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Abstract

We analyzed the X-ray spectra of H-like and He-like iron ions from a
solar flare observed by Hinotori satellite, taking into account of a possible
contribution of high energy electrons. The time behaviour of the relative
densities of iron ions was calculated for a plasma of non- equilibrium
ionization in the presence of suprathermal electrons of a few percent
fraction. This model can reproduce the time evolution of the H-like and He-

litke spectra consistently.
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1. Introduction

The high resolution X-ray spectra of highly ionized H-like and He-like iron
ions from solar flares were observed by the Hinotori satellite(Tanaka 1986).
By the spectral analysis, the ion temperature and the electron temperature
as well as the ion density ratios can be obtain from the satellite lines (Gabriel
1972). Several problems have been found in the theoretical fitting to the

data by Hinotori satellite as follows (Tanaka 1986,1987).

1)The discrepancy of the ion density ratios.

The ion density ratio n(H)/m(He) obtained from the observed He-like
spectra is always higher than that expected from the ionization equilibrium
for the electron temperaturc obtained from the intensity ratios of the
satellite lines to the resonance line of He-like spectra. Here n(H) and n(He)
are the ion densitics of H-like and He-like iron ions, respectively. The ion
density ratio n(H)/n(He) obtained from the intensity ratio of the resonance

line of H-like ions to that of He-like ions gives also the same results.

2)The inconsistency of the electron temperatures.

The time dependent electron temperatures were derived from the
intensity ratios of the dielectronic satellite lines to the resonance line of the
both H-like and He-like spectra. The derived eclectron temperature from H-

like tons T e(H) is often higher than Te(He) derived from He-like spectra near

the peak temperature. Generally, two values are nearly equal to each other
in the early and the later phase of the flare. The difference of the
temperature is about factor of 2 at maximum.

3)The observed intensity of the intercombination line y (1s2 1S - 1s2p
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3P1) is generally larger than the theoretical values by 30 - 40 %. The similar

anomaly were also observed in the spectra from tokamak plasmas for He-
like Ti ions. (Bitter 1985, Kato et al 1987, 1988) . It might be necessary to
check the atomic data of the transition probabilitics etc.

4)The intensities of the satellite lines of n = 3 sometimes show larger
values than the theoretical values, especially at low temperature phases.

5)The intensity ratio of the Ly, to that of Lyoz2 line of H-like ions is

estimated to be 2 theoretically, but sometimes the ratio is smaller than 2 and
dose not exceed 2.
In order to solve the problems (1) and (2), we propose a plasma model

of time dependent ionization with suprathermal electrons in this paper .
2. Atomic data

The problems (1) and (2) in Sec.l are related to the uncertainty in the
atomic data for calculating the ion density ratios in ionization equilibrium as
well as for deriving the electron temperature from the line intensity ratios of
the satellite lines to that of the resonance line. Theoretical data for H- like

24+ 23+

(Fe2>*), He - like (Fe?**) and Li - like @e®>") ions are compared.
1)Ionization rate coefficients
Empirical formulae by Lotz(1967) are widely used. The differences
between the calculation by Younger (1982) with DW (Distorted Wave)
method are in agreement within 10% (Kato et al. 1991). We have to pay an

attention that the coefficients in Table 2 of Younger(1982) are given in
rtaozRyd2 and not 10"14cm2 eV? as stated due to the misprint. Then the

parameters in wrong unit give the smaller values by 60% than DW values.
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2) Recombination rate coefficients

The differences between Jacobs (1977) and Arnaud & Rothenflug
(1985) are within 40%.

3) Excitation rate coefficients

The differences among Bely- Dubau (1982), Safronova and
Pradhan(1985) are within 7% for the resonance line w of He-like ions. The
difference for the forbidden line z (1s2 1S - 1s2s °S) between Bely- Dubau
(1982) and Pradhan(1985) is about 35% at low temperature near 1 keV
(Kato 1989). For the Lya line of H-like ions, the difference between Bely-
Dubau (1982) and Callaway (1985) is 10% near 1 keV.

