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Abstract. The hard X-ray emission from the “giant” solar flare on 4 November 2003 (~1947 UT) was observed by the hard
X-ray/gamma ray spectrometer on the Ulysses spacecraft located at ~114 degrees west of the Sun-Earth line at a distance of
5.28 AU from the Sun. A “small” hard X-ray burst during the early rise of the giant flare and a part of the decay of the hard
X-ray emission associated with the giant flare were also observed by the hard X-ray imager on the RHESSI satellite located near
the Earth. The maximum of the hard X-ray emission during the giant flare could not be observed by the RHESSI instrument
because of satellite night. The flare view angles for Ulysses and RHESSI were ~31° West and 83° East respectively. The H-a
flare (importance 3B) was located at S19 W83 in the active region NOAA 10486. GOES observations of the associated soft
X-ray emission saturated during the period 1943—-1958 UT. It has been estimated that the soft X-ray maximum occurred at
~1947 UT with peak flux equivalent to NOAA class 2 X28. OVSA radio observations show that the flare produced intense
microwave emission, the peak flux at 15.4 GHz being ~60000 sfu at ~1945 UT. Intense type 11, III and IV radio bursts have
also been reported at metric and decimetric wavelengths. RHESSI has provided 10-100 keV X-ray images and spectra for
1930-1936 UT (the early rise of the flare) and 10-30 keV images and spectra for 2016-2114 UT (a part of the late decay of the
flare). Ulysses observed an increase in 25-150 keV X-rays from 1933 UT to 2015 UT with the maximum at ~1944 UT, almost
simultaneously with the maximum in 15.4 GHz radio emission and ~3 min before the maximum in the soft X-ray emission.
This indicates that the X-ray emission observed by Ulysses was mostly non-thermal. An assumed hard X-ray spectrum of
~E~33 photons cm™2 57! keV~! for >20 keV photons leads to an energy dissipation rate of ~6.4 x 10°! ergs™! at the time of the

hard X-ray maximum. The total energy in >20 keV electrons released during the flare is estimated to be ~1.3 x 10* erg.
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1. Introduction

The general picture of a solar flare is one in which a large re-
lease of energy occurs in a region with a strong magnetic field,
resulting in the production of energetic particles (e.g. Kahler
1992). In the vast majority of the flares, it appears that the
magnetic energy in the active region greatly exceeds the en-
ergy needed to account for all the manifestations of the flare,
from electromagnetic energy release to coronal mass ejections.
In the previous solar cycle, however, numerous flares were ob-
served whose energy releases appeared to be comparable to
the energies of their associated active regions. Somewhat iron-
ically, these observerations were carried out with a small de-
tector in interplanetary space; its size and distance from the
Sun made it possible to unravel the effects of saturation, which,
along with Earth occultations, often confound the measure-
ments made with instruments in Earth orbit. These large flares
are clearly quite rare, and often are difficult to analyze in de-
tail, since complementary observations in other energy ranges
are frequently incomplete. It is therefore important to study as
many of them as possible, in order to obtain the fullest picture
of them possible. In this article we describe an event which

was observed in the present solar cycle (cycle 23), which has
characteristics similar to the large events of the previous cycle.
The present observations appear to confirm many of the pre-
vious findings, suggesting again that some flares in each cycle
release energies which are difficult to reconcile with the stored
magnetic energy in their active regions.

During a period of six months near the maximum in the
last solar activity cycle (cycle 22), eleven very large solar flares
were observed by the hard X-ray spectrometer on the inter-
planetary spacecraft Ulysses (Kane et al. 1995). The gamma
ray emission associated with some of these flares was also ob-
served by some near-Earth spacecraft (e.g. Barat et al. 1994;
Vilmer et al. 1999). In several of the eleven flares observed by
Ulysses, the intensity of both the soft and hard X-ray emission
was so large that the X-ray instruments on near-Earth space-
craft such as GOES were severely saturated and hence could
not make meaningful measurements of the flare. On the other
hand, the smaller (20 cm?) instrument on the Ulysses space-
craft, located at a distance of ~3.7 AU from the Sun, was ex-
posed to a much smaller X-ray flux and hence was considerably
less affected by saturation and pulse pileup effects. The Ulysses
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measurements indicated that, in each of the eleven solar flares,
the 220 keV non-thermal electrons at the Sun dissipated energy
in the flare region at a rate of 210°! erg s~!, the total energy dis-
sipated during one flare being 10°*~10°* erg. For comparison,
the energy released during these flares was one to two orders of
magnitude larger than the energy released during some “large”
flares studied earlier, e.g. the flare on 1972 August 4 (Lin &
Hudson 1976). Therefore these eleven flares were identified as
“giant” flares, which require that essentially all the available
energy in the relevant active region be released during the short
duration of a single flare.

