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Abstract. In the past several years, X-ray observations of the Sun made from rockets and satellites 
have demonstrated the existence of high temperature (~20 x 106 - ~100 x 106 K), low density 
plasmas associated with solar flare phenomena. In the hard X-ray range (A< 1 A), spectra of the 
flaring plasma have been obtained using proportional and scintillation counter detectors. It is possible 
from these data to determine the evolution of the hard X-ray flare spectrum as the burst progresses; 
and by assuming either a non-thermal or thermal (Maxwellian) electron distribution function, 
characteristic plasma parameters such as emission measure and temperature (for a thermal inter­
pretation) can be determined. Thermal interpretations of hard X-ray data require temperatures of 
~ 1 0 0 x 10" K. 

In contrast, the soft X-ray flare spectrum (1 A <l<30 A) exhibits line emission from hydrogen­
like and helium-like ions, e.g. Ne, Mg, Al, Si, ... Fe, that indicates electron energies more character­
istic of temperatures of ~ 2 0 x 106 K. Furthermore, line intensity ratios obtained during the course of 
an event show that the flare plasma can only be described satisfactorily by assuming a source composed 
of several different temperature regions; and that the emission measures and temperatures of these 
regions appear to change as the flare evolves. Temperatures are determined from line ratios of 
hydrogen-like to helium-like ions for a number of different elements, e.g., S, Si, and Mg, and from 
the slope of the X-ray continuum which is assumed to be due to free-free and free-bound emission. 
There is no obvious indication in soft X-ray flare spectra of non-thermal processes, although accurate 
continuum measurements are difficult with the data obtained to date because of higher order diffrac­
tion effects due to the use of crystal spectrometers. 

Soft X-ray flare spectra also show satellite lines of the hydrogen-like and helium-like ions, notably 
the \s22s 2S-\s2s2p 2P transition of the lithium-like ion, and support the contention that in low 
density plasmas these lines are formed by dielectronic recombination to the helium-like ion. Also, 
series of allowed transitions of hydrogen-like and helium-like ions are strong, e.g., the Lyman series 
of S up to Lyman-E, and ratios of the higher member lines to the Lyman-a line can be compared with 
theoretical calculations of the relative line strengths obtained by assuming various processes of line 
formation. 

This review will discuss the X-ray spectrum of solar flares from ~250 keV to ~0.4 keV, but will 
be primarily concerned with the soft X-ray spectrum and the interpretation of emission lines and 
continuum features that lie in this spectral range. 

1. Introduction 

Recently, considerable effort has been applied toward an understanding of the nature 
and origin of solar flares, e.g., Svestka (1970). This effort is partially due to the wealth 
of new data on the X-ray spectrum of flare plasmas obtained from instruments aboard 
artificial satellites. As in other fields of astronomical research, our knowledge of solar 
flares and flare related phenomena is proportional to the sophistication of observa­
tional techniques. 

Early instruments flown by the Naval Research Laboratory on sounding rockets in 
the later 1940's and throughout the fifties, e.g., Kreplin (1961), demonstrated the 
marked correlation between optical Ha flares and enhanced X-ray emission. However, 
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recording solar flare X-rays from rockets is difficult because of the necessity to launch 
during the phase of the flare over which substantial X-ray emission is expected; and 
conversely, a flare must occur sometime during the launch window designated for a 
particular experiment. Fortunately, the advent of orbiting spacecraft has eliminated 
much of this problem and provided thousands of hours of observation time over 
which solar flares have been studied in the ultraviolet and X-ray regions by a variety of 
experimental techniques. In particular, the series of NASA Orbiting Solar Observato­
ries (OSO), the series of NRL Solar Radiation (SOLRAD) monitoring spacecraft, the 
U. S.S.R. Intercosmos and Cosmos satellites, Solar Satellites, and instrumentation 
flown by the Aerospace Corporation have contributed much to our understanding 
of solar activity and solar-terrestrial relationships. 

This review will concentrate primarily on the soft X-ray spectrum of solar flares ob­
tained from Bragg crystal spectrometers on orbiting spacecraft. Recent results con­
cerning correlations of soft X-ray enhancements with other transient phenomena, e.g., 
radio bursts and Ha flares, are only briefly discussed. The presentation and analysis of 
hard X-ray data (A<1 A) are covered in another review given by De Feiter (1972). 

2. Instrumentation 

A. BASIC TECHNIQUES 

Solar X-ray bursts and the X-ray spectra of flares have been investigated by several 
techniques. For wavelengths <1 A proportional counters and scintillation counters 
are employed; for wavelengths >1 A and <40 A, proportional counters, Bragg crystal 
spectrometers, ion chambers and X-ray photography by grazing incidence telescopes 
are useful. Grazing incidence grating spectrometers are also valuable at the longer 
wavelengths, but, because they have not been yet used in flare studies, they will not be 
discussed. For soft X-ray wavelengths ().> 1 A), each of the appropriate instruments 
has certain advantages and disadvantages. We discuss a few of the pertinent instru­
mental characteristics below. 

Clearly, Bragg crystal spectrometers provide the highest spectral resolution at the 
shorter wavelengths (A<40 A), revealing emission lines of highly ionized elements and 
a strong continuum, presumably due to free-free and free-bound processes. However, 
present crystal spectrometer experiments lack high time resolution since several 
minutes are required to complete a spectral scan, which is much too slow for impulsive 
flares. The poor time resolution primarily results from the dispersion of the crystal and 
the small values of the integrated reflectivity of the crystals that are most useful in the 
1 A to ~25 A range; typically, i ?<10 - 4 . Consequently, there is a selective bias in the 
observations, i.e., intense X-ray flares are best observed, while smaller events, and the 
early heating phase of the large flares, are too weak in intensity to produce statistically 
significant counting rates. 

A further disadvantage of present crystal spectrometers is the contamination of the 
continuum resulting from higher order diffraction. A fraction of the continuum at any 
wavelength X is due to emission at wavelengths 1/n, where « = 2, 3 , . . . . Higher order 
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diffraction is serious for KAP crystals, which are used in the 6 A to 25 A region. 
Nevertheless, this problem is not insurmountable, e.g., Duwez (1965) has investigated 
higher order diffraction for several crystals, and Unzicker (1971) is studying higher 
order diffraction from LiF, EDDT, and KAP crystals. Since these three crystals were 
used in the NRL OSO-6 experiment, the results of the laboratory investigation should 
enable the NRL group to derive reasonably accurate line to continuum ratios and re­
lative line intensities. 

Conversely, proportional counters have good time resolution (<1 s), but poor 
spectral resolution compared to crystal spectrometers. However, Culhane and 
Phillips (1970a); and Phillips and Culhane (1971) have numerically resolved the iron-
line emission feature ~ 1.9 A from the continuum in their proportional counter data, 
and, from observations of this feature and the continuum, electron temperatures and 
emission measures have been derived under the assumption of thermal equilibrium. 
Nevertheless, because of coarse spectral resolution, proportional counters are not 
suitable for a detailed study of atomic processes in flare plasmas. Because of their 
high time resolution, they are useful for correlating soft X-ray emission with other 
solar activity, and for providing an overall view of the evolution of individual 
events, e.g., determining average temperatures and emission measures as the flare 
progresses. 

Ion chambers are of restricted usefulness in studying the detailed behavior of flare 
plasmas because they are broad band detectors and provide only limited spectral in­
formation. In order to calculate the absolute flux in any of the spectral bands to which 
ion chambers are typically sensitive, e.g., 1 A to 8 A, a theoretical source spectrum 
must be assumed and convoluted with the chamber efficiencies. Different theoretical 
spectra often lead to different values for the derived fluxes in the energy bands. 

However, ion chambers are very useful for providing continuous monitoring of 
solar X-ray activity and for correlating this activity with other transient phenomena. 
There now exist continuous monitoring data extending from July 1968 to the present. 
These plots are of use to researchers engaged in studies of X-ray flares because the 
large events may be quickly identified in time, so that a systematic and tedious search 
through experimenter tapes for large events is not necessary. Sometimes, if only partial 
coverage is obtainable from crystal spectrometer observations of a particular event, 
the broadband data provide useful information on the general development of the 
flare. A further result derived from ion chamber data which is relevant to flare plasmas 
is described in the next section. 

One final instrumental technique should be mentioned. Although considerable in­
formation is provided by broadband and crystal spectrometer instruments, a thorough 
understanding of soft X-ray bursts will require a knowledge of the geometry of the 
emitting plasma and information on the magnetic confinement. This information can 
be provided in part by photographs taken with grazing incidence X-ray telescopes. 
From a rocket flight (Vaiana et al., 1968), the American Science and Engineering 
(AS & E) group has obtained high resolution (<5" sec) photographs of a flare, and 
their bearing on the spectral data will be discussed in Section 6. 
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Fig. 1. The assembled NRL experiment package flown on OSO 6. Instruments include three Bragg 
crystal spectrometers, a proportional counter and a scintillation counter, a Geiger counter that moni­
tors solar activity in the 8 A-15 A band, and Geiger counters collimated by pinholes and slits in 

order to construct X-ray maps of the Sun during the raster mode of the spacecraft. 
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B. THE NAVAL RESEARCH LABORATORY CRYSTAL SPECTROMETER EXPERIMENTS 

All the crystal spectrometers thus far flown on orbiting spacecraft are similar in con­
cept and design. The NRL instruments aboard OSO 6 are briefly described below. 
These instruments are similar to instruments flown by other investigators. 

The NRL package in the pointed section of OSO 6 consists in part of three Bragg 
crystal spectrometers that scan the X-ray spectrum from 0.6 to ~ 14 A. A LiF crystal 
is used in the 0.6 A to 4 A range (2d = 4.016 A); an EDDT crystal covers the 1 A to 
8.5 A region (2d = 8.800 A); and a KAP crystal scans the 6 A to ~14 A window 
(2d = 26.827 A). The three instruments are uncollimated and therefore record emission 
from the entire Sun. Nevertheless, intense X-ray flares produce orders of magnitude 
more flux than neighboring active regions. Therefore, blending of non-related X-ray 
sources is seldom a problem in studying large events. 

Mylar and parylene filters coated with aluminum are used to shield the crystals and 
argon-filled, bromine quenched Geiger counters from low energy particle contamina­
tion and to reduce solar heating of the instruments. Particle interference from the 
Van Allen belts is easily recognizable, and because of the bromine quench, a mica 
window was used on the Geiger counters. 

The crystals and detectors are mounted on a common assembly and are rotated 
through the Bragg angles by a stepping motor. For OSO 6 the three spectral ranges 
may be scanned in either seven minutes (slow scan), or in two minutes (fast scan). 
Therefore it is clear that, if appreciable changes in X-ray emission occur on time scales 
of a few minutes, the observed spectrum will reflect both spectral characteristics of the 
source and temporal changes. This is almost always the case for flares observed by the 
NRL group. 

Jn the NRL instrument data are accumulated and stored over an effective time inter­
val of 0.64 s. The stepping motor drives the crystals in angular increments of six arc 
minutes, data readout occurring at the end of each step. Therefore, in the slow scan, 
high resolution mode, each spectrum consists of 660 steps, or 660 data points. Each 
datum represents the true spectral characteristics of the source, at the time of measure­
ment, modified by the transmission of the filter, the response characteristics of the 
crystal (rocking curve, integrated reflectivity), the quantum efficiency of the detector, 
and the effects of higher order diffraction. 

If the rocking curves of the crystals were smaller than the angular stepping incre­
ments of the motor (6'), it would be possible to skip over spectral lines. To insure that 
this could not happen, the LiF and EDDT crystals were bent on a right circular cy­
linder; a procedure which deforms and widens the approximately Gaussian rocking 
curve of a flat crystal into a shape similar to a square wave. The full widths of the bent 
rocking curves are six arc minutes and therefore all spectral lines are detectable. A 
photograph of the assembled NRL instrument is shown in Figure 1 and a typical 
rocking curve of a bent crystal and its effect on spectral lines is illustrated in Figure 2. 
Figures 3 and 4 show approximate instrumental efficiencies for the NRL LiF and 
EDDT spectrometers flown on OSO 4. 
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Fig. 2. Relative effect of crystal bending on line shape of the source. In Figure 2a, the source line 
shape is approximately a <5-function and in 2b a Doppler line shape is assumed (dashed curve). In 
both 2a and 2b, the energies of the lines are equal, but their widths and amplitudes differ. Solid 
curves represent the line shape after crystal reflection. The quantities g, So, and Oa, represent respec­
tively the half width at half maximum of the line, the amplitude of the line at line center, and the 

angle corresponding to the wavelength of line center. 

Two other instrumental effects are important. First, because the pointed section of 
the OSO 6 spacecraft can scan the solar disk in a raster pattern (large and small raster 
modes), the spectrometer data are unreliable when the pointed section returns to start 
of raster, in that the angle between source and crystal is uncertain. However, it is al­
ways possible to detect these raster maneuvers in the data. Nevertheless, the best 
spectra are obtained when the instrument is in pointed mode, i.e., the pointed section 
is pointed at the center of the solar disk to within the tolerance of the spacecraft 
(~20") throughout the observation period. 

Secondly, the first order wavelength corresponding to each Bragg angle is given by 
Bragg's law: 

A = 2d sin0, (1) 
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where d is the interatomic spacing of the crystal planes. Consequently, the wavelength 

resolution is given by 

5X = [(2d)2 -12YI256 (2) 

where 50 = 6' (due to bending) for the N R L instruments and is constant over the spec­

tral range scanned. From Equation (2) it follows that spectral resolution is highest at 
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Fig. 3. Product of the integrated reflectivity, quantum efficiency, and transmission of the filter 
(RET) multiplied by 2d cos0 for the NRL LiF spectrometer aboard OSO 4. 

The curve is only approximate. 

Fig. 4. Product of the integrated reflectivity, quantum efficiency, and transmission of the filter (RET) 
multiplied by 2d cos 0 for the NRL EDDT spectrometer aboard OSO 4. The curve is only approximate. 
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long wavelengths, i.e., near 3.7 for LiF, near 8.2 A for EDDT, and near ~ 14 A for 
KAP. Also, it follows from the 2</spacings and spectral ranges of the crystals that re­
solution is highest for the LiF crystal and lowest for the KAP crystal. In one sense this 
is unfortunate, for the flare spectrum increases in complexity with increasing wave­
length. 

3. Solar Flare Spectra — Description and Line Identification 

A. BROADBAND RESULTS 

Many significant observations and results have been obtained with broadband instru­
mentation. These are well-described in the literature, e.g., Culhane et al. (1969), Teske 
and Thomas (1969), Culhane and Phillips (1970a, b), Horan (1971), Thomas and 
Teske (1971), Drake (1971), and Hudson and Ohki (1971). Several of the more im­
portant findings reported in these papers are: 

(1) Soft X-ray bursts exhibit large variations in the total time intervals over which 
the bursts occur. Some bursts are impulsive while others are comparatively long-lived. 
Impulsive events have nearly identical rise and decay profiles, usually on a time-scale of 
a few minutes. Long-lived events exhibit a fairly rapid rise in flux (~ a few minutes), 
but a substantially longer decay (~1 h). An extreme example of the latter occurred 
on 10 April 1969. In the SOLRAD data of Figure 5 the decay phase of this event 
can be traced over at least 24 h. 

