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QUOTATIONS

"These (the first solar ultraviolet) rocket spectra are 
certainly fascinating. 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 follows:

'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 plasma with a 
complex transient XUV, optical, radio and cosmic ray 
spectrum'•"

(M, Kuperus, 1974),
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SUMMARY

A study of the X-ray emission from solar coronal active 

regions is presented. The observations were made with two instruments

(1) a collimated Bragg crystal spectrometer with high spectral 

resolution (400 ^  X / A X  1000) and moderate spatial resolution 

(about 3 arc min), and (2) a grazing incidence telescope which 

obtained broad wavelength-band images with high spatial resolution 

(about 2 arc sec). Chapter 1 gives a brief review of the relevant 

physics, with particular emphasis on the Sun's soft X-ray emission 

(i.e. 1 ^  wavelength,X ^  25 8 ), The plasma 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 Bragg spectrometer, and the American 

Science and Engineering (ASE) X-ray telescope S-054, aboard the 

Skylab Apollo Telescope Mount, The instruments and data analysis 

techniques are described in Chapter 3,

The data are interpreted in terms of thermal emission 

from an optically thin plasma. In Chapter 4, coronal active 

region models, are derived, of electron density and emission 

measure (n^ A v ) as a function of electron temperature and spatial 

location. Abundances are derived for the elements oxygen, neon, 

sodium,magnesium,aluminiuiT),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 G VII, Ne IX 

and Mg XI; Chapter 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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Chapter 1

REVIEW OF SOLAR PHYSICS AND SOLAR SOFT X-RAY EMISSION

1.1 Introduction

The Sun is a nearly spherical high temperature ( 1 0^-1 O^K )

plasma containing a magnetic field. The physical conditions of 

temperature, density and elemental composition, 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 2b8) from solar active 

regions. Since X-rays cannot penetrate the Earth's atmosphere, 

it is necessary to carry the observing instrumentation to an 

altitude ( ^ 140 km for wavelengths ^ 2 5  8 ) where the atmospheric 

absorption is negligible. Therefore, the experiments are launched 

into space, either on a ballistic sounding rocket or an orbiting 

satellite. At photon energies ^  20 keV observations may be made 

from balloon-borne experiments.

In order to analyse 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 émission, 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 area, are given.

Observations of the Sun, in addition to providing information 

on solar processes are also useful in the fields of plasma and 

atomic physics, 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 ('^10^-1o'^ K). plasma, much of which 

contains a magnetic field. The solar plasma consists of (by 

number of atoms) approximately 90^ hydrogen, 1 0 ^ 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 

( Ax 1 0^ K ) and density ('^'10^^ cm  ̂) 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 early evolution of the Sun.

The energy generated in the core is transported outwards 

by radiation and then by convection, until it reaches the visible 

surface of the S’un, 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
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spectrum (according to which the Sun is classified as a type 

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

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

photosphere, the temperature reaches a minimum ( ̂ a/4000 K ) and 

then increases outward to a coronal value ax 10^ K. The layer 

just above the temperature minimum is called the chromosphere, 

from its dominant visible emission, the red Ho< line ( X 6563 8 ).

The outermost layer of the solar atmosphere, the corona, 

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

to many solar radii. The high temperatures a .10^ 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 significant 

X-ray emission to the inner part of the corona (^10^ km above 

the photosphere) where the electron density is ax1 Q®-1 o"* ̂  cm ^ .

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 Maoris (1971), and the review 

by Howard (1972).
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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 absorption, in different parts

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 a 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°). In 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).
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(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 leading portion 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, 1956, 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 Coronal 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 8 .

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 corona

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 of 

coronal parameters K , n^Ax 1 cm ^ , path length ^  1 0 ^- 1 0 ^^cm)

and referring to the discussion in Sections 2.3.2 and 2.4.3 shows
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that these assumptions should generally be valid.

At wavelengths less than 25 8 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. These lines are only produced efficiently at temperatures 

^ 1 , 5  X 10^ K and so are true coronal lines, free from confusion 

with the radiation from the lower temperature layers of the solar 

atmosphere. The instrument normally used to obtain high resolution 

solar spectra below 25 8 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 spectrum 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 obtained 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 understandable, 

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

In order to establish correctly the coronal plasma 

parameters, observations having both high spatial and high spectral 

resolution are required. To date, technological and sensitivity 

constraints have prevented the construction and 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 spectral 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 techniques is well illustrated by the 

example of the X-ray Astronomy 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 telescopes, 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 coronal plasma parameters from the data, it 

is necessary to have both high spectral and high spatial resolution 

measurements, in order to avoid possible misinterpretation and 

ambiguity. Several research groups are now in the course of 

designing X-ray spectroheliometers of the sort mentioned earlier, 

employing grazing-incidence imaging optics and a spectrometer (either 

Bragg crystal or grazing-incidence diffraction grating) arranged 

along the same optical path (NASA-GSFC, 1974, 1975; Davis, 1974).
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Further information on observations of the coronal 

X-radiation, their analysis and interpretation, instrumentation, 

historical background and earlier work may be found in the reviews 

by Neupert (1969, 1971), Pounds (1970), Doschek (1972, 1975),

Walker (1972, 1974, 1975), Doschek and Meekins (1973), Vaiana et 

al. (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 reviewed 

the classification of spectral lines observed from plasmas at 

coronal temperatures.

Here, we present a review of the solar X-ray astronomy 

programme at Leicester University. Vaiana et al. (1973, 1974) 

have reviewed the solar X-ray astronomy programme at ASE; the 

progress in coronal X-ray imaging techniques, since the early 

196G's, is demonstrated by the photographs 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 (UCL )/Leicester 

experiment aboard Ariel I launched in April 1962. Subsequently, 

collaborative experiments with UCL have been flown on the satellites 

ESRO 2, OSO IV and OS0 V. The X-ray spectroheliograph aboard 

OSO V, launched in January 1969, continued to work well up to the 

satellite's shut-down in mid-1975 (on the successful launch of 

OSO VIII ). The solar X-ray maps obtained by this experiment are 

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

employed broadband proportional counter detector systems.
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In addition to the satellite work there 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 with photographic 

film recording. Since 1965 however, the primary instrument used 

on Skylark flights has been the plane, scanning, Bragg crystal 

spectrometer, to perform high resolution X-ray spectrometry of 

solar active regions, in the wavelength range below 25 8 .

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 (n^U), element abundances), in

order to further our knowledge of the physical processes

which occur in the corona.

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

low density (n^ ax 1 cm ^ ), high temperature (T^ ~  1 0 ^ K ),

and relatively steady state (Ax hours to days, for non-flaring

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
2 1 3(e.g. the magnetic dipole Is . - 1s2s. S^ in He-like

ions, and the magnetic quadrupole 2 p^.^Sg - 2 p^3 s.^P2 in 

Ne-like ions). The measurements of the line spectrum yield 

valuable atomic data, such as wavelengths, energy levels, 

and excitation 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.

- 9 -



Most of the spectra recorded by the Leicester instruments from 

1966 to 1973 were from non-flaring active regions. The first 

flights (SL304, 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 emission 

originated in coronal active regions, and that the active regions 

contained, in general, a multi-temperature plasma (T~1,5 x 10^ K 

up to '^(6 -8 ) X 10^ K) (Evans et al., 1967; Evans and Pounds, 1968; 

Batstone et al., 1970; Evans, 1970). All 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 FUJHM (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 times; SL804 (24 November 1970), SL1101 (30 November

1971), SL1206 (26 November 1973). The payload consists of three 

plane, scanning, Bragg crystal spectrometers, covering between them 

the wavelength range 4 to 23 8 , and collimated to 3 arc min x 3 arc
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min FUJHM. 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 8 ) of two active regions.

The observing time for each region, was about 2^ min, divided up 

so that the crystals performed a "fast" scan through a Bragg 

angle range of ax 3 5 ° in about 1 min, and a "slow" scan through 

Ax5° in the remaining 1^ min. The slow scan was made to coincide 

with the observation, on each crystal, of the n = 2 “ >1 lines of 

the He-like ions 0 VII, Me IX, Mg XI (n is the principal quantum 

number).

(a) 51804 was launched from Woomera, S. Australia at 2213 UT on

24 November 1970.

OBSERVATIONS:

Due to an unknown attitude error the experiment 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 launch the spectrometer drive motor stopped, thus 

the second active region was not observed.

8 8 min before the SL804 flight, an Aerobee 150 rocket 

carrying an ASE grazing-incidence X-ray telescope, was launched 

from White Sands, New Mexico. The experiment worked correctly, 

and obtained X-ray images in various wavelength bands. From these, 

it appears that SL804 probably observed large scale "quiet" coronal 

structures and possibly 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:
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the n = 2 —> 1 resonance, intercombination and forbidden lines of 

Ne IX and lYlg XI, and the X X  12 .12, 12,26 8 lines of Fe XVII.

These data were, however, sufficient to yield a coronal model of 

emission measure and electron temperature, and a value for the 

relative abundance of iron (Parkinson, 1971a; Parkinson et al.,

1972).

(b) SL11 01 was launched from lUoomera, S. Australia 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 OSO-5 and OSO-7 satellites, and ground 

based observations were made by the Carnarvon Solar Observatory, 

lU. 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 follows 

(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.
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(2) The intensities of the n = 2 ̂  1 resonance lines of 0 VII, 

VIII, Ne IX, X, nig XI were Used to construct a thermal 

model of emission measure versus electron temperature.

(3) 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.

(4) All eight of the known n = 3 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.

(5) Several members of the resonance series Is - np in H- and 

He-like 0, Ne, Mg were observed, and their measured and 

calculated intensities were shown to be in reasonable 

agreement.

(6 ) 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.

(8 ) 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 11519 is analysed in the present

work, 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).
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Relative Va lues o f Kineti c and (Ï1agnetic Energy Den
in the Sun (Zirin, 1966)

Place n (c m “*) T (d eg ) B {gauss) 1

Photosphere 10'* 6000 1 800 0.04
(quiet)
Photosphere 10*5 6000 50 800 100
(active) *
Sunspot 10'* 4000 1000 500 40,000

C hrom osphere 10'* 7000 1 10 0.04
(quiet)
C hrom osphere 10'* 20,000 50 30 100
(netw ork facula)
C orona 10® 10* 50 .014 100

Table 1.2 Characteristic length and time scales for coronal 
structures
(n^ = lO^cm"^, T = 2 X 10^ K, B = 5G)
(Vaiana and Tucker, 1974)

Mean interparticle distance (cc cm
Debye shielding length A(oc ~  10 '  cm
Electron gyro radius /?i,(oc ~  10“* cm
Collision mean free path lc(oc T * N~^) ■ ~ 10’ cm
Characteristic length of coronal structure Lc ~  10® cm
X-ray line absorption mean free path A» >  W  cm

Period of plasma oscillation ~ 1 0 “* s
Electron gyro period (ocB“D ~ 1 0 “* s
Ionization time /'(oc  ~  10* s
Recombination time /r(< x  T '/*  N~^ Z “^) ~  10* s

. Conduction cooling time /cc(°cLc* 7VT“*/*) (Lc =  10^*cm) ~10^s
Radiation cooling time rRc(°c TN~^) ~  10  ̂s
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Footnotes to Table 1.4

a) Serial nos. : SL- were launched from Woomera, by SRC as part
of the British National Space Research 
Programme,

b) References:

S- were launched from Sardinia, by ESRO.

1 ) Evans et al. (1967)
2 ) Evans and Pounds (1968)
3) Batstone Bt al. (1970)
4) Evans (1970)
5 ) Parkinson (1971a)
6 ) Parkinson (1971b)
7) Parkinson et al. (1972)
8 ) Parkinson (1 972 )
9) Parkinson 0973c)

1 0 ) Parkinson (1973a)
11 ) Parkinson (1975a)
1 2 ) Parkinson (1975b)
13) Parkinson (1975c)
14) Present work



FIGURES

Chapter 1
1,1a Solar electromagnetic radiation spectrum (Hynek, 1951),

b 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).

1.2 Solar evolution (Gibson, 1973).

1.3 A composite photograph illustrating solar nomenclature. The
image of the disk was made on 16 July 1959. The prominences 

at the limb are from a 1928 lYlt. 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).

1.4a X-ray photograph of the solar corona obtained at 0336 UT 28
lYlay 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 (Vaiana et al., 
1 973a).

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

1.5a Main features of the solar atmosphere (Eddy, 1975).

b Idealized 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).

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

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

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

1.8 Idealized sketch of an active region.

1.9 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).

1.10 Daily relative sunspot number for the duration of Skylab, 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 annual mean of the daily 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,).



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

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

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

1.14 X-ray spectrum of a solar active region (lïlciYlath 11 060) 
obtained on 6 December 1970 by a collimated Bragg crystal 
spectrometer flown on a Skylark rocket (flight S69) by the 
University of Leicester. These data 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).

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

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

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

c 8 June 1968, Kanigen-coated beryllium mirror with resolution 
about 2 arc sec.

d 8 April 1969, similar instrumentation to c.

e 4 November 1969, similar instrumentation to c.

f 7 March 1970, similar instrumentation to c.

g 24 November 1970, similar instrumentation to c.

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

1.16 (Leicester University) X-ray spectra of solar coronal active 
regions, illustrating the progress in solar X-ray (Bragg 
crystal) spectrometry. The same spectral region ( X 9 8) 
is shown in each case. The spectral lines are the Mg XI
n = 2 — transitions and their satellites.

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

b 22 November 1968, ADP crystal, uncollimated, flight 541
,(R. Batstone, private communication in Parkinson, 1975a).

c 6 December 1970, ADP crystal, collimated ( 4 x 4  arc min,
FWHM) , flight 569 (Parkinson, 1971b).

d 30 November 1971, ADP crystal, collimated ( 3 x 3  arc min,
FWHM)2,  flight SL1101 (Parkinson, 1972).
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Chapter 2

REVIEW OF PLASMA AND ATOMIC PHYSICS

2.1 Introduction

This chapter 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 intensity 

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 th,e measuring instrument with respect to that 

quantity.

— 1 4 ”



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 

analys.ed in the present work have 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 is determined 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 the 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 ( f j  ) and perpendicular 

( _1_ ) 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) review

- 15 -



the plasma physics of the solar atmosphere. Summaries of those 

topics in plasma 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 density is 

given by:

(2.1 )

n .m .
J J

(2.2)

(2.3)

where ^  = total mass density of the plasma

^  j = mass density of constituent j

n = total number density of the plasma

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 y , 2 ,_L and z, 3, _L 
The magnetic field vector ^  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 v^^ , and a kinetic temperature T̂ .̂  may be assigned 

to the constituent, where:

— 16 —



im V  ̂ = ikT . = E /n (2.4)
JJ-*- J-*- ji

2where = mean square kinetic velocity of constituent j,

in coordinate i 

k = Boltzmann constant

T j = kinetic temperature of constituent j, in coordinate

E = thermal energy of constituent j, in coordinate i,
ji

per unit volume.

If the density is low, collisions will be infrequent and anisotropy 

in the plasma, caused for example by a magnetic field or mass 

streaming, will lead to different velocity distributions in 

each coordinate, i.e.:

im.v.2 = kT . = E_ /n . . (2.6)
J JJ. JJ_ J

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

will be the same in all directions and:

im .V  /  = 3kT . = E^ /n . (2.7)
J J 2 J T j '  J

2where: v^ = total mean square velocity of constituent j

Tj = kinetic temperature of constituent j

E.̂  = total thermal kinetic energy of constituent j,
j

per unit volume.

In a 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 £  given by:

— 17 —



where: Pik

P11 P12 ^13

^21 ^22 ^23

P3I ^32 ^33

ji^jk •

\
( P i k ) (2 .8 )

( 2 . 9 )

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

negative as positive contributions, leaving:

f

£ =

'’ii °

0 Pz2 °

0 0
33/

/  P^ 0 Q

0 0

\
(Pi) (2.10)

where : (2 . 1 1 )

Hence, in the presence of a magnetic field

pj. 0 \
P = 0 P_L

° I (2.12)

I ° 0 1
where: P̂  ̂ = 2

V .
J//

( 2 . 1 3 )

'j.
= 2 ( 2 . 1 4 )

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

P^ in any direction i is:

P.1 ( 2 . 1 5 )

The magnetic pressure P^ and the magnetic energy per unit volume 

E^, are given by:

— 18 —



P = E = B^/(8ir) (e.g.s.- e.s. units)
^ (2.16)

= 8^/(2yL^) (S.I. units)

where: ^  ^  ~ permeability of free space .

The thermal conductivity of a fully ionized hydrogen plasma 

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

K = 1.84 X 10“^ I^'^^/lnA erg(sec cm K)"^ (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:

K = 1.48 X 10  ̂̂  n ^ l n A  / (T^B^ ) erg(sec cm K ) ̂ (2.18)

provided: 1 O^T^'^^B/(n^lnA ) »  1

where: n̂  ̂ = hydrogen number density (cm ^ )

In A. is given in Table 2.1.

The electrical conductivity of a fully ionized hydrogen 

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

= 1.53 X 10 ^ T^^^/ln A. ohm cm . (2.19)

The electrical conductivity perpendicular to a strong magnetic 

field is:

= 7.75 X 1 0"^T^^^/lnA 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. B̂,

- 19 -



its motion projected on to the plane perpendicular to 2  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 Cî) ̂  and radius r^, are given

by :

^  ̂  j = PjB/Xm^c) (e.g.s.- e.s. units) (2,21)

= QjB/m^. (S.I. units)

'gj = "j/"gj

where: q^ = charge of particle j

mj = mass of particle j

c = velocity 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 centre of 

mass. The frequency of oscillation is called the plasma frequency 

Ce)p, and the corresponding length scale is the Debye length Xp.

^  pQ = ('̂ IT n^e^/m^ )̂  (e.g.s.- e.s. units) (2.23)

= (n^e^/( S^m^ ) )̂  (S.I. units)

X  P = (kT^/(4irn^e^ ) )̂  (e.g.s.- e.s. units) (2.24)

= ( £ ^kT^/(n^e^))̂  (S.I. units)

[(kinetic energy of electrons) ~| ^ 
(potential energy of electrons)J

-i

— 2 0 —



where: subscript e demotes electrons

v.L = thermal velocity of electronsthe
B = electron charge

0 ^  = permittivity of free space.

There are characteristic times 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 t^ of a physical quantity x by a particular process, is that

given by the exponential (e)-folding time, i.e. the time for x
-1to rise to a factor e, or fall to a factor e , of its original 

value X p .  If X varies exponentially with time, the e-folding time 

is :

>'o/(dx/dt)t,0

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:

tp = v^Ap"^ - G/^v\"| (2.25)
Fa) - xo]

a)]
-1 (2.26)

t^ =, 11 .4A^ T^/^(nZ^lnA)“  ̂ sec (2.27)
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si

eq

2kT
-1

(Tp- T)/(dT/dt)

- 1

(2.28)

( 2 . 2 9 )

3/2
sec

where

where

tp, the deflection time = the time in which the field
particles deflect the test

t^, the energy exchange 
time

the self-collisionc
time

^sl* slowing down
time

particles by 90 .

the time in which the r.m.s,
= energy change of the test particles 

equals their original energy.

tp (and tg. ) for particles of 
= one kind interacting with 

themselves.

the relaxation time for the mean 
= velocity of the test particles.

tgq, the thermal energy the energy relaxation time between
equipartition time

AD*
constant

the diffusion

test and field particles, where 
both have a Maxwellian velocity 
distribution,

B ir  e '^n ^Z ^Z ^^ ln A

A = atomic weight 

G and (0 - C ) are given in Table 2.2, 

subscript f denotes field particles, 

unsubscripted variables refer to test particles. 

The thermal conduction cooling time tCO IS :

cc '= 3ni kT /(dF /dl ) (2.30)

F^, the conducted flux = energy conducted/unit area /unit time

= KT^/^dT /dl e e'

- 22 -



Culhane et al. (1970) give the following approximation for t :cc

t %  1.25 X 10  ̂°n i V t  sec (2.31)cc e e

where: 1 = length 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:

E = j/tf' %  0 . (2.32)

Using one of Maxwell's equations gives:

è B  ̂ - V x E  «  0 (2.33 )
è t

where: ^ = electric field vector

= electric current density vector.

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 the magnetic pressure is dominant is 

determined by the ratio:

Ô  = ^  (2.34)
^ Pm

where: P^ = gas pressure perpendicular to B̂, and includes, 

when present, the pressure due to macroscopic or turbulent gas 

motion of mean velocity v^^ , i.e.

P_L = nkT + • (2.35)

If ^  ^  1 motions of the gas will tend to push around the

magnetic field.

If ^  1 motions of the magnetic field will tend to push

around the gas.
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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 corona 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 ^ 1 0 ^  K; it follows 

that, in the corona, matter and radiation are uncoupled, i.e. 

there is negligible exchange of energy between them. Also, for 

many transitions (in particular those of interest here) collisional 

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 space and time.

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

are time independent, and it may 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 various 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 population densities over the excited 

states of the atoms and ions is given by the Boltzmann 

equation.

(c) The distribution of densities of ionization stages of the 

atoms and ions is given by the Saha equation.

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

The derivations of these distributions do not require 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 probability per unit time of any 

process equals the probability per unit time of its reverse.

2.4.2 Local Thermodynamic Equilibrium (LTE)

There are many cases where a plasma exhibits some of the 

properties of the state of CTE, but not all the conditions for 

CTE are fulfilled. If 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 

(Wilson, 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 equation, and the excitation and ionization 

energy distributions for the bound electrons by the Boltzmann 

and Saha equations, respectively.

The time variations 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 criteria 

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:

n ^  lO^^X^T: (2.36)
1 e

where: n^ = electron density (cm ^ )

X^ = ionization potential of the ion under consideration (eV)

T^ = electron temperature (K).

This is a necessary, but not sufficient, condition for LTE.
6 9 - 3Since, in the solar corona T ̂  10 K , n^ 10 cm ,

In A  ^  20, and for the coronal ions to be discussed in the

present work X^ ^  739 eV (the value for 0 VII), it follows that

LTE does not hold in this case. Atomic models appropriate 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 individual 

processes which may, at least potentially, populate 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 practical 

cases only a few of the mechanisms are important and need to be 

considered. Woolley and Allen (1948), and Elwert (1952, 1961) 

laid the foundations for theoretical 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. McWhirter, 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):

a e «  t f f  th, t p a r t  (^.37)

where; t = electron-electron relaxation time (see Section 2.3.2) ee
_ energy decay time for thermal Bremsstrahlung (see 

Section 2.4.3.2)
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= energy heating time

t  ̂ = particle containment time, part
Since :

t = 0.3T^*V(n I n A )  (2.38)ee e e

the first criterion reduces to (Wilson, 1952):

5 X l O ^ ^ l n A  K . (2.39)

As I n A ' ^  10, it is expected that this condition should be

satisfied in any practical case. The second criterion is

expected normally to be satisfied, except possibly in the case of 

some flares (see for example Sturrock, 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 ( ^ 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 a transition, is the number of ions 

to which the particular transition is due. The time rate of 

change of number density, of an ion X^, with net charge z , is 

(e.g. McWhirter, 1965):

^  = ne("z-lQz-1 " "z + 1°^z + a  ' %"z^°z +°<z)dt

where: n^ = number density of ion of net charge z

= total rate coefficient for ionization from 

Xz to
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 ̂ = total rate coefficient for recombination from

to X , _ 1  .

