the 252p63p singlet and triplet
lines, and the intensities of the 2522p535 and 1P and 3P lines tc derive

. B6_ 3
collision strengths for the 2s52p 35 8 and 252p63d3D levels.

The relative intensities derivéd by Walker et al are compared
with the obsexrvations in Table 3. The collision strengths derived by
Walker et al are compared with those derived by Bely and Bely in Table 4.
The relative contribution of each level to the flux observed in each of
the lines of Fe XVII as calculated by Walker et al is shown in Table 5.
The arrays tabulated in Table 5 are the products

r . T
A ij’r; 6mpmA mp

N

k=1

(11)

required for the evaluation of equation 6,

2,1.6 Calculation of the Coronal Line Spectrum

' *
Detailed studies of the excitation of ions of the boron-like through

flourine-like sequences have not yet been carried out, However, a number

* ’
Widing (1966) has studied the excitation of some lines of the boron-like
ion 8i X. .
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of authors (Tucker and Koren, 1971; Mewe, 1972 and Landini and Fossi,
1970} have calculafed the coronal line spectrum below 100A, The calcu-
lations of Tucker and Koren are the most complete. For ions of the bery-
1lium~like through the fluorine-like isoelectronic sequences, Tucker and
Koren. have scaled the collision strengths of Bely and Petrini (19790). for the
2p-n1 excitations in lithium-like ions, using equation 10, Mew&, on the
other hand, has derived effective gaunt factors for a large number of
transitions, using the best available theoretical and experimental data

for each isoelectronic sequence. Neither author includes the effects of
cascades. The general character of the coronal spectrum is shown in

Figure 4, which is based on extensive unpublished calculations by the
author, in collaboration with Mrs. Kay Weiss at the Aerospace Corporation.
Because of the requirement for—accurate calculations of the coronal X-ray
spectrum in order to interpret the X-ray filtergrams obtained by the S-054
and S~056 éxperiments on Skylab, extenéive calculations of the coronal line
spectrum are in progress at American Science and Engineering by Drs. Viaina
and Kreiger and their éssociates, and at the Aerospace Corperation by

Drs. McKenzie and Walker. The results of these calculations should be

available within a year of the date of the present Symposiun.

2,1.7 Dielectronic Recombination Lines and Satellite Lines

The major process responsible for the population of doubly excited
levels in thermal equilibrium is dielectronic recombination {Gabriel and
Paget, 1972} for most iscelectronic sequences. However, for certain iso-
electronic sequences; such as neon-like ions (Walker et al, 1974c¢) inner
shell excitation can be an important process. For those cases where di-

electronic recombination dominates

J an
Eg}u = )li.c AT, neayA,a(T.) E _ T ann(Ty) , (12)
1

L3 o
wisw Uiy + Ui

di N . , .
where o ginQ' is the dielectronic recombination rate for the formatiom

r
of the state in’l in ionization stage (z-1) from the ground state of

!

, a .
ionization stage =z, and r in'l is the autoionizing width of the state,
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The same equation without the summation is the emission functicn of an
individual satellite line. The lower limit of the summation in equation

12 will depend on the resolution of the spectrometer making the ohservations,
Since most calculations of the total dielectrénic recombination rate have
assumed that n'zl is large, the rate constanta«di in equation 12 may be
taken equal to the total dielectronic recombination rate. Shore (1969)

has carried out the most accurate computation of this rate for low Z ions,

For highly charged helium-like ions the radiative width for states
with n'«-ni becomes comparable to the autoionizing width, and the satellites
with n' = ni+1, and n' = n, become prominent spectral features (Walker
and Rugge, 1971}, approaching the intensity of the resonance line for
Fe XXV (Grineva et al, 1973). Tucker and Koren (1971) and Walker (1972)
have discussed the evaluation of the emission function in equation 12.
Gabriel (1972) has given a definitive account of the wavelengths and
intensities of the important satellites to the lines of the helium-1like
ions which arise from the 1s2s2p and 1sZp2 configurations of the lithium~

like ion.