In between these extremes, there is a continuous gradation of time-scales, and there 
does not appear to be any physical differences between impulsive and long-lived events 
(Drake, 1971). 

(2) Soft X-ray bursts usually correlate well with Ha events with respect to start 
times, peak flux, and decay times. (However, statistical problems abound because the 
description of Ha flares usually depends heavily on value judgments of observers, and 
interpretations of the X-ray observations.) 

(3) It may be that some soft X-ray events are preceded by a precursor, or enhance­
ment of soft X-rays indicative of an ~ lOx 106 K plasma (Culhane and Phillips, 1970b). 

(4) An enhancement of microwave emission usually accompanies intense soft X-ray 
bursts (Hudson and Ohki, 1971). 

(5) The peak flux in different energy bands, e.g., 0.5 A to 3 A, 1 A to 8 A, occurs 
at different times; the peak in lower energy channels always occurring later than the 
peak flux in higher energy channels. 

(6) Recently, Horan (1971) has derived results relevant to flare spectra from an anal­
ysis of ion chamber data of seventeen flares obtained by an NRL instrument aboard 
OGO 4. Horan derived qualitative relationships concerning the electron temperature 
of the plasma, the X-ray flux in particular energy bands, e.g., 1 A to 8 A, and the emis­
sion measure of the plasma. Typical results of his analysis are shown in Figure 6 for 
the flare of October 29, 1967. The temperatures and emission measures were obtained 
as follows: Horan assumed that the flare plasma is isothermal, and that emission in 
the 0.5 A to 3 A band and the 1 A to 8 A band is primarily due to free-free and free-
bound processes. A small correction was applied for line emission. Then, using theo-
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retical cross-sections for free-free and free-bound processes, and calculations of ioni­
zation equilibrium and relative element abundances (Pottasch, 1964), Horan derived 
the average flare temperature as a function of time from the ratio of the 0.5 A to 3 A 
flux to the 1 A to 8 A flux. Since the flare plasma is probably multithermal (Meekins 
et al., 1970), the temperatures so derived are averages. The emission measure may then 
be calculated from the flux in either energy band and the computed temperature. 

2330 2335 23^0 2545 2350 2355 2400 0203 COO O0I5 OO2C 0025 O230 0035 0040 0045 0oRC 0055 0 '"'• 

Fig. 6. Ion chamber data and results obtained by Horan (1971) from NRL instruments on OGO 4. 
The temperatures and emission measures were obtained as described in the text. The times of optical 

events are also indicated in the figure. 

These results are necessarily crude, but show three important features of soft X-ray 
emission during flares: 

(1) The temperature rises rapidly and peaks before either the X-ray flux or the 
emission measure, implying that a greater number of electrons is involved in the emis­
sion as the flare evolves, even though the average energy per unit volume is decreasing. 

(2) The X-ray flux peaks after the temperature peaks and before the emission mea­
sure peaks. 

(3) The emission measure rises rapidly by a few orders of magnitude during the 
initial phase of the event, reaches a peak value and remains fairly constant for a con­
siderable time (>30min). From these observations, Horan (1971) concluded that 
during the initial phases of soft X-ray events, the behavior of the X-ray flux is primar­
ily determined by the emission measure, and that during the decay phases of flares, 
the behavior of the flux is principally determined by the decreasing temperature. 

B. CRYSTAL SPECTROMETER OBSERVATIONS — LINE IDENTIFICATIONS 

Crystal spectrometers designed to study solar X-ray flares and active regions have been 
flown on spacecraft by Neupert and his colleagues at the Goddard Space Flight Center 
(OSO 3, OSO 5), by Walker and Rugge at the Aerospace Corporation (OV 1 10, OV1 
17), by Friedman and his group at the Naval Research Laboratory (OSO 4, OSO 6), 
and more recently by Mandelshtam and his colleagues at the Lebedev Institute in 
Moscow (Intercosmos 4). Most of the published flare data has been obtained by the 
Goddard and NRL groups; Walker and Rugge have primarily observed active regions 
and cooler flares and the Russian results are so recent that little has been published. 

Neupert et al. (1967) reported the first observation of an intense soft X-ray flare. 
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Previously, crystal spectrometers flown on rockets and satellites (Evans et al., 1967; 
Fritz et al., 1967; Rugge and Walker, 1968) had only recorded emission from active 
regions. A typical Goddard flare spectrum in the 1 A to 20 A range is shown in Fig­
ures 7 and 8, with line identifications assigned by the Goddard group. The lower scan 
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Fig. 7. The soft X-ray spectrum of an intense solar flare obtained by crystal spectrometers on OSO 5 
(February 27,1969). The spectrum is a composite of spectra obtained with LiF and ADP spectrometers, 
and is not corrected for instrumental efficiencies. Spectrum courtesy of W. M. Neupert, Goddard 

Space Flight Center. 

FLARE SPECTRUM 
00.38 UT. 22 MARCH 1967 

rf 

ANGSTROMS 

Fig. 8. Soft X-ray flare spectrum obtained by a KAP crystal spectrometer on OSO 5. The com­
plexity of the spectrum above 8 A is apparent. Note the large number of lines identified as Fexx-
Fexxv. In the pre-flare spectrum, only the Fexvn lines are present. The emission ~ 1 9 A is the 
Lyman-a line of Ovm. The spectrum is not corrected for instrumental efficiencies. Spectrum courtesy 

of W. M. Neupert, Goddard Space Flight Center. 
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0S0-6H8 NOVEMBER 1969 (-1645 UT) 

SECOND ORDER F* - S XVI. Ar XVH1 

Fig. 9. Spectra of a large soft X-ray flare obtained by NRL crystal spectrometers on OSO 6. A 
comparison of these scans with Figure 7 reveals many emission features in common. This flare may 
be cooler than the flare in Figure 7 since no emission of Fexxvi appears to be present. The spectra 

are not corrected for instrumental efficiencies. 

2- r - X 103 MgXII 0S0-6:I8 NOVEMBER 1969 (-1645 UT) 

V. • • 

12.0 

Fig. 10. Soft X-ray flare spectrum obtained by an NRL KAP crystal spectrometer on OSO 6. 
Emission due to Mgxi (~9.17 A) and Mgxii (8.42 A) is quite prominent. The Mgxi emission is a 
blend of the resonance, intercombination, and forbidden lines. Note the poor resolution of the KAP 

spectrum compared to the EDDT spectrum in Figure 9. The spectrum is not corrected 
for instrumental efficiencies. 
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in Figure 8 is a pre-flare spectrum, and during the intense flare shown in the upper 
scan, many lines produced by ions in high ionization stages appear that are absent in 
the pre-flare spectrum. Also strong continuum emission is evident in the flare spectrum. 
The crystal used to obtain the spectra was KAP; at shorter wavelengths the Goddard 
group employed a Li F crystal (1 A < X < 3 A) and an ADP crystal (3 A < X < 8 A). Fig­
ure 7 is a composite of the LiF and ADP spectra, and shows prominent emission lines 
of hydrogenic aluminum, silicon, sulfur, and calcium, and strong lines produced by 
helium-like ions of aluminum, silicon, sulfur, argon, calcium and iron. 

NRL spectra of a large flare are shown in Figures 9 and 10. Neither the Goddard 
nor the NRL spectra are corrected for instrumental effects. In the NRL spectra, in­
strumental edges due to potassium, argon, silicon, and aluminum appear at 3.436 A, 
3.871 A, 6.723 A, and 7.951 A, respectively. A comparison of Figures 7, 8, 9, and 10 
reveals many spectral features in common for these different flares. However, the pres­
ence of Fexxvi in the Goddard spectrum (~ 1.79 A) indicates that the Goddard flare 
may be hotter than the NRL event. 

A cooler flare is shown in Figures 11 and 12. The data were obtained by Walker and 
Rugge from their experiments on the OV1 10 and OV1 17 spacecraft. It is instructive 
to compare the NRL EDDT and KAP spectra (Figures 9 and 10) with the Walker and 
Rugge data in Figures 11 and 12. The enhancement of continuum and line emission 
at shorter wavelengths in the NRL spectrum shows that the NRL event was consider­
ably hotter than the Walker and Rugge flare. Note also that Walker and Rugge do 
not use a mica window on their detector. Consequently, the silicon instrumental edge 
at 6.723 A is absent in their spectrum. In the NRL spectrum, the forbidden line of 
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Fig. 11. Soft X-ray EDDT spectrum of a relatively cool flare (T~ 10 x 106 K) uncorrected for 
instrumental efficiencies. From a comparison of the resonance lines of Sixm and Sixiv in Figures 9 
and 11, it is clear that the flare spectrum in Figure 9 is indicative of a much hotter plasma (T~ 25 x 106) 
than the spectrum of Figure 11 indicates. This is supported by the absence of Sxvi and Fexxiv lines 

in this spectrum. Spectrum courtesy of A. B. C. Walker, Jr., Aerospace Corporation. 
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Fig. 12. Cool X-ray flare KAP spectrum uncorrected for instrumental efficiencies. Note the weakness 
or absence of Fexxin and Fexxiv lines in this spectrum and the strength of the Ovmand Fexvn lines. 

Compare with Figures 8 and 10. courtesy of A. B. C. Walker, Jr., Aerospace Corporation. 

Si xiii at 6.74 A appears stronger than the resonance lines ofSixm because the forbid­
den line lies on the long-wavelength side of the silicon edge. 

From observations of a large number of flares similar to those illustrated (Figures 
7-12), wavelength lists with identifications have been published by Meekins et al. 
(1970), Neupert (1971a), and Walker and Rugge (1969, 1970, 1971). Table I gives a 
composite listing of all the lines below ~8.5 A reported in flare spectra published to 
date. The wavelengths and identifications were obtained from the references cited above. 
In addition, the NRL wavelength list (OSO 4) has been considerably revised and ex­
panded due to new data obtained from OSO 6. Only wavelengths through ~8.5 A 
have been listed because the complexity of the flare spectrum above 9 A, combined 
with the relatively coarse resolving power of the KAP crystal, makes even tentative 
identifications difficult for many of the lines found in this spectral region during in­
tense flares. Wavelength lists for A>9 A can be found in Walker and Rugge (1969), 
and identifications of lines seen during very hot events are shown in the Goddard 
spectrum in Figure 8. Several of the more prominent lines found above 9 A are due 
to Mgxi; iron stages, Fexvn to Fexxiv; Neix, Nex; Ovu, Ovm; and Nvn (see Fig­
ures 8, 10, and 12). 

Table I shows about 120 lines between 0.7 and ~8.5 A. Some of the identifications 
are only tentative, and these are indicated by asterisks. Identifications are based pri­
marily on the following observations: 

(1) Theoretical and extrapolated wavelength coincidences with observed lines. 
(2) Expectation of the transition based on element abundance, electron tempera­

ture, and flux variations during the evolution of the flare. 
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Wavelength 

_ 
-
8.490 
8.458 
8.421 
8.396 
8.378 
8.317 
8.307 
8.290 
8.254 
8.233 
8.208 
8.170 
8.157 
8.094 

8.073 
7.990 
7.935 

-
7.864(?) 
7.854 

_ 
-
-

7.755 
7.682 
7.470 
7.440 
7.312 

-
7.172 
7.106 

-
-
6.787 

6.737 

-
6.690 
6.650 
6.58 (?) 
6.272 

6.224 

6.182 

(A)" 

-
-
-
8.421 

-
-
-
-
-
-
-
-
-
-
-

-
-
-
7.897 

-
7.857 

-
7.795 

~ 

7.761 

-
7.475 

-
-
-
7160 
7.104 
6.884(?) 
6.846(?) 
6.78 

6.78 
6.737 
6.703 
6.681 
6.640 
6.578(?) 

— 

6.182 

[1,2,3] 

8.550 
8.518 

-
-
8.421 

-
-
-
-
-
-
-
-
-
-
8.068 

8.034 

-
-
7.873 
7.864 
7.850 
7.827 
7.805 
7.776 

7.759 

-
7.474 

-
7.316 
7.233 
7.179 
7.111 

-
-
6.788 

6.739 
6.717 
6.684 
6.649 

-
— 

6.184 

TABLE I 

Solar flare emission li 

Predicted 
Wavelength (A) 

8.548 [3] 
8.519 [3] 
8.488 [3] 
8.449 [3] 
8.421 [4] 
9 

8.368 [10] 
8.311 [10] 
8.306 [10] 
8.279 [10] 
? 
8.225 [10] 
? 
9 

9 

8.073 [3] 

8.039 [3] 
7.982 [10] 
? 
7.871 [7] 
7.863 [3] 
7.850 [6] 
? 
7.807 [3] 
7.787 [3] 

7.756 [6] 
9 

7.473 [6] 
? 
7.310 [8] 
? 
7.173 [4] 
7.106 [4] 
? 
6.84 [2] 
6.786 [7] 

6.79 [2] 
6.739 [7] 
6.717 [7] 
6.687 [3] 
6.646 [3] 
6.580 [1] 
6.263 [3] 
6.244 [3] 
6.224 [3] 
6.200 [3] 
6.182 [4] 

nes 

Identification 

*Mgxi(ls2p1P-2p21D) 
*Mgxi(ls2s3S-2s2p3P) 
*Mgxi(\s2s1S-2s2p1P) 
*Mgxi(ls2p1P-2p21S) 
MgXIlO 2Sl/2-2p 2Pl/2,3/2) 

? 
Fexxiv022/? 2Pz,2-\sHs 2SW) 
Vexxi\(U22p 2P3/2-\s24d 2Z>5/2) 

*Fexxin(l522i21S-ls22s4p !P) 
Fexxiv(U22p 2Piit-\sHs 2Si/2) 

? 
Fexxiv(>22/? 2Pi,2-lsHd2Ds/2) 

? 
? 
? 
*Mgx(ls22.p 2P-\s2p3p 2S) 
*Mgx(ls22p 2P~\s2p3p 2D) 
*U%x(\s22s 2S-\s2s3p 2P) 
Fexxiv(U22^ 2S-\sHp 2P) 

? 
Alxn(l.s21S-l,s2s3S') 

*Mgxi(ls21S-\s3p3P) 
Mgxi(\s21S-ls3p1P) 

7 
Alxn(l.s21.SM.s2p3.P) 

*A\xi{\s23p 2P-\s2p3p 2D) 
*Mxi(ls23p 2P-ls2p3p 2S) 
Alxn(l j 2 15 ' - ls2p1P) 

? 
Mgxi(\s21S-UAp1P) 

7 
Mgxi(ls21S-\s5p1P) 

? 
A l x m O 2Siiz-2p 2Pi/2,3/2) 
M g x n O 2Si/2-3p 2Pi/2,3/2) 

*Siix 
*Six(\s22s22p-ls2s22p2) 
S\xii(ls22s2S-U2s2piP) 
Sixn(ls22p2P~ls2p2iP) 

*Sixi(ls22s2-\s2s22p) 
Sixm(ls21S-U2s3S) 
Sixu(ls22s2S-U2s2p2P) 
Sixm(ls21S-U2psP) 
S\xm(ls21S~\s2plP) 
M g x n O 2Si/2-5p 2Pi/2,3/2) 

*S\xm(ls2p1P-2p21D) 
*Sixm(ls2s3S-2s2p3P) 
*Sixm(ls2s1S-2s2piP) 
*Sixm(ls2p1P~2P21S) 
Sixiv(U 2Si,2-2p 2Pi,2,3/2) 

[15] 
[14] 
[13] 

[12] 
[11] 
[10] 

[9] 
[8] 
[7] 
[6] 
[5] 
[5] 
[4] 
[4] 
[3] 
[2] 
[1] 
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Table I (continued) 

Wavelength (A) 

O.A.DOSCHEK 

6.049 

5.816(?) 