Kafatos and Tucker (1972) give characteristic timescales for 

ionization (t^) and recombination (t^) of a hydrogenic ion of 

nuclear charge Z:

tj ~  50T"'^n”|z/1Q)^exp El .6(Z/10) V t .7J sec (2.41) 

tp ~  lOOOT^/ Eri(j(Z/10)J sec (2.42)

where :

a  = v i o "  K
9 -3n^ = n /I 0 cm 9 e

A more general expression for the characteristic relaxation time 

to the steady state (t^) is given by McWhirter (1965):

a  = [ % ( Q z  -1 )]"' (2-43)s s

where z^ is the net charge of the last ion to be formed in the

plasma as it approaches ionization equilibrium. Under such

conditions Q ^  1 0 ^ ^  cm^ sec  ̂ (McWhirter, 1965;
s s

Jordan, 1969, 1970; Summers, 1974).

For ionization equilibrium: 

dn
d f  = G

and Equation 2.40 reduces to:

i f  - L  ■

For coronal conditions Q and <?( are given by (Jordan,1969):

Q = Q + Q , (2.45)c a
c< = o< +o(^ (2.46)r d
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where the subscripts r, d , c, a, indicate-* radiative recombination, 

dielectronic recombination, electron collisional ionization, and 

autoionization respectively. Equations 2.40 or 2.44 may be 

solved For (n^/n^), the abundance of each ion stage relative to 

the total element abundance. For ionization equilibrium, 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 Meekins (1973), and Phillips et al. 

(1974) have studied the time dependent ionization 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 radiation as 

a function of wavelength (i.e. the spectral intensity), emitted 

by the coronal plasma. There are 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 Maxwellian, i.e. the emission is "thermal". 

Both thermal and non-thermal X-ray emission (and absorption) 

processes in astrophysical 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 he discussed in more detail than 

the other radiative processes.

(a) FREE-FREE EMISSION

Free-free (or bremsstrahlung) radiation is emitted when

a free electron is accelerated in the Coulomb field of an ion.

A free electron of energy encounters an ion of net charge z

and emits a photon of energy (UĴ  - Uî ) while making a transition

to another free state UĴ . For a Maxwellian electron distribution, 

the process is termed thermal bremsstrahlung, and a continuous 

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

d^E
n n m  = V.15 X 10-4axp(-hc/(XkT^))n^np

(2.47)
X [  Z  { a  z2g(z,T , X  ) ] ]

Z,z ^  i - f ®

where; ff intensity of thermal bremsstrahlung, at earth
dtdWdX distance, per unit wavelength interval, produced 

by unit volume of the corona (erg cm  ̂ sec  ̂ 8 ^ )

T = electron temperature (K )e
X = wavelength (8)

n = electron number density (cm ^ )e
nH

hydrogen number density (cm ^ )

A^ = abundance of element , relative to hydrogen
= n / n p

z = net charge of ion X^  ̂ of element X^

g^p(z,Tg, X) = temperature averaged free-free hydrogenic Gaunt-
factor.

Karzas and Latter (1961) have computed and tabulated g^^.

The characteristic cooling time t^^ of a plasma, by thermal 

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

t^^ %  sec. (2.48)
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(b) FREE-BOUND EMISSION

If a free electron of energy encounters an ion of 

net charge z and makes a transition to a bound state (principle 

quantum number, n ) of ionization energy -I^  ̂ ^, the electron is 

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

(Wi + I^  ̂ is emitted, and the process is termed radiative 

recombination. The spectral distribution is continuous, with 

discontinuities (edges) at photon energies ^ * ̂ nd is given

by (Culhane, 1969);

d Ep^(Z,z,n) 
dtdVdX 12.02 X

where ; d E^^(Z,z,n) 
dtdVd X

Z,z-1,n

2n

g^g(z,n, A  )

(2.49)

intensity of recombination radiation, 
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 cm  ̂ sec  ̂ R ^ )

ionization potential from level n of ion 
(Z,z-1 ) (eV)

number density of ion (Z,z) 

number density of element Z

unoccupied fraction of the n shell in 
ion (Z , z )

hydrogenic recombination Gaunt factor 
averaged over 1 states for each level.

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

When an electron makes a radiative transition from one 

bound energy level E^, to another of lower energy Ê ,, the energy 

emitted is simply:

E . j  = E .  -  E j  = h c / X i j  . ( 2 . 5 0 )

In most cases of interest, the whole of the energy E. . is in the
1 J

form of a single photon of wavelength The spectral distribution

of such radiation is known as a discrete or line spectrum; since, 

in the absence of any perturbing factors (taken here to include 

the 'natural line width' due to the Uncertainty Principle), the 

spectrum for any given pair of levels i and j, would be a Delta 

function at photon energy E^^. It is possible in some instances, 

however, for the upper level to decay radiatively by the emission 

of two photons, of energies E. and E where:
 ̂ I V  V J '

a .   ̂ = E.j (2.51)

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 certain metastable states, in particular, the
2 2 1 2  1 two-photon transitions 2s. S^- Is. S^ and 1s2s. S - Is . S in

2  2  U  U

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

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

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

( 2 . 5 2 )

where :
' ij

dP^^(Z,z ) = power emitted per unit wavelength interval, by
d V d X  unit volume, and die to one of the above mentioned

two-photon transitions in the ion (Z,z)
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Ê^/Z.z) = Ê(Z,z,1s.2si - 2p.2p^ ,̂ )
for 2s. Si ~^1s. Si in H-like ions,

2 7

E(Z,z,1s2.1sQ - 1s2p.1p^ )
+ €.(Z,z,1ŝ .''ŝ  - 1s2p.^P )

+ 6(Z,z,1s2.1Sg - 1s2s.^S.j )

for 1s2s' S I s ^ . S  in He-like ions.

Ê (Z , 2 ,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, 1972a; 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
* —3population density nL(cm ) 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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P - .  ^  g ' . J

where: ij denotes a transition from i to j, i.e. i j

R j  = total probability per unit time of a transition 
from state i to state j (sec ^ ).

In the most general case, each coefficient, R, is comprised of

a summation of transition rates due to many different processes

(see Table 2.3). Usually however, in practice, only a few of

these terms are important in determining the intensity of a

specific transition, and the relevant ones will be considered

further when particular transitions 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, t^^, for the population

of an excited state to establish itself, is much shorter than the

ionization state relaxation time (Equations 2.41, 2.42, 2.43)

(McWhirter, 1965), and hence:

dn .

d T  ^

Usually, a good approximation for t^^ is (McWhirter, 1965):

t = [ Z  A; ]   ̂ (2.54)ex j<i 1J

where: = spontaneous radiative transition probability (sec ^ ).

Equation 2.53 now reduces to the time independent solution:

n. = ( Z  n R )/( Z  R ) (2.55)
j/i ^ j/i

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 optically thin to the
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wavelength ^, the energy emissivity £  (erg cm  ̂ sec  ̂), and 

energy intensity I(erg cm  ̂ sec ^), of any spectral line ij,

For constant plasma parameters, are given by (e.g. Gabriel and 

Jordan, 1972):

£  . . = n . A . .E . . (2.56)ij 1 iJ iJ

I.. = (4t tL^)"^ £. dV (2.57)ij y  ij

where: L = distance from the source to the observer (cm)
3

V = emitting volume visible to observer (cm )

E^^ = photon energy (erg).

The emissivity and intensity may be expressed in photon units 

(photons cm ^ sec  ̂ and photons cm  ̂ sec ^ , respectively) by 

dividing the right-hand side of Equation 2.56 by E^^.

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:

n n C . = n . A . (2.58)e 9 gi 1  ̂ il

where C is the collisional excitation rate coefficient, defined 

below.

2.4.3.4 Collisional Transition Rates

In the following discussion collisional transitions caused 

by electron impact are considered; but the same arguments apply in 

general to collisional transitions due to other particles, such
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as protons and ions. However, proton 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 (E^- E ^ ) of the transition 

(Walker, 1972).

The collisional rate coefficient C for a particular 

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

by ;
pCO

C = < u Q >  = J uQf(E)dE (2.59)
^0

where: c = collisional rate coefficient (cm sec )
2

Q = collision cross-section (cm )

V = electron velocity

f(E) = the energy distribution function of the electrons

E = electron energy

• Eĵ  = threshold energy for excitation = energy difference
between the two levels, E. - E ..= 0 for de-excitation.1 J

In most practical cases, f(E ) is a Maxwellian distribution with 

an electron temperature T^.

Q may be expressed in terms of the collision strength 

(a dimensionless quantity):

= Qw^E/(ir a^^) (2.60)

where: a = Bohr radius (cm)o
w.̂ = statistical weight of the initial level

= 23 + 1

3 = inner quantum number of the level

and E is in Rydberg.

An exact, evaluation of Q is difficult, and one of the 

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

Q = 8jr . f q i r a  (2.61)

where: f = absorption oscillator strength

g = Gaunt factor 

and E, Ê  ̂ are in Rydberg.

g is proportional to the probability that the colliding electron 

undergoes a free-free transition from energy E^ to energy E ̂

(Van Regemorter, 1962).

The absorption oscillator strength, f i s  related to the 

spontaneous radiative transition probability, (sec ^ ), by the

expression (Wiese et al., 1966):

f.. = 1 .4992 X 1 0~^^ .(w ./w. )A. . . (2.62)Ji ij J 1 ij

Substituting Equation 2.61 in Equation 2.60 gives:

JHL = 8_TT _fw g . (2.63)
V r  ^0

Combining Equations 2.59 and 2.61 gives:

3 /tT (ha 
V 3

/m) fg (EgTgZ) '' sxp(-Ejj/T^) (2.64)

with E p and T^ in Rydberg, or:

C = 1.70 X ICT^ fg exp []-E ( kT^ )J (2.65)

where E„ is now in eV and T in K .0 e
g is the temperature averaged value of the Gaunt factor, namely: 

g = exp jÉg/(!<Tg)3j 9 exp(-x)dx (2.66)

g and g are tabulated by Van Regemorter (1962), who finds that for 

positive ions and ^  ^  1 , g tends to the value of g at threshold

i.e.
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g (E>kT^) %  g (E^) %  0.2 .

This expression is good to a factor 3 (Gabriel and Jordan, 1972), 

Equations 2.59 and 2.50 may be combined to give C in 

terms of -O- :

C = 1.36 I Gxp E-E/(l<TgJ dE. (2.67)

^0

If -TL is taken to be constant at some mean value I~L , Equation 

2.67 becomes:

C = 8.65 X 10~^w.,"^T^“'2-JigxpI}-E^/(kTg)J. (2.68)

Thus, the collisional rate coefficient C, may be expressed in

terms of either g and f, or 0,-0- or -O.

Collisional excitation and de-excitation processes between 

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

following expressions:

= Ci. Il exp [È XkTg)] (2.69)
J  w .

J

OjiE' = «IjE ^  §/ (2.70)
^ j

-^jiE/ = i jE (2.71 )

where: E^ = E - E . .
1J

wu,Wj = statistical weights of levels i,j respectively.

The calculation of electron impact excitation rates and 

cross-sections is reviewed by lYloiseiwitsch and Smith (1968 ) and 

Bely and Van Regemorter (1970); while their measurement is reviewed 

by lYloiseiwi tsch 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 in the 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 Doppler effect, which is given by the 

expression:

(2.72)

where: v = line-of-sight velocity of radiating source relative
to observer (measured in direction away from observer)

X  = measured wavelength of a given spectral line for v = 0

Xj = measured wavelength of the spectral line for velocity v

AX = Doppler wavelength shift.

If there is a 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 a Maxwellian velocity distribution with temperature

T^, the Doppler broadening is given by:

A X ^ / X  = 7.16 X 10"7 a/ t ./F (2.73)

where: A X̂  = full-width-at-half-maximum (FWHM) of the Doppler 
broadened line profile (H)

= ion temperature (K )

lYl = atomic mass number of ion (a.m.u.).

2.4.3.6 Optical Depth

So far in the present work it has been assumed that the

plasma is optically thin at the wavelengths of interest. In order

to test this assumption, expressions for the optical depth 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 = X D (2.74)

= 8.33 X ICT̂ I f X ^ D n . / A X  ^ (2.75)

'Tpi = 1G"''^£Dn./(X.g^^p) (2.76)

= 3.11 X loT̂ Bg X ^ D n  T̂ f f e e (2.77)

'^es
-26= 6.67 X 1 G Dn e (2.78)

where: X  = linear absorption coefficient (cm ^ )

 ̂ = optical depth for resonance line absorption at the
centre of a Doppler broadened line profile

- optical depth for photo-ionization

^  = optical depth for free-free (thermal Bremsstrahlung)
absorption

= optical depth for (Thomson) electron scattering

D = line of sight dimension of the plasma (cm)

n = number density of the absorbing ion (cm ^ )

£  = number of optical electrons

g = temperature averaged Gaunt factor (^ 1) 

p = quantum number of the ground state 

X^ = ionization potential (eU),

The relative importance of the various optical depth 

effects can be seen by substituting typical values for coronal 

conditions into Equations 2,74 to 2,78, For example, considering 

the 0 VII resonance line X  21.60 S and the following values:

T. = T = 2 x 1 O ^ K
1 e

n = 10^ cm ^e
9= 10 cm

n. = = (G,5)x(5 x 1G~'^)x(0.8)
^G "e 

x(lG^) c m "3 = 2 X IG^cm"^
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O';1

7 X 1 0

L. f f - 5 X 1 0

-
7 X 1 0

gives ; r
.-6 

- 1 8 

-7

Hence it is found that the only mechanism likely to cause any 

significant opacity to X-rays in the coronal plasma, is that of 

resonance line absorption.

The calculation of the intensity of radiation leaving 

an optically thick plasma, requires the solution of the equation 

of radiative transfer. In most cases, this involves analytical 

or numerical approximations (e.g. McWhirter, 1955; Zirin, 1956). 

However, for resonance line absorption, the fate of the absorbed 

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

IMussbaumer, 1974): /

y = Z  Rj. (2.79)

where: j = upper level of the resonance line

1 = lower level of the resonance line.

If y = 1 (i.e. ^  R .. = R. = A . ), the absorbed photon is
J ̂ J -*■ J ■*-

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

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 intensity must be integrated 

over the line profile). If y 1, the observed intensity will 

generally be less than in the optically thin situation.

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

abundance of an element relative to hydrogen 

f , absorption oscillator strength 

V f emitting volume 

1 , line-of-sight path length 

T^pp, effective line-of-sight temperature

S , (= vT n^dV), volume emission measure
V 2

Y , (= J n dl), line-of-sight emission measure 
1 ®

I(j ), absolute intensity of spectral line j

E j, incident energy in focal plane/picture element/cm /sec, 
for filter j,

(a) USING SPECTRAL LINES:

(1) Tgderived from l(Lyo< )/l(Ly^) in H-like ions (Hutcheon 

and McWhirter, 1973).

(2) T^ derived from I (satellite, dielectronic 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 )/l (resonance) in 

He-like ions (Gabriel, 1972a; Bhalla et al., 1975),

(4) n^ derived from I (forbidden)/l (intercombination) in 

He-like ions (Gabriel and Jordan, 1972, 1973),

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

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

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

(7) fgpp derived from I, given S and A^ (Parkinson, 1975c),

— 43 —



(8) 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 precision.

(b) USING BROADBAND IMAGES:

(1) Tgpp derived from E^/E^ (Vaiana et al., 1973; Davis 

et al., 1975).

(2 ) Y derived from E^ and (Vaiana et al., 1973; Davis 

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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Table 2.1 Values of lnv\_ (Spitzer, 1962)

Electron Density n„ cm *
T. “K

1 10* 10» 10» 10>* 10" 10'» 10» 10»

10* 16.3 12.8 9.43 5.97
10* 19.7 16.3 12.8 9.43 5.97
lOf 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 15.9 12.4 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 27.4 24.0 20.5 17.0 13.6 10.1 6.69

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

I 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
G(z) 0 .037 .073 .107 .137 .162 .183 .198 .208 .213
4>(i) — G (i) 0 .075 .149 .221 .292 .358 .421 .480 .534 .584

X 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9
G (i) .214 .211 .205 .196 .186 .175 .163 .152 .140 .129
<ï>(i) - G(x) .629 .669 .706 .738 .766 .791 .813 .832 .849 .863

X 2.0 2.5 3.0 3.5 4.0 5.0 6.0 7.0 8.0 10.0
G(z) ' .119 .080 .056 .041 .031 .020 .014 .010 .008 .005
4>(i) - C(x) .876 .920 .944 .959 .969 .980 .986 .990 .992 .995



Table 2.3 Atomic Processes (Zirin, 1956)

Process Jncoming Outgoing Rate

A bsorption photon +  atom excited atom Ui/Bfnn^ m
S pontaneous Em ission excited atom photon 4- atom A/n/4 nm
Induced Em ission photon 4- excited 

atom
2 photons 4- atom U i>B nm^ ti

F re e -F re e  E n% sion 
(B rem sstrahlung)

electron -1- ion electron (lower 
energy) 4- ion 
4- photon

N ^ N iA kk’

F re e -F re e  A bsorp tion photon -f electron 
-h ion

electron (higher 
energy) 4- ion

N  pN iB '̂ffUti

Photoionization photon +  atom ion 4- electron UpN mBniK
2-Body

R ecom bination
electron 4- ion photon 4- atom 

(may be excited)
N i A  Ktn

Collisiorial E xcitation electron 4- atom electron (lower 
energy) 4- excited 
atom

eCmn

Collisional electron 4- excited electron (higher N  nNeCnm
D e-excitation atom energy) 4- atom

Collisional Ion ization electron 4- atom 2 electrons -f ion A/" mÂ  eCniK
3-Body

R ecom bination
2 electrons 4- ion electron 4- atom NlNiC^m

D ielectronic electron 4- photon 4- excited NeNiA<l
Recom bination excitable ion atom

D ielectronic A bsorp tion  photon -f excited ion 4- electron N„UpB^
or A utoionization atom (via autoionization)



Footnotes to Table 2.3 

Explanation of symbols:

A = Einstein transition probability coefficient for emission

B = " " " " " a b s o r p t i o n

C = Collisional rate coefficient

N = Number density

u^ = Radiation energy density at frequency

Subscripts : 

e denotes electron 

i denotes state of ionization 

m,n denote bound energy levels in an ion 

X, ̂  denote continuum energy levels

Pairs of subscripts go from first to second e.g. A = A from n - > m .nm

Superscripts :

d denotes dielectronic process.



FIGURES

Chapter 2

2.1 Coordinate system used in the discussion of plasma properties.

2.2 Calculated coronal X-ray spectra (Note: only selected line 
transitions are indicated) (Tucker and Keren, 1971).

a electron temperature, T^ = 5 x 10^ K

b T = 1.5 X 10^ Ke
c T = 1.6 X 10^ Ke
d T = 5 X 10^ Ke

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

THE SL1101/SL1206 AND 5-054 EXPERIMENTS

3.1 Introduction

Of the solar X-ray data presented in this thesis, most 

of the spectra were obtained by the Leicester (Tlk,3 spectrometer on 

flights SL11G1 and SL1206, and the images by the ASE X-ray telescope 

S-054 aboard the NASA Skylab Apollo Telescope Mount (ATM). In this 

chapter, these instruments and the associated data reduction and 

analysis methods are described, together with the observing programmes 

performed by the experiments. Details of the design and construction 

of the instrument are given by Evans (1970) and Parkinson (1971a) 

for the Leicester spectrometer, and by Vaiana 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) Collimator (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, polarization directions.

(3) Detector (e.g. proportional counter, scintillation counter, 
solid state 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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scalers, synchronization circuits) to obtain the data in a 
form suitable for subsequent reduction and analysis.

In order to complete the experiment, the following are also required:

(5 ) Carrier 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 external 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 analysis:

(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) Interpretation of the data in terms of physical models 
(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 (Ylk.3 instrument, flown on SL804, SL1101 and

46 —



SL1206, consisted of three plane scanning Bragg crystal spectrometers,

covering between them the wavelength range 4 to 23 8. The crystals

were mounted on a 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 FUJHIÏ1 by square hole multiple-

grid collimators (Evans, 1970; Parkinson, 1971a). The multigrid

collimator has the advantage over the conventional slit collimator,

that grazing-incidence reflections are eliminated and hence the area

selected for observation can be isolated more effectively. The

three crystals used (their lattice planes and approximate lattice

spacings, 2d) were ADP (ammonium dihydrogen phosphate, 101 plane,

2d ^  10.5 8), gypsum (020 plane, 2d fti 15.2 8) and KAP (potassium

acid phthalate, 001 plane, 2d %  26.6 8), the dimensions of 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 had counter windows

of 6 polypropylene plus 1 000 8 aluminium. The counter window

for the KAP spectrometer on SL1101 was 4y*. polypropylene plus 1 000 8

aluminium, and on SL1 206 was 4j x , polypropylene plus 2000 8 aluminium.

The background counting rate was reduced by means of an anticoincidence

system on the rear of each detector and by a single channel analyser,

which only accepted detector pulses within a height range corresponding

approximately to the wavelength range scanned by the appropriate

crystal. The effective collecting area 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, 
2was about 15 cm .
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•If a beam of parallel monochromatic radiation of wavelength 

X, is incident at a glancing angle 0 , on a set of parallel 

crystal planes, the radiation diffracted from each crystal plane 

will interfere constructively and hence produce an efficiently 

reflected beam at a glancing angle 0 , provided that Bragg's law:

n X  = 2d sin 0  (3.1)

is approximately satisfied. d is the interplanar spacing and n an 

integer (n = 1 in the present work). The term "approximately" 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 at 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 crystal reflectivity that is usually 

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

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

R = y ' p ( e , X ) d 0  = ECa>/l^ (3.2)
0

where: the incident beam is parallel and monochromatic

P ( 0 , X ) = probability of Bragg reflection for incident
angle 0

û%) = d 0 /d t

= 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 line
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by the equation:

I = ID® hcft)N/(X AR B) (3.3)
where :

I = absolute energy intensity of the spectral line 
(erg cm  ̂ sec )

h = Planck's constant (erg sec)

c = speed of light in vacuo (cm sec ^ )

Cù = crystal rotation rate (rad sec  ̂)

N = number of counts recorded for the line in one scan of 
the crystal

X = wavelength of"the line (8)
2

A = net collecting area of the spectrometer (cm )

R = crystal integrated reflectivity (rad)

Ê = photon detection efficiency of the proportional counter. 

