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ABSTRACT

We report on observations from the Bragg Crystal Spectrometer (BCS) on board the Japanese solar
flare spacecraft Yohkoh showing Fe xxvi Lya X-ray line emission at 1.78 A. Some 75 events over a 2 yr
period between 1991 December 6 and 1993 December 31 have been analyzed. The greater sensitivity of
the BCS compared with previous instruments has enabled such emission to be detected from a wider
group of flares than has previously been possible. The likelihood of detecting Fe xxvi lines in a flare is
found to increase sharply with the electron temperature obtained from the Fe xxv line spectrum, also
observed by the BCS, and with GOES X-ray class. The width of the Lya, line, measured after the impul-
sive stage, is greater than that determined by thermal Doppler broadening, but this is explained by the
nonzero spatial extent of flares. Electron temperatures from the intensity ratio of a nearby feature due to
Fe xxv dielectronic satellites and the Fe xxvi Lya, line are obtained from new atomic parameters from
the superstructure code, details of which are described. This revises earlier calculations that have been
extensively used. Comparison of these temperatures with those from the Fe xxv spectra provides evi-
dence for a single loose grouping of flares, with the difference between the two temperatures ranging
from nearly zero to about 20 MK. A “superhot” component would seem to be more or less developed
according to whether the temperature difference is large or nearly zero. Flares at both extremes are
examined in detail. The gradually varying part of the 14-33 keV X-ray emission for these events, as
observed by the Hard X-ray Telescope on Yohkoh, has a hardness ratio corresponding to temperatures
and emission measures similar to those from Fe xxvi line ratios, pointing to a common origin for their
emission. Many of the flares studied occurred in particular active regions with great magnetic complex-
ity, although Fe xxv1 flares do not seem to be a distinct class within large X-ray flares.

Subject headings: Sun: flares — Sun: X-rays, gamma rays

transitions 1s21-2p2l (I = s, p), is suitable for use in measur-
ing T,. Using such intensity ratios during 13 very large

1. INTRODUCTION

X-ray line emission from hydrogenic iron has been

observed in exceptionally intense flares by spacecraft-borne
instruments. The two Lya lines, Lya; and Lya,, due to
transitions 1s2S,,,-2p*P;, and_1s2S,,,-2,%P, ,, respec-
tively, occur at 1.778 and 1.783 A, and were well resolved
with X-ray crystal spectrometers aboard the NASA Solar
Maximum Mission and Japanese Hinotori spacecraft over
the past decade, the observations being reported by Parmar
et al. (1981), Tanaka et al. (1982), and Tanaka (1986).
Nearby Fe xxv satellites occur, falling to the long-
wavelength side of the Fe xxvi1 lines. They are formed by
dielectronic recombination, and their intensities relative to
the Fe xxv1 lines are a function of electron temperature T,
but independent of ionization fractions. The theory was
originally developed for the case of Fe xxvi by Dubau et al.
(1981). A relatively intense feature at 1.792 A, sometimes
called J and composed of several Fe xxv satellites with

! Current address: Institute of Space and Astronautical Science,
Yoshinodai 3-1-1, Sagamihara, Kanagawa 229, Japan.

flares with GOES X-ray classifications of M7 or higher,
Tanaka (1986) deduced temperatures of up to 40 MK. Such
temperatures are far higher than those deduced from
satellite-to-resonance line ratios in the Fe xxv spectrum,
typically ~20 MK at flare maximum, although for a
number of events in Tanaka’s sample the Fe xxvi and
Fe xxv temperatures differed by much smaller amounts. It
was deduced that the source of the Fe xxvi1 line emission in
events with very high Fe xxvI temperatures gives rise to the
nonimpulsive part of the observed hard X-ray emission in
the energy range 17-40 keV. This provided confirmation of
the existence of a “superhot” component in some flares,
this component being previously observed with a balloon-
borne hard X-ray spectrometer with high spectral
resolution (Lin et al. 1981).

In the present work, we have analyzed flare events in data
from the Bragg Crystal Spectrometer (BCS) on board the
Japanese solar flare mission Yohkoh. Yohkoh was launched
on 1991 August 30, while solar activity was still at a high
level, and, at the time of this writing, is still returning high-
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quality data on the X-ray emission from the Sun in the form
of images and spectra. The first year of operations in partic-
ular saw the occurrence of many very large flares. By the
end of 1993, some 75 flares were identified as having detect-
able Fe xxv1 line emission. These flares have X-ray inten-
sities on the GOES scale that are mostly less than M7, the
lower limit of Tanaka’s (1986) sample. This reflects the
higher sensitivity of the BCS instrument, although, because
of this fact, the maximum phases of flares with larger X-ray
intensities could not generally be observed owing to detec-
tor saturation. The 75 flares have been analyzed both as a
group and individually. A central point of the analysis con-
cerns the temperatures derived from both the Fe xxvi and
Fe xxv spectra, from which deductions are made about the
flare superhot component. In this paper we describe the
instruments involved, the selection of flare events and
reduction of data, and the results of the analysis.

2. OBSERVATIONS AND THEIR REDUCTION

2.1. The HXT and BCS Instruments

The observations used here were made by the Hard X-ray
Telescope (HXT), Soft X-ray Telescope (SXT), and BCS,
three of the instruments on board the Yohkoh spacecraft.
Instrumental details are given by Kosugi et al. (1991) and in
the Yohkoh HXT Handbook for the HXT, by Tsuneta et al.
(1991) for the SXT, and by Culhane et al. (1991) and Lang et
al. (1992, 1993) for the BCS.

Two of the BCS channels observe wavelength regions
around 1.78 A (including the Fe xxvi Lya, and Lya, lines
and the Fe xxv dielectronic satellite feature J) and 1.85 A
(including the Fe xxv lines 1s?~1s2s, 1s2p and dielectronic
satellites of Fe xxiv and Fe xxm) and are the ones under
discussion here. Other channels view He-like Ca (Ca xi1x)
and S (S xv) line emission. The BCS is a much more sensi-
tive instrument than similar high-resolution spectrometers
flown on previous spacecraft. Since the Fe xxv and Fe xxv1
channels share the same detector, the Fe xxv1 spectrum was
not observable for certain times during unusually intense
flares because the Fe xxv count rate reached a saturation
level.