4) Satellite lines

For iron ions, the data by Bely- Dubau (1982) and Dubau (1981) are
compared with recent results by Safronova (1992). The differences between

Bely- Dubau (1982) and Safronova (1992) are 8% and 40% for the line j (

is?2p 2P, - 1s2p" 2Dy, and n =3 ( 15231 - 1s21'31) dielectronic

satellite lines, respectively. This difference is not effective for the present

analysis since the electron temperature is derived from Ij/ Iw’ but is

important for the temperature diagnostics using the intensity ratios of the
n=3 satellite lines to the resonance line. The satellite intensities by
Safronova (1992) are always larger than those by Bely- Dubau (1982). As a
result, the data by Safronova gives a higher electron temperature than by
Bely-Dubau by 0.1 keV at 1.5 keV. For H-like ions, the values in Safronova
(1992) are also larger than those in Dubau (1981) by 40% for n=3 and 4
satellite lines. Since these satellite lines are too close to the Lya line to

resolve each other, the apparent intensity of Lya, is influenced by the

satellite lines and differs differs 17% at 1.5 keV in the two calculations. This



results in a difference in the temperature deduced: the data by Dubau
(1981) gives a temperature 0.1 keV higher than Safronova (1992). At

temperatures higher than 2.5 keV, the difference is negligibly small. For the

intensities of the satellite lines of He-like ions at 1.787 - 1.789 A (ISZSIS -

2s2p1P1, 1s2p 3p. 2p2 1D, 3 P), the difference of 25% is found. The
intensities of the strongest satellite lines near 1.792 A ( 1s2p 1P1 - 2p2 1D2,

1s2p 2P, - 2p? 3P, ) agree within 6%.

Thus, the uncertainty in the atomic data is estimated to be about 40%
at most. The discrepancies mentioned in Sec.l can not be ascribed only to the
uncertainty in atomic data. We use the data by Arnaud and Rothenflug
(1985) for ionization and recombination rate coefficients , Bely- Dubau
(1982) for the Li-like satellite line intensities and Safronova(1992) for He-

like satellite line intemsities in our analysis.
3. Observed spectra of the flare on October 7, 1981

We have analyzed the spectra and modeled the large flare on October
7, 1981. Time profiles of various quantities during this flare are shown in
Fig.1 (Tanaka 1986). From the top, intensities of w (Fe XXV) line and Lya (Fe
XXVI) lines, the hard X-ray flux in 30-40 keV and 67 - 152 keV energy

bands, the ion temperature T; deduced from the Doppler broadening and the
electron temperature Te(H)(dashed line) and Te(He) (solid line) , the

emission measure (EM) and the ion abundance ratio n(H)/n(He).
In Fig.2, the ion ratio n(H)/n(He) derived from the spectral fit to a

single component thermal plasma is plotted (closed circles) as a function of
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the electron temperature varying with time. The electron temperatures are

those derived from He-like spectra Ij/ Iw every 70-second interval. The

attached number indicates the order of the time evolution. The values
expected for ionization equilibria are shown by the broken line, which is a
monotonously increasing function of electron temperature. The derived ion
ratios n(H)/n(He) show the complicated trajectory far from the equilibrium
values from the rising phase through the decay phase of the electron
temperature. The ion ratio n(H)/n(He) increases in the rising phase and
decreases in the decay phase; the plasma exhibit an ionizing tendency in the
rising phase (from the sequence No.l to No.6) and a recombining one in the
decay phase (from No.6 to No.14), yet the values are always higher than the
equilibrium values, i.e. in recombining phase through the flare.