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

of Equation 3.3 by:

X / (10®hc).
The crystal reflectivities were obtained from the measurements 

of Leigh and Evans (1975) whose results are shown in Figure 3.3. The 

proportional counter detection efficiencies were calculated from the 

mass absorption coefficients of Leroux (1963) and are shown in 

Figure 3.4. The crystal rotation rates used were:

1.1 X 10  ̂rad sec  ̂ (SL11G1 and SL1206 'fast' scans),

1.6 X 10  ̂rad sec (SL1101 'slow' scans) and

1.0 X 10  ̂rad sec  ̂ (SL1206 'slow' scans).

The angular position of the crystals was determined with

a 14-bit optical shaft encoder, allowing accurate calculation of 

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

- (0.001 - 0.003) 8 (see Section 3.3.3.2).
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The principle of the spectrometer is outlined in Figure 3.5, 

while Figure 3.6 shows the Leicester lYlk. 3 instrument itself. In 

addition to the spectrometers, the payload carried a white-light 

cine camera and an array of X-ray pin-hole cameras, to assist in 

post-flight determination of the spectrometer pointing positions.

This information was also derived from the output signal of the 

Marconi attitude control unit (ACU) sun sensor.

3.3.2 Observations

SL1101 was 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 Uioomera, S. Australia. The latter 

flight was part of a collaborative observing programme with ASE 

who obtained X-ray photographs of the Sun with the S-054 ATM X-ray 

telescope simultaneously with the Leicester 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 one of the active 

regions (region 11621) viewed during flight SL1101 have already been 

reported by Parkinson (1972, 1973a, 1975c). The results reported 

here are from SL1101 observations of region 11619 (near 510 IU35) 

and SL1 206 observations of region 12624 (near S1 0 IU28 ) and 1 2628 (near 

S11 El 9).

The experiment pointing positions are known to an accuracy 

of about - (è 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 flare. 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 and were close to 

maximum development(Solar Geophysical Data, 1972, 1974).

The Skylark rocket provides around 5 minutes observing 

time above 120 km; thus each active region was viewed for about 

two and a half minutes, divided so that the crystals performed a 

fast scan through a Bragg angle range of ^  35° in 1 minute 

and a slow scan through ^  5° 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 to 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 

fast scan which was terminated by the vehicle re-entering the 

Earth's atmosphere.

The data covers the spectral 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, A1 and Si; 

Ne-like Fe and Ni; 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 temperatures, e.g. Mg XII and Fe XVIII, are relatively 

more intense in region 12624 tha-fe in the other active regions 

and this aids the identification of some spectral lines. In 

particular, there are about ten lines in the 13-14 8 range which 
only appear 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 "a decaying flare. This 

is confirmed by a model of emission measure as a function of 

temperature, derived by a 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 data reduction and analysis system for the

SL1206 observations. This took the form of a 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
-1multiplexor sampling frequency was 84 sec 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 each spectrometer channel 

and the current shaft encoder position. Monitor and calibration 

voltages are also present. When the data is recorded at the receiving 

station the time is added.

The final reduced database consists of a number ( *^10^) 

of time sequential data frames, where each data frame contains:

(1) Time from launch, in seconds (correct to three decimal places). 
Launch time is taken as the Instrumentation Timing Datum (ITD).

(2) Shaft, encoder position, indicated by a number between 0 
(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 fflTREDUCE. All subsequent 

analysis is performed on this database and a number of programs 

have been developed for this purpose. These include programs for 

calibration, fitting spectral 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 particular section of data, 

the counts per integration period may be summed into counts per 

bin, where a "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 spatial intensity distributions, the collimator 

transmission profile and the crystal rocking curve, with the super­

position of a background due mainly to cosmic ray events and specular 

reflection from the 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 taken as a 

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 feature in 

the data. This procedure becomes of particular importance where 

two or more lines are blended together. The choice of the profile 

will now be discussed.

The resolving power X / A X  of the SL1101 and SL1206 

spectra is in the range 400 to 2000, but even at a resolving power 

^  2000 some of the lines are blended. In such cases the procedure 

is to find, by computational trial and error, the least squares fit 

of a 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 as 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, using, as the instrument 

response profile, the profile of a nearby unblended line (or lines) 

in the spectrum. This approach requires that the instrument 

profile be the same for different transitions. Hence, the contributions 

to the net instrument profile have been considered as follows.

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 instrument profile, with the possible 

exception of thermal Doppler broadening of lines from low Z(12 - 14) 

ions recorded with the ADP spectrometer. With this exception, this 

is the justification for the use of a nearby unblended profile in
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the analysis of blends. This method is also normally justified 

for the ADP spectrometer, since nearby lines in this case are usually 

due to transitions in the same ion, for instance, the lYlg XI lines 

around 9.2 8 (see Figure 3.7).

The instrument spectral resolution may be examined by 

inspection of the first differential of the Bragg equation 

(Equation 3.1):

AX = 2d COS0.A0 or X / AX = (tan0)/A0 • (3.4)

The glancing angle 0 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 function 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 0/dt in
-2 -3 -1the range 10 to 10 rad sec in order to obtain suitable

spectral coverage. Given the restriction of these scan speeds, 

it then follows that, with the instrument aperture limited to the 

order of 50 cm by the vehicle diameter (44 cm), the field cannot 

be restricted to much less than 3 x 3  (arc min) 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 used for deconvolution must, in general, 

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. In the case of the

fast spectral scans a triangular profile is generally used,

y = Vo 0  - ( 1X - x ^1 )/A x ^ J  if |x - *ol < A x i2

y = 0 if 1* - *ol > A x j

where: y = profile height at position x

= profile peak height

X =0 posi ti on of the profile peak

A x  1 =2 FUiHM 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 increased 

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 = o(G(x) + (1 -o<)L(x) (3.6)

where: G(x) = Gaussian function
2

= y^exp [-ln2 { 2(x - x^)/Axi3* 3  

L(x ) = Lorentzian function

= y / + £ 2 (x - x ^ ) / A X i J  J

= s h a p e  factor ( u s u a l l y , ^  0 . 6 ) .

This curve is known as a Gauss-Lorentz 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 formulae to represent the line profile.
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The background level is obtained from regions of each 

spectral scan which are believed to be free from 1ino-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 o' level, i.e. N ^  4 where B is the background
count over the line profile.

The conditions that must be fulfilled for a line to be classified

as a particular transition in a specific ion, are:

(1) The measured 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 available ).

3,3.3.2 Calibration of the Wavelength Scale.

A very good approximation to the wavelength scale of

a correctly operated Bragg spectrometer may be written in the

form :

X  = [ 2  (d - 8  d )/n3 sin 0 (3.7)

where

and

= d 1]  + < X ( T  -  1 8 ) ] (3.8)T " 18
0 = glancing angle (to the lattice planes) of a

monochromatic X-ray beam (wavelength X  ) at which 
the diffracted power is at maximum

1 8 = lattice period at 18 C

= crystal linear expansion coefficient in a direction 
orthogonal to the lattice planes

T = crystal temperature in°C

<5 d is a function of wavelength which may be obtained from 
calculation or measurement.
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In order to use Equation 3.7 to assign a wavelength scale to a 

coronal X-ray spectrum, d and 8 d(X) must be precalibrated and an 

angle measuring device in the flight spectrometer must be correctly 

adjusted so that the glancing angle 0 is measured between 

the principal axis of the collimator and the crystal lattice 

planes.

The precision necessary for these operations may be 

estimated as follows. The resolving power of the equipment is 

about 2000 in favourable parts of the spectrum (e.g. ADP crystal 

at X  9 8). 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 a small fraction of this profile 

width. For this reason the data can be usefully sampled at very 

small increments of 0 ; the sample period is about 2.5 arc seconds

in the case of SL1205. In final data presentation an optimum bin 

size may then be selected in units of A0 = 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 G  of 40 arc seconds; the positions 

of the peaks of several of the lines may be measured to a precision 

of one bin. Thus, the precision of G  measurement is required to 

be at least as good as, say - 20 arc sec; a corresponding precision 

is then also required in the calibration of d^g,0( , T and <Sd(X)«
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 10 ® °C  ̂ respectively 

(Bertin, 1970; Blake and Wick, 1973). In 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 about 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 flight also; changes 

of a few °C have been measured (Evans, 1975). The result of this 

is a change in the wavelength calibration up to the order of one 

part per thousand, which is far outside present tolerance. Clearly 

therefore, absolute calibration via Equation 3.7 requires in-flight 

measurement of the crystal temperature.

To the precision required, o( and 5  d(\) may be regarded 

as fixed for given crystal species and need not be calibrated for 

each sample. This may not, however, be true of d^ ̂ . In the 

laboratory programme at Leicester, measurements of d^ ̂  have not 

yet been accumulated on sufficient crystal samples to exclude the 

possibility of a significant sample spread in lattice period (Evans, 

1975).

The question of the correct in-flight measurement of the 

glancing angle 0 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 angle encoder must be adjusted (or at least located) 

so as to refer to the glancing angle of the collimator axis to the 

crystal lattice planes. The angular 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 problem 

is to observe th,e same spectral feature at G and ( IT  - 20 ) by 

the procedure of zero error cancellation (Evans, 1975).
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The procedure for calibration via 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 recognisable in the coronal spectrum, 

Equation 3,7 may be rewritten as:

X  = 2dgpp sin 0  (3.9)

where d^^^ is regarded as an unknown free parameter. A value 

may be calculated for 2d^^^ for any feature in the recorded 

spectrum whose wavelength is known and for which a Ô  value is 

measured. The value found for d^^^ at any data point will be 

influenced by the actual lattice period at the crystal temperature, 

the dispersion terms at wavelength X  » the zero error in measurement 

of 0 (due perhaps to an offset between crystal planes and crystal 

optical surface) and other errors in the recorded value of 0 due to 

imperfect behaviour of the angle encoder. Assuming the availability 

of a set of suitably placed reference lines through a spectral 

scan, 2d^pp may be plotted against X 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 2d^^^ for the KAP scans 

of the SL1205 flight; the 2d^^^ 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 2d^^^ between the pair of reference lines used in 

a given wavelength estimation, then indeed wavelengths are generally 

available to about - 0.002 8. 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 absorption edge 

of a constituent element of the crystal. This is due to the 

rapid variation in the dispersion terms 8 d ( X) in such cases 

(Evans, 1975), The relevant absorption edges and the crystals to 

which they apply, are as follows;

ADP; phosphorus K 5. 8 8 

gypsum: calcium K X^.S 8, sulphur K Xs.O 8 

KAP: potassium K X z .5 8, oxygen K X 2 3 .2 8,

However, all the spectral lines observed in the SL1101 and SL1206 

data lie in the wavelength range 6.5 to 22,1 8, and hence the above 

criterion should be satisfied for these spectra.

Although the procedure as above can be implemented quite

independently of special procedures in alignment of the crystals

etc., it is the normal practice at Leicester to include correct 

adjustment of the angle encoder in the preparation of the instrument. 

The complete sequence of spectrometer alignment is then as follows 

(Evans, 1975 ):

(l ) Measure angle between crystal lattice and optical surface.

This is done by the two-reflection method as described by

Schnopper (1952), The method is not very sensitive (final 

uncertainty is about 1 arc min) and is only used to exclude 

the possibility of gross error. Enough measurements have 

been accumulated 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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principal axis of the instrument. A high resolution 

autocollimator is mounted (axis vertical) on a good grade 

surface table so that its axis may be translated whilst 

maintaining its angular position to - 2 arc sec. The 

spectrometer is mounted firmly on the floor beside the 

surface table. The autocollimator is adjusted in position 

to observe the spectrometer master reference and the return 

is zeroed. A standard angle gauge (say, 30°00'0G" - 2") is 

placed on the crystal and the autocollimator axis is 

translated to view the top of the angle block. The 

spectrometer 6 -control motor is operated to bring the auto­

collimator return to zero. The casing of the angle encoder 

is rotated so that the output signal is exactly 30° - 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 collimator 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 B  .

Experience has shown that if these adjustments are 

correctly made, then use of the known crystal period from the 

literature (e.g. Bearden and Huffman , 1952; lUyckoff, 1 965; 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 established to about 1 part in 1000. Given this satis­

factory starting point the reference lines are then used to refine 

the calibration 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 a 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 

- 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 sufficient quality 

to maintain d 6/dt adequately constant. Temperature stability 

of the angular position of the transition 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 calibration 

is required to satisfy the following conditions (in addition to 

the identification criteria given in Section 3.3.3.1):
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(1) The uncertainty in 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 transitions 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 tables show that for H-like ions with nuclear charge Z ^ 2 0 ,  

the two components of the Lyman IS - 2P line are separated by 

a wavelength difference of 0.005 to 0.006 8, approximately 

independent of Z. The relative intensities of these components are 

expected to be proportional to the statistical weights of their 

upper levels under coronal conditions (Hutcheon and (Iflc'Jhirter, 1 973 ). 

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 wavelength. The 

same procedure is followed for the Lyman ̂  and IT lines, where the 

splittings are much smaller.

Wavelengths for He-like ion lines are taken from the

calculations of Ermolaev and Jones (1974). The uncertainty claimed

for these (as deduced by summing the uncertainties given for each

component term in the expression for the appropriate energy level

values) is about 1 part in 10^. These wavelengths have been

checked as far as possible by comparing them with the precision
2 1 1measurements of resonance Is . - Is np. lines of He-like

ions with 8 ^  Z ^  13 reported by Tyren (1940), Flemberg (1942) 

and Blake (1970).' The root mean square difference between the 

calculated and measured values is about 6 parts in 10^, which is 

comparable with the uncertainty in measurement. In only one case
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2 1 1(Flemberg's measurement of the F Will Is . 5 - Is 2p. line) does
4

the discrepancy exceed 1 part in 10 . However this measurement 

differs from the results of Tyren and Blake, which are mutually 

consistent and within 5 parts in 10^ 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 H.

Those observed lines which satisfy the criteria given 

above, are listed in Table 3.1, together with the reference 

wavelengths and derived values of 2d^^^ for each spectral scan.

The values of 2d^^^ between the reference points, are calculated 

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 laboratory measurement; these features may be used 

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

on the KAP fast scans, the 0 Will Ly ̂  line at 1 5. 006 R (Garcia
5 2and Mack, 1965) cannot be resolved from the Fe XUIII 2p . P^y2 " 

2p^(^p)3s. line reported at 16.003 R by Feldman et al. (1973).

The measured wavelengths for the peak of this blend are 16.005,

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 measured wavelengths of 

identified lines ‘in the SL1101 and SL1206 spectra in many cases 

agree with calculations 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 may be 

rewritten as:

I = Ŝ I\I erg cm  ̂ sec  ̂ (3.10)

where S^ = 10^ he W / ( \AR ^  ) erg cm  ̂ sec  ̂ cnt \  (3.11)

S^ is defined as the instrument energy sensitivity and contains 

all the instrumental parameters required for the conversion of 

recorded counts to line intensity. A computer program SPREFF 

has been written to calculate the sensitivity of each spectrometer 

as a function of wavelength. The input values to the program are 

, the detector window and gas thickness (for the calculation 

of 6. ), R as a tabulated function of X  (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 9 , the nominal value of crystal 2d and the wavelength range 

and step size over which is to be calculated. The output of 

the program is a tabulation of S^, A, R and &  as a function of 

wavelength; also printed is the instrument photon sensitivity:

5 = S X/(1 0^ he) ph cm  ̂ sec  ̂ cnt  ̂. (3.12)P G
Figures 3.9 and 3.10 show the energy sensitivity as a function of 

wavelength, for each spectrometer scan. For Bragg angles less than 

about 30° and greater than about 55°, the geometrical area A 

starts to decrease; at small Bragg angles the reduction is due to 

the crystal not filling the photon beam from the collimator, and 

at large Bragg angles it is caused by the detector mounting cutting 

into the beam from the collimator.

The unc.ertainties in the instrument parameters used to 

derive the measured spectral line intensities, are estimated to be: 

8R/R ^  - 5^

6  A / A  ^  - 15/
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S û i>  /( a )  ^  - 1 /

The uncertainty in crystal integrated reflectivity R has been 

estimated from the agreement between measurements made on several 

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 0. has 

been obtained by comparing the mass absorption coefficients of 

Leroux (1963) with the more recent values of Ueigele (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 CO has 

been established from examination of the flight data.

The upper limit uncertainties given above are, in general, 

estimates of the systematic errors involved, and hence in many cases, 

the actual accuracy 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 measured line intensities 

and quantities derived from them (e.g. temperature and emission 

measure).

The uncertainty 8  (\J in the number of counts !\l recorded 

for a spectral line, is calculated from the expression (e.g.

Bertin, 1970):

(6 I\l)̂ = N + 2B (3.13)

where B is the background count over the line profile.
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In order to estimate the total uncertainty for 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.

When quoting the measured intensity of a spectral line, 

the following definitions will apply 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 uncertainty 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 measured intensity of a spectral line 

via Equation 3.3 (or 3.10), no allowance is made for atmospheric 

absorption. In general, the right-hand sides of Equations 3.3 

and 3.11 must be divided by the atmospheric transmission at 

wavelength X and altitude h. However, for the SL11G1 and SL12G6 

spectra presented here, the effect of atmospheric absorption is 

estimated to be less than 10/ at all wavelengths (i.e. X ^  22 R) 

and less than 5/ for X ̂  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 5-054 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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grazing-incidence mirrors of paraboloid-hyperboloid (UJolter 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
23.13. The geometrical collecting area of the instrument is 42 cm 

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 - 50 R. Spectral information is normally obtained by the use of 

broadband filters, of which there are six, each one having 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 X to 256 sec, in increments of a factor 4. Spectral resolution 

may also be achieved by the use of a norma1-incidence transmission 

diffraction grating with resolving power X / A X  ^  50 at 7 R .

Since this technique produces dispersed overlapping images, it 

is used mainly for observations of very bright compact features, 

such as flares.

In addition to the main telescope system, the S-054 

experiment contains several ancillary instruments to provide 

monitoring facilities for the Skylab crew, and attitude information.

3.4.2 Observations

The Skylab space station was launched into a near-circular 

Earth orbit of about 430 km altitude, on 14 May 1973. Three 

manned missions were performed: 25 May to 22 June 1973, 28 July 

to 25 September 1973 and 16 November 1973 to 8 February 1974. At 

the time of the SL1206 observations, S-054 obtained a sequence of 

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

exposure times.

— 69 —



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 wa*s much more compact,

^ 1  arc min across. Region 12624 was observed about 60 minutes

after the peak of an importance -l\l, 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 IB flare about 15 minutes afterwards,

the onset being recorded by S-054.

3,4.3 Data Reduction and Analysis Methods

The quantity measured in an 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 filter i, is related to the physical parameters of the

observed region by the equation (Vaiana et al., 1973b);
2

E. = [«/(4-nf^)] vT vT vT p[X,T^(l J  .dTg d X d l
1 ^  Te

(3.14)

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

- 1  - 1  \ sec picture element )
2

A = effective collecting area of telescope (cm )
%  15 cm^ for S-054.

f = focal length of telescope (cm)

1 = distance along line-of-sight (cm)

(X) = filter transmission and telescope reflectivity at
wavelength X

pjX^T^(1Q  = power emitted at wavelength X by unit line-of-sight
emission measure at electron temperature T
, -1 5x °(erg sec cm ; .
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p (1 is determined from a theoretical model for the coronal

X-ray spectrum (currently a modified version of the Tucker and 

Koren (1971) calculations), and (X) is obtained from laboratory 

calibrations.

Equation 3.14 may be rewritten as

Ej = . J  r.(T^) Y(Tg) dig (3,15)
Te

where: Y/T^) = vT (l ̂  dl

line-of-sight emission measure at electron 
temperature T^ (cm ^ )

^ p£X, T^(l)]l,. (X ) d X
Filtered Spectrum Integral (FSI).

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

reduces to:

E. = ]^A/(4-rf^)2 • Fi(Te)' Y(T^) . (3.15)

Since in this case, |7/(4*irf^)J . Y(T ) is constant for all filters:

Rij(Te) = = ri(Te)/Fj(Te)

where R. .(T ) the Sp ectral Hardness Index (SHl), is a function 1J G
of temperature only, for any two filters i and j. In the more 

realistic case of Equation 3.15, the temperature derived from the 

SHI represents a weighted average of the true temperature distribution 

along the line-of-sight, and will be termed the effective or 

line-of-sight temperature T^^^. The effective line-of-sight 

emission measure is then:

Ygrr = (4TTfVfl). e ./f .(t^ p^) . (3.18)

For the S-054 telescope, the constant:

A/(4irf^) = 2.631 X ICT^ .

The film density is digitised by a scanning microdensit­

ometer with an aperture 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 350/370 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 has used 

these programs in the analysis of the S-054 images obtained at 

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

images with the SL1205 spectra. These results are presented in 

Chapter 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 a^(T^), which 

may be determined from laboratory measurements. It is convenient, 

in the initial film density to energy conversion to set a^(T^) = 1 

and then include the actual values of a ^  (T^^ with the temperature

functions F,(T ) and R. .(T ) as follows;1 e 1J e

(3.19)

Q1J

E. = E°/a^.(T^) (3.21)

where: E° = deposited energy, using = 1

Ej. = true deposited energy 

and F^(T^) and CL^fT^) are the effective values of FSI and SHI 

respectively, to be used in analysing the image arrays of E?.

In the quantitative analysis given in Chapter 4, the images used
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were obtained through filters 1 and 3. The values of 

‘'i, ( X  ), F^^T^) and QLj(Tg) for these filters, are plotted in

Figures 3.15 to 3.17.

Gerassimenko (1975) estimates that the uncertainty 

in the film density to energy conversion is 2O/ for filters 

1 and 3.
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Footnotes to Table 3,1

) Lyo<,^ , ^  = 1 s , - np.^P^ j , n = 1,2,3, respectively.
2 1 1 nR = Is . - Isnp. , n = 2,3^4,etc.

('R ' implies ' 2R').

I = Is^.lg - Isnp.^P,.o 1
F = Is^.^S^ - Isnp.^S^.

b) H-like ions : Garcia and lYlack (1965) 

He-like ions; Ermolaev and Jones (1974)

c) SL1101

d) SL1206

e) Unresolvable blend in present data.



Table 3.2 S-054 Filters

Filter no. b )material / Spectral passband(s) (8)^^

1 1 3yt, B e 3.5-17

2 ^  Teflon 3.5-14, 19-23

3 none 3.5-36, 44—6 0

4 5 . ^  Parylene 3.5-19, 44-47

5 5̂ y, B e 3.5-11

6 2 ^  Be 3.5-14

a) plus ^  Polypropylene + 3000 R Al.

b) 1/ transmission and 3.5 R mirror cutoff.
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are defined in the text,
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3.5 Schematic diagram of the Bragg crystal spectrometer,
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3.7 The X-ray spectrum of lYlcITIath region 12628 between 9,1 and
9,4 R , obtained with the SL1206 ADP crystal spectrometer 
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spectral lines shown are the resonance (R), intercombination
( I ) and forbidden (F ) lines of lYlg XI and dielectronic satellite 
lines to R (SI, S2, S3).

3.8 The variation of 2d^^p with wavelength for each scan of the
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are given,

3.9 (Energy) sensitivity (see text for definition) of the SL1101
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3.10 (Energy) sensitivity of the SL1206 spectrometers,

3.11 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 Photograph of the S-054 instrument (Vaiana et al., 1974).

3.14 Point response function of the S-054 X-ray optics (Vaiana et
al., 1974).

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

a Filter 1 ,

b Filter 3.