2,1.8 The X~Ray Continium

Three processes make substantial contributions to the coronal X-ray
continium, radiative recombination, bremsstrahlung, and two photon decay
of the metastable 2528 and 1s2s 1S of hydrogenic and helium-like ions,
Culhane (1969) has given a complete account of the calculation of the
spectrum for the first two processes. Walker (1972) and Tucker and Koren
(1971) have discussed the calculation of the spectrum for two photon decay
of hydrogénic and helium—-like ions. Walker et al, (1974a) have tabulated
the fractional contribution pf variocus elements, and processes for several
wavelengths and temperatures, The relative importance of the various
continium processes is shown in Figure 4., Figure 4 emphasizes the im-
portance of two photon decay at temperatures between ~1 X 106 %k and
4 X 106 OK, and at wavelengths A > 20A. The hydrogenic and helium~1like

ions of oxygen and carbon are chiefly responsible for this flux,
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Walker et al, (1974a,b) have made detailed comparisons of the
observed X-ray continium, and the continwmm calculated for a coronal
model derived from line fluxes. Figure %5 (from Walker et al, 1974b) com-
pares the experimental and theoretical continium between 8 and 25A. The
agreement is good between 8 and 14 X, however, above 15 X, the observed
continium is too large by a factor of ~ 2. Walker et al, suggest that
the "excess" continium is due to weak unresolved lines from ions such as
Fe XVIII (~ 16A), Cr XV - Cr XI (~16-228), Ca XVI - Ca XI (~ 17-25%),
and Ar XV - Ar XVI (~ 23-25%).

2.2 Diagnostic Techniques for the Coronal Plasma

A number of techniques have been developed which, in principle,
allow the temperature and density structure of the coronal plasma to be
determined without the development of a detailed model. These techniques
depénd on line intensity ratios which are sensitive to a particular para-
meter such as temperature or density. However, as we shall see, some care
must be exercised in interpreting such intensity rafios in terms of iso-

thermal models.
2.2,1 Density

The dependénce of line intensities on density comes about in two

ways:

1. Metastable excited levels may be competitively de-excited

by radiative decay or collisional transfer to an adjacent

level which has an allowed decay.

2. Some ions have compound ground states whose upper level(s)
are metastable,or low lying metastable excited states.
These metastable states become populated at sufficiently
high densities and the intensity of lines which are prefer-
entially excited from these metastable levels thus become

strongly density dependent.

-13-



An example of the first situation is the intensity of the 152 1S -~ 1sis 3S
transition in helium-like ions. Gabriel and Jordan (1972, 1973) have
analyzed the density dependence of this line in detail. A number of
authors (Rugge and Walker, 1970, 1971: Acton et al, 1973, Bonnelle et al,

1973) have studied the relative intensity of the forbidden (ls2 1S -
1s92s 3S) and intercombination (1s2 1S - 1s2p 3P) lines from O ¥II, Ne IX
and Mg XI in the corona. However, only upper limits to the coronal density
have been derived from these observations, There are a number of examples
of the latter situation. Some ions which have been studied in the case of
the solar corona are summarized in Table 8. The line intensity ratios
tabulated are sensitive over the range of densities from 104 - 1014.

The An = 1 transitions in beryllium-like ions will share the same

density dependent behavior as theAn = 0 trangition listed in Table 6.
For example, the upper level of the 2p2 SP - 2p3d 3D line will be polu-
lated primarily by excitation from the 2s2p 3P level. The study of the
An = 1 transitions offers certain advantages in comparison with the An = 0
transitions. Line multiplets which have their wavelengths very close to-
gether, may he selected thereby feducing the problem of instrument cali-
bration, Furthermore, since the dependence of collisional excitation
rates on temperature goes mainly as exp(-AE/KT), where AE is the exci-
tation energy of the upper level, lines which are close together in wave-
length will generally have excitation functions with very similar tempera-
ture dependence. Unfortunately, relatively few observations of the An =1
transitions of the beryllium-like ions are available, and detailed studies

of the relative intensities of these lines have not been undertaken.
2,2,2 Temperature

Walker (1972} has reviewed earlier studies of temperature sensitive
line ratios. Three types of ratios have been studied, the ratio of 25 - 3p
and 2s - 2p lines in lithium~like ions, the ratio of Lyman ¢ and Lyman
in hydrogenic ions, and the ratio of the lithium~like satellite 1ineé and

helium=like line intensities.

Heroux et al, {(1972) and Malinovsky and Heroux (1973) have carried

-1k~



out measurements of the line ratios for the lithium-like ions © VI, Ne VIII,
and Mg XI. These authors find that the temperatures derived from the
relative intensity of the 2s - 3p and 23 - Z2p lines may be somewhat mis-
leading if the lines are emitted over a broad temperature range.