Now we see the H-like spectra. The electron temperatures T, (H)
derived from the intensity ratios of the satellite lines to Lyay, Is/ Ij are
higher than those T (He) from He-like spectra as shown in Fig.1. For
example, at the period when the electron temperature is the highest, T (He)
= 2.1 keV, whereas Te(H) = 3.2 keV. In Fig.3, the correlation diagram of the
intensity ratio Ij/ IW and H-like one L/ 1I; is shown by closed circles in the

time sequence. The simple solid line indicates the values in the ionization
equilibrium. The data points deviate from the value in the ionization
equilibrium. From the beginning of the flare No.l towards the temperature
maximum No.6, the plasma seems to be going away from an ionization
equilibrium. Fig. 3 shows that the intensity of Ly« line is stronger than that
expected from an ionization equilibrium. We consider a possibility that this
difference is due to the contribution of the recombination from bared nuclei

for the H-like spectra. We derived the ion density ratio n(Z)/n(H) assuming
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the same electron temperature as Te(He) for H-like spectra, where n(Z)

indicates the density of fully stripped ions. The effective recombination rate

coefficient to produce the resonance line of H-like ions aEffL 1s much larger

eff

than that of He -like ions « W’ although the excitation rate coefficient for

w, C . is larger than that of Lya,C;, as shown in Fig.4. The contributions of

cascade from highly excited states to C‘h’ff and the recombination into the

eff

upper state of ions for o™ are taken into account for both He-like ions

(Fujimoto and Kato 1984) and H-like ions(Ljepojevic et al 1984). The

Ceff eff

comparison for the rate coefficients of and o

are shown in Fig.4. Cj
and CS in Fig. 4 represent the rate coefficients of the satellite line, j of Li-like

ff

ions and s of He- like ions, respectively. At temperatures below 3 keV, af L

is larger than C;. Thus the Lyo line can be produced much effectively

through the recombination process in solar flare plasmas. The derived value
of n(Z)/n(H) varies largely from O to 0.2. This can be compared to the value
of n(H)/n(He) which varies only between (.02 and 0.03. The open circles in
Fig.2 represent the derived n(Z)/n(H) which are larger than the values in the

ionization equilibrium by nearly two orders of magnitude.
4. Time dependent hot spot model

In order to account for the problems raised above, we consider a
presence of higher energy electrons. We assume the suprathermal electrons
closely interacting with thermal one which is nearly in an ionization

equilibrium. This model does not mean such a superposition of thermal
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plasmas of different temperatures as suggested by differential emission

measure modelling. Interactions of suprathermal electrons with the thermal
plasma and of thermal electrons with the suprathermal plasma are essential
in modelling here. The ionization takes place very rapidly in a suprathermal

plasma.

do®@)dt = Ss(i-l)ns(i-l)nc +as(i+1)n(i+l)ne

- (8°@ + o> (i)n(i)n, (1)

where S® and o’ indicate the ionization and recombination rate coefficients
" . . . " S.,. . . . .
from an i times ionized ion, n’(i) the density of an ion i, in the suprathermal

plasma, respectively. We consider that the ion densities n® are mixed into

the thermal plasma. Then the highly ionized ions n(H) and n(Z) can exist in
the plasma of lower temperature and these ions can emit recombination
lines effectively. The ion densities are written with a fraction of the

suprathermal electrons T as,
n(He) = n0(He)(1-n) + n¥(He)n
n() = n0(H)(1-n) + n*(H)m 2)

n(Z) = n%(Z)(1-n) + n*@n

where n¥ indicates the densities in the thermal plasma. We assume that

nO(i) is in the ionization equilibrium in thermal plasma of the temperature

Te(He). Roughly speaking n(H) ~ nS(H)n and n(He) ~ nO(He), then nis
estimated to be of the order of n(H)/n(He), taking nS(H) ~ 1 and nO(He) ~ 1.
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We calculate the time dependent ion abundances ( Masai 1984) with
an 8§ keV suprathermal component assuming a Maxwellian distribution of 1=
0.03. Then H- like and fully stripped ions can be produced rapidly at the
beginning of the flare. We assume that the suprathermal clectrons of 8 keV
exist constantly form No.l. to No.9 with n = 0.03, decrease to n= 0.01 at
No.10 and disappeared in the later phase of the flare at No.12. The ion
density ratios n(Z)/n(He), n{H)/n(He) and n(Li)/n(He) obtained from this

calculation are plotted as a function of T, in Fig.5. The solid lines represent

the calculated result and the dotted lines represent the values in ionization
equilibria. The arrows indicate the direction of time. The presence of 8 keV
suprathermal electrons of 3% enhances the ion ratios to be much larger than
in the ionization equilibrium.

