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QUOTATIONS

"These (the first solsr ultraviolet) rocket spectra are
certainly fascinsting. My first look at one gives me.
a sense that I was seeing something that no astronomer
could expect to see unless he was good and went to

heaven!"

(H.N. Russell, May 1947, in L. Goldberg, 1974).

"The pioneers have roughly explored the Sun and an army
of settlers is trying to make a living of it. .... In
1950 one could describe the Sun as follouws:

'The Sun is a thermally radiating gaseous sphere’,

In 1970 I would describe the Sun in a more complicated
manner :

'The Sun is a rotating magnetic plasmas with a
complex transient XUV, optical, radio and cosmic ray
spectrum'."”

(M. Kuperus, 1974).
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SUMMARY

A study of the X-resy emission from solar coronal sctive
regions is presented. The ébservations were made with two instruments:
(1) 2 collimated Bragg crystal spectrometer with high spectral
resolution (400 < A/AN q<, 1000) and moderate spatial resoiution
(ebout 3 arc min), and (2) a grezing incidence telescope which
obtained bfoad'wavelength—band'ihages with high spatial resolution
(about 2 arc sec). Chapter 1 gives a brief review of the relevant
physicé, with pérticular emphasis on the Sun's soft X—réy emission
A(i.e. 1 < wavelength,)\ £ 25 R). The plesme and atomic physics
required to interpret the X-ray observations are summarised in
Chapter 2.

The instruments used in this work were the (sounding)
rocket-borne Leicester Mk. 3 Bregg spectrometer, and the American
Science and Engineering (ASE) X-ray telesﬁope S~054, sboard the
Skylab Apollo Telescope MOuﬁt. The instruments and data analysis
techniques are described in Chepter 3,

The data ere interpreted in terms of thermal emission
from an optically thin plasma., In Chapter 4, -coronsl active
region models, ere derived, of electron density and emission
meaéure (nezl\V) as a function of electron temperature and spatial
location. Abundances are derived for the elements oxygen, neon,
sodium,magnesium,aluminiup,silicon, iron and nickel in the solar
corona.

Chapters 5, 6 and 7 describe observations.and inter-
pretation of spectra of ions belonging to particular isoelectronic
sequences, namely: Chapter 5, the Helium-like ions 0 VII, Ne IX
and Mg XI; Chepter 6, the Neon-like ions Fe XVII and Ni XIX,

Chepter 7, Fluorine-like Fe XVIII and Oxygen-like Fe XIX,
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Chapter 1

REVIEW OF SOLAR PHYSICS AND SOLAR SOFT X-RAY EMISSION

1.1 Introduction

The Sun is a nearly spherical high temperature (ﬂ:104—1U7K)
plasma containing a3 magnetic field. The physical conditions of
temperature, density and elemental compaosition, combined with the
interactions between the plasma and the magnetic field, produce
many and varied phenomena. The Sun emits electromagnetic (e.m.)
and particle radiation (cosmic.rays) over a wide range of energies.
The only method available, to obtain information on the processes
occurring in the Sun, is the study of its radiation; similar
techniques are used for the diagnosis of physical conditions in
laboratory plasmas and other astrophysical plasmas.

The solar e.m; emission extends over most of the spectrum
(see Figure 1.1), from radio to gamma rays. This thesis is
concerned with the observation, analysis and interpretation of
soft X-radiation (mainly in the range below 258) from solar active
regions. Since X-rays cannot penetrate the Earth's atmosphere,
it is necessary to carry the observing instrumentation to an
altitude (X140 km for wavelengtﬁs £25 R) where the atmospheric
absqrption is negligible. Therefore, the experiments are launched
into space, either on a ballistic soundingrrocket or an orbiting
satellite. At photon energies 2; 20 keV observations may be made
from balloon-borne experiments.

In order to anslyse and interpret the data in terms of
the physical conditions and processes occurring in the solar
plasma, it is first necessary to consider the relevant background

material. To this end, the present chapter and Chapter 2 will



review: solar physics, solar soft X-ray émissioﬁ, plasma physics, and

atomic processes., It is not intended to give an exhaustive

coverage of each subject, but rather to summarize selected topics

as a basis for the work that follows. References to published

works which provide a broader treatment of each areé, are given.
Observations of the Sun, in additionto providihg information

on solar processes are also useful in the Fieldsrof plasma and

atomic pﬁysics, since there exist, in the Sun, physical conditions

which cannot be reproduced on Earth.

1.2 Solar Structure

As already mentioned in Section 1.1 the Sun is a nearly
spherical high temperature (ﬂw104—107 K). plasma, much of which
contains a magnetic field. The solar plasma consists of (by
number of atoms) approximately 90% hydrogen, 10% helium, and 1%
admixture of heavier elements, mainly carbon, nitrogen, oxygen,
neon, magnesium, silicon, sulphur and iron. Nuclear fusion
reactions in the central core of the Sun are its basic energy
source. The reactions are maintained by the high temperature

(~107 K) and density (~102°

cm-z) in the core; these necessary
conditions are supplied by the exothermic reactions themselves
and by the gravitational self_attraction of the solar gas, the
latter process having been responsible for the initial fulfilment
of these requirements during the eerly evolution of the Sun.

The energy generated in the core is transported outwards
by radiation and then by convection, until it reaches the visibie
surface of the Sun, the photosphere, to be radiated into space.
It is convenient and conventional to divide the observable Solar

atmosphere into three layers; these are (extending outwards),

the photosphere, the chromosphere and the corona. The photospheric



spectrum (according to which the Sun is classified as a typé

G2 star) closely approximates to that of a blackbody at 6000 K,

with some absorption (Fraunhofer) lines. At the top of the

phofosphere, thé temperature reaches a minimum (~4000 K) and

then increases outward to 2 coronal value Aa106 K. The layer

just above the temperature minimum is called the chromosphere,

from its dominant visible emission, the red H& line ( A6563 R).
‘The outermost layer of the solar atmosphere, the corona,

extends from a height of about 3000 km sbove the photosphere out

to many solar radii. The high temperatures.'V106 K are maintained

over this large range of distances, but the density drops rapidly,

in the outward direction. Because of the high temperature most

of the coronal emission.is in the soft X-ray band; conversely,

the only region of the solar atmosphere to emit X-rays is the

corona. Moreover, the density gradient restricts signifiﬁant

X-ray emission to the inner part of the corona (:$105 km above

the photosphere) where the electron density is A«108—101U cm~3.

The energy required to heat the chromosphere and corona is supplied

by the dissipation of mechanical waves, generated in the .sub-

photospheric convection zone (see e.g. Stein and Leibacher, 1974).
The solar structure and typical values of important

parameters for different parts of the Sun, are summarized in

Figures 1.2 to 1.7 and Tables 1.1 and 1.2. More detailed discussions

of the Sun and its atmosphere are given in the texts by Zirin

(1966), Gibson (1973), that edited by Macris (1971), and the revieuw

by Howard (1972).

.



1.3 Solar Activity

The presence of a magnetic field in the solar plasma
introduces a "preferred" direction (see Section 2.3). Localized
concentrations of the magnetic field, termed "active regions",
extend from below the photosphere out into the corona. The
anisotropy due to the magnetic field, is responsible for the
features observed, in emission or absérption, in different parté
of the spectrum from radio to X-rays,and associated with active
regions. These features (some of which are shown in Figures 1.3
and 1.4) include sunspots, plages, loops, filaments and prominences.
Figure 1.8 shows a8 schematic diagram of an active region, relating
these phenomena to the magnetic field configuration. It is
generally accepted that the magnetic field is concentrated (and
hence active regions formed) by the "winding-up", due to the Sun's
differential rotation, of the sub-photospheric field lines which
are "frozen" (see Section 2.3.3) into the plasma (Babcock, 1960,
1961; Leighton, 1969; Parker, 1970). The suggested operation of
this mechanism is illustrated in Figure 1.9. The rotation period
of the photosphere varies from about 26 days at the equator to
about 37 days at the poles. The Babcock-Leighton model also helps
to explain the following observations:

(1) The solar activity (as measured by numbers and sizes of
active regions and the emission at different wavelengths)
varies in a cyclic manner with a period of about 11 years
(see Figure 1.10).

(2) At the start of a cycle, active regions appear at high
latitudes. (about = 30°). 1In the course of the cycle, they
emerge progressively closer to the equator and often fade

away entirely at the end of the cycle (see Figure 1.11).



(3) Active regions appear in a bipolar configuration with the
polarity of the leading portion (with respect to solar
rotation) being opposite in the northern and southern
hemispheres.

(4) The polarity of the leadingvportion in each hemisphere
reverses with each eleven-year cycle (see Figure 1.12).

The lifetime of a tYpical active region is of the order of a solar
rotation; a typical 'life history' is given in Table 1.3.

Active regions are the sites of solar flares; these are
transient events involving a sudden release of energy, which is
observed as emission throughout the electromagnetic and particle
spectrum (see Figure 1.13). It is thought (e.g. Zirin, 1966, 1974)
that the flare energy is supplied by restructuring of the active
region magnetic field. Flares may last from a few minutes to

several hours.

1.4 The Coronsl Soft X-ray Emission

Due to the high temperature of the corona most of its
radiation is at soft X-ray wavelengths, from about 1 to 100 R.
The spectrum consists of line emission from highly ionized atoms
and continuum emission due to>free~Free (thermal bremsstrahlung),
free-bound (radiative recombination) and two-photon decay processes
(see Section 2.4‘.3.2). Two assumptions which are usually made
in the analysis of coronal X;ray observations are: (1) the corons
is optically thin at X-ray wavelengths, (2) for non-flare
observations, the plasma is in an equilibrium state, i.e. time
independent equations may be used. Taking typical values af

3

coronal parameters (Te‘v’lU6 K, neﬁa109 cm -, path length ~ 109-101ocm)

and referring to the discussion in Sections 2.3.2 and 2.4.3 shouws



that these assumptions should generally be valid.

At wavelengths less than 25 R the coronal spectrum is
dominated by the lines of hydrogen- and helium-like ions of
oxygen, neon, magnesium,silicon and sulphur, and of neon-like
iron. Theée lines are only produced efficiently at temperatures

=21.5 x 106 K and so are true coronal lines, free from confusion
with the radistion from the lower temperature layers of the solar
atmosphere. The instrument normally used to obtain high resolution
solar spectra below 25 R has been the Bragg crystal spectrometer.
Grazing incidence diffraction gratings have also been employed,

but to a much more limited extent. Mechanical collimators are
often used to restrict the observations to a particular portion

of the corona. An example of the X-ray spéctrum obtained by a
collimated crystal spectrometer, is shown in Figure 1.14 (from
Parkinson, 1971a).

The highest spatial resolution observations of the X-ray
corona have been cbtained by grazing—incidence reflection telescopes,
with the images recorded on photographic film., Broadband filters
are used to give some spectral information. Figure 1.4 shows an
example of such a photograph (from Vaiana et al., 1973a). These
high resolution images show that the X-ray emitting plasma traces
out the coronal magnetic field configuration; this is understandablé,
since the magnetic Field is frozen into the plasma and the magnetic
pressure is much greater than the thermal gas pressure (see Section
2.3.3). Vaiana et al. (1973b) have identified six classes of
coronal structure observable in the X-ray photographs: (1) active
regions, (2) active region interconnections, (3) large loop structures
associated with unipolar magnetic regions, (4) coronal holes,

(5) coronal bright points, (6) the structures surrounding filament



cavities. Examples of these features are shown in Figure 1.4.

In order to ;stablish correctly the coronal plasma
parameters, observations having both high sﬁatial and high spectral
resolution are required. To date, technological and sensitivity
constraints have prevented the cpﬁstruction_aﬁd use of a true
X-ray spectroheliometer, that is, an instrument capable of obtaining
high spatial resolution images with a high resolution spectrum
for each image picture element. Therefore, the instruments which
have so far been used have had either high épectral resolution
with a moderate spatial resolution (mechanically collimated Bragg
crystal spectrometers) or high spatial resolution with low spectral
resolution (grazing-incidence telescopes with broadband filters).
The development of these tecﬁniques is well illustrated by the
example of the X-ray Asfronomy Group at Leicester University, which
has concentrated on the design, construction and use of Bragg
crystal spectrometers, while, in contrast, at American Science and
Engineering (ASE) the main emphasis has been.on the development of
grazing-incidence X-ray telescopeé, The terms "high" and "low"
resolution will be quantified later.

In a few cases, simultaneous spectra and images have been
obtained by using separate spectrometers and telescopes (Davis
et al., 1975; present work, Chapter 4). These observations show
that, when deriving coraonal plasma parametérs from the data, it
is necessary to have both high spectral and high spatial resolution
measurements, in order to savoid possible misinterpretation and
ambiguity. Several research groups are now in the course of
designing X-ray spectroheliometers of the sért mentioned earlier,
employing grazing-incidence imaging optics and a spectrometer (éither
Bragg crystal or grazing-incidence diffraction grating) arranged

along the same optical path (NASA-GSFC, 1974, 1975; Davis, 1974).



Further information on observations of the coronal
X-radiation, their analysis and interpretation, instrumentation,
historical background and earlier work may be found in the revieus
by Neupert (1969, 1971), Pounds (1970), Doschek (1972, 1975),
Walker (1972, 1974, 1975), Doschek and Meekins (1973), Vaiana et
ai; (1973, 1975), Culhane and Acton (1974), Vaiana and Tucker
(1974) and Parkinson (1975a, 1975b). Reviews of the instrumentation
are given by Giacconi et al. (1969), Gursky and Schwartz (1974),
Underwood (1974) and Acton (1975). Fawcett (1974) has revieuwed
the classifiﬁation of spectral linss observed from plasmas at
coronal temperatures.

Here, we present a review of the solar X-ray astronomy
programme at lLeicester University. Vaiana et al. (1973, 1974)
have reviewed the solar X-ray astronomy programme at ASE; the
progress in coronal X-ray imeging techniques, since the early

1960's, is demonstrated by the photograephs in Figure 1.15.

1.5 The Solar X-ray Astronomy Programme at Leicester University

The X-ray Astronomy Group of the Physics Department,
Leicester University has been actively engaged in solar X-ray
astronomy since the joint University College London (uct )/Leicester
experiment aboard Ariel I launched in April 1962. Subsequently,
collaborative experiments with UCL have been flown on the satellites
ESRG 2, 050 IV and 0S50 V. The X-ray spectroheliograph aboard
0S0 Vv, launched in January 1969, continued to work well up to the
satellite's shut-down in mid-1975 (on the successful launch of
0S0 VIII). The solar X-ray meps obtained by this experiment are

published in "Solar Geophysical Data". All the above experiments

employed broadband proportional counter detector systems.



In addition to the satellite work theré has been a
continuous programme of sounding rocket experiments, most of them
using the Skylark rocket. Early payloads included proportional
counter spectrometers and pin-hole cameras withAphotdgraphic
film recording. Since 1966 however, the primary instrument used
on Skylark flights has been the plane, scanning, Bragg crystal
spectrometer, to perfofm high resolution X-ray épectrometry of
solar active regions, in the wavelength range below 25 R.

The objectives in observing the coronal soft X-ray emission
with high spectral resolution, may be summarized as follows:

(1) The diagnosis of coronal plasma parameters (e.g. temperature,
density, emission measure (niV), element abundances), in
order to further our knowledge of the physicél processes
which occur in the corona.

(2) Atomic Spectroscopy. The conditions in the coronal plasma -

6

lou density (n_ ~ 10° em™3), high temperature (T, ~ 10° k),

and relatively steady state (~hours to days, for non—Flafing
sources) - cannot be reproduced on Earth, and hence the
corona is a useful spectroscopic X-ray light source,
particularly for the observation of forbidden transitions
(e.g. the magnetic dipole 182.150 - 1325.381 in He;like
ions, and the magnetic guadrupole 2p6.1SD - 2p538.3P2 in
Ne-like ions). The measurements of the line spectrum yield
valuable atomic data, such as wavelengths, energy levels,
and sxcitation rates, and provide comparisons with
theoretical models for the ions observed.
The Leicester crystal spectrometer flights are listed in
Table 1.4. The increasing resolution and sensitivity achieved by

successive instruments, are illustrated by the spectra shown in

Figure 1.16.,



Most of the spectra recorded by the Leicester instruments from
1966 to 1973 were from non-flaring active regions., The first
flights (SL3D4, SL305, S41) confirmed earlier observations and
theoretical predictions, that the solar soft X-ray spectrum is
dominated by line emission, mainly from H- and He-like 0, Ne, Mg,
si, and'Ne—like Fe. They also showed that, in agreement with
pin-hole camera X-ray photographs, the bulk of the X-ray emiésion
originated in coronal active regions, and that the active regions
contained, in general, a multi-temperature plasma (T~ 1.5 x 108 K
up to ~(6-8) x 108 K) (Evans et al., 1967; Evans and Pounds, 1968;
Batstone et al., 1970; Evans, 1970). Ail these early flights
viewed the whole Sun, and hence when more than one active region
was present, the slightly different angle subtended by each, at
the crystal, gave rise to spectra that were shifted relative to
each other. This problem was solved by restricting the field of
view of each spectrometer with a collimator (of the multiple-grid
type). The first experiment of this type to be designed was S69

( a second generation (Mk. 2) instrument), with a field of view of
4 arc min x 4 arc min FWHM (full width at half maximum) (Evans,
1970; Parkinson, 1971a,b); although it was not flown until a few
weeks after SL804, the first flight of the third generation (Mk. 3)
spectrometer.

The Mk. 3 instrument is the present generation of Leicester
crystal spectrometer and its design reflects the experience gained
from the earlier experiments. It has been successfully flown and
recovered-three fimes: SLB04 (24 November 1970), SL1101 (30 November
1971), SL1206 (2? November 1973). The payload consists of threé
plane, scanning, Bragg crystal spectrometers, covering betwsen them

the wavelength range 4 to 23 R, and collimated to 3 arc min x 3 arc

- 10 -



min FWHM. It is discussed in more detail in Chapter 3. The
observations and data analysis from flights of the Mk. 3 spectrometer,
up to the start of the work covered by this thesis, will now be
reviewed. The flight programme in each case was to obtain high.
resolution X-ray spectra (from 4 to 23 R) of two active regions.
The observing time for each région,mas about 2% min, divided up
so that the crystals performed a "fast" scan through a Bragg
angle range of ~ 35% in about 1 min, and a "slow" scan through
~5°% in the remaining 1% min. The slow scan was made to coincide
with the observation, on each crystal, of the n = 21 lines of
the He-like ions 0 VII, Ne IX, Mg XI (n is the prihcipal quantum

number).

(a) SL804 was launched from Woomera, S. Australia at 2213 UT on
24 November 1970.
OBSERVATIONS:

Due to an unknown attitude error the éxperiment appears
to have viewed an area of "quiet" corona.. 18 sec after the start
of observations the detector window of the KAP spectrometer failed.
206 sec after lasunch the spectrometer drive motor stopped, thus
the second active region was not observed.

88 min before the SLBO4 flight, an Aerobee 150 rocket
carrying an ASE grazing-incidence X-ray telescope, was launched
from White Sands, New mexico; The experiment wdrked correctly,
and obtained X-ray images in various wavelength bands. From these,
it appears that SL804 probably observed large scale "quiet" coronal
structures and pdssibly a coronal bright point.

DATA ANALYSIS:
Due to the low intensities and the failure of the KAP

spectrometer, only a few spectral lines were observed, namely:

- 11 -



the n = 2—>1 resonance, intercombination and forbidden lines of
Ne IX and Mg XI, and the AA12.12, 12.26 R lines of Fe XVII.
These dats were, however, sufficient to yield a coronal model of
emission measureland electroh temperature, and a value for the
relative abundance of iron (Parkinson, 1971a; Parkinson et al.,

1972).

(b) SL11017 was launched Ffom Woomera, S. Australis at 0529 UT
on 30 November 1971.

OBSERVATIONS:

The active regions observed were McMath 11621 and 11619.
An attitude error of 14° in roll meant that the centres of the
active regions were not viewed at maximum collimator efficiency.
All spectrometers worked correctly and returned good data, through-
out the observing time.

Near to the time of the SL1101 flight, X-ray spectrohelio-
grams were obtained by the 0S0-5 and 0S0-7 satellites, and ground

based observations were made by the Carnarvon Solar Observatory,

W. Australia,
DATA ANALYSIS:

The spectra had a higher resolution and sensitivity than
any previously obtained, resulting in the observation of many
hitherto unobserved weak lines and the separation of a large number
of lines which had, in previous data, been seriously blended. The
results of the analysis of region 11621 are summarized as follous
(from Parkinson, 1972, 1973a, 1975c):

(1) Intensities and wavelengths were measured for 98 lines,
and identifications proposed for 62 of these. Many of the

lines were observed for the first time.

12 =



(2)

(3)

(4)

(5)

(6)

(7)

(8)

work,

The intensities of the n = 2-» 1 resonance lines of 0 VII,
VIII, Ne IX, X, Mg XI were used to construct a thermal
model of emission measure versus electron temperature.
Comparison of the measured and predicted wavelengths and
intensities of the satellites to the He~like ions Ne IX
and Mg XI, showed good agreement.

All eight of the known n = 33> 2 transitions in Fe XVII
were observed for the first time, and their measured

relative intensities were in substantial agreement with

~those predicted by current theoretical models,

Several members of the resonance series 1s - np in H- and
He-like 0, Ne, Mg were observed, and their measured and
calculated intensities were shown to be in reasnnable
agreement.

Relative abundances were derived for the elements 0, Ne,
Na, Mg, Fe, Ni.

Effective oscillator and collision strengths were derived
from the observations, for the identified transitions.
Where the same spectral line was observed on more than one
crystal, the intensities derived from the data, by using the
crystal integrated reflectivity measurements of Leigh and
Evans, were consistent.

The spectrum of region 11619 is analysed in the present

together with the spectra of regions 12624 and 12628, observed

by SL1206. The Leicester Bragg spectrometers and the data obtained

until the end of 1970, are the subject of the theses by Evans (1970)

and Parkinson (1971a).

- 13 =



Table 1.1 Relative Values of Kinetic and Magnetlc Energy Density
in the Sun (Zirin, 1966)

" ‘ v (€8 peg.(€re
Place n(cm=) T(deg) B(gauss) nkT(cms) B/ (cm")
Photosphere 10'® 6000 1 800 0.04
(quiet)
Photosphere 1015 6000 50 800 100
(active) *
Sunspot 1015 4000 _ 1000 500 40,000
Chromosphere 1013 7000 1 10 0.04
(quiet)
Chromosphere 1013 20,000 50 30 100
(network facula) '
Corona 10° 108 50 .014 100
Table 1.2 Characteristic length and time scaleé for coronsal
structures

9 -3 6
(ne=1Ucm , T =2 x 10 K, B = 5G)
(Veiana and Tucker, 1974)

Mean interparticle distance (occ N-1/3) ~10-3cm

Debye shielding length A(ec TY/2N-1/2) ~10-1cm
Electron gyro radius Rp(cc T12 B-1) ~10-2cm
Collision mean free path Ac(c T2 N-1) : £ ~107cm
- Characteristic length of coronal structure L¢ ~10 cm
X-ray line absorption mean free path 1, =101 cm
Period of plasma oscillation fp(oc N=1/2) ~10-%s
Electron gyro period (< B~1) ~10-%s
Ionization time f1(cc 7712 N-1Z4) ~10%s
Recombination time tr(oc TV2 N-1 Z-1) ~103s

. Conduction cooling time fec(oc L2 NT-5/2) (Lc=101cm) ~104s
. Radiation cooling time tre(xc TN-1) ~104s
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Footnotes to Table 1.4

a) Serial nos. : SL-

b) References:

Evans et al.

OVODONOOEEWUN -
e N N e e e e S S s

-
-—
~r

were launched from Woomers,

by SRC as part

of the British National Space Research

Progremme.

were launched from Sardinis,

(1967)
Evans and Pounds (1968)
Batstone et al. (1970)
Evans (1970)

Parkinson (1971a)
Parkinson (1971b)
Parkinson et al. (1972)
Parkinson (1972)
Parkinson (1973¢c)
Parkinson (1973a)
Parkinson (1975sa)

12) Parkinson (1975b)
13) Parkinson (1975c)

14) Present work

by ESRO.
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1.18
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1.43

Solar electromagnetic radistion spectrum (Hynek, 1951).

Energy distribution within the solar spectrum. The numbers
refer to the percentage of the total solar emission in that
range. The number for the energy in the radio spectrum is
for the band 1 cm to 20 m (Smith, 1967).

Solar evolution (Gibson, 1973).

A composite photograph illustrating solar nomenclature. The

Ho{ imeage of the disk was made on 16 July 1959. The prominences
at the limb are from a 1928 Mt. Wilson spectroheliogram and

are printed dark for visibility against the white light corona
picture from the solar eclipse of July 1963 (B. Nolan, in
Culhane and Acton, 1974).

X-ray photograph of the solar corona obtained at 0336 UT 28

May 1973 by the Skylab S-054 X-ray telescope with a broadband
filter in the range 3.5 to 32 R and 44 to 56 R. Exposure time

is 64 sec. North is at the top, east to the left (Vaisna et al.,
1973a). :

Key to the X-ray photograph, indicating the various coronal
structures observed in X-rays (Vaiana et al., 1973a).

Main festures of the solar atmosphere (Eddy, 1975).

Ideslized general solar properties, structure and modes of
outward energy flow. The features shown are not to scale and
provide a qualitative picture only (Gibson, 1973).

Temperature, density and magnetic field in the solar atmosphere
(Kahler, 1972).

Dominant loss processes ih the solar chromosphere and corona
(Jordan and Wilson, 1971).

Typical temperatures and densities in coronal structures.
Typical radiative losses, fluxes and volumes of regions are
also indiceated (Veiana and Tucker, 1974).

Idealized sketch of an active region.

Schematic operation of the solar dynamo according to the
Babcock model. The enhancement of solar surface magnetic
fields by differential rotation and the formation of bipolar
active regions (Livingston, 1966).

Daily relative sunspot number for the duration of Skylsb, 14 May
1973 to 8 February 1974. Periods of the three manned Skylab
missions (SL2, SL3 and SL4, respectively of 28, 59 and 84 days)
are shaded., Inset shows the annusl mean of the deily sunspot
numbers for the period 1935 to 1973, The small circle in the
inset indicates the portion shown in expanded form in the larger
graph (Eddy, 1975).



Sunspot 'butterfly' diagram, showing the latitude variation
of sunspot occurrence with the solar sctivity cycle
(Kiepenheuer, 1959). ‘

Idealized reversal of polar and sunspot polarities with
the advancement of the solar cycle (Gibson, 1973).

Schematic representation of the sequence of events in the
radiation from a flare (Kane, 1974).

X-ray spectrum of a solar active region (McMath 11060)
obtained on 6 December 1970 by a8 collimated Bragg crystal
spectrometer flown on 8 Skylark rocket (flight S69) by the
University of Leicester. These dasta are not corrected for
the variation in instrument sensitivity with wavelength,
but clearly illustrate the dominance of line emission in

" this spectral region. Identities of the parent ions for

the stronger lines are indicated (Parkinson, 1971a).

X-ray photographs of the solar corona, illustrating the
progress in solar X-ray imaging. (Vaiana et al., 1973b).

15 October 1963, the first X-ray image of the Sun made with
@ grazing incidence telescope.

17 March 1965, electroformed nickel mirror with resolution
about 30 arc sec.

8 June 1968, Kanigen-coated beryllium mirror with resoclution
about 2 arc sec,

8 April 1969, similar instrumentatiop'to Ce
4 November 1969, similar instrumentation to c.
7 March 1970, similar instrumentation to C.
24 November 1970, similar instrumentation to c.

8 March 1973, quartz mirror with resolution better than 2
arc sec.

(Leicester University) X-ray spectra of solar coronal active
regions, illustresting the progress in solar X-ray (Bragg
crystal) spectrometry. The same spectral region (A~ 9 R)
is shown in each case. The spectral lines are the g XI

n = 2—>»1 transitions and their satellites.

8 August 1967, beryl crystal, uncollimated, flight SL305
(Batstone et al., 1970). :

22 November 1968, ADP crystal, uncollimated, flight S41
(R. Batstone, private communication in Parkinson, 1975a).

6 Decsmber 1970, ADP crystal, collimated (4 x 4 arc min,
FWHM)“, flight S69 (Parkinson, 1971b).

30 November 1971, ADP crystal, collimated (3 x 3 arc min,
FWHM)2, flight SL1101 (Parkinson, 1972).
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The two physical parameters of greatest importance in solar physical pr are the m tic field B and the electron

density n,. These quantities govern the mode by which energetic electrons lose energy. If B islarge and n, small, synchrotron
emission (upper left corner) is the dominant mode. For small B and large n, (lower right corner) bremsstrahlung is dominant-
When both B and n, are small (lower left), electrons interact primarily with photons to lose energy by inverse Compton
processes.

The lowest diagonal line is the locus of values in which the magnetic and thermal energy densities are equal in a two
million degree plasma. Below this line the kinetic energy dominates - above it the tic energy dominat The dashed
diagonal line indicates the locus of values for which the Alfvén velocity Va = 1000 km/s. Above the line the velocity is faster
and below the line slower. The third diagonal line is the locus of values for which Wp = 2iijh. Above this line the plasm*
does not seriously interfere with the spectrum and intensity ofsynchrotron and gyro-synchrotron emission. Below the line
the Razin effect results in a suppression of lower frequencies of synchrotron emission. The top diagonal line is the locus of
values for which the decay time for the energy loss by a 2 MeV electron is the same for synchrotron emission as for brems-
strahlung. Although the four diagonal lines represent four different physical parameters, a time, a frequency, a velocity,
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Chapter 2

REVIEW OF PLASMA AND ATOMIC PHYSICS

2.1 Introduction

This chepter reviews those aspects of plasma and atomic
physics required for the analysis and interpretation of the
observations of solar active region X-radiation, presented in

this thesis.

2.2 Measurable Parameters of a Photon Beam

The only way in which the properties and behaviour of the
Sun can be measured is by observation of the solar photon and
particle emission. For any beam of photons the physical quantities
or parameters which may, in principle, be measured by an observer
(where observer is taken to include the measuring device) are:
(1) Direction of arrival
(2) Time of arrival
(3) Wavelength or frequency (or photon energy)
(4) Intensity (number of photons or energy in the beam
incident on unit area per unit time)
(5) Polarization (measurement of the orthogonal amplitude
components in the e.m. wave)
For a complete description of the incident beam, the ;ntensity
and polarization must be specified as a function of direction,
time and wavelength. The smallest detectable value or change in
value of one of these quantities, is termed the sensitivity or
resolution of the measuring instrument with re;pect to that

quantity.

- 14 -



In order to calculate, from the measurements, the values
of the parameters at the source of the emission it is necessary
to use other information (from experiment or theory) to allow
for modification of the parameters by the measuring instrument
and in the distance between source and instrument. An attempt can
then be made to interpret these figures in terms of parameters
(e.g. temperature) of the source, which may be compared with
theoretical models in an attempt to understand the mechanisms
occurring in the source.

The instruments that have recorded the data which are
analysed in the present work héve measured the intensity of the
solar soft X-ray spectrum as a function of direction (i.e. position
on the solar disk), wavelength and time, with varying sensitivity

and resolution.

2.3 Plasma Physics

A plasma may be defined as "a system containing mobile
charged particles". Its behaviour isvdetermined mainly by electric
and magnetic effects, and on a macroscopic scale it is electrically
neutral. The latter is a consequence of the electrostatic attraction
between particles of opposite charge. The solar plasma is a gas
which is ionized due to its high temperature. The main constituent
is Hydrogen, and in most cases fhe plasma may be considered as a
fully ionized hydrogen gas containing a magnetic field. The
magnetic field causes some of the physical properties of the plasma
to be anisotropic, and their values parallel ( ”’) and perpendicular
(_L) to the magnetic field vector must be evaluated separately.

Spitzer (1962) covers most of the important aspects of

fully ionized gases in general, while Kaplan et al., (1974) revieuw

- 15 =



the plasma physics of the solar atmosphere. Summaries of those
topics in plesma physics important for the Sun are given by
Zirin (1966) and Meyer (1971). Extensive use has been made of
‘these references in preparing the present section.

2.3.1 Properties of Plasmas

The properties of a plasma may be defined as the sum of
the properties of its constituents. For example, the dehsity is

given by:

e = JZQJ. (2.1)

n = an (2.2)

J
= n.m. (2.3)
R ;T "
where: Q = total mass density of the plasma
Q j = mass density of constituent j
n = total number density of the plasma
nj = number density of constituent j
mj = mass of a particle of constituent j .

The rectangular Cartesian coordinate system used in the
following discussion is shown in Figure 2.1, Note that the labels
x,'1,” are equivalent, and similarly vy, 2,_L. and z, 3,.J_ .
The magnetic field vector B is taken parallel to the z axis.

It is usual to assume that each constituent of the plasma
may be considered as a set of structureless particles., If all

the particles of constituent j are in equilibrium, the distribution

of their velocities in a particular coordinate i, is Maxwellian

with a mean vjf', and a kinetic temperature Tji may be assigned

to the constituent, where:

- 16 -



%m.v.? = AkT., = E /nj (2.4)

where Vji = mean square kinetic velocity of constituent j,

in coordinate 1

k = Boltzmann constant
Tji = ‘kinetic temperature of constituent j, in coordinatse
i
ET.. = thermal energy of constituent j, in coordinate i,
ji

pef unit volume.,
If the density is low, collisions will be infrequent and anistropy
in the plasma, caused for example by a magnetic field or mass
streaming, will lead to different velocity distributions in

each coordinate, i.e,:

1 2 1

m.v = kT, = E /n. (2.5)
J J J T. J

%m.v.2 = kT, = E_. /n. . (2.6)
J J4i JL T J

Uhere, however, there are many collisions, the velocity distributions

will be the same in 8ll directions and:

%mJVJZ - %ij = ETJ/nj (2.7)
where: ij = total mean square velocity of constituent j
Tj = kinetic temperature of constituent j
ET. = total thermal kinetic energy of constituent j,
J

per unit volume.
In 2 collision dominated equilibrium situation the kinetic
temperatures of all the constituents will be equal.
The pressure of a gas may be defined as the rate of momentum
transfer across unit surface area, by the particles. It is a

tensor P given by:

- 17 =



Pir P12 Pis

P o= Por Paz Poz | = (Py) (2.8)
Pz1 Pap Pag
where: P, = ZQJ ViiVik (2.9)

In mest cases the off-diagonal terms vanish, as there are as many

negative as positive contributions, leaving:

p11 0 0 P,I 0 0
p = 0 922 0 = 1] 92 1] = (pi) (2.10)

0 0 P33 0 0 P3
where: Pi = %e_] Vji . (2.11)

-~

Hence, in the presence of a magnetic field:

P, O 0
P = 0 P, O ‘ (2.12)

where: P, = ZQ 2 (2.13)
P = Ze . \l,2 . (2.14)
4 j JoJq

fFor the isotropic case, or if collisions are frequent, the pressure

Pi in any direction i is:

- 2
Py = %%ijj . (2.15)

The magnetic pressure Pm and the magnetic energy per unit volume

Em, are given by:

- 18 -



P = £ = 82/(87r) (c.g.s.- e.s. units)
(2.16)

B2/(%}LO) (S.I. units)

I

where: JH'O permeability of free space.

The thermal conductivity of a fully ionized hydrogen plasma

parallel to, or in the absence of a2 magnetic field is:

K=1.84 x 10°° T5/2/1n./\ erg(sec cm Ky (2.17)
In a strong magnetic field the conductivity perpendicular to the
field is greatly reduced, heat is conducted only by the ions, and

the thermal conductivity is:

-17 2 5.2 -1
K, = 1.48 x 10 n, 1nA /(7%8B“) erg(sec cm K) (2.18)

provided: 105T3/2B/(nHln/\. )y >> 1

where: n, = hydrogen number density (cm_3)
inAA is given in Table 2.1.
The electrical conductivity of a2 fully ionized hydrogen

plasma, parallel to, or in the absence of ' a magnetic field is:

¢ - 1.53 x 1074 13210 A ohm cm . (2.19)
The electrical conductivity perpendicular to a strong magnetic
field is:

o, = 7.75 x 10'5T3/2/1nj\. ~ohm cm . (2.20)

2.3.2 Characteristic Timescales, Frequencies and Distances in
Plasmas

There are many characteristic motions and timescales in a
plasma, especially in the presence of a magnetic field. Only those

«

which are relevant to the present work will be considered here.

