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ABSTRACT

We have studied the time evolution of BCS spectra of He - like S XV, Ca XIX
and Fe XXV ions observed by the Yohkoh satellite for solar flares on 6th
September 1992 at 05:05 (M2.4 class) and 08:59(M3.3 class). Electron
temperatures are derived through the fit of the synthetic spectra to the observed
ones. Apparent ion temperatures are derived from the line width of S XV and Ca
X1IX spectra. The blue shifted component in the rising phase is separated from the
main component of the Ca XIX spectra. The emission measures are derived from
the spectra without assuming ionization equiiibrium and solar abundances for the
first time. The time variation of these parameters are compared with hard X-rays,
soft X-rays and radio measurements. In the preheating phase, the moderate
increase of thermal plasma with turbulence indicated from the line width is
observed. The time evolution of the blue shift component coincides with that of the
burst in hard X-rays and microwaves which are produced by non - thermal high
energy electrons. The ion density ratios derived from the spectra show a time -
dependent non equilibrium ionization. They are shifted from the equilibrium values

indicating an ionizing plasma.
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1. Introduction

Bragg crystal spectrometer (BCS) experiments on board the Yohkoh satellite
launched in August in 1991 have been providing X-ray spectra of He-like Ca XIX,
S XV and Fe XXV ions (Lang et al, 1992, Doschek et al, 1992). The Yohkoh BCS
is about an order of magnitude more sensitive than previous X-ray flare
spectrometers and 18 able to measure the early stages of flare in detail. The X-ray
spectra are observed in the initial phase before the rapid increase of the flux.
During the rising phase large line broadening of Ca XIX spectra are detected. An
increase of the electron temperature from 1.4 to 2 keV in the rising phase is
obtained by Fe XXV spectra. This detection was difficult with previous
spectrometers. These measurements during the rise phase give new information
which contain the flare model.

In this paper we present a detailed spectral analysis of time dependent BCS
data for the solar flares on Sep. 6, 1992 at 05:05 (M2.4 class) and 08:59 (M3.3
class). These two flares give the very similar result from BCS spectra and we
present mainly the analysis of the 05:05 flare which was observed also with soft X-
ray telescope (SXT) and the hard X-ray telescope (HXT) on board Yohkoh and the
Nobeyama Radioheliograph.

In the initial phase before the rising phase, the thermal emission are detected.
In the rising phase very broad spectral shape of Ca XIX resonance line is observed.
We separated the blue shift component from the main component in the rising phase
and derived the ion temperatures and the emission measures. These parameters are

compared with hard X-rays, microwaves and soft X-rays.

2. Atomic Data and model

We have constructed a code to calculate the synthetic spectra of He-like ions

including satellite lines. This model is based on the collisional radiative (CR) model



of He-like ions (Fujimoto and Kato, 1984) for the line intensities emitted from the
singly excited states. This model includes the recombination contribution from the
H-like ions as well as the excitation from He-like ions for an arbitrary H/He - like
ion abundance ratio. The dielectronic satellite lines as well as the inner shell satellite
lines are added to the spectra. We also have included the continuum emission (free -
free emission, free- bound emission) (Mewe et al, 1985, 1986) in the spectra. For
the spectral fit, we did not assume the ionization equilibrium for the ion ratios, and
the best spectral fit is obtained with non-equilibrium abundance ratios.

The excitation, the inner shell excitation, ionization and recombination rate
coefficients have been evaluated by Itikawa et al(1995) for Yohkoh BCS data. We

have used these data in our program. For the excitation rate coefficients of He-like

S ions, the data by Zhang and Sampson (1990) are used for 1 'S >2 1P, , 2 3p,

and 2 180 and Nakazaki (1993) for 1 1S > 2 381 transitions. For the dielectronic

satellite lines the wavelengths and intensities calculated by Safronova given in Kato
et al(1995) are used in this paper. The wavelengths of the excitation lines and the
satellite lines by Safronova with MZ method and by Cornille with AUTLSJ method
were compared in Kato et al(1995). The intensities of the satellite lines are also
compared in this report. The temperatures derived using these two different
atomic data sets differ by about 10%. For the inner shell excitation rate
coefficients, data by Bely-Dubau et al (1982) for Li-like Fe ions and Itikawa et al
(1995) for Li-like Ca and S ions are used respectively. For the inner shell excitation
cross sections of Be-, B- and C-like Fe ions, the data by Safronova given in Kato et
al(1995) are used.

