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ABSTRACT

Solar flare soft x~ray emission from 0.5 A to 8.5 A was observed
during 1967-68 by U S Naval Research Laboratory Bragg crystal (LiF and
EDDT) spectrometers aboard the 0SO-4 satellite and also by NRL broad band
ionization detectors aboard the 0GO~4 satellite.

In this work, instrumental parameters for the LiF crystal spectrometer
based on experimental values have been determined and used in the data
analysis. The source continuum spectra between 1 A and 3.8 A have been
obtained for selected flares from 0SO-4 spectrometer scans. As these
spectra are each affected by time variations over 14 minutes, they are
compared with the thermal continuum (free-free and free-~bound) spectra
predicted in the following manner. The instantaneous electron kinetic
temperature and emission measure (equal to the product of the square of
the electron number density and the total volume) of the flare plasma
are determined from the available 0GO-4 broad band data. The expected
continuum flux is calculated hy using these parameters. The comparison
shows that there is good agreement between 2 A and 3.8 A. Thus it has
been concluded that reliable values of the average electron temperature
can be determined from the 0GO-4 flare data.

The earlier wavelength assignment and line identification list
published by Meekins et al (1970, Solar Physics 13, 198) has been
substantially improved in this work by separately summing a large number
of 0SO~4 spectrometer scans of the flaring and active sun. All identified

wavelengths are found to agree with the more accurate theoretical values
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to within + 0.01 A. TIdentifications of several weak lines as due to
hydrogen-like and helium-like ions of chlorine and phosphorus have also
been suggested. The temporal behaviour of selected ion line intensities
(due to Fe, Ca, Si, S, Al, and Mg) indicates that they follow the
expected temperature variations during the flare.

The total continuum emission in the 0.5 to 3 A and the 1 to 8 A
bfoad band segments has been determined from 0GO-4 data for 21 flares. 1In
doing this, a simple and approximate method of converting the total
emission based on the gray body approximation (in which the 0GO-4 data
are reported) to one based on the thermal continuum spectrum has been
developed. This study shows that the total energy lost in the 0.5 to 8 A

4 to 1030 ergs depending on the

soft x-ray channel is of the order of 102
HeX importance of the flare (from sub- to class 2); it is also shown
that this energy is comparable with that emitted in higher waveleuagth

segments estimated by other authors.
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CHAPTER I

INTRODUCTION

I.1 BACKGROUND

Solar radiation spans all regions of the electromagnetic spectrum
from the radio wavelengths to hard x-rays below 1 Angstrom. This thesis
is concerned with the study of the solar soft X~-ray emission in the
Qavelength region 1 to 8.5 A observed by the Naval Research Laboratory
experiments aboard several orbiting satellites,

Solar radiation in the visible region has been studied by means of
ground based instrumentation ever since Fraunhofer first observed the
solar absorption lines. However, solar x-radiation has not been available
for analysis until recently because of absorption by the earth's atmos-
phere. The extent of absorption as a function of the wavelength of the
radiation is shown in Figure I-1. Hulburt (1938) was one of the first to
suggest that the sun emits x-rays and that this was responsible for the
earth's ionosphere. The fact that sudden ionospheric disturbances seemed to
be closely related to solar flares suggested that the sun's ionizing
radiation is enhanced during these chromospheric eruptions and that this
emission originated in the same general region as the optical flare (Martyn
et al., 1937; Newton and Barton, 1937; and Giovanelli, 1938). The ionosphere
can thus be treated as a broad baﬁd detector for solar x- and ultra-violet
radiation (Kundu, 1965; Donnelly, 1968, 1969; and Mitra, 1972). The exact
analysis, however, is subject to uncertainties regarding the constituents
of the earth's upper atmosphere, incident solar radiation and atomic
rate parameters applicable to ionospheric reactions. These may cause wrong

interpretations. An example is the now incorrect assumption (Hallam,
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1964) that most of the enhanced ionizing radiation dqring a solar flare
is due to the hydrogen Lyman-alpha emission (Warwick, 1963). Many x-ray
bursts of small amplitude do not produce any observable ionospheric
effects (Dickerman and Thornton, 1966). The Figure I-1 also shows that
balloon flights which have been used to study hard x-rays (Peterson and
Winckler, 1958) can not reach the altitude at which soft x=-rays retain
much of their spectral characteristics. Thus, ground-based and low-
altitude observations are inadequate for the study of soft x-radiation.
Direct observations by rockets or satellites above the earth's atmos-
phere are the only recourse (Thomas, 1970).

The U. S. Naval Research Laboratory (NRL) investigators have pioneered
these techniques (Friedman, 1960); The first experimental evidence for
solar soft x-radiation ( > 1 A) (Burnight, 1949) came with the darkening
of a photographic plate shielded by a thin beryllium filter, when it
was flown in a V-2 rocket flight on August 6, 1948, Subsequent rocket
flights (V-2 and Aerobee) by the NRL group led to the improvement of the
instrumentation for more detailed studies (Friedman 1962, 1963) and are
conducted even now to study solar eclipses ( Speer et al., 1970).
These rocket flights provided information about the main characteristics
of solar soft x-radiation. They showed that increases in soft X-rays
(1-8 A) were responsible for ionizing the D-region of the ionosphere,
and therefore responsible for high-frequency radio fade-out and sudden
ionospheric disturbances. However, these sub-orbital flights suffered
from serious drawbacks. One was that the flights lasted only a few minutes
and could not observe the x-ray activity over long periods of time; the
other was that they could not be made to coincide with the peak of x=-ray