Solar X-rays with energy greater than 11.1 keV give rise
to fluorescence of the germanium crystal, and this fluores-
cence forms a background to all channels. Adjustment of
the detector discriminator levels, made for the first time in
1991 December, resulted in a reduction of the background
level and the Fe xxv1 line spectra becoming clearly observ-
able.

2.2. Event Selection

The flare events included in the present analysis were
selected on the basis of the total count rate in the BCS
channel observing the Ca Xix resonance line. An initial
selection of events was made by including all events for
which the BCS observed a count rate of at least 1000 counts
s~ ! in the Ca X1x channel, corresponding to a mid-C GOES
class. A total of 476 such events were identified for the times
free of interruptions due to spacecraft night and passages
through the Earth’s radiation belts over the period from
1991 December 6 to 1993 December 31.

For each of these events, light curves (i.e., total count rate
vs. time) for the Fe xxv channel were plotted. To investigate
the occurrence of the generally very weak Fe xxv1 line emis-
sion, spectra in the Fe xxvi channel were integrated over
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time periods, the boundaries of which were selected inter-
actively. Where the coverage of a particular event permit-
ted, the first spectrum chosen was from a time
corresponding to approximately half of the peak intensity in
the rising part of the Fe xxv channel light curve, and the
last spectrum to a time just after peak intensity. Owing to
the various gaps in data taking, it was not possible to be
totally consistent in this. Thus, for a small number of events,
the Fe xxv count rate temporarily reached saturation level,
and so the integration times were chosen to avoid this
period. The integration time periods ranged from less than a
minute to about 20 minutes.

The reasons for selecting spectra in this way were three-
fold. First, it was found that, generally, as long an integra-
tion as possible would be required even to detect the
presence of the Fe xxvi lines. Second, spectra in the earliest
stages of most events showed great complexity owing to
Doppler-shifted line components, and it was considered
advisable to exclude these spectra from the current study.
Third, our analyses of Yohkoh BCS data done as a prelimi-
nary to the present study had shown that, in all but a few of
the most intense events (X or high-M GOES class), there
was no evidence of the Fe xxvI spectrum during the declin-
ing phase of an event.

Within these chosen time boundaries for each flare, all
iron channel spectra were corrected for detector dead time
and then averaged, and the mean spectra saved for further
analysis.

Because the BCS views the whole Sun, the wavelength—
detector bin relationship depends on the source’s Bragg
angle and hence on its location in a north-south direction
on the Sun. For the BCS channels viewing the Fe xxv and
Fe xxv1 lines, the displacement of a source from Sun center
gives rise to a wavelength shift of the same sign. Because
there is a fixed wavelength interval between the Fe xxv and
Fe xxv1 channels, there is a directly scalable relationship
between the bin locations of the Fe xxv and Fe xxvi spec-
tral lines. This has a practical application in the sense that
the detector bin location of the Fe xxv1 spectrum can be
predicted from the observed location of the Fe xxv w line.
Using a relationship derived from observations of some of
the stronger Fe xxvi spectra, it was therefore possible to
indicate the detector bin position of the chief lines expected
in the Fe xxvi channel wavelength region on the spectral
plot. These include the Fe xxv1 Lya; and Lya, lines at 1.778
and 1.783 A, respectively, as well as the Fe xxv satellite line
feature J at 1.792 A. In addition, for flares located sufficient-
}zfar south on the solar disk, the inner-shell K line at 1.757

enters the wavelength range of the Fe xxvi channel.
(This line, due to fluorescence-excited photospheric iron, is
discussed by Phillips et al. 1994.)

As indicated in § 2.1, adjustment of the BCS discrimi-
nator levels resulted in a reduction of the crystal fluores-
cence background in the iron channels but did not eliminate
it. The majority of this background emission was removed
by subtracting a linear function, defined interactively, that
approximated the background from each Fe xxvi1 channel
spectrum. An example of a stronger Fe xxv1 spectrum thus
processed is shown in Figure 1.

Figure 1 illustrates a number of features occurring with
these spectra generally. First, although a sloping back-
ground count has been subtracted, there still remain a
number of background irregularities that resemble true
lines. The cause of these has not been identified but may be

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1996ApJ...464..487P

J. - D647 ZA87P0

]

[T99BA

No. 1, 1996

T Statistical uncertainty

2+ Fell K@
:[ Uncertainty in background

FeXXVI

Counts s™

FeXXV J

Ml SRR P A
1.78
Wavelength (A)

FiG. 1.—Spectrum from channel 1 of the Yohkoh BCS for a 3 minute
interval (04:56:06-04:59:27 UT) near the peak of a large flare on 1991
December 16. The Lya, and Lya, lines of Fe xxv1, the Fe xxv dielectronic
satellite feature called J, and the Fe 1 inner-shell KB (1s-3p) line appear
strongly. The two error bars indicate the uncertainties due to count rate
statistics and uncertainties due to background subtraction.

inherent to the detector and its on-board signal-processing
techniques. Our investigations showed that they do not
obviously correlate with integration time, strength of back-
ground, or real line features. It is these irregularities that set
the limit of detectability of spectral features in the Fe xxv1
channel data rather than the overall sensitivity of the instru-
ment. Second, the center of the Lya, line in Figure 1 shows
a “spike ” that is in fact an artifact of the signal processing
(see Lang et al. 1992). Several such spikes are present in any
spectrum, associated with particular bin numbers, so that
the relationship of a spike to spectral features emitted by a
flare changes with the flare’s solar disk location. Despite the
presence of the spike in Figure 1, the line flux is unaltered,
so for the analysis presented here, no attempt was made to
correct the observed spectra. Finally, the observed intensity
ratio of the Fe xxv1 Lya;, to the Lya, line features is greater
than the theoretical ratio for the Lya, and Lya, lines, viz.,
2:1. Part of this discrepancy is due to the contribution of
high-n Fe xxv satellite lines that converge on each Fe xxv1
line; atomic calculations to be described in § 2.3 show that
when these contributions are taken into account the ratio is
indeed slightly more than 2:1, depending on temperature.
However, most of the discrepancy appears to be instrumen-
tal since, for many of our weaker Fe xxvI channel spectra,
the ratio is much larger, and in fact the Lya, line is often
only barely detectable above the irregular background,
although the Lya, line is definitely present.