If a charged particle moves in a magnetic field such that

it has a component of velocity perpendicular to the field vector. B,

- 19 =



its motion projected on to the plane perpendicular to B will be
along a circular path (this follows from the Lorentz force law).
This motion is known as the gyration, cyclotron or Larmor motion.

The corresponding angular frequency GDg and radius rg, are given

by:
@ = gB/(m.c) (c.g.s.- e.s. units) (2.21)
Q) J J
= aq.,B/m, S.I. units
J/J ( )
T ., = Vv, /® . 2.22
8] JL/ g9l ( )
where: q‘j =- charge of particle j
mj = mass of particle j
c = wvelocity of light in vacuo.

The particle species j are normally electrons and positive ions
(including protons).

A natural electrostatic mode of vibration of a plasma is
the oscillation of the electrons relative to the proton cehfre of
mass. The frequency of oscillation is called the plasma frequency

GDp, and the corresponding length scale is the Debye length )\D.V

QDpe = (41rneez/me)% (c.ges.— e.s. units) (2.23)
= (neez/(eome))% (S.I. units)
>\D = (kTe/(ﬁ'rrneez))% (c.g.s.- e.s. units) (2.24)

L
2

= (EcﬁTe/(neez)) (S.I1. units)

= v /@

the pe

_ (kinetic energy of electrons) 3 -3
(potential energy of electrons) 8

- 20 -



where: subscript e depotes electrons
v = thermal velocity of electrons

e = electron charge

™
1}

permittivity of free spacs.

There are characteristic tihes which may be associated with
various processes in the plasma e.g. achievement of a Maxwellian
distribution, equipartition of energy, radiative and conductive
cooling, and which provide a measure of the relative speed of these
processes and an approximate value for the timescale on which they
occur.

A definition  often used for the characteristic relaxation
time tx of a physical quantity x by a particular process, is that
given by the exponential (e)-folding time, i.e. the time for x
to rise to a factor e, or fall to a factor 9_1, of its original
value xU. If x varies exponentially with time, the e-folding time
is:

xo/(dx/dt)t:D .

However, this expression is often also used as the relaxation time
in the more general case of x(t).
Formulae for some of the more important relaxation times

are given below and in Section 2.4.3, namely:

vip 7 B (v -G v -1 (2.25)
’ ’ l: (Vf‘) (Vf‘)]
_— v [AADG (1)] -1 (2.26)

1 -
J11.48% 132(02%0A)7" sec (2.27)

o+
1)

prs
I

o+
Ll
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o+
i

sl

2KT v [(1 . m) Aym G (1> (2.28)
mf. Vf"

(Tf.— T)/(dT/dt) | (2.29)

o+
1]

eq

1 3/2
[ + Ti] sec

the time in which the field

5.87 AAf; [nFZZZFZan\] )

o |-
-

where: t the deflection time

D)
particles deflect the test
particles by 90°.
tE’ the energy exchange the time in which the r.m.s.
time = energy change of the test particles
equals their original energy.
t.» the self-collision £y (and tE) for particles of
time = one kind interacting with
themselves.
tsl’ the slowing down the relaxation time for the mean
time = velocity of the test particles.

teq, the thermal energy the energy relaxation time between

equipartition time ~ test and field particles, where

both have a NMaxwellian velocity

distribution.

Ay, the diffusion 81re4nfzzzzflnf\.
constant = 2
m
A = atomic weight

G and (# - G) are given in Table 2.2,

subscript f denotes field particles,
unsubscripted variables refer to test particles.,
The thermal conduction cooling time tcc is:

.

te = 3nekTe/(ch/dl) (2.30)

where: Fc’ the conducted flux = enpergy conducted/unit area /unit time

K13/ 247 /d1 .
e e



Culhane et el. (1970) give the following approximation for oot

t = 1.25 x 10710 12/7 5/2 oo (2.31)
cc e e
where: 1 = 1length of magnetic flux tube containing plasma (cm).
2.3.3 Balance of Gas and Magnetic Pressures

The electrical conductivity ¢ (Equation 2.19), in a hot

highly ionized plasma is very high, and Ohm's law reduces to:

(2.32)

E = ai/d x D .
Using one of Maxwell's equations gives:
3B - _wvxE=xa0 : (2.33)

t

where: E

electric field vector

electric current density vector.

.
[H

That is, the time rate of change of the magnetic field vector
is zero, and so the field is constant along a trajectory of a
volume element of gas - the magnetic Field is "frozen" into the -
gas. Whether the gas or thelmagnetic pressure is dominant is

determined by the ratio:

e - Py (2.34)
) A
m
where: P, = gas pressure perpendicular to B, and includes,

when present, the pressure due to macroscopic or turbulent gas

motion of mean velocity ‘V;L y lLee
P, = nkT + 2@V.2 (2.35)
1 e

If @ > 1 motions of the gas will tend to push around the
magnetic field.
If Q <1 motions of the magnetic field will tend to push

around the gsas.
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2.4 Atomic Processes in Plasmas

In order.to analyse and interpret observations of the
coronal X-radiation, it is necessary to be able to compare them
with theoretical models for the emission mechanisms, Since
(a) the coréna is optically thin to X-rays; (b) the dominant
radiation.present in the corona is the photospheric emission,
which corresponds approximately to that from a blackbody at
6000 K; (c) coronal particle temperatures are 6‘156 Ks it follows
that, in the corona, matter and radiation are uncoupled, i.e.
there is negligible exchange of energy between them, A;so, for
many transitions (in particular those of interest here) collisionsal
de-excitation is negligible compared with radiative decay, under
coronal conditions (see Section 2.4.3.3). Hence, in general,
neither complete (CTE) nor local (LTE) thermodynamic equilibrium
applies in the corona. However, CTE and LTE are briefly discussed
here to provide an introduction for the theoretical atomic models

necessary to describe coronal conditions.

2.4.1 Complete Thermodynamic Equilibrium (CTE)

There are three conditions which must be satisfied for
a system to be in a state of CTE:

(1) Thermal equilibrium, i.e. there are no finite temperature
differences between the system and its surroundings, or
between any two parts of the system.

(2) mechanical equilibrium, i.e. there are no finite unbalanced
forces acting upon, or exerted by, the system.

(3) Chemical equilibrium, i.e, the internal structure and
composition of the system are constant in spacs and time,

Hence, the macroscopic parameters -(e.g. temperature) of the system

are time independent, and it masy be noted that these criteria
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imply conservation of mass and energy in the system."

From these conditions and the application of statistical
mechanics, it follows (e.g. Spitzer, 1962; Zemansky, 1968) that,
for the vearious forms of energy in the system (in this case a
plasma):

(a) The kinetic energy of the particles (atoms, ions and free
electrons) is given by Maxwell's equation for the distri-
bution of energies.

(b) The distribution of populafion densities over the excited
states of the stoms and ions is given by the Boltzmann
equation.

(c) The distribution of densities of ionizationvstages of the
atoms and ions is given by the Saha eqguation.

(d) The radiation energy is given by the Planck equation.

The derivations of these distributions do not reguire a knowledge
of either the energy transfer mechanisms or the rates of the
processes.,

For a system in CTE the "Principle of Detailed Balancing"
applies., This states that the probabilit? per unit time of any

process edquals the probability per unit time of its reverse.

2.4.2 Local Thermodyneamic Equilibrium (LTE)

There are many cases where 8 plasma exhibits some of the
properties of the state of CTE, but not all the conditions for
CTE are fulfilled., 1If the plasma is not in CTE but is, by some
criteria, sufficiently close to it, then the plasma is said to
be in LTE. There is no precise definition of LTE, but normally
the following relaxations are made to the conditions for CTE

(Vilson, 1962; Griem, 1964, McWhirter, 1965; Zirin, 1966)
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(1) Some of the radiation energy is allowed to escape from
the plasma, and hence the spectral intensity distribution
is not, in general, given by Planck's function.
(2) The plasma parameters (e,g. temperature, density, chemical
composition) are allowed to vary in space and time., The
time variations however, are sufficiently slow that the
free electron energy distribution is still given by
Maxwell's equatioﬁ, and the excitation and ionization
energy distributions for the bound electrons by the Boltzﬁann
and Saha eq;ations, respectively.
The time variétions must be slow enough and the radiation losses
small enough, that detailed balancing still occurs for collisional
processes, The spectroscopy of LTE plasmas has been discussed by
Griem (1964), McWhirter (1965) and Zirin (1966). Suitable criterie
for the existence of LTE are given by Wilson (1962), Griem (1964)
and McWhirter (1965). For the excitation and ionization distri-
butions to be given by the Boltzmann and Saha equations, respectively,

these authors derive the condition:

o N

n = 1012XiT

o (2.36)

where: n electron density (cm—s)

e
Xi = ionization potential of the ion under consideration (eV)
T, = electron temperature (K).

This is a necessary, but not sufficient, condition for LTE.

Since, in the solar corona Te s 106 K, ng ~v 109 cm—s,
in/A ~ 20, and for the coronal ions to be discussed in the
present work Xi e; 739 eV (the value for 0 VII), it follows that
LTE does not hold in this case. Atomic models sppropriate to

coronal conditions are discussed below.
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2.4.3 Atomic Processes in the Solar Corona (Non-LTE)

When deriving atomic models applicable to the solar
corona, it is necessary to take account of the individusl
processes which may, at least potentially, populste and depopulate
each energy level (both bound and free), A summary is given in
Table 2,3 (after Zirin, 1966). It is found that in many practicsl
cases only e few of the mechanisms are importént and need to be
considered. Woolley and Allen (1948), and Elwert (1952, 1961)
laid the foundations for theofetical calculations of the spectrum
of coronal-type plasmas.

We are concerned here with the radiation emitted when
an electron makes a transition (in energy) in the field of an
atom (either neutral or ionized). The intensity of radiation
leaving the plasma, from a particular transition, depends upon .
(e.g., WcWhirter, 1965):

(a) the number of electrons in the upper level of the transition
i.e. the'upper level population,
(b) the atomic probability of the transition,
(c) the probability of the photons produced escaping from
the plasma without being re-absorbed,
In most of the cases to be considered here, the value of process
(c) is practically unity i.e. the plasma is optically thin.

Most of the models which have been proposed require that
the free electron energy distribution is Maxwellian. In order
for this to be true, the following three criteria must be

fulfilled (Wilson, 1962):

toe < teps tpo tpart | (2.37)
where: tee = electron-electron relaxation time (see Section 2.3.2)
th = energy decay time for thermal Bremsstrahlung (see

Section 2.4.3.2)
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th = energy heating time

t = psrticle containment time.
part
Since:

t ., = 0.3T1e'5/(neln./\.) ‘ , (2.38)

the first criterion reduces to (Wilson, 1962):
T, &K s5x 10V A k. (2.39)

As 1n A~ 10, it is expected that this condition should be

satisfied in any practicel case, The second criterion is

expected normally to be satisfied, except possibly in the case of
some flares (see for examplelSturrock, 1973; Datlowe et al, 1974;

Van Beek et al. 1974, for characteristic timescales in solar flares).
Since the coronal plasma is confined by the magnetic field due

to freezing-in of the field lines and the dominance of the magnetic
pressure ( Q < 1), the third criterion should be satisfied,

with the possible exception of some energetic flare events. The

work of Stevens (1974) also supports this conclusion.

2.4.,3.1 Ionization Balance

One of the factors required in the determination of the
upper level population of 8 trensition, is the number of ions
to which the particular transition is due. The time rate of
change of number density, of an ion Xz, with net charge z, is
(e.g. McWhirter, 1965): |

an, x

dt

= n_(n qQ + N

e\ Nz-1z00 Mgy ) - nn (@, +X_) (2.40)

where: n, number density of ion of net charge z

P
1]

total rate coefficient for ionization from

XZ to Xz+1'
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O(Z = total rate coeFFicient‘for recombination from

X_ to X .
z z-1

Kafatos and Tucker (1972) give cheracteristic timescales for
ionization (tI) and recombination (tR) of a hydrogenic ion of

nuclear charge Z:

-3 - 4 2
2
t; ~ 50T n922/10) exp [1.6(z/10) /T7] sec  (2.41)
1
ty~ 100072/ [ng(Z/']D)] sec (2.42)
where:
7
T, =T /10" K
9 -3
ng = ne/1D cm .

A more general expression for the characteristic relaxation time
to the steady state (ts) is given by McWhirter (1965):

e, = Inja, , +ex_ 17" (2.43)
S

s
where zS is the net charge of the last ion to be formed in the
plasma as it approaches ionization equilibrium. Under such

—{v o(z AV'10—12 cm3 sac_‘I (McWhirter, 1965;
s s

Jordan, 1969, 1970; Summers, 1974).

conditions QZ

For ionization equilibrium:

dn
z

gz -0

and Equation 2.40 reduces to:

= . (2.44)

For coronal conditions Q and &X are given by (Jordan,1969):
Q = Qc + Qa ’ (2.45)

°< = O(r +dd (2.46)
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where the subscripts r, d, ¢, a, indicate: radiative recombination,
dielectronic recombination, electron-collisional ionization, and
autoionization respectively. Equations 2.40 or 2.44 may be
solved for (nz/nE), the abundance of each ion stage relative to
the total element abundance. For ionization equilibfium, ionic
abundances have been calculated by Jordan (1969, 1970), Allen.
and Dupree (1969), Cox and Tucker (1969), Landini and Fossi (1972),
and Summers (1972, 1974), covering all the solar abundant elements
and also many of low abundance. Doschek (1972), Kafatos and
Tucker (1972), Doschek and feekins (1973), and Phillips et al,
(1974) have studied the time dependent ;onization of some hydrogen-
and helium-like ions in model and actual flare events, Landini
et al. (1973) have investigated ionization and recombination in
a plasma having a non-thermal (power law) electron energy distri-
bution, while McWhirter and Wilson (1974) have calculated the
effect on the ionization, of a sound wave propagating through a
plasma,
2.4.3.2 Atomic Spectra

We are concerned here with the intensity of radistion as
a function of wavelength_(i.e. the spectral intensity), emitted
by the coronal plasma. There asre three types of electron radiative
de-excitation transition, which must be considered for the coronal
soft. X-ray spectrum; these are: (a) free-free, (b) free-bound, and
(c) bound-bound. It will be assumed here; that the electron
energy distribution is Mexwellian, i.e. the emission is "thermal".
Both thermal and non-thermal X-ray emission (and absorption)
processes in astrpphysical plasmas, are reviewed by Blumenthal
and Tucker (1974). Since most of this thesis is concerned with

the analysis of line emission spectra arising from bound-bound
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. transitions, this topic will be discussed in more detail than
the other radistive processes,
(a) FREE-FREE EMISSION

Free-free (or bremsstrahlung) radiatieon is emitted when
a free electron is accelerated in the Coulomb field of an ion.
A free electron of enérgy mi encounters an ion of net charge z
and emits a photon of energy (wi - wF) while making a transition

to another free state U For a Maxwellian electron distribution,

Fe
the process is termed thermal bremsstrahlung, and a continuous

spectrum is produced, which is given by (Culhane, 1969):

3

d’E
ff -47
Ttavay 7.15 x 10 " 'exp(~-hc/( XkTe))nenH
(2.47)
2-
X [Z {Azz g(z,Te,X)}]
2,2z £F
d3E
where: ff _ intensity of thermal bremsstrahlung, at earth
dtdvdA distance, per unit wavelength intervsal, produced
by unit volume of the corona (erg cm_'2 sec-1 3—1)
T, = electron temperature (K)
A = uavelength (R)
n, = electron number density (cm-3)
n, = hydrogen number density (cm-s)
AZ = abundance of element XZ’ relative to hydrogen
= ny/ny
z = net charge of ion X of element X
Z,z Z
aff<z’Te’ X) = temperature averaged free—-free hydrogenic Gaunt-
factor.

Karzas and Latter (1961) have computed and tabulated aff'

The characteristic cooling time t of a plasma, by thermal

ff
bremsstrahlung is (e.g. Blumenthal and Tucker, 1974):

b, X 1011n-1T% sec ' (2.48)
ff e e ¢ ‘
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(b) FREE~BOUND EMISSION
If a free electron of energy wi encounters an ion of
net charge z and mekes 8 transition to ® bound state (principle

quantum number, n) of ionization energy —Iz 1.0’ the slectron is
“ly

said to have recombined with the ion. A photon of energy

(wi + 1 ) is emitted, and the process is termed radiative

z-1,n

recombination. The spectral distribution is continuous, with

discontinuities (edges) at photon energies I_1.n? and is given
=l
by (Culhane, 1969):
4y (2,2,n) ~44_=3/2 § =2 ~1,2 °n
Jtdvan = 12.02 x 10 L Py nn A n_n, _XZ,z—1,ﬁn ;;2
x ep(zon, Nexp [=fhe/N-x; o F/0kT.) ]
(2.49)
where: dSEFb(Z,z,n) _ intensity of recombination radiation,
dtdvud A at earth distance, per unit wavelength
interval, produced by unit volume of the
corona, and due to recombination to level
n of ion (Z,z) (erg 6m-2 sec—1 8—1)
X = 1ionization potential from level n of ion
Z,z=-1,n
(Z,2-1) (ev)
n, = number density of ion (Z,z)
n, = number density of element Z

unoccupied fraction of the n shell in

7~/
w
o
\/
1]

2n ion (Z,z)

hydrogenic recombination Gaunt factor

-g-fﬁ(z’nf x)

averaged over 1 states for each level.

Karzas and Latter (1961) have computed and tabulated afb'
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(c) BOUND-BOUND EMISSION

When an electron makes a rediative transition from one
bound energy level Ei, to another of lower energy Ej’ the energy
emitted is simply:

ij = Ei—EJ. = hc/)\ij . - (2.50)
In most cases of interest,Athe whole of the energy Eij is in the
form of a single photon of wavelength Ajur The spectral distribution
of such radiation is known as-a discrete or line spectrumj since,
in the absence of any perturbing factors (taken here to include
the 'natural line width' due to the Uncertsinty Principle), the
spectrum for any given pair of levels i and j, would be a belta
function at photon energy Eij' It is possible in some instances,
however, for the upper level to decsy radiatively by the emission

of two photons, of energies E. and E ., where:
iv vj

E. +E . = E,.,. (2.51)
iv vj ij

and the subscript v represents a "virtual" energy level which

may be anywhere between i and j. Hence, the resulting spectrum
is a continuum. Two-photon decay may be an important process in
the depopulation of certein metastable states, in particular, the
1 21

1=~ 13.281 and 1s2s. S - 1s”, S_ in
5 7 0 0

H- and He-like ions respectively, are thought to contribute to

two~-photon transitions 23.25

the coronal soft X-ray continuum spectrum (e.g. Tucker and Koren,

1971; Walker, 1972). According to Tucker and Koren:

3
d_p&(_zi_z_)_ = 4€_.(z Z)X'1 )\T 1 = _X_I (2.52)
dud A 2177 ) A
where: )\T = hc/Eij
dPZK(Z’z) = power emitted per unit wavelength interval, by
dvd A unit volume, and die to one of the above mentioned

two-photon transitions in the ion (Z,z)
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821(2,2) €i2,2,1s.25% - 2P~2p%’3/2)

for 25.251‘>1s.25% in H-1like ions.
2

8(2,2,152.15 - 1s2p.1P1)

0

21 3
+€(2,z,18°. 50 - 1s2p. D1’2)
2

1 3
. SU - 1s2s. 81)
21

for 1sZs1SD—>1s . Sg in He~like ions.

+ E(2,2z,1s

E(z,z,L)

power emitted per unit volume by the line

transition L in ion (Z,z).

Since it is to be considered in some detail, the subject
of spectral line intensities will be discussed separately, in
Section 2.4.3.3.

(d) THE CORONAL SOFT X~-RAY SPECTRUM

To summarize, the coronal soft X-ray spectrum contains
contributions from several atomic processes; the discrete spectrum
arises from line emission, the continuous spectrum from thermal
bremsstrahlung, radiative recombination, and two-photon decay.

A number of authors (Culhane, 1969; Landini and Fossi, 1970;

Tucker and Koren, 1971; Mewe, 19728; Walker, 1972) have given
results for the theoretical coronal soft X-ray spectrum. Examples
of these calculations are illustrated in Figures 2.2 and 2.3, from
which may be seen the relative importance of the different emission
processes as a function of wavelength and temperature.

2.4.3.3 Spectral Line Emission = The Population and Depopulation
of Excited States.

In order to calculate the intensity of a particular
spectral line from an ion, it is necessary to determine the energy
level populations of the ion. The time rate of change‘of the
population densit; ni(cm-s) of a state i can be expressed as a
function of all the other states j (McWhirter, 1965; Gabriel and

Jordan, 1972):
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dng 2 n.R. -n, > .. (2.53)

at - jfi -9 . gL
where: 1ij denotes a transition from i to j, i.e. i =]

Rij = totel probability per unit time of a transition
from state i to state j (sec-1).

In the most general case, each coéfficient, R, is comprised of
a summation of transition rates due to many different processes
(seé Table 2.3). Ususally howéver, in practice, only a few of
these terms are important in determining the ihtensity of 8
specific transition, and the relevant ones will be considered
further when particular trasnsitions are discussed.

For the time dependent case, the set of simultaneous
differential equations formed by stating Equation 2.53 for each
level, must be solved., However, in a low density plasma such as
that in the corona, the characteristic time, tex’ for the population
of an excited state to establish itself, is much shorter than the
ionization state relexation time (Egquations 2.41, 2.42, 2.43)
(McWhirter, 1965), and hence:

Eii

dt

x 0.

Usually, @ good approximation for t__ is (McWhirter, 1965):
-1
toy = [Z Ai] (2.54)
i< !
where: Aij = spontaneous radistive transition probability (sec-1).

Equation 2.53 now reduces to the time independent solution:

n, o= J% n R/ 2R

i Py ij) (2.55)

The population density n, is, in general, a function of the plasma

parameters, such as temperature, density, and elemental and ionic

abundances. Assuming that the plasma is opticeally thin to the
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wavelength >\ij’ the energy emissivity E (erg cm sec-1), and

energy intensity I(erg cm”2 sec—1), of any spectral line ij,
for constant plasma parameters, are given by (e.g. Gabriel and

Jordan, 1972):

€. -n.a E (2.56)

ij iijij

—
1

2,-1
i (49wL”) {Eijd\! , (2.57)

where: L

distancse from the source to the observer (cm)

. . .. 3
emitting volume visible to observer (cm™)

<
"

£,
1]

The emissivity and intensity may be expressed in photon units

photon energy (erg).
(photons cm-3 sec—1 and photons t:m_2 sec , respectively) by
dividing the right-hand side of Equation 2.56 by Eij'
For many lines in the coronal spectrum, especially
resonance transitions (i.e allowed electric dipole transitions),
the dominant population and depopulation mechanisms for the upper
level i, are electron collisional excitation from the ground state
g and spontaneous radiative decay of the excited state, respectively.
This is known as the "optically thin corona model" (McWhirter, 1965),

and under equilibrium conditions:

nnC = n ;E: A (2.58)

e g qgi i 1<;3 il
where C is the collisional excitation rate coefficient, defined
below.
2.4.3.4 Collisional Transition Rates
In the following discussion collisicnal transitions caused
by electron impaqt are considered; but the same argumentsapply in

general to collisional transitions due to other particles, such
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as protons end ions. However, protop and ion excitation From a
level j to a level i (i>\j% is only important when kT is large
compared with the excitation energy (Ei— Ej) of the trensition
(Valker, 1972).

The collisional rate coefficient C for a particular

transition j->»i, is related to the collision cross-section Q

by:
= :
c = <uve> =f vaf (E)dE (2.59)
ED
< s . 3 -1
where: C = collisional rate coefficient (cm™ sec )
Q = collision craoss-section (cmz)
v = electron velocity
f(E) = the energy distribution function of the electrons
E = welectron energy
.EO = threshold energy for excitation = energy difference

between the two levels, Ei ~ Ej’: 0 for de-excitation.
In most practical cases, f(E) is a NMaxwellian distribution with
an electron temperature Te'
Q may be expressed in terms of the collision strength <%

(a dimensionless quantity):

a 2

"

Qw1E/(TTaO ) (2.60)

Bohr radius (cm)

where: a
8]

w, = statistical weight of the initial level
= 23 + 1
J = inner quantum number of the level

and £ is in Rydberg.
An exact evaluation of Q is difficult, and one of the

simpler spproximations, often used for optically allowed transitions
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is the Bethe or g approximation (Van Regemorter, 1962):

Q - 8T . ngrao2 (2.61)

N5 EEg

where: f absorption oscillator strength

Gaunt factor

(=)
il

and E, EO’are in ﬁydberg.
g is proportional to the probability that the colliding electron
undergoes a free-free transition from energy Ei to energy Ej
(Van Regemorter, 1962).
The absorption oscillator strength, fji is related to the

spontaneous radiative transition probability, Aij (sec—1), by the

expression (Wiese et al., 1966):

| ~16\ 2
Py = 1.4992 x 10 )\ij(mj/wi)Aij . (2.62)

Substituting Equation 2.61 in Equation 2.60 gives:

-Q = _fw1g . (2-63)

8w
A3 ED
Combining Equations 2.59 and 2.61 gives:
- 3 .-1
C = 8 /%{ (hao/m) fg (EOTe ) exp(-EO/Te) (2.64)
b

with ED and Te in Rydberg, or:

- 1.70x 1072 5 (£.7 2)"" exp [—E /(KT i](z 65)
° C'e 1] e ‘

where ED is now in eV and Te in K.

a is the temperature sveraged vslue of the Gaunt factor, namely:
o

g = exp [EU/QJe)]f g exp(-x)dx (2.66)
ED/kTe

g and g are tasbulpted by Van Regemorter (1962), who finds that for
positive ions and EA@T&):>1, g tends to the value of g at threshold

i.e,.
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g (EDKT) % g () & 0.2 .

This expression is good to 8 factor 3 (Gabriel and Jordan, 1972).
Equations 2.59 and 2.60 may be combined to give C in

terms of LX:

Q
-1 -3/2
C=1.36 w 'T 7 f.n. exp [—E/(kTe)] dE. (2.67)
‘o

If £L is taken to be constant at some mean value L1 , Equation

2.67 becaomes:

-6 -1_ -3 A
C = 8.65x 107w, "7 ﬂexp[—Eo/(kTeﬂ. (2.68)

Thus, the collisignal rate coefficient C, may be expressed in
terms of either g and f, or Q, 4L or LL .
Collisional excitation and de-excitation processes between

two levels i and j (j is the upper level), are related by the

following expressions:

Cii = Gy Yi exp [Ei_,'/(”e)] (2.69)
w .
J

Q... = Q... "i ¢ (2.70)

JiE ijE 5. E'
J
- L
i’ ijE (2.71)

where: E' = E - E. .
1)

statistical weights of levels i, j respectively.

€
€
H

The calculation of electron impact excitation rates and
cross—-sections is reviewed by Moiseiwitsch and Smith (1968) and
Bely and Van Regemorter (1970); while their measurement is reviewed
by Moiseiwitsch and Smith (1968) and Gabriel and Jordan (1972).
Collisional excitation rates for some cases of interest to the

present work, are discussed in Section 4.2,
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2.4.3.5 Spectral Line Broadening and Shift

Examination of the formulae for the wavelength changes
caused by physical processes inthe source (e.g. Gabriel et al.,
1962; Zirin, 1966; Allen, 1973; Gibson, 1973) shows that the only
phenomenon likely to be significant for the coronal plasma, at
X-ray wavelengths, is the Dopplef effect, which is given by the

expression:

h=d=ax =¥

(2.72)

where: v

line-of-sight velocity of radiating source relative

to observer (measured in direction away from observer)

) = measured wavelength of a given spectral liﬁe for v = 0
N
A

measured wavelength of the spectral line for velocity v

Doppler wavelength shift,

If there is 8 distribution of line-of-sight velocities v,
then this will appear as a broadening in the profile of the spectral
line rather than a simple wavelength shift. For the case of emitting
ions, having @ Maxwellian velocity distribution with temperature

Ti’ the Doppler brosdening is given by:

A)m/) - 7.16 x 1077 ;JTi/IYI (2.73)

where: A)‘:D

]

full-width-at-half-maximum (FWHM) of the Doppler
brosdened line profile (R)

T, = don temperature (K)

m

atomic mass number of ion (s.m.u.).
2.4.3.6 Optical Depth

So far in the present work it has been assumed that the
plasma is optically thin ét the wavelengths of interest. In order
to test this assufmption, expressions for the optical depth'?f due

to the important types of photon absorption and scattering are
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given below (derived from Wilson, 1962; Blumenthal and Tucker,

1974)., It is assumed that the plasma is spatially uniform.

T =Xo (2.74)
'tr = 8.33 x 10”2 f)\QDni/A)\ 5 (2.75)
-17 -
’Cpi = 107 "€0n,/(X,5.,p) | (2.76)
) -38- 2. 2. =3/2 ‘
C.p = 3.11 x 10 5, A Dn_“T_ (2.77)
~26
'7:95 = 6.67 x 10 Dn_ (2.78)

where: X = linear absorption coefficient (cm—1)
’C r - optical depth for resonance line absorption at the
centre of a Doppler broadened line profile
7fpi = optical depth for photo-ionization
‘1:FF = optical depth for free-free (thermal Bremsstrahlung)
absorption
Qfes = optical depth for (Thomson) electron scattering
D = line of sight dimension of the plasma (cm)
n; = number density of the absorbing ion (cm_3)
e.: number of opticsl electrons
g = temperature averaged Gaunt factor (A1)
p = guantum number of the ground state
X; = ionization potential (ev).

The relative importance of the various optical depth
effects can be seen by substituting typical vslues for coronal
conditions into Equations 2.74 to 2.78. For example, considering

the 0 VII resaonance line ‘X 21.60 B and the following values:

T. = T = 2 X 106 K

1 e

n = 109 cm-s
e
D = 109 cm
n, = 2;.29.2ﬂ.ne = (0.5)x(5 x 10-4)x(0.8)
Ng My Ne .
x(10%) em™3 _ 2 x 10%n73



gives: rt = 031

r
-6
’L’pi = 7 x 10
-18
,tff = 5 x 10
...'7'
’tes = 7 x 10 .

Hence it is found that the only mechanism likely to cause any
Vsignificant opacity to X-rays in thse coronal plasma, is that of
resonance line absorption.

The calculation of the intensity of radistion leaving
an optically thick plasma, requires the solution of the equation
of radiative‘transfer. In most cases, this involves analytical
or numerical spproximations (e.g. McWhirter, 1965; Zirin, 1966).
However, for resonance line absorption, the fate of the absorbed

photon may be examined from the ratio (e.g. Loulergue and

Nussbaumer, 1974): )
y = A/ Z R (2.79)
: i
where: j = upper level of the resonance line
1 = lower level of the resonance line.
Ify =1 (i.e. ;E: R.. =R. = A, ), the absorbed photon is
i Jji jl jl

re-emitted at the same wavelength but may be scattered into o

different direction. Provided the plasma is spatially uniform

the total observed intensity will be the same as the optically

thin case. (for a broadened line the intehsity must be integrated

over the line profile). If vy <:1, the observed intensity will

generally be less than in the optically thin sifuation.

2.4.3.7 Summary of Diagnostic Techniques for the Coronal Plasma
Listed below, are the plasma diagnostic techniques which

may be used to interpret coronal soft X-ray observations. The

theoretical basis and application of these methods will be discussed

in the appropriate chapters,
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The symbols used have the following meaning:
T , electron temperature
T., ion temperature
n , electron number density
AZ’ (= nz/nH) eabundance of an element relative to hydrogen
f , absorption oscillator strength
V , emitting volume

1, line-of-sight path length

Teff’ effective line-of-sight temperature
J‘ 2 o
5, (= nedV), volume emission measure
V .
Yy, (= nZdl), line-of-sight emission measure
1

I(j), absolute intensity of spectral line j

E., incident energy in focal plane/picture element/cmz/sec,

for filter j.
(2) USING SPECTRAL LINES:

(1) T derived from I(LyX )/I(Ly q) in H-like ions (Hutcheon
and McWhirter, 1973).

(2) Te derived from I (satellite, dielectfonic recombination)/
I (resonance) in He-like ions (Gabriel, 1972a; Bhalla et
al., 1975).

(3) T, (indicates ionization balance) derived from
I (satellite, inner-shell excitation)/I (resonance) in
He-like ions (Gebriel, 1972a; Bhalla‘et al., 1975).

(4) n, derived from I (forbidden)/I (intercombination) in
He-like ions (Gabriel and Jordan, 1972, 1973).

(5) S derived from I (n = 2=->1 resonsnce) in H- and He-like

| ions (Batstone et al., 1970; Parkinson, 1975c).

(6) A, derived from I, given S and f (Parkinson, 1975c).

z

(7) fopp derived from I, given S and A, (Parkinson, 1975c).
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(8) T;derived from thermal Doppler broadening of spectral
line profile (Zirin, 1966).
(9) Macroscopic velocities derived from Doppler shift or
broadening of line (Zirin, 1966).
NOTE: Methods (8) and (9) cannot be applied to the present data
due to insufficient spectral resolution and precisioﬁ.
(b) USING BROADBAND IMAGES:

eff
et al., 1975).

(1) T derived from E./E . (Vaiana et al., 1973; Davis
N

(2) Y derived from Es and T (Veiana et 2l., 1973; Davis

Ff
et al., 1975).
(3) n, derived from 1 and Y (Vaiana et al., 1973; Davis

et al., 1975; present work Chapter 4).
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Teble 2.1 Veluss of 1nA. (Spitzer, 1962)

Electron Density n,, cm™2

1 103 10¢ 10¢ 1012 101 10's 102 10

10? 16.3 12.8 9.43 5.97

103 19.7 16.3 12.8 9.43 5.97

10¢ 23.2 19.7 16.3 12.8 9.43 5.97

10¢ 26.7 23.2 19.7 16.3 12.8 9.43 5.97

10¢ 29.7 26.3 22.8 19.3 159 124 8.96 5.54

107 32.0 28.5 25.1 21.6 18.1 14.7 11.2 7.85 4.39
10 34.3 30,9 274 240 205 170 13.6 10.1 6.69

Table 2.2 Values of G(x) and é(x)-G(x) (Spitzer, 1962)

z 00 01 02 03 04 05 06 07 08 09

G(z) 0 037 .073 .107 .137 .162 .183 .198 .208 .213
&) — G(z) O 075 .149 .221 .292 .358 .421 .480 .534 .584
z 1.0 1.1 12 13 14 15 16 17 18 19
G(z) - .214 211 .205 .196 .186 .175 .163 .152 .140 .129

®(z) — G(z) .629 .669 .706 .738 .766 .791 .813 .832 .849 .863

z 20 25 30 35 40 50 6.0 7.0 80 100
G(z) ° .119 .080 .056 .041 .031 .020 .014 .010 .008 - .005
&(z) — G(z) .876 .920 .944 .959 .969 .980 .986 .990 .992 995




Table 2.3

Atomic Processes (Zirin, 1966)

or Autoionization

atom

(via autoionization)

Process - Incoming Outgoing Rate
Absorption photon + atom excited atom UpBmnNm
Spontaneous Emission excited atom photon + atom NnAnm
Induced Emission photon + excited 2 photons + atom UyBpm Ny

’ atom
Free-Free Eniission electron + ion electron (lower NeNiA g
(Bremsstrahlung) energy) + ion
: + photon
Free-Free Absorption photon'+ electron electron (higher N:NiBu,
+ ion energy) + ion
Photoionization photon + atom ion + electron Uy N B m
2-Body electron + ion photon + atom NeNiAgm
Recombination (may be excited)
Collisional Excitation  electron + atom electron (lower NaNeCmn
energy) + excited
atom
Collisional electron + excited electron (higher NaNCnm
De-excitation atom energy) + atom '
Collisional Tonization  electron + atom 2 electrons + ion NmNeCmi
3-Body 2 electrons + ion electron + atom NiN{Cym
Recombination
Dielectronic electron + photon + excited N.N;A?
Recombination excitable ion atom
Dielectronic Absorption photon + excited  ion + electron Nnu,B?




fFootnotes to Table 2.3

Explenation of symbols:

A = Einstein tresnsition probsbility coefficient for emission

8 = " " " " " seabsorption
C = Collisional rete coefficient

N = Number density |

U9 = Radiation enerqy density at frequency <)

Subscripts:

8 aenotes electron

i denotes state of ionization

m,n denote bound energy levels in an ion
X,R, denote continuum energy levels

Pairs of subscripts go from first to second e.g. Anm = A from n—>m,

Superscripts:

d denotes dielectronic process,



FIGURES

Chapter 2
2.1 Coordinate system used in the discussion of plasme properties.
2.2 Calculated coronal X-ray spectra (Note: only selected line
transitions are indicasted) (Tucker and Koren, 1971).
a electron temperature, Te = 5 x 106 K
6
b T = 1.6 x 10 K
e
c T = 1.6 x 100 K
e
d Te = 5 x 10'7 K

2.3 As Fig. 2.2 (Walker, 1972). T, =2 x 10% K and T, = 6 x 10% «.
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Chapter 3

THE SL1101/SL1206 AND S-054 EXPERIMENTS

3.1 Introduction

Of the solar X-ray data presented in this thesis, most
of the spectra were obtained by the Leicester Mk.3 spectrometer on
flights S5L1101 and SL1206, and the images by.tha ASE X-ray telescope
S-054 aboard the NASA Skylab Apollo Telescope Mount (ATM). In this
chapter, these instruments and the sssociated data reduction and
analysis methods are described, together with the observing programmes
performed by the gxperiments. Details of the design and construction
of the instrument are given by Evans (1970) and Parkinson (1971a)
for the Leicester spectrometer, and by Veaiana et al.. (1974) for the
ASE telescope. Here, the emphasis will be placed on discussing those
instrument parameters whose values are required in the data reduction

and analysis.