For spectra of Fe XXV, the dielectronic satellite lines for n = 3 have
wavelengths near the resonance line and have intensities much lower than those of
the n = 2 satellite lines (j, k) as shown in Fig. 1. The inner shell satellite lines of Li-
like, Be-like and B-like ions are shown by dotted curves in Fig.1. On the contrary,

for S XV the intensities of dielectronic satellite lines for n = 3 are almost the same



as those of n = 2 satellite lines as shown in Fig.2. We can understand this from the

fact that the intensities of the dielectronic satellite lines are proportional to Q4

Q= gWAAJEA, +Z A) (1)
where A and A,{1 are the radiative transition probability and autoionization rate
from the upper state and g(u) is the statistical weight of the upper state. For n = 2

satellite lines Qd oc Ar oc Z% because A, > A, on the contrary for n =3

satellite lines, Qd ~ constant because A21 < Ar where Z is the charge of the ion.
Then for n =2 Qd is much larger than for n =3 for high Z ions, but for low Z

the difference is small. In the He-like sulphur spectra obtained from Yohkoh, the
forbidden line(z) and the n = 2 satellite lines (j, k) can not be resolved as shown in
Fig.2, where the contribution of the dielectronic satellite lines are shown by dashed

lines. Therefore in the case of Fe XXV spectra we derive T, from the ratio of w to

k,j while for S XV we use the ratio of w to n = 3 satellite lines.
3. BCS spectral analysis

A Voigt line profile is used for the spectral fit. The Lorenzian parameters for
Fe XXV, Ca XIX and S XV derived from the observed spectra during the decay
phase are 0.0003, 0.00013 and 0.00027A which give the FWHM 0.00015, .000075
and 0.000135 A, respectively. These values are compared to those expected from
the crystal rocking curve, .000206, .0003889 and .00137A respectively (Fludra,
1994). The small additional broadening due to the noise of the electronics are
assumed to have a Gaussian shape. The FWHM values are 0.000526A, 0.000294A
and 0.0001A, respectively (Fludra, 1994). For Fe XXV spectra this broadening is
not neglected to derive the ion temperature from the spectral broadening.

From the fit of the synthetic spectra to the observed spectra we can obtain



several plasma parameters as described in the following sub sections. Since the
wavelengths are set for the flare at the center of the Sun, the observed wavelengths
depends on the position of the flares and are generally shifted from the absolute

values.

i) Electron temperature (Te)

We have derived the electron temperature mainly from the intensity ratio of
the satellite lines and the resonance line. For Fe XXV spectra, spectral range is
rather wide from the He-like resonance line (1.85A) to the B-like satellite lines
(1.89A) as shown in Fig. 1. For the southern hemisphere flares, we can measure C-
like satellite lines. The temperature is derived mainly from the resonance line (w)
and the dielectronic satellite lines (j). For Ca XIX spectra, the resolution is much
better than Fe spectra and the spectral range is short from resonance line (3.177A)
to the intercombination line(3. 2A). The electron temperature is mainly decided by
the intensity ratio of the resonance line and the n = 3 dielectronic satellite lines near
the resonance line. For S XV spectra the resonance line w ( 5.04A),
intercombination lines x and y and the forbidden lines z (5.10A) are observed as
shown in Fig.2. The wavelength of the n = 2 satellite lines are close to the
forbidden lines and cannot be separated. Then the electron temperature is mainly
decided by the n = 3 satellite lines as in the case of Ca XIX spectra. The intensity of
the intercombination and forbidden lines are also temperature dependent and we use
these intensity ratios for S XV spectra. We include H-like ions for the S XV spectral
fit. The contribution of the recombination from H-like ions to the forbidden line is

about 20% which is shown by dotted line in Fig.2.

1i) Ion temperature (Ti) and blue shifted component

The 1on temperature is derived mainly from the broadening of the resonance

line.