5.680 
5.410 
5.283 
5.221 

5.137 

5.971(?) 
5.725(?) 

5.672 
5.410 

5.223 
5.18 

5.134 

4.014 (?) 

4.004 
blend 
3.949 
3.786 
3.733 
3.698(?) 
3.651 
3.573 
3.550 
3.534 
3.445(7) 
-
_ 
3.371 
-

3.995 
3.969 
3.950 
-
3.736 
-
-
3.572 
-
3.542 
3.436 
3.392 
3.374 
3.349 
3.238(7) 

[1,2,3] 

5.810 

5.68 
5.401 

5.219 

5.099 
-
5.067 
5.039 
4.948 
4.884(?) 
4.834 
4.769 
4.729 
4.674(7) 
-
_ 
4.394(7) 
4.299 
4.244(7) 
4.184(7) 
4.104 
_ 

5.105 
5.094 
5.068 
5.044 
4.948 
4.879(7) 
4.829 
4.774 
4.733 
4.685 
4.490 
4.454 
4.383 
4.306 
-
-
4.096 
4.058 

5.100 
5.083 
5.065 
5.039 
-
-
-
-
4.734 
-
-
-
-
-
-
-
-
-

Predicted Identification 
Wavelength (A) 

6.053 [4] 
? 
5.797 [3] 
5.817 [3] 

5.681 [6] 
5.405 [6] 
5.28 [1] 
5.217 [4] 
5.18 [2] 

5.14 [7] 

5.100 [7] 
5.083 [3] 
5.065 [3] 
5.036 [3] 
4.947 [4] 
? 
4.831 [4] 
4.770 [4] 
4.729 [4] 

[2] 
[2] 
[2] 

4.45 
4.38 
4.30 
? 
? 
4.089 [6] 
4.04 [2] 

4.01 [2] 

3.99 
3.97 
3.965 [9] 
3.784 [4] 
3.733 
3.696 
3.650 [4] 
3.572 [7] 

[7] 
[2] 

[4] 
[4] 

3.534 [6] 
[2] 
[2] 

3.45 
3.40 
? 
3.367 [2] 
3.254 [5] 

3.225 3.219(7) 3.22 [7] 

Alxill(li 2Sl/Z-3p 2Pl/2,3/2) 
9 

*Sixn(ls22s2S~U2s3p2P) 
*Sixn(\s22p2P-\s2p3p2S) 
*Sixn(U22p 2P-U2p3p 2D) 
Sixm(li2 15-lrf/71i>) 
Sixm(l.s21S-1.54/?i.P) 
Sixm(\s2^S-\s5plP) 
SiXIV(l.S 2Sl/2~3p 2Pl/2,3/2) 

*Sxn(ls22s22p-\s2s22p2) 
Sxiv(ls22s2S-ls2s2p'tP) 
SxM\s22p2P-\s2p4P) 

*Sxm(ls22s2-\s2s22p) 
Sx\(ls21S-ls2s3S) 
Sxiv(ls22s2S-ls2s2p2P) 
Sxv(ls21S-\s2p3P) 
Sxv(\s21S~ls2piP) 
Sixiy(\s 2Si,2-4p2Pi/2,3i2) 

? 
SiXIV(li 2Sl/2~5p 2Pl/2,3/2) 
Sixiv(ls 2Si/2~6p 2PL/2, 3/2) 
SXVl(\S2Sl,2-2p2Pl,2,3l2) 

? 

*Sxn 
*Sxm(.n22s2-\s2s23p) 
*Sx\v(ls22s2S^\s2s3p2P) 
Sxv(\s21S~ls3p1P) 

? 
? 

Sxv(l5215'-l.s4p1P) 
* Ar xi v(l s22i-22/7-l J'2i-22p2) 
Arxvi(l s22s 2S-\ s2s2p 4P) 
Arx\\(\s22p2P-\s2p2iP) 

*\rx\{\s22s2~\s2s22p) 
Arx\\\(\ s2lS-\s2s3S) 
A r x v i i f h - 2 1 ^ - ! ^ 3 ^ ) 
Arx\u(ls21S-\s2p1P) 
Sxm(\s2SM2-Ap2Pm,si2) 
Arxvnr(l i 2Si/2-2p 2Pi/2,3/2) 
SXVl(U25,/2-5/72Pl/2,3/2) 
SXVl(l525'l/2-6p2Pj/2,3/2) 
Kx\iu(\s21S-\s2ssS) 
Kxviu(\s21S-\s2p3P) 
Kxvin(li2 15-li '2/71P) 

*Arxv(U22i-2-l.v2.v23p) 
*Arxvi(l^22i- 2S-ls2s3p 2P) 
*Arxvi 
Arxvii(l.s21S-l.s3/>1,P) 

*Caxvi(b-22i22p-h-2^22p2) 
Caxvnr(li22i- 2S~\s2s2p AP) 
Caxvm(li-22p 2P-U2p2 AP) 
*Ca.xwu(ls22s2-\s2s22p) 
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Table I (continued) 

Wavelength (A) [1,2,3] Predicted Identification 
Wavelength (A) 

3.206 
3.197 
3.186 
3.173 
3.16 
3.026 
-
2.750 
2.706 
2.64 

2.61 
2.573 
2.55 
2.516 
2.42 
2.215 
2.175 

-2 .01 
1.94 
1.883 

~ 1.874 
~ 1.874 
~ 1.867 

1.862 
1.857 
1.852 
1.79(?) 
1.62 
1.59 
1.58 

~1.545(?) 
~1.52(?) 

_ 
~1.47(?) 

3.207 
blend 
3.187 
3.174 
-
3.022 
2.990(?) 
2.748 
2.703 
2.634 
2.621 
2.608 
2.572 
2.548(?) 
2.508(?) 
2.441 
2.196 
2.179 
2.009 
1.931 
1.885 

1.875 
1.868 
1.865 
1.860 
1.855 
1.850 
1.780 
1.587 

1.567 
1.544 
1.509 
1.486 
1.456 

3.21 
3.20 
3.19 
3.174 
3.151 
3.020 
2.987 
2.75 
2.71 
2.619 

2.58 
2.549 
2.52 
1 
2.189 

2.011 
1.937 
1.886 

1.872 
1.870 
1.862 

[7] 
[7] 
[2] 
[2] 
[4] 
[4] 
[4] 
[1] 
[2] 
[5] 

[2] 
[4] 
[1] 

[5] 

[5] 
[5] 
[5] 

[7] 
[7] 
[7] 

1.860 [7] 
1.856 
1.850 
1.79 
1.593 

1.58 
1.55 
1.50 
1.486 
1.470 

[7] 
[2] 
[5] 
[5] 

[2] 
[1] 
[2] 
[6] 
[1] 

Caxrx(l,s21S'-l.s2s3S) 
Caxvm(l i 22i 2S-ls2s2p 2P) 
Cax ix ( l i 2 1 5 - l i 2p 3 P ) 
Ca.xix(ls21S-ls2p1P) 
ArxvinOs 2Si/2-3p 2Pi/2,3/2) 
Caxx(li2Si / 2-2p2Pi/2,3/2) 
Arxviii(li- 2Si/2-4/> 2Pi/2,3/2) 

*Caxvin(ls*2s 2S-ls2s3p 2P) 
Caxix(li-215-1^3p1i') 
Tixxi + innershell 

C&xrx(.ls21S-lsAp1P) 
Caxx(l^25'i/2-3p2Pi/2,3/2) 
Caxix(l.s2iSr-l.y5/>1P) 

? 
Crxxm + innershell 

Mnxxiv + innershell 
Fen 

*Fexxu(ls22s*2p-ls2s22p!i), Fexxiv? 
*Fexxiv(li22i 2S-\s2s2p *P) 
*Fexxiv(U22p 2P-\s2p2 AP) 
*Fexxm(\s22s2-\s2s22p),Fexxiv'> 

Fexxv(ls*iS-ls2s3S) 
Fexxiv(ls22s 2S-\s2s2p 2P) 
Fexxv(U2^S-ls2psP) 
Fexxv{ls2^S-U2plP) 
Fexxvi(l,s 2Sw-2p 2Pi/2,3/2) 
Nixxvn + innershell 

Fexxv(U2i5 , - l i3/ ; 1P) 
a N ixxv i i i ( l ^ 2 5 -2^ 2 P ) 

Fexxv(U2lS-U4p1P) 
Cuxxvm + innershell 
Fexxv(ls21S-ls5p1P) 

References 

[1] Naval Research Laboratory: Meekins etal. (1970); Doschek etal. (1971a, b) 
[2] Goddard Space Flight Center: Neupert (1971a) 
[3] Aerospace Corporation: Walker and Rugge (1970,1971) 
[4] Garcia and Mack (1965) 
[5] House (1969) 
[6] Blake (1968a) 
[7] Gabriel and Jordan (1969a), wavelengths extrapolated from [7]. 
[8] Flamberg(1942) 
[9] C o h e n s al. (1968) 

[10] Cowan (1971) 

* Identification uncertain. 
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(3) Consistency with available laboratory observations. 
(4) Observation of several lines in each series. The actual identification procedures 

may be found in the references cited at the end of the table. 
The strongest lines in Table I are the resonance lines of hydrogenic and helium-like 

ions. The Lyman series up to Lyman-6 has been identified for silicon and sulfur. Also, 
many of the transitions listed in the table are innershell transitions, i.e., the transition 
involves an electron in the Is or K-shell. The inner-shell transitions are weak compared 
to the resonance lines except in the case of iron. For iron, emission due to Fexxiv, and 
possibly Fexxn and Fexxm, is about equal to emission from Fexxv. Presumably, a 
similar percentage would be found for manganese, chromium, and nickel if these ele­
ments were sufficiently abundant in the Sun to permit accurate wavelength and inten­
sity measurements. 

Figure 13 shows the NRL LiF and EDDT spectra for a very intense flare that occur­
red on November 16, 1970. Inspection of these spectra will show most of the lines 
listed in Table I. Many of the lines given in the table are seen only in spectra of the 
most intense flares. However, some of the lines are more prominent in spectra of cooler 
flares because they are produced by stages of ionization formed at lower temperatures. 
It is instructive to compare Figures 9 and 13. The very weak emission features in Table 
I are only seen clearly in the November 16 event. 

Fig. 13. Uncorrected NRL spectra of the intense soft X-ray flare of November 16,1970. Many of the 
emission lines listed in Table 1 are seen in these spectra. Note in particular, the suspected satellite 
lines to the Sixiv ion near ~6.2 A. Also note the line at 2.75 A, tentatively identified as an innershell 
transition in Caxvm. Compare with Figures 7 and 9. The continuum emission is strongly influenced 
by temporal effects. The numbers in parentheses beside some of the transitions indicate spectral order. 
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The LiF spectrum of Figure 13 shows emission features due to nickel, chromium, 
and titanium. Higher members of the resonance line series of calcium, argon, and 
sulfur can also be identified, but the highest members of these series are only margin­
ally detected. Emission near the wavelength of the Lyman-a line of Fexxvi is indicated, 
but this line is never a strong feature in flare spectra observed to date. The low inten­
sity of this line allows an upper limit to be estimated for the temperature of the flare 
plasma if thermal equilibrium is assumed. 

The Lyman-a Caxx line in Figure 13 is distorted due to a raster maneuver of the 
spacecraft as explained in Section 2B. Also note that the iron-line blend ~ 1.9 A, the 
Caxix lines ~3.2 A, and the feature ~3.7 A are saturated. The relative strengths of 
these features may be estimated from the EDDT spectrum, however. 

Other emission lines of interest in the LiF spectrum, which will subsequently be 
discussed, are the Fen lines ~ 1.932 A, the weak Caxvn and Caxvm satellite lines 
found near the Caxix forbidden line (~3.22 A), and the Kxvm resonance, intercom-
bination, and forbidden lines ~3.55 A. The intercombination line of Kxvm has not 
been previously reported because of its low intensity. 

The EDDT spectrum of Figure 13 reveals many lines in the resonance line series of 
Mgxi, Mgxn, Alxn, Alxni, Sixui, Sixiv, Sxv, Sxvi, and Arxvii, and weaker features 
identified as satellites of hydrogenic and helium-like ions. Substantial emission due to 
second, third, and fourth order diffraction of the 1.9 A iron-line blend, and second 
order diffraction of the Caxix lines are also apparent in this spectrum. The resonance, 
intercombination, and forbidden lines of Caxix are clearly resolved in second order. 

A comparison of the intensity of the Lyman-a lines of hydrogenic ions to the cor­
responding intensity of the resonance lines of the helium-like ions for the same ele­
ments in Figure 13 (and also in Figures 7, 8, 9 and 10) shows that the hydrogen-like 
line strength decreases relative to the helium-like resonance line strength with increas­
ing atomic number. This observation is qualitatively expected because the heavier 
elements require more energy for ionization. The Caxx Lyman-a line, while easily 
identifiable in the spectra of many flares observed to date, never approaches the inten­
sity of the Caxix resonance line, as is the case for sulfur. From observations such as 
these, the electron temperatures in flare plasmas that produce the soft X-ray emission 
can be estimated to be ~ 15-40 x 106 K (see Section 4). Finally, we wish to emphasize 
that the November 16, 1970 flare was very impulsive, and therefore the shape of the 
continuum is strongly influenced by temporal effects. 

Two other line groups in Table I require more detailed discussion. First, the short 
wavelength part of Table I shows many iron ion transitions near ~ 1.9 A. It is clear 
from the low resolution of the LiF crystal near ~1.9 A in Figures 7, 9, and 13 that 
these features cannot be resolved in first order. Neupert and Swartz (1970), however, 
resolved the iron-line blend in the third and fourth orders of diffraction in their OSO-5 
ADP spectra. Their data for a large flare are shown in Figure 14, and from an analysis 
of these spectra they derived the wavelengths listed in Table I. 

Subsequently, Doschek et al. (1971a) resolved the iron-line blend in second order 
(LiF spectrometer). Their data are shown in Figure 15 with a recent laboratory spec-
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trum obtained by Lie and Elton (1971). Table II lists the most important transitions 
believed to produce the blended first and second order features near ~3.75 A in the 
NRL spectra. The numbers above the emission features correspond to the numbered 
transitions in Table II. The flare spectrum shown is an amplification of the data in 
Figure 9. 
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Fig. 14. Third and fourth order spectra of iron-line emission ~ 1.86 A. Emission due to Fexxv, 
Fexxiv and possibly Fexxm is clearly resolved. Compare with Figure 15. Spectra courtesy of W. M. 

Neupert, Goddard Space Flight Center. 
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Fig. 15. An NRL second order spectrum of iron-line emission ~ 1.9 A compared to a recent labora­
tory spectrum. The numbers above the features correspond to the transitions identified by the same 

numbers in Table II. The solar wavelength scale gives first and second order wavelengths. 
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TABLE II 

Emission line identifications 

No. Ion and transition 

1 Fexxv(l.?21S-l.v2/j1/>) 
2 Fexxv( l i ' 2 1 5 -U2/ )Vi , 2 ) 
3 Fexxiv (l.s-22.v 2Se-\s2s2p 2P°) 
4 Fexxiv (\s'i2p2P"-\s2p22Pe) 
5 Fexxiv (\s22p 2P°-\s2p2 2Z)'!) 
6 Fexxv (\s2 iS-\s2s 35) 
7 Fexxiv (\s22p 2P"-\s2p2 4/"') 
8 Fexxiv (ls22s 2Sc-ls2p iP") 
9 Fexxm (Ka inner-shell) (Fexxiv?) 