enhancements during solar flares.
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Thus it was clear that only orbiting satellites instrumented for
x-ray observation could provide the needed long term, continuous
monitoring capability. NRL was the first to launch a successful solar
x-ray satellite, SOLRAD 1 in June 1960 (Kreplin et al., 1962). UK, USSR
and other countries have also developed their own programs to study solar
x~radiation (eg., Culhane et al., 1969b). NRL alone has launched ten
SOLRAD satellites so far, each with improvements in detection sensitivity
and has also placed x-ray detectors aboard other satellites. 1In the
interval from March 1967 to March 1968 about a dozen satellites were
monitoring the solar x-radiation (0GO-4 and -5, 0SO-3 and =-4, Explorers
30, 33, 35, and 37, Cosmos 166, Vela 7 and 8 to name a few). Many of
these carried broad-band detectors giving a single output proportional
to the flux received in the 2 - 12 A band or in the 8 - 12 A band. Some,
such as 0GO-4, contained several detectors sensitive to different
segments of the soft x-ray flux (eg., 0.5 - 3, 1 - 8, 8 = 20 and 44 - 60 A).
This provision makes it possible to determine the electron temperatures
and emission measures of solar flares (described in Chapter III). Among
several experiments, 0SO-4 carried x~-ray proportional counters (Culhane et
al., 1969b), an x-ray telescope experiment (Vaiana and Giacconi, 1969)
and NRL Bragg crystal spectrometers (Meekins,1972) covering the 1 - 8 A

region. These experiments provided detailed and continuous coverage

of solar activity in the x-ray region.

I.2  IMPORTANCE OF SOLAR X=-RAY OBSERVATION
There are several advantages in investigating the x-ray emissions
compared to the visual observations. Some of these,which are summarised

below (Moser, 1967; Thomas, 1970; Walker, 1972), have motivated the
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research reported in this thesis. They are:

(a) The x-ray emitting (or active) regions in the corona can be
observed during their entire disk passage, while the coronal conden=-
sations can be seen in visible light only at the limb.

(b) Continuous x-ray monitoring has the ability to "see" active
regions long before any plages or sunspots are visually observed.
Enhancements of x-rays have been detected as much as two days prior to
visual sightings. Also, events associated with active regions have been
observed for one or two days after these regions passed out of view
around the west limb of the sun. (This fact indicates that x-rays are
emitted from regions high above the photosphere)

(c) Because visual flares are classified by areas and not by energy
output, it is not possible to know when a particular flare will cause terres-
trial atmospheric disturbances. Since x-ray bursts are usually associated
with solar flares and last longer than the observable flash phase, they
give more information on these complex phenomena.

(d) Soft x-ray enhancement is the very first manifestation of a
solar flare. By monitoring continuously the x-radiation we can predict
with better accuracy periods of increased solar activity. The objective
of the SOLRAD program is to provide a flare early-warning system. This
is a necessity since large x~ray bursts are known to completely disrupt
radio and telecommunications.

(e) Solar x-radiation gives information about plasma under condi=-
tions unobtainable in the laboratory. The coronal spectrum provides a
unique opportunity to investigate the thermal and non-thermal atomic
processes in high-temperature plasmas. Since the active and flaring

regions consist of very hot plasmas confined by magnetic fields, and
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since bursts seem to be related to instabilities in these fields, solar
x=-ray observations also touch on problems assqciated with controlled
thermonuclear fusion,

(f) A thorough knowledge of solar x-ray emission processes will
give rise to a better understanding of the activity of flare stars and
cosmic x-ray sources which are now being investigated by UHURU (Giacconi,
1973) and other satellites.

I.3 PLAN OF THE THESIS

This thesis deals with the analysis of the soft x-ray emission data
obtained by the NRL Bragg crystal spectrometer experiment aboard 0S0-4
and by the broad~band ionization chambers aboard 0GO-4 from October 1967
to March 1968.

This thesis begins with a review of the important atomic processes
responsible for the x~ray ceontinuum and line emission im the corunal
plasma. The processes discussed in Chapter II are thermal electron
bremsstrahlung and radiative recombination which are mainly responsible
for the continuum emission ; and electron impact excitation, dielectronic
recombination and inner-shell excitation, which are responsible for the
line emission.

The development of the 0GO-4 broad-band detectors and the 0S0-4
Bragg spectrometers are largely the work of the two piincipal NRL inves=-
tigators prert Kreplin and John Meekins respectiQely. Horan
(1970, 1971) has analyzed the 0GO-4 data for solar flares by determining
the time history of the electron temperature T (K) and the characteristic
emission measure defined by Ni % (cm-3) where Ne is the number of electrons
per unit volume and V is theé volume of the flare plasma. Meekins et al.,

(1968, 1970) reported the wavelengths and line identifications based on
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their analysis of the spectrometer data (1 to 8.5 A). Meekins et al.,
(1970) were able to qualitatively account for the observed continuum by
assuming the processes which are described in Chapter II. They noted
that the line intensities appeared to indicate different electron tempe=-
ratures and hence argued that tﬁe flare plasma had a multithermal
composition. Chapter III is devoted to a brief review of the principles
of these experiments and the results obtained by the above mentioned
investigators.