In the rising phase, Ca XIX spectra show much larger broadening than
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expected from the electron temperature and the average wavelength of the
resonance line is shifted to blue side comparing to that in the decay phase. We tried
to fit the broadening with two components: a main component and a blue shifted
component. The wavelength of the main component 1s fixed as that in the decay
phase through all the time. The blue shifted component is determined to fit the rest
of the main component. Then the wavelength shift, the apparent ion temperature
and the intensity are obtained. We can derive the relative velocity of the blue shifted
component from the shift of the wavelength to the main component.

The line widths of the S spectra change considerably from the beginning of
the flare fo the maximum as Ca spectra. It is considered that the lines from the
different active regions overlap at the very early initial phase when the intensity of
the lines from the flare are very low. There is an influence of turbulence on the

line width in the rising phase.

iii} Ion abundance
a) IW/IC
From the intensity ratio of the resonance line (IW) to the continuum (IC), the

ion abundance ratio n(He-like ion)/n(H) can be derived using the electron
temperature obtained from the spectra, where n(He-like ion) and n(H) are the
densities of He-like ion and hydrogen, respectively. In order to know the
contribution of the spurious background in the continuum emission, we plotted the

observed continuum intensity I, of three spectra in the same period. The intensities
of I (Fe XXV, ~1.83A) and I (Ca XIX, ~3.173A) are generally on the line of the
same temperature in the rising phase and decay phase. IC(S XV, ~5.08A) 1s
generally larger than the intensity expected from I (Fe) and I (Ca). This is
reasonable because [ C(S) is emitted from not only the solar flares but also from

active regions where the temperature is low ( 500 eV), while I (Fe) and | C(Ca)



come from only solar flares where the temperature is high ( >1 keV). Then we can
not use S spectra to derive the ratio n(He-like ion)/n(H).
by 1/1

From the intensity ratio of the resonance line (I, to the inner shell satellite

lines (IS (ls2 251 2pm > 15 25" 2pm+1)), the ion ratios can be derived. From Fe

spectra we can derive the ion ratios of the n(Li-like), n(Be-like) and n(B-like) to
n(He-like 1on). From S spectra we can derive the ratio n(Li-like ion)/n(He-like ion)
from the inner shell satellite line of Li-like ions.

For S speciral analysis we inciuded the contribution of H-like ions through
recombination, since the H-like ions are expected in high temperature plasma in
solar flares. We did not assume 1onization equilibrium to determine the ion

abundances. All the ion density ratios are obtained from spectral fit.

iii) Volume emission measure (EM)

The observed line intensity Iw is written as,

2 1ol

_ - 2 = -
L, = ewn(He-hke 10n)neV/(41tr ) photons c¢m ST

= ¢, (n(He-like ion)n(@)@@)/n(H)mE)n )n, 2V/idnr?)  (2)

= &, (n(He-like ion)/n(H))(n(H)/n )n ezw(:mz) 3)
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where € is the emissivity (cm s'l) of the line w, n, electron density, n(Z) and

n(H) are the densities of the element of Z and Hydrogen, V the volume where the

line is emitted and r is the distance from the earth to the sun.

Usually the emission measure nezV is derived assuming ionization




equilibrium for n(He-like ion)/n(Z) and element abundance for n(Z)/n(H) to be the
solar abundance from eq.(2). But we have derived the emission measure from
eq.(3) using the ion abundance n(He-like ion)/ n(H) derived from the spectra as
described in the previous section without assuming the ionization equilibrium and

solar abundance.
4. Time evolution of the plasma parameters

The time evolution of the integrated flux of the three different BCS spectra
are shown in Fig.3(a) together with hard X-ray counting rate and microwave
(17GHz) brightness in Fig.3(b) and (c). The fluxes of Fe XXV, hard X-ray and
microwave show the similar time behaviour whereas those of Ca X1X and SXV
delay. The dashed line in Fig. 3 (c) s the circular polarization degree measured in
microwave (17GHz). Fig. 4 shows the images in soft X-rays, 17GHz microwaves
and white light. Fig.4(a), (b) and (c) show the soft X-ray images for the initial
phase, the rising phase and maximum phase, respectively. Fig.4 (d), (¢) and (f) are
comparison between the flare loop in soft X-rays (contour) and a 17GHz image in
the initial phase, a white light image and a map of longitudinal B (magnetic field),
respectively. We can see one of the foot point of the flare loop coincides with the
sunspot where the magnetic field 1s strong. Furthermore this footpoint coincides
with the radio source.