10 Fexxn (Knt inner-shell) (Fexxiv?) 
11 Fexxi (Ka inner-shell) 
12 Fexx (Ka inner-shell) 
13 Arxvm (l.v 2Si/2-2p 2Pi/2,3iz) 
14 Sxvi(l.r2Si/2-4/>2/>i/2,3/2) 
15 SXVI (l.S25l/2-5p2Fl/2,3/2) 
16 Sx\i(\s2Sm-6p2Pi/2,s!2) 

References 

[1] Lie and Elton (1971) 
[2] Neupert and Swartz (1970) 
[3] House (1969) 
[4] Gabriel and Jordan (1969b), wavelengths extrapolated from [4]. 
[5] Garcia and Mack (1965) 

[1] 
Laboratory 
MM 

1.851 
1.856 
1.861 
-
-
-
-
-
1.872 
1.886 
1.896 
1.906 
-
-
-
-

[2] 
OSO 51(A) 

1.850 
1.855 
1.860 
-
1.865 
1.865 
1.875 
1.875 
1.868 
-
-
-

-
-
-

[3], [4], [5] 
Theory 2(A) 

1.855 [3] 
1.860 [4] 
1.866 [4] 
1.868 [4] 
1.869 [4] 
1.869 [4] 
1.876 [4] 
1.876 [4] 
1.875 [3] 
1.886 [3] 
1.897 [3] 
1.907 [3] 
3.7329 [5] 
3.7845 [5] 
3.6959 [5] 
3.6495 [5] 

NRL 2(A) 

1.852 
1.857 
1.862 

-
~ 1.867 
-1 .867 
-1 .874 
-1 .874 
-1 .874 

1.881-1.885 
-1 .896 
~-

3.735 
3.786 
3.698 
3.651 

There is a close similarity in appearance between the laboratory spectrum and the 
flare spectrum in Figure 15, although there is a difference between the spectra. The 
laboratory electron temperature was similar to the flare temperature (~30x 106 K), 
but the electron density was K 1020 cm - 3 . Therefore, transition number 6 in Table II 
which is observed in flare spectra for the helium-like ions of lighter elements than iron, 
and is also expected to be present for iron, is not present in the laboratory spectrum 
because of collisional quenching of the 2 3S state. 

Finally, Mandelshtam and his colleagues at the Lebedev Institute in Moscow have 
resolved the iron-line blend ~ 1.9 A using a quartz crystal on the U.S.S.R. Intercos-
mos-4 spacecraft (Vasiljeve/a/., 1971). Their data show a large number of K-lines due 
to Fexxiv and possibly Fexxm, and lines due to Fexxv. From the intensity ratio of 
Fexxiv to Fexxv, and from the Doppler width of the resonance line of Fexxv, they 
determined electron and ion temperatures of 20 x 106 K and 30 x 106 K, respectively, 
for the November 16 event shown in Figure 13. 

One of the interesting features of their spectra is the weakness of the Fexxv inter-
combination line. The NRL data of Figure 13 are from the same flare, but the 
NRL observations are not exactly coincident in time with the Russian observations 
(~ 1 min which may be important because of the impulsive nature of this event), and 
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the second order Fexxv resonance line in the NRL spectrum is saturated. Subsequent 
NRL scans show a resonance to intercombination line ratio which appears to be some­
what smaller than is indicated by the Intercosmos data («3:1) . Most of the NRL 
second order iron-line spectra obtained from a number of flares indicate a ratio of 
~2:1 for the Fexxv resonance to intercombination intensity ratio. Perhaps the emis­
sion in the NRL data identified as the intercombination line is actually a blend of the 
intercombination line and nearby satellite lines. 

Two remaining aspects of the iron-line emission near ~ 1.9 A are now discussed. 
Firstly, Figures 9 and 13 show a statistically significant emission feature near 1.932 A. 
The wavelength difference between this feature and the peak of the Fexxv resonance 
line at 1.850 A agrees closely with the theoretically calculated (House, 1969) wave­
length difference between Fexxv (\s2 xS-\s2p '/>) and the Ka line of Fen. This fea­
ture is present in the X-ray spectra of disk flares. 

The large event of August 12, 1970 (see Figures 36 and 35e, which will be discussed 
in Section 5) was a limb flare and in this event the 1.932 A feature is definitely absent. 
Neupert et al. (1969) have also discussed this feature and suggest that either non-ther­
mal electron excitation in a cooler gas or fluorescence radiation from the lower chro­
mosphere is responsible for the emission. Because the feature is not seen in limb flares 
but is seen in disk flares (see Figures 9 and 13; the November 16, 1970 event and 
November 18, 1969 event are disk flares), we conclude that the fluorescence mecha­
nism is the more likely explanation (unless a sufficient flux of electrons from the flare 
region can reach photospheric layers), and that the chromosphere or photosphere is 
similar to a Lambertian radiator. Thus for limb flares, the radiation observed is zero. 
From this observation the photospheric abundance of iron may be inferred (Tomblin, 
1971a) if the fluorescence mechanism is assumed; this problem is under investigation. 

Secondly, Tomblin (1971b) has suggested that a small amount of Compton back-
scattering off the solar photosphere may produce measurable emission on the long 
wavelength side of the Fexxv group. We also calculate that such emission should be 
observable. Tomblin finds that the spectral shape of the backscattered radiation de­
pends on the location of the flare above the solar disk. The total amount of backscat­
tered radiation is predicted to be ~ 10% of the Fexxv group. A thorough discussion of 
this problem is in preparation (Tomblin, 1971a). 

Another group of lines of interest in Table I are the lines near 8.3 A. Some of these 
lines are quite weak and can only be established with confidence by summing several 
spectral scans. The weakest lines in this group have not been reported previously. 
Figure 16 shows the result of summing three spectral scans available from an intense 
event on August 12, 1970. Lines listed in Table I at 8.396 A and 8.458 A cannot be 
clearly seen in the sum because of the large intensity of the Lyman-a Mgxn line 
(8.421 A) during this event. However, these lines are present in less intense flares ob­
served by NRL. The numbers over the emission features correspond to the numbers 
in parentheses given to the right of the corresponding transitions in Table I. 

The NRL group proposes that some of these lines are due to Fexxiv. The wave­
lengths of the Fexxiv transitions listed in Table I have been calculated by Cowan 
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Fig. 16. Summed EDDT spectra near ~ 8 A for the flare of August 12, 1970. Lines identified as due 
to Fexxiv are indicated. The numbers above the emission features correspond to the numbered 
transitions in Table 1. Note the very weak unidentified lines (numbers 6 and 8) and the two groups (?) 

of stronger lines (numbers 3, 4 and 5). The identification of the stronger lines is also uncertain. 

(1971) with a Hartree-Fock computer code using intermediate coupling. The 0.2% 
disagreement in wavelength with the Hartree-Fock calculations is considered insig­
nificant (Cowan, 1971). The proposed identifications are based on the following: 

(1) Inner-shell transitions of Fexxiv are observed in flare spectra (see Figures 14 
and 15), so optical transitions are expected. 

(2) Hartree-Fock calculations give wavelengths which agree to within 0.2% with 
measured wavelengths. 

(3) During the decay phase of the August 12 event (cooling period), the lines identi­
fied as Fexxiv lines in Table I decreased in flux by approximately the same amount 
as the Lyman-a Sxvi line and other lines of highly ionized elements, while the flux in 
the other prominent lines in this region, e.g., lines at 8.15 A and 8.06 A, either de­
creased or increased only slightly in intensity. 

(4) The relative intensities of the Fexxiv lines are in general agreement with theo­
retical expectations. For example, the ratio of the Fexxiv (\s22p2P,/2iV2-\s

24s 2Sl/2) 
lines and the ratio of the Fexxiv (\s22p 2Pi/2-\s

24d2D5/2) line to the Fexxiv (ls22p 
2Pl/2-\s

24d 2D3I2) line are ~ 2 : 1 , in agreement with expectations based on statistical 
weights. 

These identifications of Fexxiv transitions appear to be definite, although blending 
of these lines with other weak lines in this spectral region cannot be dismissed at pres­
ent. Also note the line at 8.307 A that we tentatively identify as Fexxm. The identifi-
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cation is based on Hartree-Fock calculations by Cowan (1971). A more complete 
publication on this subject is in preparation by NRL. 

Finally, before leaving the subject of line identifications, we comment on the abso­
lute wavelengths given by the authors in Table I. The crystal spectrometers flown on 
satellites are calibrated before flight. Nevertheless, Table I shows some spread in the 
absolute wavelengths listed by the three groups. The methods of calibration may be 
found in the references at the end of the table. We comment here on the NRL wave­
lengths, only. Our experimental absolute wavelengths are presently not better than 
~0.02 A at the short wavelength end of the LiF and EDDT spectra, and not better 
than ~ 0.005 A at the long wavelength end due to a small misalignment of the instru­
ments in the spacecraft. In the middle of the spectra, the error lies somewhere between 
these extremes. Relative wavelengths, however, are more accurate, provided the lines 
compared are not separated by a large difference in wavelength. It is anticipated that 
better absolute wavelengths will become available. 

4. Spectral Characteristics 

A. RESONANCE LINES 

As mentioned in Section 3B, the strongest lines seen in flare spectra are the resonance 
lines of hydrogenic and helium-like ions. This observation is a consequence of the 
ionization balance in the flare plasma. For an optically thin, high temperature plasma 
in ionization equilibrium, the relative ion abundances are determined by the equations 
(Woolley and Allen, 1948), 

NtNzQz = NtNz+l(</z+l+<4+1), (3) 

which relate the number densities of ions of net charge z and z + 1 . In Equations (3) 
Ne is the electron number density, Nz is the ion number density of an ion with net 
charge z, Qz is the electron ionization coefficient (cm3 s~'), and <xr

z+, and a.z+, are the 
radiative and dielectronic recombination coefficients (cm3 s_ 1), respectively. Burgess 
(1964a) has shown that dielectronic recombination is an important process in the solar 
corona, and under the conditions in the solar atmosphere, both photoionization and 
three-body recombination may be neglected (Jordan, 1969). The validity of ionization 
equilibrium in flares is considered in Section 5A. For the present, semi-quantitative 
discussion, it is assumed that at least quasi-equilibrium is valid in the solar flare 
plasma. It is understood that non-steady state conditions may exist in flare plasmas. 
Nevertheless, assumption of a multi-thermal plasma allows temperatures to be esti­
mated which should approximate excitation conditions in different regions of the 
plasma. 

Solutions of Equations (3) for the relative ion abundances as a function of electron 
temperature have been obtained by a number of authors (House, 1964 (without dielec­
tronic recombination); Allen and Dupree, 1969; Jordan, 1969; Landini and Mon-
signori Fossi, 1970; Beigman et ah, 1971a). These solutions show that relatively low 
temperatures are sufficient to ionize elements lighter than calcium up to the helium-
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like ionization stage (7"«8 x 106 K), but higher temperatures are required to produce 
further appreciable ionization (TK 15 x 106 K). This is due to the substantially larger 
electron energies necessary to remove an electron from the K shell relative to the ener­
gies required to ionize from the L shell or M shell. The solutions also show that helium­
like ions can exist over a wide range of temperatures, and that as much as 95% of a 
particular element may be concentrated in the helium-like ionization stage. 

These theoretical results explain qualitatively most of the features of soft X-ray line 
emission during flares. The dominance of resonance lines of hydrogenic and helium­
like ions in flare spectra follows directly from a high electron temperature, or a non­
thermal equivalent. Line excitation in flares can be produced by electron impact ex­
citation (from the ground state in most cases) and dielectronic and radiative recombi­
nation followed by cascades. If for simplicity, electron excitation is considered to be 
the most important process, then Figure 17 gives the theoretical equilibrium emission 
rate for a number of resonance lines of hydrogen-like and helium-like ions as a func­
tion of temperature. If the flare region is assumed to be isothermal, then the ratio of 
any pair of hydrogenic to helium-like resonance lines of the same element gives the 
temperature. Ratios of lines of different elements may also be used to determine the 
temperature of an isothermal plasma, but errors will be introduced due to uncertain­
ties in the relative element abundances. The results in Figure 17 were obtained assum­
ing the EUV coronal abundances of Pottasch (1964), and ionization equilibrium was 
calculated from cross-sections in Seaton (1959), Burgess and Seaton (1964), and 
Burgess (1965). 

Figure 17 shows that the emission rate of each ion is asymmetric about the peak 
flux. The rapid rise in emission before peak flux is due to both an increase in the electron 

l l i l 
0 10 20 30 40 50 

10~6 T (K) 

Fig. 17. Theoretical emission coefficients of abundant solar elements under the assumption of 
collisional excitation. The emission functions are normalized to the silicon abundance. The coronal 

EUV abundances of Pottasch (1964) were used. 

o 
X 

o 
o 

https://doi.org/10.1017/S0252921100089971 Published online by Cambridge University Press

https://doi.org/10.1017/S0252921100089971


790 G.A.DOSCHEK 

excitation coefficient and an increase in the percentage abundance of the ion. The de­
crease of emission rate after peak flux is slower because the ion abundance decreases 
rather slowly due to further ionization, and the electron excitation coefficient con­
tinues to increase due to the rising temperature. 

Figure 18 shows the ratio of the emission rates of hydrogenic to helium-like ions as 
a function of temperature for several elements observed in flare spectra, under the as­
sumption of collisional excitation and an isothermal plasma. Temperatures of 
~50 x 106 K are required before emission from the Lyman-a line of Fexxvi is even 
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Fig. 18. The theoretical flux ratio of the resonance lines of hydrogen-like to helium-like ions for the 
elements indicated. Calculations assume that the lines are formed by collisional excitation. 

10% of the flux from Fexxv. Inspection of the spectra in Figures 7, 8, 9, 10, and 13 
shows that, under the assumptions given above, temperatures determined from line 
ratios in hot flares are typically ~ 20-30 x 106 K. (It is feasible to qualitatively compare 
resonance lines of hydrogenic ions to resonance lines of heliumlike ions in these figures 
even though the spectra are uncorrected for instrumental effects because these lines 
are relatively close in wavelength and instrumental edges are not involved. The error 
introduced is of the same order of magnitude as the errors due to present uncertainties 
in the ionization and recombination cross-sections.) 

The above spectra also show, however, that, as expected, the assumption of an 
isothermal plasma is not valid. For instance, in Figures 9 and 10 of the November 18, 
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1969 event, the calcium line ratio (LiF) indicates T,.x30 x 106 K, while the magnesium 
line ratio (KAP) gives TeK 10 x 105 K. It is assumed for the KAP spectrum that ~50 
percent of the emission blend ~9.17 A is due to the resonance line of Mgxi, and that 
the other 50% is primarily due to the intercombination and forbidden line of Mgxi. 
This assumption is consistent withboth observation and theory of the helium-like ions 
(Freeman et al, 1971). A detailed picture of the plasma temperature and emission 
measure structure, however, will require improvements in theoretical excitation, ioni­
zation, and recombination cross-sections and accurate corrections for instrumental 
efficiencies. 