3.2 The Elements of an X-ray Astronomy Experiment

Gursky (1970) has listed the basic elements of any X-ray
astronomy instrument, namely:

(1) Collimstor (e.g. slits, grids, wires, focussing optics) to
determine the arrival direction of the photons relative to

the instrument axes.

(2) Beam conditioner (e.g. filters, Bragg crystal, diffraction
grating, polarizer) . to isolate particular components of the

photon beam e.g. wavelength ranges, polarizestion directions.

(3) Detector (e.g. proportionsl counter, scintillation counter,
solid statg detector, channel multiplier) to register the

arrival of the photons.

(4) Signal processor (amplifiers, background rejection circuits,

pulse height analysers, analogue to digital converters,
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- scelers, synchronization circuits) to obtain the date in a

form suitable for subsequent reduction and analysis.
In order to complete the experiment, the following are also required:

(5) Cerrier vehicle (satellite, rocket, balloon) to lift the
‘instrument above the heavy X-ray attenuation of the Earth's

atmosphere.

(6) Attitude sensor (e.g. sun sensor, star sensor, magnetometers,
inertial platform) to determine the instrument orientation

relative to externsl references.

(7) Telemetry system to transmit the processed scientific data
(and usually "housekeeping" data e.g. monitor and calibration

values) to the receiving and recording stations on the ground.
This list may be extended further to include the data reduction and
analysis:
(8) Data reduction and énalysis:

(a) Calibration of the recorded data e.g. conversion of
counts to intensity, and voltages to Bragg angle to

wavelength.

(b) Deconvolution of the instrument response function from

the data.

(c) Search for, and attempt to identify statistically
significant features in the data (e.g. cosmic X-ray

sources, solar active regions, spectral lines).

(d) Inter retation of the data in terms of physical models
P Y
(e.g. emission mechanisms, emission measure/temperature

models).
Similar schemes can be used to describe most experiments for the
detection of e.m. and particle radiation. The essential elements

of an X-ray astronomy experiment are shown schematically in Figure 3.1.

3.3 The SL1101 and SL1206 Experiments

3.3.1 Instrumentation

The Leicester Mk.3 instrument, flown on SL804, SL1101 and
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SL1206, consisted of three plane scanning Bragg crystsl speéérometers,
covering between them the wavelength range 4 to 23 R. The crystgls
were mounted on 8 single rotation shaft, but could be biased in

Bragg angle relative to each other. The field of view of each
spectrometer was restricted to 3 arc min FWHM by square hole multiple-
grid collimators (Evans, 1970; Parkinéon, 1971a). The multigrid
collimator has the advantage over the conventionel slit collimsator,
that grazing~incidence reflections are eliminated and hence the ares
selected for observation can be isolated more effectively. The

three crystals used (their lattice planes and epproximate lattice
spacings, 2d) were ADP (ammonium dihydrogen phosphate, 101 plane,

2d a2 10.6 R), gypsum (020 plane, 2d & 15.2 %) and KAP (potassium
acid phthalate, 001 plane, 2d & 26.6 R), the dimensions aof each being
about 13.6 x 6.7 cm. The diffracted photons were detected by
proportional counters containing 2 cm atmos. of 90:10 argon:methane
with aluminium coated polypropylene windows. In both SL1101 and

SL1206 flights the ADP and gypsum spectrometers h;d counter windows

of qu polypropylens plus 1000 R aluminium. The.counter window

for the KAP spectrometer on 5L1101 was {jb polypropylene plus 1000 R
aluminium, and on S5L1206 was 4}» polypropylene plus 2000 R aluminium.
The background counting rate was reduced by means of an anticoincidence
system on the rear of each detector and by a single channel anslyser,
which only accepted detector pulseé within a height range corresponding
approximately to the wavelength range scanned by the appropriate
crystal. The effective collecting asrea of each spectrometer, taking
into account all geometrical factors such as transmission of the
collimator and detector window support, but not allowing for wavelength-
dependent factors such as crystal reflectivity and detector efficiency,

was about 15 cm2.
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If 2 beam of parallel monechromatic radiation of wavelength
X, is incident at a glancing angle Br, on a set of parallel
crystal planes, the radiation diffracted from each crystal plans
will interfere constructively and hence produce an efficiently

reflected beam at a gléncing angle e , provided that Bragg's law:

n A = 2d sin© (3.1)
is approximately satisfied. -d isrthe interplsnar spacing and n an
integer (n = 1 in the present work). The term "spproximately" is
used because: (1) the reflected beam has significant intensity over
a finite angular range; and (2) the peak reflectivity (i.e. the peak
diffracted intensity) does not, in general, occur ét precisely the
angle given by Equation 3.1 (see Sections 3.3.3.1 and 3.3.3.2).
The important parameters.of the crystal diffraction curve (or 'rocking
curve') are illustrated by Figure 3.2.

The measure of crystsal reflectivity that is usually

determined and required, is the integrated reflectivity R, which may

be defined as (e.g. Van Speybroeck, 1972):

R =fp(e,>\)d6 = E@/I_ (3.2)
5]
where: the incident beam is parallel and monochromatic
P(B,N) = probesbility of Bragg reflection for incident
angle 5]
@ = dO/dt

= crystal rotation rate

E = total energy reflected by the crystal as it scans
through the spectral line,

I = incident energy per unit time.
Hence, the measured intensity of a spectral line is related to the

instrument parameters and the number of counts recorded for the 1line
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by the equation:

I = 10° hc@N/(NARR) (3.3)
where:
I = absolute energy intensity of the spectral line
| (erg cm_2 sec_1)
h = Planck's constant (erg sec)
c = speed of light in vacuo (cm sec_1)
@ = crystal rotation rate (rad sec—1)
N = number of counts recorded for the line in one scan of

the crystal

X = wévelength of ‘the line (R)

2
A = net collecting area of the spectrometer (cm”)
R = crystal integrated reflectivity (red)
£ - photon detection efficiency of the proportional counter.

Photon intensity may be obtained by multiplying the right-hand side

of Equation 3.3 by:

N\ / (108he).

The crystasl reflectivities were obtained from the
of Leigh and Evens (1975) whose results are shown in Figure
proportional counter detection efficiencies were calculated
mass absorption coefficients of Leroux (1963) and are shouwn
Figure 3.4, The crystal rotstion rates used were:

1.1 x 1072 rad sec™ (SL1101 end SL1206 'fast' scans),
1.6 x 1073 rad sec~1 (SL1101 'slow' scans) and

1.0 x 1072 rad sec” (SL1206 'slow' scans).

measurements

3.3. The
from the
in

The angular position of the crystals was determined with

a 14-bit optical shaft encoder, allowing eccurate caslculation of

absolute wavelengths, with an uncertainty, in genersl, of about

X (0.001 - 0.003) R (see Section 3.3.3.2).
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The principle of the spéctrometer is outlined in figure 3.5,
while Figure 3.6 shows the Leicester Mk. 3 instrﬁment itself., In
addition to the spectrometers, the payload carried a white-light
cine camera and an array of X-ray pin—hble cameras,.to assist in
post~flight determination of the spectrometer pointing positions.

This information was also derived from the output signal of the
Marconi éttitude control unit (ACU) Sun Sensdr.

3.3.2 Observations

SL1101 wes launched at 0529 UT on 30 November 1971 and
SL1206 at 0535 UT on 26 November 1973, both on sun-stabilised
Skylark sounding rockets. from Woomera, S. Australia. The latter
flight weas part of a collaborastive observing programme with ASE
who obtained X-ray photographs of the Sun with the S5-054 ATM X-ray
telescope simultaneously with the lLeicester observations (see Section
3.4). Two active regions were observed on each flight. Unless it
is otherwise stated, all active regions will be referred to by their
McMath calcium plage number. Observations from dné of the active
regions (region'11621) viewed during flight SL11071 have already been
reported by Parkinson (1972, 1973a, 1975c). The resylts reported
here are from SL1101 observations of region 11619 (near S10 W35)
and SL1206 observations of region 12624 (near S10 W28) and 12628 knear
S11 E19).

The experiment pointing positions are known to an accuracy
of about % (3 to 1) arc min and the pointing stability was better than
+ 10 arc sec,

Region 12624 was observed about 60 minutes after the peak
of an importance-N.class CO flasre. Regions 11619 and 12628 were

non-flaring at the time of the observations. . All three active
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regions had bipolar magnetic configurations snd were close to
maximum development (Solar Geophysical Dats, 1972, 1974).

The Skylark rocket provides around 5 minutes observing
“time above 120 km; thus esch active region wes viewed for about
two and a healf minutes, divided so that the crystals performed »
fast scan through a Bragg angle range of ~ 35% in 1 minute
and a slow scan through ~« 59 in the remaining 1% minutes. The
slow-scan was made to coincide with the simultaneous observation
on each crystal at a Bragg angle_of about 60° (arranged by appropriate
biasing), of the n = 2-»1 resonance, intercombination and forbidden
lines and satellite lines £o the He-like ions 0 VII (on KAP),

Ne IX (on gypsum) and Mg XI(on ADP). The full range of Bragg
angles was scanned once for each active region; then for the second
region observed on each flight, the spectrometers began another
Fést scan which was terminated by the vehicle re-entering the
Earth's atmosphere.

The data covers the spectrzl range 4 to 23 8, and many
emission lines are observed. The identified transitions include
those from H-like 0, Ne and Mg; He-like 0, Ne, Na, Mg, Al and Si;
Ne-like Fe and Nij; and F-like Fe. In addition, there are a
number of lines which are unidentified or only tentatively
classified. Emission lines from ions corresponding to high active
region températures, e.g. Mg XII and Fe XVIII, are relatively
more intensé in region 12624 that in the other active fegions
and this sids the identification of some spectral lines. 1In
particular, there are about ten lines in the 13-14 i range which
only appesar in the data from region 12624; these are discussed
further, in Section 7.2. These enhanced intensities suggest that

this region contains an observable quantity of plasma at higher
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temperatures, as might be expected from's deéaying flare. This

is confirmed by 2 model of emission measure as ® function of
temperature, derived by a2 method similar to that of Batstone et al.
(1970) (see Section 4.3).

3.3.3 Data Reduction and Analysis Methods

One of the author's first tasks was the design and
implementation of a dafa reduction and analysis system for the
SL1206 observations. This took the form of @ suite of computer
programs written in FORTRAN IV. The computers used were the University
of Leicester Computing Laboratory ICL 4130 (prior to December 1974)
and CDC Cyber 72 (since December 1974).

The Skylark Type T29C telemetry used on the flights, was
an amplitude modulated, 24 channel time-multiplexed system. The
multiplexor sampling frequency was B84 sec_1 and the spectrometer
data sampling frequency was set equal to this frequency and
synchronised with it. Thus the fundamental resolution time of the
experiment was 1/84 i.e. 0.012 sec, and this interval will be
referred to as a "data frame" or "integration period". For each
data frame, the spectral data from the experiment takes the form of
recorded counts per integration period for esch spectrometer channel
and the current shaft encoder position. Monitor and calibration
voltages are also present, wHen the data is recorded at the rece;ving
station the time is added.

The final reduced database consists of a number ( ~104)
of time sequential dats frames, where each data frame contains:

(1) Time from launch, in seconds (correct to three decimal places).

Launch time is tasken as the Instrumentation Timing Datum (ITD).

(2) Shaft. encoder position, indicated by a number between O

(for 0°) and 4096 (for 90°).
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(3) Counts per integration period for each of the three

spectrometer channels.
The information is stored on a magnetic tape suitable for reading
on a digital computer.

The.reduction of the telemetered data to the final database
is done by a FORTRAN IV computer program MTREDUCE. All subsequent
analysis is performed on this datsbase end a number of programs
have been developed for this purpose. These include programs for
calibration, fitting spectrel line profiles, and display of the
spectra as tables and graphs. In order to optimise the signal to
noise ratio and the resolution for a particﬁlar section of data,
the counts per integration period may be summed into counts per
bin, where & "bin" is an integral number of data frames. For
example, the spectrum shown in Figure 3.7 has 16 integration
periods per bin or histogram step. The wavelength and intensity
calibrations of the data are discussed in Sections 3.3.3.2 and
3.3.3.3 below.
3.3.3.1 Deconvolution of the Observed Spectrum

The observed spectrum is a convolution of the source
spectral and spatisl intensity distributions, the collimator
transmission profile sndthe crystal rocking curve, with the super-
position of a background due mainly to cosmic ray events and specular
reflection Ffom Ehe crystals. Since, apart from recombination
edges, the continuum contribution to the spectral distribution is
a slowly varying function of wavelength (compared to the line
contributions; see Section 2.4.3.2), this may also be tsken as o
superposed background when considering the line spectrum, as in
the present work. In order to obtain the best estimates of line

intensity and wavelength it is necessary to deconvolve the observed
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spectrum by fitting the expected profile to each line féature iﬁ
the date. This procedure becomes of particular importance where
two or more lines are blended together., The choice of the profile
wiil now be discussed. | |

The resolving power A/A) of the SL1101 and SL1206
spectra is in the range 400 to 2000, but even at a resolving power

~ 2000 séme of the lines are blended. In such cases the procédure

is to find, by computational trial and error, the least squares fit
of a8 synthesised profile to the data. The first trial profile is
synthesised using the best available prior knowledge of the number
of component lines likely to exist in the blend, their (most
probable) wavelengths, and their most probable intensities. The
program then finds the best fit with relative line wavelengths and
intensities @s parameters. In this profile synthesis each component
is represented by the instrument wavelength response function.
This latter is not usually known from prior information (see below).
Therefore any given line blend is studied, uéing, as the instrument
response profile, the profile of a nearby unblended line (or lines)
in the spectrum. This approach reguires that the instrument
profile be the same for different transitions. Hence, the contributions
to the net instrument profile have been considered as follouws.

The contributions to the wavelength profile emitted
by the plasma are summarised by Allen (1973). In coronal active
regions all these line broadening processes are expected to be
negligible compared with the instrumenlt profile, with the possible
exception of thermsal Dquler broadening of lines from low»Z(12 - 14)
ions recorded with the ADP spectrometer. UWith this exception, this

is the justification for the use of a nearby unblended profile in
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the analysis of blends. Tgis method is also normally justified
for th; ADP spectrometer, since nearby lines in this case are usually
due to transitions in the same ion, for instance, the Mg XI lines
around 9.2 R (see Figure 3.7).

The instfument spectfal resolution may be gxamined by
inspection of the first differential of the Bragg equation

(Equation 3.1):

AN = 2d cos®.A8 or A/AN = (tan ©)/A® . (3.4)
The glancing angle © to the crystal can be determined only to an
accuracy corresponding to the angular size of the source. This
is defined by the convolution of the field of view Functioﬁ of
the collimator and the source brightness distribution. The Skylark
vehicle allows the instrument only about 300 seconds of observing
time, so that the spectrum must be scanned at speeds d 8/dt in
the range 10-2 to 10-3 rad sec—1 in order to obtain suitable
spectral coversge. Given the restriction of these scan speeds,
it then follows that, with the instrument aperture limited to the
order of 50 cm2 by the vehicle dismeter (44 cm), the field cannot
be restricted to much less than 3 x 3 (arc min)2 if there is to be
sufficient signal strength to justify the corresponding resolution.
Since this is of the same order as the size of coronal active
regions (see Section 4.5) the convolute of the two effects is not
known. Hence, the profile usad'for deconvolution must, in genersal,
be extracted from the data itself. This profile may be tested for
consistency with the range of line widths expected from consideration
of the collimator field of view, the crystal diffraction curve,
and where known from independent measurement, the source brightness

distribution.
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It is convenient to use some analytic expression for
the line profile to be fitted to the data. 1In the case of the

fast spectral scens a triesngular profile is generally used, namely:

<
1]

vo L= Clx = x 1)/8x T ir |x - x | SAx,  (3.5)

y =0 if Ix—xo‘ >Ax%

where: vy

profile height at position x

profile peak height

~<
u

X
1

position of the profile peak

FWHM of the profile.

This simple function normally fits the fast scan spectra with
sufficient accuracy, compared with the statistical uncertainties

in the data. The slow scan spectra have greatly incressed
sensitivity and resolution compared with the fast scans; the line
profiles are consequently fitted with smooth curves having extended

wings., This empirical function is given by: -

y = &G(x) + (1 =X)L (x) - (3.6)

Gaussian function

2
Y ,8XP [—an{Z(X - XO)/AX%} j

Lorentzian function

2
yD/[‘I +£2(x - xo)/Ax%} ]

shape factor (ususlly,X A 0.6).

where: G(x)

1]

L(x)

X

This curve is known as ® Gauss-lLorentz linear combination (Fraser

and Suzuki, 1970). The shape factor & controls the ratio of the
area under the profile wings to that in the core. Other authors
(e.g. Doschek et al., 1971; Parkinson, 1972, 1975c) have used

various empirical formulse to represent the line profile.
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The background level is obtainéd from regions of each
spectral scan which a;e believed to be free.From line-emission.

In order for an observed feature in the spectrum to be
classed as a spectral line, it must satisfy the following criteria:

(1) The shape must be consistent with the profiles discussed

above.

(2) The recorded counts must be statistically significant
- at the 4¢ level, i.e. N2 4 AfB, where B is the background

count over the line profile.
The conditions that must be fulfilled for a2 line to be classified
as a particular transition in a specific ion, are:

(1) The messured wavelength must agree with the calculated
or laboratory measured wavelength to within the estimated

uncertainties.

(2) The measured intensity must be approximately consistent
with the predicted intensity (if a reliable calculation

is aveilable).
3.3.3.2 Calibration of the Wavelength Scale,
A very good spproximation to the wavelength scale of

a correctly operated Bragg spectrometer may be written in the

form:
>\ = l:Z(dT -Bd)/n] sin © (3.7)
where:
d = dygl1 +X(T - 18)] (3.8)
and: © = glancing angle (to the lattice planes) of a

monochromatic X-ray besm (wavelength N ) st which

the diffracted power is at maximum
d - lattice period at 18°C

o = crystal linear expansion coefficient in a direction

orthogonal to the lattice planes

T crystal temperature in°C

1

S(j is a function of wavelength which may be obtained from

calculation or measurement.



In order to use Equation 3.7 to assign a wavelength scale to a
coronal X-ray spectrum, d and S d(\) must be precalibrated and an
angle measuring device in the flight spectrometer must be correctly
ad justed so that the glancing angle © is measured between

the principal axis of the collimstor and the crystal lattice
planes.'

The precision necessary for these operations may be
estimated as follows, The resolving power of the eaquipment is
about 2000 in favourable parts of the spectrum (e.g. ADP crystal
at X'VQ R). This is then set by the response profile of the
input collimator, at nominally 3 arc min., The sensitivity of the
measurements is sufficient to determine the position of the peak
of the stronger recorded lines to a8 small fraction of this profile
width. For this reason the dete can be usefully sampled at very
small increments of © s the sample period is about 2.5 arc seconds
in the case of SL1206. In final data presentation an optimum bin
size may then be selected in units of A® ='2.5 arc sec. figure
3.7 shows a small sample of the SL1206 data binned at 16 sample
periods, i.e. at increments in © of 40 arc seconds; the positions
of the peaks aof several of the lines may be measured to a precision
of one bin. Thus, the precision of © measurement is required to
be at least as good as, say I 20 arc sec; a corresponding precision

X, T and Sd(N).

is then also required in the calibration of d18’
The first effect to be considered will be that of

crystal temperature. The linear expansion coefficient for ADP, gypsum,

and KAP are known to be about (17, 30, 40) x 1076 o¢-1 respectively

(Bertin, 1970; Blake and Wick, 1973). 1In the case of a Skylark

launch the rocket may be open to local weather at the launch

tower for several hours before ignition, and internal instrumentation
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temperatures have been found to vary between abou£ 0 and 60° C
according to the influence of air temperature, solar heating and
internal electrical dissipation (Evans, 1975). The crystal
temperature may be expected to change during fligﬁt also; changes
of a few °C have been measured (Evans, 1975). The result of this
is 8 change in the wavelength calibration up to the order of one
part per thousand, which.is far outside present tdlerance. Clearly
therefore, absolute calibration via Equation 3.7 reaquires in—flight
measurement of the crystal temperature.

To the precision required, &% and &d(\) may be regarded
as fixed for given crystal species and need not be calibrated for
each sample. This may not, hoﬁever, be true of d,,. In the

18

laboratory programme at lLeicester, measurements of d18 have not

yet been accumulated on sufficient crystal samples to exclude the
possibility of a significantrsample spread in lattice period (Evans,
1975).

The question of the correct in—Flight measurement of the
glancing angle © poses several difficulties. One problem is.the
high cost of commercial devices capable of continuous automatic
electronic measurement of angle resolved to a few arc seconds.

Given such a device, a problem occurs on installation when the scale
zero of the sngle encoder must be adjusted (or st lesst located)

so as to refer to the glancing angle of the collimator axis to the
crystal lattice planes. The engular location of the lattice planes
with respect to the crystal optical surface is in general not known
to = 20 arc sec. The only satisfactory answer to this praoblem

is to observe the same spectral feature at 8 and (0 - 20 ) by

the procedure of zero error cancellation (Evans, 1975).



.The procedure for calibration vies direct use of equation
3.7 with prior determination of all parameters is thus an expensive
and tedious matter, The conditions have therefore been examined,
which must be met for effective self-calibration of the wavelength
scale by use of reference lines recognissble in the coronsl spectrum.

Equation 3.7 may be rewritten as:

A= 2d .. sin © | (3.9)

where deff is regarded as an unknouwn free parameter. A value

may be calculeted for 2d for any feature in the recorded

eff
spectrum whose wavelength is known and for which a © value is
measured, The value found for deff at any data point will be
influenced by the actusl lattice period at the crystal temperature,
the dispersion terms at wave;ength ),, the zoro error in measurement
of O (due perhaps to an offset between crystal planes and crystal
optical surface) and other errors in the recorded value of © due to
imperfect behaviour of the angle encoder. Assuming the availability
of a set of suitably plsaced reference lines through a spectral

scan, 2deff may be plotted agasinst ) and a best-fit interpolation
may be used to find the wavelength of any other feature in the
spectrum, Figure 3.8 shows the plot of 2deFF for the KAP scans

of the SL1206 -flight; the ZdG%F for the other scans show a similar
behaviour. The figure shows details of the choice of reference

lines, their known wavelengths and cites the sources of these

wavelengths. It appears that, provided there is no rapid change

in the value of Zdeff between the pair of reference lines used in

8 given wavelength estimetion, then indeed wavelengths are generally

svaileble to sbout = 0.002 R. Note that, because of the condition

underlined above, accurate wavelengths cannot be found by this
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method if they lie in the neighbourhood of an asbsorption edge

of a constituent element of the crystal., This is due to the
repid variation in the dispersion terms & d( X) in such cases
(Evans, 1975). The relevant sbsorption edges and the crystals to
which they apply, are as follouws:

ADP phosphorus K A5.8 R

gypsum: calcium‘K XS.S 8, sulphur K 'AS.O R

KAP: potassium K A3.5 R, oxygen K \23.2 R.
However, all the spectral lines observed in the SL1101 and SL1206
data lie in the wavelength range 6.6 to 22,1 R, and hence the sabove
criterion should be satisfied for these spectra,

Although the procedure as above can be implemented quite
independently of special procedures in slignment of the crystals
etc., it is the normal practice at Leicester to include correct
ad justment of the angle encoder in the prepsration of the instrument.
The complete sequence of spectrometer alignment is then as follows
{Evans, 1975):

(1) Measure angle between crystal lattice and optical surface.
This is dcne by the two-reflection method as described by
Schnopper (1962). The method is not very sensitive (final
uncertainty is sbout 1 arc min) and is only used to exclude
the possibility of gross error. Enough measurements have
been éccumulated on crystal samples from the main suppliers
to Leicester University (Nuclear and Silica Products Ltd.),
that there is now sufficient confidence in their production
tolerances that this operation is only made on an occasional
sample basis,

(2) Define spectrometer direction of look. An optical flat
is permanently fixed to the forward-looking face of the

instrument. The orthogonal to this flat is defined as the
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g;incipal axis of the instrument. A high resolution
autocollimator is mounted (axis vertical) on 2 good grade
surface table so that its axis may be translated whilst
mainteining its angular position to X 2 arc sec. The
spectrometer is mounted firmly on the floor beside the
surface table. The autocollimétor is adjusted in position
to observe the spectrometer master reference and the return

I2m) is

is zeroed. A standerd angle gauge (say, 30%00" 00"
placed on the crystal and the autocollimator axis is
translated to view the top of the angle block. The
spectrometer @ -control motor is operasted to bring the auto-
collimator return to zero., The casing of the angle encoder
is rotated so thgt the output signasl is exactly 30° X one
least significant bit (LSB).
(3) The input X-ray beam collimator is now installed and the
autocollimator again moved over the surface table to view
the reference mirror of the collimstor principal axis. The
collimator mounting is then adjusted to zero the return in
the autocollimator.
The net result of these operations is that the vehicle
ACU can be used to correctly direct the spectrometer to view any
local region of the sun if the angular relationship between the
instrument reference mirror and the ACU sun-sensor principal axis is
known. In addition, the shaft encoder is correctly zeroed to read
Bragg angle e.
Experience has shown that if these adjustments are
correctly made, then use of the known crystal period from the

literature (é.g. Bearden and Huffman , 1962; Wyckoff, 1965; Adler,

1967), in Equation 3.7, gives all features occurring within about
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2 - 3 arc min of the expected angle, i.e. an absolute wavelength
scale is esteblished to about 1 paert in 1000. Given this satis-
factory starting point the reference lines are then used to refine
the celibration to about 1 part in 20,000,

One Further‘significant economy may be made. In the
above discussion, it has been assumed that the glancing angle is
measured to the required precision of 1 part in 20,000, and the need
for @ 20 arc sec resolution angle encoder is implied, at a cost
of several thousand pounds sterling. In fact, the instrument is
equipped with a 14 bit (LSB = 1' 19") device at a cost of a few
hundred pounds. The reason for this is that although a low
resolution (14 bit) encoder will typically be constructed to
%2 1 LSB absolute accuracy, the errors in the locations of the
transitions between ones and.zeroes in the least significant track
will be almost all long period errors arising from eccentric
mounting of the disc and ovality in the track (Evans, 1975).
Small angular differences may then be read to much better precision
than one LSB by linear interpolation between the times of LSB
transitions., This operation requires the condition thatthe main
bearings, drive gearing and control system be of SQFFicient quality
to maintein d ®/dt adequately constant. Temperature stability
of the angular position of the trensition points cannot be expected
and this is believed to be the reason for the lack of reproducibility
between the scans shown on Figure 3.8. The worst case disagreements
between the scans are in fact less than = 1 LSB and this is within
the manufacturer's specification for the angle encoder.

Each reference line used in the wavelength calibratian
is required to satisfy the following conditions (in addition to

the identification criteris given in Section 3.3.3.1):
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(1) The uncertainty im the theoretical wavelength must be
+

¥ 0.001 R.

(2) The line must be resolvable‘from any other known lines in

the data.
It is found from the literature that the only trensitions fulfilling
criterion (1) are the lines of H~ and He-like ions.

The reference wavelengths for H-like ions are effectively
exact and are taken from the tables of Garcia and Mack (1965).
These tsbles show that for H-like ions with nuclear charge Z § 20,
the two components of the Lymano 1S - 2P line are separated by
a wavelength difference of 0.005 to 0.006 R, approximately
independent of Z. The relative intensities of these components are
expected to be proportional to the statisticsl weights of their
upper levels under corbnal conditions (Hutcheon and Mcihirter, 1973).
These components are not resolved in the present spectra and it is
assumed that the wavelength of the peak of the observed line
corresponds to the statistically weighted mean w;velength. The
same procedure is followed for the Lymmﬁ? and Y lines, where the
splittings are much smaller.

Wavelengths for He-like ion lines are taken from the
calculations of Ermolsev and Jones (1974). The uncertainty claimed
for these (as deduced by summing the uncertsinties given for each
component term in the expression for the appropriate energy level
values) is sbout 1 part in 105. These wavelengths have been
checked as far as possible by comparing them with the precision
measurements of resonance 132.150 - 1s np.1P1 lines of He-like
ions with 8 € Z X 13 reported by Tyrgh (1940), Flemberg (1942)
and Blake (1970). The root mean square difference between the

calculated and measured values is sbout 6 parts in 105, which is

comparable with the uncertainty in measurement. In only one case
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>(Flemberg's measurement of the F VIII 182.'180 -1s 2p.1P1 line) does

the discrepancy exceed 1 part in 104. However this measurement
differs from the results of Tyrén and Blake, which are mutually
consistent and within 5 parts in 105 of the calculated values.
Thus, the calculated wavelengths of Ermolaev and Jones (1974)
have been accepted as standards good to at least ! 0.001 R in
the interval 7 to 22 R,

Those‘observed lines which satisfy the criteria given
above, are listed in Table 3.1, together with the reference

wavelengths and derived values of 2de for each spectral scan.

F

The vealues of 2d between the reference points, are calculated

ef f
by linear interpolation or weighted least squares method; fitting

a second or higher order polynomial makes no significant difference.
In the data, there are several unresolvable blends where the
wavelengths of the individual components are accurately known from
calculation or lesboratory measurement; these features may be used

to test the consistency of the wavelength calibration. For example,

on the KAP fast scans, the O UIIILA/Q line at 16.006 R (Garcia
5 2

: p3/2
line reported at 16.003 R by Feldman et al. (1973).

and Mack, 1965) cannot be resolved from the Fe XUIII 2p

20 (%p)3s. “p

3/2
The measured wavelengths for the peak of this blend are 16.006,

16.004 and 16,003 R, for regions 11619, 12628, and 12624 respectively,
and thus are in good agreement with the known wavelengths of the
components,

It will be seen in later chapters, that using the
calibration method described above, the messured wavelengths of
identified lines 'in the SL1101 and SL1206 spectra in many cases
agree with caiculations and laboratory measurements to within

0.002 to 0.003 R.
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3.,3.3.3 Calibration of Spectral Line Intensity
For convenience in evaluation, Equation 3.3 mey be

rewritten as:

SeN erg cm_2 sec—‘l _ (3.10)

I

-1 -1

where S 10° hc/( NAR E) erg cm 2 sec cnt . (3.11)

e

Se is defined as the instrument energy sensitivity and contéins
all the instrumental harameters required for the conversion of
recorded counts to line intensity. A computer program SPREFF
hes been written to celculate the sensitivity of each spectrometer
as 8 function of wavelength. The input values to the program are
@ , the detector window and gas thickness (for the calculation
of B ), R es a tabulated function of ).(the program performs a
linear interpolation between the given points), the geometrical
factors required for the calculation of A as a function of Bragg
angle 5 s the nominal value of crystal 2d and the wavelength range
and step size over which Se is to be calculated. The output of
the program is a tabulation of Se, A, R and € as a function of
wavelength; also printed is the instrument photon sensitivity:
Sp = Se)\/(108 hc) ph em~? sec”) cnt_1. (3.12)
Figures 3.9 and 3.10 show the energy sensitivity as a function of
wavelength, for each spectrometer scan. For Bragg angles.less than
abopt 30° and greater than about 550, the geometrical area A
starts to decreasej; at small Bragg sngles the reduction is due to
the crystal not filling the photon beem from the collimator, and
at large Bragg angles it is caused by the detector mounting cutting
into the beam from the collimator.
The uncertainties in the instrument pasrameters used to
derive the measured spectral line intensities, are estimated to be:
8r/R £
&8/ X
SA/A Xt 159

I+

5%

I+

15%

+
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Sw/wsS *12 .

The uncertainty in crystal integrated reflectivity R has been
estimated from the agreement between measurements made on seversl
samples of each crystal material and the experimental uncertainty
on the data for each sample (Leigh and Evans, 1975; Hall and Evans,
1975). The uncertainty in the photon detection efficiency Ei has
been obtained by comparing the mass absorption coefficients of
Leroux (1963) with the more recent values of Veigele (1973), and
from the estimated uncertainty in the average thickness of the
detector window. The uncertainty in the geometrical collecting
area A has been determined from measurements of the relevant
dimensions on the spectrometer (Watson, 1975; present work). An
upper limit to the uncertainty in crystal rotation rate @ has
been established from examination of the flight data.

The upper 1limit uncertainties given above are, in general,
estimates of the systematic errors involved, and hence in many cases,
the actual accurecy achieved is much higher than is implied by these
figures. For example, the relative intensities of nearby lines
observed by the same crystal will, in general, be more accurate
than their absolute intensities. This must be taken into account
when considering the reliability of the messured line intensities
and queantities derived from them (e.g. temperature and emission
measure).,

The uncertainty &N in the number of counts N recordea
for a spectrsl line, is calculated from the expression (e.g.

Bertin, 1970):
(&N)% = v + 28 (3.13)

.

where B is the background count over the line profile.
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In order to estimate the total uncertainty gor a
particular case, the various error terms are combined in a linear
" or quadratic manner, according to whether the dominant uncertainties
are systematic or random, respectively.

Uhen quoting the measured intensity of a spectral line,
the following definitions will épply_in this thesis, unless
otherwise stated;

(a) A measured upper limit intensity is derived from the
actual number of counts (minus background) recorded at the

expected position of the spectral line.

(b) The uncertesinty of a measured intensity (either statistically
significant or upper limit) is the standard deviation
calculated from the statistical uncertainties in the crystal
integrated reflectivity and in the counts recorded for the

spectral line and the background.

In determining the messured intensity of a spectral line
via Equation 3.3 (or 3.10), no sllowance is made for atmospheric
absorption. In genersl, the right-hand sides of Equations 3.3
and 3.11 must be divided by the atmospheric transmission at
wavelength )\ and altitude h., However, for the SL1101 and SL1206
spectra presented here, the effect of atmospheric absorption is
estimated to be less than 10% at all wavelengths (i.e. A & 22 R)
and less than 5% for A 15 R, These figures are derived from
the known flight trajectories of the vehicles and the calculated

atmospheric transmission of Henke and Elgin (1970).

3.4 The S5-054 Experiment

3.4.1 Instrumentation

The primary instrument in the ASE ATM S-054 experiment
is an X-ray telescope assembly with a photographic film detection

system., The telescope optios is a nested pair of coaxial confocal
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gra{?ng—incidence mirrors of paraboloid-hyperboloid (Wolter type‘1)
design and diameters 23 and 31 cm., The mirror surface is Kanigen,
a nickel-phosphorous alloy, deposited on a beryllium support
structure. The principles of the optical system are shown in
Figure 3,11, The S-054 experiment is shown in Figures 3,12 and
3,13, The geometrical collecting area of the instrument is 42 cm2
and its focal length 213 cm, giving an image scale of 0.001 cm per
arc sec. The spatial resolution is ~ 2 arc sec.