Time dependent spectra are classified into four phases as follows. We show
the spectra of each phase in Fig. 5, 6 and 7 for Ca XIX, Fe XXV and S XV ions,
respectively.

1) Initial phase (05:10 - 05:13)... Counting rates are very low, almost constant and
increase gradually with time. The Ca XIX spectra show the line broadening of
about 2 keV larger than the electron temperature which is around 1 keV. From the

Fe XXV spectra from 05:12:00 - 14:00, Te = 1.3 keV is obtained , although the

statistics are bad. For S XV spectra, the higher ion temperature than Ca XIX are
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observed but it is considered due to the contribution of other active regions. The

3

emission measure in the initial phase is about 2 x 1047 cm™3 from Fe XXV and Ca

XIX. The gradual increase of soft X-rays and microwaves are also observed
during this period.

2) Rising phase (05:13 - 05:16)... Counting rate begins to increase very rapidly.
The flux of Fe XXV increases very rapidly comparing to that of S XV. The flux of
Fe XXV begins to decrease when the flux of Ca and S are still increasing as shown
in Fig. 3 (a). This indicates that the high temperature plasma is made very rapidly
and is cooled very rapidly as well. The electron temperatures increase following the
increase of the counting rate. Line widths become broader than those in the initial
phase and the blue shifted component appears obviously at the beginning of the
rising phase. The hard X-rays which is considered to be produced by high energy
electrons begins to increase rapidly almost at the same period. The hard X-ray
counts reach the maximum value when the blue shifted component stops to increase.
Time behavior of microwave brightness is similar to that of hard X-rays after the
rising phase and the polarization degree of the radio source decreases down to 20 %
until the maximum phase.

3) Maximum phase (05:16 - 05:18) ... Counting rates of Ca XIX and Fe XXV
reach the maximum as well as the electron temperatures. Line widths of the main
component become narrow indicating no turbulence. The blue shifted component is
still seen but the ratio to the main component is small (about 20%). Hard X-ray
and radio emission begin to decrease in the beginning of this phase.

4) Decay phase (05:18 - 05:25)... The electron temperature decreases from 2 keV
to 1 keV as well as the counting rates. The ion temperature of Ca spectra becomes a

little larger than that in the maximum phase to be around 1.6 keV.

1) Electron temperature (Te)

The time evolution of the electron temperature
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T, derived from each ion are shown in Fig. 8. The maximum electron temperature
from Fe XXV, T (Fe), is 2 keV at about 1 min. before the maximum of Te(Ca). and

1 - 2 min. before the period when the counting rates are maximum. The value

Te(Fe) is higher than Te(Ca) and Te(Ca) is higher than Te(S) in the rising phase.
The value of Te (S) in the initial phase is very low due to the contribution of other

active regions but reaches the maximum to 1.6 keV in the maximum phase which is

the temperature of the flare. The values of Te(Fe) and Te(Ca) coincide in the decay

phase. The electron temperatures dertved from the SXT data with A10.1p and
A112u filters are also shown in Fig. 8. SXT total means the value from the whole
flare region and SXT loop means only from the flare loop. The electron

temperature derived from the SXT data is much lower than those from BCS data.

i1) Ton temperature (T;)

Ca XIX spectra in the initial and rising phase show broad line width which
indicate more than two blue shifted components (Doschek et al, 1992) as shown in
Fig. 5. The average center of the wavelength of the resonance line in the rising
phase is shifted to the blue side comparing to those in the decay phase. We tried to
fit the spectra with two components; the main component and the blue shifted
component. The wavelength of the main component is fixed as that in the decay
phase through all the time. During the rising phase the apparent ion temperature of
the main component is about 3 keV whereas that of the blue shifted one is around 6
keV which indicate the turbulence of 140 km/s and 220 km/s respectively. The
relative velocity of the two components is derived to be 140 km/s from the

wavelength shift of 1.4x1073A. The relative velocity goes down to 100 km/s
towards the maximum phase.