3.15 S-054 filtered spectrum integral (PSl) for filters 1 and 3.
F is the volume effective FSI, is the line-of-sight 
effective FSI (defined in the text^, A is the telescope 
effective collecting area, and ^  A is the area of a picture 
element in the telescope, focal plane (courtesy of ASE).

3.17 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 FROIYI X-RAY OBSERVATIONS

4.1 Introduction

The previous chapters have emphasised 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 

data from regions 11619, 12628 and 12624. The subject areas to 

be covered are:

(1) Interpretation of absolute spectral line intensities in 
terms of a coronal model of volume emission measure
(vT n^dV) 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 5-054 images for 
regions 12628 and 12624.

(4) Determination of chemical element abundances in the corona, 
from relative and absolute line intensities.

Other diagnostic 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 (Yieasure/Temperature Models

In general, the observed plasma must be assumed to be 

multi-thermal, and the method of determining the temperature 

structure consists of obtaining the "best-fit" (by some criteria, 

such as ) of the calculated to the measured line intensities,
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using the emission measure S(T^) as a Function of electron^temperature 

as the free variable. The description of S(T^) may take the form 

of either:

(1) an analytic empirical expression containing several free 
parameters (Chambe, 1971; Walker, 1972; Phillips, 1975), or

(2) a set of mean values, each corresponding to a finite 
temperature interval (Evans and Pounds, 1968; Batstone 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 may originate from a

finite range of temperatures. 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 optically 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 coronal 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 

due to electron radiative transitions from an excited energy level 

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

T , Equations 2.55 to 2.58 may be combined to give:

l(j = B. . E. . J' n^n^Cg. dU (4.1)
V

y
where: B, the radiative branching ratio =A. . / A., .1 j i j K i i l
It is assumed that nearly all the ions are in the ground state g 

(iïlcUJhir ter, 1 955; Gabriel and Jordan, 1972 ), and therefore the 

total ion number density

" Z , z =  "g •
z be expressed as:

(4.2)

"Z.z = (nz,z/"z) (n̂ /n̂ ) ("w/ng) %  (̂ -3)
or :

= «Z,z %
where: n^ = the total element number density

("Z,z/"z) " ^Z,z
= the ion abundance relative to the element

(nz/nn) = Az

= the element abundance relative to hydrogen (assumed 
to be constant in the corona).

V 4For T^ ^  2 x 1 0  K both hydrogen and helium are fully ionized and

hence :

Equations 4.1 to 4.4 may be combined to give:

l(j = (4’TL'r' BzjE. .Azljl 4 2(n̂ /̂n̂ )] ' (4'5)
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Substituting the following numerical values in Equation 4,5:'

1 3L = 1 Astronomical Unit = 1.496 x 10 cm 

(n^^/nn) %  0.1

and using the Gaunt factor/oscillator strength approximation for 

(Equation 2.65):

/ ^ ^ ̂  am"43 n  « ^  ^  ^  \  2 . . .  — 2  —1I.. = 7.75 X 10 B..a..A_ fgj G (T )n d V erg cm secij 1 J 1 J Z  ̂ e e

(4.6)

where: a. . = E. ./E . = X. / \ .1J ij gi ig ij

G(T^) = the emission function of the spectral line at 
electron temperature T^

= «Z.z /C<TeO K-t
= Az_z exp [-1 .439 x ID® / ( X i g T ^ O  K"^ .

The total intensity (erg cm  ̂ sec  ̂) of the line, is then

obtained by integrating I ^ . over T , i.e.ij e'

I. .= S  h  ,dT
e

ij J  iJ e

-43 fk ^ 2 - 2 - 1= 7.75 X 10 B. .a. .A^f . g . I .1 G ( T ) n dV erg cm sec ij ij Z gi gi w V  e' e
T V e

(4.7)

Assuming that n^ may be expressed as a function of T^, Equation 4.7 

may be rewritten:

I.. = 7.75 X 1 0 - 4 \ . a .  .AzFg.5g,J'0(Tj S(TjdT^ (4.8)
T

B

where: S(T^) = the volume emission measure of the plasma at
. electron temperature T^

^ dU cm“^ K ^dT V e 
® V

Unless otherwise stated the term "emission measure" will be
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taken to mean "volume emission measure" (as opposed to "line-of- 

sight emission measure"),

Cgi may also be given in terms of the temperature 

averaged collision strength (Equation 2,68), in which case:

I. . = 4.87 X 10-41b . S C(Tg)S(Tg)dTg (4.9)

and :

■CL . = 0.0159 X. .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:

•^eff " -^gi^ij /*̂ g (4.11)

For the spectral lines to be considered here, the lower 

level j of the transition is the ground level g (thus a^^ = 1) 

and the upper level i decays solely by spontaneous radiation to 

g(i.e. j =' 1), and hence Equations 4.8 to 4.11 reduce to:

I = 7.75 X lO'^^A^fg X  ^(Tg)S(T^)dT^ (4.12)
^e

I = 4.87 X IU'4'' X " ’'AzJ5Lgf.f. J* G(T^)S(T^)dT^ (4.13)
Te

CL = 0.0159Xfg (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 data are required.

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

(4 ) The lines should cover, between them, the whole temperature 
range likely to occur in the observed plasma.

(5 ) Reliable element abundances 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 that the lines which best fulfil the above criteria are

the n = 2 -> 1 resonance lines of H- and He-like ions, i.e.:
2 21s. Si - 2p. Pi , (Lyman o< ) in H-like ions,

2
2 1 1 and Is . - 1s2p. P̂  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 lYlg XII, and the He-like ions 0 VII,

Ne IX and (Ylg XI.

The gf formulation will be used for the calculated 

intensity (Equation 4.12). The data required by Equation 4.12 and 

the validity 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. ,(1 966, 1 969), who estimate the uncertainties as 

10^. The oscillator strengths are listed in Table 4.1.
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For the temperature averaged Gaunt factor, Van Regemorter's 

(1962) value of g = 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 g 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 ) approximation; 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 Lyo( transition in H-like ions:

= 1.5/Z^ (4.15)

which, they estimate, agrees with the values of Beigman et al. to 

within 3 0̂ 0. Walker (1972) has listed temperature averaged collision 

strengths for the hydrogenic Lyo< transition, derived from the 

Coulomb-Born-Dppenheimer (CBO) calculations of Burgess et al. (1970). 

For the ions and temperatures considered in the present work.

Walker's results can be approximated by:

1 ^ 0 =  (4.16)

to within - 10%. Collision strengths for higher levels of

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

by scaling the Lyo( collision strength Lyo< according to the

expression (Tucker and Koren, 1971):

Z i g i  /'gi) • (4.17)
/

Equations 4.14 and 4.17 may now be combined with Equation

4.15 or Equation 4.16 to derive a 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 are in close agreement with recent 

calculations 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; 

Summers, 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 - 50%; the relative values of ion abundance 

should be more accurate. The derived emission functions G(T^) 

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; lUithbroe, 1971; Pagel, 1973) suggests that suitable values 

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

A^ (units of 1G“^)

0 50

Ne 7

lYlg 7
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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 more 

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 radiative and 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 R of the rates of radiative recombination to direct rc
collisional excitation to level i, i.e.:

®rc = (4.18)

where the collisional excitation rate coefficient C . is givenz,gi
by Equations 2.65 or 2.68, the radiative recombination rate

coefficient  ̂ is taken from Bates and Dalgarno (1 962)

and Burgess (1964a), and the relative ion abundance (n^^^ /n^)

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

of interest here, it is found that R is less than 0.02.rc
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For a transition ij in the ion z , the process of

dielectronic recombination (to be discussed in greater detail

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 another 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 parent line.

The ratio R , of the dielectronic recombination to the collisional dc
excitation contribution to a line is thus:

®dc = Z  /C;,gi (4.19)
m

where (o( .) is the dielectronic recombination rate coefficient z , 1 m
for the satellite line m and the summation is over all satellites

not resolvable from the parent line. The calculations 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
2SL11G1 and SL1205 spectra, the satellite lines Is nl - 1s2pnl can

2 1generally be resolved from the He-like resonance line Is . 5^ -

1s2p."*P^, for n ^  4 (see Chapter 5). Hence, in these cases

should be considerably less than 0.1.

The satellite lines to the lines of an ion z, may also

be formed by inner-shell excitation in the ion z-1. At present,

the only calculations available for the rate coefficients of

these inner-shell excitations, are those of Gabriel (1972a) and

Bhalla et al. (1975) for the satellites of the type 1s^21 - 1s2j^2l
2 /to the He-like ion lines Is - 1s2l . The results of Bhalla et al. 

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

(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 about 6%.

Thus, we have examined the processes that under coronal 

conditions might be expected to increase the intensities of the 

H- and He-like resonance lines, above those predicted by the 

two level ion model; it is seen that the total increase should 

not exceed 20% and is probably about 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 McWhirter, 1973).

4.2.5 Calculation of Emission Measure/Temperature Models

The method of Batstone et al. (1970) replaces the integral 

over electron temperature in Equation 4.12 by a summation over 

finite temperature intervals A T^. Hepce, for a spectral line 

i. Equation 4.12 becomes:

I = 7.75 X ,F,g G (T .)S(T ) (4.20)1 z.,11 B ; J

where: G.(T .) = A .T . ^ exp F -1 .439 x 1 0^/('X.T .) [1 e,j' Z,z,ie,j L  i e , j - i

X  %

= Te,j + 1 - Te,j
1 , 2, 3,  n.
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Thus, the measured intensities of a set of n lines may be used to

derive the emission measure S(T .) in each of a set of m
® » J

temperature intervals (T . - 2 AT ), where m ^  n. EquationE , J e
4.20 represents a set of n simultaneous equations in m unknowns.

A least squares method is used to solve this system of equations. 

The criterion used to measure the "goodness of fit" between the 

measured intensities (derived from Equation 3.10) and the 

calculated intensities I^ (derived from Equation 4.20), is:

= y  "if'm.i - (4.21)
i = 1

where: w^ = weighting factor, in this case = ( 6 K )  ^

^ J = total uncertainty in intensity
2and the goodness of fit parameter D decreases as the fit improves.

The physically reasonable constraint that S (T .) should be zero
G t J

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 (T .) which are accepted as a "good" model,
G t J

2correspond to an absolute minimum in D but the individual values

of 11 . - I I are, in general, within the error limitsI m , 1 c , 1 '

4.3 The Emission Measure / Temperature Models for Regions 11619, 
12628 and 12624

Here, the following values are used:

T , = 2.0 X 10^ KG , 1

A t = 1.d X 10̂  ke
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 Lyo( is not observed).
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The minimum temperature interval (T^  ̂ ^ A ) is chosen so

that its lower bound corresponds to the minimum coronal temperature

of about 1.5 X 10^ K (e.g. Jordan, 1965a; Flower and Nussbaumer,

1975). The maximum temperature interval (T - 2  AT ) ise , m e
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 Is - 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
dLTttfl

of regions 12624^ are given in Table 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 T^ 'v (2  to 3^ x 10^ K, with some material extending up

to T 'v, 5 X 10^ K. The main difference between these activee
region models is the presenbe in region 12624, of material at 

T^ %  6 X 10^ 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 activity 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 flights, 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 spectra of regions 11619, 12628 and 12624 

have all been analysed in a self-consistent manner (see Sections
U C;^I

4.2 and 4.3 above), and the spectrum of region ±±62& has 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 (Evans and Pounds, 1968) 

are omitted as the spectral ranges observed did not include lines 

which would provide a decisive test for the presence of plasma 

at T^ ^  5 X 10^ K.

All the active region spectra obtained by the 

collimated crystal 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 (1971a), is revised here, in the light of the more
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accurate measurements of crystal integrated reflectivity (Leigh 

and Evans, 1975), and using the atomic data and element abundances 

discussed in the preceding Sections, The silicon abundance is 

required in the analysis; this is taken as A^fSi) = 7 x 1 0 ^ ,  

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.

When 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 maximum collimator 

transmission efficiency. Also, the X-ray emission is known to be 

correlated with the stage of development and magnetic 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 of 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 10^ k,
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(3) In all cases, there is significant material up to at
least T ^  S x l O ^ K ,  e

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 frequently, and have at least the quality associated 

with the SL1101 and SL1206 observations, to provide data for 

much more detailed 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 Correlation 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 to have either high 

spatial resolution with low spectral resolution or high spectral 

resolution with a 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 resolution are required, Davis, Gerassimenko, Krieger 

and Vaiana (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 spectrometer having a field of view of
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2
45 X 45 (arc sec) FWHIYl. The spectrometer viewed a small portion 

of an active region; this was shown, both by the spectra and the 

images, to be nearly isothermal (to within about - 0.5 x 10^ K).

DCKV showed that in order to diagnose correctly the coronal plasma 

parameters and to avoid ambiguities in the interpretation of the 

data, it was necessary to obtain simultaneous high spectral and high 

spatial resolution measurements.

Here, new sets of simultaneous soft X-ray spectrometrie 

and imaging observations of the corona, are presented; these 

measurements are the SL1205 spectra and S-054 images, of regions 

12628 and 12624,

4.5.2 The 5L1206 Spectra

There were two principal reasons for the choice of
2

spectrometer collimation at 3 x 3 (arc min) FWHM (i.e. 6 x 6  
2

(arc min) full field-of-view ) ; these were (1 ) to achieve the 

required sensitivity, and (2) the field-of-view is sufficient to 

enclose a typically sized active region, thus allowing diagnosis of 

the temperature structure of the whole coronal 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 S-054 Images

The method of analysing the images in terms of effective 

temperature T^^^ and line-of-sight emission measure Y as a 

function of position on the solar disk, has been described in 

Section 3,4,3,

Figure 4,4 shows X-ray images of the Sun taken by the 

S-054 telescope at the time of the SL12G6 rocket flight and 

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

The X-ray images may be compared with Figure 4,5, an Ho< photograph
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taken by Carnarvon Observatory, W. Australia, about five hours 

earlier. In Figure 4,4 it can be seen that region 12628 consists 

of a set of low loops connecting the loading 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 Ho( exposure; the leading and following 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,Ho^ and white-light photographs, 

and photospheric magnetograms (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 analysis presented here utilizes S-054 

X-ray images taken through two different filters with effective 

bandpasses of 2 to 17 8 (filter 1), and 2 to 32 and 44 to 54 S 

(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 and 4,14 are contour maps of for

regions 12628 and 12624, respectively. It is found that over 

the whole of each active region (i,e, wherever there is significant 

X-ray emission) there are only relatively small variations of 

with position. The range of T^^^ for each active region is;

Active Region No Range of (10^ K )

12628 2,7 - 0,5

12624 5,5 - 1,5

Using the deconvoluted energy image from one filter 

and the values of T^^^, it is possible to calculate the effective 

line-of-sight emission measure Y for each 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 n^ and 1, is known, the electron density n^ may be calculated 

as a function of position in the active region. The latter method 

was employed by DCKV; here, the first technique is used to derive 

electron densities for region 12628,

From the X-ray imaging data, region 12628 can be 

resolved into a 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

r,-i /' 2
rms dlj  ̂ = (Y/l)2 (A.22)

can be computed for each cross-section. Since n is found to  ̂ rms
be approximately constant for any given loop, the average value

n for each loop, is computed, rms
Figure 4,17 shows the model of region 12628 derived 

from the imaging data. The shaded areas represent the approximate 

extent of the X-ray emitting loops, and the line along the middle
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of each loop indicates the approximate position of the maximum 

intensity. The average electron density n^^^ is given for each 

loop and the loops are numbered for convenience. The field of

view of the SL1205 spectrometer is also marked.

The S-054 data show that the flare which started in 

region 12628 shortly after the SL12G6 observations, occurred 

in the small loop, ^ 7 ,  the loop of highest density (n^^^ = 8 x 1 O' 

cm  ̂),

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 appeared over the Sun's east 

limb and travelled across the disk (Figure 4,1 8,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 

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:

SHIj 1 ^ 2 1  EstX'yjCfX'y/J / (x,y)C(x,y^ (A.23)

SHI3 = [ Z  S( T ^ ) F ^ ( T j ]  / [ X  S(T^)F^(T^)J (A.2A)
e e

where E^(x,y) is the deconvolved energy per picture element

obtained through filter n, C(x,y) is the spectrometer collimator

response function, S(T^) is the volume emission measure derived

from the spectral intensities and F (T ) is the FSI for filter n,n e
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In order to provide a proper comparison 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: A^(0) = 3,1 x 10 ^ ,

A^fNe) = 4,0 X 10 ^, Â (lYlg) = 3,1 x 10 The resulting emission 

measure/temperature models, from the SL1205 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 somewhat, 

but the changes are not large enough to have much effect on the 

present work.

Under perfect conditions SHI^ and SHIg would be equal.

Thus, their actual values will show the measure of agreement 

between the imaging and spectral data. The values obtained and 

the corresponding effective temperatures are:

Active Region No SHIj SHIg ^effl ^ e f f S

(10^ 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 agreement for 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, 

('effective recorded energies') are defined:
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^In = X T  C(x,y) (A.25)
x,y

^Sn = A/(Avr^ A a ') X  S(Tg) F^^T^) (A.26)

where A and f are, respectively, the geometrical collecting area

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

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

(i.e.AA^ = 2,11 X 10^^ cm^). As in the case of the effective

SHI's, under ideal conditions the 'effective recorded energies'

[  ̂ and E„ would be equal, and their actual values will show the In Sn
measure of agreement between the two data sets. The comparison 

may also be made in terms of 'effective volume emission measures' 

derived directly from E^^ and Eg^, i ,e ,:

Sjn = (Airf^AA'/A) / F^(Tj) (A.27)

^Sn = (At t F ^ A a V a ) / F ^ d g )  (A.25)

where T^ and Tg are the electron temperatures calculated from 

SHIj and SHIg, respectively. The values obtained for the effective 

energies and emission measures are, for filter 1:

Active Region No, E^^ Eg^ S ̂ ̂ Sg^

(10 ^erg cm ^sec  ̂) (10^^ cm  ̂)

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 thermal 

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 a factor 2 discrepancy 

between E and Eg^. The discrepancy is in the same direction, and 

of about the same magnitude, as that found in a similar analysis 

by DCKV. However in that case the spectrometer field-of-view was 

much smaller (45 x 45 (arc sec) FUJHIKl) and a small uncertainty in 

the pointing might have been sufficient explanation. In the present 

case 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 camera 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 data over a large area of the image.

Because of this, the comparison 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 persists even if no decon­

volution is made. Two other fundamental 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 

Keren (1971) model was used for this calculation; but the resulting 

continuum is only about 20/ of the line flux. The tabulations 

of lYlewe (1972a) give approximately the same value. However, there
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do not appear to be any measurements which explicitly check these

calculations. Thus if the Tucker-Koren and (ïlewe models underestimate

the continuum power this would reduce the discrepancy. A direct

check is possible with a suitably arranged Bragg spectrometer, and

special attention will be given to this matter in future Leicester

and ASE coronal observations.

Second, because the entire quantitative interpretation

of both sets of data is based on expressions 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 determination is in the electron

densities that may then be derived. The factor 2.2 (from the

geometrical mean of S ̂  ̂ and S^^) uncertainty in emission measure

corresponds to only a 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 Imaging Models for Region 
12628 and a Combined Model

The emission measure/temperature model for region 12628

(Tables 4,2 or 4.6), derived from the spectral intensities, shows

that the X-ray emitting plasma is mu 11i-thermal with most of the

emission measure at T^-^(2 to 3) x 10^ K but with significant

emission measure up to T 'v 5 x 10^ K, This is in contrast to the
^ e
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imaging analysis which gives the effective line-of-sight temperature

Tgpp as approximately (2 to 3) x 10^ K, over the whole active

region, and no values of ^  3.2 x 10^ K (Figure 4.13).

Figure 4.15 shows that most (^^^90/) of the X-ray emission

observed by the SL1 205 spectrometers came from the central part 

of the active region ( d i a m e t e r 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 T^^^ tends to increase towards 

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 4.19. 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 maximum 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 similar to those in bur own model, but as 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 that if region 12628 had been observed with a 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 T^^^ down to %  4 x 10^ K (Figure 4.14), while the 

spectral line intensities indicate that most of the emission measure 

is at 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 X-ray Emission from Region
12624

Since the SL1206 and S-054 instruments observed region 

12624 during the decay phase of a flare, the possible time dependence 

of the X-ray emission must be examined. Table 4.9 gives the times 

of important events, for both regions 12524 and 12628, during 

(and shortly before and after) the SL1206/S-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 that, in general, the X-ray emission 

recorded through S-054 filter 1 follows very well the 8 to 20 R 

Solrad data (Gerassimenko, 1975). This implies a correction of 

about 12/ to the measured SHI, i.e. the measured SHl(= 0^^, see 

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

included in the imaging analysis presented here.
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If it is assumed that a similar relaxation time of 

% 3 000 sec applies to the intensities of the individual spectral 

lines observed by SL1 206 in the wavelength range 6.5^ \  1 ^ 2 2  8,

than the relative change in line intensity during the time taken

for a complete spectral scan (i.e. one fast and one slow scan) 

is ^ 5 / .  This is consistent with two successive observations 

of the Mg XII Lyo< line by the 5L1206 ADP spectrometer, where the 

measured intensity ratio is

I ( t = launch + 408 s)  ̂ ,
i(t 38o T )  = 1-4 - 0 . 4

4.5.8 Discussion and Conclusions

Models have been derived for two coronal active regions 

using simultaneous high spectral and high spatial resolution 

observations at soft X-ray wavelengths.

It has 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. Observations 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 coronal active region near to solar 

minimum. The X-ray 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 a much greater emission measure, 

though the overall spatial extents and temperature are similar 

in both cases.

The properties of the present active region model are in 

general agreement with models derived by other workers, both from 

observations at various wavelengths (reviewed by Jordan, 1975a) 

and calculations (Jordan, 1975b; Landini and Fossi, 1975).

Region 12628 was also the subject of observation by the 

Harvard 5-055 E UV spectroheliometer on ATM, in emission lines which
4

are characteristic of electron temperatures from about 10 K to 

about 2 X 10^ K, i.e. generally cooler than the temperatures to 

which the 5L1206 and 5-054 instruments are most sensitive. Foukal 

(1975) has given a partial 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 data, it is hoped that 

there will be opportunity for joint study of region 12628 by 

Leicester, A5E and Harvard.

4.6 Determination of Chemical Element Abundances in the 5olar
Corona

In the present section, all the Leicester collimated 

crystal spectrometer observations of solar active regions are 

used to derive the relative abundances of the elements 0, Me, Na, 

Mg, Al, 5i, Fe and l\li in the corona. The analysis therefore 

involves the intensities of selected lines of these elements, 

measured in the spectra of regions 11060, 11619, 11621, 12624 

and 12628, by flights 5 69, 5L1101 and SL1206. The measurements
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used are restricted to those taken by collimated spectrometers, 

because of the difficulty with uncollimated observations, in 

general, of deriving accurate spectral line intensities from the 

data, which is a convolution of the spectral and spatial intensity 

distributions for the whole solar disk.