The overall wavelength range of the instrument is
2 - 60 8. Spectral information is normally obtained by the use of
broadband filters, of which there are six, each gne havihg a
different wavelength response, Details of the filters are given
in Table 3.2, In order to provide the necessary dynamic range of
detection sensitivity the photographic exposure time may be varied
from + to 256 sec, inincrements of a factor 4. Spectral resolution
may also be achieved by the use of a2 normal-incidence transmission
diffraction grating with resolving pouwer A/AN ~ 50 8t 7 R,
Since this technique produces dispersed overlapping images, it
is used mainly for observations of very bright compact festures,
such as flares,

In addition to the main telescope system, the 5-054
experiment contsins several ancillary instruments to provide
monitoring facilities for the Skylab crew, and attitude information.

3,442 Observations

The Skylab space station was launched into a near-circular
Earth orbit of about 430 km sltitude, on 14 May 1973. Three
manned missions were performed: 25 May 40 22 June 1973, 28 July
to 25 September 1573 and 16 November 1973 to 8 February 1974, At
thé time of the S5L1206 observations, 5-~054 obtained a sequence of

coronal X-ray imeges using filters 1, 2 and 3, and a full range of

exposure times,
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The S-054 images show that region 12628 was extended
by about 6 arc min on the disk, its bipolar closed loop structure
being clearly visible, while region 12624 was much more compact,
~ 1 arc min across. Region 12624 was observed about 60 minutes
after the peak of an importance -N, class CO flare; the flare
activity is evident in both the spectra and photographs. Region
12628 was not flaring at the time of the SL1206 observations,
but produced an importance 1B flare about 15 minutes afterwards,
the onset being recorded by S5-054,

3.4.3 Data Reduction and Analysis Methods

The quantity measured in ah X-ray exposure through a
given filter is the photographic density at any given point on
the film, The film density is converted into energy deposited per
unit area per unit time and the effect of the telescope point
response function (shown in Figure 3.14) is removed by deconvolution.
For an optically thin, steady state plasma, the deconvolved deposited
energy for éilter i, is related tothe physical parameters of the

observed region by the equation (Veiana et al., 1973b):
2
e, = [a/(ame®)] Jl\{ JT\ LN, T ()] o, N ()] LaT_ dahan

(3.14)

where: Ei = deconvolved deposited energy per unit area per unit
time per picture element, for filter i (erg cm—2

sec | picture elament—1)

A = effective collecting area of telescope (cmz)
15 cm? for S5-054.

°

-
]

focal length of telescope (cm)

—
1

distance along line-of-sight (cm)

S
[
ot
"

filter transmission and telescope reflectivity at

wavelength )\

power emitted at wavelength X by unit line-of-sight

O
\oy
—t

®
P
-
=
i

emission measure at electron temperature Te

(erg sec_1 cm5) .



p l:%, Te(liz is determined from a theoretical model for the coronal
X-ray spectrum (currently a modified version of the Tucker and

Koren (1971) calculations), and 7l ()\) is obtained from laboratory
calibrations.

Equation 3.174 may be rewritten as

m
1]

. [a/cawe®y] . 4\ FO(T) Y(T,) dT (3.15)

2 '
{ [ne(lﬂ dl

line-of-sight emission measure at electron
-5)

where: Y(Te)

temperature T (cm

{ LN, T )] (N g N

Filtered Spectrum Integral (FSI).

Fo(Tg)

If the plasma along the line-of-sight is isothermal, Enuation 3.15

reduces to:

e, = Ja/eme)] L oF (Tl v(T) (3.16)

Since in this case, [ﬁ/(41rf2)]’. Y(Te) is constant for all filters:
Rij(Te) = Ei/Ej = Fi(Te)/Fj(Te) (3.17)

where Rij(Te) the Sp ectral Hardness Index (SHI), is a function

of temperature only, for any two filters i and j. In the more
realistic case of Equetion 3.15, the temperature‘derived from the

SHI represents 8 weighted aversge of the true temperature distribution
along the line-of-sight, and will be termed the effective or

line-of-sight temperature Te The effective line-of-sight

Fee

emission measure is then:
2
Yopp = (Awf™/R)e E/F (T cp) o (3.18)

For the S-054 telescope, the constant:
A/(4TF2) = 2,631 x 107° .
The film density is digitised by a scanning microdensit-

ometer with an asperture equivalent to 2 arc sec x 2 arc sec on the
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film, The image is then stored as an array of numbers on magnetic
computer tape., The ASE Solar Physics Group have developed a suite
of computer programs for the processing of this data. They are
written mainly in PL/I for the IBM 360/370 computers at ASE. The
facilities available include array manipulation to perform analysis
similar to that described above and image display in the form of
tabulations, contour plots and cross-sections. The author h%s used
these programs in the asnalysis of the 5-054 images obtained at

the time of the SL1206 flight, and in the correlation of the

images with the SL1206 spectra. These results sre presented in
Chepter 4.

The response of the film to incident radiation is wave-
length dependent and hence, in general, varies with the temperature
of the observed plasma. This effect may be represented, in the
film density to energy conversion, by a parameter §}L(Te), which
may be determined from laboratory measurements. It is convenient,
in the initial film density to energy conversion to set ?}L(Te) = 1
and then include the actual vslues of 3”’(Te) with the temperature -

functions F,(T_ ) and R, .(F ) as follows:
it e ijt e

’
= . .1
Fi(Ty) FoT)e e (T)) (3.19)
= ; .2
o
By = B e (7)) (3.21)
) . . '
where: Ei = deposited energy, using ?}L(Te) =1
Ei = true deposited energy

and F;(Te) and Qij(Te) are the effective values of FSI and SHI
respectively, to be used in analysing the image arrays of Eg.

In the quantitstive analysis given in Chapter 4, the images used
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were obtained through filters 1 and 3. The values of
/ . .
7,1( )), Fi(Te) and Qij(Te) for these Fl;ters, are plotted in
Figures 3,15 to 3.17.
Gerassimenko (1975) estimates that the uncertainty
in the film density to energy conversion is ﬁvZD%.For filters

1 and 3.
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Footnotes to Table 3.1

a)

b)

c)

d)

2 2
Ly, e » ¥ = 1., 5% - nPf pé'g y N = 1,2,3, respectively.
nR = 132.150 - 1snp.1p1 y N = 2,3,4,etc.
('R" implies '2R').
21 3
I = 13 . 80 - 1Snp. p1o
a2 1 3
F o= 1s". SO - 1snp. 81.

H-like ions : Garcia and Mack (1965)

He-like ions: Ermoleev and Jones (1974)

SL1101

SL1206

Unresolvable blend in present data.



Table 3.2 S-054 Filters

. . _.8) ' .

Filter no. Material Spectral passband(s) (R)b)
K 13p Be 3.5-17 °
2 ép Teflon 3,5~14, 19-23
3 none ' 3.5-36, 44-60
4 5.3; Parylene 3.5-19, 44-47
5 SJ“ Be 3.5-11
6 25 Be 3.5-14

a) plus DW Polypropylene + 3000 R a1,

b)

1% transmission and 3.5 R mirror cutoff.



FIGURES

Chapter 3
3.1 The elements of an X-ray astronomy experiment (Gursky, 1970).
3.2 Parameters of @ crystal Bragg reflection curve., The symbols

are defined in the text.

3.3 Integreted reflectivity RC for the Bragg crystals ADP,
gypsum snd KAP (Leigh and Evans, 1975).

3.4 Proportional counter photon detection efficiency, PDE.
Gas filling: 2 cm atmosphere 90 : 10 Argon : NMethane.

Window: A, ij polypropylene + 1000 R aluminium,
B8, be polypropylene + 2000 R aluminium,
c, ?/* polypropylene + 1000 R aluminium.

3.5 Schematic diagram of the Bragg crystal spectrometer.
3.6 The Leicester Mk. 3 solar Bragg spectrometer.
3.7 The X-ray spectrum of McMath region 12628 between 9.1 and

9.4 R, obtained with the SL1206 ADP crystal spectrom?ter
operating at a crystal rotation rate of 0.001 rad s . The
spectral lines shown are the resonance (R), intercombination
(I) and forbidden (F) lines of Mg XI and dielectronic satellite
lines to R (51, 52, S3).

3.8 The variation of 2de with wavelength for each scan of the
SL1206 KAP crystal spectrometer., See text for the definition
of 2d . The values of 2d are derived from the reference
1ines®' Shown in the f‘igure;e the theoretical wavelengths
are given.

3.9 (Energy) sensitivity (see text for definition) of the SL1101
spectrometers. :

3.10 (Enerqy) sensitivity of the SL1206 spectrometers.

3.1 Principle of a Wolter type I grazing incidence telescope

(Underwood, 1974).

3.12 Schematic diagram of the ASE S-054 Skylab grazing incidence
X-ray telescope (Vaiana et al., 1974).

3.13 - Photogreph of the $-054 instrument (Vesiana et al., 1974).

3.14 Point response function of the $-054 X-ray optics (Vaiana et

3.15 S-054 relative transmission as a function of wavelength
(courtesy of ASE).

a Filter 1,

b Filter 3,



S 054 filtered spectrum integral (FSI) for filters 1 and 3.
is the volume .effective FSI, F/ is the line-of-sight
ey%ectlve FSI (defined in the textﬁ A is the telescope
effective collecting area, and A A is the ares of a picture
element in the telescope. focal plane (courtesy of ASE).

S-054 effective spectral hardness index (defined in the text)
for filters 1 and 3 (courtesy of ASE).
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Chapter 4 ”

CORONAL ACTIVE REGION MODELS FROM X-RAY OBSERVATIONS

4,1 Introduction

The previous chapters have emphésised the importance of
X-ray observations in the diagnosis of the high temperature
coronal plasma. Some of the diagnostic techniques for the inter-
pretation of X-ray spectral line intensities will now be discussed
and applied,with particular reference to the SL1101 and SL1206
deta from regions 11619, 12628 and 12624. The subject areas to
be covered are:

(1) Interpretation of ebsolute spectral line intensities in
terms of a coronal model of volume emission measure

2 .
(J\ nedU) against electron temperature.
v
(2) Comparison of coronal models from Leicester observations

over the period 1966 to 1973.

(3) Correlation of the SL1206 spectra and S-054 images for
regions 12628 and 12624.

(4) Determinstion of chemical element abundances in the corona,

from relative and absolute line intensities.
Other disgnostic methods, such as determination of
electron temperature and ionization balance from intensities of
satellite lines to the He-like resonance lines, are discussed

in thd appropriate chapters,

4,2 Coronal Emission Measure/Temperature NModels

In general, the observed plasma must be assumed to be
multi-thermal, 8nd the method of determining the temperature
structure consists of obtasining the "best-fit" (by some criteria,

such as x2) of the calculated to the measured line intensities,
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using the emission measure S(Te) 8s 8 function of electronrtemperature
as the free variable, The description of S(Te) may take the form

of either:

(1) an analytic empirical expression containing several free

parameters (Chambe, 1971; Walker, 1972; Phillips, 1975), or

(2) @ set of mean values, each corresponding to a finite
temperature interval (Evans and Pounds, 1968; Batstoné et al.,

1970; Beigman and Vainshtein, 1971; Parkinson, 1975c).
The first method offers the advantage of a continuous distribution
of emission measure with temperature, but has the disadvantage
that it may introduce erroneous features or constraints. The
second method has the drawback that the emission measure is
averaged over finite temperature intervals, but it does not impose
any other constraints on the distribution; it may also be noted
that the finite "resolution" of this model (i.e. the width of the
temperature steps) simply reflects the fact that a finite number
of observations (i.e. spectral line intensities) are used in its
construction, and each of these observations masy originate from s
finite range of temperstures., It is this method that will be used
in the present work to derive active region models; more specifically
the technique employed will be that first formulated by Batstone
et al. (1970) and revised by Parkinson (1975c).

In deriving an expression relating the intensity of a
spectral line to atomic and plasma parameters, the following
assumptions will be made:

(1) The free electron energy distribution is Maxwellian.
(2) The plasma is in ionization equilibrium.,
(3) Optical depth effects are negligible.

(4) The opticelly thin corona model (see section 2.4.3.3)

is valid,
The discussions in sections 1.4, 2.3.2 and 2.4.3 show that for

the spectral lines of interest here, and typical coronsl conditions,
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the first three assumptions are likely to be valid, except possibly

during flares. The validity of the fourth assumption will be
examined later,

Considering the spectral line (energy) intensity Iij
due to electron radiative transitions from an excited ehergy level

i to @ lower level j in an ion, for constant electron temperature

Te, Equations 2.56 to 2.58 may be combined to give:

’ 2\~1 '
If;= (6wt By €y J‘ NgMeCqy AV (4.1)
’ >
where: Bij’ the radiative branching rat10==A / 1<i 11 .

It is assumed that nearly 811 the ions are in the ground state g
(McWhirter, 1965; Gabriel and Jordan, 1972), and therefore the

total ion number density

&~ n

nz’z'\f g . . (402)

n, , may be expressed as:

Z,
N7,z = z/nz) (nz/nH) (nH/ne) N, (4.3)

oT:

- AZ,Z AZ(nH/ne) Ne
where: n, = the total element number density
(”z,z/“z) =Rz
= the ion abundance relative to the element
(n,/n,) = A,

= the element abundance relative to hydrogen (assumed

tobe constant -in the corona).

For T > 2 x 10% K both hydrogen and helium are fully ionized and

hence:
ny = ng/ L1+ 2(n, /n) 1 - (4.4)
Equations 4.1 to 4.4 may be combined to give:
/ 2,-1
17, = () e e [1v 200y /m )] J‘AZ _nc G1dV - (4.5)
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Substituting the following numerical velues in Equation 4.5:"

L = 1 Astronomical Unit = 1,496 x 1013 cm
(nHe/nH) a 0.1
and using the Gaunt factor/oscillator strength approximation for

Cgi (Equation 2.65):

/ - - - -
I..=7.75 x 10 43 B, .e, .A Fg\f G(T )n2dV erg cm 2 sec !
ij ij7ij ¢ v e’ e
(4.6)
where: 2y = Eij/Egi = )\ig /)\ij
G(Te) = the emission function of the spectral line at
electron temperature Te
-1 3
- 2 _
= A, , T, exp | £ s /(kTe)] K
1 1
_ -7 _ 8 -7
= Ay, T2 exp [-1.439 x 10 /()\igTe)] K2,
. . -2 -1 . .
The total intensity Iij (erg cm sec ) of the line, is then
/
obtained by integrating Iij over Te, i.e.
I, = J\ I, o7
J T J
e
= 7.75 x 10°%%8, . AF .5 . J\\rG(T )nZdV erg cm 2sec”! .
ij7ij Z gi“gi e’ e
T vV
e
(4.7

Assuming that n, may be expressed as a function of Te, EQuation 4,7

may be rewritten: .

-43 - J\
IiJ. = 7,75 x 10 BijaijAZf‘giggi G(Te) S(Te)dTe (4.8)

T
e

where: S(Te) the volume emission measure of the plasma at

. electron temperature Te
d fz -3 =1
= a7 n, dv cm K .
e v .

Unless otherwise stated the term "emission measure" will be
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taken to mean "volume emission measure" (es opposed to "line-of-
sight emission measure").
Cgi may also be given in terms of the tempersture

averaged collision strength (Eguation 2.68), in which case:

_ -41 -1 = -1 f
I, = 4.87 x 10 Bij)\ij A, Q1w G(T_)S(T_)dT_ (4.9)
T
e
and:
£ . - 0.0159 )\ a..w f .g . (4.10)
gi ij°ij g gi“gi

It may be noted that the effective collision strength defined by

Tucker and Koren (1971) is:

. . -0 8. /Ju (4.11)

ef f gl ij g

For the spectral lines to be considered here, the lower
level j of the transition is the ground level g (thus aij = 1)

and the upper level i decays solely by spontaneous radistion to

g(i.e. Bij = 1), and hence Equations 4.8 to 4.11 reduce to:
-47% -
I = .7,.75 x 10 A, fg \T[‘ G(TE)S(Te)dTe (4.12)
e
-4 -1, = '
I = 4,87 x 11U )\ AZILEFFJ\G(TE)S(TE)dTe (4.13)
T
e
o - 0.0159 A 5 | (4.14)

and the subscripts i, j, etc. may now be omitted. This simplification
of the corona model is known as the two level ion model.

In selecting suitable lines for determination of the
emission measure/temperature model the following guidelines are

used:
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(1) Reliable theoretical models are required for spectral
intensities, i.e. in the present case the two level ion

model is used,
(2) Reliable atomic dates are required,

(3) The observed lines should be as strong as possible to
minimise statistical uncertsinties in the measured

intensities,

(4) The lines should cover, between them, the whole temperature

range -likely to occur in the observed plasma.

(5) Relisble element sbundances are required, and the selected
lines should belong to the minimum number of different
elements to minimise the effects of uncertainties in the

abundances.
The terms 'reliable' and 'strong' used above, must be taken as
being relative to the other lines observed in the spectrum., It

is found thatthe lines which best fulfil the above criterias are

the n = 2 -1 resonance lines of H- and He-like ions, i.e.:
2 2, : co
1s.7S, - 2p. P, (Lyman & ) in H-like ions,
2 3,3/2
and 132.150 - 152p.1P1 in He-like ions.

The lines to be used in the present analysis are those from the
H-like ions 0 VIII, Ne X and Mg XII, and the He-like ions 0 VII,
Ne IX and Mg XI.
The gf formulation will be used for the calculated
intensity (Equation 4.12). The dats reguired by Equation 4.12 and
the vslidity of the two level ion model, for the selected transitions,
will now be discussed.

4,2,1 Oscillator Strengths and Gaunt Factors

The oscillator strengths are taken from the compilations
of Wiese et al., (1966, 1969), who estimate the uncertainties as

4;10%. The oscillator strengths are listed in Table 4.1,
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For the temperature averaged Gaunt factor, Van Rege%orter's
(1962) velue of 5 = 0.2 is used, though this figure was carefully
examined, as described below, in the light of improved atomic
data, before being accepted. The check on the value of 5 follows
the discussion of Parkinson (1975c), with slight differences in
some numerical values.

Beigman et al. (1970) have calculated electron collisional
excitation cross-sections for H-like ions, using the Coulomb~Born
(CB) spproximation; their estimated uncertainty is less than 30%.
‘Tucker and Koren (1971) have derived temperature averaged collision
strengths from these results and give the following approximate

formula for the Lye transition in H-like ions:
oo 2
cg - 1.5/2 (4.15)

which, they estimate, agrees with the values of Beigman et al. to
within 30%. Walker (1972) has listed temperature averaged collision
strengths for the hydrogenic Lye& transition, derived from the
Coulomb~Born-Oppenheimer (CBO) calcﬁlations of Burgess et al. (1970).
For the ions and temperatures considered in the present mbrk,
Welker's results can be approximated by:

a 2
CBO = 1.9/1 (4.16)

to within 2 10%. Collision strengths J).gi for higher levels of

H-1like ions and resonance transitions in He-like ions are obtained

by scaling the Ly collision strength-(l according to the

Ly

expression (Tucker and Koren, 1971):

T, =y (Pos /PLye (E g /Bgy) (4.17)

t
Equations 4.14 and 4.17 may now be combined with Equation

4,15 or Equation 4.16 to derive 8 Gaunt factor., For the n = 2->1
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resonance lines of H- and He-like ions, both the CB and CBO
calculations give a Gaunt factor
g = 0.2
to within £ 20%, thus supporting Van Regemorter's (1962) estimate.
These results‘ere in c;ose agreement with recent
celculations performed, in the CB approximation, directly for
He-like ions (Tully; 1974).

4,2.2 Ion Abundances

The ion abundances as a function of electron temperature
have been derived by linear interpolation between the tabulated
values calculated by Jordan (1969) for the solar atmosphere, (see
Section 2.4.3.1). Jordan does not quote any estimated uncertainty
for her results, but comparison with other ionization balance
calculations (Allen and Dupree, 1969; Landini and Fossi, 1972;
éummers, 1974) and reference to the discussion of ionization rates
by Bely and Van Regemorter (1970), suggest that her values should
be good to at least z 50%; the relafive values of ion abundance
should be more accurate. The derived emission functions G(Te)
are shown in Figure 4.1.

4,2.3 Element Abundances

The element abundances are properties of the coronal
plasma itself, and therefore must be deduced either from the
data being analysed or from other observations. Examination of
the literature (e.g. Flower and Nussbaumer, 1975; Acton et al.,
1975; Withbroe, 1971; Pagel, 1973) suggests that suitable values

of the 0, Ne and Mg abundances are (relative to H):

: A, (units of 107°)
0 50
Ne 7
Mg 7



and it is these figures that will be assumed in the present
analysis. The subject of element abundances, including the
justification of the above values, will be discussed in mors
detail in Section 4.6.

4.2.4 Validity of the Two Level Ion Model

The two level ion model assumes that the upper level i of
the transition (in the ion of net charge z) is populated wholly
by collisional excitation from the ground state g and depopulated
only by spontaneous radiative decay. Thus, in order to determine
the applicability of this model, to the spectral lines being
considered, it is necessary to examine the effect of other atomic
processes that may be important in the coronal plasma (see e.g.
Walker, 1972). Those considered here are radistive end dielectronic
recombination, cascade, and spontaneous radiative decay from level
i to levels other than g. Resonance line absorption (i.e.
photoexcitation from g to i) has already been considered in Section
2.4,3.6, and its effects shown, in general, 'to be negligible for
the transitions in question.

The relative importance of radiative recombination as
a population mechanism for level i, may be examined by calculating
the ratio ch of the rates of radiative recombination to direct

collisional excitation to level i, i.e.:

ch = nenz+1°(z*1,i

/(n n_C ) (4.18)

e z z,0i

where the collisional excitation rate coefficient CZ gi is given
7

by Equations 2.65 or 2.68, the radiative recombination rate

coefficient is taken from Bates and Dalgarno (1962)

z+1,1
+1 /n,)

and Burgess (1964a), snd the relstive ion abundance (nZ ,

from Jordan (1969). For the ions, transitions and temperatures

of interest here, it is found that ch is less than 0.02.
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For 8 transition ij in the ion z, the process of
dielectronic recombination (to be discussed in graaterAdetail )
in Chapter 5) from ion z to z-1 may give rise to "satellite"
lines near to the "parent" line ij; these satellite lines are due,
in effect, to transitions ij in the presence of énothe; outer
excited electron. As the principal quantum number n, of this
electron increases, the wavelength difference between the satellite
and the parent line decreases, Hence, in general, some or all of
the satellite lines will not be resolved from the psrent line.

The ratio R of the dielectronic recombination to the collisional

dc

excitation contribution to a line is thus:

RdC = Z (X ) /C

20i'm (4.19)

z,0i
m

where (c(z,i)m is the dielectronic recombination rate coefficient
for the satellite line m and the summation is over all satellites
not resolveble from the parent line. The calculsations of Tucker
and Koren (1971), Gabriel (1972a) and Bhalla et al. (1975) show
that, for the present work R, < 0.1. In addition, for the
SL1101 and SL1206 spectra, the satellite lines 152nl - 1s2pnl can

generally be resolved from the He-like resonance line 182.15 -

o
152p.1p1, for n < 4 (see Chapter 5). Hence, in these cases Ryc
should be consideraebly less than 0.1.

Thé satellite lines to the lines of an ibn z, may also
be formed by inner-shell excitation in the ion z-1. At present,
the only calculations available for the rate cpefficients of
these inner-shell excitstions, are those of Gabriel (19758) and
Bhalla et al. (1975) for the satellites of the type 15221 - 1821(21

to the He-like ion lines 182 - 15211. The results of Bhalla et al.

(1975) show that for these satellite lines and the ions of interest

- 83 -



here, the total intensity due to inner-shell excitation is about
an order of magnitude less than the intensity due to dielectronic
recombination, .
"Cascade" is the excitation from the ground state to a
level i via an intermediate level'above i. Bely (1968) and Meue
(1972b) have estimated that for the resonance lines of H- and
He-like ions, the ratio of cascade excitation to direct excitation
from the ground state is sbout 6%.
Thus, we have examined the processes that under coronsal
conditions might be expected to increesse the intensities of the
H- and He-like resonance lines, sbove those predicted by the
two level ion model; it is seen that the total increase should
not exceed 20% and is probably sbout 10%. The radiative branching
ratio for these transitions is effectively unity (see e.g. Wiese
et al., 1966, 1969); thus at coronal densities, the upper levels of
these transitions are depopulated solely by spontaneous radiative
decay to the ground state (Gabriel and Jordan, 1969b, 1972;
Hutcheon and fcWhirter, 1973).

4.,2.5 Calculation of Emission Measure/Temperature [Models

The method of Batstone et al. (1970) replsces the integral
over electron temperature in Equation 4.12 by a summation over
finite temperature intervals A‘Te', Hepce, for a spectral line

i, Equation 4.12 becones:

m
-43 -
I, = 7.75 x 10 Az’if‘ig J—Z1 Gi(Te,j)S(Te’j) (4.20)
-1 8 _]
. — 2 -
wnere: G (T, ) = A, T 7 exp [ 1.439 x 10 /(XiTe’j)

s(1, ) = At ™ S n 2 av
v

-V



Thus, the measured intensities of @ set of n lines may be used to
derive the emission measure S(Te js in each of & set of m
?

temperature intervals (Te,j z %qATe), where m < n. Equétion
4.20 represents a set of n simultaneous eguations in m unknowns.
A least squarés method is used to solve this system of equations.
The criterion used to measure the "goodness of fit™" betmeen the

measured intensities Im (derived from Equation 3.10) and the

calculated intensities IC (derived from Equation 4.20), is:

2 2
D = E wi(Im,i - Ic,i) (4.21)
i=1
. . - . -2
where: w, o= weighting factor, in this case = ( SIi)
S§1 ° total uncertainty in intensity

and the goodness of fit parameter 02 decreases as the fit improves.

The physically reasonable constraint that S(T_ .) should be zero

’

or positive for all values of electron temperature is imposed
to avoid physically absurd solutions. It is not suggested that the

final values of S(Te j) which are accepted as a "good" model,
?

correspond to an absolute minimum in D2 but the individual values

of I . -1 . are, in general, within the error limits
m, i c,i

81i .

4.3 The Emission Measure / Temperature NModels for Regions 11619,

12628 and 12624

Here, the following values are used:

T = 2.0 x 106 K £
e,

AT 1.0 x 10° K

m = 4 for regions 11619 and 12628

m = 5 for region 12624
n = 6 for regions 12828 and 12624
n =5 for region 11619 (Mg XII Ly is not observed).
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The minimum temperature interval (Te 1 i%Z\Te) is chosen so

. ?
that its lower bound corresponds to the minimum coronal tempersture
of about 1.5 x 105 « (e.g. Jordan, 1966a; Flower and Nussbaumer,

+1 .
m "2 ATB) is

1975). The maximum temperature interval (Te
. _ ’

established from (1) the minimum value required to explain the
observed line intensities, and (2) the maximum value allowed by
the absence of emission from the 1s - 2p resonance lines of Si XIV
and S XV, and additionally, for region 11619, from Mg XII and
Si XIII.

The emission measure/temperature models derived from the
SL1101 observations of region 11619 and the SL1206 observations

and 12628

of regions1262ﬁé are given in Teble 4,2, The measured and calculated
intensities of the lines used to construct the models, are listed
in Table 4.1.

In all.three models the bulk of the emission measure
occurs at Te «-(2 to j)x 106 K, with some material extending up
to Te ~ 5 x 106 K. The main difference between these active
region models is the presente in region 12624, of material at
Te X 6 x 106 K. This might be expected in view of the decaying
flare, The flare activity is manifested in the enhanced intensities

of the higher temperature lines, notably Mg XII, Si XIII, Fe XVIII

and Fe XIX,

4.4 Comparison of Active Region Models through Solar Cycle 20

With the analysis of the SL1101 and SL1206 spectra,
emission measure/temperature models of coronal active regions,
from Leicester observations, are now available covering most of
solar sctivity Cycle 20, from August 1966 to November 1973 (see

Table 1.4). Therefore, it may be considered an opportune time
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to compare these results and attempt to identify any sYstematic
trends.

All the models presented are of non-flaring active
regions, with the exception of region 12624 (see Section 3;3.2);

To circumvent possible differences in the instrumental
efficiencies, atomic data and'element abundances used in the
analysis of data from different Fiights, the present comparison
will be concerned only with the gross features of the models, and
not with small differences. These remarks apply particularly
to the earlier observations (Evans and Pounds, 1968; Batstone et
al., 1970; Evans, 1970; Parkinson, 1971a), where the values of
crystal integrated reflectivity used, differ by up to a factor

~ 2 from more recent measurements (Leigh and Evans, 1975).

However, in the case of the more recent observations, from
SL1101 and SL1206, the spectfa of regions 11619, 12628 and 12624
have 211 been analysed in a self-consistent manner (see Sections
4.2 and 4.3 above), and the spectrum of region géééthas been
analysed in a very similar way (Parkinson, 1975c).

All the active region models are shown in Figure 4.2,
Table 4.3 gives the date and time of each set of observations.
The models derived from the SL304 data (Evens and Pounds, 1968)
are omitted as the spectral ranges observed did not include lines
vhich would provide a decisive.test for the presence of plasma

6
ot T_ & 5 x 107 K,

All the active region spectra obtained by the
collimated crystsl spectrometers (569, SL1101, SL1206) are
used in Section 4.6 to determine element abundances in the

corona. Therefore, the model for region 11060, derived by

Parkinson (1971s), is revised here, in the light of the more
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sccurate measurements of crystal integrated reflectivity (Leigh
and Evens, 1975), and using the atomic datas and element abundances
discussed in the preceding Sections. The silicon abundance is
required in the anal?sis; thisvis>taken as Az(Si) = 7 x 10—5,
and justified in Section 4.6. Both the original and revised
models are given in Table 4.5. Table 4.4 lists the spectral
lines used in determining the model, together with their recorded
counts, and the revised measured and calculated intensities.
Uhen comparing the active region models it should be
noted that the spectrometer field-of-view response function (i.e.
the collimation) is not the same for all observations (see Table
1.4), and that for SL1101 (regions 11621 and 11619) the centres
of the active regions were probably not viewed at mexirum collimator
transmission efficiency. Also, the X-ray emission is known to be
correlated with the stage of development and megnetic configuration
of an active region (Parkinson and Pounds, 1971; Parkinson, 1973b),
however this may be taken into account, to some extent at least,
by comparison df different active regions observed on the same.
flight.
Figure 4.3 relates the date of each set of observations
to the phase of the solar activity cycle, as indicated in this
case by'the Zurich Sunspot Numbers (Solar Geophysical Data, 1975).
On the basis of the information summarized in Figures 4,2
and 4.3, and subject to the cautionary remarks given above, the

following tentative conclusions are drawn, concerning coronal active

regions:

(1) The emission measure at a given temperature in a coronal
active region appears to increase with the general level

of solar activity.

(2) The bulk of the emission for each active region occurs

at T~ (2 to 3) x 100 .
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(3) In 2ll cases, there is significant material up to at

least Te ~ 5 x 106 Ke

In view of the small number of samples available a
more detailed comparison is not felt to be justified. It is
hoped that, in the next solar cycle (number 21), X-ray spectra will
be obtained frequ=zntly, and have at least the quality associated |
with the SL1101 and SL1706 observations, to provide data for
much more detesiled study. In order to gain the maximum amount
of information, simultaneous high resolution images will also be

required (c.f. Section 4.5 below).

4.5 Correlstion of the SL1206 Spectra and S-054 Images for
Regions 12628 and 12624

4.,5.1 Introduction

In order to achieve the maximum sensitivity, observations
of the coronal soft X-ray emission have tended tohave either high
spatial resolution with low spectral resolution or high spectral
resolution with & moderate spatial resolution. The instruments
normally used have been grazing-incidence telescopes with broadband
filters, to obtain the high spatial resolution images with spectral
information, and mechanically collimated Bragg crystal spectrometers
to give the high resolution spectra.

The separate imaging and spectral data have shown that
in order to obtain the maximum information on coronal conditions,
simultaneous observations having both high spatial and high
spectral resoclution are required. Davis, Gerassimenko, Krieger
and Veiana (1975, hereafter referred to as DGKV) have reported

the first set of such measurements using the S-~054 X-ray telescope

and a rocket-borne crystal spectromeﬁer having a field of view of
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45 x 45 (arc sec)2 FUHM, The spectrometer viewed a small portion
of an active region; this was shown, both by the spectra and the

images, to be nearly isothermsl (to within sbout * 0.5 x 10°

K).
DGKV showed that in order to diagnose correctly the coronal plasma
parameters and to avoid ambiguities in the intérpretatioq of the
data, it wes necessary to obtain simultaneous high spectral and high
spatial resolution measurements.

Here, new sets of simultaneous soft X-ray spectrometric
and imaging observations of the corons, are presented; these

measurements are the SL1206 spectra and S5-054 images, of regions

12628 and 12624,

4.5.2 The SL1206 Spectras

| There were two principal reasons for the choice of
spectrometer collimation at 3 x 3 (arc min)2 FUHM (i.e. 6 x 6
(arc min)2 full field-of-view); these were (1) to achieve the
required sensitivity, and (2) the field-of-vieuw is suFFicignt to
enclose a typicslly sized active region, thus allowing disgnosis of
the temperature structure of the whole coronsl active region.

The determination of the emission measure/temperature

models for regions 12628 and 12624 has already been discussed in
Sections 4.2 and 4,3.

4,5,3 The ‘5~054 Images

The method of analysing the images in ﬁerms of effective

temperature T and line-of-sight emission measure Y as s

eff
function of position on the solar disk, has been described in
Section 3.4.3.

Figure 4.4 shows X-ray imeges of the Sun tasken by the
5-054 telescope ;t the time of the SL1206 rocket flight and

upon which have been superimposed the spectrometer field-of-view,

"The X-ray images may be compasred with Figure 4.5, an Ho{ photograph

- 90 -



taken by Carnarvon Observatory, W. Australia, sbout five hours
earlier, In Figure 4.4 it can be seen that region 12628 consists
of a set of low loops connecting the lsading and following portions
of the region, together with some higher loops connecting with
surrounding areas. It appears from Figure 4.5 that the underlying
chromospheric network is aligned along the connections. Figure 4.6
is a solar white-light photograph taken at Carnarvon within 15
minutes of the He¢ exposurej; the leading and Folloming sunspot
umbrae and penumbrae are clearly seen for region 12628, while
region 12624 shows no visible sunspots. With regard to region
12628, from comparison of the X-ray,H and white-light photographs,
and photospheric magnetogrems (Figure 4.7), it appears that the
opposite footpoints of the (X-ray emitting) coronal loops joining the
leading and following portions of the active region are (as near
as can be judged) coincident with the photospheric sunspots.

The quantitative anslysis presented here utilizes 5-054
X-ray images teken through two different filters with effective
bandpasses of 2 to 17 R (filter 1), and 2 to 32 and 44 to 54 R
(filter 3) (see Figure 3.15) to obtain values of the deposited
energy and hence the SHI., The two energy contour maps of Figure 4.8(a)
and (b) show active region 12628 observed through filters 1 _&and 3,
after deconvolution and with the spectrometer's field-of=-view
superimposed. Figures 4.9(a) and (b) are the effective spectrometer
images which result from multiplying the deconvoluted image at
each point by the SL1206 collimator directional response function,
shown in Figure 4.10. Figures 4.11 and 4.12 are the corresponding

.

energy maps for region 12624.
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Figures 4.13 8nd 4.14 are contour maps of TeFF for

regions 12628 and 12624, respsctively, It is found thet over
the whole of each active region (i.e. wherever there is significant

X-ray emission) there are only relatively small variations OF'TeFf

with position, The range of Te for each active region is:

FF

Active Region No Range of T .. (106 K)
12628 2.7 £ 0.5
12624 5.5 2 1,5

Using the deconvoluted energy image from one filter

and the values of T

ofF? it is possible to calculate the effective

line-of~sight emission measure Y for éach picture element, as
shown in Figures 4.15 and 4.16 for region 12628, Then, if either
(1) the line-of-sight path length 1, or (2) a functional relationship
between ng and 1, is known, the electron density n, may be calculated
as a function of position in the sctive region. The latter method
was employed by DGKV; here, the first techniqge is used to derive
electron densities for region 12628.