Spectra in the Fe xxvi channel averaged over the integra-
tion periods of each event were analyzed by fitting Gaussian
profiles to the Lya,, Lya,, and J line features when the line
intensity was large enough for this to be done, in order to
derive intensity, bin position, and width. Only those events
showing a count rate in the Fe xxvi Lya, line of at least 0.8
count s~ ! were included for analysis. This final selection
resulted in a list of 75 events, ic., 16% of the 476 events
originally selected.

The estimation of line intensities from Gaussian profile
fits is subject to both statistical uncertainties that are depen-
dent on total counts and uncertainties due to subtraction of
the background, approximated as previously mentioned by
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a linear function. For the relatively strong spectrum illus-
trated in Figure 1, the estimated count rate in the Fe xxvi
Lya, line is 19.8 s~ 1, the statistical uncertainty being small
(less than +2%) compared with that due to background
estimation, which we estimate (by taking the highest and
lowest levels the background could reasonably be) to be
+5%.

Table 1 gives data for the 75 events, including date and
integration times (UT) (cols. [2] and [3]). The coordinates
of Ha flares occurring nearest in time to the BCS flare, the
NOAA active region number, and the GOES classification,
all obtained from the NOAA Solar—Geophysical Data Bulle-
tin, are given in columns (4)—(7) of this table. Column (8)
gives the estimated count rates in the Fe xxvi Lya, line.

2.3. Electron Temperatures: New Calculations

Electron temperatures may be derived from BCS Fe xxvi
and Fe xxv spectra having good enough statistical quality.
We will first discuss the theory for deriving the Fe xxvi
[T,(H)] temperatures. This theory is described by Dubau et
al. (1981), but the calculations have now been extended. For
the Fe xxvi 1s-2p collisional excitation coefficient, the
formula of Vainshtein (1975) was used, based on the
Coulomb-Born approximation, as in Dubau et al. (1981).
Other calculations of the 1s—2p collisional rate coefficients
are available (Walker 1974; Wakid & Callaway 1981;
Aggarwal & Kingston 1993), but comparison shows that
the rate coefficients of Vainshtein (1975) are at most 10%
different. Collisional transfer between the 2s and 2p states
can be neglected for solar flare densities, as was also done
by Dubau et al. (1981). The calculation of the Fe xxv satel-
lites has been revised, in particular the numerous 1snl-21'nl
satellites with high n that converge on the Fe xxvi1 lines. In
the revised calculation, wavelengths, autoionization, and
radiative transition probabilities for the 1snl-2pnl satellites
(n = 2,3, 4, and 5) have been calculated using the hydrogen-
ic orbitals in order to have the same choice of orbitals for
the hydrogen-like and helium-like Fe ions, so that better
convergence to the Fe xxv1 lines could be obtained. Satel-
lites with n up to 20 were included. Figure 2 shows synthetic
spectra in the 1.77-1.80 A region for electron temperatures
representative of those measured from previous flare Fe
XXV1 spectra; the Doppler temperature Tj, is set equal to the
electron temperature in these spectra. As was previously
indicated by the calculations of Dubau et al., the intensity of
the satellite feature J (1.792 A) relative to the Fe xxvi lines is
shown by this figure to be very sensitive to electron tem-
peratures between 15 and 30 MK.

The temperature variation of the satellite feature J rela-
tive to the Fe xxv1 lines was expressed as a table of values of
the ratio J/(Lya, + Lya,) in the work of Dubau et al.
(1981). Here the variation is expressed by the ratio Lya,/J,
which is plotted as a function of T, (Fig. 3). The reason for
omitting the Lya, line in the ratio is the observational diffi-
culty with this line in the BCS spectra. As the Lya,/J ratio
varies as T, for sufficiently large T,, the high-temperature
behavior is more easily displayed in Figure 3 than if the
inverse ratio were plotted.

Tanaka’s (1986) analysis of Hinotori flares used the orig-
inal calculations of Dubau et al. (1981) to deduce tem-
peratures T,(H) from Fe xxv1 line ratios. His values of T,(H)
therefore need to be revised. A comparison of the new and
previous intensity ratio calculations shows that the values
of T(H) derived by Tanaka (1986) for a given Lya,/J inten-
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sity ratio would be lower by between 2 MK [T(H) = 20
MK] and 4 MK [T(H) = 40 MK] than values obtained
from our new calculations. This is allowed for in the
analysis that follows.

2.4. Electron Temperatures: Observations

The Fe xxv1 temperature T,(H) was derived from those
events for which the mean Fe xxvi channel spectra have
significant count rates, defined to be at least 0.8 s~ 1, in both
the Fe xxvi Lya, line and the Fe xxv J satellite feature.
Corresponding emission measures were found from these
count rates converted to fluxes and the emissivity of the
Fe xxvi Lya, line plus unresolved dielectronic satellites.
The observed Lya,/J ratio was compared with the theory
curve of Figure 3 to obtain T,(H). The uncertainties in these
estimates are made up of those due to statistical uncer-
tainties in the count rates and those due to background
subtraction (see § 2.2). For spectra in which the Fe xxvi
Lya, line is weak, the statistical uncertainties dominate, but
for stronger spectra (such as shown in Fig. 1), those in the
background subtraction are more important. We estimated
the statistical uncertainties from those in the total count
rates of the Lya, and J lines, while those in background
subtraction were estimated from setting the background to
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the highest and lowest levels that were considered reason-
ably possible. The total uncertainty was taken to be the sum
of these two uncertainties.