The apparent ion temperatures derived from the main component of Ca XIX

and S XV spectra are shown in Fig.9 together with the electron temperature as a
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function of time. The ion temperature 2 keV from Ca XIX, T.(Ca), in the initial

phase indicates that the turbulence (100 km/s) begins before the increase of the X-
ray flux. The line broadening including the main and the blue shifted component
reaches the maximum value at the beginning of the rising phase (05:14) and
decreases towards the maximum phase. The ion temperature decreases from 035:14
towards the maximum phase and reaches the value close to the electron temperature
in the decay phase. This indicates the themalization occurs in the maximum phase.

Ti(Ca) goes down and reaches the value to be around 1 keV lower than the electron
temperatures T, = 1.7 keV. This might be due to the saturation effect of the
spectral shape due to the high counting rate. The larger value T;(S) than T;(Ca) in

the initial and the rising phases is considered due to not only the effect of the

turbulence but also the other active regions for S XV spectra.

iii) Emission measure (EM)
The volume emission measure nezV is derived without assuming ionization

equilibrium and solar abundance as explained in Sec. 3 (iii). The derived emission
measures (EM) from two different spectra of Fe and Ca are shown in Fig. 10. The
emission measure derived from S spectra, EM(S), has no meaning, since the

continuum emission in § spectra includes the contribution of active regions and the

intensity ratio IW/I c does not give th correct value n(Z)/n(H). The values of

EM(Ca} and EM(Fe) agree well each other in all the phases including the rising

phase. When the ionization equilibrium is assumed, the derived [EM(Fe)] eq from
eq.(2) is generally smaller than [EM( Ca)] eq and [EM(S)] eq by more than factor

of two. This indicates the non equilibrium ionization in solar flares as will be seen

in the next section on abundances. In Fig. 10, the derived [EM] eq from only the line

intensity assuming the ionization equilibrium are also plotted for Fe, Caand S. The

solar abundance for n(Fe)/n(H), n(Ca)/n(H) and n(S)/n(H) are taken to be 5 x
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10’5 ,5x 10'6 and 2 x 10'5 , respectively to derive [EM] eq The emission measures

derived from SXT for the total flare and for the loop are also plotted in Fig.10.
They are larger than those derived from BCS. This is considered due to the low
temperature from SXT as shown in Fig.8.

It scems that the intensity of the blue shifted component reaches the
maximum before the maximum phase and only the main component increases
afterwards as shown in Fig.10. The ratio of the blue shifted component to the main
component is about 20 - 30 % at the beginning and increases up more than 100%.
But this ratio decreases from the end of the rising phase and the blue shifted
component disappears in the main component after the maximum phase as shown in

Fig.10. This behaviour is similar to hard X-ray and radio emission.

iv) Abundances
The density ratios n(Fe XXV)/n(H atom) and n(Ca XIX)/n(H atom) are
derived from 1./1, as explained in Sec.3 (iv). They are plotted in Fig. 11 as a

function of the electron temperature. The dotted lines in Fig. 11 indicate the
ionization equilibrium values; {n(He-like)/n(H)] eq ™ [n(He-like)/n(Z)] eq (n(Z)/n(H))
where n{Z)/n(H) 1s solar abundance of the element Z. The values of abundance
n(Z)/m(H) are written in the figures. The derived values in the rising phase and the
decay phase are not the same for the same temperature. For S XV spectra, the
continuum intensity includes the emission from lower temperature active regions
than solar flare, although the line emission is emitted mainly from solar flare. Then
the derived values of n(S XV)/n(H atom) do not give the correct values.

The ion density ratios n(Fe XXIV)/n(Fe XXV), n(Fe XXIII)/n(Fe XXV),
n(Fe XXII)/n(Fe XXV), and n(S XIV)/n(S XV) are derived from the line intensity
ratios of the inner shell satellite lines to the resonance line. The ratio of H-like ion
to He-like ion, n(S XVI)/ n(S XV), is also derived from spectral fit mainly from the

ratio of the resonance line and the forbidden line including the contribution of the
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recombination from H-like S ions. The density of H-like ion is comparable to that
of He-like ion after the maximum phase. The denived values are plotted as a
function of electron temperatures for each ion in Fig. 12 (a) and (b). These values
are derived only from the line intensity ratios without continuum emission. The
ratios in ionization equilibrium are plotted by dotted lines. More detailed discussion

will be in Sec. 6.