The work of Meekins, Doschek and their coworkers were, however,
based on either the uncorrected data or data corrected by theoretical
instrumental parametérs for the Bragg spectrometers. They found (Doschek,
private communication) that one of the major causes of uncertainty in the
theoretical correction parameters was the uncertain composition of the
mica window of the spectrometer Geiger counters, In addition, the theoret-
ical analysis of He-like and Li-like ion linés by Gabriel and Jordan (1969a,
1969b), and Gabriel (1972b), and identifications of optical transitions in
highly ionized iron ions by Doschek et al,, (1972) indicated that there
were a few mis-identifications in the 0S0-4 line list reported by Meekins
et al., (1970). 1In the light of these developments, Chapter IV will
describe the work done on the first two objectives of this thesis, viz.,

(i) to determine experimentally the absolute quantum efficiency of
the Geiger counters (sample numbers 1176 and 1186) and t£ereby obtain
more reliable instrumental parameters, and

(ii) to obtain a revised list of the 0SO-4 wavelength and line identifi-

cations by a selective summation of a large number of spectrometer scans.
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Horan (1970) compared the 0SO-4 spectrometer data with the simultaneous
broad-band data for solar flares. He found that the‘temperatures based
on line intensity ratios were not consistent with those based on the conti-
nuum. This is in part because of the rapid changes in the flare temperature
and emission measure during the 14 minute time interval required to
complete the spectrometer scan. Doschek (Chubb, 1972) attempted to
compare the predicted continuum flux from the time history of the flare
temperature and emission measure as determined by the broad-band data
with the observed continuum flux at different wavelengths in the LiF
crystal spectrometer data (1 - 3.8 A). He fougd that the agreement
between the predicted and the observed flux became worse at wavelengths
less than 2.5 A in the particular scan studied (Chubb, 1972), and that
there was no satisfactory agreement in other cases. Therefore Chapter V
describes the third cbjective of this thesis, viz., a renewed attempt Lo
compare the available simultaneous data with the aid of the experimentally
determined instrumental correction parameters.,

Chapter V will then describe the fourth objective of this thesis,
viz., a study of the total energy emitted in the soft x=ray band during
several flares of various areal importance observed by the broad-band
detectors. Both as absolute amounts and as amounts relative to the total
emission at other wavelengths, such values would serve as helpful guides
for the construction of better flare models (Thomas, 1970).

Chapter VI will conclude this thesis with a summary and discussion

of the results obtained.




CHAPTER II
THERMAL SOFT X-RAY EMISSION PROCESSES

IT.1. INTRODUCTION

The wealth of solar emission data flowing from rockets and
satellites has spurred theoretical investigations of the coronal plasma
processes responsible for the radiation. Among the most important
discoveries of the previous decade has been the realization of the
importance ofdielectronic recombination (Burgess, 1965), in establish-
ing the ion balance in the corona. The dielectronic recombination
process consists of an electron recombining with an ion having at least
one bound electron to form a doubly excited system which subsequently
decays by line emission rather than by autoionization. Burgess showed
that this method of recombination may be an order of magnitude more
effective than the well-known two body radiative recombination. Before
the importance of dielectronic recombination was realized, the coronal
temperature‘determined on the basis of ionization equilibrium calcula-
tions were much lower than those determined by other methods such as
Doppler line widths. The inclusion of dielectronic recombination
ionization equilibrium calculations (Abpendix A) removed this glaring
discrepancy (Billings, 1966; Zirin, 1966).

This chapter will be devoted to a brief discussion of the important
atomic processes that give rise to solar radiation in the soft x-ray
region (1 " Jb A) and their dependence on the elactron density Aé and

the electron kinetic temperature T which characterize the coronal plasma
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Recent excellent reviews on the methods of determining these parameters
in the coronal plasma are given by Gabriel and Jordan (1972), Walker
(1972), Doschek (1972), and Gabriel (1972b).

The soft x-radiation comes from optically thin regions that consti=-
tute the solar corona. The ideélly quiet corona is characterized by high
kinetic temperatures ( ﬂ'106 K) and low electron densities (—--108 cm-3),
However, the dominant radiation field corresponds to the photospheric
radiation temperature of about 5800 K which is too weak to induce radi=-
ative transitions involving x-ray photons. Therefore the coronal material
cannot be in local thermodynamic equilibrium. Hence the time=-independent
ionization equilibrium of all coronal elements will mainly be determined
by the balance between electron impact ionization and radiative plus
dielectronic recombination. Similarly, the excitation equilibrium of the
bound levels in 2 coronal ion is determined by collisicnal excitation and
radiative decay. In the theoretical treatment of collision processes
discussed in this thesis it has been assumed that the electrons and
positive ions each have Maxwellian velocity distributions corresponding
to one kinetic temperature. The reason for making this assumption is
that it provides a convenient starting point for the interpretation of
the observed data.

The three important forms of solar emission in the soft x-ray region

are:
(1) Free=free continuum (FF or thermal bremsstrahlung),
(2) Free~bound continuum (FB or radiative recombination),
(3) Bound-bound radiation (BB or line emission).
A quantitative analysis of these requires a knowledge of the coronal

abundances of the elements and their ionization and excitation equilibrium
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distribution. A brief description of the methods used in these calcu-
lations is given in Appendix A. The coronal abundances adopted by
different authors are given in Table II-l.
TABLE II-1

TYPIGAL CORONAL ABUNDANCES (Scale: N(Hydrogen) = 1)

Element Culhane Bame et al. Tucker and Withbroe Mewe

(1969a) (1970) Koren (1971)  (1971) (1972b)
He 2.0x 1070 3.0x10°% 2.0x10Y 1.6 x10% 2.0x107%
4.0 x 1074 = 5.0 x 10°% 3.7 x 10°% 4.0 x 1074
6.0 x 107 - 6.3 x 107 8.8 x10° 6.0 x 107
3.0x10°% 2.0x107%  3.2x10%  4.4x10% 3.0x 1074
Ne 4.0 x 107> . 4.0x107% 2.6 x 1077 4.0 x 107°
Na - - - - *4.0 x 107°
-5 -5 o %5