The Fe xxv temperature T (He) was estimated with an
interactive computer program in which intensity-scaled and
broadened synthetic spectra calculated for different tem-
peratures were placed over observed (Fe xxv channel)
spectra, and the calculated spectrum giving the best fit to
the intensity ratio of the Fe xxv w line to the Fe xx1v j
dielectronic satellite was selected. (Satellite j is due to the
transition 1s*2p %P5 ,—1s2p* D5 ,.) This technique relies on
the temperature sensitivity of the j/w ratio, the theory of
which is given by Gabriel (1972) and Bely-Dubau et al.
(1982), and has been used in previous studies of Yohkoh
data such as that of very impulsive flares by Feldman et al.
(1994). This method is also discussed by Sterling, Doschek,
& Pike (1994), who refer to it as the “simple spectral fitting
method.” The spectral resolution of the Fe xxv channel is
such that this ratio can be estimated with reasonable accu-
racy, although an account must be taken of the fact that the
observed line feature w includes n > 3 satellites. It is esti-
mated that a relative accuracy of about +0.5 MK can be
achieved, independent of the total count rates in the Fe xxv
spectra. Comparison of the synthetic spectra used in the

TABLE 1
FLARES OBSERVED BY THE YOHKOH BCS TO HAVE DETECTABLE FE xxviI EMISSION

COUNT RATES (s™1)

Ho FLARE NOAA GOES
EVENT INTEGRATION TIME ACTIVE X-Ray Fe xxv1 Fe xxv T(H)* T(He)*
NUMBER DATE UT) Coordinates Class ReGION CLaAss Lya, Line w Line (MK) (MK)
i) @) 3) @ ) ©) () @® ©) (10) )
1...... 1991 Dec 8 00:33:45-00:38:06 N10 E67 1F 6961 M1.6 23 143 25 (2.3) 18.0
2 ...... 1991 Dec 8 07:33:09-07:36:57 N09 E62 IN 6961 M2.38 89 599 29 (1.5) 19.5
3. 1991 Dec 8 17:02:15-17:07:51 N10 E56 IN 6961 M34 199 1285 34 (1.4) 20.0
4 ... 1991 Dec 8 20:22:33-20:24:33 NO09 E57 SN 6961 Mi14 9.9 555 31 (19) 20.5
5., 1991 Dec 9 09:36:30-09:45:30 NO8 E48 IN 6961 M35 14.3 694 31 (13) 18.0
6...... 1991 Dec 10 08:12:42-08:15:57 NO08 E36 SF 6961 Mi1.2 35 251 35 (2.5) 18.0
7...... 1991 Dec 11 15:04:34-15:07:28 S06 ES7 IN 6966 M4.0 9.7 1280 32 (1.7 18.5
8 ...... 1991 Dec 15 14:21:54-14:24:09 NO06 W40 SN 6961 M1.0 5.6 412 24 (1.7) 19.0
9 ..., 1991 Dec 15 18:32:01-18:34:10 C8.0 31 622 20.0
10 ...... 1991 Dec 16 04:56:06-04:59:27 NO04 W45 SF 6961 M2.7 19.8 1364 29 (1.4) 20.0
1 ...... 1991 Dec 18 10:25:06-10:31:33 S14 E39 SF 6972 M3.6 121 1179 20.5
12 ...... 1991 Dec 26 07:34:03-07:36:33 S16 W11 IN 6982 M29 19 683 20.0
13 ...... 1991 Dec 26 10:48:00-10:48:24 M4.6 15.5 1160 21.0
14 ...... 1991 Dec 26 21:35:50-21:46:32 S15 E25 IN 6985 M4.2 41 1320 30 (1.6) 19.5
15 ...... 1991 Dec 27 06:10:11-06:15:47 S18 E35 1B 6988 M21 2.8 746 22(1.4) 18.0
16 ...... 1991 Dec 28 12:26:18-12:29:24 S18 W37 SF 6982 M33 6.7 1514 18 (1.3) 20.0
17 ...... 1991 Dec 30 23:06:24-23:09:03 S14 W34 2B 6985 M4.6 74 1584 19.5
18 ...... 1992 Jan 1 03:29:36-03:31:27 S16 W48 IN 6985 M28 8.1 979 32 (20) 21.0
19 ...... 1992 Jan 4 11:10:11-11:17:47 S18 W64 2N 6988 M1.9 1.7 250 17.5
20 ...... 1992 Jan 13 17:25:34-17:34:28 M20 19 623 19.0
21 ...... 1992 Jan 30 02:27:50-02:32:29 S02 W02 2N 7031 M1.6 2.5 417 22 (1.5) 19.0
22 ... 1992 Feb 4 03:55:20-04:04:20 S06 W60 IN 7031 M1.6 19 259 22 (14) 17.0
23 ... 1992 Feb 5 13:16:08-13:17:41 S15 W26 1B 7039 M22 31 691 18.5
24 ... 1992 Feb 5 20:25:26-20:31:02 S15 W31 SF 7039 M31 10.5 571 34 (1.6) 16.5
25 ... 1992 Feb 6 03:13:51-03:21:39 NO06 W86 SN 7030 M7.6 7.5 544 26 (1.4)
26 ...... 1992 Feb 6 20:50:37-20:59:06 M4.1 25.7 1231 26 (1.2) 20.5
27 ... 1992 Feb 7 11:49:57-11:59:09 S17 W50 2B 7039 M3.7 14 621 19 (1.4) 175
28 ...... 1992 Feb 9 03:00:27-03:05:24 S17 W72 1F 7039 Mi1.2 13 256 17.5
29 ...... 1992 Feb 15 21:29:59-21:34:05 S16 W13 1B 7056 M55 35 888 30 (1.9)
30 ...... 1992 Feb 17 15:40:25-15:46:01 N16 W81 SF 7050 M1.9 13 545 19 (1.5) 185
31 ... 1992 Feb 19 03:48:23-03:56:29 NO04 E82 IN 7067 M3.7 10.3 958 26 (1.3) 18.0
32 ... 1992 Feb 19 14:44:35-14:53:50 C8.0 1.7 155 24 (1.6) 18.5
33 ... 1992 Feb 21 03:05:57-03:23:00 M3.0 0.9 113 18 (1.3) 17.5
34 ... 1992 Feb 26 01:36:24-01:39:27 S16 W90 SN 7073 M13 20 395 185
35 ...... 1992 Mar 15 01:52:22-02:10:55 S15 E27 2B 7100 M78 14 1075 175
36 ...... 1992 Apr 1 00:51:05-00:58:35 S10 W47 SN 7118 M5.6 4.7 1564 21 (1.3) 23.0
37 ...... 1992 May 5 20:07:22-20:15:55 S26 E44 IN 7154 Mi4 3.0 402 19.0
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TABLE 1—Continued
CouNT RATES (s 1)
Ho FLARE NOAA GOES
EvVENT INTEGRATION TIME ACTIVE X-Ray Fe xxv1 Fe xxv T,(H)? T(He)*