It is assumed that, to 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 

measurements alone, to derive the abundance of an element 

relative to hydrogen; therefore, the abundances obtained here are

strictly values relative to one another, i.e.:

0:I\]e:l\Ia:lïlg:Al:Si:F e:Ni.

Since these abundances will, on occasion (e.g. in the construction 

of emission measure/temperature models), be required relative to 

hydrogen, the normalisation

A^(0) = 5 . 0 x 1

is employed; examination of the literature (e.g. Pottasch, 1967; 

Withbroe, 1971; Pagel, 1973) suggests that this is a reasonable 

value to take. In principle, the measured X-ray continuum intensity 

may be used to derive element 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 lYlg

The abundance ratios 0:Ne and Ne:IYlg 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- m m
[ Z  s(T̂ j)G,(T̂ j)]/ n r  S(T3j)Ĝ (T̂ .Q

J =  ' J - '

(4.29)

If, over the temperature range where lines i and k have significant 

emission, the ratio of the emission functions

Gi(Ts)/Ck(Te)

is approximately constant, then Equation 4.29 may be rewritten;

li/'k = (V^)C'zi/''zk) [Gi(7e)/Gk(Tsil _ef f
or :

Az/Azk = (l./lk)(Vfi) [Gk(Tj/G,(T^)] . (4.31)

It is found that suitable pairs of lines are the Lyo^
2 1 1line of a H-like ion of nuclear charge Z and the Is . - 1s2p.

resonance line of the He-like ion of nuclear charge Z + 2, e.g.

0 VIII and 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 variations in emission function 

ratio are relatively small.

When estimating the temperature range for significant 

emission, it is the product 

S(T^)G(TJ

that is the important quantity, i.e. the upper and lower temperature 

limits (Tgjj and T^^ respectively) for significant emission from a 

line, are determined from the criterion:
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CO

r  S ( T J  'G(TJ dT^ «  / s C T ^ )  G ( T J  dT^ . (4.32)

\ l  °

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

(l ) The minimum coronal temperature is about 1.5 x 10^ K 
(e.g. Jordan, 1955a; Flower and Nussbaumer, 1975).

(2) Published values of abundances relative to hydrogen, for 
the coronal abundant elements (A^ ^ 1 0  ^ ), are generally 
in agreement to within a factor 2 or 3 (e.g. Uiithbroe, 1971; 
Pagel, 1973).

Thus, for the measurements considered here, the following values 

may be determined:

(a) for 0 VIII Lyo< and Ne IX Is^.^S^ - 1s2p.%^
T T 2c 1.5 X 10^ K, T 22 6 x 10^ Kel eu

(b) for Ne X Lyo( and Mg XI Is^.^S^ - 1s2p.^P^
T . 3 X 10^ K, T 2S 7 x 10^ K .el eu

The corresponding ranges of emission function ratios C(Tg, H-like): 

C(Tg, He-like), are:

1.64 - 0.69 for 0 VIII : Ne IX,

1.12 - 0.22 for Ne X : Mg XI.

Equation 4.31 then* gives the element abundance ratios 0:Ne and

NerMg to within about - 40/ and - 20/ respectively; these ratios are

approximately :

0:Ne:Mg 7:1:1.

Hence, with corresponding uncertainties, an emission measure/ 

temperature model may be determined for each set of observations. 

This model permits a more precise calculation of 

S ( T J  G(Tg)

as a function of, T^, and thus the most appropriate temperature at 

which to evaluate

eff
may be chosen.
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The intensity ratios and the abundance ratios derived

from them, for each set of observations, are listed in Table 4,10.

The uncertainty quoted for each abundance ratio is the standard

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 pair of

elements, O/Ne and l\le/lYlg. The mean abundance ratios, i.e.:

0;Ne = 6.0 — 0.8

Ne:(Ylg = 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 ratio Mg:Si cannot,

for the measurements presented here, be derived by a method similar

to that described above, because the "plateau" in the emission
1 1function ratio of lYlg XII Lyo^ to Si XIII 1 S^ - 2 P^ (see Figure

4.21), occurs above the high temperature cut-off in emission measure

for the active regions observed.

4.6.2 The Abundances of l\la, Al, Si, Fe and Ni

For each set of observations, the abundances of Na, Al,

Si, Fe and Ni are derived from the emission measure/temperature

model and the measured intensity of a resonance line of each of
2 1 1these elements. The spectral lines used are the Is , S^ - 1s2p. P̂  

transition in He-like Na X, Al XII and Si XIII, and the 

2p^.^S^ - 2p^3d.^ P^ transition in Ne-like Fe XVII and Ni XIX.

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

mation for the 2p^.^S^ - 2p^3d.^P^ 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 must be emphasised that the values

obtained are relative to the abundances of 0, Ne, and lYlg used in

constructing the emission measure/temperature models. The emission

functions are calculated, as in Section 4.2.2, from the ion

abundances of Jordan (1969); for Na and Al the ion abundances are

derived by isoelectronic interpolation between Jordan's values

for Ne and Mg, and Mg and Si, respectively. The oscillator strengths 
1 1of the 1 S^ - 2 transitions in Na X, Al XII and Si XIII, are 

taken from Wiese et al. (1966, 1969), by isoelectronic interpolation/ 

extrapolation in the case of Na and Si. The oscillator strength 

of the 2p^.^Sg - 2p^3d.^P^ transition in Fe XVII is taken from 

Froese (1967), and the corresponding figure for Ni XIX is obtained 

by isoelectronic interpolation between the tabulated values of 

Kastner et al. (1967). For this transition in Fe XVII and Ni XIX, 

the calculated collision strengths of Bely and Bely (1967) and 

Loulergue and Nussbaumer (1975a) show that a temperature averaged 

Gaunt factor,

g = 0.2

is appropriate (c.f. Equation 4.14).

The Na X Is^.^S^ - 1s2p.^P^ resonance line at 11.003 8
2 1 1is blended with the Ne IX Is . S^ - 1s4p. P.̂ resonance line at

11.000 % (the wavelengths are calculated from Ermolaev and Jones, 

1974). Therefore, in order to calculate the Na abundance from the 

intensity of the Na X transition, it is necessary first to subtract 

the predicted intensity of the Ne IX transition from the total 

intensity of the blend at 11.00 % (see Table 4.11 and Section 5.2).

The measured line intensities and the element abundances 

derived from them, for each set of observations, are listed in 

Table 4.11, together with the oscillator strength for each spectral
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line. The uncertainty quoted for each abundance value is the 

standard deviation, due to the statistical uncertainty in the 

line intensity; it does not include uncertainties due to any 

other causes. Table 4.11 also gives the arithmetic mean value 

of abundance for each element. The mean abundances 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 photospheric absorption lines, chromospheric 

emission lines, permitted XUV and forbidden visible coronal lines, 

the solar wind, solar cosmic rays, and meteorites. Table 4.12 

compares the abundance ratios derived in the present work, from 

measurements of the coronal X-ray line spectrum, with a representative 

selection of those obtained by other authors using some of the 

methods mentioned above.

Table 4.12 shows that there is, in general, reasonable 

agreement between the various determinations 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 EUU emission line intensities. With the 

exception of the relative 0 abundance, 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, to correspondingly large uncertainties in 

the determined abundances 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 values, 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 data shown, including the present results.

However, this discrepancy has now been largely removed by the 

revised analysis of EUU spectra by Withbroe (1975). The compara­

tively low abundances of Mg, Si, and Fe relative to 0 and N e , 

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 a Ne;Mg abundance of 1.47 - 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 measure/temperature 

models determined from measured spectral intensities (as for 

example in the present work), has recently been called into 

question by the analysis of Craig and Brown (1976) on the grounds 

that the problem is 'ill-conditioned'. These authors suggest 

that, to test the validity of a 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
3

(c o r o n a ) 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 measured line intensity 

and standard deviation equal to the standard deviation 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 realistic perturbations 
of the line intensities used in the analysis.

(2) There are no qualitative changes and no significant 
quantitative changes required to the results and conclusions 
presented in Chapter 4.

(3) Craig and Brown find large oscillations in their solutions
even for relatively small ( ^ 5  - 1 O/) noise levels on their
input data. It appears that two of the reasons for this
behaviour are their omission of (i) a 'low temperature'

2 1 1line such as 0 VII Is . - 1s2p. (needed to give a good
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determination of the low temperature end of the emission measure
model, T 2 x 10^ K), and (ii) a 'high temperature' line

® 2 1 1 such as S XV Is . - 1s2p. (to be included as an upper
limit to the measured intensity, 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 usual and appropriate 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

solution.
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Table 4,2 The coronal active region models for regions 11621, 11619, 
12628 and 12624, derived from the X-ray spectral line 
intensities.

Active 
Region no.

Emission measure, A T   ̂ .P n^ dVe ^ e
V

Tg (10 K)

1.5-2.5 2.5-3.5 3.5-4.5 4.5-5.5 5.5-6.5

11621^) 0.8 1.5 0.6 0.1

11619 0.5 0.3 0.1 0.1

12628 1 .8 0.7 0.2 0.1

1 2624 1 .3 0.5 0.15 0.1 0.1

a) Parkinson (1975c)



Table 4.3 Leicester Bragg 
observations

spectrometer flights - active region

Experiment 
serial no.

Date 
(day/mth/yr)

Time 
(hr.min.,UT)

Active regions 
observed (lïlciïlath no.)

SL304 5/5/1966 0414 8278,8279

SL3D5 8/8/1967 0356 8914,8921,8926

S41 22/11/1968 9772,9780

569 6/12/1970 1113 11 060

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 S-054 imaging analysis (Gerassimenko, 
1975)

T (lO^K) e
-1 r 2Emission measure, A T  J n dV0 0 e

(10^7 cm"3 (10^K)“  ̂)

1.5-2.5 3.2

2.5-3.5 1 .6

3.5-4.5 0.2

4.5-5.5 0.2
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Tabla 4.8 Parameters of a 'solar maximum' coronal active 
region model (Parkinson, 1973c).

r .  < io"K A',.2|/fcms 3) K(cms3) /V,.(cms'3) Kinetic energy 
(ergs)

^iiiin (G )

2-3 5.5 X  10 »̂ IQUU 2 .3 / 10" 1 .2 / 10°" 5.5
3-4 1.8 X  10^8 1Q29 4 .3x10» 3.1 X 103» 8.8
4-5 4 x 1 0 4 : 1Q28 6.3 X  10» 5.9 X 1038 12.2
5-6 I X  1Q47 1Q37 10'° 1.1x1038 16.6
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Footnotes to Table 4,11b

a) H-like ions, Garcia and lïlack (1955), calculated ; He-like ions,
Ermolaev and Jones (1974), calculated ; Ne-like ions, 
present work (Ch, 6), measured.

b) calculated from recorded counts given by Parkinson (1971a).

c) Parkinson (1975c). Uncertainties are calculated from his quoted
recorded counts.

d) Wiese et al. (1966, 1969),

e) lYlewe (1972a) ; isoelectronic interpolation from Wiese et al.
(1966, 1969). '

f) Dalgarno and Parkinson (1967).

g) Froese (1967).

h) isoelectronic interpolation from Kastner et al. (1967).



Table 4.11b The derived relative element abundances for Al, Si, 
Fe, Ni

Active region 
no.

Derived element abundance , A^(units of 10"^)

Al Si Fe Ni

11 060 4.9-0.2

11 619 s.gio.3 0.14^0. 04

11621 6 .4-0.2 0.36-0.03

12624 0.69-0.36 6.1-1.5 13.8-0.5 0.18^0.03

12628 1.13-0.57 5.2-2.1 7.4-0.3 0.12-0.03

lYlean: 0.82-0.37 5.8^1.3 6 .4-1.6 0.21^0. 06
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FIGURES

Chapter 4

4.1 Emission functions G(T^) of spectral lines.
2 2a H-like ions, transition Is. Si - 2p, Pĵ  ^f 2

2 1 1b He-like ions, transition Is . S^- 1s2p,

c Ne-like ions, transition 2p^.^S^- 2p^3d.^P^.

4.2 Active region coronal models through solar cycle 20.

4.3 Solar activity cycle 20, as shown by sunspot numbers (Solar
Geophysical Data, 1975), with the dates of the Leicester 
Bragg spectrometer flights.

4.4 X-ray photographs of the solar corona 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 min^) of the SL1206 
spectrometer is indicated (by the square outlines) at the 
positions to which it was pointed, i.e. lYlclYlath active regions 
12628 (east of disk centre) and 12624 (west of disk centre).

4.5 Ho( photograph of the solar chromosphere at 0016 UT, 26 
November 1976 (courtesy of Carnarvon Observatory, 11).
Australia ).

4.6 White light photograph of the solar photosphere at 0030 UT,
26 November 1976 (courtesy of Carnarvon Observatory).

4.7 lYlagnetograms showing the magnitude of the longitudinal 
component of the photospheric magnetic field (lïlt. 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 IKlcdflath 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. 5a and b respectively convolved 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 lïlciïlath region 12624.



4.12 a and b. As Fig. 4.9^ for lïlciïlath region 12624,

4.13 Line-of-slght averaged temperature map of iïlciïlath region 
12628, derived from the intensity mags of fig. 4.8. The 
contours are labelled in units of 10 K .*

4.14 As Fig. 4.1 3^ f o r iïlciïlath region 12624 (derived from Fig. 4.11).

4.15 Line-of-sight emission measure S  h ^dl map, for iïlciïlath
L ®

region 12628, calculated 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 (of cm~^ ) .*

4.16 shows Fig, 4.15 convolved with the SL1206 field of view 
function.

4.17 A simplified description of the hot loop system in iïlciïlath
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. ®

4.18 i S-054 X-ray images of the Sun, 4s exposure in the bandpass of
filter 3, 21-26 November 1973. iïlciïlath 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.

ii Idealized sketch of the geometry of the hot loop system in iïlciïlath
region 12628.

4.19 Schematic solar minimum coronal active region model, based
on the S-054 and SL1206 observations of iïlciïlath 12628.

4.20 Schematic solar maximum coronal active region model of
Parkinson (1973b).

4.21 Ratio of the emission functions G(T ) of the H-like line
L yo( and the He-like line ®

2 1 1 Is .'S^-Is2p. .

* Reproduced by courtesy of the Solar Physics Group, ASE.
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Fig. 4.4.a.
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Fig. 4.9.0.



Fig. 4.10.
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Chapter 5

HELIUiïl-LIKE IONS

5.1 Introduction

The lines of He-like ions make a substantial contribution 

to the solar X-ray spectrum. In particular, for \  ^  25 R,

the lines of 0 VII, Ne IX and fïlg XI are among the most prominent 

lines in the spectra of non-flaring active regions, Weaker lines 

which have been observed include those from Na X, A1 XII and Si XIII, 

The atomic physics of He-like ions is now relatively well understood, 

and many of the He-like lines are useful for plasma diagnosis 

(see Chapter 4 and below).

Figure 5,1 is a 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 

completed electron shell structure (as in the 'inert’ gases such 

as He itself), the Is electrons have a high ionisation potential 

and a high excitation potential to the first excited n = 2 terms.

The first excitation potential is over 75/j of the ionisation energy 

(Gabriel and Jordan, 1972; Gabriel, 1972c),

Most observations of the solar soft X-ray line spectrum 

have shown at least the stronger of the He-like lines (e,g,

Is^.^S^ - 1s2p,^P^ transition in 0 VII, Ne IX and Mg XI), Solar 

and laboratory observations of the He-like lines and their satellites 

have been reviewed by Doschek (1972), Gabriel (1972b), Jordan (1972), 

Walker (1972), Fawcett (1974) and Parkinson (1975a), Results of 

particular interest and more recent observations will be discussed 

in the appropriate sections of the present chapter.

- Ill -



It is convenient to discuss the He-like lines and their 

satellites under three headings:
2 1 1(1) The (resonance) line series Is • - Isnp. .

(2) The n = 2 1 resonance, intercombination and forbidden
lines,

(3) The satellite lines.

The data presented here are from SL1101 and SL1206 

observations of regions 11519, 12628 and 12624, and are restricted 

to the relatively abundant ions 0 VII, Ne IX and fïlg XI,

2 1 15,2 The Resonance Line Series Is . S^ - Isnp, P̂

2 1 1 The resonance line Is , S^ - Isnp, P̂  will be referred

to as the 'nR’ line (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 lYlg 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 two level ion model is a reasonable approximation

for these members of the nR series.

There are two cases 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

line at 10,764 R is blended with the Fe XVII 2p^,^S^ - 2p^6d,^D^

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 measure/temperature models and the 

use of the two level ion model with the Gaunt factor/oscillator 

strength approximation.

5.3 The n = 2-> 1 lines ls^.^5^ - 1s2p.^P^,^P^ 2'1s2s.^S^

Figure 5.2 is a 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:

which forms the resonance line,

which forms the intercombination line,

which is a magnetic quadrupole line transition,

which forms the forbidden line (it is a 
magnetic dipole transition),

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 intercombination line.

For Z 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.

Is^.^S 0 - 1s2p,^P

Is^.^S 0 - 1s2p.^P

Is^.^S o - 1s2p,^P

Is^.^S o - 1s2s.^S

Is^.^S 0 - 1s2s,^S

- 1 1 3  -



5.3.1 Theory for the Relative Intensities

The theory for the relative intensities of the R , I and F

lines was first worked out by Gabriel and Jordan (1969b), following

their identification of the F line in the solar X-ray spectrum

(Gabriel and Jordan, 1969a). Gabriel and Jordan (1969b) solved

the equations of statistical equilibrium for the ground state 

and the six n = 2 levels, and showed that the photon intensity 

ratio of the F to I line intensities is given by;

5 L  = A(2^S->1^S) 1^1 - _  1^

X [ a ( 2 ^ 5 ' > 1 ^ S )  + (1 + ^ )  { n^C(2^S->2^P) +

(5.1 )

where ;

^  = C(1^S-^2^S )/C(l^S-^2^P) (5.2)

and the effective branching ratio:

B = 1

-1

 ̂ A(2^P ) + A(2^P-»2^S)

g A(2^P^l''s) 
+ —

 ̂ A ( 2 ^ P ^ 1 ^ S )  + A(2^P-V2^S) . (5.3)

A(i—>-j) is the spontaneous transition probability and C(i—>j)

the collisional excitation rate coefficient. is the photo-
— 1 3 3excitation rate (in sec ) from 2 5 to 2 P; it is important only

for ions of Z < ^ 7  (Gabriel and Jordan, 1973) and thus may be

neglected in the present work. ^  is an effective rate ratio
3 3which includes all processes populating 2 S and 2 P, in particular 

cascades from higher levels.

It can be seen from Equation 5.1 that there will be a 

range of electron densities over which 5L will be sensitive to, 

and may be used to measure, the electron density n^. For the
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limiting case of n^ = 0, has a value^^^ given by:

^  - 1 . . (5.4)

Equation 5.1 may be rewritten as:

n =  g 5------- r ----------  . (5.5)
C(2 S->2 P)(1 )

In order to allow for uncertainties in the atomic data and in 

the observed intensity ratios, Gabriel and Jordan (1959b) 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 

SL = 0.9 . The corresponding lower limit critical density

n^ is thus given by (from Equation 5.5):

9 C(2^S->2 P) (1 +â»)

Hence, a measured value of ^  0 . 9 % ^  is taken to imply that

"e "e '
Since the original paper of Gabriel and Jordan (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, 1 970; 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 values are adopted

in the present work and are given in Table 5.2 for ions of

6 ^  Z ^  26. The value of ^  used is 0.35. The collisional rate

coefficients C ( i— > j ), and hence ^  and n^, are evaluated

at the electron temperature T at which the emission functionem
G(Tg) of the ion is a maximum; however, Gabriel and Jordan (1973) 

have shown that temperature variations will usually have only a

- 115 -



small effect. In quantitative terms, for 8 ^  Z 14 and 

such that G(T^) ^  0.5G(T^^), the temperature dependence of ^  

causes changes of less than - 10/ to the value of .

It is the variation o f b e t w e e n  observations, rather 

than its absolute value, that should be used to test whether

(and hence n^ ^  n*), thus guarding against possible

errors in the atomic data (Gabriel and Jordan, 1972).

It is useful to define a quantity-^ , 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:

I "  R

= [c(1^S'>2^S) + C(1^S->2^P)3 /C(1 ̂ S->-2^P ) (5.7)

and is independent of n^. As with ^  is an effective rate
3 3 1ratio which includes all processes populating 2 5, 2 P and 2 P,

in particular cascades from higher levels. Gabriel and Jordan

(1969b) have shown that over a wide range of solar observations,

%  1.1, thus supporting the assumption that ratios of ground

state excitation rates are insensitive to T or Z.e
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 radiative recombination, 

and under these conditions it is expected that there should be 

little change in the interpretation of SL , though would tend 

to 3.0 (Gabriel and Jordan, 1969b).

5.3.2 Previous Solar Measurements

Most coronal measurements of the relative intensities of 

the lines R, I and F have shown no significant variations of the 

observed ratio , either between individual measurements, or 

from the low density limit predicted by the theory, when account

is taken of the experimental uncertainties and an additional
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variation of - 10/ allowed to cover the possible temperature 

dependence of 5^ (see e.g. 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

%  is the observation of the coronal 0 VII emission by Acton and

Catura (1975), who obtained one dimensional X-ray spectroheliograms

with a spatial resolution of 1.3 arc min FUiHlYl, using a collimated

crystal spectrometer. From these results and the calculations of

Gabriel and Jordan (1973), Acton and Catura infer electron densities
9 -3(averaged over the spectrometer field-of-view) of up to n^ %  7 x 10 cm

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 ^  , l/R, F/R, and

their mean values. Figures 5.3 to 5.5 show examples of the observations 

All the data presented in these Tables and Figures were obtained 

in the slow scan mode of the spectrometer, giving a very high 

sensitivity and wavelength resolution (see Chapter 3).

For regions 11619, 12628 and 12624, the measured wave­

lengths in Table 5.3 have been derived by using the theoretical 

wavelength (Ermolaev and Jones, 1974) and measured Bragg

angle 0̂  ̂ of each R line to calibrate the corresponding spectra; 

i.e. for any line i (with measured Bragg angle 0 ^̂ ) on a given scan 

the measured wavelength X ^  is taken as (see Section 3.3.3.2):

X = 2dgpp sin 0 (5.8)

where: 2d^^^ = Xp^/sin 0̂  ̂ , (5.9)
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since the variation of 2d _. over the interval I A- - I ise f f ' 1  R »
expected to be negligible. The generally close agreement between 

the measured and theoretical wavelengths of the I and F lines 

justifies this assumption, and the spread in values reflects the 

accuracy with which a measured wavelength may be assigned to a 

feature (via Xn» 8  o snd 0.). This discussion is of particularR n 1
relevance to the next section, where measured wavelengths are 

presented for the satellite 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 from the mean value 5 ^  , may be formalised

l a - R j  I
S S .  +  o - l 3i  ■

Applying this condition to the results in Table 5.4, it is seen 

that, for 0 VII at least, there are no significant variations in 

5 ^ »  and that %  1.1 in accordance with theory. In Ne IX and

Mg XI there are significant variations in according to the

above criteria; 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. Although from the present measurements it 

is not possible to determine exactly the cause of the discrepancies, 

it is interesting to note that the relative intensity F:R appears 

to show greater variability than the ratio I :R (see Table 5.4).