From the X-ray imaéing data, region 12628 can be
resolved into 2 number of X-ray emitting loops. These loops
are assumed to have a circular cross-section, and hence an r.m.s.
value of electron density

n = [1—1 J\ ne2 dl] = (Y/1)

rms
1

(N

(4.22)

can be computed for each cross-section. Since Noos is found to
be approximately constant for any given loop, the average valqe
N ons for each loop, is computed,

Figure‘4.17 shows the model of region 12628 derived

Ffom the imaging date. The shaded areas represent the approximate

extent of the X-ray emitting loops, and the line along the middle

~ 92 -



of each loop indicates the approximate position of the maximum
intensity. The average electron density Erms is given for each
loop and the loops are numbered for convenience., The field of
vie@ of the 5L1206 spectfometer is also marked.

The S5-054 date show that the flare which started in
region 12628 shortly after the SL1206 observations, occurred
in the small }oop, #=7, the loop of highest density (Erms =8 x 10
cm_s).

The three-dimensional structure of region 12628 (Figure
4,18-ii)has been estimated from S-054 X-ray images obtained between
19 and 27 November, as the region sppeared over the Sun's east
limb and travelled across the disk (Figure 4.18.i). Neither these
observations nor those reported at other wavelengths {(Solar
Geophysical Data, 1974), indicate any substantial restructuring
of the active region from its emergence over the east limb until
the 26 November. A qualitative analysis of the limb data indicates

that the line-of-sight temperature T appears to increase towards

eff

the central and lower-lying part of the active region.

4,5.4 Agreement between the Spectral and Imaging Results

In order to relate the results by the two measurement

techniques, two effective SHI's are defined:

SHI; = [Z ES(X,Y)C(X,Y)] / [Z 51(x,y)c(x,y£{ (4.23)
XY X,Y

1

SHI. [; S(Te)FS(Te)] / [; s(Te)F,l(Te)] (4.?4)

where En(x,y) is the deconvolved energy per picture element
obtained through filter n, C(x,y) is the spectrometer collimator
response function, S(Te) is the volume emission measure derived

from the spectral intensities and Fn(Te) is the FSI for filter n.
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In order to provide a proper comperison of the two analyses,

the same element abundances must be used in both cases, For the
present purposes it is adequate, and more convenient, to take the
values used in the imaging analysis, namely: AZ(D) = 3.1 x 10-4,

5, AZ(MQ) = 3.1 x 10-5. The resulting emission

A,(Ne) = 4.0 x 10°
measure/temperature models, from the SL1206 spectra, are given in
Table 4.6 (Gerassimenko, 1975). A study of coronal element
abundances from Leicester Bragg spectrometer data (Section 4.6)
leads to the conclusion that these values should be changed somewhét,
but the changes are not large enough to have much effect on the
present work.

Under perfect conditions SHII and SHIS wouid be equal,
Thus, their actusal values will sho@ the measure of agreement

between the imaging and spectrsl data., The values obtained and

the corresponding effective temperstures are:

Active Region No SHII SHIS TeFF,I TeFF 5
»(106 K)
12628 12 13 2.85 ; 2,73
12624 6 10 5.6 3.1

After consideration of the uncertainties involved and the temperature
dependence of the SHI (Figure 3.17), there is seen to be excellent
agreement for region 12628 and acceptable agreementAFor region
12624.

In order to test fully the consistency between the
two types of data, it is necessary to compare, in addition to
relative quantities as above, absolute values such as intensity
and emission measure. To this end, the following quantities,

(teffective recorded energies') are defined:
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Ery = E (x,y) C(x,y) (4.25)
XyY

e, = A/Gare? AR 2 s(T) F (1))  (4.26)

T
e

where A and f are, respectively, the geometrical collecting ares
/

and focal length of the telescope, and An is the projected

area (in cmz), at the Sun, corresponding to one picture element

(i.e. AR = 2.11 x 106 cn?)

cm )., As in the case of the effective
SHI's, under ideal conditions the 'effective recorded energieé'
EIn and ESn would be equal, and their actual vslues will show the
measure of sgreement between the two date sets. The compérison
may‘also be made in terms of 'effective volume emission measures'

derived directly from EIn and ESn’ i.e.:

wn
n

- (4mwe?An’/a) e, /F (1)) (4.27)

SSn

(GmelAan’ /n) £.. / F (Tg) (4.25)

whera TI and TS are the electron temperatures calculated from
SHII and SHIS, respectively, The values obtained for the effective

energies and emission messures are, for filter 1:

X . |

Active Region No. EI1 E51 811 851
(10-4erg pm-zsec-1) (1048 cm—s)

12628 2.1 0.43 2.4 0.5

12624 8.6 0.47 1.9 0.4

Thus there is seen to be rather poor agreement when the
images and spectra are compared from the point of view of absolute
intensities. The thermal analysis of the S-054 images finds more
flux (by nearly a‘factor 5) than can be accounted for by thermsal

analysis of the SL1206 spectra. This is a somewhat larger difference
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than is permitted by the most pessimistic view of the combined
calibration uncertainty, which might allow @ factor 2 discrepancy
between EIn and ESn' The discrepancy is in the same direction, and
of about the same magnitude, as that found in a similar anelysis

by DGKV. However in that case the spectrometer field-of-view was
much smaller (45 x 45 (arc sec)2 FWUHM) and 2 small uncertainty in
the pointing might have been sufficient explanation._ In the present
cese the spectrometer pointing direction is known (from three
independent measurements - the vehicle attitude control unit, the
visible light cine camera and the X-ray pin-hole cameres array)

with an uncertainty of a small fraction of the collimator field,
and thus this explanation can be excluded. Similarly, because

the spectrometer field is large, the flux comparison is made after
integration of the S-054 dasta over a large area of the image.
Because of this, the compariscn is almost independent of any
plausible error in the deconvolution of the telescope point
response function. In this present case this explanation can also
be excluded., Indeed, the discrepancy persisﬁs even if no decon-
volution is made. Two other fundemental explanations may be
examined:

The telescope measures the total power in line and
continuum spectra. The spectrometer measures the line spectrum
only (it is relatively very insensitive to continuum radiation),
and the derived emission measure/temperature model must be used to
calculate the corresponding continua that must be added to the line
flux before comparison with the telescope flux. The Tucker and
Koren (1971) model was used for this calculation; but the resulting
continuum is only about 20% of the line flux. The tabulsations

of Mewe (1972a) give approximately the same value. However, there
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do not appear to be any messurements which explicitly check these
calculations. Thus if the Tucker-Koren and Mewe models underestimate
the continuum power this would reduce the discrepancy, A direct
check is possible with a suitably'arranged Brégg spectrometer, and
special attention wili be given £o this m;tter in future Leicester
and ASE coronal observations,
Second, because thé entire quantitative interpretation
of both sets of data is based on expressioné which describe the
behaviour of a thermalised plasma, any non-thermal processes in
the source are likely to disturb the comparison. There is no
clear evidence in the data for significant non-thermal processes
in either region 12628 or region 12624 at the time of observation.
Although this discrepancy in recorded flux and hence in
emission measure, is a matter of some concern, it is in fact of
little significance to the interpretation, that follows, of the
(thermalised) coronal conditions in region 12628, since the main
significance of the emission measure determiﬁétion is in the electron
densities ‘that may then be derived. The factor 2.2 (from the
geometrical mean of SI1 and 881) uncertainty in emission measure
corresponds to only 8 factor 1.5 uncertainty in electron density.
This is small compared with other factors, such as the uncertainty
in determining the three-dimensional structure of the active region.

4.5.5 Comparison of the Spectral and Imeging Models for Region
12628 and a Combined flodel

The emission measure/temperature model for region 12628
(Tables 4.2 or 4.6), derived from the spectral intensities, shous
that the X-ray emitting plasma is multi-thermal with most of the
emission measure at Teﬂa(Z to 3) x 106 K but with significant

emission measure up to Te‘v 5 x 106 K. This is in contrast to the
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imaging analysis which gives the effective line-of-sight temperature
Teff as approximately (2 to 3) x 106 K, over the whole active
region, and no velues of T .. E; 3.2 x 10° K (Figure 4.13).

Figure 4.15 shows that most (~90%) of the X-ray emission
observed by the SL1206'spectrometers came from the central part
of the active region (dismeter ~ 2.5 arc min; loops #¥ 2,3,4 and
5 in Figure 4.17). Therefore it is concluded that the hotter

((3 to 5) x 10°

K) plasma is in the central portion of the active
region, either as unresolved structure within the observed loops
or as separate hot loops masked by the cooler loops. In addition,

the imaging analysis shows that Te tends to increase towards

ff
the centre of the active region.

In order to illustrate the above discussion, the spectral
and imaging models have been combined, in a very idealised manner,
to form the model shown in Figure d.fg. The important parameters
of the model are given in Table 4.7.

This model is tentatively proposed as 'typical' of a
bipolar active region near solar cycle minimum and which may be
compared with the 'typical! solar meximum model of Parkinson (1973c)
(Figure . 4,20 and Table 4.8), It is found that the dimensions of
the active regions and the temperature range of the plasma are
approximately the same in both cases, but the emission measures
in the present case are much lower than in Parkinson's model.

This implies that in the solar maximum model the numbers or
diameters of the X-ray emitting loops are greater or the electron
density is higher. However, Parkinson derives values of electron
density very siqilar to those in our own model, but es he had
insufficient spatial resolution to observe individual loops, his

electron densities represent values averaged over larger volumes
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than in the present work. Conversely, it is clear from Figure
4,17 thet if region 12628 had been observed with @ lower resolution,

the derived densities would have been less,

4.5.6 Comparison of the Spectral and Imaging Models for Region
12624 '

The imaging analysis for region 12624 gives line-of-sight
temperatures fefr'down to A& 4 x 106 K (Figure 4.14)7 while the
spectral line intensities indicate that most of the emission measure
is ot T_ = (2 to 3) x 10% K. Therefore it must be assumed that,
as in region 12628, the different temperature components are mixed
in the line~-of-sight.

Due to its compactness it has not been possible to

resolve region 12624 into individual X-ray emitting loops.

4.5.7 Possible Time Variations in the XYX-ray Emission from Region

12624

Since the SL1206 and S5-054 instruments observed region
12624 during the decsy phsse of a flare, the possible time dependence
of the X~ray emission must be examined. Tabie 4,9 gives the times
of important events, for both regions 12624 and 12628, during
(and shortly before and after) the SL1206/5-054 observing programme.
From the data recorded in the 8 to 20 R wavelength
band by the Solrad 9 satellite, Gerassimenko (1975) has estimated
an e-folding-decay time of ~ 3000 sec, for the flare in region
12624, Kahler of ASE has shown thast, in genersl, the X-ray emission
recorded through S5-054 filter 1 follows very well the 8 to 20 i
Solrad dats (Gersssimenko, 1975). This implies a correction of

about 12% to the measured SHI, i.e. the measured SHI(= see

Q31’
Section 3.4.3) must be multiplied by 1.14., This correction is

included in the imaging snalysis presented here.
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If it is assumed that a similar relaxation time of
~A23000 sec applies to the intensities of the individual spectral
lines observed by SL1206 in the wavelength range 6.5% >\ $22 R,
- then the relative change in line intensity during the time taken
for a complete spectrsl scan (i.e. one fast and one slow scan)
is X '5%. Thié is consistent with two successive observations
of the Mg XII Ly line by the SL1206 ADP spectrometer, where the

measured intensity ratio is

I(t = launch + 408 s)
= 1. - . .
I(t = launch + 380 s) 4 0.4
4.5.8 Discussion and Conclusions

Models have been derived for two coronal active regions
using simultaneous high spectral'and high spatisl resoclution
observations at soft X—fay wvevelenqgths.

It hes been shown that measurements having both of these
attributes are required in order to be able to study correctly
the properties of the solar corona, and of active regions in
particular. Observstions made only with higH spectral resolution
or only with high spatial resolution, can lead to misinterpretation
of the data, when attempting to derive physical models for the
emitting'plasma.

The results obtained by the two techniques have been
combined to-give a model of a coronsl active region near to solar
minimum. The X-rsy emitting plasma is confined to closed loop-~like
structures by the bipolar magnetic field of the active region. The
electron temperature and density are specified as functions of
position% they increase towards the centre of the active region
(i.e. the smaller, lower lying loops are, in general, hotter and

more dense).
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The model has been compared with that of Parkinson
(1973c) for an active region close to solar maximum, and it is
found that the latter model has @ much greater emission measure,
though the overall spatial extents and temperature are similar -
in both cases,

The properfies of the present active region model are in
general agreement with models defived by other workers, boih from
observations at various wavelengths (reviewed by Jordan, 1975s)
and calculations (Jordan, 1975b; Landini and Fossi, 1975).

Region 12628 was also the subject of observation by the
Harvard S-055 EUV spectroheliometer on ATM, in emission lines which
are characteristic of electron. temperatures from sbout 104 K to
about 2 x 106 Ky, i.e. generélly cooler than the temperatures to
which the SL1206 and S-054 instruments are most sensitive. Foukal
(1975) has given a partiel description of these measurements, and,
while it has not been possible, using that paper, to perform a
detailed correlation of the EUV and X-ray dsta, it is hoped that
there will be opportunity for joint study of region 12628 by

Leicester, ASE and Harvard.

4.6 Determination of Chemical Element Abundances in the Solsar

Corona

In the present section, all the Leicester collimated
crystal spectrometer observetions of solar active regions are
used to derive the relative sbundances of the elements 0, Ne, Na,
Mg, Al, Si, Fe and Ni in the corona. The analysis therefore
involves the intgnsities of selected lines of these elements,
measured in the spectrs of regions 11060, 11613, 11621, 12624

and 12628, by flights S 69, SL1107 and SL1206. The measurements
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u§ed are restricted to those taken by collimated spectrometeré,
because of the difficulty with uncollimated observations, in
general, of deriving accurate spectral line intensities from the
date, which is @ convolution of the spectral and spatial intensity
distributions for the whole solar disk.,

It is assumed that, fo within say *~ : 10%, the element
abundances under consideration are constant in space and time,
in the corona, and hence the values derived, for each element,
from the various sets of data mentioned above, may be combined to
give a 'best estimate' abundance.

It is not possible, from coronal X-~ray line'intensity
Ameasurements alone, to derive the sbundance AZ of an element
relative to hydrogen; therefore, the abundances obtained here are
strictly values relative to one another, i.e.:

O:Ne:Na:Mg:Al:Si:Fe:Ni,
Since these abundances will, on occasion (e.g. in the construction
of emission measure/temperatufe models ), be required relative to
hydrogen, the normalisation

A,(0) = 5.0x 1074
is employed; exsmination of the literature (e.g. Pottasch, 1967;
Withbroe, 1971; Pagel, 1973) suggests that this is a reasonsble
value to take., In principle, the measured X-ray cqntinuum intensity
may be used £o derive elemént abundances relative to hydrogen, but
to date, no very satisfactory results have been obtained (Walker,

1972; Walker et al,, 1974a,b),

4.,6.1 The Abundances of 0, Ne, and Mg

The abundance ratios 0O:Ne and Ne:llg are derived by a

method which is not strongly dependent on the emission measure/

temperature model for the observed plasma.
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From Equation 4.20, the energy intensity ratio of two
spectral lines i and k for which the two-level ion model is valid,

is:

I /1,8, /8 ) (A /R ) [g 5(T, )6, (T, )]/ [é_; 5(Tg )6, (T, )]
(4.29)
If, over the temperature range where lines i and k have significant
emission, the ratio of the emission functions
G, (1.)/6, (T,)

is approximately constant, then Equation 4.29 may be rewritten:

/L = (F/0) g/ ) Lo /e )] (4.30)
eff
or:
Ayi/Pa = (17T 0(F /F.) [Fk(Te)/ci(TeiI . (4.31)
eff
It is found that suitable pairs of lines are the Lyo(
line of a H-like ion of nuclear charge Z and the 152.150 - 132p.1p1

resonance line of the He-like ion of nuclear charge Z + 2, e.g.
0 VIiiand Ne IX, Ne X and Mg XI, and Mg XII and Si XIII. The
ratios of the emission functions for each of these pairs of lines,
are plotted in Figure 4.21., It is seen that there exists a plateau -
a temperature range over which the varistions in emiséion function
ratio are relatively small,

Uhen estimating the temperature range for significant
emission, it is the product

S(Te)G(Te)

that is the important quentity, i.e., the upper and lower temperature
limits (TBu and Tel respectively) for significant emission from a

line, are determined from the criterion:
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D

T .
e“f S(T_)"G(T ) dT_ zfs(Te) G(T_) dT_ . (4.32)

Tel‘ 0

In order to estimate these limits, it is noted that:

(1) The minimum coronal temperature is about 1.5 x 106 K

(e.q9. Jordan, 1966a; Flower and Nussbaumer, 1975).

(2) Published values of abundances relative to hydrogen, for
the coronal abundant elements (AZ E} 10-5), are generally
in agreement to within a factor 2 or 3 (e.g. Withbroe, 1971;

Pagel, 1973).
Thus, for the measurements considered here, the following values

may be determined:

(a) for 0 VIII LyX and Ne IX 152.150 - 1szp.1p1
6 6
Top % 1.5x 100K, T_ & 6x 10 K
(b) for Ne X Ly and Mg XI 152.180 - 'l:sZp.‘lF’,I
T . x3x10%kK, 7~ 7x10% k .
el eu

The corresponding ranges of emission function ratios G(Te, H-like):

G(Te, He-like), are:

+

0.69 for 0 VIII : Ne IX,
2 0.22 for Ne X : Mg XI.
Equation 4.31 then gives the element abundance ratios 0:Ne and
Ne:Mg to within about X 40% and Z 20% respectively; these ratios are
approximately: |

O:Ne:Mg 7:1:1,
Hence, with corresponding uncertainties, an emission measure/
temperature model meay be determined for each set of observatians,
This model permits a more precise calculation of

s(1,) &(T,)
as a function of, Te, and thus the most appropriate temperature at
which to evaluate

fe, (1) / ckne)]eFF

may be chosen.
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The intensity ratios and the abundance ratios derived
from them, for each set of observetions, are listed in Tsble 4,10,
The uncertainty quoted for each sbundance ratio is the sténdard
deviation in the value, taking account only of the Poissonian
counting'errors on the measured spectrum. Table 4.10 also gives
the arithmetic mean of the abundance ratio for each pasir of

elements, 0/Ne and Ne/Mg. The mean abundance ratios, i.e.:

0:Ne = 6.0 = 0.8
Ne:Mg = 0.65% 0.14

are taken as the best estimated values from the observations.
These figures‘are in reasonably close agreement with the element
abundances used in Sections 4.2 and 4.3 to derive active region
emission measure/temperature models.,

It should be noted that the abundance ratib Mg:Si cannot,
for the measurements presented here, be derived by a method similar
to that described above, becasuse the "plateau”" in the emission

1

function ratio of Mg XII Lye{ to Si XIII 1 SO'- 21P (see Figure

dl
4.21), occurs above the high temperature cut-off in emission measure
for the active regions observed,

4,6.2 The Abundances of Na, Al, Si, Fe and Ni

For each set of observations, the abundances of Na, Al,
Si, Fe and Ni ere derived from the emission measure/temperature

model and the measured intensity of a resonance line of each of

these elements. The spectral lines used are the 152.180 - 132p.1|31

transition in He-like Na X, Al XII and Si XIII, and the

6.180 - 2p°3d.7 P, transition in Ne-like Fe XVII and Ni XIX.

2p 1

The two~level ion model has been justified for the
He-like lines in question (see Section 4.2.4), while Loulergue
and Nussbaumer (1973, 1975a) have shown that it is a good approxi-
| 5

mation for the 2p6.150 - 2p 3d.1p1 resonance lines in Fe XVII and
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Ni XIX. Hence, Equation 4.20 may be used to calculate the abundances
of the elements concerned. It ﬁhst be emphasised that the values
obtained are relastive to the abundances of 0, Ne, and Mg used in
constructing the emission measure/temperature models. The emission
functions are calculated, as in Section 4.2,2; from the ién
abundances of Jordan (1969); for Na and Al the ion abundances are
derived by isocelectronic interpolstion between Jordan's values

for Ne and Mg, and Mg and Si, respectively. The oécillator strengths

of the 1 150 - 21P transitions in Na X, Al XII and Si XIII, are

1
taken from Wiese et al. (1966, 1969), by iscelectronic interpolation/
extrapolation in the case of Na and Si. The oscillator strength
of the 2p°."s - 2p°3d."p, trensition in Fe XVII is teken from
Froese (1967), and the corresponding figure for Ni XIX is obtained
by isoelectronic interpblation between the tabulated values of
Kastner et 21. (1967). For this trensition in Fe XVII and Ni XIX,
the calculated collision strengths of Bely and Bely (1967) and

Loulergue and Nussbaumer (1975a) show that a temperature sveraged

Gaunt factor,

is appropriste (c.f. Equation 4.14).

The Na X 182.150 - 132p.1D resonance line at 11,003 ﬁ

1
is blended with the Ne IX 152.150 - 1s4p.1p1 resonance line st
11.000 ﬂ (the wavelengths are calculated from Ermolsev and Jones,
1974), Therefore, in order to calculate the Ns abundance from the
intensity of the Na X transition, it is necessary first to subtract
the predicted intensity of the Ne IX trensition from the totsal
intensity of the blend at 11.00 R (see Table 4.11 and Section 5.2).
The messured line intensities and the element abundances

derived from them, for each set of observations, sre listed in

Teble 4.11, together with the ascillstor strength for each spectral
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line. The uncertainty quoted for each abundeance value is the
standard deviation, due to the statistical uncerteinty in the
line intensity; it does not include uncerteinties due to any
other causes. Table 4.11 also gives the arithmetic mesn value
of abundance Forjeach element. The mean asbundances are taken as

the best estimated values from the observations.

4,6.3 Discussion and Conclusions

Solar element abundances have been inferred by various
workers using a number of techniques, including the analysis of
permitted and forbidden photospﬁeric abbsorption lines, chromospheric
emission lines, permitted XUV and forbidden visible coronsl lines,
the solar wind, solar cosmic rays, and meteorites. Taeble 4.12
compares the abundance ratios derived in the present work, from
measurements of the coronal X-rsy line spectrum, with 8 representative
selection of those obtained by other authors using some of the
methods mentioned zbove.

Table 4.12 shows that there is, in general, resasonable
agreement between the various deterhinations of abundance ratios.

In particular, the present results are in good agreement with

the values obtained by Pottasch (1967) and Flower and Nussbaumer
{(1975) from coronal EUV emission line intensities. UWith the
exceﬁtion of the relative 0 sbundance, the present results are also
in good agreement with the coronal abundance values recommended

by Withbroe (1971). The relatively low abundances of Na, Al and

Ni lead, in general, tocorrespondingly large uncertainties in

the determined apundances of these elements, and thus it is
considered that the various sets of measurements are consistent.

The most serious discrepancy shown in Table 4.12 is in the abundance
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of 0 (relative to Mg and Fe), where the velues. given by Withbroe
(1971), Dupree (1972), Withbroe and Gurman (1973), and Walker et
al,.(1974a,b,c) are about a factor of 2 higher than those given in
the other sets of date shown, including the present results.
However, this discrepancy has now been largely removed by'the
revised analysis of EUV spectra by Withbroe (1975). The compara-
tively low abundances of MQ,ASi, and Fe relative to 0 and Ne,
found by Bertsch et al.(1972) from solar 'cosmic' rays and by
Cameron (1974) from meteorites, may be real.

Three other sets of results directly comparable with the
present ones, are those of Acton et al. (1975) Davis et al. (1975),
and Rugge and Walker (1976). Acton et al. (1975) have deduced,
from measured coronal X-ray line intensities, an 0:Ne abundance
of 4.7 = 1.5 using, what they term "a relatively model independent"
method, and somewhat similar, in principle, to the technique used
in the present work in Section 4.6.1. Rugge and Walker (1976),
also using coronal X-ray line intensities and a similar technique
to that of Section 4.6.1, have derived a8 Ne:Mg sbundance of 1.47 I 0.38.
Davis et al. (1975) find that, in order to achieve self-consistency
between their coronal X-ray imaging and spectral line intensity
measurements, it is necessary to assume Pottasch's (1967) relative
abundances for 0, Ne, and Fe, rather than those of Withbroe (1971)

or Walker et al. (1974a,b,c).
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Note added in proof:

The validity of plasma emission meassure/temperature
models determined from measured spectral intensities (as for
example in the present work), has recently been called into
question by the analysis of Creig and Brown (1976) on the‘grounds
that the problem is 'ill-conditioned'. These authors suggest
that, to test the velidity of @ solution, the line intensities
used in the calculation should be perturbed with random noise and
the resulting variations in the emission measure solutions
examined. In order to check the results presented in Chapter 4,
this procedure has been carried out using-a least squares fitting
method and the data for active region 12628, A computer program
(CORONA) was written and the fitting process performed ~ 10
times with randomized values of the line intensities. Each time,
the intensity of a given line was taken as a random value from a
normal distribution having a mean equal to the meassured line intensity
and standard deviation equsl to the standard devistion of the
measured line intensity.

The main conclusions which may be drawn from these tests
are:

(1) The solution for the emission measure as a function of
electron temperature is stable against reslistic perturbations

of the line intensities used in the analysis.

(2) There are no qualitative changes and no significant
guantitetive changes required to the results and conclusions

presenfed in Chapter 4.

(3) Creig and Brown find large oscillations in their solutions
even for relatively small (~5 - 10%) noise levels on their
input data. It appears that two of the reasons for this
behaviour are their omission of (i) @ 'low temperature'

21

line such as 0 VIT 1s°."s_ - 152p. P,

] (needed to give a good
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determination of the low temperature end of the emission measure

model, T_ ~ 2 x 1g® K), and (ii) ® 'high temperature' line

such as S XV 132.150 - 152p.1p (to be included as an upper

limit to the mesasured intensitl, and needed to define

properly the high temperature cut-off in the model). In-
addition, in their example, Craig and Brown solved an exactly
determined system of simultaneous equations (i.e. n line
intensities and n temperature steps) rather than an over-
determined system (i.e. more line intensities than temperature

steps), the latter being the more ususl and appropriaste method

when dealing with data known to be subject to uncertainties.
It should be noted that, in accordance with Craig and
Brown (1976), the present model fitting procedure no longer imposes

the constraint of allowing only non-negative emission measures in the

(4
K

solution.
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Table 4,2 The coronal esctive region models for regions 11621, 11619,
12628 and 12624, derived from the X-ray spectral line

intensities.

Emission measure, ZST—1 J\nz dv
e e

Active v
Region no. _ (1047 cm—3(106 K)—1)
6
Te (10° K)
1.5-2.5 2.5=3,5 3,5-4.5 4.5-5.5 5.5-=6.5

116212 0.8 1.5 0.6 0.1

11619 0.5 0.3 01 0.1

12628 1.8 0.7 0.2 0.1

12624 1.3 0.5 0.15 0.1 0.1

a) Parkinson (1975c)



Table 4,3 Leicester Bragg spectrometer flights - active region

observations

Experiment Date Time Active regions
serial no. (day/mth/yr) (hr.min.,UT) observed (McMath no.)

SL304 5/5/1966 0414 8278,8279
SL305 8/8/1967 0356 8914,8921;8926
S41 22/11/1968 9772,9780

569 6/12/1970 1113 11060

sL1101 30/11/1971 © 0529 11619,11621

SL1206 26/11/1973 0535 12624,12628
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Table 4.6 The SL1206 coronal model for active
region 12628, derived from the X-ray
spectral line intensities, using the
same theoretical X-ray spectrum as
the 5-054 imaging snalysis (Gerassimenko,
1975)

dv

T (106K) Emission measure, AT =1 J\ n2
e =] v e

(107 en™® (10%)™ ")

1.5-’205 R 3.2
2,5-3.5 1.6
3.5-4.5 0.2

4.5-5.5 0.2
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Table 4.8 Parameters of a
region model (Parkinson, 1973c).

'soler maximum'

coronal active

Te 2 105K No2V(ecms-3) V(cms?) " Nucms-3) Kinetic energy Buin (G)
(ergs)

2-3 5.5x 1038 1030 2.3, 107 1.2, 1030 5.5

34 1.8 % 1038 102¢ 4.3 x10% 3.1 <102 8.8

4-5 4 x10%7 1028 6.3 x10¥ 5.9 1028 12.2

5-6 1 x 1047 1027 1010 1.1 %1028 16.6
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" Footnotes to Table 4.118

a)

b)

c)

H-like ions, Gercis and Mack (1965), celculated ; He~like ions,
Ermolaev and Jones (1974), cslculated ; Ne-like ions,
present work (Ch. 6), measured.

calculated from recorded counts given by Parkinson (19?18).

Parkinson (1975c). Uncertsinties are calculated from his quoted
recorded counts, ’

Wiese et 8l, (1966, 1969).

Mewe (1972e) ; isoelectronic interpolation from Wiese et al,
(1966, 1969)."

Daigarno and Parkinson (1967).
Froese (1967).

isoelectronic interpolation from Kastner et al. (1967).



Table 4.11b The derived relative element abundences for Al, Si,

Fe, Ni

Active region Derived element abundance, Az(units of 10f5)
NOe.

Al Si Fe -Ni

11060 4.9%0,2

11619 5.9%0.3 0.14%0.04
11621 6.4=0,2 0.3620,03
12624 0.6920.36 6.1%1.5 13.8%0.5 0.1820.03
12628 1.13%0,57 5.2%2.1 7.4%0,3 0.1220.03

Mean: 0.82%0.37 5.8%1.3 6.4%1.6 0.21X0.06
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FIGURES

Chapter 4
4.1 Emission functions G(Te) of spectral lines.
a H-like ions, trasnsition ' 15.25% - 2p.2pl 3
292
b He-like ions, transition 182.150— 132p.1P1
. - 6 1 5 1
c Ne-like ions, transition 2p . SD— 2p 3d. P1.

4,2 Active region coronal models through solar cycle 20.

4.3 Solar activity cycle 20, as shown by sunspot numbers (Solar
Geophysical Deta, 1975), with the dates of the Leicester
Bragg spectrometer flights,

4.4 X-ray photographs of the solar corons obtained by S-054 on
26 November 1973. North is at the top, east is to the left.

a 16 s exposure, filter 1, time 0535 UT

b 4 s exposure, filter 3, time 0542 UT.
The full field of view (6 x 6 arc min2) of the SL1206
spectrometer is indicated (by the square outlines) at the
positions to which it was pointed, i.e. McMath active regions
12628 (east of disk centre) and 12624 (west of disk centre).

4.5 He{ photograph of the solar chromosphere at 0016 UT, 26
November 1976 (courtesy of Carnarvon Observatory, W.
Australia). ’

4.6 White light photograph of the solar phaotosphere at 0030 UT,
26 November 1976 (courtesy of Carnarvon Observatory).

4.7 Magnetograms showing the magnitude of the longitudinal
component of the photospheric magnetic field (Mt. Wilson
Observatory, in Solar Geophysical Data, 1974).

a 25 November 1973, 1809-1855 UT
b 27 November 1973, 1650-1820 UT.

4,8 The X-ray intensity distribution of the Sun in the neighbour-
hood of McMath region 12628, as observed by S-054 near 0535 UT
26 November 1973, in the bandpass of (a) filter 1, (b) filter
3. The contours are labelled in relative energy units. The
square shows the position of the SL1206 full field of view
during its observations. The axes are graduated at 1 arc
min intervals,

4,9 a and b show Fig. 52 and b respectively conyvolved with the
SL1206 spectrometer field of view function.

4,10 The (relative) field response function (transmission)of

: the SL1206 spectrometer.
4.11 a and b, As Fig. 4.8, for McMath region 12624.*



4.18

i

ii

@ and b. As Fig. 4.9, for McMath region 12624.*

Line-of-sight averaged temperature hap of McMath region
12628, derived from the intensity mags of fig. 4.8. The
contours are labelled in units of 10 k. ¥

As Fig. 4.13,for McMath region 12624 (derived from Fig. 4.11)ﬁ*

Line-of-sight emission measure J\nézdl map, for McMath

region 12628, calculsated to fit point by point to the
measured brightness map of Fig. 4.8a using temperatures as
shown on Fig., 4,13, The contours are labelled in relative
units (©f cm™ °).

shows Fig* 4.15 convolved with the SL1206 field of view
function.

A simplified description of the hot loop system in NMcflath
region 12628, derived from the S-054 data. The numbers close
to each loop are the (arbitrary) loop reference number »
(prefixed by # ) and the mean electron density n_ in units
of 109 cm™3 ©

S-054 X-ray images of the Sun, 4s exposure in the bandpass of'*
filter 3, 21-26November 1973. McMath region 12628 is arrowed.

Upper left, 21 November, 2125 UT.
Upper right,23 November, 1502 UT.
Lower left, 25 November, 1218 UT.
Lower right,26 November, 1258 UT.

Idealized sketch of the geometry of the hot loop system in McMath
region 12628.

Schematic solar minimum coronal active region model, based
on the S-054 and SL1206 observations of McMath 12628.

Schematic solar meximum coronal active region model of
Parkinson (1973b).

Ratio of the emission functions G(Te) of the H-like line
Ly and the He-like line
21 1

187, So—1s2p. P1.

Reproduced by courtesy of the Solar Physics Group, ASE.
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Chapter 5

HELTUM=-L IKE TONS

5.1 Introduction

The lines of He-like ions make a substsntial contribution
to the solar X-ray spectrum, In particular, for )\ < 25 R,
the lines of 0 VII, Ne IX and Mg XI sre among the most prominent
lines in the spectra of non~-flaring active regions. Weaker lines
which have been observed include those from Ne X, Al XII and Si XIII.
The atomic physics of He-like ions 1is now relatively well understood,
and many of the He~like lines are useful for plasma diagnosis
(see Chapter 4 and belouw).

Figure 5.1 is 8 simplified term diagram of a He-like
ion, showing the four n = 2 terms and their main radiative decay
processes, together with the approximate radiative transition
probabilities., Due to the particularly stable nature of the
campleted electron shell structhe (as in the 'inert' gases such
as He itself), the 1s electrons have s high ionisation potential
and a high excitation potential to the first excited n = 2 terms,
The first excitation potentisl is over 75% of the ionisation energy
(Gabriel and Jordan, 1972; Gabriel, 1972c).

Most observations of the solsr soft X—ray line spectrum
have shown at least the stronger of the He-like lines (e.g.
152.180 - 152p.1l31 transition in 0 VII, Ne IX and fig XI). Soler
and laboratory observations of the He-like lines and their satellites
have been reviewed by Doschek (1972), Gabricl (1972b), Jordan (1972),
Walker (1972), Fawcett (1974) and Parkinson (19752). Results of

particular interest and more recent observetions will be discussed

in the appropriate sections of the present chapter.
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It is convenient to discuss the He-like lines and their

satellites under three headings:

(1) The (resonance) line series 152.150 - 1snp.1p1.

(2) The n = 2->1 resonance, intercombinstion and forbidden

lines.
(3) The satellite lines,

The data presented here are from SLi101‘and SL1206
observations of regions 11619, 12628 and 12624, and are restricted
to the relatively sbundant ions 0 VII, Ne IX and Mg XI.

21

5.2 The Resonance Line Series 1s . SO - ’Isnp.1P1

The resonance line 132.180 - 1snp.1p1 will be referred
to as the 'nmR' linec (except that the first line of the series,
"2R', will be called 'R').

Several lines in the nR series are observed, for 0 VII
up to n =3, for Ne IX up to n = 6, and for Mg XI up to n = 3.
Table 5.1 lists the theoretical wavelengths (Ermolaev and Jones,
1974, see Section 3.3.3.2), and the measured and predicted
intensities., The latter were calculated using the two level ion
model and the atomic data and element abundances discussed in
Section 4.2. It may be shown, by arguments similar to those in
Section 4.2, that the tuwo level ion model is a reasonable approximation
for these members of the nR series.