NUMBER DaTE uTm Coordinates Class REGION CLass Lya, Line w Line (MK) (MK)

i) @ ) @ ©) © ™ ®) ) (10) (11)
38 ...... 1992 Jun 24 18:53:29-18:54:17 N10 W56 SF 7205 C3.6 15 94 22 (2.7) 17.5
39 ..., 1992 Jun 25 17:53:47-17:58:47 N09 W69 1B 7205 Mi4 9.2 588 29 (1.5) 17.5
40 ...... 1992 Jun 25 22:27:05-22:44:08 X3.0 12 81 16 (1.2)
41 ...... 1992 Jul 3 09:45:57-09:53:45 N1i4 E25 IN 7216 M2.1 6.8 432 18.5
4 ...... 1992 Jul 8 09:45:07-09:46:16 S12 E46 iIN 7220 X1.2 5.1 681 .
43 ...... 1992 Jul 16 16:55:23-16:56:14 S10 W63 2B 7220 M6.8 4.6 762 19 (1.6)
4 ... 1992 Jul 18 13:42:38-13:45:08 S08 W90 SB 7220 M2.0 35 837 16 (1.3) 18.5
45 ... 1992 Aug 11 22:25:17-22:29:11 M14 7.7 658 33 (1.8) 19.
46 ...... 1992 Aug 20 09:03:39-09:07:21 N17 W27 1B 7260 M29 10.5 901 26 (1.5) 20.0
47 ...... 1992 Aug 20 20:32:55-20:38:52 N16 W33 1B 7260 M3.0 18.0 1175 3214 20.0
48 ...... 1992 Aug 21 11:01:24-11:12:24 N14 W44 IN 7270 M1.0 5.5 409 26 (1.4) 19.0
49 ...... 1992 Sep 4 23:50:38-23:53:02 S06 W19 1B 7260 M25 2.0 848 19.0
50 ...... 1992 Sep 5 11:24:20-11:26:08 S08 W22 2B 7270 M4.0 35 570 19.5
51 ...... 1992 Sep 6 05:14:35-05:18:59 S10 W40 IN 7270 M24 2.7 785 22 (1.5) 19.0
52 ...... 1992 Sep 6 09:02:48-09:07:21 S10 W36 1IN 7270 M3.3 6.4 1223 20.0
53 ...... 1992 Sep 6 11:47:55-11:51:16 S10 W41 1IN 7270 M4.0 40 601 19.0
54 ...... 1992 Sep 6 23:37:03-23:38:12 M13 5.6 776 24 (1.9) 21.0
55 ...... 1992 Sep 7 08:51:44-08:59:14 S10 W54 SN 7270 Mi12 0.8 313 18 (1.7) 18.0
56 ...... 1992 Sep 9 02:06:57-02:14:06 S10 W72 1B 7270 M3.0 2.7 817 16 (1.2) 19.0
57 ...... 1992 Sep 10 22:52:07-22:56:58 N12 E41 2N 7276 M3.2 114 1368 36 (1.7) 21.0
58 ...... 1992 Sep 11 02:54:56-03:01:05 N17 E40 1B 7276 Mi.1 2.8 255 23 (1.5) 18.0
59 ...... 1992 Oct 5 09:24:56-09:29:59 Mi1.8 1.8 643 19.0
60 ...... 1992 Oct 7 05:05:18-05:08:33 S07 E34 1B 7306 M3.1 32 1033 16 (1.3)
61 ...... 1992 Oct 19 17:55:10-17:58:19 NO6 E24 1F 7315 Mi1.1 2.7 305 26 (2.0) 17.5
62 ...... 1992 Oct 27 01:44:57-01:48:06 S25 W18 1B 7321 Mi1.1 3.1 330 19.0
63 ...... 1992 Oct 27 07:38:38-07:40:38 S24 W20 IN 7321 M1.5 2.7 479 19.0
64 ...... 1992 Nov 5 06:19:20-06:21:53 $16 W90 SB 7323 M2.0 1.7 695 18.0
65 ...... 1992 Nov 23 20:17:36-20:28:33 S08 W89 SF 7342 M4.4 42 1041 19 (1.2) 20.5
66 ...... 1993 Feb 11 18:31:35-18:32:53 S04 W16 1B 7420 M2.7 159 1123 37 (1.7) 21.0
67 ...... 1993 Mar 12 17:51:43-18:08:31 S03 W48 3B 7440 M7.0 21.6 1187 33(1.2) 20.0
68 ...... 1993 Jun 7 14:12:30-14:20:27 S10 W30 2B 7518 M54 43 910 25 (1.5) 220
69 ...... 1993 Jun 25 03:11:27-03:29:23 S06 E90 SF 7530 M5.1 2.7 1122 21 (1.2) 240
70 ...... 1993 Jun 27 11:17:11-11:19:44 S10 E56 2N 7530 Ms3.6 14 436 28 (2.0) 18.0
... 1993 Sep 27 12:08:06-12:13:45 NO8 E90 1IN 7590 M138 53 734 23 (1.2) 21.0
72 ...... 1993 Oct 9 08:08:23-08:11:11 N12 W74 IN 7590 Mi1.1 1.8 461 20.0
73 ...... 1993 Oct 9 19:12:24-19:17:57 N1i1 W78 3B 7590 M35 11.7 1023 21 (1.2) 23.0
74 ...... 1993 Oct 27 06:37:12-06:39:18 N10 E38 SN 7608 C9.4 24 217 30 (2.5) 18.5
75 ...... 1993 Dec 25 17:54:29-17:56:20 NO7 E06 SN 7640 M15 54 835 23.0

* Estimated uncertainties in T,(H) are given in parentheses in col. (10); those in T (He) are estimated to be 0.5 MK (see text).

computer program with those of Lemen et al. (1984) sug-
gests that our values of T (He) are lower by about 1 MK. As
well as the temperature T,(He), the intensity (in counts s~ 1)
of the Fe xxv w line profile was measured from the mean
Fe xxv channel spectra for each event in Table 1 through a
best-fit Gaussian profile to the line. Because the uncertainty
of background estimation is less of an issue for Fe xxv
spectra, the Fe xxv temperatures and line fluxes are subject
to smaller uncertainties than those from Fe xxvI spectra.
With the Fe xxv line fluxes, and using calculated emis-
sivities for the Fe xxv w line, we obtained emission
measures.