Malinovsky and Heroux found that the observed Ne VIII. and Mg XI line ratios
are in good agreement with the theoretical ratios predicted using a coronal

thermal model.

Rugge and Walker (1974)-have analyzed the relative intensities of
the Lyman ¢ and LymanP lines of 0 VIII, Mg XII, and Si XIV, using a recent
theoretical study of this line ratio carried out by Hutcheon and McWhirter
{1973). Using a coronal temperature model Rugge and Walker were able to
make a detailed comparison of the observed line ratios with the theory of
Hutcheon and MeWhirter. The predicted ratio of Lyman o to Lyman p for O VIII
derived from the coronal model was 10.8 & 1.6, while the observed ratio
was found to be 10.5 ¥ 0.5. Good agreement was also found for the ob-
served and predicted Mg XI and Si XIV ratios. However, Rugge and Walker
found that the temperature predicted assuming an isothermal plasma differed
from the calculated temperature of most efficient emission by ~,7 X 106 K

for Q@ VvIII, by 1.6 X 106 K for Mg XI, and by 3.6 x'los K for 8i XIV. 1In each

case, the 'predicted” temperatures were low.

These results suggest that the prediction of coronal temperatures
from "temperature sensitiveﬁ line ratios must be undertaken with consider-
able caution, unless there is other evidence that the observed lines were

emitted from an isothermal structure.

2.2.3 Non-Thermal Excitation

Two spectroscopic techniques have been suggested for the study of
non—-thermal excitation; the observation of non-autoionizing satellite lines
in lithium~like ions, and the observation of K-o lines, Gabriel (1972)
has discussed the observations of non-autoionizing satellite lines, and
the calculation of the inner shell excifation rates which result in their

production.
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Phillips and Neupert (1973) have calculated the intensity expected
for the K-¢ lines of sulfur, argon,calcium, and iron for thermal and non-
thermal solar X-ray events. They have observed K-¢ line emission from
Fe XVII - XX during a large flare, and find that their theory predicts

reasonable values of the emission measure,

2.3 Construction of Coronal Models

Jefferies, Orrall, and Zirker (1972a) have developed a general
method for the analysis‘of line emission from an optically thin gas, and
applied this method to coronal forbidden line intensities [Jefferies et al,
(1972b,cﬂ . Using the formalism developed by Jefferies et al, we may ex—

press the flux in a permitted coronal X-ray line as

‘FZzij =g Qij)aHAZf-/c-lSNef./c‘inedTeﬂ (Te.,ne) az(Te) J(Te)ne, (13)

We have separated the integrals over the area S(x ,xz) which is un-

1

resolved by the telescope, and along the line of sight, x Foliowing

3"
Jefferies et al., we introduce the distribution function for the coronal
plasma,[i[Te(xV), ne(xvﬂ which describes the density and temperature of

the plasma, and replace the integral over X_ by a double integral over

3
this distribution function in a unit column. The gquantity e(kig) is the

efficiency function of the spectroheliograph.

The function | represents the fraction (dN) of the total number of
electrons in a unit column (Ne) which are in neighborhcods where temperature

and density are given by Te and n,.

dN(Té’ne’xl’XE) = Ne“(Te’ne’Xl’XE) dng dTg

We may also introduce the partial distribution functions g (T ) and
: , e
p(T,).
¢(Te) =ﬂ(Te’ne)dne’

and

png = [ nyar,.

The function J (Te)[or J (Te,ne) if the lire in question is density

dependent]contains the dependence of the excitation function on atoidic
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parameters peculiar to the line being observed, and can be derived from

equations 5 and 12.

Equation 13 is an integral equation, with the kernel AZaZ(Te) J (Te)
which we can calculate, and the value F, which we can measure. In order
to develop a set of techniques to determine;;(Te,ne), let us assume that

there is a functional relationship between temperature and density, i.e.,:
n =n (T)
e e @

We may then write equation 13 as
= 14
FZzij e(Aij)aﬁAzﬂdsnedeene(Te)g (T?5 az(Te) J (Te) (14)

The integral.equation for FZzij defined by egquation 14 can, in
principle, be solved to determine the temperature distribution of the
emission measurej provided that observations including a sufficient
number of lines with differing temperature dependeﬂce are available,

The coronal models I discuss in section 3 were derived by solving
equation 14, using various approximation procedures. The spatial inte-~
gral must be extended over either individual active regions, or over the
entire disk for the observations presently available, because of fheir low

spatial resolution.