There are two ceses where blending is believed to be
significant. The Ne IX 4R line at 11.000 R is blended with the
Na X R line at 11.003 R (see Section 4.6.2), and the Ne IX 5R

6 5 3

line at 10.764 8 is blended with the Fe XVII 2p .150 - 2p 6d. D1

line at 10,768 R (see Section 6.3).
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It may be seen from Table 5.1 that there is reasonably
good agreement between the measured and calculated intensities,
thus supporting the emission messure/temperature models and the

use of the two level ion model with the Gaunt factor/oscillator

strength approximation.

3 1828.35

. 21 1
5.3 The n = 2= 1 lines 1s”. S0 - 1s2p. P1, P112, 1

fFigure 5.2 is 8 term diagram showing the ground and n = 2
terms of the He-like ion. The solid lines indicate collisional

transitions and the dashed lines radiative transitions. The radiative

transitions from n = 2 to the ground state are:
132.150 - 182p.1P1 which forms the resonance line,
152.150 - 152p.3P1 which forms the intercombination line,
182.150 - 1s2p.3Pé which is a magnetic quadrupole line transition,
132.150 - 1328.351 which forms the forbidden line (it is a

magnetic dipole transition),

1s". S_ - 1828.150 which is a two-photon transition (see

Section 2.4.3.2).

In many observations, including the present ones, the magnetic
quadrupole line is unresolvable from the intercdmbination line.
For Z 8 12, the magnetic quadrupole transition is expected to
contribute less than 10% to the total intensity of the blend
(Gabriel, 1972a).

For convenience, the spectral lines will be referred to‘
by key letters, as follows:

R

resonance line (as in Section 5.2 above)

I = intercombination line (and is taken to include the magnetic

quadrupole transition, unless otherwise stated),

F = forbidden line.
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5.3.1 Theory for the Releative Intensities

The theory for the relative intensities of the R, I and F
lines was first worked out by Gabriel and Jorden (1969b), following
their identificestion of the F lipe in the solar X-ray spectrum
(Gabriel and Jordan, 1969a). Gabriel and Jordan (1969b) solved
the equations of statisticel equilibrium for the ground state
and the six n = 2 levels, and showed that thé photon intensity

ratio SL of the F to I line intensities is given by:
A(2%5 > 17s) [1—5—3" - 1]
3 1 3 3 -1
-> : -
x[A(ZS 15)+(1+34){nec(25 2p)+4>}]

b3

n

(5.1)
where:
¥ - c(1's=>2%5)/c(1ts>2%p) (5.2)
and the effective branching ratio:
L3 1
B =1 A2 D1—>1 S)
3 A(23D1->11S) v A (23p235)
3 1
s A(27P 51 S)
d A(23D5941S) + A(23P—é238) . (5.3)

A(i=>j) is the spontaneous transition probability and C(i=>j)
the collisional excitation rate coefficient. C# is the photo-
excitation rate (in sec—1) from 235 to 23P; it is important only
for ions of Z £ 7 (Gabriel and Joraan, 1973) and thus may be
neglected in the present work. Eﬁ is an effective rate ratio
which includes all processes populating 235 and 23P, iﬁ particular
cascades from higher levels.

It can be seen from Equation 5.1 that there will be @
range of electron densities over which % will be sensitive to,

and may be used to measure, the electron density nge For the
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limiting cese of n_ = 0, & has a valueﬁ.o given by:

&:1+§'_1

o B ‘ .

(5.4)

Equation 5.1 may be rewritten as:

a(2%s>1"s) [(R /R - 1]
n = . (5.5)
®  c(2952%p)(1 + ¥) '

In order to allow for uncertainties in the atomic data and in
the observed intensity ratio's, Gabriel and Jordan (1969b) have
defined an upper limit to the range of ?» that can be used to derive
significant values of n,- This limit is arbitrarily taken as |

ﬁnz 0.9 Ro' The corresponding lower limit critical density
n:‘ is thus given by (from Equation 5.5):

* a(235>13)
© g c(29532%) (1 + &)

. (5.6)

Hence, a measured value of 2> D.Q?bo is taken to imply that

Since the originel paper of Gabriel and Jordean (1969b),
there have been significant improvements in the accuracy of some
of the atomic data required in the theory outlined above (see
Gabriel and Jordan, 1970; Freeman et al,,1971; Gabriel and Jordan,
1972; Blumenthal et al.,, 1972; Gabriel, 1972c; Gabriel and Jordan,
1973)., The present status of the atomic data is summarized by
Gabriel and Jordan (1973 ); their recommended velues are adopted
in the present work and are given in Table 5.2 for ions of
6 € Z £ 26. The value of S‘ used is 0,35, The collisional rate
coefficients C(i~»j), and hence F ’x’ﬁo and n:, are evaluated
at the electron terﬁperature Tem at which the emission function
G(Te) of the ion is a maximum; however, Gabriel and Jordan (1973)

have shown that temperature variastions will usually have only a
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small effect. In quantitative terms, for 8 <§ z <S 14 and Te
such that G(Te) ;ﬁ D.SG(Tem), the temperature dependence of zﬁ
causes changes of less than 1 10% to the value OFSL.

It is the variation oFSL between observations, rather
than its sbsolute value, that should be used to test whether
Q< ﬂo (and hence n, > ﬁ:), thus quarding against possible
errors in the atomic dates (Gabriel and Jordan, 1972).

It is useful to define a quantityi% , the ratio of the
sum of the photon intensities of the F and I lines to the photon

intensity of the R line. It can be seen from Figure 5.2 that:

%

(IF + II)/IR

[c(1's>2%5) + cats>2%m) T /c(1ls—»2]

P) (5.7)
and is independent of nge As with Eﬁ ,.ﬂk is sn effective rate
ratio which includes all processes populating 238, 239 and 219,

in particular cascades from higher levels. Gabriel and Jordan
(1969b) have shown that over a wide range of solar observations,
%t X 1.1, thus supporting the assumption thsat ratios of ground
state excitation rates are insensitive to Te or Z.

The theory outlined above applies to a plasma in ionization
equilibrium or to an ionizing plasma. For a recombining plasma
the spectra may be produced primarily by redistive recombinstion,
and under these conditiéns it is expected that there should be
little change in the interpretation of‘St ’ though.%f would tend

to 3.0 (Gabriel and Jordan, 1969b).

5.3.2 Previous Solsr fleasurements

Most coronal measurements of the relative intensities of
the lines R, I and F have shown no significant varistions of the
observed ratioSL, either between individusal measurements, or

from the(low\density Iimit 5L0 predicted by the theory, when account

is taken of the experimental uncertainties and an additionsal
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variation of = 10% allowed to cover the possible‘ﬁemperature
dependence oFSL(see e.qQ. Batstone et al. 1970; Rugge and Walker,
1970; Parkinson, 1971b, 1972, 1975c; Acton et al. 1972; Bonnelle
et al. 1973).

To date, the best evidence for significant variations in
SL is the observation of the coroneal 0 VII emission by Acton and
Catura (1975), who obtained one dimensional X-ray spectroheliograms
with @ spatial resolution of 1.3 arc min FWHM, using 2 collimated |
crystal spectrometer. From these results and the calculeations of
Gabriel and Jordan (1973), Acton and Catura infer electron densities
(averaged over the spectrometer field-of-view) of up to n % 7 % 1090m-3.

5.3.3 The Present Measurements

Table 5.3 lists the measured wavelengths and photon
intensities of the R, I and F lines of 0 VII, Ne IX and Mg XI from
the SL1101 and SL1206 observations of regions 11621 (Parkinson,
1975c), 11619, 12628 and 12624, together with the theoretical
wavelengths of Ermolaev and Jones (1974). Table 5.4 gives the
corresponding (photon) intensity ratios b ,‘%t , I/R, F/R, and
their mean vslues. Figures 5.3 to 5.5 show examples of the observations.
A1l the data presented in these Tables and Figures were obtained
in the slow scen mode of the spectrometer, giving a very high
sensitivity and wavelength resolution (see Chapter 3).

For regions 11619, 12628 end 12624, the measured wave-
lengths in Teble 5.3 have been derived by using the theoretical
wavelength )\R (Ermolesev and Jones, 1974) and measured Bragg
angle eh qf each R line to ceslibrate the corresponding spectra;
i.e. for any line i (with messured Bragg angle Bi) on a given scan

the measured wavelength )\i is taken @s (see Section 3.3.3.2):

)\i = 2d .. sinB®, (5.8)

where: 2d_ .. )\R/31n eR , ' (5.9)
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since the varistion of 2de over the interval l)\l - >\R‘ is

ff
expected to be negligible. The generally close asgreement betuween
the mesesured and theoretical wesvelengths of the I and F lines
justifies this assumption, and the spread in values reflects the
accuracy with which é measured wavelehgth may be assigned to a
feature (vis >‘R’ GR an.d Bi). »This discussion is of partAicular
relevance to the next section, where measured wavelengths are
presented for the saiellite lines which occur close to the R, I
and F lines,

The criterion given in Section 5.3.2 for a significant

departure of the ratio 5&. from the mean value 3R, y may be formalised
-1 o
ER+01 X

Applying this condition to the results in Table 5.4, it is seen

as:

(5.10)

that, for 0 VII at least, there are no significant variations in
R, and that-%, & 1.7 in accordance with theory. In Ne IX and
Mg XI there are significant variastiops in SL according to the
above criteris; however, they are not interpreted here as indicating
the presence of electron densities greater than n_, as there are
also significant variations in.%. (using a similar criterion to
Formula 5.10), which are not predicted by the calculations summarized
in Section 5.3.1 above. Althoggh from the present measurements it
is not possible to determine exactly fhe cause of the discrepancies,
it is interesting to note that the relstive intensity F:R appears
to show greater variasbility than the ratio I:R (see Table 5.4).

Acton and Cetura (1975) have discussed the varistions in 4&
observpd in the%r own coronal measurements, and have intérpreted
them as variations in the optical depth of the R line. Houwever,

Acton and Caturas have treated the radiative transfer problem purely

@s an absorption effect, whereas it is shown below that under coronsl
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conditions, the redistive transfer bf the R line is much closer
to being a scattering procéss.

Under coronal conditions, the retio of the spontesneous
radistive decsy rate for the transition 152p.1p1-€>152.150 (giving
rise to the R line) to the total depopulation rate from the
152p.1l31 level, is practically unity (see Section 4.2.4), and
hence an R line photon which undergoes resonance line absorption
is simply re-emitted, though ‘its direction may be changed (See
Section 2.4.3.6). However, from consideration of the coronal
active region structures observed on high resclution X-rasy images
(see e.qg. Vaiana et al. 19732, b; present work, Section 4.5.3), it
appears unlikely thst the plasma geometry could provide @ satisfactory
explanation of variations inJ%. of the magnitude observed in the

present data and that of Acton and Catura (1975). It may be that

the stomic model for the He-like ions requires slight revisions.

5.4 The Satellites to the He-like Lines

The satellite lines considered here are systems of lines
that appear close to the members of the resonance series
(182.150 - 1sn‘p.1P1) of highly ionized He-like ions. These
satellites sre due to transitions with the same configurations
as the parent line, but with an additional electron in some outer
orbit nl, i.e.

1sznl - 1sn'l'nl .

Thus the upper level is a3 doubly excited state. As n increases,
the satellite spectra become closer in wavelength to the parent
line, until finally they are unresolvable from it (see Section 4.2.4).

These.satellites were first reported from & laboratory

' / /
caerbon vacuum spark source by Edlen and Tyren (1939), who proposed

the asbove configurations. Gabriel and Jorden (1969a) classified
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the terms responsible. Figure 5.6 is a schematic energy level
diagrem showing the He-like and satellite transitions.

For the upper levels of the satellite trensitions
there are four populating mechanisms which may be considered,
though some may not be permitted. These processes.are (Gabriel
and Jordan, 1972):

(1) dielectronic recombination of the He-like ian,
(2) inner-shell excitation of the Li-like ion,
(3) inner-shell ionization of the Be-like ion,

(4) simultaneous impact excitation of two electrons in the

Li-like ion.

Gabriel and his co—workeré (Gebriel and Jordan, 1969a; Gabriel
et al. 1969; Gebriel and Paget, 1972; Gabriel, 1972a; Bhalla et
al. 1975) have shown that the dominant mechsnisms are (1) and
(2), with (1) being genersally the more important, except in
transient plasmas.

We shall be concerned here masinly with satellite lines
of the type

132ni - 1s21'nl.

Many of the satellites including all those with n = 2, occur
on the long-~wavelength side of the corresponding rescnance line,

though this is fortuitous (Summers, 1973).

5.4.1 Calculated Wavelengths

The wavelengths af the satellites with n = 2 have been
celculsted independently by Gabriel (1972a), Goldsmith (1974)
and Vainshtein and Safronova (1972). These results agree with
each other and with lsboratory (e.g. Peacock et al. 1973; Feldman
et al. 1974; Gol}s et al. 1974) and solar measurements (e.qg.
Parkinson, 1972, 1975c; Grineva et al., 1973) generally to within

0.02 to 0.05%, for elements of 6 L .Z X 29. The possible

- 120 -



transitions are listed in Table 5.5, and followihg Gabriel (1972)
each transition is given a key letter for ease of reference.

Summers (1973) has calculated energy levels for the
satellite lines with n = 2, 3 and 4. The derived'wavelengths agree
with those of Gebriel (1972) to within about 0.1 to 0.2% for n = 2
and Z = 10 (Ne). For the n = 3 and 4 satellites the wavelepgfhs
are expected to be somewhat more accurate than for n = 2. The
wavelength difference between a satellite and the parent resonance
line is expected to be more accurate than the absolute wavelengths,
due to cancellation of systematic errors (see e.g. Gabriel and
Jordan, 1969a; Gabriel, 1972a; Summers,_1973).

A short description of dielectronic recombination is now
in order, and is, of course, not restricted to He-like ions.

5.4.2 Dielectronic Recombination

Dielectronic Recombination may be considered as a three-
part process (Burgess, 1964b, 1965; Gabriel and Jordan, 1972):

(1) The colliding electron (at below threshold energy) excites
an ion to a resonance transition, but is itself trapped in
an outer orbital. If autoionizstion now occurs, the system
returns to its initisl state and no recombination has

taken place.

(2) Alternatively, the doubly excited ion stsbilizes by radistive
decay of the inner excited electron, emitting a photon of
resonance radistion of the recombining ion, shifted slightly
in wavelength (usually to longer wavelength) by the influence

of the additionsl outer electron.
(3) The ion is now singly excited and cascades to its ground state.
Autoionization is the inverse process to dielectronic.
recombination.

5.4.3 Calculated Intensities

The theory for the intensities of the n = 2 satellite
spectra hess been developed by Gabriel and his co-workers (Gabriel

et al.,1969; Gabriel snd Peget, 1972; Gabriel, .1972a; Bhalla et
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al. 1975), the current status being given by Bhalla‘et al., At
present there are no detailed calculstions available for the
intensities of the individual satellite lines with n ;> 3.

The following discussion of the theoretical sastellite
line intensities follows the references cited above.
5.4.3.1 Dielectronic Recombination,

The intensity (in photons per unit volume) of 8 seatellite
line due to dielectronic recombination of the He-like ion is

(c.f. Figure 5.6):

3/2 3 :
I = -
. 4w 8, EE ArAa NheMe exp ( Es/Te) (5.11)
9, (A, +2A) T 3/2
e
where: 8, = Bohr radius,
N = number density of He-like ions,
n, = number density of electrons,
9, = statistical weight of the satellite level,
9, = statisticel weight of the He-like ground state,
Aa = transition probasbility for decay by autoionization,
Ar = transition probability for decsy by readistion,
ES = energy of the ssatasllite level above the He-like
ground state (Rydberqg).
T, = electron temperature (Rydberg),

and the summation EEAr is over all possible radiative transitions
from the satellite level.
Equation 5.11 may be rewritten

) -16 _ ]
I_ = 2.06 x 10 g, A_A NN exp[ E/(kT,)

a
9, (A, +2A) Te3/2

) (5.12)

where Te is now in K.
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The intensity (in photons per unit volume) of the He-like

ion resonance line is:

1 = nHeneC(‘l +of) (5.13)
where: C = <collisional excitation rate coefficient,
and &X is a correction for the contribution to the resonance line
intensity from dielectronic recombinstion, i.e. it is the sum
over all satellites which cannot be resolved spectroscopically
from the resonance line. 1In their computations Gebriel (1972a)
and Bhalls et al. (1975) have taken this to include 2ll satellites

‘with n 2 3. Then

A = D/C (5.14)
where D is that fraction of the dielectronic recombination rate
coefficient responsible for this contribution.

Combining Equations 5.12 to 5.%14,the ratio of a satellite's
intensity due to dielectronic recombination, to the resonance line

intensity is:

1/1 = (1 +k)T FL(T) x Fo(s) (5.15)
where: F (T ) = 1.2 x 107> €_ exp [(£_ - € )/(kT_)]
g f T,
FZ(S) = gs ArAa

and 9, = 1.

E0 is the energy of the resonance line (eV) and Te is in K.

g is the temperature sversged Gaunt factor, taken as 0.2.

f is the eFFective oscillator strength for the resonance line
trensition, and is tsken semi-empirically as f = 0.55 for astro-

physical plasmas, in which 1828.15 decays by two-photon emission.

o may be calculated from the dielectronic recombination rate
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coeFFicienE (Burgess, 1965; Gabriel, 1972s), and is ~ 0.0— 0.1.
The intensity ratio can tbus be separated into @ function
of electron temperature, F1(Te)/(1 +o{), and a function of the
individusl satellite line, Fz(s).
5.4.3.2 Inner-shell Excitation
The intensity (in photons per unit volume) of a satellite

line due to inner-shell excitation of the Li-like ion is:

A

1 - )
IS =n ;N c ~ r (5.16)
(Aa +ZAr)
where: C' = inner-shell collisional excitation rate coefficient,
Ny = number density of Li-like ions.

Since £ & E
s 0
c'/c = f'/f,
where f' is the effective oscillator strength for the inner shell
excitation, and has been computed by Bhalla et al. (1975).
Combining Equations 5.13, 5.14 and 5.16, the ratioc of a satellite's

intensity due to inner-shell excitation, to the resonance line

‘intensity is:

1/1 = (1 s )] FI(T ) x Fals) (5.17)
where: Fi(T) = n . /nyo
F(s) =f0 P
o
(Aa +ZAr)

The ion abundance nLi/nHe is a8 function both of electron temperature
Te and of the departure from ionization equilibrium. An "ionization
temperature" Tz is defined, which is the temperature at which the
actusal ratio nLi/nHe would exist in ionization equilibrium. Then

nLi/nHe is a function only of T_, and:

Tz = Te for ionization equilibrium,

T < T_ for transient ionizing conditions,

z e

Tz :> Te for transient recombining conditions,
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Thus sgain the intensity ratio can be separated into
a function of-temperature, F{(Tz)/(1 +o{ ), and a function of the
individual satellite line, F2'(s).

It may be noted from Equations 5.15 and 5.17 that the
relative intensities (IS/I) and(IS'/I) are independent of electron
density and element abundance. The relative importance of
dielectronic recombination and inner-shell excitation varies
between the different satellite transitions, and hence a suitable
choice of spectrs will yield diagnostic informetion on both the
electron temperature and ionization conditions in the X-ray
emitting plasma. Bhalla et al. (1975) have tabulated the data
required to calculsate (IS/I) and (IS'/I) as functions of T_ and

e

Tz respectively, for the n = 2 sstellites of elements 6 £z < 26.

5.4.4 The Present NMeasurements

The observations were made in the slow-scean mode of the
SL1101/SL1206 spectrometers, with the ADP, gypsum and KAP crystals
viewing the Mg XI, Ne IX and O VII spectra, respectively (see
Figures 5.3 to 5.5).
5.4.4.1 The n = 2 Satellite Spectra.

Table 5.6 lists the measured wavelengths of the n = 2
satellites for Ne IX and Mg XI, from regions 11619, 12628 and
12624, toéether with the mean values. These figures are compared
with Parkinson's (1972, 1975c) measured wavelengths for region
11621 and with the computed wavelengths of Gabriel (1972a) and
Goldsmith (1974). It is seen that all the sets of wavelengths
are in close agreement, generally to within 0.002 R. Then = 2
satellites for 0 VII are too weak to be observed in the present

data.
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In Taeble 5.7 the measured intensities for Ne and Mg
are compared with thosé predicted by using the calculations of
Bhalle et al. (1975) together with the ective region emission
measure/temperature models (Section 4.3) and assuming (since this
appears reasonable Frbm'the observa£ional evidence in Chapter 4)
that Tz = Te; i.e. the predicted satellite line intehsity (relative
to the resonance line R) is taken as:

D RIZIE BICN
.

Is/I = e | (5.18)

ZI(TE)
T

where: (IS/I)(TB) the total calculated intensity (due to

dielectronic recombination and inner-shell
excitation; Bhalls et al., 1975) of the
satellite srelative to the resonance ling
R, at electron temperature Te’ assuming

T = T .
F4 e

I(Te) the intensity of the resonance line R, at
electron temperature Te’ predicted by the
active region emission measure/temperature

model (Table 4.1).

It is seen from Table 5.7 that there is generally good
agreement between the measured and predicted intensities. 1In
particular, for the comparatively strong and well resolved multiplet
a, r in Mg, it is interesting to note the significantly lower
‘observed relative intensify for region 12624 (cohp;red with the
other regions), in accordance with the theory, and due to the
presence in that active region of hgtter materiasl than in the other

e

regions.
/

In all ceses the meesured intensity of the multiplet

k, jy 1 in Mg is lower thean predicted by about a factor of two.

These lines are barely respclved from the forbidden line F, but st
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the worst, the measured intensities quoeted proVide upper limits,
Thus, @s discussed by Bhalla et al. (1975) and Parkinson (1975c),
if the observed intensities for the multiplets g, r and k, j, 1
in Mg are taken st face value thenthe calculations qf Bhaila et
al. imply an ionizing plasma, which is somewhat st variance with
the rest of the observations and which would be rather unexbected
in stable active regions or the decay phase of a flare.

The only clear observation (either in the present data
or in the litersture) of a feature corresponding in wavelength to
the Ne multiplet n, m, occurs in the spectrum of région 11619
st 13.530 R (see Figure 5.48). Its measured intensity is rather
higher than the predicted velue; however, it is a very weak
feature (statistical significance about 5¢ ), and though well
resolved from the Ne IX intercombination line at 13.553 R it
may suffer some blending with the broad wings of the instrumental
profile of that line.
5.4.4.2 The Satellite Spectra with n > 3.

Feldman et al. (1974) have studied the He-like and satellite
spectra of elements 11 K 7 < 22, obtsined from laboratory laser-
produced plasmas. Using the energy level calculations of Summers
(1973), they have clsssified a feature observed close to the
long-wavelength side of the corresponding 182.150 - 182p.1P1
reéonance line, as 8 blend of several n = 3 satellites, namely

1s23p - 152p(1p)3p.2D, 2p and 1s°3s.%5 - 1s2p(1

P)Ss.zp. Pospieszczyk
(1975) hes reported, from spectra of a laboratory theta-pinch plasmas,
a feature at 21.71 R in 0, which he identifies with the n = 3
satellite trans%tions 1823p - 182p3p. In @ Mg spectrum from a
leser-produced plasma, Peacock et al. (1973) have noted features

at ‘) 9.181,)9.187 and)9.195 R, which they assign simply to

132nl'- 1s2pnl, n ;> 3.
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In the spectra of coronsl active regions 11060 and 11621
Dérkinson (1971a,b; 1972; 1975c) has reported two features just
to the long-wavelength side of the 1s-2p resonance line, for 0 VII
(Parkinson, 19718, b), Ne IX (Parkinson, 1971a,b, 1975c) and
Mg XI (Parkinson, 1971a,b, 1972, 1975c). From the calculations
of Summers, Parkinson (1975c) has partially classified these
features, for Ne and Mg, as the n = 3 and 4 sétellite transitions,
18231 - 1s2p31 (Ne M3.488 B, Mg 09.193 8) and 15241 - 1s2p4l
(Ne MN3.469 R, g N9.180 R).

The present author hss used the calculations of Summers
to predict satellite wavélengths for n.= 3 and 4 in 0, Ne and Hg.
The energy levels have been adjusted (as sﬁggested by Summers) to
take account of the best available theoreticsal enerqgy levels for
the He-like ions (Ermolsev and Jones, 1974); i.e. (since the
trensition energy = hc/k ) the final predicted satellite wavelength

)\S, is given by:

1 -1 -1 -1
)Y WaLO YD Wb (5.19)
') = predicted satellite wasvelength, from Summers (1973)

)\ = predicted 1s - 2p resonance line wavelength, from

fFrmolaev and Jones (1974)

= predicted 1s - 2p resonance line wavelength, from
RS Summers (1973).

Table 5.8 compares the present messured wavelengths for
the n );3 satellite spectra in 0, Ne and Mg, with predicted and
previous measured wavelengths. The calculated wesvelengths were
derived sas descHibed above; the messured wavelengths are from

laboratory spectra of Feldman et al. (1974) and Pospieszczyk (1975),

and from the solar observations of active regions 11621 (Parkinson,
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1972, 1975&) and 11619, 12628 and 12624 (present work). For

Ne and Mg, the different sets of wsvelengths are in reasonably
good agreement (to about 0.005 R). There are rather larger
variations in 0; however, for the present measurements at least,
these may be lafgely att;ibuted to the.low signal £0 noise ratio
in this portion of the dats (see Figure 5.5, and note the scatter
in the measﬁred 0 VII wavelengths in Table 5.3).

Table 5.9 gives the measured intensity of each satellite
line relative to that of the He-like resconance line 152.150 - 132p.1p1
(no resolvable satellites are included in the resonance line
intensity), for the present observations of regions 11619, 12628
and 12624 end Parkinson's (1975c) results for region 11621. Any
interpretation of these figures (e.g. in terms of the plasma
parameters) must swait a detailed theoretical model for the intensities
of the satellite spectra with n ;ﬁ 3. It is worthwhile noting
however that Gabriel (1972s) calculates a maximum intensity (relative
to the corresponding resonance line) of ~ 0.1 for the sum of all
satellites with n }bS, whergas Table 5.9 shows that, in some cases,
the sum of the messured values for the n = 3 and 4 satellites is
about 0.2 to 0.3.

In the spectrum of region 11619 the MQ satellite at

)58 9.180 R is absent, and a new feature at x = 9,176 R is
just resolvable from the Mg XI resonance line )\19.169 R. Although
no calculated wavelengths are avesilable for setellite spectra with
n > 5, the festure W9.176 % is probsbly due to satellite
transitions where n = 5, with a possible contribution from the
satellite 15245.?5 - 152p(1p)4s.2P (see Table 5.8).
Unlike the spectra of regions 11619, 12628 (see Figure

5.4) and 11621 (see Parkinson, 1975c), the datea for region 12624
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requires at least two lines to be present in the wavelength intervsl

13.46 = 13.47 8 (see Figure S.4c). In thBAlatter cese, the best

Fit to the observations is obtsined with lines et  \13.464

andx13.473 R, as shown in Figure 5.4c and Teble 7.3. As may be

seen from Figure 5.4, the spectrum of the (decasying flare) sctive

region 12624 shows about a dozen lines in the wavelength interval

13 - 14 H, which are additional to those normally'observed from

non-flaring active regions such es 11619, 11621 and 12628. Hence

it seems likely that, for region12624, the Ne n = 3 ssatellite
x13.469 R may be blended with one or more lines from another

ion. fhe "flare" lines from region 12624 will be discussed furth;r,

in Chapter 7.
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Table 5.5 Helium-like and satellite transitions (Gabriel, 1972a)

Array Multiplet Line Key letter
1522p-152p2 2po_2p 1313

2po_4p 132}

2po_2p 142}

2po-23 143

1s22p—15252 tpo-zg 133
15225-18 2p2s 2S(1p)2po 1}
~ 25-(3P)2po i}:xi

35-4po 31}

152-152p 18-1po o1
18-3po o—2

N Mg <gronogmwopg=rE==Dmnm™moaooogs

152-1525 1538 o1
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Footnotes to Table 5.8

a) From Summers (1973) (see present work Section 5.4.4.2)
b) References: |

(1) Laboratory, Feldman et al., (1974)

(2) Leborestory, Pospieszczyk (1975)

(3) Solar, active region 11621, Parkinson (1975c)

(4) " " " 11619, present work
(5) " " " 12628, " ]
(6) " T " 12624, " 1"

(7) mean of (4), (5), (6).

c) Classifications for the n = 3 satellites are taken from Feldman
et al. (1974). For n = 4 they are given by anaslogy with n = 3,
The measured features (i.e. 51, S2, S3) may contain contributions
from other satellite transitions (see Section 5.4.4.2)
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FIGURES

Chapter 5

5.1

Energy level diagram showing the ground and first four
excited states of @ helium~like ion. Radiative decsy
mechanisms are shown with their approximate Z-scsling.
Z-1 is the net ionic charge and A is the transition
proba?ility for spontaneous radiative decay (Gabrisel,
1972c).

Energy level disgram showing the ground and first four
excited states of 2 helium-like ion, together with the
individual levels in each state. Also indicated are those
processes taken into account in the analysis of low density
plasmas (see text). The solid arrowed lines denote
collisional transitions, the dashed lines radiative
transitions. The wavelengths refer to the 0 VII ion
(Gebriel and Jordan, 1972).

High resoclution slow scans showing the n = 2—> 1 spectral
lines of the He-like ion Mg XI and dielectronic satellites
(see text for explanation of transition key letters).
McMath region 12628 (flight SL1206)

McMath region 12624 (flight SL1206)

McMath region 11619 (flight SL1101).

As Fig. 5.3 for Ne IX.

As Fig. 5.4 for 0 VII.

Energy level disgram showing the helium-like and satellite
transitions (Gabriel, 1972b).
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Chapter 6

THE Ne-LIKE IONS Fe XVII AND Ni XIX

The soft X-resy emission spectrs of solar active regions
show transitions of the'Ne~likg ions Fe XVII and Ni XIX. In
particular some of thé Fe XVII transitions are among the most
prominent coronal soft X-ray transitions and a detsiled knowledge
of these lines is therefore of great interest. This chapter
describes accurate measurements of the wavelengths and relative
intensities of most of the n = 3= 2 and n = 4 =» 2 transitions
in Fe XVII and some of these transitions in Ni XIX (H is the
principal quantum number), and a search for wéaker lines due to
higher transitions, n = 5, 6, 7, 8= 2, in Fe XVII. 1In the case
of iron the spectrum of Fe XVII is very strong st active region
temperatures and higher stages are observable also (see Chapter 7).
In the case of nickel the spectrum of Ni XIX is significant but
spectra of higher ions are not observed mostly because of the
much lower abundance of nickel rela£ive to that of iron (see
Section 4.6) and partly becsuse of the higher ionization potentisls.

The results reported here are from SL1101 observations
of region 11619 and SL1206 observations of regions 12628 and

12624. The data were obtsined with the gypsum and KAP spectrometers.

6.1 The Fe XVII Lines, n = 3, 4~ 2

Until recently the spectrum of Ne-like Fe XVII has not
been well understood. However, Loulergue and Nussbaumer (1973) gave
results of comprehensive calculations of the relative intensities
of n = 3=—> 2 transitions in the coronal Fe XVII spectrum.

Parkinson (1973a) showed that these results are consistent with
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his meessurements-of this spectrum. Loulergue and Nussbaumer
(19758) have now extended their calculations fo include n = 4 —=> 2
transitions also andthis provides an opportunity to interpret

the complex group of lines obssrved in the coronal spectrum
between 11.0 and 12.7 R by critical comﬁarison with their calcul-
ations. The preéent Chapter describeé intensity measurements for
all currently known coronal Fe XVII n =3 ~>2 and n = 4 -> 2
transitions. The wavelengths of these lines are known with
varying degrees of precision and it wes considered worthwhile

to remeasure all of them a&s accurately as possible. The values
obteined agree.closely with previous measurements for well-
established Fe XVII lines (e.g. Tyrén, 1938) but lead to corrected
vavelengths of improved accuracy for other Fe XVII lines.

Semples of the spectra (for region 12624) used in the
present analysis are shown in Figures 6.1 and 6.2. Those lines
which are discussed below are shown fitted with an approximation
to the instrument spectral response function (see Section 3.3.3.1).
Figures 6.1 and 6.2 show data taken with the instrument in spectral
survey (fast scan) mode.

6.1.1 The Fe XVII Term System

Currently known coronal Fe XVII transitions which

terminste on the'2322p6.180 ground level belong to eight Rydberg

series. These are the two groups of A1l = 1 series,

2s22p6.18O - 2522p5ns.1p1, 3P 3D and 2522p6.180 - 2822p50d.1p

1° 2
3 3 . - .
01, P1 and the group of inner shell transition series

2822p6.180 - 252p%np. TP 3p1. The 2p°3s. P

a magnetic quadrupole transition to 2p6.180. For esse of reference,.

Y

1°

10 2 level decays through

the lines will be designasted by key letters. Table 6.1 relates the

key letters to the spectroscopic classifications.
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6.1.2 Calculated Line Intensities

Loulergue end Nussbaumer (1973) gave results of
celculations of the reletive intensities of the eight known coronsl
Fe XVII n = 3 = 2 transitions, based on a 37-level ion model
(the ground lgvel and the 36 n = 3 leyels). Loulergue and
Nussbaumer (19758) subsequently extended the calculations to
include the corresponding n = 4 —» 2 trensitions, modified their
earlier results for n = 3 —» 2 transitions end included results
for the isoelectronic Ni XIX. The calculsations consider transitions
between 52 of the lowest 57 levels, i.e. those in the 2p6 (ground
state), 2p°31, 2s2pP31 (1 = 0, 1, 2), 2p 4s, 2p°4d snd 2s2p°4p
configurations. The population processes included are collisional
excitation from the ground level and the metastable 2p538.3P2
levels and all significsant radistive processes betweern the 52
levels. They show thaf ionization and recombination need not be
included. Their results are expressed as energy intensities
relative to the 'resonance' line 2p6.15D - 2p53d.1p1 and are
included in Table 6.1. Where comparison is possible their results
are substantislly in agreement with those of Beigman & Urnov (1969).
Both papers conclude that the relative intensities of the n = 3 => 2
transitions are largely independent of temperature and density.
Loulergue and Nussbaumer (1975a) predict that although the
n = 4—~>» 2 transitions become easier to excite as the temperature
is increessed, the power in these n = 4 —> 2 transitions relative
to the resonance line is not very sensitive to temperature. Both
papers note that the 2p535 configuration is mainly populated
indirectly from the ground state by radistive cescade from higher
levels, via the path 232p63d -> 2g2p53d'—>'2522p53p‘-> 2522p533.

Table 6.2 shows the population mechanisms for the 2p53d and
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2p535 levels, from the 37-level ;on model of Loulergue and

Nussbaumer (1973); the extension to 57 levels modifies these

figures by only a few percent (Loulergue and Nussbaumer, 1975s).

Figure 6.3 is an energy level diagram for fe XVII, showing the
principal decay paths for the first 36 excited levels, As this
illustration is rather complicated, & reduced version is given in
Figure 6.4, which shows only the strongest lines (i.e. 2p6 - 2p53d,.s.)
and the corresponding paths of the main population and depopulation
processes,

Two other recent calculations of coronal Fe XVII relative
intensities should be noted. That of Neupert et sl. (1973) is
commented on below. Beigman et al. (1974) gave limited celculations
5

3d.'P, and 2p° - 2p°nd.-D

for the relative strengths of 2p6 - 2p ]

1
for n = 4 to B. They predict for example, the relative intensity
I(2p6 - 2p5.301)/1(2p6 - 2p53d.1p1) at 0.2 for a coronal temperature
of 5 x 106 K and state that this ratio does 'not depend strongly

on the plasma emitting temperature'. This result is substantially
larger than the suthors' own observed value (0.09), the present
values (0.056, 0.043 and 0.021; see Table 6.1), the value observed
by Neupert et al. (0.13) and the calculated result (0.05) by
Loulergue and Nussbaumer. It appears that the calculations of
Loulergue and Nussbaumer are generally closer to presently measured

values than are the results of Beigman st al.