B. HELIUM-LIKE IONS AND SATELLITE LINES 

While the hydrogenic and helium-like resonance line series dominate the soft X-ray 
spectrum below 8.5 A, Table I reveals a large number of lines identified as inner-shell 
transitions in Mg, Si, S, Ar, Ca, and Fe. Also, the intercombination and forbidden lines 
of helium-like ions are quite prominent. The identification of the helium-like lines and 
the satellite lines is discussed below. A discussion of intensity variations of these fea­
tures during flares is deferred to Section 5. 

The forbidden lines of helium-like ions were first identified in solar spectra by 
Gabriel and Jordan (1969a, b) from a comparison of laboratory and solar data. 
Gabriel and Jordan also observed a number of inner-shell transitions in laboratory 
data which they identified as lithium-like satellite lines of helium-like ions. These lines 
were produced in a theta-pinch plasma (Nex 1016 cm - 3 ) . By observing the time-histo­
ries of the satellite lines, Gabriel and Jordan were able to demonstrate that most of 
the lines were formed by dielectronic recombination to the helium-like ions. The ob­
served lines that cannot be formed by dielectronic recombination only appeared at 
higher electron densities; conditions under which collisional excitation of the lithium­
like ions may become important. 

In a further communication, Gabriel and Jordan (1969b) developed a theory based 
on the helium-like ions for deriving electron densities in active regions. The theory 
may also be applicable to flare plasmas. Briefly, Gabriel and Jordan assume that the 
helium-like ions are excited by collisional excitation at a temperature that corresponds 
to the maximum emission rate of the ions (see Figure 17). The 2 3S state is sufficiently 
long-lived for electron excitation from the 2 3S state into the 2 3P state to be impor­
tant, and therefore the intensity ratio of the forbidden line to the intercombination 
line is density dependent. Under assumptions regarding the relative excitation rates 
from the ground state into the 2 3S and 2 3 P levels, and the application of detailed 
balance, an expression was derived giving the forbidden to intercombination line ratio 
as a function of electron density. As to be expected, the ratio ranges from a maximum 
value (low density or zero density limit), and approaches zero for very large electron 
densities. 

The Gabriel and Jordan electron density theory and their observations of inner-shell 
transitions in lithium-like ions precipitated a search for satellite lines in flare spectra 
and investigations of the resonance, intercombination, and forbidden lines of helium-
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like ions (Walker and Rugge, 1970; Doschek and Meekins, 1970; Neupert, 1971a; 
Doschek et al., 1971a, b; Walker and Rugge, 1971). The results of the search for satel­
lite lines are reflected by Table I. Determinations of electron densities from observa­
tions of active regions and flares are summarized in Freeman et al. (1971). The main 
conclusions regarding electron densities are: 

(1) Measurements of helium-like lines of the comparatively heavier elements (sili­
con, sulfur) give higher electron densities (~ 1014 cm - 3 ) than are found for the lighter 
elements (1011 c m - 3 ; neon, oxygen). Since the heavier elements emit more efficiently 
at higher temperatures than is the case for the lighter elements (see Figure 17), these 
results indicate that high temperature regions are also at relatively high electron den­
sities. 

(2) The electron densities are quite large; about two orders of magnitude larger 
than densities determined by other methods. For example, an electron density of 
1014 c m - 3 is indicated for sulfur (Walker and Rugge, 1970; Freeman et al, 1971). 
In a recent review (Neupert, 1970) typical densities of 1013 cm"3 are cited for flare 
plasmas, as determined by the Gabriel and Jordan theory. Because of the surprisingly 
high values of electron densities determined from the helium-like lines, further ex­
perimental and theoretical investigations are necessary before these densities can be 
accepted at face value. 

With the exception of iron, and presumably elements such as nickel and chromium, 
the satellite lines observed in flare spectra are weak compared to the resonance lines 
of heliumlike ions. Even in the heavier elements, only the lithiumlike satellites produce 
substantial emission. Most of the satellite lines in Table I were first reported by 
Neupert (1971a) and Walker and Rugge (1971). The calcium satellites have been 
extensively investigated by the NRL group. The ability to resolve these features from 
nearby, intense lines, e.g., the forbidden lines of the helium-like ions, depends primar­
ily on instrumental characteristics. The weak satellites can only be observed in the 
most intense flares. 

Figure 13 shows many of the satellite lines reported by Neupert (1971a) and Walker 
and Rugge (1971) (see Table I for transitions), and additional satellite lines observed 
in the NRL spectrum. Walker and Rugge suggested that satellites to the hydrogenlike 
ions may also be present in flare spectra, and identified satellite lines of Mgxn in their 
data. NRL data in Figure 13 and Goddard data in Figures 20 and 21 show the first 
clear evidence of such features for silicon. In the NRL data the emission group on the 
long-wavelength side of the Lyman-a line of Sixiv is present in two spectral scans of 
this event. The long-wavelength 'edge' of the emission agrees with the wavelength of 
the lD helium-like satellite of hydrogenic silicon. Emission on the short-wavelength 
side of the 'edge' would correspond to emission from the 1S, 1P, and 3 P configurations 
of the doubly excited helium-like ion (Walker and Rugge, 1971). Table I gives the 
transitions suggested. It is extremely difficult to observe these lines because of their 
low intensity; the spectrum in Figure 13 (and companion scan) of the November 16, 
1970 event is the only spectrum obtained by the NRL group which shows unequiv­
ocally an emission feature on the long-wavelength side of the Sixiv line. On two 
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scans of the November 2 event, the ' D feature appears to be present, having about the 
same intensity as the second order calcium feature nearby. However, emission to the 
short-wavelength side of this satellite line ('S, ' P, and 3P configurations) is definitely 
absent. The NRL group has also possibly observed two of these transitions for mag­
nesium (see Table I) in the November 2, 1969 flare. 

High resolution observations of lithium-like satellite lines of the helium-like silicon 
ions have been made by Walker and Rugge (1971). An example of their data is shown 
in Figure 19. The Sixu (ls22s 2S-ls2s2p 2P) transition is clearly resolved from the 
forbidden line of Sixni. Present instruments do not have the ability to resolve the 2D 
satellite from the forbidden line, i.e., Sixu {\s22p 2P-\s2p2 2D), and this line is ex­
pected to be about the same intensity as the 2P line (Gabriel, 1971a). 
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Fig. 19. High resolution EDDT spectra near ~6.6 A and 7.8 A. Shown are the heliumlike lines of 
Alxn and Sixni. Other transitions identified as Sixu are also apparent. Note, in particular, the line 

identified as Sixu (ls22s 2S-\s2s2p 2P). Spectra courtesy of A. B. C. Walker, Jr., 
Aerospace Corporation. 

Figure 19 also shows an emission feature on the long-wavelength side of the forbid­
den line of Si xni identified by Walker and Rugge as Sixu (ls22s2Se-ls2s2p*P°). The 
same feature can be seen in the Goddard and NRL spectra of Figures 7, 9 and 13. 
Figure 13 shows these same transitions for calcium in the LiF spectrum. 

Figure 19 also shows data near 8 A obtained by Walker and Rugge (1971). The 
helium-like aluminum lines are well-resolved, and Walker and Rugge identify emis­
sion at 7.776 A as an inner-shell transition in Alxi. 

Other examples of suspected satellite lines in flare spectra are shown in Figures 20, 
21, and 22. The data in Figures 20 and 21 were obtained by Neupert (1971a) and show 
possible satellite lines of hydrogenic ions and satellites due to lithium-like transitions 
near the helium-like lines. The NRL data of Figure 22 show the Caxvm (Is22.? 2S-
]s2s2p 2P) satellite well-resolved from the Caxix forbidden line. 

From observations of neon, silicon, and sulfur, Walker and Rugge (1971) conclude 
that the ratio of the \s22s 2S-\s2s2p 2P satellite line to the resonance line of the he­
liumlike ion is 0.07 for neon, 0.16 for silicon, and 0.21 for sulfur. Neupert (1971a) 
concludes from similar observations that the ratio of combined emission from lithium-
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like and beryllium-like ions to the combined helium-like emission is 0.11 for silicon, 

0.20 for sulfur, 0.14 for argon, and 0.76 for iron. For these same elements, Neupert 

finds that boron-like emission is only 0.02 of the helium-like emission. From observa­

tions of the helium-like calcium group near 3.2 A, Doschek et al. (1971b) conclude 

Si XIV 
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Fig. 20. Possible helium-like satellites seen on the long-wavelength side of the Lyman-a lines of 
hydrogen-like ions. Spectra courtesy of W. M. Neupert, Goddard Space Flight Center. 
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Fig. 21. Spectrum showing possible satellite lines to Sixiv and Sixm. Also present is a strong second 
order spectrum of Caxix. By comparing the second order wavelengths of the calcium lines to the first 
order Lyman-a Sixiv line, accurate first order wavelengths of the Caxix lines can be derived (Neupert, 

1971a). Spectrum courtesy of W. M. Neupert, Goddard Space Flight Center. 
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Fig. 22. NRL OSO-6 spectrum of the resonance, intercombination, and forbidden lines of Caxix. 
Also shown is the Caxvm (\s22s 2S-ls2s2p 2P) satellite line. The data were fitted by a least squares 
technique described in Doschek et al. (1971b) that considers the instrumental profile and source size. 
The intercombination line is broader than the other lines due to /-splitting of the 23P level. Thus, the 

23Pi-\1So and 23Pi-VSo lines are observed, but the 23P0-l
1So transition is strictly forbidden. 

that the intensity ratio of the 2P lithium-like satellite to the resonance line of Caxix 
is ~0.3. The intensity ratio of the combined emission due to lithium-like and beryl­
lium-like ions of calcium relative to the combined emission due to the helium-like ion 
is ~0.2. For iron, Doschek et al. (1971a) find that the percentage emission due to 
inner-shell transitions appears to vary during flares. Typically, however, the intensity 
ratio of the 2P satellite to the resonance line of Fexxv is ~0.6. 

It should be mentioned that, due to blending with the forbidden lines of the helium­
like ions, the \s22p 2P-ls2p2 2D transition was neglected in deriving the above val­
ues. As previously mentioned, this transition should be about equal in strength to the 
2P transition. Also, removing the 2D line will alter the electron density determinations; 
the effect being to raise the densities determined by the Gabriel and Jordan theory. 

The conclusion obtained from observations of lithium-like satellite lines in active 
regions and flares is that the intensity of the satellites relative to the intensity of the 
helium-like lines increases with increasing atomic number. This observation is consis­
tent with the hypothesis that the satellites, as in the laboratory, are formed by dielec-
tronic recombination to the helium-like ion. Moreover, the relatively high intensity of 
the iron satellites may indicate that in the case of the heavier elements such as iron, 
and perhaps to a lesser extent for calcium and argon, collisional inner-shell excitation 
and/or ionization may also contribute substantially to the line strengths. 
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Although it appears that helium-like satellite lines are present in flare spectra, the 
low intensity of the observed features and small uncertainties in the wavelengths pre­
clude positive identifications in most cases until higher resolution observations 
with more sensitive instruments are obtained. Walker and Rugge (1971), however, 
regard their identifications of Mgxi satellite lines as quite certain. They also calculate 
the intensity ratio of the lD Mgxi satellite line to the Lyman-a line of Mgxn under 
the assumption that the lD level is formed by dielectronic recombination to Mgxn. The 
theoretical result compares well with their experimental intensity ratio. 

The following picture is indicated regarding the formation of innershell transitions 
in flare plasmas. For the light ions, such as magnesium and silicon, the electron tem­
peratures are too high for appreciable abundances of lithiumlike and lower ionization 
stages to exist. Therefore, collisional excitation of the lithium-like ion, for example, 
cannot compete with dielectronic recombination to the much more abundant helium­
like ion. Also, because autoionization probabilities are larger relative to stabilizing 
probabilities in the lighter ions than for the heavier ions, the satellite lines will be weak 
compared to the resonance lines of helium-like ions. For heavier elements such as iron, 
however, an appreciable abundance of Fexxiv, Fexxin, and Fexxn can exist at elec­
tron temperatures <20x 106 K. This factor, combined with the reduced autoioniza­
tion probabilities compared to stabilizing rates, may combine to produce the relative 
increases in satellite line strengths with increasing atomic number, and may explain the 
relatively intense satellites of iron. 

Furthermore, observations obtained to date do not appear to support a non-thermal 
interpretation (Blake and House, 1971) in which hot electrons impinge on a much cooler 
gas (~ 10 x 106 K) producing inner-shell excitations in an ion distribution character­
istic of the low temperature plasma. It appears likely that such a hot-electron compo­
nent would heat the low temperature gas within seconds (Spitzer, 1967) by elastic 
electron-electron Coulomb collisions and destroy the low-temperature ion distribution. 
Such effects are not observable with the time-resolution of existing instruments. In 
this regard, however, there have been some observations of satellite line enhancements 
during flares that may suggest a heating of cooler, surrounding plasma (Doschek el 
ai, 1971b). These observations will be discussed in Section 5. 

C. THE SOFT X-RAY CONTINUUM 

The soft X-ray continuum observed during solar flares is assumed to be produced 
primarily by free-free and free-bound processes in an optically thin thermal plasma. 
Based on this assumption, electron temperatures ~ 15-40 x 106 K have been estimated 
(Culhane and Phillips, 1970b; Meekins et ai, 1970; Neupert, 1970). However, it has 
been suggested that the continuum emission <3 A and > 1 A might contain a non­
thermal contribution due to either monoenergetic electrons or electrons distributed 
in energy according to a power law (Kahler and Kreplin, 1971; Elwert and H aug, 1970). 
Recent observations made by Tindo et al. (1970, 1971) show a marked polarization 
around 12 keV, i.e., ~ 1 A, during the initial 'flash' phase of intense flares, which is 
interpreted by them as emission from non-thermal electrons. If the hard X rays are 
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indeed produced by a non-thermal electron distribution, there is no contradictory 
evidence that these high energy electrons do not have a low energy cutoff extending 
beyond 1 A, and hard X-ray data obtained to date do not rule out this possibility 
(Kane, 1969; Kahler and Kreplin, 1971). However, the hard X-ray data indicate that 
such non-thermal emission should be observable only during the initial heating phase 
of flares and should last for only a few minutes. 

At present, therefore, it would appear that inspection of soft X-ray spectrometer 
data offers the best possibility of determining the source of the continuum. However, 
while it is true that the soft X-ray continuum has a spectral shape that is generally 
consistent with thermal emission (Culhane et al., 1969), a detailed comparison with 
theoretical thermal spectra is not presently feasible because: 

(1) the source region is multithermal (Meekins ei al., 1970; Beigman et al., 1971b; 
Neupert, 1970), which significantly complicates comparisons of observed and theo­
retical spectra, 

(2) the continuum recorded by crystal spectrometers is distorted by multiple dif­
fraction and poor time resolution, 

(3) proportional counters have poor spectral resolution, 
(4) uncertainties in theoretical cross-sections and relative abundances of the ele­

ments introduce uncertainties in the theoretical spectrum, and, 
(5) weak emission lines, and the two-photon continuum produced by the decay of 

the 2 ' 5 states of heliumlike ions and the 2 2S states of hydrogenic ions complicate 
the observed spectral distribution. 