Pneuman (1972, 1973) and Kopp (1972) have pointed out the critical
role that the magnetic field plays in the structure of coronal active
regions, because of its predominant influence 6n the thermal conductivi-
ty. If observations of sufficient spatial (as well, of course, as
spectral) resolution are available, we can introduce the dependence of &

(or of fandy } on the magnetic field B explicitly,
FZzij E:()Ll'.]')al-l Zf ufd?[ Te ne(Te'B)MTe’B) az(Te) J (Te)' (s

Where s is a coordinate along the field line, and u a coordinate transverse

to the field lines. We may think of u and s as a set of solar B-L co-
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ordinates, much as those used to describe the terresterial radiation
belts, As Pneuman (1972) and Jordan (1974) point out, the coronal
plasma will be nearly isothermal along a given field line, allowing

simplifying assumptions to be made in the solution of equation 15.
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3 Coronal Models

Coronal models of the structure of active regions developed from
X-ray observations have been limited because of the low spatial reso-
lution of the spectroscopically resolved data presently available.

" Consequently, the models developed have emphasized the temperature

structure and composition of the corona, The problem of the coronal

energy balance has not been treated. A number of studies using EVU
observations have been used to develop models of the energy balance of

the transision region (Dupree, 1972; Munro and Withbroe, 1972; Withbroe

and Gurman, 1973). Xopp (1972), Withbroe and Gurman (1973), and Gurman

and Withbroe (1974) have summarized these results, and discussed the

effect of magnetic fields on coronal structure. These authors find an
increased "coronal temperature" overlying active regions, and an increased
conductive flux from the corona into the transition region. However, the
lack of temperature discrimination for coronal temperatures above

~ 2.5 X 106 K with EUV lines prevents these models'from distinguishing
between an isothermal corona, and a corona with thermal structures extending
to higher temperatures beyond the most probable coronal temperature

(i.e., the temperature at which the coronal emission measure is at a maxi-
mum)., The analysis of the coronal X-ray spectra of active regions demon-
strates that coronal material is presgnt at considerably higher temperatures
than the '"coronal active region temperature of ~2.5 « 3 X 106 °k" which is

derived from studies of the coronal EUV spectrum.

3.1 Development of Coronal Thermal Models -

Batstone et al (1970)and Evans and Pounds (1968) developed the first
thermal models, using coronal X-ray ohservations. They assumed thé&t the
emission function could be approximated by a step function, and found that
coronal material as hot as 6-8 X 106 OK must be present in order to explaiﬁ
their observations. Chambre (1971) developed a technique using an analyti-
cal expression for the emission measure function which has a maximum at
a temperature T0 (assumed to be near 2 X 106 0K) and falls off with temper-

ature as dex (-T/Tl). A study of the heating of the corona by Vil 'koveskii
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{1972) shows that this is a reasonable thermal model based on the assumption
that the mechanical heating is proportional to the square of the electron
density. Vil'koveskii finds the parameters T and T1 to be~1.5 X 10
and 1 X 106 K for quiet regions, and 2.5 X 10 and 3 X 106 K for active
regions. The model found by Chambre from observations requires T0 =1.5X 10
K and T1 between 1.5 and 3.0 X 106 K.

Walker (1972), Acton et al (1972}, Bonnelle et al (1973), and Walker
et al (1974a,b) have developed models of the coronal emission measure,
using the approach of Chambre. Acton et al used the resonance lines of
O VII and Ne IX, and were able to derive thermal models for a number of
active regions, since their spectrometer was collimated to 1.7 arc minutes
in one direction. They were able to map the emission of individual active
regions by scanning the collimator across the solar disk in nearly orthogonal
directioné. The result of one of these scans is shown in Figure 6. The

observations were fitted with an emission measure model M(T):

M(T) = € dex (-1/T,) em S (106 %)~}

The parameters found for each active region, and for the general corona

6
are presented in Table 7. The total emission measure above 10 K, and
the "average' emission temperature of the ¢ VII and Ne IX lines, are also

given in Table 7.