Mg 3.0 x 10 - 3.2 x 10 3.1 x 10 3.0 x 10
Al - 5 - 2.0 x 107® 2.0 x 107°
. =5 -5 -5 =5 =5

Si 5.0 x 10 4,2 x 10 5.0 x 10 3.1 x 10 5.0 x 10
S 2.0 x 10™° - 2.0 x 10 x 107 2.0 x 10™°
Ar 4.0 x 1078 - - 3.0 x 10°° 4.0 x 107°
K - - - - 1.0 x 1077
6 -6 -6

ca 2.0 x 10 - 2.0 x 10 ” 3.0 x 10
Ti - - - - 1.0 x 10”7
Cr - - = - 2.0 x 1077
Mn . - . - 1.0 x 10~/
Fe 5.0 x 1070 3.4 x 1070 3.0 x 107> 3.1 x 10"° 5.0 x 10™°
Ni " - 5.0 x 10°° - 5.0 % 10°°

I1.2 FREE-FREE AND FREE-BOUND CONTINUUM RADIATION
Elwert (1954) carried out the first continuum calculations based on a
simple hydrocenic approximation. Culhane (1969) has developed the most com-

plete method of calculating these continua usinz the ionization equilibrium
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calculations by Jordan (1969, 1970).

The soft x=-ray region 1l - 8 A corresponds to 12 - 1.5 keV in energy,
which is non-relativistic for electrons. At these non-relativistic
energies the electron-electron bremsstrahlung is negligible and photon
production occurs during Coulomb scatterings of electrons by protons
and other ions. The main contributors to the FF flux in the solar corona
are hydrogen and helium., The other elements make only a small contribution.
The uncertainty in the abundance of helium by several factors . (Table II-1)
is the major cause of uncertainty in the FF flux.

The free-free (or bremsstrahlung) flux, of frequency Y from unit
volume of plasma per second per unit frequency interval is given by

I =nhVY NZ Ne S—o-" (V)f(v) vdv erg cmm3 s“1 Hz-l (11.1a)

where NZ is the number of ions of nuclear charge Z and Ne is the number
of electrons per unit volume, g~ (v)d¥ is the cross section for the
production of a photon frequency between » and Y + d¥Y by an electron
of velocity v, f(v) is the Maxwellian velocity distribution and h is

Planck's constant, After substituting for e*(v) and f(v) and integrating,

equation (II.la) becomes

_—

25‘ e6 2T m %
1 3

) N N Z2 g exp( ~h Y /kT) (I1.1b)
o) 2 e Z
3 m- ¢ kT

where e and m are the charge and mass of the electron respectively, c is
the velocity of light, g is the Gaunt factor and T is the electron
temperature. Brussard and Van de Hulst (1962) have discussed the accuracy
of various methods to calculate the bremsstrahlung flux (referred to as the
free-free flux in astrophysical literature) from a non-relativistic

Maxwellian plasma. Culhane (1969a) showed on the basis of their paper
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that the FF flux from a unit volume of the coronal plasma at the distance
of the earth is given by
F(FF, \,T) = 7.15 x 167% 5.8 1°F 172 ex (~144/2T, ) dX
’ /\» e H e 6 k P 6 =

3

r 2%:(NZ /NH) 22 g(z2,T,c/)) erg cm-zs.1 A-I/cm (11.2)

Here NH is the number density of hydrogen atoms, T, is the temperature

6
(in 106 K), g8(Z,T,c/)\) is the temperature average of the free-free Gaunt
factor tabulated by Karzas and Latter (1961), A is the wavelength (A),

and the other quantities are defined in equation (IIL.la).

The other important continuum process is radiative recombination (also
known as free-bound process) of electrons with ions. If an electron with
energy Ee recombines with an ion Z having an ionic charge z (number of
electrons ionized + 1) and in the state n, then the emitted photon has an
energy hv= Ee + 1(Z,z,n), where I(Z,z,n) is the ionization potential of the
particular level. Since the free electron energy is continuous, there
results a recombination continuum with edges at the 1(Z,z,n) of each level.
The calculation of FB flux, therefore, involves a summation over all the
individual levels concerned. Since the recombination cross section has a
strong dependence on the ionic charge &i:z4; Elwert, 1954), at high tempera~
tures most of the recombination is due to the capture of electrons by
almost completely ionized atoms of O, Ne, Mg, Fe, etc. At lower temperat-
ures, where these elements are in lower stages of ionization, most of the
recombination is due to electron captures by the more abundant elements
hydrogen and helium (for cosmic abundances; Tucker, 1966). Thus the FB flux
tends to dominate the x=-ray continuum at lower coronal temperatures. At

high temperatures (as in flares) the FF flux dominates the continuum,
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Culhane's expression for the FB flux from a unit volume of the
coronal plasma at the distance of the earth is

53 -1.5 -2
Ny N, T, A exp(-laa/AT6 )

=
=5
. ;(NZ /NH) 2;_(Ni~_rl /NZ) Z Gn erg cm ~ s
n-N,

F(FB, A\,T) = 6.01 x 10~

=L 5% (I1.3)

-1
where G = fm g g(Z,n,c/ A) n = exp {0.012 xi,n / T6) (11.4)

i,n
HeTre ja represents the number of vacancies in the nth shell of the ion
which can accept a captured electron, Xi,n is the ionization potential

(in eV) of an electron in the nth shell of an ion of ionization stage i
and g(Z,n,c/ A ) is the free-bound Gaunt factor; Ni+1/NZ is the fractional
abundance of the element in the (i+-1)th stage of ionization which can be
obtained from Jordan's calculations (1969, 1970).