6.1.3 Previous 0Observations

Most previous observers have given more comment on
n=3—>» 2 transitions than on higher transitions. Lleergue and
Nussbaumer (1973) collated measurements prior to 1972 and found
broad agreement with their cslculations but only when allowance

was made for the fact that two blends were not resolved in dats
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pubiished prior to 1972. These two blends uwere 2522p6.15 -

]
252,363;3.1?:1 and 391; and 2p6.150 - 2p53s.3p1 and 3p2.

The first published observetions in which ell eight
known coronal Fe XVII n = 3 —>» 2 transitions were clearly resolved
are those of Parkinson (1973a) (from the SL1101 date of region
1162}). His relative intensities for transitions from the 2p535
and 2p53d configurations again broadly agree with the values
predicted by Loulergue and Nussbaumer (1975a). UWalker et al.
(19740) have also reported observations of the same eight lines,
together with theoretical intensity ratios calculated using a
model similar in epproech to that of Loulergue and Nussbaumer
(1973a). UWalker et al. find general agreement between their own
measured and predicted relative intensities, the observations of
Parkinson {(1973a) and the calculations of Loulergue end Nussbaumer
(1973a). The average discrepancy between the theoretical relative
intensities of Loulergue and Nussbaumer (1973a) and the other
theoretical and experimental values is about 25%. The largest
discrepéncy occurs for the inner shell 2322p6 - 282p63p transitions,
where it amounts to about 70%.

This broeadly satisfactory situation was challenged by
Neupert et al. (1973), hereafter referred to as NSK. These authors
compare the Fe XVII n = 3 = 2 spectra of two solar flares
(measured with the 0S0-5 spacecraft) with their own intensity
calculations which include 16 excited levels. They find serious
discrepancies and conclude that some additional temperature or
density effect must be allowed for in calculation. However,
NSK quote measured intensities relative to the feature at 17.05 8

5

which they identify with 2p6 - 2p 38.3131 only, apparently

neglecting the blend with the equally strong 2p6 - 2p53853P

The anomaslous strength of 2p6 - 2p53d.3P

20

q listed (but not commented
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. upon) by NSK may be due to incorrect identificstion. Finally

NSK's theoretical model neglécts an important populetion process

5 5

for the 2p53s configuration (2p6 ~> 2p"3d ~> 2p 3p—> 2p538).

If allowance is made for these matters there appears to be no
remaining difficulty.

Previous measurements for the n = 4 —» 2 transitions sare

6 1 3

- S, - 2p54d.1p1, D, lines (Evans and Pounds,

1968; Walker and Rugge, 1969). The ratios obtained by Evans and

Pounds (average values 0.041 and 0,039 for the 1P 3

confined to the 2p

77 D1 transitions

respectively) are in feir agreement with calculation. However,

6 1 5 .3 . '
the two values for 2p . SO - 2p 4d. D1 given by Walker and Rugge
-exceed the calculated value by factors of 2 and 5. This discrepancy

has not been resolved.

6.1.4 Analysis of the Present Observations

The data used in the present analysis were obtained with
much grester sensitivity and substantially better resolution and
wavelength calibration (see Chapter 3) than most previous observations.
The assignment of features tothe spectrum of Fe XVII wes guided
by the improved wavelength calibration and by use of the higher
temperature spectrum of the flaring region 12624 to exclude the
possibility of misidentification of transitions in higher ion
stages.

All but three bf the n = 3—> 2 and n = 4 —>»2 transitions
in the eight known Rydberg series have been found previously and
good wavelengths were available (Tyrgn, 1938; Swartz et al., 1971;
Parkinson, 1973a). There was no difficulty in assigning features
in the present spectra to these transitions. The three missing
transitions were all n = 4 ~» 2 lines, namely the inner shell and
magnetic quadrupole transitions. The search for these lines in

the present data was guided by the Followihg considerations.

~ 136 -



6 1

(a) THE INNER SHELL (2s22p®.%'s - 2s2pPnp.7p., 3

o 10 ~Py) TRANSITIONS.
These lines, with n ;> 4, have been previously found only
for three low members of the Ne-like isoelectronic sequence (Ne I:
Codling et al. 1967; MQ I1I: Esteve and Mehlman, 1974; Al IV:
Carillon et al, 1972). Thus it has hot.been possible to predict
accurate wavelengths for the correéponding Fe XVII lines by either
ispelectronic or Rydbérg series extrapolation. However, an
approximate prediction is possible on the basis that quantum
defects vary only slowly along Rydberg series. Hutcheon (19755)
has performed such 8 calculation. Thus comparison of the quantum
defects of Ne I, Mg III and Al IV with those of Fe XVII, and
considering the dependence of the quantum defect on multiplet
splitting and on n, yields the velues 11.022 and 11,040 R respectively
2, 61

for the wavelengths of Fe XVII 2s 2p . SO - 232p64p.1p

1? 1°

The uncertainties on these absolute values are estimated at less
than 0.02 R and that on the difference is perhaps a few milliangstroms

(Hutcheon, 1975b).

A feature consistently appears in the present spectra

+

at 11.029 X 0.004 R with stetistical éignificance of about 8¢ on
each of three independent measurements. Others have found features
in their spectra consistent with this wavelength but have offered
different classifications,

+

Swartz et al. (1971) found 2 line at 11.021 0.005 R in

measurements of an iron plasma in a vacuum spark, which they
4,1
(

partially classsify as a Fe XVIII 2p5 - 2p S)4d line. Houwever,

Hutcheon (1975b) has extrapolated along the Rydberg series using
4.1
the known energy levels of the corresponding 2p5 - 2p ('5)3d

transitions (from Feldman et al. 1973), and this calculation

indicetes theat the proposed identification of Swartz et al. is
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somewhat unlikely,

Neupert et al. (1973) clessify a feature at 11.03 R

in the laborstory spectrum of Feldman and Cohen (1968) es @

Fe XIX 2p4(3P) - 2p34s(3D) line whose predicted wavelength is

10.99 R. This transition could perhaps contribute to the feature
observed by Swartz et al, but not to our 11.029 R feature. Thus the
most intense coronal Fe XIX lines should be various 2p5 - 2p43d
transitions (Fawcett et sl. 1974) but these do not appear on the
spectra of regions 11619 and 12628. Several of them are tentstively
identified in the (flaring) region 12624 spectrum (see Chapter 7)
but the 11.029 R intensity is not there 1ncreased in proportion,

as could be expected if it contained a significant Fe XIX
contribution.

It is concluded therefore that the present 11.029 R
feature may not be ascribed either to Fe XVIII or Fe XIX transitions.
In contrast ascribing the feature to 8 blend of the two Fe XVII
2522p6 - 252p64p transitions, as suggested by the coincidence of
"predicted and measured wavelengths, is supported by the intensity
calculations of Loulergue and Nussbaumer. The total intensity
they predict for the two lines is close to the strength of the
measured feature, Note that Loulergue and Nussbaumer predict the

2,61

2s 2p . S0 - 282p64p.1p line about five times stronger than the

1

corresponding 4p.3p1 line.

(b) THE MAGNETIC QUADRUPOLE TRANSITION, 2p6.150 - 2p54s.3P2.
It is now believed (contrary to the suggestion of

Hutcheon (1975a)) that this trensition is unlikely to be observable

since the 2p545.3p state mey decay by allowed electric dipole

. 2
transitions, meinly to 2p53p.351, 303, ;P
+

Loulerque and Nussbaumer (1975a). An unidentified line at 12.700 -

g1 B8 pointed out by

0.003 R occurs in the present spectre very close to the predicted
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wavelength (Hutcheon, 1975b) of the'magnetic quadrupole trensition

at 12.691 % 0.011 R but the identificetion cannotbnow be accepted.
Table 6.1 gives the meassured values, for each of the

three observed active regions, of tﬁe stfengths of the Fe XVII n=3-»2

and n = 4 —» 2 transitions normalized té the strgngth of the resonance

line 2p6.180 - 2p53d.1l31 (in conformity with Loulergue and Nussbaumer).

Also included is the absolute intensity of this reference line for

each region.

According to Loulergue and Nussbaumer's figures, also

6 1

given in Table 6.1, the 2p . 50 - 2p54d.3P transition (found

1
in 2 vacuum spark spectrum at 12.319 R by Swartz et al. 1971)
should be too weak to sppear in the present data. This is the case
and the recorded intensity at 12.319 R is listed as the upper limit
for the strength of that line.

6.1.5 Discussion

Table 6.1 shows brosd agreement between the measured
and calculated intensities for n = 3 —> 2 and n = 4 —» 2 transitions.

5

Consiétehcy is particularly good for the 2p6 - 2p 3d, 4d transitions.

~ Some difficulties are apparent for the 2p6 - 2p535 lines; thus some
of the calculated vealues are consistent with messurement, some
diverge by up to 50% and for some lines different messurements

of the same line are inconsistent by much more than the known
measurement error. Nevertheless, for each region observed, the

sum of the measured intensities of the 2p6 - 2p533 transitions
agrees considersbly better with the calculated sum, i.e. to

within 20%. This may indicate the presence of procésses, not yet
included in the g¢alculations, which affect the distribution of the

populations of the 2p$3$ levels. Ffor the 2p6 - 2p545 transitions

the measured strengths somewhat exceed the calculated‘values.
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It is interesting to note that the (summed) relative intensities
of both the 2p6 - 2p535 and 2p54s lines is lowest in the spectrum
of the (hotter) decaying flare region.

Where previous leboretory wavelengths exist (Tyrgh, 19383
Coheﬁ and Feldman, 1970; Conne;ade et 8l. 1970; Swartz et al.,

1971) the new messurements sgree to within = 0.0035 R of the
average of previous values. This consistency is improved if

the average of previous vslues is calculated by weighting each
vaiue according to the inverse of its uncertainty (Hutcheon,
1975b). This, together with the broadly satisfactory understanding
of the relative intensities observed in three separsate scaens,
leaves little room for doubt of the assignment of features in

the present spectra to the correct Fe XVII transitions. The
wavelengths listed in Table 6.1 are the average of values found
from the three scans. The quoted uncertainty represents the spread
in the three individual values plus an added 2 0.001 B to allow

for systematic error due to the uncertsinty in some wavelength
standsrds. The uncertainties givgn ianable 6.1 are in general
substantially smaller than those previously given and, as a
consequence, some of the wavelengths given are shifted slightly
(though by less thasn 0.0035 R) from previous values. The present
wavelengths for the 2p6 - 2p535 transitions differ from those of
Parkinson (1973a, 1975¢c) by larger smounts (0.006 - 0.011 8) but
Parkinson's uncerteinty was up to I o.o008 R.

As always the measured results for intensities and
wavelengths are given on the assumption that no undetected blends
exist in the lines discussed. Ffor the n = 3 ~>» 2 transitions this
was discussed by WUalker et al. (1974c) who pointed out the risk of
3

P, lines.

weak Fe XIX lines blending with the 2p6 - 2p53d.301, 1

However, they argue that this is not significant in their measurements
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and similar arguments apply to the present onesalso. Of the

h = 4—>2 transitions, 2;36.150 - 2p54d.1p1 ot 12.124 B is partially
blended with Ne X Lye{ ot 12.134 R. This blend hes been deconvolved
in the present analysis and the quoted results for the Fe XVII
transition intensity and wavelength allow for this. Thefe are no
other known blends with n = 3—2>2, n = 4 => 2 transitions, and

there is no evidence dF undue brosdening in sny of the line

profiles. Finsally, many of the lines discussed sre among the
strongest lines in the coronsl X-ray spectrum. Undetected blends

can only now occur‘with weak lines so that, at least for the

stronger lines, the vulnerasbility to error, either in wavelength

or intensity, is very small.

6.2 The Ni XIX Lines

The preceding study hess also been extended to the more
highly charged Ne-like ion Ni XIX. However, the Ni XIX lines are
comparatively weak due to the low solar abundance of nickel (at
least an order of magnitude less than iron; see Section 4.6) and
the higher temperature required fo produce and excite Ni XIX
efficiently (e.g. Jordan, 1969, 1970). Hence observations sre
much more limited, A further difficulty is that the uncertainty
in the known wavelengths of the Ni XIX lines is considerably
greater than for the corresponding Fe XVII lines. This, together
with the low intensity, complicates the problem of correctly
identifying 8 Ni XIX trensition, especisally in the vicinity of other
weak lines,

6.2.1 Previous Observations

Feldman and Cohen (1967) give laboratory wavelengths of
seven n = 3 —> 2 trensitions to two decimal places (in RAngstroms)

but do not mention uncertsinties. Feldman et al. (1967) give
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the wavelengths of two n = 4 ~» 2 trensitions to = 0.01 R,

Swartz et al. (1971) givé wavelengths for 811 the lines previously
reported and elso for two further n = 4 = 2 transitions, nominally
to three decimal places in Rngstroms. However, for. the lines
discussed here, tHe nearest wavelength calibration stendards

used by Swartz ét al. are some of the Ni XIX transitions reported
by Feldman et al. and Feldman and Cohen, and this makes the third
decimal place very uncertain,

Swartz et al. (1971) observe in their spectrum of a
nickel electrode vacuum spark a transition at 10.306 ﬂ which they
classify as Ni XIX 2p6.180 - 2p%b3p1 and 8 sligﬁtly weaker
transition at 10.261 R. Hutcheon (1975b) has performed a quantum
defect analysis which indicates that the 10,261 R feature is a
much more likely candidate for this transition.

Some of these Ni XIX transitions have been reported in
solar active region spectras by Evans and Pounds (1968), Rugge and
Walker (1968), Walker and Rugge (1969) and Parkinson (1971a).
However, their data had only moderate spectral resolution and
some of the Ni XIX lines recorded were bsdly blended with other
much stronger lines., For this reason the relative intensities
of coronal Ni XIX lines have not previously received close study.

Parkinson (1975c) has reported several Ni XIX n = 3—> 2
transitions in the sﬁectrum of region 11621 obtsined by SL1101.
However, he has not presented any detsiled investigation of these
lines, and as mentioned earlier, his wavelength uncertainties are,

in general, somewhat greater than for the present work.

6.2.2 Interpretation of the Present Spectra
The spectra were searched for features that could be
assigned to the Ni XIX spectrum according to three criteria,

The wavelength of such a candidate was required to be in reasonable
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agreement with previous leboretory measurements - though in

view of the remarks above (Section 6.2.1) rather grester dgs—
crepancies were tolerated than in the case of the analysis of

the Fe XVII spectrum, Second, the intensities of the candidate
(relative to the Fe XVII lines), as measured from the three active
regions, were required to vary in the appropriate manner. Thus,

Ni XIX lines could be expected to be'stronger relative 'to Fe XVII
for the case of the (hotter) region 12624. Finally, the relative
intensities of the Ni XIX lines should be distributed in approximate
agreement with the calculated results of Loulergue and Nussbaumer
(1975a). This condition is imposed in view of the general success
of their results in predicting the corresponding relative intensities
for Fe XVII (see Section 6.1).

Application of these conditions to the data leads one to
believe that detailed discussion of three Ni XIX n = 3~ 2
transitions is possible., O0One other n = 3—>» 2 transition may
contribute to a blend. It is convenient to discuss these in turn,
starting with the 'resonance";inef ‘ o

Samples of the spectra (for region 12624) used in the
present analysis are shown in Figures 6,1 and 6.5.
6.2.2.1  The 2p°.%s_ - 2p%30.7p, Line.

Feldman et al. (1967) give the lasboratory wavelength of
this line at 12.42 R and this value was used as a calibration
standard by Swartz et al. (1971). In the present data a group of
partially blended lines occurs around 12.4 R, Lines are observed
at 12.406, 12.418, 12.430 and 12.450 R. Only the 12.430 R} line
shows a temperature dependence consistent with assignment to
Ni XIX. Thus thiis feasture is much the strongest of the group in

the spectrum of the decaying subflare region (12624). The intensity

of this line is least in the cool region 11619, greatest in the hot
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region 12624, and veries in step with the corresponding Fe XVII

resonance line., The 12.418 R line although closer to the laboratory

wavelength, is unlikely to be Ni XIX 2p6.1S0 - 2p53d.1p1 as it

is too weak even to be observed in the subflare region. The
12.430 ﬂ feature is thus tentatively identified with the resonance
transition. The proposed identification is supported by goad

agreement between the measured wavelength of the feature and the

value (12.428 X 0.00s R) predicted by Hutcheon (1975b) from

isoelectronic extrapolation.

6.2.2.2 The 2p6.180 - 2p53d.301 Line

The laboratory wsvelength for this line is 12,641 R
(Swartz et al. 1971) (note the caution given in Section 6.2.1
above regarding uncertainty in the last decimal place). The
value predicted by Hutcheon (1975b) from iscelectronic extrapolation
is 12.649 R. The candidate festure in the present data is at

12.651 R.

6.2.2.3 The 2p60150 _2p53501p1 Line

" The wavelength given by Swartz et s1, (1971) is 13.768 R.

The isoelectronic extrapolation procedure (Hutcheon, 1975b)

predicts 13.778 X 0.005 R. In the present data a feature appears

in the spectrs of regions 12628 and 12624 at 13.780 R. The

feature fits the other criteris for identification with Ni XIX

2p6.150 - 2p535.1p1.

1

6.2.2.4 The 2s22p°. 5_ - 262p%3p. P, Line.

1
The wavelength from Feldman et al. (1967) is 11.53 R,

that of Swartz et al., (1971) is 11.522 R. The isoelectronic

extrapolation (Hutcheon, 1975b) predicts 11.525 ¥ p.005 B. The

spectra of regions 12624 and 12628 show a feature st 11.526 = 0.001 R
with an (energy) intensity relative to the resonance line of
0.8 2 0.2 and 0.6 = 0.3 respectively. However, this festure is

thought to be @ blend for the following ressons. first, Cohen
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and Feldman (1970) aﬁd Swartz et al., (1971) observe 8an unclessified
iron line for which they give measured wavelengths of 11.524 and
11.521 R respectively., (Hutcheon (1975b) has suggested that this
iron line is most likely to be a member of the Fe XVIII 2p5 - 2p44d
array. A complete anaslysis of this array would greatly help the
interpretation of hot active region and flare spectra.) Secondly,
the observed relative intensity is considerably higher than the
theoretical value of about 0.2 predicted by Loulergue and Nussbaumer
(1975a). |
6¢2.2.,5 The n = 4~>» 2 Transitions.

Fof the cese of the iscelectronic Fe XVII spectrum, the
straonger n = 4 —>» 2 transitions are found in the present data,
For Ni XIX these transitions are 2ll too weak to sppear in the
present data, according to the calcqlations of Loulergue and
Nussbaumer (1975a). The strongest transition should be
p6 1 5 1

. S0 - 2p~4d. D1 ( )\9.97 R according to Feldman and Cohen

(1967)). In the present spectra, the 4¢ sensitivity limit at

2

this wavelength is an order of magnitude above the predicted line
intensity, and no feature is in fasct present.

6e2.3 Discussion

Table 6.3 lists the average measured wavelengths,
measured intensities and calculated (by Loulergue and Nussbaumer)
intensities of the observed Ni XIX linés, and the upper limit for
the n = 4—> 2 line discussed. Note that the intensity normal-
isation for the measured data assumes that the resonance line is
at 12.430 R as discussed above, and that it is assumed that the
data is not affected by blending other than as discussed above,
The measured waJelengths listed for the.three n = 3—>2 lines

are thought to be correct to an uncerteinty of about z 0.002 R

based upon the spread of measurements from the separste scans and
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knowledge of the wavelquth celibration (see Section 3.3.3.2).
The new wavelengths are about 0.01 R longer then laboratory
measurements but they agree much more closely with the vsalues
predicted by Hutcheon (1975b) from isoelectronic extrepolstion.

The coronal Ni XIX spectrum is weaker than that of Fe XVII
and does not therefore provide such @ good test of thé Loulergue
and Nussbaumer model. However, -the measured and predicted intensity
ratios for the three active regions are coﬁsistent and shouw
reesonable agreement, with one exception. The discrepancy, as in
the case of Fe XVII, arises (perhaps fortuitously) from a
2p6 - 2p533 transition, namely 1SO - 1P1, where the relative intensity
obgerved from region T2624 is well above the theoreticsl value.

Unfortunately the Ni XIX 38.3P lines are not available for

1,2
comparison due to the higher background level on the KAP spectra.
The possibility of blending of the Ni XIX lipe with an unknouwn
transition cannot be eliminated, but such & transition would have
to have significant intensity only at Te E; 5 x 106 K (the
discrepancy occurs only for region 12624), and its wavelength
separation from the Ni XIX line must be S 0,002 R (there is no
measurable broadening of the x13.780 R 1ine profile). The
upper limits on the intensities of those Ni XIX n = 3—> 2 and

n = 4—» 2 transitions too weak to be observed are consistent

with the predictions.

6.3 The Fe XVII Lines, n ;> 5~>»n =2

The Fe XVII n ;& 5= n = 2 transitions lie in the
wavelength region 10 to 12 R. All of the coronal active region

X-ray spectrs recorded by the Leicester University Brsgg spectro-

meters since 1966 have shown the presence of many emission lines in
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this wavelength band. However, until recently neither the resolution
nor the sensitivity of available spectra have been good enough
for interpretation of most of the features recorded. The complexity
of the intervai was noted also by Neupert et al. (1973), Beigman
et al. (1974) and Parkinson (1975c).

| Table 6.4 lists the upper levels of the eight Fe XVII
Rydberg series known to be significantly resdiated under coronal
conditions. Following the convention adopted in Section 6.1,
Table 6.4 also gives a key letfer to each series so thst, for
conciseness, any Fe XVII transition may be fully specified by the
key letter of its series preceded by the principal quantum number
of its upper level.

6.3.1 Previously Available Wavelengths

The wavelengths shown without underlining in Table 6.4
were obtasined by Hutcheon (1975b) from a criticsl survey of
previously availahble measured values (Tyrén, 1938; Cohen and
. Feldman, 1970; Connerade et a2l1. 1970; Swartz et al. 1971; Parkinson,

1973a, 1975c). The values listed are the averages of the published
values weighted according to the inverse of their uncertainties.
Only measurements whose third decimal place (in Rngstroms) was
significant were included. The r.m.s. devistion of the published
valges about these averaged values is about 0,002 E for the
h=23, 4 5=>2 transitions and about 0.004 R for n = 6 —» 2
trensitions., These figures are thus conservative estimates of the
uncertainty on the asverage values assuming there were no blends
in the messurements used. It has previously been argued, in
Section 6.1, that blends with Fe XVII n = 3, 4~>» 2 lines are
unlikely in the bresent data. It can similarly be shown that

blending is unlikely to affect other observations of both these and
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the n = 5= 2 lines. The one exceptiqp is the fregquent partisl
blending of the 4C line, at 12,123 R, with Ne X LyeX 8t 12,134 R,
as already discussed in Section 6.1. With regard to the two
previously known n = 6 —» 2 transitions, the 6C line at 10.659 R
is not known to blend with any other line; the 6D line at 10,768 R
is blended in the present data with Ne IX 152.150 - 1sSp.1P1 at
10.764 R.

6.3.2 Predicted Wavelengths

In Table 6.4 required wavelengths whose values were
not previously known are shown underlined. They were celculated
by Hutcheon (1975b) by extrapolation using the best (averaged)
wavelengths of lower members of the éame Rydberq series. Ffor
the series C, D, E; F and G, the wavelength predictions should have
an uncertainty compareble with that of the largest uncertainty
in the base wavelengths (i.e. about X 0.004 R). Extrapolation
for the A and B series is less accurate because only one term is
known in each case (see Section 6.1) and the uncertasinties in
the absolute predicted wavelengths are then much bigger (about
* 0.02 8) though the uncertainties on the differences between
calculated wavelengths (in the same configuration) are still quite
good. The wavelengths for the H series for n ;} 4 are omitted from
Table 6.4 because the power redisted in these magnetic quadrupole
transitions is predicted to be too small, by many orders of
magnitude, to appear on the present spectra due to depopulatioﬁ

of the 2p5ns.3P h 2 4 levels by allowed electric dipole

271
transitions, as discussed in Section 6.1.4.

The wavelengfh predictions are given on the assumption
that the base wévelength values are not distorted by unknown line
blends. Their accuracy is limited by the small number of terms

known in each Rydberg series and by the uncertainties in their

wavelengths.



6.3.3 Predicted Intensities

No comprehensive cealculation of the relative intensities
of Fe XVII n ;3 5= n = 2 transitions is presently availsable.
Limited results were given by Beigmen et al. (1974) but their
'results for n = 3, 4~>» 2 were at variance both with measured
values and with other calculations (see Section 6.1.2). However,
it may be noted that Loulergue and Nussbaumer's (1975a) detailed
calculations of the n = 3, 4—> 2 transition intensities revesl
that the intensities of the n = 4 — 2 lines are reasonably
well predicted by the two level ion model (see e.g. Section 4.2,
and Pottasch (1964)) when Crance's (1973) calculated oscillator
strengths are used in that model. (Note that this simple approach
does not work for the 2p - 3s lines, cf. Section 6.17). From
Section 6,1 it is found that the measured 2p -~ 4d intensities
are smaller by a factor 2 than the Pottasch-Crance predictions, and
the measured 2p - 4s intensities larger by a factor 2 than the
Pottasch-Crance values., For the present purposes this level of
agreement is tolerable for such a simple and convenient calculation.
There is no reason to suppose that the Pottasch-Crance calculations
will be much less successful for n > 4 —> 2 transitions; in fact
it may be expected that some improvement in the calculated intensities
can be made by taking the measured n = 4 —» 2 intensities as a
guide. Thus the Pottasch formula can be forced to fit the measured
n=4-—> 2 intensities by solution for "empirical oscillator
strengths", These latter are to be taken as effective oscillator
strengths whose use modifies the two level ion model so as just to
compensate for neglect of interactions with other levels., With

this approach Hutcheon (1975b) and the present author have used the

Pottasch model to predict the intensities of n ;B 5=> 2 lines by
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using the empiricel n = 4 => 2 effective oscillator strengths
sceled along each Rydberg series in the same ratios a; those of
Crence where they are aveilable (i.e. up to n = 6 ->» 2) or like
theasymptotic hydrogenic n_3 where they sre not. This procedure
requires the source emission measure/temperature model (see
Sections 4.2 end 4.3, and Equation 4.20). The temperature averaged
Gaunt factor wass taken as 0.2. The .results of these (rather crude)
intensity calculations are included in Table 6.5 and discussed
below.

6.3.4 The Present RNMeasurements

The present analysis utilizes the dats obtained by the
SL1101 and SL1206 gypsum spectrometer operating in the fast scan
"spectral survey" mode., An example of these observastions (for
region 12624) is shown in Figure 6.6. The presence (already discussed
in Chapter 4 and the present chapter) in the cooling flare regian
12624 of hotter material than in regions 11619 and 12628, was most
convenient for the present purposes. In particular, the intensities
of lines from Fe XVIII and higher Fe ions, relative to the Fe XVII
spectrum, are sensitive to the temperature-diFFerence between
the flaring and non-flaring regions. These trends in the three
data sets were used to help discriminate ageinst incorrect
assignments to Fe XVII, of observed features which may in fact
be poorly known transitions in higher Fe ion stages.

In the present analysis the following convention is
adopted: a festure tentatively assigned to an fFe XVII transition
is called an "Fe XVII feature"; after confirmation of the assignment
the feature is referred to as an "Fe XVII line".

6.3.5 Assignments to Fe XVII

Taeble 6.5 lists 8ll the features in the present datsa

which occur within 0.01 R of wavelengths predicted (see Table 6.4)

for the C, D, F and G series, The E series is not discussed
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becsuse the 4E trensition is too wesk (Section 6.1) to appesar
in the dete and this is also expected to be true for higher E

series members, The criterion of wavelength coincidence to

1+

0.01 R allows for Z 0.004 R uncertainty in predicted wavslength,

1+

0.003 R measurement uncertainty and a somewhat srbitrary I 0.003 R
safety margin. |

As discussed sbove (Section 6.3.2) the uncertainty in
the wavelength predictions is larger, at % 0.02 R, Fof the A and
B series. This requires relaxation of the coincidence criterion
in the search of the dats for possible assignments to these series,
Agreements similar to those used for the other series suggest a
tblerance of  0.03 R. From Table 6.4 the predicted wavelengths
for the 5A and 5B transitions are 10.120 % 0.02 ® and 10.127 ¥ 0.02 R
respectively, Noting that the uncertsinty on their wavelength
separation is much less than the quoted absolute uncertainty, it
is expected that the tuwo lines should blend in the present data
(though if the 5A to 5B intensity ratio follows that for 4A, 4B
and 3A, 3B then the 5B line would be very weak in the present
spectra). A festure occurs in the data (for the subflare region
12624) st 10,123 £ 0,003 R, 1Its intensity is about one-quarter
that of the combined -intensity of the 4A and 4B traensitions;
comparison with the predicted intensities (Teble 6.5) thus supports
this feature as s cendidate for those trensitions. Further, by
arguments similar to those of Sections 6.3.6 and 6.3.7 below,
this feature cannot be assigned to ény ion other than Fe XVII.
The scans show no other festure within I 0.05 R of the predicted
wavelength., The predicted wavelengths of the 6A and 6B treansitions
are 9.699 £ 0,02 R and 9.703 £ 0.02 R respectively. The subflare

spectrum contains 8 weak broad fesature at about 9.70 R which may

contain a contribution from these lines. It does not occur in
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the spectra of the other regions. None of the scans shows A or

B series transitions for n ;ﬁ 7. Hutcheon (1975b) has pointed out
that the predicted 252p6np levels with n ;} 6 lie above the first
ionisation limit for Fe XVII and are sutoionising. The intensities
of direct tresnsitions from’these levels to the ground state may
thus be substantially reduced.

All these features in Table 6.5 coincide with the
predicted wavelengths to well within the adopted tolerances;
conversely only one feature (st 10.320 R) would be added to the
table by allowing a slight (as opposed to substantial) relaxation
of toierances. That these two facts should be true throughout
a relatively large and complete set of transitions is persuasive
evidence that these features may properly be assigned to Fe XVII,
or at least that where there are blends then the Fe XVII components

+

are significant. One feature, at 10.221 0.004 R, lies close

to the predicted B8C line (10:225 R) and 9D 1ine (10.220 R). 1f
the intensities of both are significent they would in fact blend’
in the dats,

Table 6.5 includes the intensities of these Fe XVII
transitions, for each of the three sctive regions. For completeness,
the measured wavelengths and intensities for the previously known
5C, 5D, 6C, and 6D Fe XVII lines are also included; thus this table
and Table 6,1 together give the measured wavelengths and intensities
of all features in the present scans which are known or believed to
be properly assigned to Fe XVII, Iﬁ addition, there are present
'in the scans, several features between the possible 8c/9D blend
at 10.221 R and the series limits of the C and D series (predicted

at 9.726 R and 9.823 R respectively). These features may coincide

with the wavelengths of predicted Fe XVII transitions for n ;5 8.
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However, because the intensity of the”10.221 R feature is already
close to the sens;tivity limit of the p;esent cbservations, these
identifications have not been pursued.

Teble 6.5 includes the cealculated intensities of the
n ;3 5~ 2 lines predicted as'explained iﬁ Section 6.3.3 above,
In the date compilation for Table 6.5 .the previous practice of
.Sections 6.1 and 6.2 has been followed; i.e. the intensity figures
have been normalized, though with sbme reservations, to the
intensity of the resonance line, 3C. The hesitancy in applying
this procedure was due to the fact (Section 6.1) that the observed
intensities of n = 4—> 2 lines (relative to the 3C line) are
consistent from one active region to another (and with the
Loulergue and Nussbaumer 1975s calculations) only to a factor 2
or so. Consequently, since the predicted intensities in Table
6.5 are essentially extrapolations from the messured n = 4= 2
intensities, 2s explained in Section 6.3.3 above, the predicted
relative intensities show a variation from one active region to
another, For the n = 3, 4—> 2 transitions there is s systematic
tendeﬁcy for all lines to be wesker relative to the 3C line in the
case of the hotter source region (12624). This trend is also
apperent in Teble 6,5 for the n > 5=>» 2 trensitions. An
experiment in orbit, with the same effective aperture and quantum
efficiency as the Leicester Mk.3 instrument, would readily obtain
sufficient good scans of a statistiéally significant number of
source regions to clarify this metter. There is no known mechanism
6.150 - 2p°3d. P

whereby the intensity of the 2p line would be

1
enhanced relative to the rest of the Fe XVII spectrum, by the
extent shown, by relatively small incresses in the source temperature.

The possibility of such an effect has been discussed recently by

Loulergue and Nussbaumer (1975a,b). Note that the possible effect
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is in any case relatively mbdest, only a factor 2 between the
subflare and other regions.

From the precedihg peragraph the merit of having
intensities predicted from the n = 4—> 2 intensifies is now clear,
since the possible temperature variation is then included in the
extrapolation and one can still look for agreement between
predicted and measured intensities despite the possible temperature
difficulties. Examination of Table 6.5 in this way shows quite
good agreement forall lines observed in regions 11619 and 12628
wifh the exception of the 6D line in region 12628, which is
anomalously strong. In the cese of 12624 (the hot region) the C
series lines are all weaker than expected, by about a factor 2.
If the comparison is made according to the n-value of the upﬁer
level then agreement with prediction is quite satisfactory for
n =5—> 2 transitions, but transitions from higher n-values tend
on the whole to be rather stronger than expected., It is noted
that the feature very close to the predicted 7F wavelength (fbr
region 12624) is much stronger than expected whilst no feature is
found at the expected 6F wavelength. 0On these grounds, the
validity of that one assignment must be doubted. 1If there is
another line there, it is likely to-be an Fe XVIII 2p5 - 2p455 or
5d trasnsition (Hutcheon, 1975b).

6.3.6 The Possibility of Erroneous Assignments in the Present Work

From the presently available knowledge of ionic energy
levels and solar element abundances it may be concluded that the
only ions whose spéctra could confuse the present work are Ne IX,

X; Na X, XI; Mg XI, XII; Al XII, XIII; Fe XVIII, XIX and Ni XIX,.XX.

The calculeted energy levels of Garcis and Mack (1965) and Ermplaev
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and Jones (1974), for the well .established term diagrems of
H-like and He~like ions respectively, are sufficient to show.that,
with the exception of Ne IX, X, noné of the H-like or He-like ions
can be confused with the Fe XVII spectfum. ‘The remsining ions are
now considered in turn. |
() Ne IX. Ermolesev and Jones' wavelength for Ne iX 152.15o -
135p.1P1 is 10.764 R and it must be accepted that this line blends
with the presently obserQed 6D feature at 10,766 R. This is the
only Fe XVII feature, in Table 6,5, definitely known to be blended
with a line of another ion. The matter is of some importance because
if the intensity in the Ne IXlline is significant then the listed
wavelength for the 6D transition has increased uncertasinty as also
will those predicted (from the measured 6D wavelength) for the
7D and 8D transitions. The intensity of the Ne IX line can be
estimated by the Pottasch method as described above for the case
of Fe XVII. Teking the source emission measure/temperature model,
and using oscillator strengths from Dalgarno and Parkinson (1967),
the Ne IX contribution to the blend is found to be about 25%. This
extrapolation was checked by comparing similarly predicted intensities
with the measured intensities for other non-blended members of the
same Ne IX series (e.g. 132.180 - 153p.1p1, see Section 5.2).
Agreement was found to within 20%. These data for the wavelength
and intensity of the Ne IX line indiéate that the proper.wavelength
for Fe XVII 6D is only 0.001 R longer than the peak wavelength
of the measured blend.

Extrapolation of Ermolsev and Jones' wavelengths to
higher members of the Rydberg series (Hutcheon, 1975b) shows that

Ne IX 132.150 - 1snp.1P1, n ;3 9, transitions occur in the waveband
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10.368 to 10.487 R. However, the intensity of these lines
calculatedbas described above shows that no significeant contribution
can be mede to the intensity of any of the features observed in
the present data.

It is noted that Parkinson's (1975c) measured wavelength

of 10,742 R for the Ne IX trensition 182.150 - 155p.1p is

1’
. believed to be in error due to his mistaking his feature no. 16

(his Table I) for the Ne IX line, It is believed that this Ne IX
transition is in fact blended with his recorded Fe XOII 6D -
feature, as in the present data, and therefore his festure 16 at
10.742 R should be regarded as snidentified.