The remaining columns of Table 1 give the Fe xxv line w
count rates (col. [9]), and the temperatures T,(H) (with their
uncertainties) and T,(He) (uncertainties equal to +0.5 MK)
(cols. [10] and [11], respectively).

The temperatures T,(H) and T (He) in Table 1 are aver-
ages over a period of time that includes the intensity
maximum in the Fe xxv light curve, although, in fact, they
are for practical purposes equal to the peak values. This was
confirmed by analyzing spectra over much shorter periods
of time for 10 events having high enough count rates for this
to be possible (see § 3).

3. RESULTS AND DISCUSSION

The flare events of Table 1 were investigated as a sta-
tistical sample, and, in addition, those showing the most
intense Fe xxvI line emission were studied individually in
some detail. We now describe the results of these analyses.

Figure 4 shows the number distribution of the 75 events
in Table 1 by total intensity (in counts s~ ') of the Fe xxv1
Lya, line. As expected, this distribution falls off sharply
(roughly exponentially) with increasing line intensity.

We investigated how flares were distributed according to
the mean temperatures T,(He) listed in Table 1. Figure 5
shows the number distribution with T,(He) of all 476 events
observed by the BCS in the period covered by Table 1 (1991
December 6 to 1993 December 31), with a count rate of
1000 s~ ! in the BCS channel viewing the Ca XIX resonance
line plus nearby satellites, compared with the distribution of
the subset of 75 events having significant Fe xxv1 line emis-
sion (hatched area), i.e., a count rate in the Fe xxvi Lya, line
of at least 0.8 s™!. Clearly, events showing Fe xxvI1 line
emission have values of T,(He) that are higher by about 3
MK than those without, although the distributions overlap
appreciably. Figure 5 shows that events with estimated
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FiG. 2—Synthetic spectra of Fe xxvi Lya lines and nearby Fe xxv dielectronic satellites, including those blending with the Fe xxv1 lines with transitions
1snl-2I'nl, I = s or p and n up to 20. The calculated line intensities and wavelengths are from the SUPERSTRUCTURE code, as described in the text. The
spectra are for the following electron temperatures (from top left to bottom right): 10, 20, 30, and 50 MK.

T(He) > 19 MK, almost without exception, have Fe xxvi
line emission. Thus, the probability of Fe xxvi line detection
rises as a simple function of T,(He).

Of the 75 events showing Fe xxvi line emission, the
majority (71) have X-ray intensities in the GOES classi-
fications of M1 or greater, although one event has a GOES
class of only C4. Thus, Fe xxv1 line emission appears to rise
above the detectability of our instrument (i.e., greater than
0.8 counts s~ ! in the Lya, line) at this GOES level. Some
insight into this can be gained from Figure 5 showing how
Fe xxvI line detection is related to T(He), and from the fact,
found from our sample of 476 events having a count rate of
at least 1000 counts s ! in the Ca x1x channel, that there
was a general increase of the Fe xxv w line intensity with
T,(He). Events with detectable Fe xxvI line emission are
therefore likely to be associated with higher Fe xxv w line
intensity, which in turn has a loose correlation with the 1-8
A flux on which the GOES classification is based.

We investigated the widths of the Fe xxvi Lya, line
feature and the Fe xxv satellite line J in the mean spectra.
The widths (FWHM) in units of Fe xxv channel detector
bin widths (1 bin width equals approximately 0.000285 A)
were estimated from the Gaussian fits to the line profiles
mentioned in § 2.2. The uncertainties in these estimates are
about 10%. The widths (FWHM) of both the Lya, and J

lines were found to vary by over a factor of 3, from about
2-6 bins, for events in which there were significant counting
rates in both lines. Figure 6a shows that the FWHM values
of the Lyx, and J lines are strongly correlated, with the
Lya, line FWHM slightly larger, about 1.2 + 0.3 times that
of the J line. Figure 6b shows that the Lya; line width
appears to increase with increasing electron temperature
T,(H). The least-squares regression line, having a slope of
1.05, is shown in this plot (line A). Also shown is the theo-
retical variation of the thermal Doppler FWHM, on the
assumption that the electron and Doppler temperatures are
equal (line C). As already indicated, the Lya; line is
broadened by unresolved Fe xxv dielectronic satellites,
while the J satellite feature is actually a blend of several
n = 2 dielectronic satellites. Thus, both lines have widths
that can be expected to be larger than the thermal Doppler
width for a single line. The theoretical widths may be esti-
mated from the synthetic spectra illustrated in Figure 2; the
variation of the Lya, line width (FWHM) with temperature
is shown in Figure 6b (line B). The observed widths as
defined by the regression line (line A) are between 0.4 and
1.2 bins larger than those predicted by the theory spectra
over the temperature range 15-35 MK. Some of this
broadening can be attributed to spatial broadening, arising
from the nonzero extent of the flare emission. To check this,
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FiG. 3.—Theoretical variation with T, of the intensity ratio of the Fe xxvi Lya, line feature, allowing for close, high-n (up to n = 20) satellites, to the

Fe xxv J line feature (wavelength 1.792
version of those of Dubau et al. (1981).

we examined images of a sample of the flares in Table 1
from the hardest filters of the SXT, sensitive to about 3-12
A. The bulk of the emission was found to be about 2-8 SXT
pixels in extent (5"-19"), exceptionally up to 20 pixels (48").
Such spatial extents along the BCS dispersion axis would
give rise to a broadening in the Fe xxvI channel of between
0.3 and 2.6 bins. It is clear then that the excess broadening
indicated by the differences between lines A and C in Figure
6b can be explained by the nonzero flare size. This possibly
accounts for broadened lines reported on by Tanaka (1986)
in his analysis of Hinotori spectra, although there attributed
to turbulence.