In the suprathermal plasma, iron is ionized to be He-like or more and
the ion abundances of the low ionized ions with L-shell electron such as Li -
like ions are negligible. Then the abundances of these low ionized ions by
eq.(2) are not affected by the presence of suprathermal electrons and close
to the ionization equilibrium values, as shown in Fig. 5. .

The resonance line intensity for He-like ions can be expressed as,

eff

I, =€, - m+c,, SynEe)n, +a 1 mn@En, @)

eff

eff
where CW 0 and Cw s

mean the effective excitation rate coefficients at

the temperature T, in the thermal plasma and Ts in the suprathermatl

plasma, respectively.onwEflc indicates the effective recombination rate

coefficient to produce the resonance line. This rate is large at low
temperatures and is negligible in the suprathermal plasma. On the intensity
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of the satellite lines like Ij’ the effect of the suprathermal electrons is small

and no contribution from recombination.

The ion density ratios derived from the spectra taking info account the
contribution of the suprathermal electrons and the recombination according
to eq.(3) are also plotted in Fig.5 by open and closed circles for n(Z)/n{He)
and n(H)/n(He), respectively, and triangles for n(Li)/n(He). The electron

temperature takes the values T, = 1.65 - 1.8 keV which are lower than those

derived without suprathermal electrons.
In order to be consistent with the observed spectra which can be fitted
well by thermal electrons, the effect of the high energy electrons on the

spectra should be examined. The forbidden line intensity I has three

origins; the excitation of He-like ioms, the inner-shell ionization of Li-like ions

and the recombination of H-like ions.

1 =(C, - m+c, o) n_age) + 8,00 m+8 5 ynn(Li)

ff
+0,° n_n(H) (4)

0

where S and SZS indicate the ionization rate coefficients to produce the

forbidden line z through the inner-shell ionization. The line q is produced
predominantly by the inner-shell excitation of Li-like ions whereas the line j
and k arises from dielectronic recombination of He-like ions only. The
contributions of the excitation and inner-shell iomization by suprathermal
electrons and the recombination in the thermal plasmas for the spectra are
shown in Figs. 6 and 7 by dot-dashed lines and dashed lines (with shaded),

respectively. Fig.6 and 7 show the spectrum for He-like ions and H-like ions



for three phases; (a) early phase (No.3), (b) middle phase(No.6)} and (c) late
phase (No.13), respectively.

The energy distribution of suprathermal electrons is assumed to be
Maxwellian distribution in our calculation. The electron energy should be
larger than the ionization potential of H-like ions, 9.3 keV, in order to
produce the bare nucleus, and would be necessary greater than 10 keV to
produce highly charged ions effectively when the suprathermal electrons
have a sharp energy distribution. However the energy of 10 keV is not good
for the spectral fit of He-like ions because the influence is too high for the
line intensities for which excitation energies are around 6.7 keV. The
energies where the cross section has the maximum value for the excitation
and ionization are about 10 keV and 20 keV respectively. Since the low
energy is better to fit the observed spectra, the broad band distribution in
energy for the suprathermal electrons is more probable to explain both the

spectra and ion abundances.

4. Discussions

Introducing a small amount of suprathermal electrons we calculate
time dependent ionization to explain the time variation of the spectra of both
He-like and H-like ions . We can explain the time behaviour of the spectra,
the ion density ratios and the electron temperature simultaneously. We
discuss the problems remaining in our model.
1)lonization time

3 s to reach the ionization

. * 12 -

Generally it takes nt ~ 10" cm

equilibrium (Masai 1984). The density in the solar flare is estimated to be
around 10! lem™ (Tanaka 1986). When there is no flow from outside,

plasma would be in the ionization equilibrium in ~10 s which is much



shorter than the duration time ~10 min. of the solar flare. If the plasma is
not in the ionization equilibrium as mentioned in the previous section, the

following possibilities can be considered.