Acton and Catura (1975) have discussed the variations in 

observed in their own coronal measurements, and have interpreted 

them as variations in the optical depth of the R line. However,

Acton and Catura have treated the radiative transfer problem purely 

as an absorption effect, whereas it is shown below that under coronal
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conditions, the radiative transfer of the R line is much closer 

to being a scattering process.

Under coronal conditions, the ratio of the spontaneous
1 2 1radiative decay rate for the transition 1s2p, ^ 1s . (giving

rise to the R line) to the total depopulation rate from the 

1s2p. P̂  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 resolution X-ray images 

(see e,g, Vaiana et al. 1973a, b; present work. Section 4.5.3), it 

appears unlikely that the plasma geometry could provide a satisfactory 

explanation of variations in of the magnitude observed in the 

present data and that of Acton and Catura (1975). It may be that 

the atomic 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 
2 1 1(Is . S^ - Isn'p, P̂  ) of highly ionized He-like ions. These 

satellites are due to transitions with the same configurations 

as the parent line, but with an additional electron in some outer 

orbit nl, i.e.

1s^nl - Isn'l'nl

Thus the upper level is a 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 a laboratory 

carbon vacuum spark source by Edlen and Tyren (1939), who proposed 

the above configurations, Gabriel and Jordan (1969a) classified
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the terms responsible. Figure 5,6 is a schematic energy level 

diagram showing the He-like and satellite transitions.

For the upper levels of the satellite transitions 

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 ion,

(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-workers (Gabriel and Jordan, 1969a; Gabriel 

et al. 1969; Gabriel and Paget, 1972; Gabriel, 1972a; Bhalla et 

al. 1975) have shown that the dominant mechanisms are (1) and

(2), with (1) being generally the more important, except in

transient plasmas.

We shall be concerned here mainly with satellite lines 

of the type

Is^nl - 1s21'nl.

Many of the satellites including all those with n = 2, occur 

on the long-wavelength side of the corresponding resonance line, 

though this is fortuitous (Summers, 1973).

5.4.1 Calculated Wavelengths

The wavelengths of the satellites with n = 2 have been 

calculated independently by Gabriel (1972a), Goldsmith (1974) 

and Vainshtein and Safronova (1972). These results agree with 

each other and with laboratory (e.g. Peacock et al. 1973; Feldman 

et al. 1974; Golts et al. 1974) and solar measurements (e.g. 

Parkinson, 1972, 1975c; Grineva et al., 1973 ) generally to within 

0.02 to 0.05/, for elements of 6 ^  29. The possible
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transitions are listed in Table 5,5, and following 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 Gabriel (1972) to within about 0.1 to 0.2/ for n = 2 

and Z = 10 (Ne). For the n = 3 and 4 satellites the wavelengths 

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, 1959a; 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 Recombinat ion

Dielectronic Recombination may be considered as a three- 

part process (Burgess, 1954b, 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 autoionization now occurs, the system 
returns to its initial state and no recombination has 
taken place.

(2) Alternatively, the doubly excited ion stabilizes by radiative 
decay of the inner excited electron, emitting a photon of 
resonance radiation of the recombining ion, shifted slightly 
in wavelength (usually to longer wavelength) by the influence 
of the additional 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 has been developed by Gabriel and his co-workers (Gabriel 

et al.,1969; Gabriel and Paget, 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 calculations available for the 

intensities of the individual satellite lines with n ^  3.

The following discussion of the theoretical satellite 

line intensities follows the references cited above.

5.4.3.1 Dielectronic Recombination.

The intensity (in photons per unit volume) of a satellite 

line due to dielectronic recombination of the He-like ion is 

(c.f. Figure 5.5):

9l T 3/2

where : a0 = Bohr radius.

He = number density of He-like ions.

ne = number density of electrons.

9s = statistical weight of the satellite level,

9l = statistical weight of the He-like ground state.

Aa = transition probability for decay by autoionization

Ar = transition probability for decay by radiation,

Es = energy of the satellite level above 
ground state (Rydberg).

the He-like

Te = electron temperature (Rydberg),

and the summation ^ A ^  is over all possible radiative transitions 

from the satellite level.

Equation 5.11 may be rewritten

Ig = 2 . D 6 X 10- ' ®  A f A ;  " H e ^ e  = x p [ - E / ( k T ^ Q

e9l (*3 T 3/2

(5.12)

where T is now in K. e
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The intensity (in photons per unit volume) of the He-like 

ion resonance line is:

I = n^^n^Cd +o<) (5.13)

where: C = collisional excitation rate coefficient,

and o( is a correction for the contribution to the resonance line 

intensity from dielectronic recombination, i.e. it is the sum 

over all satellites which cannot be resolved spectroscopically 

from the resonance line. In their computations Gabriel (1972a) 

and Bhalla et al. (1975) have taken this to include all satellites 

with n ^  3. Then

0< = 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:

Ig/I = (1 ■►<=< )■' X Fgfs) (5.15)

where: F,(T ) = 1.2 x 10''^ E exp H e - E )/(kT )1 ,1 e o *- 0 s e - J ^

9l (Ag '

and ĝ  = 1 .

E^ is the energy of the resonance line (eV) and T^ is in K.

g is the temperature averaged Gaunt factor, taken as 0.2.

f is the effective oscillator strength for the resonance line

transition, and is taken semi-empirically as f = 0.55 for astro-
1

physical plasmas, in which 1s2s. S decays by two-photon emission. 

o( may be calculated from the dielectronic recombination rate
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coefficient (Burgess, 1965; Gabriel, 1972a), and is ^  0 . 0 —f 0.1.

The intensity ratio can thus be separated into a function 

of electron temperature, F^(Tg)/(1 + o( ), and a function of the 

individual satellite line, F2 (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:

I ' = n. . n C' ^r (5.16)s Li e ----------
(«3 - I A ,

where: C ' = inner-shell collisional excitation rate coefficient,

nfi = number density of Li-like ions.

Since E %  E : s o
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 ratio of a satellite's 

intensity due to inner-shell excitation, to the resonance line 

intensity is:

l y i  = (1 +«<)■'' F^(T^) X F^(s) , (5.17)

where: F'(1^) = n^./n^^ ,

r^(s) = Af

 ̂ (A9

The ion abundance n, ./n,, is a function both of electron temperatureLi He
T^ and of the departure from ionization equilibrium. An "ionization

temperature" T^ is defined, which is the temperature at which the

actual ratio n, ./n,, would exist in ionization equilibrium. Then L 1 He
n, . / n,. is a function only of T , and:Li He ' z

T^ = T^ for ionization equilibrium,

T^ ^  T^ for transient ionizing conditions,

T^ ^  T^ for transient recombining conditions.
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Thus again the intensity ratio can be separated into 

a function of temperature, P^'(T^)/(1 +o(), and a function of the 

individual satellite line, Fg'fs).

It may be noted from Equations 5,15 and 5.17 that the 

relative intensities (l^/l) and(l^'/l) 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 spectra will yield diagnostic information on both the 

electron temperature and ionization conditions in the X-ray 

emitting plasma. Bhalla et al. (1975) have tabulated the data 

required to calculate (l^/l) and (l^'/l) as functions of T^ and 

T^ respectively, for the n = 2 satellites of elements 6 ^  Z 26

5.4.4 The Present lYleasurements

The observations were made in the slow-scan mode of the 

SL1101/SLI2G6 spectrometers, with the ADP, gypsum and KAP crystals 

viewing the Mg XI, Ne IX and 0 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, together 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 S. The n = 2 

satellites for 0 VII are too weak to be observed in the present 

data.
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In Table 5,7 the measured intensities for Ne and lYlg 

are compared with those predicted by using the calculations of 

Bhalla et al. (1975) together with the active region emission 

measure/temperature models (Section 4.3) and assuming (since this 

appears reasonable from the observational evidence in Chapter 4) 

that T^ = T^; i.e. the predicted satellite line intensity (relative 

to the resonance line R ) is taken as:
'(I /I)(T„0 l(T̂ )Z c

I /I =   (5.18)

Te

where: (l^/l)(T^) = the total calculated intensity (due to
dielectronic recombination and inner-shell 
excitation; Bhalla et al., 1975) of the 
satellite s relative to the resonance line 
R, at electron temperature T , assuming

^  = Te-
l(T^) = the intensity of the resonance line R, at

electron temperature T^, 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. In 

particular, for the comparatively strong and well resolved multiplet 

q, r in Mg, it is interesting to note the significantly lower 

observed relative intensity for region 12624 (compared with the 

other regions), in accordance with the theory, and due to the 

presence in that active region of hotter material than in the other 

regions.
/

In all cases the measured intensity of the multiplet 

k , j, 1 in Mg is lower than predicted by about a factor of two.

These lines are barely resolved from the forbidden line F, but at
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the worst, the measured intensities quoted provide upper limits.

Thus, as discussed by Bhalla et al. (1975) and Parkinson (1975c), 

if the observed intensities for the multiplets q, r and k, j, 1 

in lYlg are taken at face value then the calculations of Bhalla et 

al. imply an ionizing plasma, which is somewhat at variance with 

the rest of the observations and which would be rather unexpected 

in stable active regions or the decay phase of a flare.

The only clear observation (either in the present data 

or in the literature) of a feature corresponding in wavelength to 

the Me multiplet n, m, occurs in the spectrum of region 11619 

at 13.530 ^ (see Figure 5.4a). Its measured intensity is rather

higher than the predicted value; 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 X  3.

Feldman et al. (1974) have studied the He-like and satellite

spectra of elements 11 Z ^  22, obtained from laboratory laser-

produced plasmas. Using the energy level calculations of Summers

(1973), they have classified a feature observed close to the
2 1 1long-wavelength side of the corresponding Is . - 1s2p. P^

resonance line, as a blend of several n = 3 satellites, namely

1s^3p - 1s2p(^P)3p.^D, ^P and 1s^3s.^S - 1s2p(^P )3s.^P. Pospieszczyk

(1975) has reported, from spectra of a laboratory theta-pinch plasma,

a feature at 21.71 R in 0, which he identifies with the n = 3
2satellite transitions Is 3p - 1s2p3p. In a Mg spectrum from a 

laser-produced plasma, Peacock et al. (1973) have noted features 

at X  9.181 ,Xo.187 and)i9.195 S, which they assign simply to 

Is^nl - 1s2pnl, n ^  3.
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In the spectra of coronal active regions 11050 and 11521 

Parkinson (1971a,b; 1972; 1975c) has reported two features just 

to the long-wavelength side of the 1s-2p resonance line, for 0 VII 

(Parkinson, 1971a, 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 satellite transitions, 

1s^31 - 1s2p31 (Ne \l 3.488 S, Mg X9.193 S) and 1s^41 - 1s2p41 

(Ne Xl 3.469 S, Mg X 9 .I8 O S).

The present author has used the calculations of Summers 

to predict satellite wavelengths for n = 3 and 4 in 0, Ne and Mg. 

The energy levels have been adjusted (as suggested by Summers) to 

take account of the best available theoretical energy levels for 

the He-like ions (Ermolaev and Jones, 1974); i.e. (since the 

transition energy = h c / X  ) the final predicted satellite wavelength 

Xg, is given by:

V  =  ̂ - 'X.g-') (5.19)

where :
^  = predicted satellite wavelength, from Summers (1973)

sS
X  = predicted Is - 2p resonance line wavelength, from

 ̂ Ermolaev and Jones (1974)

X  = predicted Is - 2p resonance line wavelength, from
D C

Summers (1973 ).

Table 5.8 compares the present measured wavelengths for 

the n ^  3 satellite spectra in 0, Né and Mg, with predicted and 

previous measured wavelengths. The calculated wavelengths were 

derived as described above; the measured 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, 1975c) and 11519, 12628 and 12624 (present work). For 

Ne and (Tig, the different sets of wavelengths are in reasonably 

good agreement (to about 0.005 S). There are rather larger 

variations in 0; however, for the present measurements at least, 

these may be largely attributed to the low signal to noise ratio 

in this portion of the data (see Figure 5,5, and note the scatter 

in the measured 0 VII wavelengths in Table 5.3).

Table 5.9 gives the measured intensity of each satellite
2 1 1line relative to that of the He-like resonance line Is . - 1s2p.

(no resolvable satellites are included in the resonance line 

intensity), for the present observations of regions 11619, 12628 

and 12624 and Parkinson's (1975c) results for region 11621. Any 

interpretation of these figures (e.g. in terms of the plasma 

parameters) must await a detailed theoretical model for the intensities 

of the satellite spectra with n ^  3. It is worthwhile noting 

however that Gabriel (1972a) calculates a maximum intensity (relative 

to the corresponding resonance line) of 0.1 for the sum of all 

satellites with n ^  3, whereas Table 5.9 shows that, in some cases, 

the sum of the measured values for the n = 3 and 4 satellites is 

about 0.2 to 0.3.

In the spectrum of region 11619 the Mg satellite at 

X  %  9.180 H is absent, and a new feature at X  = 9.176 R is 

just resolvable from the Mg XI resonance line X  9.169 R . Although 

no calculated wavelengths are available for satellite spectra with 

n ^  5, the feature X 9.176 R is probably due to satellite 

transitions where n = 5, with a possible contribution from the 

satellite 1s^4s.,^S - 1 s2p (̂  P )4s . ̂ P (see Table 5.8).

Unlike the spectra of regions 11619, 12628 (see Figure 

5.4) and 11621 (see Parkinson, 1975c), the data for region 12624
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requires at least two lines to be present in the wavelengtti interval 

13.46 - 13.47 R (see Figure 5.4c). In the latter case, the best 

fit to the observations is obtained with lines at \ 13.464 

andXl3.473 R , as shown in Figure 5.4c and Table 7.3. As may be 

seen from Figure 5.4, the spectrum of the (decaying flare) active 

region 12624 shows about a dozen lines in the wavelength interval 

13 - 14 R, which are additional to those normally observed from 

non-flaring active regions such as 11619, 11621 and 12628. Hence 

it seems likely that, for regioni2624, the Me n = 3 satellite 

\ l 3.469 R may be blended with one or more lines from another 

ion. The "flare" lines from region 12624 will be discussed further, 

in Chapter 7.
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Table 5.5 Helium-like and satellite transitions (Gabriel, 1972a)

Array Multiplet Line Key letter
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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, (1 974)

(2) Laboratory, Pospieszczyk (1975)

(3) Solar, active region 11621, Parkinson (1975c)

(4) " " " 11619, present work

(5) " " " 12628, " "

(6) " " " 12624, " "

(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 analogy with n = 3, 
The measured features (i.e, SI, 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 a helium-like ion. Radiative decay 
mechanisms are shown with their approximate Z-scaling.
Z-1 is the net ionic charge and A is the transition 
probability for spontaneous radiative decay (Gabriel,
1 972c).

5.2 Energy level diagram showing the ground and first four
excited states of a 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 
(Gabriel and Jordan, 1972).

5.3 High resolution slow scans showing the n = 2 — > 1 spectral
lines of the He-like ion lYlg XI and dielectronic satellites 
(see text for explanation of transition key letters).

a HflclKlath region 1 2628 (flight SL1 206)

b lYlclYlath region 12624 (flight SL1 206)

c fyiclYIath region 11619 (flight SL1101).

5.4 As Fig. 5.3 for Ne IX.

5.5 As Fig. 5.4 for 0 VII.

5.6 Energy level diagram 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-rey emission spectra of solar active regions 

show transitions of the Ne-like ions Fe XVII and Ni XIX. In 

particular some of the Fe XVII transitions are among the most 

prominent coronal soft X-ray transitions and a detailed 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 XV11 and some of these transitions in Ni XIX (n is the 

principal quantum number), and a search for weaker lines due to 

higher transitions, n = 5, 5, 7, 8 — 2, in Fe XVII. In the case 

of iron the spectrum of Fe XVII is very strong at 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 relative to that of iron (see 

Section 4.5) and partly because of the higher ionization potentials.

The results reported here are from SL1101 observations 

of region 11619 and SL1206 observations of regions 12628 and 

12624. The data were obtained 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 measurementB-of this spectrum. Loulergue and Nussbaumer 

(1975a) have now extended their calculations to include n = 4 — >  2 

transitions also and this provides an opportunity to interpret 

the complex group of lines observed in the coronal spectrum 

between 11,0 and 12.7 S by critical comparison with their calcul­

ations, The present Chapter describes 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 was considered worthwhile 

to remeasure all of them as accurately as possible. The values 

obtained agree closely with previous measurements for well- 

established Fe XVII lines (e.g. Tyren, 1938) but lead to corrected 

wavelengths of improved accuracy for other Fe XVII lines.

Samples 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

terminate on the 2s 2p . S^ ground level belong to eight Rydberg

series. These are the two groups of A l  = 1 series,

2s^2p^.^S^ - 2s^2p^ns.^P^, ^P^, ^P^ and 2s^2p^.^S^ - 2s^2p^nd.^P^,
3 3, P̂  and the group of inner shell transition series

O Ç.  ̂ C
2s 2p . Sg - 2s2p np. P^, P^. The 2p 3s. P^ level decays through 

a magnetic quadrupole transition to 2p , S^. For ease of reference, 

the lines will be designated by key letters. Table 6.1 relates the 

key letters to the spectroscopic classifications.

- 132 -



6.1.2 Calculated Line Intensities

Loulergue and Nussbaumer (1973) gave results of

calculations of the relative intensities of the eight known coronal

Fe XVII n = 3 2 transitions, based on a 37-level ion model

(the ground level and the 36 n = 3 levels). Loulergue and

Nussbaumer (1975a) subsequently extended the calculations to

include the corresponding n = 4 — 2 transitions, modified their

earlier results for n = 3 —>  2 transitions and included results

for the isoelectronic Ni XIX. The calculations consider transitions

between 52 of the lowest 57 levels, i.e. those in the 2p^ (ground

state), 2p^31, 2s2p^31 (i = 0, 1, 2), 2p^4s, 2p^4d and 2s2p^4p

configurations. The population processes included are collisional
5 3excitation from the ground level and the metastable 2p 3s.

levels and all significant radiative processes between the 52

levels. They show that ionization and recombination need not be
included. Their results are expressed as energy intensities
relative to the 'resonance' line 2p^.^S^ - 2p^3d.^P^ and are

included in Table 6.1. Where comparison is possible their results

are substantially 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 increased, the power in these n = 4 — > 2 transitions relative

to the resonance line is not very sensitive to temperature. Both

papers note that the 2p^3s configuration is mainly populated
indirectly from the ground state by radiative cascade from higher

f- ^ c 9 R 9 Rlevels, via the path 2s2p 3d “->• 2s2p 3d —>■ 2s 2p 3p— > 2s 2p 3s. 

Table 6.2 shows the population mechanisms for the 2p^3d and
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52p 3s levels, from the 37-level ion model of Loulergue and 

Nussbaumer (1973); the extension to 57 levels modifies these 

figures by only a few percent (Loulergue and Nussbaumer, 1975a).

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, a reduced version is given in 

Figure 6.4, which shows only the strongest lines (i.e. 2p^ - 2p^3d, 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 al. (1973) is 
commented on below. Beigman et al. (1974) gave limited calculations 
for the relative strengths of 2p^ - 2p^3d.^P^ and 2p^ - 2p^nd.^D^ 

for n = 4 to 8. They predict for example, the relative intensity 
l(2p^ - 2p^. )/l(2p^ - 2p^3d.^P^) at 0.2 for a coronal temperature 
of 5 X 10^ K and state that this ratio does 'not depend strongly 

on the plasma emitting temperature'. This result is substantially 
larger than the authors' 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 et al.

6.1.3 Previous Observations

lïlost previous observers have given more comment on 

n = 3 — > 2 transitions than on higher transitions, Loulergue and 

Nussbaumer (1973‘) collated measurements prior to 1972 and found 

broad agreement with their calculations but only when allowance 

was made for the fact that two blends were not resolved in data
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2 6 1published prior to 1972, These two blends were 2s 2p . -

2s2p^3p.^P^ and ^P^; and 2p^.^S^ - 2p^3s.^P^ and
The first published observations in which all eight 

known coronal Fe XVII n = 3 — > 2 transitions were clearly resolved 

are those of Parkinson (1973a) (from the SL1101 data of region 
11621). His relative intensities for transitions from the 2p^3s 

and 2p^3d configurations again broadly agree with the values 

predicted by Loulergue and Nussbaumer (1975a). Walker et al.

(1974c) have also reported observations of the same eight lines, 

together with theoretical intensity ratios calculated using a 

model similar in approach to that of Loulergue and Nussbaumer 

(1973a). Walker 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 
discrepancy occurs for the inner shell 2s^2p^ - 2s2p^3p transitions, 

where it amounts to about 70^.
This broadly 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 OSO-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 S 

which they identify with 2p^ - 2p^3s.^P^ only, apparently 

neglecting the blend with the equally strong 2p^ - 2p^3s.^P2.

The anomalous strength of 2p^ - 2p^3d.^P^ listed (but not commented
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upon) by NSK may be due to incorrect identification. Finally 

NSK's theoretical model neglects an important population process 

for the 2p^3s configuration (2p^ —> 2p^3d —^  2p^3p —^  2p^3s).

If allowance is made for these matters there appears to be ho 

remaining difficulty.

Previous measurements for the n = 4 — >• 2 transitions are

confined to the 2p^.^S^ - 2p^4d.^P^, lines (Evans and Pounds,

1958; Walker and Rugge, 1959). The ratios obtained by Evans and
1 3Pounds (average values 0,041 and 0.039 for the P^, transitions

respectively) are in fair agreement with calculation. However, 

the two values for 2p^.^S^ - 2p^4d,^D^ 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 greater sensitivity and substantially better resolution and 
wavelength calibration (see Chapter 3) than most previous observations 

The assignment of features to the spectrum of Fe XVII was 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 of the n = 3 — > 2 and n = 4 — ^ 2 transitions

in the eight known Rydberg series have been found previously and

good wavelengths were available (Tyren, 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 following considerations.
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(a) THE INNER SHELL (2s^2p^Js^ - 2s2p^npJp^, ^P^ ) 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; lYlg III: Esteva and flflehlman, 1974; Al IV :

Carillon et al, 1972). Thus it has not been possible to predict 
accurate wavelengths for the corresponding Fe XVII lines by either 

isoelectronic or Rydberg series extrapolation. However, an 

approximate prediction is possible on the basis that quantum 

defects vary only slowly along Rydberg series. Hutcheon (1975b) 

has performed such a calculation. Thus comparison of the quantum 

defects of Ne I, lYlg 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 values 11.022 and 11.040 8 respectively 

for the wavelengths of Fe XVII 2s^2p^.^S^ - 2s2p^4p.^P^, •

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 - 0. 004 R with statistical significance 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 a line at 11.021 - 0.005 8 in

measurements of an iron plasma in a vacuum spark, which they

partially classify as a Fe XVIII 2p^ - 2p^(^S)4d line. However,

Hutcheon (1975b) has extrapolated along the Rydberg series using
5 4 1the known energy levels of the corresponding 2p - 2p ( S)3d 

transitions (from Feldman et al. 1973), and this calculation 

indicates that the proposed identification of Swartz et al. is
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somewhat unlikely,

Neupert et al, (1973) classify a feature at 11.03 8 

in the laboratory spectrum of Feldman and Cohen (1958) as a 

Fe XIX 2p^(^P) - 2p^4s(^D) line whose predicted wavelength is 

10.99 8, This transition could perhaps contribute to the feature 

observed by Swartz et al. but not to our 11.029 8 feature. Thus the 

most intense coronal Fe XIX lines should be various 2p^ - 2p^3d 

transitions (Fawcett et al. 1974) but these do not appear on the 

spectra of regions 11619 and 12628. Several of them are tentatively 

identified in the (flaring) region 12624 spectrum (see Chapter 7) 

but the 11.029 8 intensity is not there increased in proportion, 
as could be expected if it contained a significant Fe XIX 

contribution.
It is concluded therefore that the present 11.029 8 

feature may not be ascribed either to Fe XVIII or Fe XIX transitions 
In contrast ascribing the feature to a blend of the two Fe XVII 
2s^2p^ - 2s2p^4p 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 

2s^2p^,^Sg - 2s2p^4p.^P^ line about five times stronger than the
3corresponding 4p. P̂  line.