Horan (1970) has described a convenient summation procedure. Tucker
and Koren (1971) have tabulated 64 terms consisting of the five or six
lowest levels of the more abundant ions and one or two lowest levels for
the less abundant ions that contribute to the summation, as a function
of :\ and T. They have shown that at a given temperature less than ten
of the above mentioned terms are effective.

Considering the tediousness of the summation for the FB flux, Culhane
and Acton (1970) developed an empirical analytical expression which could
be readily used to calculate the FF and FB fluxes in the soft x=-ray
region., This was done by the use of an approximation for the Gaunt factors
and an average value of 22. The combined photon flux due to an emission
measure S (cm-3) of the plasma at earth is given by

N(FF+FB,E,T) = 3.6 x 1072 ? 7707 £71 exp( -E/KT)

. ( g(E,T)+£(E,T) ) S photons cm™2 s~ + eV'l, (I1.5)

1
i
:
j
)
i
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where T is the temperature in degrees Kelvin, E is the photon energy in
eV, g(E,T) and f(E,T) are the approximate expressions for the FF and FB
Gaunt factors given by
2(E,1) = ( E/kT )03 (1I.6)

: -1
aind £E,T) = E(E,7) [ (88000.0 g1)(KT/3000.0) _ 1] (11.7)

respectively. Here k is the Boltzmann's constant (eV/K), Z2 = 1,6 and
2 -
S = fNe dv (cm 3). In the usual astrophysical units equation (II.5)

is rearranged into

N(FF+FB, X ,T) = 1.3 x 10742 T;O'Z )\'0‘7 exp( =144/ A\ Te )
==
- gaxy @B g

photons cm-2 s'1 A-l - (I1.8)

where T, is the temperature in 106 K and x is the wavelength in A. The

6

photen flux can be converted to the corresponding energy flux as follows:

. E(FF+FB, )\ ,T) = N(FF+FB, X ,T) x 1.9875 x 1078 / A

ergs cm-'2 s-l A-l. (11.9)

According to Culhane and Acton (1970) this equation is valid for photons
in the energy interval 1.5 - 15 KeV (8.3 = 0.83 A) for the temperature
range 4 ~ 20 x 106 K; it agrees with the sum of equations (II.Z)'and
(I1.3) to better than 15 per cent.

Figure II-1 shows the photon flux calculated from equation (II.8)
for selected wavelengths as a function of the temperature due to an emis=-
sion measure S = 1050 cm-3. It shows that as the wavelength of the photons
decreases the photon flux becomes more sensitive to the temperature.

In theoretical calculations a quantity that is convenient for
computation is the flux per unit emission measure (Horan, 1970) given by

C(FF+FB, \ ,T) = E(FF+FB, )\ ,T)/s erse em 8+ AL " (11.10)
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where E(FF+FB, )~,T) is given by the equation (II.9). Equation (II.8)"
can be used to.compute the photon flux per unit emission measure.
Multiplication of equations (II.8) and (II.9) by the factor

4 1Y (1 astronomical unit)2 gives the flux emitted by the coronal plasma
in all directions.
IT1.3 LINE EMISSION

The major bound-bound processes that generate the line spectrum
are:

(1) Electron impact excitation and radiative decay,

(2) Dielectronic recombination, and

(3) 1Inner-shell electronic excitation.
Most of the lines in the soft x-ray region are due to H- and He-like ions
of coronal elements. Transitions and wavelengths of lines are given in
Table 1V~4, The luminosity L (erg s-l) of a plasma radiating in a
spectral line resulting from a transition u —> £ between an upper level

u and a lower level { is given by
L=A_,E N_dv erg s~! (I1.11)
ul “uf u ’ ‘

where the integral is taken over the volume of the emitting plasma. In

this equation, A  is the transition rate (the Einstein coefficient) for

uf
the spontaneous emission for the transition, EuQ is the energy of the
transition, and Nu is the number of ions (cm-3) in the initial level u.
Nu is given (equation A.1l1l) by

N, = N N, Cou /%Auﬂ , (11.12)
where g refers to the ground state of the ion under consideration and
Cgu is the collisional excitation rate (equation A.12), Assuming that

the density is uniform throughout the emitting volume of the plasma, the
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integral sign in the equation (II.1l) can be removed. Then the lumino-
sity per unit volume will be given by

-1

P = N N ergs cm“3 s ., (I1.13)

u e Z,z Cgu BuL Eul
where BU(’.. = AuQ/ZZAuE is the ‘radlatxve branching ratio for the
particular transition and Nz 2 is the number of ions of element Z (cm-3)

3

in the ionization stage z. For coronal conditions Nz,z = Ng to within

two percent and therefore this has been used in the equation (II.13).

Mewe (1972b) has listed the value of Bul for a large number of transitions.
It is nearly unity for most of the transitions of importance in the soft
X-ray region. In such cases the term BuQ may be omitted in the above
equation.