Because of the implications of such a large rate of energy
release for the models of particle acceleration and energy re-
lease in solar flares, it is important that the past observations of
giant solar flares be repeated and confirmed during the present
solar cycle (cycle 23). Such an opportunity occurred recently
during the very large solar flare on 2003 November 4, which
seems to have many of the characteristics of a giant flare. In
addition to a very large soft X-ray burst of GOES class >X28
(Kiplinger & Garcia 2004), this flare produced intense radio
emission at frequencies as high as 405 GHz (Kaufmann et al.
2004). The Ulysses instrument measured the counting rate of
25-150 keV X-rays during the entire event. Complementary in-
formation was provided by the imaging hard X-ray spectrom-
eter on the Ramaty High Energy Solar Spectroscopic Imager
(RHESSI), which obtained images and spectra of 10-200 keV
X-rays, albeit only during the early rise and late decay phases
of the flare. Here we present the hard X-ray observations of
this flare and compare them with the observations of giant so-
lar flares made in the past.

2. Hard X-ray instruments on Ulysses and RHESSI

The hard X-ray observations reported here were made with
instruments aboard two spacecraft, Ulysses and RHESSL
The Solar X-Ray/Cosmic Gamma-Ray Burst Experiment on
Ulysses , which has been in operation since its launch in 1990,
has been described in general by Hurley et al. (1992), and,
for the case of solar flare X-ray observations, by Kane et al.
(1993). The sensor consists of two hemispherical CsI(Tl) scin-
tillators which present an effective area of ~20 cm? in any
direction. The lower energy threshold, determined by the en-
trance window, is ~11 keV. The overall detection efficiency
at that energy is ~10%. Normally the instrument operates in
the “real time mode” where the integral counting rate in the
nominal 25-150 keV energy range is continuously recorded.
The time resolution is 0.25-2.00 s, depending on the telemetry
rate. Following a rapid increase in the counting rate, as in the
case of a cosmic gamma-ray burst or a solar flare, the “burst
mode” is triggered, where X-ray spectra in the nominal 15—
150 keV range are saved in the memory to be read back in the
telemetry at a later time. During this readout time, no additional
triggers can occur, but the experiment continues to accumu-
late data in the real-time mode. Consequently, the spectrum of
an event may not be available, even though its integral count-
ing rate is recorded. An on-board **! Am X-ray source provides
60 keV X-rays for daily in-flight calibrations. The instrument
has also been inter-calibrated in the past with other hard X-ray
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spectrometers such as the one on Yohkoh (Kane et al. 1998). A
recent comparison with RHESSI measurements indicates that
the inter-calibration of these two instruments is also satisfac-
tory.

The response of the Ulysses instrument to an intense flux of
thermal or non-thermal X-rays has been discussed in detail ear-
lier (Kane et al. 1995). The estimated response is based on the
calibration of the instrument in the laboratory and calculations
using a Monte Carlo model. At the peak of the flare considered
here, the uncorrected count rate was 69 108 countss™!, and the
dead time correction reached a factor of 6.97. (By way of com-
parison, the correction reached a factor of approximately 147
for the 1991 June 01 flare.) Buffer overflow caused the counters
to roll over numerous times during the rise and decay phases;
these rollovers are characterized by rapid, “sawtooth” increases
and decreases in the apparent counting rate, and are easily
tracked and corrected for. The integral rate data presented here
include corrections for both effects. The times and fluxes have
also been normalized to the Earth’s distance from the Sun.

RHESSI has been described extensively in the literature (cf.
Lin et al. 2002). The basic spectral and temporal resolution of
the present observations is ~2 keV and 4 s respectively. The
10-200 keV X-ray images relevant to the present study were
obtained with a spatial resolution of 46" and were averaged
over time intervals of 1-6 min. In order to reduce the incident
photon flux to a level suitable for measurements by the instru-
ment, thick and/or thin shutters (attenuators) are moved auto-
matically (or on command) into the path of the X-rays incident
on the detector. During the 2003 November 4 flare, the atten-
uator mode switched between A1 (thin shutter) and A3 (thick
and thin shutters). There was no change in the status of the at-
tenuator or decimation during the time intervals used for con-
structing the spectra and images presented in this paper.