Therefore, detection of a non-thermal component in the continuum above 1 A 
requires: (1) accurately calibrated crystal spectrometer measurements with high time 
and spectral resolution at selected wavelengths, (2) polarization measurements in the 
3 A range over the duration of an event, and (3) improvements in theoretical cross-
sections and determinations of solar element abundances. 

However, excluding the initial heating phase it appears likely that most of the ob­
served continuum is indeed thermal (Culhane, 1969). Electron temperatures determined 
from line to continuum ratios are consistent with temperatures determined from line 
to line ratios (Meekins et al., 1970; Neupert, 1970). 

Searches for radiative recombination edges in the continuum have been unsuccesful. 
The S xvi edge reported by Meekins and Doschek (1970) is probably an effect produced 
by the very weak (in the spectrum examined) Kxvm lines. Inspection of Figure 13, the 
most intense flare observed by the NRL group, does not show an obvious indication 
of the Si xv recombination edge at 4.65 A, an edge that might be expected at the high 
electron temperatures (~25x 106 K) determined for this event. The position of the 
edge is marked in the figure. Observation of this flare and observation of another in­
tense flare on August 12, 1970 during the decay phases of these events did not reveal 
any indication of the Sixv edge. Similarly, edges due to recombinations of other ions 
of silicon and other elements have not been detected. 

It is also difficult to detect continuum emission from the two-photon decay of the 2 1S 
and 2 2S states of heliumlike and hydrogenic ions, respectively. The low intensity, 

https://doi.org/10.1017/S0252921100089971 Published online by Cambridge University Press

https://doi.org/10.1017/S0252921100089971


798 G.A.DOSCHEK 

coupled with the broad emission maximum expected, and the weak lines and rapidly 
changing flux encountered in flare spectra, have so far precluded detection of these 
features. 

Meekins and Doschek (1970) have discussed continuum edges in the NRL spectra 
which apparently are not due to instrumental effects and cannot be produced by radia­
tive recombination. One of these edges can be seen ~2.8 A in the EDDT spectrum of 
Figure 9. An explanation was attempted in terms of radiative-Auger processes. How­
ever, it now appears that very weak emission lines may produce the effect of an edge 
over the wavelength ranges involved. 

D. ELEMENT ABUNDANCES FROM FLARE SPECTRA 

As of yet, there has been no quantitative attempt to determine element abundances 
from flare spectra. However, a qualitative estimate of relative abundances of certain 
elements can be made by inspecting Figures 7, 9, and 13. From the spectra in these 
figures, it is clear that the abundances of manganese is less than the abundances of 
nickel and chromium, and the abundance of nickel may be somewhat greater than the 
abundance of chromium, i.e., the excitation energy of nickel is greater than the excita­
tion energy of chromium. Similarly, the abundance of titanium is less than the abun­
dance of chromium and the abundances of all four of these elements are considerably 
less than the abundance of iron. Even with well-determined instrumental efficiencies 
and temporal effects in the data removed, the low intensity of the Ni, Mn, Cr, and Ti 
lines would make more quantitative estimates difficult. 

At longer wavelengths, it is apparent from the above figures that the abundance of 
potassium is much less than the abundance of calcium. The relative abundances of 
iron and calcium are difficult to infer from the spectra because of instrumental efficien­
cies and the greater excitation energy of iron. 

It also appears that the abundance of argon is somewhat less than the abundance 
of calcium, i.e., compare Arxvii and Caxix in Figure 7, and the Lyman-/? lines of 
Arxvii and Caxix in Figure 9. Finally, from a comparison of the Lyman-/? lines of 
silicon and aluminum in Figure 13, it is clear that the aluminum abundance must be 
less than the silicon abundance. 

From observations of the Fexxiv (\s22s 2S-ls24p 2P) lines at ~8 .0A and the 
Lyman-a Mgxn line at 8.421 A, it should be possible to determine the relative abun­
dances of iron and magnesium if the temperatures and emission measures of the plas­
mas producing the Fexxiv and Mgxn emission were known. Unfortunately, the tem­
perature and emission measure structures of flare plasmas have not been determined 
and assumptions must therefore be made in order to determine the relative abundance 
of iron to magnesium in this manner. If, for the NRL data of the November 2, 1969 
event, it is assumed that Fexxiv emission is produced at 25 x 106 K, and that the 
Mg XII line is formed in (a) an ~ 10 x 106 K plasma, or (b) an ~ 25 x 106 K plasma, then 
assuming equal emission measures for iron and magnesium in both cases, and that 
the lines are formed by collisional excitation, the iron to magnesium abundance is 
(a) 0.74, and, (b) 0.13. Both of these values are consistent with recent relative abun-
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dance determinations of iron and magnesium because of the large uncertainty in the 
iron abundance (Hauge and Engvold, 1970). Nevertheless, because of the assump­
tions necessary to calculate the abundance ratio from the flare data, these calculations 
should at present be regarded as nothing more than an interesting exercise. 

5. Time-Behavior of Spectral Emission Features During Flares 

A. IONIZATION EQUILIBRIUM AND LINE FORMATION 

Soft X-ray bursts differ markedly in overall timescales. As mentioned in connection 
with the broadband results (Section 3A), some bursts may evolve in a minute or less 
while others are detectable for hours after the initial enhancement of X-ray flux. To 
obtain a reasonable estimate of emission line behavior throughout an event from 
existing crystal spectrometer experiments, it is necessary for significant variations in 
line intensity to occur over time intervals of ~ five minutes. For time intervals 
shorter than this, important modulations in intensity might not be detected, while for 
longer time intervals, the spacecraft may enter darkness before appreciable variations 
in flux occur. Most of the instruments flown to date have not had the capability of 
observing intensity fluctations < 1 min. The exception is the instrument flown by 
Neupert et al. (1969) on OSO 3 which had the capability to monitor a line continuously 
with a time resolution of ~30 s. Figure 23 shows the iron-line blend at 1.9 A moni­
tored during the rise and decay of a large flare. Also shown is the time-history of a line 
at 11.8 A, which Neupert suggests may be due to Fexxn. (Conclusive evidence exists 
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profile. An indication of this inflection is seen in the 11.8 A line. Data courtesy of W. M. Neupert, 

Goddard Space Flight Center. 

https://doi.org/10.1017/S0252921100089971 Published online by Cambridge University Press

https://doi.org/10.1017/S0252921100089971


800 G.A.DOSCHEK 

that this line is due to a high iron ionization stage (Neupert, 1971b). However, the line 
could possibly be due to Fexxm, or Fexxi, although Neupert considers this unlikely.) 
There are two interesting features of these profiles. First, there is an inflection in the 
rising portion of the 1.9 A feature, which demonstrates that the heating of the soft 
X-ray emitting plasma is not necessarily uniform, and secondly, the peak flux in the 
longer wavelength line occurs later than the peak flux in the 1.9 A blend, and the decay 
of the longer wavelength line is slower than the decay of the 1.9 A blend. The NRL 
group has observed both kinds of behavior in the large flare of November 2, 1969, i.e., 
irregular increases in line strength and earlier peaking of the shorter wavelength lines. 
However, the variations described were observed for lines other than those above, and 
the actual changes in line intensity were quite different from the Goddard results. Ap­
parently, flares can differ markedly in detail; the November 2 results will be further 
discussed in Section 5B. 

An example of the differing time-scales encountered in soft X-ray events is shown in 
Figure 24. The Lyman-a Sixiv lines for these events were monitored discontinuously 
by the NRL OSO-6 spectrometers. The dashed lines indicate possible intensity behav­
ior between the data points. Also shown in Figure 24 are the uncorrected counting 
rates in the continuum underlying the silicon lines. Figure 24 shows that the Novem­
ber 15, 1970 event was more impulsive than the November 2, 1969 event; consequent­
ly, the indicated behavior between the data points is more uncertain for the November 
15 flare than for the November 2 event. It is interesting to compare these two events 
with the OSO-3 flare of Figure 23. 

Figures 23 and 24 suggest that the assumption of ionization equilibrium in flares 
should be carefully examined. If the flare plasma constitutes a current such that mass 
motion is significant over the time-scales involved in ionization and recombination, 
then a divergence term must be added to the ionization equilibrium equations (Neu­
pert, 1964). Also, if the heating and cooling time-scales are comparable to the time-
scales involved in achieving ionization equilibrium, then time-dependent ionization 
equilibrium equations should be used (Burton and Wilson, 1961). Present instrumenta­
tion is only marginally capable of detecting mass motions in soft X-ray flares; how­
ever, the effect of such motions may be approximated by using time-dependent 
equations. For each ion Nz, 

dN 
A- = Nc (JV,_ iQz- l + Nz+laz+l) - NCNZ (Qz + az). (4) 
at 

Equations (4) state that the net rate of change of the number density of an ion with 
net charge z is equal to the gain per unit time by ionization of ion Nz_l and total re­
combination to ion Nz + U minus the loss per unit time by ionization and total recom­
bination of ion Nz. 

To clarify the time-scales involved in reaching ionization equilibrium under condi­
tions in flare plasmas, Equations (4) were solved for silicon and sulfur under the fol­
lowing conditions. It is assumed that all of the silicon and sulfur is in the helium-like 
ionization stage at time t = 0. This is a resonable approximation for conditions in a 
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precursor, or a hot active region, i.e., electron temperatures ~ 10 x 106 K (see Section 
3A). It is also assumed that the plasma is instantaneously heated to 20 x 106 K at an 
electron density of 10u cm - 3 . The higher densities based on forbidden to intercombi-
nation line ratios will shorten the time-scales proportionately. 

The solutions of Equations (4) are shown in Figure 25. Plotted are the fractions of 
the total element abundances in the helium-like, hydrogen-like, and completely ionized 
ionization stages. For temperatures ~20 x 106 K the fraction of sulfur and silicon in 
lower ionization stages than heliumlike may be neglected for the purposes of this dis­
cussion. The horizontal lines represent the equilibrium fractions at 20 x 106 K. The 
cross-sections used in the calculations were the same as those used to obtain the results 
shown in Figure 17. 

From Figure 25, equilibrium is almost achieved in a time of 20 s. Similar time-
scales would apply to a gas that is cooling from 20 x 106 K to a lower temperature. 
For JVe=1012 cm - 3 , equilibrium would be reached in about one second, while for 
lower densities, equilibrium would be achieved on time-scales of the order of minutes. 
The temporary rise above the equilibrium value of the emission from the hydrogen-like 
ions of silicon and sulfur in Figure 25 is due to the dominance of ionization of the 
heliumlike ions over the ionization of the hydrogenlike ions during the initial phase of 
the heating. 

From the short times needed to reach ionization equilibrium for 7Ve>10" cm"3, it 
follows that a continuous injection of ions, or a current must exist in the flare plasma 
in order for a non-thermal ion distribution to be maintained and observed over the 
typical time-scales of Figures 23 and 24. Furthermore, confinement of the plasma 
must be minimal; or the emission measure of the thermalized ions would dominate the 
non-thermal contribution. Conversely, if the flare plasma is concentrated and con­
fined in magnetic ribbons and loops as is indicated by X-ray photographs, then 
the X-ray spectrum of the plasma can possibly be interpreted as thermal emission 
from a multitemperature source. On the other hand, for Ne appreciably less than 
10 u cm - 3 , some departure from ionization equilibrium may be observable. 

Another theoretical problem in interpreting line emission from flares is the mecha­
nism of line formation. Three processes can contribute to the line intensities: (1) col­
lisional excitation, (2) dielectronic recombination, and (3) radiative recombination. 
Cross-sections for collisional excitation of optically allowed lines have been derived 
from theory and laboratory data by Van Regemorter (1962). Radiative recombination 
coefficients a„! into the n, I levels of hydrogenic ions have been tabulated by Burgess 
(1964b). A comparison of these rates for the Lyman-a line of Sixiv at 20 x 106 K, for 
example, shows that the collisional excitation coefficient (C) is greater by a factor of 
~50 than the radiative recombination coefficient, i.e., C(l 2S-22P) = 5.2 x 10"12 cm3 

s ~ \ «2,i= ~ l -0x 10~13 cm3 s~1. Cascading from higher levels will not effect the re­
sult significantly. Under conditions of equilibrium, therefore, collisional excitation 
should dominate radiative recombination. This condition would be upset if line emis­
sion in flares is produced by highly ionized elements recombining in a very low temp­
erature plasma (Tx 5 x 106 K). Under these conditions radiative recombination could 
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be the dominant mechanism of line production. It should be possible with existing data 
to determine the importance of radiative recombination. For a pure recombination 
spectrum of silicon produced in a 20 x 106 K plasma, the ratio of Lyman-a Sixiv to 
Lyman-/} Sixiv is ~ 4 . If collisional excitation and dielectronic recombination are 
dominant, however, then the ratio would be about twice as large. 

The contribution of dielectronic recombination to the resonance line intensities is 
more difficult to estimate. Blake (1968b) and Walker and Rugge (1971) have discussed 
the process 

1* + e -» 2pnl -> Isnl + hv, n, / > 1, 

which theory indicates might produce radiation at resonance line wavelengths in 
hydrogenic ions (Burgess, 1965). Walker and Rugge (1971) suggest that the contribu­
tion of dielectronic recombination to line fluxes in flares may be significant for the 
heavier ions such as iron. Other dielectronic recombination processes that may lead to 
line radiation at wavelengths close to the forbidden lines of heliumlike ions have been 
suggested by Doschek and Meekins (1970). 

The importance of dielectronic recombination in flare plasmas needs further clarifi­
cation. For example, if the dielectronic recombination rates into specific autoionizing 
levels of lithium-like ions can be accurately calculated, then, from observations of re­
sonance lines of helium-like ions and the associated lithium-like satellites, it will be pos­
sible to calculate the electron temperature of the plasma producing the helium-like line 
emission (Gabriel, 1970). 

B. OPTICALLY ALLOWED LINES 

Resonance line behavior during soft X-ray bursts has already been illustrated in 
Figures 23 and 24. Resonance line behavior during the November 2, 1969 event, 
deduced from NRL OSO-6 spectra, is discussed below. 

Eight spectral scans were obtained of the limb flare of November 2, 1969 during the 
time of peak X-ray flux in the hydrogen-like and helium-like emission lines. An analysis 
of the lines of hydrogen-like and helium-like magnesium ions has been given by Kreplin 
(1970), and the helium-like calcium lines and the iron-line blend near 1.9 A have been 
considered by Doschek et al. (1971a, b). The data show that the peak intensities in the 
iron, calcium, and magnesium lines were not coincident; the iron-line blend peaked 
~ 1040 UT, the calcium lines peaked a few minutes later, and the hydrogen-like mag­
nesium line peaked ~ 1100 UT. The obvious explanation of these effects is that the 
flare plasma is cooling, therefore progressively favoring emission from ions that exist in 
equilibrium at lower temperatures. 

A sample of the silicon and sulfur data for this event is shown in Figure 26. The data 
are uncorrected counting rates taken from the NRL EDDT spectrometer, and the 
numbers over the emission features correspond to the numbered transitions given in 
Figure 26a. As the flare progresses, Figure 26 shows that the intensity of the Sixm 
{\s2 xS-\s3pxP) line increases relative to the intensity of the Sixiv (ls2S-3p2P) line, 
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Fig. 26. Portions of the NRL EDDT crystal spectrometer spectra for six scans of 
the November 2, 1969 limb flare (OSO 6). 

i.e., Lyman-/?, and that the Sxv group gains in strength relative to the silicon lines. 
This observation is also consistent with a cooling plasma, regardless of the mechanism 
of line formation. In Figure 26f, the Sixm (ls21S-ls5piP) line is quite pronounced. 