Many authors (e.g., Landini and Monsignori Fossi, 1970; Tucker and
Koren, 1971; Mewe, 1972b) have tabulated the predicted intensities of
expected lines; but the values do not agree with one another. The differ-
ences between the published tabulations arise from the following factors:

(1) Uncertainties in the coronal abundances of elements (Table II-1),

(2) Differences in the methods of computing Maxwellian averages

of collision cross sections (Appendix A), and

(3) Theoretical uncertainties in the atomic parameters such as the

oscillator strength,

In terms of the quantities used in equation (II.13> phe luminosity

of the emitting plasma can be written as

NZ NZ z -1
— L B
L = Ne NH N v Cgu Buﬁ Eue \Y ergs s (11.14)
H Z
and
where V is the volume of the plasma,’}~NH is the number of hydrogen atoms

(cm-3). The relative abundance of the element with respect to hydrogen
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NZ / NH’ is given in Table II-1, and the relative population of the ion
(z,z) with respect to its total population for sever#l elements is given
by Jordan (1969,1970). This equation can be used to compute the ratio of
intensities of any two lines emitted by the same coronal region. It can
be shown from :the equation (II.14) that the ratio of the Lyman-o( line
intensity I(Lo) of a hydrogenic ion to the resonance line intensity
I(He-R) of the helium~like ion of the same element is given by

I(LX) _ _f(LX) A(H-1like,T)
I(He=R) — f(He-R) A(He-like,T)

exp( = AE/KT) (1I1.15)

where f(LcX) is the oscillator strength of the Lyman-X line and f(He-R)

is that of the He-like resonance line, AE = E(LX) - E(He-R), A(H-like,T)
and A(He~like,T) are the relative populations of the hydrogenic and helium=-
like ionization stages of the element respectively (given by.the relevant
ratio NZ,z / NZ ). Since AE/KT is not large, the temperature dependent
ratio of the relative ion populations largely controls the intensity ratio.
This ratio has been used to classify solar flares on the basis of the
observed line intensity ratios (Chubb, 1972).

The case of helium-like ion resonance, intercombination and for=~
bidden lines that dominate the soft x-ray spectra is very interesting.
Their theoretical investigation was prompted by the observation of the
single line at 22.09 A on the long wavelength side of the O VII resonance
line in the soft x~-ray spectrum from active regions (Fritz, et al., 1967;
Rugge and Walker, 1968; Jones, et al., 1968) and was comparable with the
resonance line intensity. However, this line was known to be quite weak
in laboratory spectra. Gabriel and Jordan (1969a) made a theoretical

investigation of energy levels using the multi-configuration Hartree-

Fock program developed by Froese (1969) and suggested that this line
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was the unexpected forbidden transition 152 1S - 1s 2s 35 in O VII.
This has been confirmed by further theoretical calculation and observation
of similar transitions in other coronal ions (Gabriel, 1972b).

The term structure of the two-electron ions is characterized by the
high ionization potential of the ls electrons as well as the relatively
high excitation potential of the first excited n = 2 terms. The excited
configurations of the type 1ls 21 give singlet terms 2 1L,.and triplet
terms 2 3L. These excited states are all grouped relatively close to the
ionization limit so that it is not possible to observe ratios of inten-
sities from spectral lines having very different excitation potentials.
In addition, the helium-like ion abundance. is not as sensitive to temperature
as the relative abundances of the lower ion stages (Appendix A). Therefore
these ions are not a suitable choice for measurements of electron temper=-
ature. However the existence of the three long lived terms 2 38, 2 1S
and 2 3P gives rise to some complex variations of intensities with electron
density. Table II-2 lists the important transitions and the Z dependence
of their rates (Mewe, 1972a; Gabriel and Jordan, 1972), This makes it

TABLE 1I-2

Z DEPENDENCE OF TRANSITION RATES IN He-LIKE IONS

Transition Type Factor
1 1S -2 3S ’ Relativistic Magnetic Dipole Z10
1 1 . . 6
1 "'s-2"7s 2-photon Electric Dipole Z

1 3 . . 9
1 7S -2 Pl Spin-orbit Interaction Z
1 1S ~ 2 3P2 Magnetic Quadrupole 28

1 14 . . 4
1 's-2"7p Electric Dipole ( A n # 0) %

2 's-2"7p Electric Dipole ( A n = 0) Z
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possible to estimate electrondensities from the He-like line intensitieé.
It can be seen that the forbidden transitions become increasingly impor-
tant for heavier elements. The theory of line intensity ratios has been
worked out by Gabriel and Jordan (1969b, 1972), Freeman et al., (1971),
Blumenthal et ul., (1972) and Mewe (1972a). It will be briefly treated
here,

Gabriel and Jordan solved the equations of statistical equilibrium
for the ground state and the six n = 2 levels that arise from ls 2s and
l1s 2p configurations. The two useful line intensity ratios considered
are:

12 %s > 1 sy
R = ) (11.16)

123, > 1l5) +102 392..> 1 Ly

°

4

1235 5 1 sy + 102 3P2-e> 115 +102 3P1-4? 1 sy
G = . 2(11.17)

12l > 11

where the levels are shown in Figure II-2. The ratio R of the relativistic
magnetic dipole line to the intercombination line intensities (equation II,.16)

is given by

- |
R-Ro[l-f- [Ne c(2 38-—)23P) +5A] (1 +F)/A(2 35 51 1S)] 5

(1I.18)
where R = (1 +F) /B —1 , (11.19)
F o=c(l ‘s> 2 3g) / ca 1s 52 3y, (11.20)

and B is the radiative branching ratio for the two intercombination

transitions to the ground state (Mewe, 1972a). The photo=-excitation rate
3 3

gﬁ for 2 "s =22 P is important only for C V in the sun and is negligible

for the heavier ions considered in this thesis.
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Figure I1I-2.
as Si XIII, Ca XIX, or Fe XXV.