5. Comparison with Soft X-ray, Hard X-ray and Microwave data

i) Pre - heating

From Ca XIX and Fe XXV spectra, SXT data and radio emission, it is
indicated that the thermal plasma around 1 keV is created in the initial phase (05:11
- 05:13) before the rapid increase of X-ray flux. This is so-called 'pre-heating'.
Fig. 13 (a) shows the flux increase in the initial and rising phase. During the time
period from 05:12:00 to 05:13:30 the soft X-ray flux shows a gradual increase and
Fig. 4(b) shows that this increase corresponds to the slight brightening of the flare
loop. The brightness at 17 GHz shows similar increase to the soft X-rays. By
contrast, after 05:13:30, microwaves and hard X-rays show an abrupt increase due
to non-thermal high energy electrons and soft X-ray brightening follows them.

Before the preheating (until 05:12) there has been a bright point at 17 GHz
above the sunspot, which corresponds to one of the footpoint of the flare loop. The
microwave emission from the sunspot is due to gyro-resonance emission from
thermal plasma in a strong magnetic field; this emission shows strong polarization
of about 50%. The strong polarization is kept during the pre-heating. This fact
suggests that the radio emission during the pre-heating is also due to the thermal
plasma, not due to the high energy electrons. The degree of polarization lowers to
20% after 05:14, since the microwaves in this petiod are mainly due to gyro-
synchrotron emission by high energy electrons.

From the above results we conclude that the pre-heating is a thermal
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phenomenon without high energy electrons. The analysis of Ca XIX spectra shows
the higher ion temperature of 2 keV than the electron temperature 1 keV( Fig.

13(b)) because of the turbulence. Therefore the turbulent thermal plasma is created

in the pre-heating phase.

ii) The rising phase and the blue shift component

In the rising phase the blue shifted component in Ca spectra begins to
increase around at 05:13:30 and hard X-rays and microwaves begin to increase
rapidly almost at the same period. The blue shifted component increases until the
maximum phase. The hard X-ray counts reach the maximum value when the blue
shifted component stops to increase at 05:16. The blue shift component shows a
similar behaviour to the hard X-rays and the microwaves; this is consistent to the
results of Bentley et al (1994). This fact suggests that the evaporation of
chromospheric matter is correlated to the non - thermal electrons. The hard X-ray
counts begins to decay earlier than BCS flux.

It is observed that hard X-ray and microwave fluxes begin to increase
abruptly earlier than SXT by about 30 sec. as shown in Fig.13(a). Fe XXV flux
increases rapidly similar to hard X-ray and S XV spectra increases slowly like the
SXT data. This indicates that Fe XXV spectra are more correlated to high energy
electrons than S XV spectra.

The time behaviour of the polarization degree is similar to that of the relative
velocity of the blue shifted component obtained from Ca XIX which is shown in
Fig. 13 (b). The decrease of the relative velocity of the blue shift component

indicates the thermalization of the plasma.

6. Ton abundance and solar abundance

The density ratio n(Ca XIX)/n(H) and n(Fe XXV)/n(H) in the rising and the

decay phases at the same temperature do not show the same value as shown in Fig.
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11. The values in the rising phase is always smaller than those in the decay phase.
Generally the value n(He-like)/n(H) increases in the rising phase and reach the
maximum value near the temperature maximum. The period when the flux reaches
the maximurm 1s indicated as "peak” in the figures. Sylwester et al.(1984)
interpreted this variation to be the abundance variation during the flare. We do not
consider these variations due to the abundance variation but variation of the
ionization degree. The dashed curves in Fig.11 show the ratios n(He-like)/n(H) in

the ionization equilibrium assuming the solar abundances which are indicated in

Figures. If we assume the solar abundance n(Ca)/n(H) = 4 x 10'6, and n(Fe)/n(H) =

2x 107 , the derived values are in the ionization equilibrium only for the period
05:16:17 - 05:17:47 and 05:15:47 - 05:17:47 for Ca and Fe ions, respectively. In
the decay phase the ratios again deviate from the ionization equilibrium. This
phenomena can not be interpreted in the closed system. Because the recombination
time is less than 10 sec., the ion abundances should be always in ionization
equilibrium in the decay phase. Therefore it is considered that there is some flow
and/or escape of the highly ionized ions. Another possibility of the deviation is due
to the high energy electrons. We will investigate these effects in the next paper.