Unfortunately, instrumental correction parameters for the NRL OSO-6 spectro­
meters are still in preparation. Also, it is not valid to apply the NRL OSO-4 instrumen­
tal parameters (see Figure 4) to the OSO-6 instruments because the mica window in the 
OSO-6 detector is considerably thicker than the OSO-4 window. The lines in Figure 26, 
however, are sufficiently close in wavelength to compare relative intensities. The 
intensity ratio of the Lyman-/? Sixiv line to the Lyman-y Sixiv line is ~2.8, which is 
not in serious disagreement with either the ratio expected assuming collisional excita­
tion and dielectronic recombination (~3.3 at an assumed temperature of 20 x 106 K) 
as the dominant excitation process, or radiative recombination as the main process, 
which gives a ratio of ~2.3 at 20 x 106 K. The low counting rates in these lines pre­
clude precise determinations of line ratios. 

Figure 27 shows the time histories of the Lyman-a lines of silicon and sulfur and the 
time histories of the resonance lines of the corresponding helium-like ions. Again, the 
conclusion that the flare is cooling, at least after 1050 UT, is clear from the behavior 
of the silicon lines. The fairly abrupt increase of a factor of ~ 2 in the intensity of the 
resonance line of Sixm~ 1040 UT appears to be real because time-history plots of the 
Sixm (Is21S-\s3p 1P) and Sixm (Is2 1S-ls4p 1P) transitions shown in Figure 26 ex-
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Fig. 27. Time-histories of the Lyman-a: lines of silicon and sulfur and time-histories of the corre­
sponding helium-like resonance lines from NRL spectra of the November 2, 1969 event (OSO 6). 

hibit the same effect. Figure 27 also shows that the peak flux in the Lyman-a Sixiv line 
occurs about seven minutes later than the peak flux in the Lyman-a Sxvi line, and that 
the helium-like sulfur line decreases in intensity after 1100 UT while the intensity of 
the resonance line of helium-like silicon continues to rise. The intensity ratios of the 
Lyman-a lines compared to the resonance lines of the helium-like ions of silicon and 
sulfur are shown in Figure 28. The ratios plotted have been determined by applying 
NRL OSO-4 instrumental correction parameters to the OSO-6 data, and therefore are 
uncertain. Nevertheless, it is clear from the figure that both the silicon and sulfur 
ratios decreased by about a factor of two in the time interval between ~ 1030 UT and 
1110 UT. The decrease in the sulfur ratio appears fairly uniform, and the dip in the 
silicon ratio is due to the increase in the Sixm lines discussed above. Figures 27 and 28 
give strong support to the conclusion that the temperature of the flaring plasma de­
creased throughout the period of our observations. If the mechanism of line formation 
is assumed to be electron impact excitation, then the observations indicate a temper­
ature change greater than 5 x 106 K between ~ 1030 UT and 1110 UT. Definite tem­
peratures cannot be assigned until instrumental corrections are available. Finally, we 
note that the second order iron-line data of this event shown in Figure 29 also support 
the cooling hypothesis, because the line to continuum ratio of the resonance line of 
Fexxv is much larger near the beginning of our observation period (Figures 29a and 
29b) than near the end of the observations (Figures 29g and 29h). (We note that most 
of the continuum in Figure 29 is first order continuum, i.e., radiation ~3.7 A. Thus, 
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from NRL spectra of the November 2, 1969 event (OSO 6). 
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Fig. 29. NRL second order iron spectra from the limb flare on November 2, 1969 ~1040 UT 
(OSO 6). The numbers above the emission features correspond to the numbered transitions in Table II. 
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we are comparing the relative emitting strength of the plasma at ~ 1.9 A to emission 
~3.7 A, and a decrease in this ratio indicates a decreasing electron temperature.) 

The data from the November 2, 1969 event, apart from indicating a general cooling 
of the flare plasma between ~ 1030 UT and 11 10 UT, also show that several temper­
ature regions must exist in the flaring regions. Line ratios of magnesium lines indicate 
temperatures that are ~ 15 x 106 K less than temperatures found from calcium and sul­
fur line ratios. Application of instrumental corrections to the raw data will probably 
not alter the conclusion that the magnesium lines are emitted in a cooler plasma than 
the silicon and sulfur lines. Therefore, it is possible that the cooler plasma regions ac­
tually were heated while the hotter portions cooled. The data presented above do not 
eliminate this possibility. When the OSO-6 instrumental parameters are determined, it 
may be possible to intercompare the magnesium, aluminum, silicon, sulfur, and cal­
cium lines, estimate the temperature and emission measure structure of the plasma and 
investigate changes in this structure during the evolution of the flare. 

Finally, we note that the increase in flux of the calcium and iron lines over part of 
the time interval in which sulfur and silicon line ratios indicate a cooling of the plasma, 
implies that the emission measure of the hotter plasma regions is increasing during at 
least part of the cooling phase; a result that is in agreement with similar conclusions 
based on Horan's analysis of broadband detector data discussed in Section 3A. The 
NRL data for the November 2 event indicate that the physical structure of the emit­
ting plasma is quite complex, i.e., compare the behavior of the resonance lines of 
Sixiv and Sixiu in Figure 27. Continued study of the soft X-ray spectrum of this flare 
and others should provide more insight into the dynamical processes governing solar 
flare plasmas. 

C. HELIUM-LIKE LINES AND RELATED SATELLITE LINES 

Several groups have reported changes in electron density during flares using the for­
bidden to intercombination intensity ratios (Walker and Rugge, 1970; Doschek and 
Meekins, 1970; Neupert, 1971a). The Walker and Rugge data refer only to times near 
flares; the discussion is therefore limited to the NRL and Goddard results. 

Neupert (1971a) observed a decrease in the forbidden to intercombination line 
strengths of Sixiu during a large flare on February 27, 1969 compared to the pre-flare 
value. The ratio varied by ~40% from a pre-flare value of ~2.6 to a value of ~1.6 
during the flare. (The actual ratios are subject to error, however, as present instrumen­
tation cannot resolve the lithium-like satellite (2D) that nearly coincides in wavelength 
with the helium-like forbidden line.) The data used in this analysis are shown in Fig­
ure 30. Neupert (1971a) deduces electron densities of 1014cm~3 for the Sixm lines 
during this event, and concludes that electron densities generally increase during the 
intense phases of flares. 

This conclusion appears to be inconsistent with previous OSO-4 observations 
(Doschek and Meekins, 1970) which have been interpreted as showing a decrease in 
electron density during a large flare on November 16, 1967. However, the NRL ob­
servations were made during the cooling phase of the flare, i.e., the flux in the 1 A to 
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Fig. 30. Pre-flare and flare emission of the resonance, intercombination, and forbidden lines of 
Sixni. During the flare, the intensity ratio of the forbidden to intercombination lines has decreased. 
Note in the preflare spectrum that emission is recorded from two active regions on the Sun. The flare 
occurs in region 1 and the flux overwhelms contributions from region 2. Spectra courtesy of W. M. 

Neupert, Goddard Space Flight Center. 

8 A region was decreasing. Since it is reasonable that flare densities, if indeed higher 
than active region densities, eventually return to pre-flare values, the NRL observa­
tions are not necessarily at variance with the Goddard results. However, we note here 
that the data presented in Doschek and Meekins (1970) were reduced using only ap­
proximate values for the thickness of the mica window on the detector. Therefore, the 
absolute values of forbidden to intercombination line ratios given in the table in 
Doschek and Meekins (1970) should be disregarded. Also, the sulfur data presented 
may suffer from instrumental effects, as the low intensity of the forbidden line in 
Figure 3 (2146 UT) has not since been observed in other NRL spectra. Nevertheless, 
the indicated increases in the line ratios of silicon as the flare progresses still appear to 
be valid observations, but the interpretation of these changes as due to fluctuations of 
electron density is open to question. 

More refined observations are needed to establish accurate forbidden to intercombi­
nation line ratios (free from satellite blends); and, indeed, to establish whether or not 
variations in the forbidden to intercombination line ratios actually occur during flares. 

Intensity variations of satellite lines during flares are difficult to detect because of 
their low intensity and proximity to stronger lines. Doschek et al. (1971b) have studied 
the helium-like calcium lines and related satellites during the November 2, 1969 flare 
discussed in Section 5B. Their observations indicated an enhancement of the calcium 
satellites after the resonance line of Caxix reached peak flux, and a small (~20%) 
increase in the intensity ratio of the combined forbidden and intercombination line to 
the resonance line of Caxix as the event developed. No statistically significant change 
in the forbidden to intercombination line was observed. 
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Figure 31 shows the time-histories of the resonance, intercombination, and forbid­
den lines of Caxix, and the time-history of the Caxvni (\s22s 2S-\s2s2p 2P) satellite 
line for the November 2 event. Also shown is the result of subtracting out the intensity 
of the Caxvni (\s22p 2P-\s2p2 2D) satellite line from the emission at the wavelength 
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Fig. 31. Time-histories of the resonance, intercombination, and forbidden lines of Caxix from 
NRL spectra of the November 2, 1969 event (OSO 6). Also shown are the time-histories of the Caxvni 

(ls22s 2S-\s2s2p 2P) satellite and the forbidden line, modified as described in the text. 

of the forbidden line. Since these lines are too well-blended to resolve individual in­
tensities, it was assumed in subtracting out the 2D satellite that this line was of the 
same intensity as the Caxvni 2P satellite (Gabriel, 1971). Therefore the resultant time-
profile should be regarded with considerable caution. 

Figure 31 also shows that the Caxvni 2P satellite peaks later than the helium-like 
lines, with the exception of the emission at the wavelength of the forbidden line. How­
ever, if the 2D line is removed as described, then the remaining emission peaks at 
nearly the same time as the resonance line of Caxix. A different display of the data is 
shown in Figure 32. Plotted are the ratios of the forbidden, Caxvm satellite, and the 
intercombination line to the resonance line of Caxix. The data are plotted as a func­
tion of scan. The times corresponding to each scan may be found in Figure 31; the 

https://doi.org/10.1017/S0252921100089971 Published online by Cambridge University Press

https://doi.org/10.1017/S0252921100089971


810 G. A. DOSCHEK 

first scan corresponding to the earliest time. Figure 32 shows more clearly than Figure 
31 that the Caxvm satellite was enhanced after the time of peak flux in the Caxix res­
onance line. However, the error bars are quite large; further observations in other flares 
are clearly desirable. 

® l s 2 - l s 2 p 3 P | 2 

3 4 5 6 7 
SCAN NUMBER 

Fig. 32. Ratios of the intensities of the intercombination, and unmodified (see text) forbidden lines 
of Caxix to the Caxix resonance line from NRL spectra of the November 2, 1969 event (OSO 6). 

Data are plotted as a function of scan. The scans correspond to the data points in Figure 31. 

Other calcium satellite lines also show an enhancement after the time of peak flux in 
the Caxix resonance line for this particular event. Figure 33 shows the lithium-like and 
beryllium-like satellites on the long-wavelength sideoftheCaxix forbidden line. After 
1050 UT, a definite enhancement is apparent. However, due to the low intensity of 
these lines, observations of a number of events will be required to confirm the reality 
of these variations, and to establish whether or not such variations are present in all 
flares, or depend on specific plasma conditions. Neupert (1971a) has also observed 
enhancements of similar lines as in Figure 33 but for magnesium rather than calcium. 
However, Neupert does not observe an enhancement in intensity after peak flux in the 
Mgxi lines. Instead, the magnesium satellites are generally enhanced during flare ac­
tivity and appear to mimic the behavior of the Mgxi lines. 

Figure 34 shows the ratio of the sum of the forbidden and intercombination lines to 
the resonance line of Caxix. A small increase in this ratio is apparent as the flare pro­
gresses. It appears likely that this increase is actually due to the 2D satellite discussed 
above. Doschek et al. (1971b) attributed the enhanced satellite line intensity after peak 
flux in the Caxix lines as an effect of dielectronic recombination. Further theoretical 
and observational work is needed, however, before this conclusion can be convincingly 
established. 
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Fig. 33. Inner-shell transitions of calcium seen during the decay phase of the November 2, 1969 
event (NRL spectra, OSO 6). The strong lines near 3.22 A are part of the helium-like line complex 
(see Table I). The line (or lines) near 3.24 A are the satellites mentioned. A broadening of this structure 
by one crystal step toward the forbidden line is especially apparent in the 1111 UT scan, and may 

be due to Caxvn. 
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Fig. 34. The intensity ratio of the sum of the forbidden and intercombination lines of Caxix to the 
resonance line of Caxix from NRL OSO-6 spectra of the November 2, 1969 event. A small increase 

of the ratio is indicated as the flare progresses. Compare with Figure 31. 
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Doschek et al. (1971a) have also observed apparent variations in innershell emission 
of iron (~ 1.9 A) compared to emission of the Fexxv resonance line. Figure 35 shows 
second order iron-line data for a number of flares. The numbers above the transitions 
correspond to the numbered transitions in Table II. A comparison of Figure 35b with 
Figure 35f (same flare) indicates an increase in Fexxn emission (transition number 10) 
relative to Fexxv emission (transition number 1) as the flare cools. Similarly, a com­
parison of Figure 35e and 35f (different flares) indicates a greater amount of Fexxu 
emission relative to Fexxv emission. 

Vl/VLr- t iooo 

16 V 

Fig. 35. NRL OSO-6 second order iron spectra of four large flares observed with the LiF spectro­
meter. The numbers above the emission features correspond to the numbered transitions in Table II. 
Note the two peaks attributed to the J = 3/2, 7—1/2 lines of the first excited 2P state of Arxvm. 

Transitions 5 and 6 are indicated only on Figure 35a, but they also apply to the other spectra. 

However, inspection of the spectra of the different flares in Figure 35 between 
1.850 A and 1.874 A indicates a fundamental similarity in these emission features from 
flare to flare. For example, we find an average ratio ~0.5 for the intercombination line 
to the resonance line of Fexxv. Also, Neupert and Swartz (1970) have not detected 
changes in the distribution of intensity between Fexxv and Fexxiv in different flares. 
It is reasonable to postulate that the basic similarity in the emission features exists 
because the Fexxiv satellite lines are probably primarily produced by dielectronic re­
combination to Fexxv, and, therefore, if the fractional abundance and flux of Fexxv 
decreases, the flux in the Fexxiv lines must also decrease. However, some of the emis­
sion in Fexxiv may be produced by innershell excitation ot Fexxiv, and this contribu­
tion could vary from flare to flare. 
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Qualitative variability of emission among the ionization stages of iron may also be 
observable in first order during intense flares in which the counting rate in the 1.9 A 
feature is large. Figure 36 shows the first order iron emission profiles obtained from 
the intense flare of August 12, 1970. A second order scan is shown in Figure 35e. Other 
second order scans did not reveal statistically significant emission features due to the 
rapid drop in flux of the iron lines during the decay phase of this event. These scans 
were made ~ 1037 UT, four minutes after the scan shown in Figure 36c. 