20 L B B T

PR BT

Number of events.
o
|

5% 1
R ]
0 s B . B
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Mean Fe XXVI Lya, intensity (counts s™)

F1G. 4—Distribution of flares for which Fe xxv1 line emission was
observed by the Yohkoh BCS, according to Fe xxvi Lya, line intensity.

composed of several dielectronic satellite lines). The calculations of line intensities used in this figure are a revised

The derivation of single values of temperature from either
the Fe xxv or Fe xxv1 spectra does not imply the existence
of an isothermal plasma for each flare. This point has been
extensively discussed by Doschek & Feldman (1987) and
Doschek et al. (1990). Doschek & Feldman (1987) consider
several differential emission measure models, finding that, if
T,(H) and T(He) are within 3 MK, a virtually isothermal
plasma is strongly implied, while the presence of a high-
temperature component leads to T (He) being significantly
increased, but with T,(H) being substantially higher than
T,(He). Although not specifically dealt with in their analysis,
it is likely that, unless a large high-temperature component
were present, the total emission measure from the Fe xxvi
spectrum will be less than that from the Fe xxv spectrum if
T,(H) is significantly larger than T, (He), simply on the
grounds that the differential emission measure probably
declines with increasing temperature, as shown by the cases
that Doschek & Feldman consider to be most realistic.
Otherwise, with T,(H) and T (He) having similar values, the
emission measures are likely to be similar.

In Figure 7, a comparison is made of the values of T (H)
and T,(He) measured from the mean spectra ( filled circles).
Some 46 events are included that have measurable tem-
peratures from both the Fe xxv and Fe xxvI spectra. It is
found that the values of T,(H) are fairly uniformly distrib-
uted between T (He) and a value about twice as large. As
already stated, the uncertainties in the T,(H) measurements
are larger than those in T (He), but this does not explain the
large spread of T,(H) values for any particular value of
T(He), which therefore appears to be real. Following the
reasoning of Doschek & Feldman (1987), then, events with
T,(H) exceeding T, (He) by a large amount are likely to be
those with high-temperature components. As further confir-
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FiG. 5—Distribution of 476 flares between 1991 December 6 and 1993
December 31 observed by the Yohkoh BCS to have Fe xxv line emission,
according to the value of the electron temperature derived from the BCS
Fe xxv spectrum [T,(He)]. The hatched area is the distribution of the 75
flares of this sample showing, in addition, detectable Fe xxvi line emission.

mation, we found that when T (H) exceeded T, (He), the
Fe xxvI emission measure was smaller than the Fe xxv
emission measure, but the emission measures were not very
different when the temperatures were similar to each other.
Figure 7 is reminiscent of the similar plot of T,(H) and
T(He) given for Hinotori events by Tanaka (1986). It was
found in that study that two broad but distinct distributions
of flares could be identified, one with peak T,(H) around
22-27 MK (“low-temperature flares ), the other with peak
T(H) exceeding 30 MK (“high-temperature flares ”), with
the first group having T,(H) — T,(He) <4 MK and the
second having T,(H) — T(He) 2 6.5 MK. As mentioned,
Tanaka’s values of T,(H) derived from the line intensity
ratio J/Lya, are lower than ours by between 2 and 4 MK
(see § 2.3). Allowing for this difference, the two groups are
then defined by T,(H)— T, (He) <7 MK and T,(H)—
T(He) 2 9.5 MK. As mentioned, the Hinotori events were
generally more intense (GOES class larger than M7) than
ours. We have included the Hinotori points in the Figure 7
plot (open circles), the values of T,(H) having been increased
by amounts measured from the difference between Figure 3
and Tanaka’s version of this plot. Figure 7 shows clearly
that, rather than two flare groupings emerging, as Tanaka
(1986) found, a single loose group is evident, with
T,(H)/T,(He) ranging from 1 to 2. A superhot component, as

I Estimated uncertainty

0 i I L . 1

15 20 25 30 35 40
Fe XXVI temperature (MK)

FiG. 6.—(a) Line width (FWHM) of the Fe xxvi Ly« line feature
plotted against that of the Fe xxv J satellite line feature, line widths being
measured from mean spectra and in units of a detector bin
(1 bin = 0.000285 A). The straight line is the least-squares regression line.
(b) Line width (FWHM) of the Fe xxv1 Ly, line feature plotted against
T,(H). The continuous lines are (A) the least-squares regression line; (B) the
Fe xxv1 Lya, width (FWHM) measured from the synthetic spectra of Fig.
2; and (C) the thermal Doppler width (FWHM) on the assumption that the
electron and Doppler temperatures are equal.

discussed by Tanaka, is then not so much a characteristic of
flares having T,(H) — T,(He) larger than a particular value
but rather is more or less developed in a continuous manner
according to whether T,(H) — T,(He) is large or nearly zero.

A detailed analysis of two events is summarized in
Figures 8a and 8b. These events, 5 and 26 in Table 1, were
chosen as among the strongest in our sample. Event 5 is
representative of those with T,(H) — T(He) > 9.5 MK in
their averaged spectra (a “high-temperature” flare in
Tanaka’s 1986 terminology), and event 26 is representative
of those with T(H)— T(He)<7 MK (a “low-
temperature” flare). The total count rate in the Fe xxv
channel and count rates in the Fe xxv w and the Fe xxvi
Lya, line features are plotted against time. Temperatures
T,(H) and T,(He) are also included, being derived at as many
time points as possible, consistent with having good count
rate statistics for each spectrum.

In § 2.4 we stated that the temperatures derived from
mean Fe xxvi and Fe xxv spectra are nearly equal to peak
values. This can be seen from the temperatures in Figures 8a
and 8b. For these two events, the temperatures from the
mean Fe xxv spectra (see Table 1) are 18.0 MK (event 5)
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account the new atomic calculations illustrated in Fig. 3. Also shown is the line joining points with T,(He) = T,(H).

and 20.5 MK (event 26), while the peak temperatures (Figs.
8a and 8b) are 20.5 and 22 MK, respectively. Thus the
agreement is to about 2 MK or better, justifying our earlier
comment.