(b) THE MAGNETIC QUADRUPOLE TRANSITION, 2p^.^S^ - 2p^4s.^P2.

It is now believed (contrary to the suggestion of

Hutcheon (1975a)) that this transition is unlikely to be observable 
5 3since the 2p 4s. P2 state may decay by allowed electric dipole

5 3 3 3transitions, mainly to 2p 3p. , D^, Pg,, as pointed out by
Loulergue and Nussbaumer (1975a). An unidentified line at 12.700 - 

0.003 8 occurs in the present spectra very close to the predicted
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wavelength (Hutcheon, 1975b)' of the magnetic quadrupole transition 

at 12.691 - 0.011 8 but the identification cannot now be accepted.

Table 6.1 gives the measured values, for each of the 

three observed active regions, of the strengths of the Fe XVII n = 3— ^2 

and n = 4 — >-2 transitions normalized to the strength of the resonance 

line Zp^.^Sg - 2p^3d.^P^ (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 

given in Table 6.1, the 2p^.^S^ - 2p^4d.^P^ transition (found 

in a vacuum spark spectrum at 12.319 8 by Swartz et al. 1971) 

should be too weak to appear in the present data. This is the case 
and the recorded intensity at 12.319 8 is listed as the upper limit 

for the strength of that line.

6.1.5 Discussion
Table 6.1 shows broad agreement between the measured

and calculated intensities for n = 3 —^  2 and n = 4 —>  2 transitions.
6 5Consistency is particularly good for the 2p - 2p 3d, 4d transitions.

6 5Some difficulties are apparent for the 2p - 2p 3s lines; thus some 

of the calculated values are consistent with measurement, some 

diverge by up to SÔ c and for some lines different measurements 

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 2p^ - 2p^3s transitions 

agrees considerably better with the calculated sum, i.e. to 

within 20̂ 0. This may indicate the presence of processes, not yet 

included in the çalculations, which affect the distribution of the 

populations of the 2p^3s levels. For the 2p^ - 2p^4s transitions 

the measured strengths somewhat exceed the calculated values.
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It is interesting to note that the (summed) relative intensities
5 5 5of both the 2p - 2p 3s and 2p 4s lines is lowest in the spectrum

of the (hotter) decaying flare region.

Where previous laboratory wavelengths exist (Tyr/n, 1938; 

Cohen and Feldman, 1970; Connerade et al. 1970; Swartz et al.
1971) the new measurements agree to within - 0.0035 8 of the 

average of previous values. This consistency is improved if 

the average of previous values is calculated by weighting each 

value according to the inverse of its uncertainty (Hutcheon,

1975b). This, together with the broadly satisfactory understanding 

of the relative intensities observed in three separate scans, 

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 5.1 are the average of values found 

from the three scans. The quoted uncertainty represents the spread 

in the three individual values plus an added - 0.001 8 to allow 

for systematic error due to the uncertainty in some wavelength 
standards. The uncertainties given in Table 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 than 0.0035 8) from previous values. The present 
wavelengths for the 2p^ - 2p^3s transitions differ from those of 

Parkinson (1973a, 1975c) by larger amounts (0.006 - 0,011 8) but 

Parkinson's uncertainty was up to - 0.008 8.

As always the measured results for intensities and 

wavelengths are given on the assumption that no undetected blends 

exist in the lines discussed. For the n = 3 *“-> 2 transitions this 

was discussed by Walker et al. (1974c) who pointed out the risk of 

weak Fe XIX lines blending with the 2p^ - 2p^3d.^D^, ^P^ lines. 

However, they argue that this is not significant in their measurements
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and similar arguments apply to the present ones also. Of the 

n = 4 —^ 2  transitions, 2p^.^S^ - 2p^4d.^P^ at 12.124 8 is partially 

blended with Ne X Lyo( at 12.134 8. This blend has been deconvolved 

in the present analysis and the quoted results for the Fe XVII 

transition intensity and wavelength allow for this. There are no 

other known blends with n = 3 — ^  2, n = 4 — >  2 transitions, and 

there is no evidence of undue broadening in any of the line 

profiles. Finally, many of the lines discussed are among the 

strongest lines in the coronal X-ray spectrum. Undetected blends 

can only now occur with weak lines so that, at least for the 
stronger lines, the vulnerability to error, either in wavelength 
or intensity, is very small.

6.2 The Ni XIX Lines

The preceding study has 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 to produce and excite Ni XIX 

efficiently (e.g. Jordan, 1969, 1970). Hence observations are 

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 a Ni XIX transition, especially in the vicinity of other 
weak lines.

6.2.1 Previous Observations

Feldman and Cohen (1967) give laboratory wavelengths of 

seven n = 3 — >  2 transitions to two decimal places (in 8ngstroms) 

but do not mention uncertainties. Feldman et al. (1967) give
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the wavelengths of two n = 4 — >*2 transitions to - 0.01 8.

Swartz et al. (1971) give wavelengths for all the lines previously 

reported and also for two further n = 4 ->• 2 transitions, nominally 

to three decimal places in 8ngstroms. However, for the lines 

discussed here, the nearest wavelength calibration standards 

used by Swartz et al. are some of the l\li 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 10.305 8 which they 
classify as Ni XIX 2p^,^S^ - 2p^4s]p^ and a slightly weaker 

transition at 10.261 8, Hutcheon (1975b) has performed a quantum 

defect analysis which indicates that the 10.261 8 feature is a 
much more likely candidate for this transition.

Some of these Ni XIX transitions have been reported in 

solar active region spectra by Evans and Pounds (1968), Rugge and 
liJolker (1968), Walker and Rugge (1 969) and Parkinson (1971a). 

However, their data had only moderate spectral resolution and 
some of the Ni XIX lines recorded were badly blended with other 
much stronger lines. For this reason the relative intensities 

of coronal Ni XIX lines have not previously received close study.

Parkinson (1 975c) has reported several Ni XIX n = 3— ^  2 

transitions in the spectrum of region 11621 obtained by SLT101. 

However, he has not presented any detailed 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 laboratory measurements - though in 
view of the remarks above (Section 6,2.1) rather greater dis­
crepancies were tolerated than in the case of the analysis of 

the Fe XUII 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. One other n = 3— > 2 transition may
contribute to a blend. It is convenient to discuss these in turn,

starting with the 'resonance' line.
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^3d.^P^ Line.

Feldman et al. (1967) give the laboratory wavelength of 

this line at 12.42 8 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 8, Lines are observed 

at 12.406, 12.418, 12.430 and 12.450 8. Only the 12.430 8 line 

shows a temperature dependence consistent with assignment to 

Ni XIX. Thus this feature 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 varies in step with the corresponding Fe XVII 

resonance line. The 12,418 8 line although closer to the laboratory 

wavelength, is unlikely to be Ni XIX 2p^,^S^ - 2p^3d,^P^ as it 

is too weak even to be observed in the subflare region. The 

12.430 8 feature is thus tentatively identified with the resonance 

transition. The proposed identification is supported by good 

agreement between the measured wavelength of the feature and the 

value (12.428 - 0.005 8) predicted by Hutcheon (1975b) from 

isoelectronic extrapolation.

6.2.2.2 The 2p^.^S^ - 2p^3d.^D^ Line

The laboratory wavelength for this line is 12.641 8 
(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 isoelectronic extrapolation 
is 12.649 8. The candidate feature in the present data is at 
12.651 8.
6.2.2.3 The 2p^.^S^ - Sp^Ss.^P^ Line

The wavelength given by Swartz et al, (1971 ) is 13.768 8.

The isoelectronic extrapolation procedure (Hutcheon, 1975b)

predicts 13.778 - 0.005 8. In the present data a feature appears

in the spectra of regions 12628 and 12624 at 13.780 8. The

feature fits the other criteria for identification with Ni XIX

2p^.^S - 2p^3s.^ P,.o 1

6.2.2.4 The 2s^2p^.^S^ - 2s2p^3p.^P^ Line.

The wavelength from Feldman et al. (1967) is 11.53 8,

that of Swartz et al. (1971) is 11.522 8. The isoelectronic 
extrapolation (H.utcheon, 1975b) predicts 1 1 .525 - 0.005 8. The 

spectra of regions 12624 and 12628 show a feature at 11.526 - 0.001 8 
with an (energy) intensity relative to the resonance line of

0.8 - 0.2 and 0.6 - 0,3 respectively. However, this feature is
thought to be a blend for the following reasons. First, Cohen
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and Feldman (1970) and Swartz et al. (1971) observe an unclassified 

iron line for which they give measured wavelengths of 11.524 and 

11.521 8 respectively. (Hutcheon (1975b) has suggested that this 

iron line is most likely to be a member of the Fe XVIII 2p^ - 2p^4d 

array. A complete analysis 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.

For the case of the isoelectronic Fe XVII spectrum, the 

stronger n = 4 — >-2 transitions are found in the present data.

For Ni XIX these transitions are all too weak to appear in the 
present data, according to the calculations of Loulergue and 

Nussbaumer (1975a). The strongest transition should be 
2p^.^Sg - 2p^4d.^P^ ( \ 9.97 8 according to Feldman and Cohen

(1967)). In the present spectra, the 4 o' sensitivity limit at 
this wavelength is an order of magnitude above the predicted line 

intensity, and no feature is in fact present.

6.2.3 Discussion
Table 6.3 lists the average measured wavelengths, 

measured intensities and calculated (by Loulergue and Nussbaumer) 

intensities of the observed Ni XIX lines, 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 8 as discussed above, and that it is assumed that the 

data is not affected by blending other than as discussed above.

The measured wavelengths listed for the three n = 3 — >  2 lines 

are thought to be correct to an uncertainty of about - 0.002 8 
based upon the spread of measurements from the separate scans and
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knowledge of the wavelength calibration (see Section 3.3,3.2).

The new wavelengths are about 0.01 8 longer than laboratory 

measurements but they agree much more closely with the values 

predicted by Hutcheon (1975b) from isoelectronic extrapolation.

The coronal Ni XIX spectrum is weaker than that of Fe XVII 

and does not therefore provide such a good test of the Loulergue 

and Nussbaumer model. However, the measured and predicted intensity 
ratios for the three active regions are consistent and show 

reasonable agreement, with one exception. The discrepancy, as in 

the case of Fe XVII, arises (perhaps fortuitously) from a 

2p^ - 2p^3s transition, namely  ̂ where the relative intensity

observed from region 12624 is well above the theoretical value.
3Unfortunately the Ni XIX 3s. P. lines are not available for 

comparison due to the higher background level on the KAP spectra.

The possibility of blending of the Ni XIX line with an unknown 

transition cannot be eliminated, but such a transition would have 

to have significant intensity only at T ^  5 x 10^ K (thee
discrepancy occurs only for region 12624), and its wavelength 
separation from the Ni XIX line must be ^  0.002 8 (there is no
measurable broadening of the X 1 3.780 8 line 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 ID to 12 8. All of the coronal active region 

X-ray spectra recorded by the Leicester University Bragg 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 interval 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 radiated under coronal 

conditions. Following the convention adopted in Section 6.1,

Table 6.4 also gives a key letter to each series so that, 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 obtained by Hutcheon (1975b) from a critical survey of 
previously available measured values (Tyren, 1938; Cohen and 
Feldman, 1970; Connerade et al. 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 Angstroms) was 

significant were included. The r.m.s. deviation of the published 

values about these averaged values is about 0.002 R for the 

n = 3, 4, 5 —>2 transitions and about 0.004 R for n = 6 — ^ 2 

transitions. These figures are thus conservative estimates of the 

uncertainty on the average values assuming there were no blends 

in the measurements used. It has previously been argued, in 

Section 6.1, that blends with Fe XVII n = 3, 4 —^  2 lines are 

unlikely in the present 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 exception is the frequent partial

blending of the 4C line, at 12.123 R, with Ne X Lyo< at 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
2 1 1is blended in the present data with Ne IX Is . S^ - 1s5p. at 

10.764 S.

6.3.2 Predicted Wavelengths

In Table 6.4 required wavelengths whose values were 
not previously known are shown underlined. They were calculated 

by Hutcheon (1975b) by extrapolation using the best (averaged) 

wavelengths of lower members of the same Rydberg series. For 

the series C, D, E, F and G, the wavelength predictions should have 

an uncertainty comparable with that of the largest uncertainty 
in the base wavelengths (i.e. about - 0.004 H). 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 uncertainties in 

the absolute predicted wavelengths are then much bigger (about 
- 0.02 R ) 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 radiated in these magnetic quadrupole 

transitions is predicted to be too small, by many orders of 

magnitude, to appear on the present spectra due to depopulation 

of the 2p^ns.^P2» n ^  4 levels by allowed electric dipole 
transitions, as discussed in Section 6.1.4.

The wavelength predictions are given on the assumption 

that the base wavelength 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 

wave lengths,
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6.3.3 Predicted Intensities

No comprehensive calculation of the relative intensities 
of Fe XVII n ^  5 — ^  n = 2 transitions is presently available.

Limited results were given by Beigman 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 reveal 

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 6.1). 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 ^  5 — >  2 lines by
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using the empirical n = 4 ^  2 effective oscillator strengths 

scaled along each Rydberg series in the same ratios as those of 

CrancB where they are available (i.e. up to n = 6 — >• 2) or like 

the asymptotic hydrogenic n  ̂ where they are not. This procedure 

requires the source emission measure/temperature model (see 

Sections 4.2 and 4.3, and Equation 4.20). The temperature averaged 
Count factor was taken as 0.2. The . results of these (rather , crude) 

intensity calculations are included in Table 5.5 and discussed 

below.

6.3.4 The Present Measurements
The present analysis utilizes the data obtained by the 

SL1101 and SL1206 gypsum spectrometer operating in the fast scan 
"spectral survey" mode. An example of these observations (for 

region 12624) is shown in Figure 6.6. The presence (already discussed 
in Chapter 4 and the present chapter) in the cooling flare region 

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 against 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 feature tentatively assigned to an Fe 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

Table 6.5 lists all the features in the present data 

which occur within 0.01 R of wavelengths predicted (see Table 6.4) 

for the C, D, F and C series. The E series is not discussed
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because the 4E transition is too weak (Section 6.1) to appear 
in the data and this is also expected to be true for higher E 

series members. The criterion of wavelength coincidence to

- 0.01 S allows for - 0.004 R uncertainty in predicted wavelength,

- 0.003 R measurement uncertainty and a somewhat arbitrary - 0.003 R 

safety margin.

As discussed above (Section 6,3.2) the uncertainty in 

the wavelength predictions is larger, at - 0.02 R , for the A and 

B series. This requires relaxation of the coincidence criterion 

in the search of the data for possible assignments to these series. 

Agreements similar to those used for the other series suggest a 

tolerance of - 0.03 R . From Table 6.4 the predicted wavelengths 

for the 5A and SB transitions are 10.120 - 0.02 R and 10.127 - 0.02 R 

respectively. Noting that the uncertainty on their wavelength 

separation is much less than the quoted absolute uncertainty, it 

is expected that the two 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 SB line would be very weak in the present 
spectra). A feature occurs in the data (for the subflare region 

12624) at 10.123 - 0.003 R. Its intensity is about one-quarter 
that of the combined intensity of the 4A and 4B transitions; 

comparison with the predicted intensities (Table 6.5) thus supports 

this feature as a candidate for those transitions. Further, by 

arguments similar to those of Sections 6.3.6 and 6.3.7 below, 
this feature cannot be assigned to any ion other than Fe XVII.

The scans show no other feature within - 0.05 R of the predicted 

wavelength. The predicted wavelengths of the 6A and 6B transitions 

are 9.699 - 0.02 R and 9.703 - 0.02 R respectively. The subflare 

spectrum contains a weak broad feature 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 7. Hutcheon (1975b) has pointed out 

that the predicted 2s2p^np levels with n ^  6 lie above the first 

ionisation limit for Fe XVII and are autoionising. The intensities 

of direct transitions 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 (at 10.320 R ) would be added to the 

table by allowing a slight (as opposed to substantial) relaxation 

of tolerances. 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 BC line (10.226 R) and 9D line (10.220 R). If 

the intensities of both are significant they would in fact blend' 
in the data.

Table 6.5 includes the intensities of these Fe XVII 
transitions, for each of the three active regions. For completeness, 

the measured wavelengths and intensities for the previously known 

50, 5D, 60, 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. In addition, there are present 

in the scans, several features between the possible 80/9D blend 

at 10.221 R and the series limits of the 0 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 ^  8.
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However, because the intensity of the 10.221 R feature is already 

close to the sensitivity limit of the present observations, these 

identifications have not been pursued.
Table 6.5 includes the calculated intensities of the 

n ^  5 —^ 2 lines predicted as explained in Section 6.3.3 above.

In the data 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 some reservations, to the 

intensity of the resonance line, 30. 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 30 line) are 

consistent from one active region to another (and with the 

Loulergue and Nussbaumer 1975a calculations) only to a factor 2 
or so. Oonsequently, since the predicted intensities in Table
6.5 are essentially extrapolations from the measured n = 4 —^  2 
intensities, as 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 a systematic 
tendency for all lines to be weaker relative to the 3C line in the 

case of the hotter source region (12624). This trend is also 
apparent in Table 6.5 for the n ^  5 —>  2 transitions. An 

experiment in orbit, with the same effective aperture and quantum 

efficiency as the Leicester iïlk.3 instrument, would readily obtain 

sufficient good scans of a statistically significant number of 

source regions to clarify this matter. There is no known mechanism 

whereby the intensity of the 2p^."'s^ - 2p^3d.^P^ line would be 

enhanced relative to the rest of the Fe XVII spectrum, by the 

extent shown, by relatively small increases 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 modest, only a factor 2 between the 

subflare and other regions.

From the preceding paragraph the merit of having 

intensities predicted from the n = 4— ^  2 intensities 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 for all lines observed in regions 11619 and 12628 

with the exception of the 6D line in region 12628, which is 

anomalously strong. In the case 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 upper 
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 (for 
region 12624) is much stronger than expected whilst no feature is 

found at the expected 6F wavelength. On these grounds, the 

validity of that one assignment must be doubted. If there is 

another line there, it is likely to be an Fe XVIII 2p^ - 2p^5s or 

5d transition (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 spectra could confuse the present work are Ne IX,

X ; Na X, XI; Iflg XI, XII; A1 XII, XIII; Fe XVIII, XIX and Ni XIX, XX. 

The calculated energy levels of Garcia and Mack (1965) and Ermplaev
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and Dones (1974), for the well established term diagrams of 

H-like and He-like ions respectively, are sufficient to show that, 

with the exception of Ne IX, X, none of the H-like or He-like ions 

can be confused with the Fe XVII spectrum. The remaining ions are 

now considered in turn,
2 1(a) Ne IX, Ermolaev and Bones' wavelength for Ne IX Is , -

1s5p,^P^ is 10.764 R and it must be accepted that this line blends

with the presently observed 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 IX line is significant then the listed

wavelength for the 6D transition has increased uncertainty 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, Taking 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

2 1 1same Ne IX series (e.g. Is , 5^ - 1s3p, P̂  , see Section 5,2),

Agreement was found to within 20/, These data for the wavelength 

and intensity of the Ne IX line indicate that the proper wavelength 

for Fe XVII 6D is only 0,001 R longer than the peak wavelength 

of the measured blend.

Extrapolation of Ermolaev and Bones' wavelengths to
higher members of the Rydberg series (Hutcheon, 1975b) shows that

2 1 1 S.Ne IX Is , Sg - Isnp, P^, n ^ 9 ,  transitions occur in the waveband
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10,368 to 10,487 R . However, the intensity of these lines 

calculated as described above shows that no significant contribution 

can be made 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 transition Is^.^S^ - 1s5p,^P^, is 

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 XVII 6D * 

feature, as in the present data, and therefore his feature 16 at 

10,742 R should be regarded as unidentified,

(b) Ne X « Figure 6.6 shows the well established Ne X Ly^ line 

at 10.239 R easily resolved from the Fe XVII 8C feature at 10.221 R. 

Note that Ne X Ly^ certainly blends with Fe XVII 90 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 0 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 R and Ni XIX 40 at 10,417 - 0.004 R (Swartz 

et al. 1971), This near blend should be resolved in the present 

data. Further, from the calculations of Loulergue and Nussbaumer 

(1975a), Ni XIX 40 should be an order of magnitude weaker than 

Ni XIX 40, and from the discussion of the coronal Ni XIX spectrum, 

in Section 6,2, the 40 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. Bordan, 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 2p^ - 2p^ns, 

nd. From the classifications of Swartz et al. (1971), and by 

extrapolation (Hutcheon,1975b) of those of Feldman et al. (1973) 

for Fe XVIII, it is concluded that 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 cannot be dismissed by wavelength arguments alone. The spectrum 
5 4is rich; the 2p - 2p 3s,3d arrays together contain over 30 

classified transitions (Feldman et al. 1973), and this presumably 

applies to the corresponding n ^  4 arrays. The 2p^ - 2p^3s, 3d 

arrays occur at 14 to 16 R, The corresponding n ^  4 arrays 

have not been analysed beyond the first few members of the F-like 

sequence (Edlen,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 

2p^ - 2p^4d array overlaps the Fe XVII n = 5— >• 2 transition 
wavelengths, and that the Fe XVIII 2p^ - 2p^5s, 5d arrays overlap 

with the Fe XVII n = 6, 7, 8— ^  2 wavelengths. In particular 

it is believed (on the grounds of anomalously high intensity) 

that the Fe XVII 50 and 7F, 70 features in the present scans may 

be especially liable to Fe XVIII blends. Nevertheless, as already 

noted, one of the active regions (12624) contained a significant 

amount of hot flare residue material. Known Fe XVIII lines are 

much stronger id 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 (1959, 1970) calculated ionisation 

equilibria indicate a much lower (than Fe XVIII) population of 

this ion stage even 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 to 
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 spectra with known and predicted wavelengths, and 

with simple intensity calculations, has shown a set of observed 

emission lines whose wavelengths are consistent with the previously 

known and predicted wavelengths. The measured intensities are 

broadly as expected, and the intensity discrepancies have been 

commented upon. The present data give improved wavelengths for many 

of the observed higher transitions in Fe XVII,

While one can largely exclude the possibility of erroneous

identification from most of the measured Fe XVII features, it is

not possible to exclude totally the possibility of confusion of the 

listed transitions with (as yet little known) transitions 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 laboratory study of the spect.purn 
of highly ionized Fe (especially Fe XVIII, XIX) would be of

*great assistance in the interpretation of the solar X-ray spectrum. 