165 1.90 1.95 2.00 2 05 
WAVELENGTH (A] 

95 200 205 

Fig. 36. NRL first order iron spectra (OSO 6) from a large limb flare on August 12, 1970. The 
feature ~2.02 A coincides in wavelength with helium-like and Ka inner-shell emission from highly 

ionized manganese. No significant emission at the wavelength of the Fen Kcv inner-shell 
line is apparent. 

Two features are noticeable in the scans of Figure 36: (1) the double peak structure 
is primarily identifiable with the resonance line of Fexxv (short wavelength peak at 
1.850 A) and the Fexxiv satellite features ~ 1.865 A (longer wavelength peak); al­
though considerable blending of these features occurs in first order. In Figure 36a, the 
Fexxv peak at 1.850 A is greater than the 1.865 A peak while in Figures 36b and 36c 
the reverse situation obtains. The shift in maximum intensity of the peaks supports an 
increase of emission from lower ionization stages of iron relative to Fexxv, and, (2) 
Figures 36b and 36c exhibit a long wavelength tail to the Fexxv feature which appears 
more pronounced relative to the 1.850 A peak than in Figure 36a. However, lines are 
too numerous and well-blended to attempt a separation in terms of contributions from 
individual lines. Nevertheless, these data also support a relative increase in emission of 
lower stages of ionization (> 15% of the total emission). 

It should be mentioned, however, that recent results presented by Gabriel (1972) at 
this meeting show that Fexxiv satellites are also coincident in wavelength with the 
Fexxm and Fexxn innershell lines. Therefore, the present situation regarding line 
identifications in this spectral region is unclear. 
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6. Further Comments 

In order to determine the direction of future investigations, it is important to consider 
the relationship of the soft X-ray flare spectrum to other observations. For this purpose 
the current picture of the flare phenomenon, resulting from the recent X-ray observa­
tions, is briefly summarized below. The part of the discussion concerning hard X-ray 
(2<1 A) data is necessarily limited. More detailed discussions can be found in the 
in the literature cited. 

The following sequence of events appears to be characteristic of most intense X-ray 
flares. A flare usually begins with an enhancement of soft X-ray flux. Shortly there­
after (~ 1 min) a hard X-ray and microwave burst occurs, e.g., De Jager (1968) and 
the soft X-ray flux begins to increase rapidly. The hard X-rays and microwaves reach 
maximum flux before the soft X-rays, and begin to decrease in intensity while the soft 
X-ray flux is still increasing. 

The time-histories of the hard X-ray and microwave bursts mimic each other closely 
in detail, suggesting that these bursts are produced by the same energetic electrons, 
e.g., Holt and Ramaty (1969). These electrons are generally interpreted as non-thermal 
in origin (Kahler, 1971; Kane and Donnelly, 1971), and produce hard X-rays by 
bremsstrahlung and microwaves by the synchrotron mechanism. 

From the hard X-ray and microwave data, and assumptions concerning the ambient 
plasma and magnetic field, it is possible to derive a distribution function for the initial 
high energy electron population. Present data appear consistent with a power law dis­
tribution in energy for the accelerated particles, e.g., Kane and Anderson (1970). 
However, an arbitrary high energy cut-off is required to explain the observed decrease in 
flux above ~ 100 keV. The data can also be successfully fitted with Maxwellian distribu­
tion functions, although a multithermal source is required (Kane and Anderson, 1970). 

Many of the hard X-ray bursts can be subdivided into two components (Frost and 
Dennis, 1971). The first component, which precedes the second component in time, 
is impulsive and lasts for ~ 1 min. The second component is more slowly varying, and 
its time-profile resembles that of the soft X-ray emission. The total duration of the 
second component is comparable with the duration of the soft X-ray burst. 

The emission spectrum of the second component is fully consistent with a power law 
distribution in energy for the accelerated particles up to the highest observed energies 
(~250keV; Frost and Dennis, 1971); and is therefore interpreted as non-thermal. 
Because a non-thermal interpretation of the impulsive first component requires an un­
explained high energy cut-off, it has been suggested (Chubb, 1970) that the impulsive 
burst, or 'spike event' is produced by a multitemperature thermal source at temper­
atures of ~ 108 K. 

Apparently, some of the energetic particles that produce the impulsive hard X-ray 
event can precipitate downward heating the chromospheric plasma. During subse­
quent cooling, extreme ultraviolet emission is produced by radiative recombination 
and collisional excitation of the chromospheric ions, and this radiation produces an 
SFD enhancement at the Earth (Kane and Donnelly, 1971). 

https://doi.org/10.1017/S0252921100089971 Published online by Cambridge University Press

https://doi.org/10.1017/S0252921100089971


THE SOLAR FLARE PLASMA: OBSERVATION AND INTERPRETATION 8 1 5 

Shortly after the impulsive hard X-ray burst reaches peak flux, the soft X-ray event 
reaches maximum flux and begins to gradually decay. Figures 5 and 6 illustrate the 
general behavior of the soft X-ray flux, which also resembles the time-profiles of the 
second component of the hard X-ray burst (Frost and Dennis, 1971). The soft X-ray 
event is usually accompanied by an Ha flare as described in Section 3A, which suggests 
a close connection between these phenomena despite the differences in physical con­
ditions that must exist in the emitting plasmas. It is not presently clear whether cooling 
by radiation or conduction is more important during the decay phase of the soft X-ray 
event, because the relative efficiencies of the mechanisms depend heavily on the elec­
tron density and geometry of the emitting region (Culhane et ai, 1970). 

From the broadband observations of hard X-rays, and broadband and crystal spec­
trometer observations of soft X-rays, the following conclusions appear to be valid. The 
hard X-ray data indicate that a continuous in situ heating or injection of electrons into 
the flare region is necessary over the duration of the hard X-ray burst; and a similar 
continuous injection or heating of electrons is necessary over part of the time of the 
soft X-ray burst as well (Kahler et ai, 1970; Horan, 1971; Lin and Hudson, 1971). 
(Radiative losses with no heating or injection would produce considerably different 
X-ray time-profiles than are actually observed.) From the observation that the soft 
X-ray burst follows the hard X-ray burst closely in time and is much less impulsive in 
appearance, it has been suggested by many authors, e.g., Neupert et al. (1969) that the 
energetic electrons that produce the hard X-rays heat the surrounding ambient plasma 
to the a; 30 x 106 K temperatures determined by the spectrometer data, thus producing 
the soft X-ray event, and perhaps indirectly inducing the Ha event as well. In this 
sense the soft X-ray emission has been regarded as a by-product of the flare mechanism 
that may give little, if any, information on the actual trigger and acceleration mecha­
nisms of solar flares (Zirin, 1971). 

This simplified picture of the flare phenomena, however, is improved when recent 
photographic and spectroheliographic observations of soft X-ray flares are considered. 
Figure 37 shows an X-ray photograph of a flare obtained by the AS & E group 
(Vaiana et ah, 1968). Their analysis of the original negative revealed that the soft X-ray 
emission is confined to small filaments or threads, which were definitely related to the 
magnetic neutral line of an Ha filament. Just prior to the onset of the flare, this fila­
ment underwent a disparition brusque. Also, the appearance of the X-ray flare strik­
ingly resembles the appearance of the Ha event. The smallest discernable soft X-ray 
filaments are about 2" across and separated by 5". The total volume of the X-ray emit­
ting region is estimated by the AS & E group as > 1028 cm3. From broadband and 
crystal spectrometer data (Horan, 1971; Meekins et al., 1970; Neupert, 1970), the 
emission measure of soft X-ray events is on the average «104 9 cm~3, implying an 
electron density for the flare observed by AS & E of « 3 x 1010 cm3, if the emission is 
uniformly distributed throughout the emitting plasma. The photograph, however, 
shows that the most intense part of the emission is confined to ribbons and filaments, 
indicating that the actual electron density in the filaments may be greater than average 
values determined from estimated emission measures. 
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Fig. 37. An X-ray photograph in the 3 A to 13 A band of a flare on June 8, 1968. Also shown are 
photographs in Ha and CaK, and the magnetic field configuration. The X-ray photograph is diago­
nally across from the magnetic field diagram; the Ha photograph is above the X-ray picture and the 
CaK photograph is to the right of the X-ray photograph. One inch corresponds to ~ 1.2 min. Photo­

graph courtesy of A. S. Krieger, American Science and Engineering. 

Recent Russian observations (Beigman et ai, 1969; Beigman etai, 1971 b) made from 
the U.S.S.R. Cosmos-230 spacecraft confirm the existence of filamentary structures in 
the soft X-ray flare region. The Russian observations reveal that the hotter emitting re­
gions are confined to filament-like structures, and also that these structures exhibit 
rapid brightness fluctuations in time. The temperatures in the filaments and be-
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tween the filaments vary from ~ 17 x 106 K to ~ 8 x 106 K, consistent with crystal 
spectrometer data. 

Other Soviet observations confirm the conclusion that the soft X-ray emitting re­
gion has an extremely complicated fine structure with large variations in physical con­
ditions occurring over very short linear distances.Vasiljev et al. (1971) scanned a flare 
in one dimension with a broadband detector sensitive to X-rays in the 8 A to 12 A 
band, and a quartz crystal spectrometer that monitored emission from the resonance 
line of Fexxv at 1.850 A. The data show that the broadband emission followed the 
Fexxv emission fairly closely over the flare region, even down to features <20" in 
width. Since emission in the 8 A to 12 A band must contain considerable contribu­
tions from plasma < 15 x 106 K, and the Fexxv emission is produced by plasma near 
25 x 106 K, these observations appear to be consistent with the Cosmos-230 results 
indicating that cooler regions are interspersed among the hotter filaments. 

Finally, further confirmation of spatial fine structure in X-ray flares was obtained by 
Thomas and Neupert (1971) from ion chamber (2 A to 8 A, OSO 5) data taken during 
the total solar eclipse of March 7, 1970. The paths of the Moon during occultation and 
deoccultation of the flare region were nearly orthogonal, so that a two-dimensional 
picture of the flare could be constructed. As with the AS & E photographs and the 
Russian data, the variations in ion chamber flux could be accounted for by assuming 
that the X rays were emitted in a loop-like (filamentary) structure. This structure had a 
very sharp boundary in one dimension; such that a 50% change in flux occurred over 
~400 km on the solar disk. 

From the above discussion it is clear that a complex magnetic field structure exists 
in the flare plasma. It also follows that the soft X-ray spectrum is actually a composite 
spectrum due to emission from all the filaments. In this regard observations such as are 
illustrated in Figures 23 and 27 are interesting, in that they probably represent changes 
in large numbers of filaments presumably interconnected by magnetic fields. 

Clearly, future spectrometers for the study of solar flares should be designed with 
high spatial and temporal resolution. Such collimated instruments would be able to 
observe changes in individual filaments, and from appropriate line ratios, it should be 
possible to determine the degree of particle entrapment in the filaments, i.e., by deter­
mining the relative importance of collisional excitation, dielectronic recombination and 
radiative recombination. These observations, accompanied by high resolution photo­
graphs, should greatly add to our knowledge of the evidently complex interaction be­
tween high temperature plasmas and magnetic fields. Since the trigger mechanism that 
initially induces the flare event must involve an interaction between plasmas and mag­
netic or induced electric fields, experiments such as these will be of great benefit in 
shedding light on the acceleration mechanism itself. Furthermore, the variety of plas­
ma conditions found in solar flares provides a fertile field for the investigation of 
atomic processes in fully ionized plasmas. Hopefully, the observations described in this 
review and subsequent, future observations will increase our understanding of this 
important topic. 

In summary, current data of soft X-ray flares obtained by crystal spectrometers, 
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grazing incidence X-ray telescopes, and spectroheliographs indicate that the soft X-ray 
flare region is characterized by a complicated set of filamentary structures, apparently 
interconnected by magnetic fields. The temperatures and electron densities appear to 
vary strongly in space and time over this network. Temperatures in the filaments range 
from wlOx 106 Kto « 3 5 x 106 K, and electron densities may range from x 109 cm - 3 

to 1014 cm - 3 , although the high values of x 1014 c m - 3 indicated by the forbidden to 
intercombination line ratios of heliumlike ions should be regarded with considerable 
caution. If the flare observed by AS & E is typical, then total volumes of the flare re­
gion are «10 2 8 cm3. 

Crystal spectrometer data support laboratory observations (Gabriel and Jordan, 
1969a) that dielectronic recombination is an important process in flare plasmas, thus 
confirming the importance of the process to coronal theory in general. From the ob­
served weakness of innershell transitions in ions with four or more electrons, it ap­
pears that non-thermal line excitation of cooler plasma by a hot-electron component 
is not an efficient mechanism in flare plasmas, and that some degree of thermal equili­
brium is achieved in the filaments. This conclusion is supported by the observation of 
Vasiljev et al. (1971) that the ion temperature of Fexxv in flares is approximately 
equal to the electron temperature. Future observations of the soft X-ray flare plasma 
promise to greatly increase our understanding of plasma physics, and therefore, to 
increase our knowledge of astrophysical phenomena in general. 
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DISCUSSION 

A. H. Gabriel: With regard to your correction of the Ca xix forbidden line for the 2P-2D Ca xvm blend, 
my recent calculations predict an intensity ratio for (2P-2Z))/(25-2P) of 1.6 rather than the 1.0 given 
by LS-coupling theory. Critical examination of all the solar spectra observed still provide no firm evi­
dence for K shell emission of ions lower than the lithium-like stage, in contrast to the situation in 
laboratory spectra. My recent calculations predict for example a weak lithium-like \s22p-\s2s2 satellite 
doublet in the same region as the expected Fexxii (K) lines. If this suggestion is upheld, then there is a 
fundamental difference between the iron spectra of laboratory sources and solar flares. High spectral 
resolution in both would be very valuable. 

G. A. Doschek: I agree that higher spectral resolution is necessary. The satellite lines in flare spectra 
are generally weak, and this makes accurate wavelength measurements difficult. Perhaps the emission 
observed by NRL at the wavelength of the Fexxii K line is a blend of Fexxiv and Fexxii. The obser­
ved emission feature is too broad to be due to a single line. 

Z. Svestka: Did you compare the X-ray time development with that in Ha? If these are similar, 1 
don't understand why that in Sixm should deviate from it. 
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G. A. Doschek: No. This event was a limb flare and the Ha burst actually occurred behind the 
limb. However, the X-ray flux in the 2 A to 8 A region, which is mostly due to continuum radiation, 
usually shows a correlation with the development in Ha, if a coincident Hct flare is observed. Still, one 
would not expect all the resonance lines to exhibit a similar time variation. The Sixm line is formed 
at ~ 10' K, while the other lines I showed are more indicative of higher temperature plasmas. The 
Sxvi line has a maximum emission efficiency at ~ 2 x 10' K. The continuum emission, however, is 
due to the contributions from all temperature regions and apparently exhibits an average behaviour 
that parallels the Ha development. 

A. B. C. Walker: One additional remark on the observation of satellite lines from lower stages of 
ionization than lithium in flares. I have seen a preprint by Dr Neupert which shows spectra from an 
unusually large flare, and he has identified a number of lines as due to satellites in beryllium-like ions. 
The evidence he presents seems rather convincing to me. 

G. A. Doschek: Yes, I have also seen that preprint. I have incorporated his lines and identifications 
in the wavelength table included in this review paper. However, I still think higher resolution and more 
data are required to establish the presence of these ions unequivocally in flare spectra. 
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