Bonnelle et al carried out a similar obhservation using the resonance
lines of Mg XI and Mg XII, and satellite lines of Mg X. These authors
48 -3 6 -
developed a thermal model with C = 5 X 10 cm (10 K) 1, and Tl = 2,6

6
X 10 K.

Walker (1972) and Walker et al (1974a,b) have developed models using
the resonance lines of O VII, O VIII, Ne IX, Ne X, Mg XI, Mg XII, Al XII,
Al XIII, Si XIII, and 8i XIV. They find an excellent fit to the model
proposed by Chambre and Vil 'koveskii, with T0 = 2,5 X 106 K and Tl = 375
-4,0X 106K. The models developed by Walker et al are shown in Figures

2
7 and 8, The samall values of the parameter 9t demonstrate the significance
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of the fit. From Figure 7, we see that a model with a temperature cutoff
will fit the observations since the hottest line included in the model is
Mg XI. 1In Figure 8, we note that the model must include material in ex-

6 . .
cess of B X 10 K in order to fit the 8i XIV observations.

The model of an isothermal corona developed from the analysis of EUV
observations must be modified for active regions. For coronal holes, and
for the quiet corona, where magnetically open geometries introduce the
solar wind as an energy loss term (Pneuman, 1973), the coronal structure
can be reasonably fit by an isothermal model, with T~1.0 X 106 K (Munro
and Withbroe, 1972) for coronal holes and ~ 1.5 X 106 K for the quiet
corona (Withbroe and Gurman, 1973). Acton et al find that the general
coronal emission measure does indeed fall off very rapidly above the
temperature of maximum emission measure (TO“*1.5 X 106 K) with le 0.3 -
1.0 X 106 K. However, for active regions, the emission measure falls
off much more slowly, with T1~'1.5 - 4,0X 106 K, and models with an iso-
thermal coronal, even with temperatures as high as 2.5 - 3.5 X 106 K
{withbroe and Gurman, 1973; Noyes et 8l, 1970), cannot account for the

X-ray observations,

The high temperatures required to account for the coronal X-ray
fiux may be an indication of a heating source in addition to the dissi=
pation of mechanical waves, the source generally assumed to be responsible
for coronal heating (Kopp and Kupers, 1968). Tucker (1973), Sturrock (1972b),
and Syro-vatskii and Shmeleva (1972) have suggested that the dissipation
of magnetic energy by ohmic heating in current sheets may contribute to
the thermal balance of active regions. Highly spatially, as well as
spectrally resolved observations will be required to demonstrate that
magnetic heating is taking place in the corona, if it is, indeed, an

important component in the thermal energy balance,

3.2 Coronal Abundances

Walker et al (1974a,b,c) have derived coronal abundances from the

models given in Figures 7 and 8. The abundances derived by Walker et al

-21~



are compared with the coronal abundances derived with trangition region
observations by Withbroe (19%la), Dupree (1972), and Malenovsky and
Heroux (1972), and with photospheric abundances compiled by Withbroe
{1971a) and Cameron (1974) in Table 8. 1In general, the agreement is
good; however, there is a significant difference for the neon abundance.
Cameron's neon abundance is obtained from cosmic ray observations.

Since the neon lines used by Walker et 51 {1974b} in their analysis were quite
strong, and were excited near the mid-range of temperatures in their
model I believe their neon results to be quite reliable, and the differ-
ence may, therefore, be significant. In the case of the sulfur and argon
abundances, the lines analyzed were near the high temperature end of
their model, and are thought to be somewhat less reliable .than .the other
abundances. Consequently, we do not regard the difference between the
coronal and the photospheric computations to be significant for these
elements. The oxygen abundance found by Withbroe and by Malenovsky and
Heroux for the transition region is low, however, Dupree's results appear

to support a higher oxygen abundance.

In conclusion, it ﬁould appear that the results of Table 8 support

a uniform abundance structure for the solar atmosphere.

3.3 Coronal Density Structure

The X-ray analyses of coronal density structure have, so far, resulted
only in upper limits. The analyses of density sensitive EUV lines by
Munroc et al (1971), Jordan (1971), Widing (1966), and others (see Table &)
have resulted in density models which predict densities of ~ 5 X 108 fcm-3
in the ¢quiet corona, and densities as high as 2.5 X 109 cm_ in active
regions. These models are consistent with the X-ray upper limits, and
with other observations. Withbroe (1971b) has shown that the intensity
of the Mg X resonance line is a good indicator of coronal density, once
properly calibrated. Withbroe et al (1871) and Withbroe and Gurman (1973)
have developed coronal density maps using this technique, and Gurman,
Withbroe and Harvey (1974) have discussed the correlation of coronal densi-

ty and photospheric magnetic intensity using this technique,
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3.4 The Structure of Coronal Active Regions