If we assume the ionization equilibrium at the maximum phase when T,

reaches the maximum value, abundances are obtained to be n(Ca)/n(H) = 4 x 10'6

and n(Fe)/n(H) =2 x 10'5 which are compared to the solar abundances n(Ca)/n(H)

=3 x 100 and n(Fe)/n(H) = 4 x 10 from Meyer (1985).

The ion abundance ratios n(Fe XXIV)/n(Fe XXV), n(Fe XXIII)/n(Fe XXV)
and n(Fe XXII)/n(Fe XXV) derived from Fe XXV spectra are always larger than
those in the ionization equilibrium as shown in Fig.12(a). This result indicates that
the ionization balance is not in ionization equilibrium in solar flares although this
problem has to be discussed more carefully with the atomic data (Itikawa et al,

1995, Kato et al 1995). We had the same results for the flare on January 21st. 1992
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(Kato et al, 1993). Antonucci et al(1987) obtained the similar results from MSS
BCS Fe spectral data. They interpreted the deviation due to the error of the
ionization rate coefficients. We consider this is due to the non equilibrium
ionization which are similar to the problem on the ratio n(He-like)/n(H). The
plasma is considered to be in an ionizing phase even in the decay phase.

The emission measures derived from Ca and Fe spectra by eq.(3) without
assuming the ionization equilibrium give the similar results as shown in Fig. 10.

The emission measure [EM(Fe)] eq from Fe spectra by eq.(2) assuming the

ionization equilibrium is smaller more than factor of three than that without
assuming the ionization equilibrium as shown in Fig. 10 by a dashed line. This

indicates also non equilibrium ionization for Fe ions.
7. Discussion

i) Energetics

The relation between the energy of non - thermal electrons and that of the
thermal plasma is discussed here. Emission measures are derived without assuming
the ionization equilibrium using the line intensity of the resonance line and the

continuum. The values of EM(Fe) and EM(Ca) show aimost the same values within

30% during all the phases. From EM = 10 42 cm™3 at the maximum phase, using

the scale of the flare 20000 km x 10000 km? (V=2x 1027 cm3), the average

3

electron densityn, = 7 x 1019 cm™3 is obtained. The thermal energy content, 3

nekTeV is 1 x 1030 erg for T, = 1.7 keV. The thermal X-ray radiation energy of

the flare is about 6 x 1028 erg for EM = 10%? cm™3 and the flare duration time =

10 min. The energy of the high energy electron { > 20 keV) estimated from hard

X-ray flux is about 4 x 1028 erg/s at the peak point of the flux. This value gives
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the electron energy about 3 x 1030 erg during the flare for 1 min. duration This
shows that the non- thermal electron energy is comparable or larger than the
thermal energy.

The total energy of high energy electron in the rising phase at 05:14:30 is

1028 erg/s. The energy of the blue shift component for the relative velocity of 100

kmy/s is estimated to be about 3 x 1027 erg at 05:14:30 using EM = 2 x 1048 cm3

and V = 5 x 1020 cm3 for the loop. The relative velocity can be increased if the

direction of the blue shift component is not perpendicular to the surface. However
we can say that the energy of the high energy electron is larger than that of the blue

shift component. The thermal electrons in the rising phase is estimated to be 3 x

1037 electrons from the loop volume of SXT. The high energy electrons is

0*1E -8 electrons (keV s)‘l from HXT. Using this spectrum the

036

expressed as 2 x 1

high energy electrons around 10 keV is about 4 x 1 electrons for 10 seconds.

This is about 10% of the thermal electrons in number.
ii) Ion abundances

The density ratios n(Ca XIX)/n(H) and n(Fe XXV)/n(H) show the time
dependent history; the values in the rising phase are smaller than those in the decay
phase. This indicates the non equilibrium ionization of He-like ions. The ion density
ratios of Fe ions, n(Fe XXIV)/ n(Fe XXV), n(Fe XXII)/n(Fe XXV) and n(Fe
XXII)/ n(Fe XXV) are also shifted from the values in ionization equilibrium
indicating ionizing plasmas. The derived value of n(Fe XXII)/ n(Fe XXV) is quite
small comparing to other ion ratios as shown in Fig.12. This is due to the same
wavelength of the dielectronic and inner shell satellite line of the B-like Fe ions We
should investigate the wavelengths and rate coefficients more carefully for B-like
Fe ions.