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 latter point, although it 

is expected that others may be able to apply the analysis given 

in this section to gain 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 with the 
little known spectra of more highly charged Fe ions. High resolution 
flare spectra in this waveband are likely to be very rich. It is 

likely that 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.

j/f Note added in proof; Recent classifications in the transition 

arrays Fe XVIII 2p — 2p 4d, Fe XIX 2p^ — 2p^4d (Bromage et al,

1976) and Fe XIX 2p - 2p^3d (Bromage and Fawcett, 1976, see 

present work Section 7,2), have now greatly clarified the situation.
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Footnotes to Table 6.1

a) Loulergue and Nussbaumer (1975a)

b) Partially blended (see text)

c ) Swartz et al (1971)

d) Upper limits are recorded intensities at the expected wavelengths of 
the lines.
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FIGURES

Chapter 6

6.1 The lYlclTlath region 1 2624 spectrum, 9 - 13 R , recorded with  ̂
the SL1206 gypsum Bragg spectrometer (scan rate 0.01 rad s ),

6 . 2  The lYlcllflath region 1 2624 spectrum, 13 - 17 R, recorded wi^h 
the SL1206 KAP Bragg spectrometer (scan rate 0.01 rad s ).

6.3 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).

6.4 Energy level diagram for Fe XVII, showing the main population
processes governing the intensities of the transitions

6 1 52p . S^-2p 3d,3s (Loulergue and Nussbaumer, 1975b).

6.5 The (Ylclïlath region 1 2624 spectrum, 13.7 - 13.9 R, recorded
with the SL1205 gypsum Bragg spectrometer (scan rate 0.001 rad 
s"^). Note the improved data quality compared with Figures
6 . 1  and 6 .2 .

6 . 6  A portion of the data, 1 0  - 1 2 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 12524 shows, 

quite clearly, a number ( ^  2 0 ) of lines which are very weak or 

absent in the spectra of regions 11621 (Parkinson, 1975c), 11519 

and 12528. It has already been shown in Chapter 4 that the main . 

difference between region 12524 and the other three active regions 

(11519, 11521 and 12528), as regards the distribution of emission 

measure with temperature, is the presence in region 12524 of a 

significant quantity of plasma at 5 x lO^K. 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 10^ K, and in fact it will be shown below 

that ten of these 'high temperature' lines between \ \ l 4 and 

15 8 agree very well in wavelength with lines classified in 

laboratory spectra, by Feldman et al. (1973), as F-like Fe XVIII 

n = 3 — >  2 transitions.

It is convenient, for reasons which will become clear 

later, to divide the discussion of the 'high temperature' lines, 

into two parts, covering the wavelength intervals 14 - 15 S and 

13 - 14 8 . There are a number of features in the region 10 to 

13 H which might properly be termed 'high temperature' lines, 

however these features are, in general, much less prominent than 

those occurring between 13 and 15 R. Hutcheon (1975b) has pointed 

out that the Fe XVIII n ^  4 —>  n = 2 transitions are expected 

to fall in the r’egion 1 0  - 13 R , and that the wavelengths of most 

of these transitions are not known with any accuracy (see Section 

5.3.5). Therefore, the interval TO - 13 R will not be discussed 

further in this Chapter.
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7.1 The Fe XVIII Lines, W ^  A - 16 8

To date, the most complete analysis of the energy levels 

in F-like ions is that of Feldman et al. (1973), who have used 

laboratory spectra in order to classify n = 3 — ^  2 transitions 

in the 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 al. (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 spectra of regions 

11619, 12628 and 12524. Thus, the high resolution and sensitivity 

of the present data, combined with the favourable temperature 

conditions in region 12524, allow for the first time, clear 

observations of many Fe XVIII lines in the solar X-ray spectrum.

7.1.1 The Fe XVIII Term System

The ground state configuration of a F-like ion is
2 2 5 5Is 2 s 2 p , the incomplete 2 p shell giving the two levels
5 22p . PjL Ordinary excited terms (as distinct from inner-shell

2 ,0/^
transitions) are formed by the addition of an orbiting electron to 

a core with configuration 2p^. This core gives the terms  ̂5, ^P,

D. 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 configuration, and thus there

— 1 51 —



are 28 such transitions for n = 3. They are listed in Table 7.1. 

Feldman et al. (1973) have assigned laboratory measured wavelengths 

to 27 n = 3 2 transitions in Fe XVIII, of which 17 are optically

allowed,

7.1.2 Analysis of the Present Observations

The data used in the present analysis of the Fe XVIII 

spectrum were obtained in the fast scan mode of the SL1101/SLI206 

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 according to two criteria. 

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) region 12624.

According to these conditions, ten features in the 

present spectra can be identified with Fe XVIII transitions. Table

7.2 lists the measured wavelengths and intensities of these features,

together with the corresponding wavelengths and classifications

from Feldman et al. Results are presented only for regions 11519
— 5and 12524; for region 12528 a 4 d' upper limit of about 7 x 10 

- 2  - 1erg cm sec may be placed on the intensity of any of the 

features listed in Table 7.2. For all the observed features which 

have been assigned to Fe XVIII in the present spectra, there are 

no other features within about 0,04 R that could be offered as 

alternative candidates. Table 7.2 shows the good agreement between 

the present measured wavelengths and those of Feldman et al.

— 1 52 —



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 features 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

X 1 6 .OO R in the solar spectra is a blend of the Fe XVIII

transition 2p^.^P^^2 "" 2p^ (^P )3s. ̂ P^y^2 at 16,003 S (Feldman et

al. 1 9 7 3 ) and 0 VIII Ly^ at 15.006 R (Garcia and Mack, 1955).

The case of the \ l 4.20 R feature is of particular interest. Feldman

et al. predict that the 2 p^.^P^ ^ 2  - 2p^^(^D)3d.^P^y2* ^ ^ 5 / 2  lines

should lie within 0.009 R of each other from K XI to Fe XVIII,

and state that this wavelength 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 2observed, the P^y2 " ^3 / 2  ü n e  being predicted to be about half

2 2the intensity of " ^5/2* Feldman et al. are thus unable to

exclude the possibility that their observed feature which they 
2classify as ^ 5 / 2  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 

11519 and 1 2524 clearly show that the \ l 4.20 R feature is 

broadened relative to a single line profile (as estimated from nearby 

features believed to be unblended; see Figure 7.1), i.e.;

FUiHM ( \l 4.2 0 R feature) %  0. 027 R,

FUJHIYI (single line) %  0. 01 5 R .

At present, there are no detailed calculations available 

for the spectral line intensities of F-like ions. Several authors
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(Cohen et al, 1968; Gruzdev, 1971; Chapman and Shadmi, 1973) 

have calculated oscillator strengths for transitions in highly 

charged F-like ions, however, there appear to be some serious 

discrepancies between these results. Walker (1975) has noted 

that the 2p^3p levels decay by cascade to the 2 p ^ s  levels, a 

somewhat similar situation to that already encountered in 

Ne-like ions (see Chapter 6 ). Thus it seems likely that accurate 

predictions of F-like line intensities will require a many-level 

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 to 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 X X l 3  - 14 R

The SLI101 and SLI206 gypsum spectrometers covered the 

wavelength interval 13 to 14 R in the high sensitivity, high 

resolution slow-scan mode. The data are shown in Figure 7.2 (and 

5.4). All the spectral lines observed from the quiescent active 

regionsi1621 (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 2s^2p^.^S^ - 2s2p^3p.^P^ 

and Ni XIX 2p^.^S^ - 2p^3s.^P^. However, the spectrum of the 

(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 features found in Figure 7.2a 

together with their measured wavelengths and intensities.

7.2.1 Classification of the Lines

In the first column of Table 7.3 lines which are regarded 

as well established in the solar spectrum by previous observation 

are distinguished by their wavelengths being offset to the left.

All of these lines appear on Figure 7.2b and no other lines 

appear on Figure 7.2b. The new lines which appear 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  Z 30) which are not significantly excited until the 

temperature reaches about 5 x 10^ 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. 

lUithbroe, 1 971 , 1 975) and/or wavelength. In particular the 

wavelengths of transitions in H- and He-like ions are well 

established (Garcia and Mack, 1955; Ermolaev and Bones, 1974; 

respectively), as 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 whic,h must be considered as candidate contributors to 

the features shown on Figure 7.2a. The list contains those 

transitions for which was noticed a wavelength coincidence between
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a wavelength of a feature in the first column of Table 7.3 and 

results of previous theoretical or laboratory plasma studies of 

spectra considered likely (on grounds as above) to be emitted by 

coronal material. The list may not be exhaustive since knowledge 

of the relevant spectra 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 uncertainty of order 

0 . 0 2  R and those found by isoelectronic extrapolation are sometimes 

such large extrapolations (over Z) as to suffer similarly. Some 

further possibilities, e.g. the calculation of Ni XX wavelengths 

by Gruzdev (1971), have been omitted either because the wavelength 

uncertainties are so large as to embrace several previously 

unobserved lines in the present spectra 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 wavelength uncertainty 

appears to be about - 0.07 R and again this is too large to assess 

possible assignment in this case. They are absent from even 

the best laboratory spectra (Fawcett, 1975) and it is doubted that 

they can be significant at the low density limit. Further wave­

length coincidences may be noted between the present features 

and unidentified wavelengths in the laboratory Fe spectra of Cohen 

and Feldman (1970). However Fawcett (1976) has pointed out that 

the Fe XIX 2s2p^ - 2s2p^3d transition array contributes a dense 

population of lines to the 13.2 to 13.8 R band and he believes 

that most of the remaining unidentified lines in this part of the
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Cohen and Feldman spectrum are members of this array. The energy
5levels of the 2 s 2 p configuration lie well above those of the 

2 s^2 p^ ground configuration so these lines cannot be expected 

in the coronal spectrum for reasons discussed below. These lines 

are not present even in the spectra of B  -pinch machines operated 

at plasma electron density near 10^^ cm  ̂ (Fawcett, 1976).

Note that for every previously observed line (wavelength 

offset to the left in Table 7.3, first column) a previously 

accepted classification can be found (offset to the left under 

"classification"). However, it so happens that, for source 

material above 5 x 1 0^ K, in most of these cases, additional 

transitions, at very close wavelengths according to previous 

authors, may blend (at resolution A X / X  %  1 part in 1 0 0 0 ) with the 

usually accepted classification. Indeed, in two cases, i.e.

Xl3.464 and \ l 3.473 R , it is believed that the previously 

accepted classification is not the dominant component in the 

blends in Figure 7.2a and in one further case, \l 3.491 R , it is 

not known which of the listed transitions is dominant despite the 

existence of a previously accepted classification at this wavelength.

7.2.1.1 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 wavelengths (for oxygen-like 

spectra) of directly calculated energy levels. Their Table V 

(and the present work, Table 7,4) lists those transitions thus 

found to have significant oscillator strength. Gabriel et al.

(1965) and Fawcett (1974, p 237) have argued that near the low 

electron density limit, as at coronal densities, the collision 

rate may be insufficient to maintain, against 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 P) will have low population. Then, to the extent that 

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 those allowed series which end on the 

lowest ground term. Examination of Table 7.4 shows that some 

thirteen of these allowed 2p - 3d transitions, ending on the 

lowest ground term, can be expected to be excited in coronal 

conditions. To these should be added  ̂ -(^P)^P2 and  ̂ -(^P)^D2

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,

^P^ ~(^S)^D2 at ^14.039 R , lies outside the limits of Figure 7.2a; 

of the remaining 14, Bromage 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 wavelength calculations. 

Of the remaining 4, three ( ^13.442, Xl3.554, X l 3.563 R ;

see next paragraph) appear to be hopelessly blended with strong 

Me IX lines and the remaining one, the intercombination line 

\l 3.712 R , may be just visible in the wing of the strong Ne IX

line X l 3.699 R . The best estimate of wavelength for this apparent
o 4 1line is 13.708 A. The intercombination line Fe XIX 2p . D 2 -

3 2 32p ( P)3d. P2 thus appears to be a good candidate classification 

for it.

X l 3.442 R is a transition from the (^P)^D^ upper level 

(to the level P^) which must compete with the transition at
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Xl3,469 R from the same upper level (to the level ^P^)* This

latter transition is observed and the ratio of the two oscillator
3 2 3strengths then allows estimation of the power in -( P)

at Xl 3.442 R . Reference to Tables 7.3 and 7.4 then shows 

\l 3.442 R to be probably very weak. Similarly the inter­

combination line  ̂Dg -(^P)^D2 at 3.554 R must compete with the

direct decay ^P^ -(^P)^D2 at 3.409 R . This latter transition

is observed and the oscillator strength ratio suggests significant 

power in -(^P)^D2 at \l 3.554 R blended with the Ne IX

intercombination line. Again the line at X 13.563 R ^P^ -(^P)^P2

1 2 3is competed with by the intercombination line -( P) P2 at

Xl 3.712 R . This latter line is discussed above as possibly 

detected in the wing of the Ne IX forbidden line. This suggests 

that some flux from the line at \ l 3.563 R probably is blended into 

the Ne IX intercombination line at X l 3.553 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 not 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 above, also Section 7.1,

and Feldman et al. 1973J 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 persuasive.

f) Of the set of transitions 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 are 

markedly strongest in the coronal spectrum and the general 

trend of coronal intensities follows the trends in predicted 

f-values.

7.2.1.2 Still unidentified lines.

Note that four features on Figure 7.2a, X l 3.321,

Xl3.356, \l 3.3 7 3, 3.644 R remain unidentified.

7.2.1.3 Blending with particular attention to Ne IX.

The intensities of the Ne IX n = 2—>  1 transitions are 

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 . 0 0 1  R and 0 . 0 1  R). Also noted was the presence of an Fe XIX 

line in the wing of the Ne IX forbidden line, % 1 3.699 R . In 

the case of use of much lower (than the present 1 part in lOOO) 

resolution equipment the Ne IX lines cannot be used for diagnosis 

of plasma containing much material above about 5 x 10^ K. The 

point is made clear by comparison of Figure 7.2a with the corres­

ponding data from any of the presently reported satellite instruments 

e.g. Neupert et al. (1973) (they were aware of the difficulty, see 

their Section 4.1).

The situation with regard to the Ne IX satellites requires 

careful interpretation. Thus Figure 7.2b, a spectrum of rather

cooler material than that of Figure 7.2a, shows the three usually
2reported neon satellites (i.e. Ne VIII Is nl - 1s2pnl where
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n = 4, 3 and 2), In Figure 7.2a the satellite Ne VIII

1 s^2 s,^5 ^ ^ 2  - 1s2p(^ P)2s.^P^y2 3 / 2  definitely absent. Two

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 7.2a shows very little power
2at the wavelength of the Ne VIII 1s 31 - 1s2p31 transitions. In

2Figure 7.2a very little power can be allowed for Ne VIII Is 41 -

1s2p41 either, though there is lower confidence in this case because

the two new lines now required to fit the data between X 13.45

and X l 3.48 R would be blended with any small residual flux in
2this line. Detailed study of the satellites Ne VIII Is nl - 1s2pnl, 

n = 4, 3, 2, in the presence of material above 4 x 10^ K will 

require equipment much more powerful, in respect of both resolution 

and sensitivity, than any reported to date.
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Table 7.1 The 28 optically allowed transitions n = n^ — 2 
(excluding inner-shell transitons) in a F-like 
ion (Hutcheon, 1975b)

Lower level Upper level

2p5.2p^ 2 p^(^S)n's.^Si
2 5

2p5.2p 2 p''(^P)n‘'s,^Pi
2 2

^Pi '2

2 p^.^Pi 2 p^('"D)n^s.^D^
? ;»

'4  \
2 p^.^Pi 2 p^(^S)n'd.%

" " s  %
P̂jL 2 p"^(^P)n'd.^Pj,

2 2

^Pi
2

Pa P
X2„ 2

i

I

i

&

'I
^Pi

2p5.2pi 2 p^(^D)n'd.^Si
2 2

:?
I

'p,

'"i '4

%  \
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Table 7.4 Calculated wavelengths and weighted oscillator strengths 
(gf) in Fe XIX for 2p^-2p^3d transitions (Bromage and 
Fawcett, 1976)

T ransition gf Wavelength (R)

' ^ 2
- ('P ^“3 0.17 13.289

- ("P 0.80 13.409

' ^ 2
- ('P '^3 0 . 0 1 13.428

- (^P 0.08 13.442

' ^ 2
- (^D 1 . 06 13.451

- (^P 1 . 2 2 13.469

- (2 p
^ ° 2

0.29 13.484

' ^ 2
- ('d 1 . 2 2 13.488

- (^P 1 .48 13.499

' ^ 2
- ('d

' ^ 2
2.14 13.525

' ^ 2
- ('d 3.61 13.536

' ^ 2
- (^p '^3 5.44 13.546

- ('p 1 . 6 8 13.554

- ('p ' ^ 2
1 .32 13.563

- (^D 0.61 13.693

^ ° 2
- (^P ' ^ 2

0 . 8 6 13.712

o - (^P 2 . 2 1 13.737

^ ° 2
- (2 p '^3 0.72 13.739

- ('d 1.27 13.748

- ("d 1 .07 13.763

' ^ 2
- (^s '^3 1.25 13.818

' ° 2
- ('d 0.53 13.821

- ("s
' ^ 2

0 . 2 0 14.039

gf = statistical weight of lower level x absorption oscillator strength
2 4The calculated energy levels of the Fe XIX ground configuration 2s 2p 

are (Fawcett et al. 1974, in units of cm  ̂ above the lowest ground 
term 3p^); ^^^(O), (89,316), 3p^(73,823), ^0^(159,268), ^5^(323,831)



FIGURES

Chapter 7

7.1 Active region X-ray spectra, 13 - 17 R , recorded with a
KAP Bragg spectrometer (scan rate 0.01 rad s"^ ). The numbered 
(Fe XVIII) spectral lines are identified in Table 7.2.

a lYlclYlath region 1 2624, flight SLI 206 (during late stages of a
small flare )

b lïlcIKlath region 1 2628, flight SLI 206

c lYlciïlath region 11619, flight SL1101.

7.2 Active region X-ray spectra, 13.3 - 13.8 R , recorded with
the SLI206 gypsum spectrometer (scan rate 0.001 rad s ^ ).

a lïlcUflath region 1 2624 (during late stages of a small flare)

b (ïlcIYlath region 1 2628.
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FINAL DISCUSSION AND FUTURE WORK

Spectra and images of solar coronal active regions have 

been presented. These observations have been interpreted as 

thermal emission from an optically thin plasma, and thus used 

to determine electron temperature, electron density, emission 

measure (n^ ), spatial structure and element abundances of

the active region plasma. The most detailed model to date, 

of the density and temperature distribution within a high tempera­

ture (T^ ^  10^ K) active region loop system, has been derived.

The present active region models have been compared with each 

other and with previous models to examine possible variations 

with the solar activity, cycle. Element abundances, together 

with estimates of their uncertainties, have been derived for 

oxygen, neon, sodium, magnesium, 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 particular isoelectronic 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, Many 

new spectral line identifications have been made; improved wave­

lengths have been given for previously known lines, and where 

possible, the measured intensities have been compared with 

calculated values.

Future work using the present data will include:

(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 
temperatures and 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 associated with flares,

(4) Further investigation of the spectra of the ions mentioned 
above, especially Fe XVIII,

Looking to future observations of the Sun from space 

vehicles, planned projects include the NASA "Solar Maximum Mission" 

satellite, and solar 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 used by Hutcheon (1975b) to predict spectral line wave­

lengths. This summary is freely adapted from a private communication 

from Dr. R .0. Hutcheon to the present author. The techniques are 

based on those discussed by Edlen (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. Herzberg, 1944):
1

S  = n - [[r z ^/(IUj + UJg - 1 0® X  -^ )] (1.1)

where: S  = 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 "* )

z = net charge of the ionic core, i.e. z-1 is the net
ionic charge (e.g. z = 17 for Fe XVII)

UJj = ionization potential of the ground level (cm  ̂)

UJg = energy gap between ionization potential and appropriate
series limit (determined by the energy state of the
ionic core as the orbiting electron tends to the
series limit) (cm ̂ )

X  = wavelength of the transition to the ground state (R).

- 174 -



A "Ritz plot" is a graph of the quantum 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 = (lUj + UJg - 1 0® X"'')/(Rz^) . (1.2)

From Equations 1.1 and 1.2 it follows that:

t = (n - S)"^ . (1.3)

"Ritz Law" states that the Ritz plot should be linear, i.e.:

<B = a + bt (1.4)

where a and b are constants. Using known values of X  , the 

ionization potential 11/̂ is derived, by iteration, by finding 

that value of UĴ which produces a linear Ritz plot. Wavelengths 

can then be extrapolated by producing the Ritz plot towards 

higher n (i.e. towards t = 0) and reading the appropriate values 

of S  from the graph; sometimes an iterative process (using 

Eouation 1.3) may be required.

1.2 Extrapolation along an Isoelectronic Sequence

Wavelengths may be extrapolated along an isoelectronic 

sequence by calculating the quantity

Q = - "2"') (1.5)
z

where: X  = wavelength of the transition (R )

n.j = principal quantum number of the lower level of the
transition

n^ = principal quantum number of the upper level of the 
transition.

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-ray emission from solar coronal active 

regions is presented. The observations were made with two instruments 

(l) a collimated Bragg crystal spectrometer with high spectral 

resolution (400 ^  X / A X  1000) and moderate spatial resolution 

(about 3 arc min), and (2) a grazing incidence telescope which 

obtained broad wavelength-band images with high spatial resolution 

(about 2 arc sec). Chapter 1 gives a brief review of the relevant 

physics, with particular emphasis on the Sun's soft X-ray emission 

(i.e. 1 3$ wavelength,X ^  25 S). The plasma 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 Bragg spectrometer, and the American 

Science and Engineering (ASE) X-ray telescope S-054, aboard the 

Skylab Apollo Telescope Mount. The instruments and data analysis 

techniques are described in Chapter 3.

The data are interpreted in terms of thermal emission 

from an optically thin plasma. In Chapter 4, coronal active 

region models, are derived, of electron density and emission 

measure (n^ Al/) as a function of electron temperature and spatial 

location. Abundances are derived for the elements oxygen, neon, 

sodium,magnesium,aluminiun),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; Chapter 6, the Neon-like ions Fe XVII and Ni XIX, 

Chapter 7, Fluorine-like Fe XVIII and Oxygen-like Fe XIX.