The poor spatial resolution of the presently available spectroscopi-

cally resolved coronal X-ray observations makes it difficult to study

the physical structure of active regions. Parkinson (1973z2,b) has used
two types of observations, high spectral resolution studies with low
spatial resolution, and moderate spectral resolution studies of coronal
structures from 0OSO-5 with 1-2 arc minute resolution (Parkinson and Pounds,
1971) to construct the schematic model shown in Figure 8, This model
resembles the X-ray loop structures observed on Skylab (Vaiana, 1974;

'Underwood, 1974).

Pneuman (1972, 1973) has analyzed the structure of coronal active
regions in open and closed magnetic structure, and points out that coronal
material should be isothermal along magnetic field 1lines, because of the
large thermal conductivity along field lines. This suggests that we may
think of an active region as a collection of isothermal flux tubes, with
the tubes at lower altitude being higher in temperature. As the flux
tube approaches the photosphere, the isothermal approximation breaks
down, and the transition region, as described by Kopp (1972) occurs. The
temperature structure along each flux tube would indeed have an '"isothermal"
corond, coupled to the transition region, however, taken together, the
flux tubes result in a thermal structqre for the active region which is
described by Figures 6 and 7. The study of this structure may require
very high (<10 arc second) spatial resolution. Jordan (1974) has dis-
cussed the analytical and observational:evidence for the "multiple flux
tube” model of coronal arch (or loop) structures elsewhere in these

proceedings.
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4, Conclusions

We have found that the analysis of the coronal X-ray spectrum has
resulted in coronal thermal models which show a nearly isothermal corona
over quiet regions, in agreement with analyses of the coronal EUV spec-
trum. However, analyses of active region spectra (or of whole disk
spectra which are dominated by active regions) result in models which
contain material as hot as 8 - 10 X 106 K, in contradiction to the
"isothermal” corona derived from the analysis of the EUV spectra of
active regions. The X-ray results do predict a2 maximum in the coronal
emission measure near ~2 - 3 X 106 K, for active regions, which corre-

sponds to the temperature of the "isothermal" corona found by the EUV

analyses.

The study of corcnal abundances with X-ray observations has found
relative abundances which are in good agreement with photospheric and
transition region abundances, lending further support tc the view that

the solar atmosphere is uniform in composition.

The study of the structure and energy balance of active regions
will require observations with better spatial resolution than those
which have been analyzed up to this time. The 5~056 and $-054 X-ray
telescope experiments on Skylab (Vaiana et al, 1973, Underwood 1874},
and the 080-7 X-ray spectroheliograph (Neupert et al, 1974) should pro-
vide much of the observational data required for these analyses. All
three instruments make use of filters to provide wavelength (and conse-
quently temperature) discrimination, so that accurate calculations of
the shape of the coronal spectrum will be required in order to carry

out the type of analysis of coronal structure outlined in section 2.3.
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Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure Captions

Level diagram for Fe XVII, showing the principal decay
paths for the first 36 excited levels. Those levels

with transitions to the ground level are shown in bold

type.

Portion of the spectrum recorded by the KAP spectrometer
2.6
on OVI-17 for 20 March 19692, showing the Fe XVII 2s 2p
3 .
18 - 252p63p 1P and P lines,

Portion of the spectrum recorded by the KAP spectrometer

2
on OVI-17 for 20 March 1969, showing the Fe XVII 2s 2p6

2.5 3 2.8 2
1S - 25 2p 3d 1P, 3D, and P, and 2s Z2p lso - 25 2p53s 1Pl,

3 3
Pl and P2 lines.

Coronal Spectrum for 1.5 x 106 K and 4,0 X 106 K.Only
allowed transitions have been shown in order to aveoid
confusion, so that a number of strong lines (such as the
helium-like forbidden lines) are not shown. Note the
importance of two photon decay for the continuum at 1.5

X 106 K.

Continuum fluxes cobserved on the 0 VI-10 satellite com-
pared with the fluxes calculated from a coronal model
derived from observed line fluxes. The model used is

the one shown in Figure 7.