We examined whether a significant fraction of the hard
X-ray emission as recorded by the HXT instrument from
these two events was due to the superhot component as
revealed by the Fe xxv1 line emission observed by the BCS.
The count rates in the two lowest energy channels of the
HXT instrument for these flares are shown in Figures 8a
and 8b. These channels are L (energy range 14-23 keV) and
M1 (23-33 keV). The ratio of counting rates in the L
channel to those in the M1 channel can be converted to
power-law parameters (hard X-ray emission assumed to be
nonthermal bremsstrahlung) or to temperature [ T,(HXT)]
and emission measure (hard X-ray emission assumed to be
single-temperature thermal bremsstrahlung). The computer
procedures to do this, written by T. Sakao, are described in
the Yohkoh Analysis Guide (Morrison 1994). Plots of the
temperature and emission measure derived in this way are
indicated in Figures 8a and 8b, the corresponding Fe xxvi
points being added on the same scale.

For event 5 (1991 December 9), the HXT observations
indicate that the impulsive stage—marked by rapid varia-
tions that are visible up to the M2 channel (33-53 keV)—
occurred over the period 09:40-09:43 UT. The values of
T,(H) and T (HXT) depart significantly except for the time
point at 09:44 UT, when they and the value of T,(He) are
nearly equal to one another. For event 26 (1992 February
6), the impulsive stage occurred over the period 20:51—
20:59 UT, although its spectrum is too soft to register in the
M2 channel. In this case, the values of T(H) and T, (HXT)

are within 3 MK of each other for both the impulsive and
gradual phases, except for the last time point (21:05 UT),
which has low statistical quality. We interpret this to mean
that the gradual phase is dominated by a hot region (<20
MK), which is the source of both the HXT and Fe xxvi
emission. Whether this is specifically a superhot component
or not is determined by the difference between the values of
T.(H) and T(He), as discussed earlier.

Such a conclusion is equivalent to that from Tanaka’s
(1986) study from the Hinotori data. He found that the grad-
ually varying part of the hard X-ray flux in the 17-40 keV
range could be explained by a thermal continuum charac-
terized by the temperature and emission measure derived
from the Fe xxvi line emission, while the rapidly varying
part at the time of the impulsive stage greatly exceeded that
predicted from the Fe xxvi emission.

Tanaka (1986) noted that the Hinotori flares he classified
as high-temperature generally had more gradual variations
in the hard X-ray range 17-40 keV, while low-temperature
flares showed more impulsive variations. We searched for
such differences using the M1 (23-33 keV) range of the
Yohkoh HXT instrument but were unable to see such a
clear distinction. This is illustrated to some extent by the
M1 light curves of Figures 8a and 8b, both of which have an
impulsive stage near flare onset and more gradual varia-
tions later.

Finally, we investigated whether flares showing Fe xxv1
line emission were associated with particular active regions
having some special characteristic. It was found that certain
regions produced several of the events given in Table 1, the
most notable being NOAA Active Regions 6961 (eight
flares) and 7270 (seven flares), which dominated solar activ-
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FiG. 8.—Time variations of various data for two events. From top to bottom: counts in the L and M1 channels of the Yohkoh HXT, the total counts in
channel 2 of the BCS, counts in the Fe xxvi Lya, and Fe xxv w line features, temperatures T,(H)(filled circles, from Fe xxvi spectra) and T (He) (open circles,
from Fe xxv spectra), and emission measures derived from T,(H) (filled circles) compared on the same scale with temperatures and emission measures
(continuous plots) from the HXT M1/L hardness ratio. The two events are (a) 1991 December 9 (peak time 09:41 UT) (event 5 of Table 1) and (b) 1992

February 6 (peak time 20:54 UT) (event 26).

ity in the first part of 1991 December and the first part of
1992 September, respectively. Both of these regions and
most of the others listed in Table 1 showed great complexity
in their photospheric magnetic field, having so-called delta
configurations (the intrusion of one magnetic-polarity
region into a larger region of the opposite polarity) when
they were most prolific in Fe xxvi flares. However, it would
seem that there is nothing to suggest that events with Fe
xxvI line emission have particular characteristics, e.g., in
magnetic field or Ha complexity, that distinguish them from
flares that are merely large in X-ray output.

4. SUMMARY AND CONCLUSIONS

In this study, we have analyzed 75 flares showing Fe xxv1
X-ray line emission, as detected with the Yohkoh BCS. In
most cases the line emission is weak, and an averaging pro-
cedure, in which data over the rise and peak portions of
each flare were integrated, was used to obtain Fe xxvi and
Fe xxv spectra for detailed analysis. The greater sensitivity
of the BCS has enabled us to detect Fe xxvi1 line emission
from much weaker events than hitherto possible, although
detector saturation prevented us from observing very
intense events.

It was found that the likelihood of Fe xxvi line emission
increases sharply with electron temperature T,(He) as mea-

sured from line ratios in the Fe xxv spectra. Practically all
flares with T, (He) > 19.5 MK have Fe xxv1 line emission
that is detectable with the Yohkoh BCS instrument. Again,
Fe xxv1 line emission increases strongly with the GOES
X-ray class, such emission becoming detectable with our
instrument at GOES class M 1.

Electron temperatures T,(H) from the Fe xxv1 spectra can
be measured for most of the flares of our sample using the
intensity ratio of the Fe xxv satellite feature J to the Fe xxv1
Lya, line, and atomic calculations that are a revision of the
work of Dubau et al. (1981). A comparison of these with
values of T,(He) from the Fe xxv spectrum shows a contin-
uous spread of the T(H)’s at a particular value of T(He)
from T,(He) to about 2T (He). Adding points corresponding
to Hinotori flares to the plot shows that there is a single
grouping of flares rather than the two discrete groups that
Tanaka’s (1986) work had indicated. This points to a super-
hot component being a well-developed characteristic of
flares having large (> 9.5 MK) values of T,(H) — T,(He) but
not otherwise. Detailed analysis of two events shows that
the Fe xxvI temperatures and emission measures are similar
to those from the hardness ratio M1/L from the HXT
instrument, pointing to a common origin for Fe xxvi and
hard X-ray emission. Such a conclusion agrees with
Tanaka’s (1986) work, although we could not see a clear
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distinction in hard X-ray light curves for the two groups of
events as was apparent in the Hinotori data.

Particular active regions seem prone to producing flares
with Fe xxv1 line emission, and such regions are character-
ized by great complexity in their photospheric magnetic
field, in particular having delta configurations. However,
there is little to suggest that Fe xxv1 events form a distinct
class from large flares generally.
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