(a) the density of the plasma is less than 10100m' 3, or

(b) there are relative dynamic motions in the plasma.

Since the time when the temperature reaches the maximum tp ~ 400s, n, is

3

smaller than 3 x 109 cm “ in the case of (a). In the case of (b), the

characteristic velocity of dynamics is written v ~ (LT/ tp*)(I- tp* /tp) where
the scale length of the temperature LT ~(V lnTe)' 1. Since tp* ~

102(%/101 0)-1 y ~200 - 300 km/s for ne=101 Ocm3, L~L/2 ~3x

9

10°cm  where L is the width measured by X -ray telescope. This value is

may be consistent with to the measured value ~ 400 km/s from the
wavelength shift of the resonance line of the He-like ions at the beginning of
a flare (Tanaka 1987).
2) Suprathermal component and continuum X rays

The volume ratio of the suprathermal electrons to the thermal
electrons is about 3%. The ratio in energy is 20 - 30 %. Generally continuum
X ray spectrum shows thermal type at low energies ( < 5 keV) whereas
power type at high energies. The continuum X ray spectrum 30 - 300 keV
measured on the October 7 1981 shows large excess around 30 - 40 keV,
when the power spectrum is extrapolated to the lower energy regions from
higher energy regions. This excess part may related to the suprathermal
electrons, introduced in our model.
3) We have made a model that the X-ray spectra of H-like ions and He-like

ions are produced in a same plasma although the apparent electron



temperature, Te(H) and Te(He), derived from the spectra is different The

line intensity ratio I,/ Iy obtained from the model is in agreement with the

measurements within a factor of 5 The discrepancy is large at the beginning

of the flare and decrease towards the later phase.
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Figure Captions

Fig.1..Various time profiles for the flare of 7 October 1981. From the top,
relative intensity time profiles of w line and Lya lines of Fe ions, and the

hard X-ray flux profiles of 30-40 keV and 67 - 152 keV, ion temperature Ti
and electron temperature TC(H)(dashed line) and Te(He) (solid line) ,

emission measure (EM) and ion abundance ratio n(H)/n(He) (Tanaka 1986).

Fig.2 The ion density ratios against the electron temperature. Ion density
ratios n(H)/n(He) and n(Z)/n(He) of Fe ions derived from the spectra
assuming only with thermal plasma are plotted by closed and open circles,
respectively for the solar flare spectra on 7 October 1981 . Dashed lines are

the values in the ionization equilibrium.

Fig.3. The correlation diagram of the intensity ratios of I/ 1 and Ij/ I, The

closed circles are obtains from the spectra following the time sequence. The

solid line indicates the value in the iomization equilibrium..

Fig. 4 The effective excitation and recombination rate coefficients to produce
the line emission of Lya(H-like) and w (He-like). The rate coefficients for the

satellite lines of H-like(s) and He-like(j) ions are also shown,

Fig.5 The ion density ratios for Fe ions against the electron temperature
taking into account the suprathermal electrons. The solid lines indicate the
calculated results. The arrows indicate the direction of the time. The close
and open circles are obtained from the spectra including the contribution of

the suprathermal electrons.



Fig.6 The observed spectra(histo gram) and calculated ones(selid line) for
He-like ions for three phases; (a).the early phase (22H56m39S -
22H57m49s), (b) the middle phase (23HOmS8s - 23H1ml18s), (c) the late
phase (23H 8md4ls - 23H 9m51s). Dashed lines show the contribution of the
recombination and dot- dashed lines of the excitation, inner-shell excitation

and inner-shell ionization by the suprathermal electrons.

Fig.7. Same as Fig.6 but for the spectra of H-like ions.
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