Variation of the coronal X-ray intensity across the
solar disk observed by Acton et al (1972) with a one
dimensional collimator. A second scan approximately
orthorgonal to the scan shown here allowed a map of
the coronal siructure to be constructed, and tke models

given in Table 7.
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Figure 7

Figure 8

Figure 9

Coronal Model constructed from the resonance lines of
0 VII, O VIII, Ne IX, Ne X, and Mg XI. Note that a
model with no material above 6 X 106 K also fits the
observations. A model cutoff above 5.0 X 106 K does

not, however, fit the observations,

Coronal Model derived from the resonance lines of Mg IX,

Mg X, Al XII, Al XIII, Si XIII, si XIV, 8 XV. Note that.
6

material at temperatures above 8 X 10 X must be included

in the model in order to fit the hot Si XIV and S XV lines

Model of a coronal active region derived by Parkinson
(1974) from 0SO V spectroheliograms and rocket spectra of

active regions.

-30-



Sequence

H

He

Li

Be

Ne

I

I

I

I

I

I

Table 1

Classification of the H- Ne-like Ions

Class

II,

Iv

I,

II,

1T,

11,

II,

Iv

III

Iv

v

Iv

IV

Iv

3
metastable levels 2s2p P

Comments

3 3
metastable level 1s2s S; 1lsn L cascade

3
to 1s2 L

2,1,0

2 2
ground term contains 2p P3/2, 1/2 3p P

2
levels decay by cascade to 3s S

2 3
ground term contains Zp P 2p3p
2,1,0
levels decay by cascade to 2p3s

34
ground configuration contains Zp 83/2
32
2 2
and 2p D5/2,3/2; 2p 3p levels decay by
2
cascade to 2p 3s
3 4 3
round conf ati tai 2
g onfiguration contains 2p P2,1,0's

141 41 3
2p D and 2p S; 2p 3p levels decay by

3
cascade to Zp 38

%p 4
1/2,3/2 2p 3p

4
levels decay by cascade to 2p 3s levels

ground term contains 2p5

5 6
2p  3p levels and 28 2p 3l levels decay
5
by cascade to 2p 3s and 252 2p5 31 1evels

respectively.
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Table 2 Comparison of O VII Collision Strengths

Energy (in units of threshold energy)

2 CBO,. 2 o %
[E3 Ja. 15-2p” V0 vt welz @0 (1 %s - 2 %p)
22 (1 1 L p 1py**
2 CBO,. 2 %
(06 yi1 15-20” V0 yir1 Yya) 2 O {178 - 2 %s)
22008 (1 15 - 2 1py*

‘ 2 CBo,_ 2 2o %
l:(f”o VII 15-3p/(fk)o VIII ¥yo] 2 & (1°8-2 “p)

¥
ZEQCB(1 1S -3 lp)

** Tully (1974)

k3

* Burgess, Hummer, and Tully (1970}

2.765

2,825

0.676

0.803

0.508

. 0.615

4,171

4,675

0.718

0.868

0,767

0.996

5.444

5.975

0.741

0.880

1.000

1.256
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Table 3

COMPARISON OF EXPERIMENTAL AND THEORETICAL LINE INTENSITIES

TRANSITION THEORY EXPERIMENT
;) (1) ()  {(2) 4 Jan 1967(2) 20 Mar 1969(2) 30 Nov 1971(3)

38 -2p 17.10 0.23 0.74 .59 ' 0.75 | .73
35 -2p 17.05 0,58 0.97 .91 -2 0. 80 .90
35 -2p 16.77 0.38 0.54 .5l 0.70 0.72 .65
3d - 2p 15.45 0.008 0.08 .09 0.05 0. 09 0.11
3d-2p 15.26 0.33 0.37 .37 0.43 0. 56 .48
3d-2p 15.¢1 1,00 1.00 1,00 1.00 1. 00 1. 00
3p-2s 13,88 0.002 .10 .03 - - 0. 03 0.04
3p-2s 13.82 0.15 .15 .07 -- 0. 07 0.07
44-2p 12.26 - - - 0.07 - | 0.08
4d - 2p 12,12 -- -- -- " 0,04 -- 0. 09

2, 61

2s-2p 63y 3

(1 2) Loulergue and Nussbaumer (T=5. 5x106) [,Q =0
S -2s2p 34 "L

{1 b) Loulergue and Nussbaumer (T=5. 5x106)
(2) -Walker, Rugge, and Weiss (T=4. 0x10%)