Grotrian Diagram for a helium-like ion such

Wavelengths (all in A) shown

are those of transitions in calcium (and iron in brackets).

The nature of the transitions is explained in Table II-2.
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At low Ne (~ 10" cm ) all the excited states are primarily popul=-
ated from the ground state by collisional excitation, and these decay
directly or cascade to the ground by line emission. 1In the limit of low
density the ratio R reduces to Ro (equation II.19) which is independent
of Ne and T. Thus, for low Ne’ the ratio R is largely independent of Ne'
However, for Ne in the range given by NeC(Z 35-»2 3P):= A(2 38-91 1S),

R decreases with increasing Ne’ approaching zero asymptotically in the
limit of large Ne' Then the least value of Ne at which R becomes senistive
can be found by assuming that the observational precision in R is 10%, so
that R = 0.9 Ro. Now equation (II.18) gives the low density limiting value
N' as .
e
1

3
N 1 A2 %S = 1 °s) ) (11.21)

(1 +F) c2 3s = 2 3p)

The ratio G of the intercombination plus forbidden line to resonance
line intensities (equation II.17) is also found to be independent of Ne in
the low density limit. While many reported observations conclude that G
has a constant value of ~ 1.1, Doschek (1972) and Gabriel (1972b) point
out that those analyses (ibid.) have neglected the contribution from the
dielectronic recombination satellite lines (see section II.4).

Now, as Ne increases from Né, collisions 2 38—92 3P first depopulate
2 38, decreasing the 1 1S--- 2 3S line intensity. Then at intermediate
densities, 2‘18—92 1P collisions depopulate the 2 1S term thereby increasing
the resonance line intensity. This process is important only for labor-
atory plasmas (Gabriel, 1972b). The critical density for the transition

between these two conditions is given by

N; ~ A(2 1s -1 1s) / C€(2 1s -2 1P) , (11.22)
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The relative intensities of the intercombination and forbidden lines
with respect to that of the resonance line in the low density case ( <:Né),
Né, N; and the temperature of maximum helium-like resonance line emission,
Tm’ are given in Table II-3 (Gabriel, 1972b).
TABLE I1-3

RELATIVE INTENSITIES OF He-LIKE LINES AND ELECTRON DENSITIES*

Ion T x 10% k 180-3P1 180-31?2 130-351 N (cm'3) NY (cm'3)
Mg 6.0 0.25 0.03 0.82 7 x 10} 3 x 10%°
st 9.3 0.25 0.07 0.70 4 x 10*2 2 x 100
s 13.6 0.25 0.13 0.64 2 x 10%3 1 x 107
Ar  18.9 0.25 0.19 0.58 7 x 103 2 x 10/
ca  25.4 0.25 0.26 0.51 2 x 10%% 6 x 10%7
Fe  52.8 0.25 0.35 0.41 5 x 1607 7 x 1018

* Valid for G = 1.1 and F = 0.45 (see Gabriel, 1972b).

It can be seen from the above table that, as Z increases Né also
increases and is of the order of 1014-— 1015 (cm-3) for ions of Ca and Fe.
Such values of Ne are improbable even in the most intense flares. Therefore
in ordinary situations one would expect the ratio R (equation II-18)
to be independent of Ne for at least the heavier ions in Table II-3. The
reported observational results suggest that this is indeed‘the case (see
Walker, 1972; Doschek, 1972; Gabriel, 1972b).

I1.4 DIELECTRONIC RECOMBINATION
The dielectronic recombination process (explained below and in Appendix

A) leads to an enhancement of the intensity of the resonance line and the

production of a large number of satellite lines. The satellite
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lines situated on the long-wavelength side of helium~like resonance liﬁes
were first reported from laboratory spark sources by Edlen and Tyrén (1939).
Their theoretical interpretation came only after the observation of an
intense satellite structure near the Fe XXV resonance line at 1.85 A by
Neupert et al., (1967), and Meekins et al., (1968, 1970) in the soft x-ray
spectra obtained by the 0S0-3 and 0SO-4 satellites. They suggested that
these lines are the inner shell ls = 2p transitions from Fe XXIV and its
lower ionization stages. Walker and Rugge (1971), Doschek (1972) and
others have also drawn attention to similar satellite features near hydrogen
-like and helium~like lines of other coronal ioms.

Gabriel and Paget (1972) showed that the satellite lines of helium-
like ion lines are produced by dielectronic recombination of those ions
and also by inner shell excitation of the lithium~like ions. They showed
by experimental analysis (of laboratory plasmas) that dielectronic re-
combination was the dominant mechanism. Following their suggestion, Gabriel
(1972a, 1972b) worked out the wavelengths and expected intensities of the
lithium-like satellite lines due to both mechanisms mentioned above. These
lines arise in the following transitions:

152 2s 2S -~ 1s 2p(1P) 2s 2Po

(4)

- 1s 2pCp) 25 2p° (a)

- 4p° -

132 2p 2Po-- ls 2p2 4P -

" (11.23)

s P .

.- %p (4)

= % (A)

-« 1s 257 7S (A)
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where those marked (A) have permitted autoionizing transitions in
LS coupling. As an example, consider the energy level diagram for a

helium-like and a lithium-like atom in Figure II-3.