(b) Ne X. Figure 6.6 shows the well established Ne X Lye line

at 10.239 R easily resolved from the Fe XVII B8C feature at 10.221 R.
Note that Ne X Lye certainly blends with Fe XVII 9G at 10.241 R
but this latter transition is not discussed because its intensity
must be negligible, as can be seen from the intensities of lower

members of the G series (Table 6.5).

(c) Ni XIX. The spectrum of Ni XIX has already been discussed

in Section 6.2. The nearest coincidence between any feature listed
in Table 6.5 and any known Ni XIX transition, is that between

Fe XVII 7F at 10.436 B and Ni XIX 4G st 10.417 % 0.004 R (Swartz

et al, 1971). This near blend should be resolved in the present
data. lFurther, from the calculations of Loulergue and Nussbaumer
(1975a), Ni XIX 4G should be an order of magnitude weaker than

Ni XIX 4C, and from the discussion of the coronal Ni XIX spectrum,
in Section 6.2, the 4C line should itself be an order of magnitude
too weak to appear on the present scans.

(d) Ni XX. This ion is expected to have a very low population

(e.g. Jordan, 1969, 1970) at the source temperatures calculated

for all the present active region spectra (Section 4.3). Further,
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the strongest Ni XX transition arrays are thought to be 2p5 - 254ns,
nd. From the classifications of Swartz et éi. (1971), and by
extrepoletion (Hutcheon,1975b) of those of Feldmen et al. (1973)
for Fe XVIII, it is concluded thet these arrays do not overlap the
band of the Table 6.5 wavelengths,

(e) Fe XVIII. The possibility of confusion with lines of this

ion cennot be dismissed by wavelength arguments alone. The spectrum
is richj; the 2p5 - 2p43s,3d arrays together contain over 30
classified transitions (Feldman et al. 1973), and this presumably
applies to the corresponding n ;b 4 arrays, The 2p5 - 2p435, ad
arrays occur at 14 to 16 R. The oorrésponding n >4 arrays

have not been analysed beyond the first few members of the F-like
sequence (Edl;n,1973; Artru and Brillet, 1974). Using the Fe XVIII
n = 3 energy levels given by Feldman et al. (1973), Hutcheon (1975b)
has extrapolated along the Rydberg series to find the wavelength
ranges within which the n = 4 —» 2 transition arrays are expected
to lie. He has compared the predicted wavebands of the Fe XVIII
spectrum with the many probable Fe XVIII lines that do appear in
the present spectra. One result of his study was that the Fe XVIII
2p5 - 2p44d array overlaps the Fe XVII n = 5= 2 transition
wavelengths, and that the Fe XVIII 2p5 - 2p455, 5d arrays overlap
with the Fe XVII n = 6, 7, 8—3 2 wavelengths. In particular

it is believed (on the grounds of snomalously high intensity)

that the Fe XVII 5G and 7F, 7G features in the present scans may

be especially lisble to Fe XVIII blends. Nevertheless, as already
noted, one of the active regions (12624) contained a significant
amount of hot flare residue msterizl. Known Fe XVIII lines are

much-stronger i the scans of that region than in those of the others

(Section 7.1), as is to be expected. Thus, this source temperature
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difFerence in the scans, could be used to discrininate against
many Fe XVIII lines.,

(f) Fe XIX. The risk of confusion with the lines of this ion is

perhaps lower. Thus, Jordan's (1969, 1970) calculeted ionisation
equilibria indicate a much lower (than Fe XVIII) population of

this ion stage éven at the active region 12624 temperatures, In
fact to date, only a few tentative identifications of Fe XIX lines
have been made in the scans (in those for region 12624, as might

be expected) and then only in a special high sensitivity scan
obtained near 13,5 R (Section 7.2). From these»lines it is believed
that the spectrum of Fe XIX is too weak in the present scans td
interfere with the assignments made to Fe XVII.

6.3.,7 Discussion

The present section has discussed the higher members of
all eight Rydberg series known to be significantly radiated by
Fe XVII under coronal conditions. Comparison of the present
coronal X-ray spectrs with known and predicted wavelengths, and
with simple intensity cealculastions, has shown a set of observed
emission lines whose wavelengths are consistent with the previously
known and predicted wavelengths. The messured intensities are
broadly as ekpected, and the intensity discrepancies have been
commented upon., The present data give improved wevelengths for meny
of the observed higher transitions in Fe XVII,

While one cen largely exclude the possibility of erroneous
identification from most of the measured Fe XVII festures, it is
not possible to exclude totally the possibility of confusion of the
listed transitioqs with (as yet little known) trensitions of
Fe XVIII or transitions involving double excited states in Fe XVI,
This, together with the fact that there are still a number of

unidentified features in the 10 - 12 R waveband of the present
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data; indicates that further leboratory study of the spectrum

of highly ionized Fe (especially Fe XVIII, XIX) would be of

great assistance in the interpretation of the solar X-ray spectrumj*
However, the existence of coronal spectra for different source
temperatures has, as noted above, provided a powerful technique

for avoiding confusion with the spectra of F=like and higher ions

of Fe. Note that, because of this letter point, slthough it

is expected that others may be able to epply the analysis given

in this section to géin an understanding of their coronal active
region spectra, much greater care will be required in using

the present results to interpret flare spectra. In those cases
there is a high risk of confusing Fe XVII transitions wi£h the
little known spectre of_more highly cﬁarged Fe ions., High resolution
flare spectra in this waveband are likely to be very rich. It is
likely thet equipment having at least the resolution and sensitivity
of the Leicester Mk. 3 instrument will be operated in orbit during
the next few years and will achieve much better quality data than
the present, just due to the order of magnitude'longer exposure

per spectrum, Even for non-flaring regions many more weak lines
will then be observed and the problem of identification will still
be severe, It is expected that the above analysis will be of

assistance to this task.

*

Note added in proof: Recent classificationsin the transiticn

arrays Fe XVIII 2p5 - 2p44d, Fe XIX 2p4

4
1976) and Fe XIX 2p = 2p33d (Bromage and Fawcett, 1976, see

- 2p34d (Bromage et al.

present work Section 7.2), have now greatly clarified the situation,
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Footnotes to Table 6.1

a)
b)
c)

d)

Loulergue and Nussbaumer (1975a)
Partially blended (see text)
Swartz et al (1971)

Upper limits are recorded intensities st the expected wavelengths of
the lines.,
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FIGURES

Chapter 6

6.1

6.4

The McMath region 12624 spectrum, 9 - 13 R, recorded with _
the SL1206 gypsum Bragg spectrometer (scan pate 0.01 rad s ).

The McMath region 12624 spectrum, 13 - 17 R, recorded with
the SL1206 KAP Bragg spectrometer (scan rate 0.01 rad s ).

Energy level diagram of the neon-like ion Fe XVII, for the
ground and n = 3 excited states, showing the principal decay
paths for the first 36 excited levels. Those levels with
radiative transitions to the ground level are shown in

bold type (Walker et al., 1974c). '

Energy level diagram for Fe XVII, showing the main population
processes governing the intensities of the transitions

2p6.150—2p53d,38 (Loulergue and Nussbaumer, 1975b).

The McMath region 12624 spectrum, 13.7 -~ 13.9 R, recorded

with the SL1206 gypsum Bragg spectrometer (scan rate 0.001 rad
s”'). Note the improved dats quality compared with Figures
6.1 and 6.2,

A portion of the data, 10 - 12 R, shown in Fig. 6.1.
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Chapter 7

Fe XVIII, Fe XIX AND OTHER 'HIGH TEMPERATURE' LINES

The spectrum of the decaying flare region 12624 shows,
quite clearly, a number ( -~ 20) of lines which are very weak or
absent in the spectra of regions 11621 (Parkinson, 1975c), 11619
and 12628. It has already been shown in Chepter 4 that the main ,
difference between region 12624 andrthe other three active regions
(11619, 11621 and 12628), as regards the distribution of emission
measure with temperature, is the presence in region 12624 of a
significent quantity of plésma at Te ~ 6 x 106K. Thus it appears
quite reasonable to assume that the enhancements in the spectrum
of region 12624 are due to lines which are produced more efficiently
at temperatures above 5 x 106 K, and in fact it will be shown belouw
that ten of these 'high temperature' lines between )\)\14 and
16 ﬂ agree very well in wavelength with lines classified in
laboratory spectra, by Feldman et al. (1973), as F-like Fe XVIII
n=3->2 trensitions.

It is convenient, for reasons which will bécome clear
later, to divide the discussion of the 'high temperature' lines,
into two psrts, covering the wavelength intervals 14 - 16 R and
13 = 14 R. There are 2 number of features in the region 10 to
13 R which might properly be termed 'high temperature' lines,
however these features are, in general, much less prominent than
those occurring between 13 and 16 R. Hutcheon (1975b) has pointed
out that the Fe XVIII n ;} 4 ~>n ; 2 transitions are expected
to fall in the region 10 - 13 ﬂ, and that the wavelengths of most
of these transitiqns are not known with sny accuracy (see Section
6.3.6). Therefore, the intervel 10 - 13 R will not be discussed

further in this Chapter.
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7.1 The Fe XVIII Lines, AMN4 - 16 R

To date, the most complete analysis of the energy levels
in F-like ions is that of Feldman et al. (1973), who have used
laboretory spectrs in order to clessify n = 3 —>» 2 transitions
inthe F-like isoelectronic sequence up to Z = 27 (Co). Feldman

et al. have identified 27 features in their Fe spectrum as due .to

Fe XVIII n = 3—>» 2 transitions, It is the wavelengths given by
Feldman et al. that have been used to search the present solar
spectra for possible Fe XVIII lines,

Lines oF.Fe XVIII have previously been reported in the
solar X-ray spectrum by Evans and Pounds (1968), Walker and Rugge
(1969), Neupert et sl. (1973), Brabban and Glencross (1973), Beigman
et al. (1974) and Parkinson (1975c). However, with the exception
of Parkinson's results (for region 11621), these observations had
a much lower resolution than the present spectrsa of regions
11619, 12628 and 12624, Thus, the high resolution and sensitivity
of the present dats, combined with the favourable temperature
conditions in region 12624, 3llow for the first time, clear
observations of many Fe XVIII lines in the solsar X-ray spectrum,

7.1.1 The Fe XVIII Term System

The ground state configuration of a F-like ion is

1322522p5, the incomplete 2p5 shell giving the two levels

ZpS.ZP%’S/z. Ordinary excited terms (as distinct from inner-shell

transitions) are formed by the addition of an orbiting electron to

a core with configuration 2p4. This core gives the terms 1S, 3P,

1D. Each of the core terms can combine with the configuration nl

of the orbiting electron. Only an excited level where 1 = 0 or
2 can decay by an optically allowed (i.e. electric dipole)

radiative transition to the ground configurstion, and thus there
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are 28 such transitions for n = 3. They are listed in-Table 7.1,
Feldman et al. (1973) have assigﬁeé laboratory measured wavelengths
to 27 n = 3 —>» 2 trensitions in Fe XVIII, of which 17 are opticselly
allowed.

7.1.2 Analysis of the Present Observations

The data used in the present analysis of the Fe XUfII'
spectrum were obtained in the fast scan mode of the SL1101/SL1206
KAP spectrometer., Examples of these observations are shown in
Figure 7.1. The spectra were searched for features that could
be assigned to the Fe XVIII spectrum sccording to two criterisas.
First, the wavelength of a candidate feature was required to be
in reasonable agreement with the laboratory measurements of
Feldman et al. (1973). Second, the intensities of the candidate
(relative to the lines of the lower temperature ion Fe XVII), as
measured from the three active regions, were required to vary in
the appropriate manner., Thus Fe XVIII lines could be expected to
be stronger relative to Fe XVII for the (hotter) regioﬁ 12524.

According to these conditions, ten features in the
present spectras can be identified with Fe XVIII transitions. Table
7.2 lists the measured wavelengthsand intensities of these features,
together with the corresponding wavelengths and cless’ifications
from Feldman et al. Results sre presented only for regions 11619

and 12624; for region 12628 s 4¢ upper limit of ebout 7 x 10_6

erg cm—2 sec may be pleced on the intensity of any of the
features listed in Teble 7.2. For sll the observed features which
have been assigned to Fe XVIII in the present spectrs, there are
no other features within about 0,04 R that could be offeréd as

alternative candidates., Table 7.2 shows the good asgreement betuween

the present measured wsvelengths and those of Feldman et al.
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Several of the presently reported features have profile
widths significantly greater than those of nearby lines, and hence
it must be assumed that these broader festures contain contributions
from two or more transitions. In several cases, reference to the
wavelengths of Feldman et al., shows that a blend is probably due
to two Fe XVIII transitions. The wide feature observed at

X16.UO 8 in the solar spectra is s blend of the Fe XVIII
ap
3/2 3/2
al, 1973) and 0 VIII LyQ at 16.006 § (Garcia and Mack, 1965).

transition 2p5.2P - 2p4(3P)3s. at 16.003 B (Feldman et

The case of the x14.20 R feature is of particular interest. Feldman

et al. predict that the 2p5.2P3/2 - 2p4(1 3/2,'2 5/2

should lie within 0,009 R of each other from K XI to Fe XVIII,

D)Sd.2p D lines
and state that this wsvelength difference is less than the accuracy
of their calculations and less than the resolution of their
observations for blended lines. In addition, they say that both
lines are predicted to be among the most intense F~like lines

_ 2 2 . . .
observed, the P3/2 - P3/2 line being predicted to be about half

the intensity of 2P3/2 - 2D5/2. Feldman et al. are thus unable to
exclude the possibility that their observed feature which they
classify as 2D5/2 may be a blend of two lines; stating however, that
two distinct lines are not observed in the spectra of any ion along
the isoelectronic sequence. The present spectra of both regions
11619-and 12624 clearly show that the %ﬂ4.20 R feature is
broadened relative to a single line profile (ss estimated from nearby
features believed to be unblended; see Figure 7.1), i.e.:
FUHm ( WN14.20 R feature) = 0.027 R,
FUHM (single line) X 0.016 R.

At present, there are no detasiled calculations available

for the spectral line intensities of F-like ions. Several authors
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(Cohen et al. 1968; Gruzdev, 1971; Chespman and Shadmi, 1973)

have calculated oscillator strengths for tr;nsitions in highly
charged F-like ions, however, thers appear to be some serious
discrepancies between these results. Walker (1975) hes noted
that the 2p43p levels decay by casceade to the 2pﬁ3s levels, »
somewhat similsr situetion to tﬁat already encountered in

Ne-like ions (see Chabter_G). Thus it seems likely that accurate
predictions of F-like line intensities will require a many—leﬁel
ion model of the type calculated by Loulergue and Nussbaumer
‘(1973, 1975a) for the Ne-like ions Fe XVII and Ni XIX.
Indeed, the model for the F-like ion may well turn out toc be even
more complex than the Ne-like case, due to the larger number of

energy levels and possible transitions in the F-like ion.,

7.2 AN13 - 14 R

The SL1101 and SL1206 gypsum spectrometers covered the
wavelength interval 13 to 14 i in the high sensitivity, high
resolution slow-scan mode. The data are shown in Figure 7.2 (and
5.4). All the spectral lines obéerved from the quiescent active
regions11621 (Parkinson, 1975c), 11619 (Figure 5.4c) and 12628 (Figure
7.2b) are now well established transitions, namely: the Ne IX

n=2—>1 and satellite lines, Fe XVII 2322;36."50 - 2s2p%3p. P

and Ni XIX 2p6.18O - 2p53s.1p1. However, the spectrum of the

1

(decaying flare) region 12624 (Figure 7.2a) shows, in addition,
about a dozen new lines, and it is these that are the subject of

the present Section. ‘Little progress was made in the classification
of these new lines until the recent calculation,by Bromage and
Fawcett (1976),.of the wavelengths and oscillator strengths of

the Fe XIX 2p - 3d lines.  in this waveband.
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Table 7.3 lists the festures found in Figure 7.28
together with their measured wavelengths and intensities.

762.1 Clessification of the Lines

In the first column of Tsble 7.3‘lines which sre regarded
as well'esteblishgd in the soler spectrum by previous observation
are diétinguishgd by their wavelengths being offset to the left.
All of these lines eppear on Figure 7.2b and no other lines .
appear on Figure 7.2b., The new lines which sppear on Figure 7.2a,
and are not registered on Figure 7.2b, are similarly distinguished
by their wavelengths being offset to the right in the first
column of Table 7.3. It appears that classification of these
lines must be sought among those spectra of medium Z ions
(8 X Z £ 30) which are not significantly excited until the
temperature reaches about 5 x 106 K and, in this case of the solar
atmosphere, that means Fe XVIII to perhaps Fe XXI and, with lower
probability (mostly because of the smaller abundance) the
isoelectronic nickel spectra. It is believed that lines due to
other ions (including other elements) are unlikely and can be
ruled out on the grounds of solar element abundance (see e.g.
Withbroe, 1971, 1976) and/or wavelength. In particular the
wavelengths of transitions in H- and He-like ions are well
established (Garcis and Mack, 1965; Ermolaev and Jones, 1974;
respectively), sas are those in Ne-like Fe XVII and Ni XIX (see
Chapter 6).

In Table 7.3, under the heading "classification", the
accepted identities of previously observed lines are listed offset
to the left. Distinguished by an offset to the right are listed
transitions which must be considered as céndidate cﬁntributors to
the features shown on Figure 7.2a, The list contains those

transitions for which was noticed a2 wavelength coincidence between
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@ wavelength of a2 feature in the first column of Teble 7.3 and
results of previous theoreticel or laboratory plesma studies of
spectre considered likely (on grounds ss above) to be emitted by
coronal material, The list may not be exhaustive since knowledge
of the relevant spectre is still fragmentary. Even in the works
cited (in the last column of Table 7.3) wavelengths found by direct
wave mechanical calculation often have uncertsinty of order

0.02 R and those found by isoelectronic extrapolation ere sometimes
such large extrapolations (over Z) as to suffer similarly. Some
further possibilities, e.g. the calculation of Ni XX wavelengths

by Gruzdev (1971), hsve been omitted either because the wavelength
uncertainties are so large as to embrace several previously
unobserved lines in the present spectrz or else because extrapolations
(by Hutcheon, 1975b) from more recent published work do not support
the earlier work. Chapman and Shadmi (1973) have calculated the
wavelengths of many Fe XVIII inner shell transitions in this wave-
" band and some of these wavelengths also show coincidences with the
present features. However, although they find quite large
calculated oscillator strengths, their wasvelength uncertainty
appears to be about % 0.07 R and again this is too large to assess
possible essichnment in this case. They are absent from even

the best laboratory spectra (Fawcett, 1976) and it is doubted that
they can be significant at the low density limit. Further wave-
length coincidences may be noted between the present festures

and unidentified wavelengths in the laboratory Fe spectrs of Cohen
and Feldman (1970). However Faucett (1976) has pointed out that
the Fe XIX 2s2p> - 252p®3d trensition array contributes » dense
population of liées to the 13.2 to 13.8 R band and he believes

that most of the remsining unidentified lines in this part of the
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Cohen and Feldman spectrum are ﬁembers of this arrey. The energy
levels of fhe 282p5 configuration lie well above those of the
2522p4 ground configuretion so these lines cannot be expected

in the coronal spectrum for ressons discussed below. These lines
are not present sven in'the spectra ﬁf B'-pinch machines operated

16 op3 (Fauwcett, 1976).

at plasma electron density nesr 10
Note that for every previously observed line (wsvelength
offset to the left in Table 7;3, first column) e previously
sccepted classification can be found (offset to the left under
"classification"). However, it soc happens that, for source
material above 5 x 106 K, in most of these cases, additional
transitions, at very close wavelengths according to previous
authors, may blend (at resolution AN/)\ % 1 part in 1000) with the
usually accepted classification. Indeed, in two cesses, i.e.
Ni3.464 and  A13.473 R, it is believed that the previously
accepted classification is not the dominant component in the
blends iﬁ Figure 7.2 and in one further case, )H3.491R, it is
not known which of the listed tresnsitions is dominant despite the
existence of @ previously accepted classification at this wavelength.
7.2.7.1 Classification with the Fe XIX 2p ~ 3d transition array.
Bromage and Fawcett (1976) have found the wavelengths
and oscillator strengths of all electric dipole transitions in this
array by adjustment to fit laboratory wsvelengths (for oxygen-like
spectra) of directly calculated energy levels., Their Table V
(and the present work, Table 7.4) lists those trsnsitions thus
found to have significant'oscillator sﬁrength. Gabriel et al,
(1965) and Fawcett (1974, p 237) Have arqued that near the low
electron density limit, as at coronal densities, the collision
rate mey be insufficient to meintsin, agsinst radiative decay, a

thermal distribution of the ion populations among the energy levels
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of the ground configurations. That is, it can be expected that
all terms in the ground configuration except the lowest (in this
case 3P) will have low population. Then, to the extent thsat
collision strengths for electron collisional excitation follow
the general trends of the corresponding radiation oscillator
strengths, it can be expected that most collisional excitations
will be to excited states in thoseallowed series which.end»on the
lowest ground term., Examination of Table 7.4 shows that some
thirteen of these sllowed 2p - 3d transitions, ending on the
lowest ground term, can be expected to be excited in coronal

1 1

conditions. To these should be added D, —(ZP)SP2 and

0, -(*r)’,
where it is noted that the upper levels may easily be excited

and the oscillator strengths for these intercombination.transitions
are large enough for them to compete with direct decay to the
ground level, Of these fifteen predicted transitions one,

3p1 -(45)2D2 at A14.039 R, lies outside the limits of Figure 7.2a;
of the remaining 14, éromage and Fawcett consider that 10 clearly
resolved features in Figure 7.2a may be assigned as in their Table V
consistently with the uncertainty in their Qavelength calculationé.
Of the remsining 4, three ( }113.442, >\13.554, )\13.563 R,

see néxt paragraph) sppear to be hopelessly blended with strong

Ne IX lines and the remaining one, the intercombination line

)03.712 R, may be just visible in the wing of the strong Ne IX

line )U3.699 R. The best estimate of wavelength for this apparent

lipne is 13,708 R. The intercombination line Fe XIX 2p4.1D2 -
2p3(2P)3d.3P2 thus appears to be a good cendidate classification
for it.

‘X13.h42 R is » transition from the (ZP)SD1 upper level

(to the level 3PO) which must compete with the transition at
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)13.469 R from the same upper level (to the level 3P1). This
letter trsnsition is observed and the ratio of the two oscillator
strengths then allows estimstion of the power in 3PO —(2P)301
at )13.442 R. Reference to Tables 7.3 snd 7.4 then shous

)03.442 R to be probably very weak. - Similarly the inter-

combination line 1D -(2P)302 at )13.554 R must compete with the

2
direct decay 3’p1 -(2p)3’o2 ot MN13.400 B. This latter transition
is observed and the oscillator strength ratio suggests significant
power in 1D2 -(ZP)SD2 at 'x13.554 R blended with the Ne IX
intercombination line. Again the line at ‘X13.563 R 3P1 -(2P)3P2

is competed with by the intercombination line !

D, -(ZP)SD2 at
N13.712 R, This latter line is discussed above as possibly
detectéd in the wing of the Ne IX forbidden line. This suggests
that some flux from the line at X13.563 R probably is blended into
the Ne IX intercombination line at A13.553 R,
The arguments in favour of these assignments to Fe XIX
may now be assembled:
a) The new lines are very probably iron lines (see above).
b) They are nét lines of Fe XVII (c.f. Chapter 6).
c) Though knowledge of its spectra is not complete they are
probably not lines of Fe XVIII (see sbove, alsoc Section 7.1,
and Feldman et a2l1. 1973; Bromage et al. 1976).
d)» Their temperature dependence is about right for Fe XIX.

e) Their wavelength coincidence with the calculated values of

Bromage and Fawcett, and throughout a relatively large set,

is somewhat persuvasive,

f) Of the set of trensitions predicted with reasonable oscillator
strengths (F) by Bromage and Fawcett, the complete set is
accounted for (except for one line not scanned and three

expected to be blended with much stronger lines). Not one
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can be said to be missing in such a way as to challenge the
completeness of the set.,

g) Although the two-level ion model may well prove inadequate
for accurate description of the intensities of such complex
spectra, nevertheless the lines with strongest f-values sare
mafkedly strongest in the coronal spectrum and the general
trend of coronal intensities follows the trends in predicted
f-values,

7e2.1.2 Still unidentified lines,

Note that four features on Figure 7.2a, X13.321,

)\13.356, )\13.373, )\13.644 R remsin unidentified.

7.2.1.3 Blending with particular attention to Ne IX.

The intensities of the Ne IX n = 2> 1 transitions sare
much used in plasma diagnostics. It has been noted above and can
be seen in Table 7.3 that the resonance line is probably blended
with an Fe XIX line (predicted separation 0.005 R) and the inter-
combination line is blended with two contaminants (separations
0.001 R and 0.01 R). Also noted was the presence of an Fe XIX
line in the wing of the Ne IX forbidden line, >U3.699 R. In
the case of use of much lower (than the present 1 part in 1000)
resolution equipment the Ne IX lines cannot be used for disgnosis
of plasma containing much material sbove about 5 x 106 K. The
point is made clear by comparison of Fiqure 7.2a with the corres-
ponding data from any of the presently reported satellite instruments
e.g. Neupert et al., (1973) (they were awsre of the difficulty, see
their Section 4.1).

The situation with regsrd to the Ne IX satellites requires
cereful interpre%ation. Thus Figure 7.2b, a spectrum of rather
cooler material than that of Figure 7.2a, shows the three usually

réported neon satellites (i.e. Ne VIII 152nl - 1s2pnl where
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n==4, 3end 2)., In Figure 7.2e the satellite Ne VIII
18228.25 - 1s2p(1p)25.2P is definitely sbsent. Two

1/2 1/2, 3/2
new lines appear closely on either side of this satellite wavelength
and, with only slightly less resolving power, might be mistaken
for the satellite, Similarly, Figure 7.2s shows very little pouwer
at the wavelength of the Ne VIII 13231 - 1s52p3l transitions. 1In
Figure 7.2a very little powér can be allowed for Ne VIII 15241 -
1s2p4l either, though there is lower confidence in this case because
the two new lines now required to fit the dates betuween )43.45
ang ‘X13.4B R would be blended with any small residual flux in
this line, Detailed study of the satellites Ne VIII 132nl - 1s2pnl,
n=24,3, 2, in the presence of material above 4 X 106 K will
require equipment much more ﬁomerful, in respect of both resolution

and sensitivity, than any reported to date.
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Table 7.1 The 28 optically allowed trasnsitions n = n,-e> 2
(excluding inner-shell tran31t0ns) in a F-like
ion (Hutcheon, 1975b)

Lower level ' ) Upper level
2p5.2p% 2p4(15)n,s.25%
2p% 2
2
2p5.2P% 2p4(3p)nls.zp%
2 2
Py Py
.2 0 %
2
Ps P
2 | ' " 2 :
Py “p,
2
2p5.2pl 4(1D)n,s.2[)_§
2 ” 2
2
p D
: o
2p, 0
2
2p°.%p, “*("s)n’d. %,
2 22
Py Dy
zZ 22
2p§ Ds
‘2
2 4,3\ 1, 2
p% ("P)n"d. P%
2p, %p,
2 2
p P
2 d 2 :
Py Py
2
2 2
p D
% , f
%, Dy
P 2 2
%p, e
Z
5 2 2 4 1 7, 2
2 2
Py .Sy
2
2, 2,
3 3
2 2
Py Py
2 2 *
Ps Py
2 2 2
P P,
2 2 2
“p D
% 2%
2"; Dz
A 2
2 2
Pz Ps
2 2
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Table 7.4 Calculated wavelengths ahd weighted oscillator strengths
(gf) in Fe XIX for 2p4-2p33d transitions (Bromage and
Fawcett, 1976)

Transition gf Wavelength (R)
o, - (*p)p, | 0.17 13.289
391 - (2p)3o2 0.80 13.409
3. - (?m)3F 0.01 13.428

2 3
SPO - (29)301 0.08 13.442
D S ‘

P, (D) Fq 1.06 13.451
3p1 - (2P)SD1 1.22 13.469
3p1 - (zp)1o2 7 0,29 13,484
3P2 - (20)381 1.22 13,488
oy - Cr)p, 1.48 13.499
3 2 .3

- 5

p2 (°D) p2 2.14 13.525
3. - (%)% 3.61 13.536

2 3
1 2 .1

D, - (*m)'F, 5.44 13.546
1 2.3

0, - (?p)%, 1.68 13.554
3p1 - (Zp)3p2 1.32 13,563
3p1 - (20)3131 0.61 13.693
1 2.3 _

0, - (?p)7p, 0.86 13.712
1s0 - (zp)1p1 2.21 13,737
1 2 .3

0, - (°p)°F, 0.72 13.739
2p1 - (20)302 1.27 13.748
1 2 .1

0, - (“0)'F, 1.07 13,763
3.~ (%)% 1.25 13.818

2 3
1 2.1

o, - (*0)"p, 0.53 13.821
3p1 - (“5)302 0.20 14,039

gf = stetistical weight of lower level x absorption oscillator strength

2, 4
The calculated energy levels of the Fe XIX ground configuration 2s™2p

are (Fawcett et al. 1974, in units of cm } ab?ve the lowest_ ground
term 3p2): P,(0), 3P1(89,316), 3P0(73,823), D,(159,268), 'S_(323,831).



FIGURES

Chapter 7

Active region X-ray spectra, 13 - 17 R, recorded with a
KAP Bragg spectrometer (scan rate 0.01 rad s~1). The numbered
(Fe XVIII) spectral lines are identified in Table 7.2.

McMath region 12624, flight SL1206 (during late stages of a
small flere)

McMath region 12628, flight SL1206
ficMath region 11619, flight SL1101.
Activé region X-ray spectra, 13.3 - 13.8 R, recorded with
the SL1206 gypsum spectrometer (scan rate 0.001 rad s 1).
MchMath region 12624 (during late stages of a small flare)

McMath region 12628.
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FINAL DISCUSSION AND FUTURE WORK

Spectra and imeges of solar coronal active regions have
been presented., These observetions have been interpreted as
thermal emission from an opfically thin plasma, and thus used
to determine electron temperature, electron density, emission
measure (ne2 Avy), spatial structure énd element abundances of
the active reqion piasma. The most detsiled model to date,
of the density-and temperature distribution within a high tempera-
ture (Te E} 105 K) sctive region loop system, has been derived.
The present actiQQ region models have been compared with each
other and with previous models to examine possible veriations
with the solar activity cycle. Element abundances, together
with estimates of their uncertainties, have been derived for
oxygen, neon, sodium, magnesiqm, aluminium, silicon, iron and
nickel.

The measurements of spectral line wavelengths and intens-
ities have yielded new information on the spectra of highly
stripped ions. The observation and interpretation, have been
discussed, of spectra of ions in perticular iscelectronic sequences,
namely: Helium-like 0 VII , Ne IX and Mg XI, Neon-like Fe XVII
and Ni XIX, Fluorine-like Fe XVIII and Oxygen-like Fe XIX. NMany
new spectral line identifications have been made; improved wave-
lengths have been given for previously known lines, and where
possible,lthe measured intensities have been comparéd with
calculated values.

Future work using the present data will include:v

(1) Study of energy balance in active regions.

(2) Comparison of images obtained in different wavebands
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(from visible to X-ray), and hence corresponding to different
temperastures end heights in the solar atmosphere. This
information will be used to derive a complete active region

model,

(3) Study of growth and time evolution of active regions, and

in particular, changes sssocisted with flares,

(4) Further investigation of the spectra of the ions mentioned

above, especially fFe XVIII,
Looking to future observations of the Sun from space
vehicles, plenned projects include the NASA "Solear MaximumAMission"
satellite, and soler instruments to be flown on the NASA "Space

Shuttle" and associated ESA (European Space Agency) "Spacelab",
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Appendix I

PREDICTION OF SPECTRAL LINE WAVELENGTHS BY EXTRAPOLATION

The following is an outline of the extrapolation
methods uééd by Hutcheon (1975b) to predict spectral line wave-
lengths; This summary is freely adapted from a private communication
from Dr., R.J. Hutcheon to the present suthor. The techniqués are
based on those discussed by Edlén (1964). The term "extrapolation®
will be used here to cover both the processes of interpolation and

extrapolation.

1.1 Extrapolation Along a Rydberg Series

From the Bohr formula for the energy difference between

two energy levels in an ion (e.g. Herzberqg, 1944):
L

§ = n - [re®/(up v ug - 10° ) 1 (1.1)

where: 8 = quantum defect = n - n'

n = principal quantum number of the upper level of the
transition
n' = effective principal quantum number of the upper level

of the transition
R = Rydberg constant (cm—1)

z = net charge of the ionic core, i.e., z-1 is the net
 ionic charge (e.g. z = 17 for Fe XVII)

Y

WS - = energy gap between ionization potential and appropriate

W - ionization potential of the ground level (cm

series limit (determined by the energy state of the
ionic core as the orbiting electron tends to the

series limit) (cm-1)

7\ = wavelength of the transition to the ground state (R).
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AR "Ritz plot" is a graph of the quentum defect
against the "reduced term value" t, where t is the energy gap
between the relevant upper level and the appropriate series limit

in units of the z-scaled Rydberg, i.e.:

t = (wI + Ug - 10° )\'1 )/(Rz2) . (1.2)

From Equations I.1 and 1.2 it follows that:

b= (n-8)2. | C o (1.3)

"Ritz Lau" states that the Ritz plot should be linear, i.e.:

S =2 + bt (1.4)
where 3 and b are constants. Using known values of )\ sy the
ionization potential wI is derived, by iteration, by finding
that value of wI which produces a linear Ritz plot. Wavelengths
cen then be extrapolated by producing the Ritz plot towards
higher n (i.e. towards t = 0) and reading the appropriate values

of & from the graph; sometimes an iterative process (u.sing

Ecuation I.3) may be required.

1.2 Extrapolation along an Isoelectronic Sequence

Wavelengths may be extrapolated along an isoelectronic

sequence by calculating the quantity

q - 108\ - Rzz(n,l_2 - n,"%)

2 (1.5)
z
where: )\ = wavelength of the transition (R)
n, = principal quantum number of the lower level of the
transition
n, = principal quasntum number of the upper level of the

tramsition,
Q has the property of smooth, slowly varying, and often nearly

linear, dependence on z (e.g., Fawcett et al., 1974).
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SUMMARY

A study of the X-rasy emission from solar coronel active
regions is presented. Tﬁe observatiqns were made with two instruments:
(1) @ collimated Brasgg crystsal spectrometer with high spectral
resolution (400 S A/AN é 1000) and moderate spatial resolution
(about 3 arc min), and (2) e grazing incidence telescope which
qbtainea broad.wavelength-ﬁand iﬁages with high.Spétial resolution
‘(about 2 arc s§¢). Chapter 1 gives‘a brief review of the felevant
phyéics, with particulsr embhasis on the Sun's soFt‘X-ray emission
(i.e. 1 iSumvelength,) £ 25 R). The plésma and atomic physics
required to interpret the X-ray observations are summarised in
Chapter 2. |

The instruhents used in this work were the (sounding)
rocket-borne Leicéste£JMk. 3 Bregg spectrometér, and the American
Science and Engineering (ASE) X-resy telescope S-054, sbosrd the
Skylab Apollo Telescope mguﬁt. The instguments and dats analysis

techniques are described in Chapter 3.

The deta sre interpreted in terms of thermal emission
from an optically thin plesma. In Chapter 4,.coronal active
region models, are derived, of eléctrpn’density snd emission
ﬁeasure (nezlkv) as a function of electran temperature and spatisal
location. ﬂAbundances are derived for the elements oxygen, neon,
sodium,magnesium,aluminiup,silicon, iron and nickel in the solar
corona, |

Chapters 5, 6 and 7 describe observatiﬁﬁs and inter-
pretation of spectra of‘ions belonging to particular i;oelectronic
séquences, nemelys: Chapter &, the HeliUm—likevions 0 VII, Ne IX
_and Mg XI; Chepter 6, the Neon-like ions Fe XVII and Ni XIX,

Chapter 7, Fluorine-like Fe XVIII and Oxygen-like Fe XIX,

”
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