(3) Parkinson



Table 4
Threshold Collision Strengths for Fe XVII

3
Collision Strength (X10)

Configuration Level Bely and Bely Walker et al
253p63d 1D2 65.2 73
3 - ~ 100
Dl
2s2p°3p 1p1 22.4 10.1
3P
1 - 6.5
252p635 . 180 32.4 30.1
3
- 4
Sl 5

-3k



2p 3sP
2p5353P
2p5353P
2p53d P
2p53d3D1

2p 3d Pl

252p63p3P

2s2p63p1P

Table 5 Parentage of Fe XVII Lines Observed in the Corona

2s 2p535 2522p53P 2522p53d

391 ‘e, 351 °, 391 'n, 31)0 'p, 3P1 *s, 3p0 3p1 'F, %, 31)1 %, lnz 1pl

- - .949 ,350 ,048 ,446 - - . 068 - .947 ,034 ,424 .621 - .007 .106 -
1,00 - .051 .610 .952 .549 ,892 ,451 .600 .015 .500 ,048 ,022 ,576 .370 .003 .423 .503 -

- 1.00 - - - . 005 .le .549 .332 ,978 .500 .005 -~ . 0005 .009 - .570 .391 -

- = = - - - - - - - - .884 - - - - - -

- - = - = - - - - - - - - - 997 - - -

- - - - - - - - - - - - - - - - - .999
252p°3s  262p%p  252p°3d

351 150 3pl 1131 3131 '1132

.594 - .186 .010 .266 .204

L287 ,598 .139 .021 .316 369

.112 .402 .054 ,01Q ,074 .149

- - - - .197 -

- - - - .119 -073

- - - - .013 .154

- - .621 -~ -~ ,015 ,005

- - -~ 968 - .046 -



Table 6, Compulation of Theoretical ‘and Experimental
Studies of Density Sensitive Line Ratios

Ion Con?iéﬁigtion !Spin Coﬁiizz;::1zn Spin Line Ratios Studied References
g éfI’Siinv’ 052 g o o2s2p b 0,1,2 [252p o2 SP1/[28° “s-2s2p 'P] :Izziz“etlﬁt(ggn
5i X 2522p 2P 1/2 25229 2P 3/2 {ESgépEgyz—asape 2 2]/[25 2p2P - 252p2 2D3/2] widing 1966
Fe XIV 3523p %p 1/2 3523p %p 32 [3523p2P3/2-3s3p2 2D5/2]/{3522pepl/2—3s3p2 2D3/2] Pottasch 1966
T ek S et
Fe XV 352 g 0 3s3p P 0,1,2 [3s3p 39:—353(1 $7/[ 353 - 353d1p ] Cowan &

widing, 1973
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Table 7

Non-Isothermal (Exponentizl) Model

K

Plage T; EM;°t | %o yii <TNEBIX>>
Region (10 X) c* (10 7 cm-3) (106 K) (10 K)
289 3.15 3 23 | 1.95 3.10
279, 274B 1.80 6 13 1.80 2,170
281 1.50 8 12 1.70 2.55
2744 1.25 18 ] 16 1.65 2.40
286 1.15 24 16 1.60 2.30
265, 266 0.95 42 15 1.50 2.20
Gen. Corona™ 0.60 170 170 1.25 1.70

48

* -3 6 -
Units: 10 cm (10 K} 1.

. [
** Fnigsion measure above 10 K.

+ All values refer to coronal hemisphere facing the earth.

Taken ‘from Acton et al (1972).
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Table 8

Comparison cof Relative Abundances

Abundance X1 06)
Element .
Active Region Transition Region - Photospheric Solar System
Walker, Rugge Withbroe Dupree Malenovsky Withbroe Cameron
and Weiss and Heroux

c - - 420 350 - 350 370
N 90 : 89 150 - 115 117
0 700 450 595 350 676 676
Ne 54 28 27 88 - 108
Na 1.7 2.3 1.9 - 1.7 1.9
Mg * 30 35 30 50 35 33
Al 2.5 ‘ 2.3 3.5 - : 2.5 2.7
Si 35% 35% 35% 35% 35 31.6
S 9 11 20 5 16 16
Ar 6 4.5 - - - - 3.7
Fe 26 35 20 20 25+ 26

* The coronal abundance values have been normalized relative to the silicon abundance,

which was assumed to be 35 x 10_6.

+ In a2 recent analysis, Smith and Whaling (1973) find a value of 25 x 10-6 for the

-

iron abundance, in agreement with the earlier result of Withbroe
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