— e — — —

1s3 L
A 1s2p . =T Em e e A
! A 1s2s3 ﬂ
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/ 152 2p
/ °
- [ \L 152 2s
Helium=-like Lithium=~like

Figure 1I-3. An example of autoionization and dielectronic

recombination between helium=like and lithium-like ions.,
In this diagram, the satellite initial level 1s2s2p ,well above the ioniza-

tion limit of the Li-like ion,can be produced by the process,

152 1S + € p 2P° :F3~ 1s 2s 2p 2P°,

where the free electron has a kinetic energy € . The forward process is
3 -1

a dielectronic recombination of the He-like ion with a rate Cd (em™ s ),

whereas the reverse process is an autoionization of the satellite level
with a rate Aa (s-l). This level can also spontaneously decay (to the
ground level of the Li-like ion considered) with a rate Ar and emit a
satellite line of energy Ee as shown. This energy may be quite close to

the energy Eo of He-like resonance line. Then the photon intensity of the

satellite line, IS, is given (Gabriel, 1972a) by
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_ 1 <1
I, N, N, ,(He-like) Gy A_ (A, + ZAr 7 (11.24)

where NZ 2(He-like) is the number of He-like ions of the element per unit
¢ 4

volume, Ar (Aa +-§iAr )-1 is the radiative branching ratio for the

satellite transition and C, and Aa are related to each other through the

d
principle of detailed balance (Gabriel and Paget, 1972). If I is the
photon intensity of the He-like resonance line, then

' I = 5 Nz’z(He-like) Cpa 25 (11.25)
where Ciu is the collisional excitation rate (equation A.16) and K= D/Ciu’
the ratio of the contribution to the resonance line intensity by all the
dielectronic recombination satellites which are indistinguishable in
wavelength (given by D) and Cgu. Gabriel (1972b) uses the equation

given (see Appendix A) by Burgess (1965) but applies a correction of not

more than 10 per cent based on Shore's (1969) more detailed treatment of

the process of dielectronic recombination.

The ratio of dielectronic satellite to resonance line intensity, IS/I,
can be found from equations (II.24) and (II.25). Gabriel (1972b) expres-
ses this ratio as a function of the characteristic temperature Tm (given
in Table II-3) at which the helium-like ion resonance line has its maximum
emission in an isothermal steady plasma,and a multiplying factor to
obtain the ratio at any other temperature T. Further discussion is given
in Gabriel's papers (1972a, 1972b).

The wavelengths of helium-like ion lines and their stronger di=-
electronic satellites are given in Table II-4 for selected ions. A
complete list of the 22 Li-like satellites for all the coronal ions up to

copper is given in Gabriel (1972b). The key letters of the transitions

given here are explained in Table IV-4 , The Li-like satellites can have
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as much as 30 = 40 per cent of the intensity of the ion resonance line
for heavier He-like ions such as Ca XIX and Fe XXV.
TABLE I1I-4

WAVELENGTHS OF He-LIKE ION LINES AND THEIR Li~LIKE SATELLITES

D

Key Letter Elements
Si S Ar Ca Fe
He - R 6.647 A  5,038A  3.948A  3.176 A 1.8500 A
He - I2 6.685 5.063 3.965 3.189 1.8551
He - I1 6.688 5.066 3.969 0 3.192 1.8591
He - F 6.739 5.101 3.993 3.210 1.8677
Li - a 6.726 5.090 3.985 3.203 1:8618
Li - d 6.726 5.090 3.985 3.203 1.8624
Li - e 6.782 5.128 4,012 3,223 1.8721
Li - j 6.744 5.103 3.995 3.210 1.8657
il ~ k 6.741. 5.100 3.991 3.207 1.8631
Li -~ m 6.682 5.062 3.966 3.189 1.8562
Li - q 6.718 5.085 3.981 3.200 1.8604
Li -~ r 6.720 5.087 3.983 3.202 1.8635

I1.5 INNER~-SHELL EXCITATION

Inner-shell excitation takes place by the left to right process
of transitions given in equation (II.23) for the lithium-like ions. The
excited states then undergo spontaneous transition to the ground states,
emitting lines with the same wavelength as the dielectronic satellites, or some
of the excited states may autoionize . The intensity I; of the inner=-shell
excited satellites will be proportional to the lithium-like ion population

and is given by

t = f 1%l 1 -1
I N, N, (Li-like) C' A (A, + ZAr ) (11.26)
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which is similar to equation (II.25) except that the inner-shell excitation
rate C' is calculated by the method described by Gabriel (1972b). Now
the ratio of the lithium-like satellite to the helium-like resonance line
is given by the ratio of equations (II.26) and (II.25). However, I;/I is
now also a function of lithium-like to helium-like ion abundance ratio
which increases with Z at Tm. This ion abundance ratio is a function of
T and the departure from ionization equilibrium. If TZ is the ionization
temperature at which the actual ratio is in ionization equilibrium, then
Tz = T for ionization equilibrium in the plasma, TZ < T for transient
ionizing conditions and TZ > T for transient recombination conditions.

The wavelengths given by Gabriel (1972b) have errors less than
#0.001 A (+ 0.0003 & for iron). In most :cases a resolution of this
order in an observed x-ray spectrum should be more than adequate to
distinguish the He-like ion lines and the Li - like satellites (see Table
II~4); although there are a few cases where it would be desirable to match
Gabriel's degree of resolution in order to achieve an identification with
certainty.

It is thus possible to determine the electron temperature and the
relative distribution of ion stages. This, in turn, can determine whether
the plasma is ionizing, or in steady state, or is recombining. Examples
of this method are given by Gabriel (1972b).
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