For the non equilibrium ionization problem, the effect of the differential

emission measure has to be considered. In the rising phase

18




Te(Fc), Te(Ca) and Te(S) are quite different and it is indicated the temperature

distribution in the flare. However in the decay phase the derived T, of three

different ions show the almost same values. The deviation from the ionization
equilibrium in the decay phase can not be explained by the differential emission
measure. Therefore we consider the deviation is not due to the effect of the
differential emission measure.

We are going to make a time dependent ionization model for a flare including

the high energy electrons and/or the flow in solar flares.
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Figure Captions

Fig.1 Fe XXV spectra in decay phase at 05:21:47 on September 6, 1992 flare. The
dotted lines show the line intensities by the inner shell excitation of Li-like (q),
Be-like (B) and B-like (I4) ions.

Fig.2 S XV spectra in decay phase at 05:23:02 on September 6, 1992 flare. The
dashed line shows the intensities by the dielectronic satellite lines. The dotted
line shows the contribution through the recombination from H-like ions.

Fig. 3 (a) Time evolutions of the integrated flux of Fe XXV, Ca XIX, and S X
BCS spectra. The values of flux are normalized by the maximum flux value of
each ion. (b) Time evolution of hard X-ray counts of the L., M1 and M2 bands
of the HXT. (c) Time evolution of the brightness temperature and the degree
of polarization at 17 GHz of the brightest point in the radio pictures.

Fig. 4 Images of the solar flare on September 6, 05:05 UT. Solar north is to the
top, and each panel has a field of view of 2.6'x 2.6". (a) - (c) Solar flare
images taken by the SXT. An arrow in (b) shows the main flare loop. The
three pictures are displayed in the same brightness scale except the region of
the main flare loop in (c), which is extremely bright. (d) A radio picture at 17
GHz. (¢) and (f) White light map and magnetogram of longitudinal B taken
with the Flare Telescope at Mitaka. In the magnetogram the N and S polarities
are displayed in white and black, respectively. The position of the main flare
loop observed in soft X-rays is shown in (d) - (f) in contours.

Fig.5 Time evolution of BCS Ca XIX spectra. 1) Initial phase, 2) rising phase, 3)
maximum phase and 4) decay phase. The dotted and dashed lines indicate the
main and the blue shift component, respectively. Since the observed
wavelengths depends on the position of the flare on the sun, they are generally
shifted from the absolute values.

Fig.6 Time evolution of BCS Fe XXV spectra. 1) Initial phase, 2) rising phase, 3)

maximum phase and 4) decay phase. The dotted curve indicate the
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contribution of the inner shell excitation of Li, Be and B-like ions.

Fig.7 Time evolution of BCS S XV spectra. 1) Initial phase, 2) rising phase, 3)
maximum phase and 4) decay phase.

Fig.8 Time evolution of the electron temperature derived from BCS Fe XXV, Ca
XIX and S XV spectra. T, derived from SXT are also shown.

Fig.9 Time evolution of the apparent ion temperature T, from Ca XIX and S XV

spectra. For Ca XIX the ion temperature of the main component is shown. The
electron temperatures are also plotted as comparison.

Fig.10 The time evolution of the emission measures derived from Fe XXV, Ca
XIX and SXV spectra. Solid and dotted lines with symbols are those obtained
without assuming the ionization equilibrium using eq.(3), whereas the dashed
and dot-dashed lines without symbols are those obtained using the ionization
equilibrium with eq.(2).

Fig.11 The density ratio n(He-like ion)/n(H atom) as a function of the electron
temperature. (a) n{ Ca XIX)/ n(H), (b) n (Fe XXV)/ n(H)

Fig.12 (a) lon density ratios of Fe ions as a function of Te..

(b) Ion density ratios of S ions as a function of Te..

Fig. 13 Time evolutions in the initial and rising phases. (a) Fluxes in soft X-rays,
hard X-rays, and microwaves. (b) Time evolutions of the degree of
polarization at 17 GHz, the apparent ion temperature of the total linewidth
including the blue shift and main components, and velocity of the blue shift

component derived from Ca XIX spectra.
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