3. Observations

The very large solar flare of 2003 November 4 (~1947 UT)
occurred in the active region NOAA 10486. The H-« flare (im-
portance 3B) was located near the west limb of the Sun at
S19, W83. The associated 15 GHz radio burst, observed by
the Owens Valley Solar Array (OVSA), reached a peak flux
of 60000 sfu at ~1945 UT. The X-ray emission associated
with the flare was observed by instruments aboard the inter-
planetary spacecraft Ulysses and the Earth-satellites RHESSI
and GOES. The locations of these spacecraft (projected onto
the ecliptic plane) relative to the Sun-Earth line and the loca-
tion of the flare on the Sun are shown schematically in Fig. 1.
Ulysses was located at ~24° behind the west limb at a distance
of 5.3 AU from the Sun. The flare view angles (that is, the
spacecraft-Sun center- flare region angles) for the Ulysses and
RHESSI/GOES instruments were ~31° West and ~83° East re-
spectively. The flare was therefore in full view of the Ulysses
instrument. Moreover, the X-ray flux incident on the Ulysses
instrument was smaller than that at the near-Earth instruments
by a factor of 27.6. The flare was also in full view of both the
GOES and RHESSI instruments provided that the X-ray source
did not extend spatially beyond the west limb of the Sun.
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LOCATION OF ULYSSES: 4 NOV 2003 (~1945 UT)
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Fig. 1. The locations of the Ulysses, RHESSI and GOES spacecraft

(projected onto the ecliptic plane) relative to the Sun-Earth line. The
location of the 2003 November 4 flare on the solar disk is also shown.
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Fig.2. From top to bottom, the time histories are shown for (1) the
0.5-4.0 A X-ray emission observed by the GOES instrument, (2) the
integral counting rate of 25-150 keV X-rays observed by the Ulysses
instrument at the location of Ulysses (5.3 AU from the Sun), and
(3) the integral counting rate of X-rays >20 keV observed by RHESSI.
For reference, the time of maximum for the 15 GHz radio emission
observed by the Owens Valley Solar Array (OVSA) is indicated by an
arrow at the top of the figure. After 1936 UT RHESSI was close to
satellite night and data are not shown.

Figure 2 shows the time history of (1) the 0.5-4.0 A
X-ray emission observed by the GOES instrument, (2) the
25-150 keV X-ray count rate observed by Ulysses at 5.3 AU,
and (3) the integral counting rate of X-rays > 20 keV ob-
served by RHESSI. For reference, the time of maximum for the
15 GHz radio emission observed by OVSA is indicated by an
arrow at the top of the figure. The attenuator mode for RHESSI
switched between Al and A3 during the observation period.
The rates shown are normalized to attenuator mode A3.

The soft X-ray burst associated with the flare has been clas-
sified as GOES class X28. The GOES observations (Fig. 2)
show an initial small maximum at ~1935 UT followed by a
rise towards the main maximum. However, the GOES instru-
ment saturated several minutes before reaching the soft X-ray
maximum and remained saturated for ~15 min. Although the
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exact time of the soft X-ray maximum could not be determined,
it appears that the soft X-ray emission reached its maximum
several minutes after the maxima in the hard X-ray and mi-
crowave radio emissions. This is confirmed by the additional
analysis of the GOES observations conducted by Kiplinger &
Garcia (2004). Although it is not possible, strictly speaking, to
correct the count rates for the effects of saturation, they have
compared the time profile to that of other, unsaturated events to
get a picture of the overall behavior. They have estimated that
the soft X-ray flare was probably of GOES class X30.6 with a
maximum at 1947 UT. According to their analysis, a maximum
temperature of 4.2 X 107 K probably occurred at ~1942 UT and
the emission measure probably reached its maximum value of
~1.6 x 10°! cm™3 at ~1948:40 UT.

Ulysses observations of the flare consist of the 25-150 keV
integral counting rate covering the period 1920-2100 UT
(Fig. 2). A significant increase above the background was de-
tected only during the period 1932-2020 UT. No spectra were
recorded during this period, as the instrument was triggering
continuously on solar particles from a previous event. However,
as we show below, it is nevertheless possible to obtain reason-
able upper and lower limits to the X-ray flux. After a small
maximum at ~1933 UT, the Ulysses counting rate increased
rapidly to a maximum at ~1944 UT almost simultaneously with
the 15 GHz radio maximum. By the time the GOES instru-
ment recovered from saturation, the Ulysses counting rate had
already decreased by a factor of ~100 from its maximum value.

4. The small hard X-ray burst

RHESSI observed the Sun from 1925 UT to 1936 UT (Fig. 2);
after 1936 UT RHESSI was close to satellite night. Also,
some data were probably contaminated by terrestrial particles.
Therefore RHESSI data from 1936 UT to 1956 UT could not be
included in this study. RHESSI observations thus covered the
early rise and late decay of the flare but did not cover the princi-
pal maximum. The Ulysses and RHESSI counting rates during
the small initial hard X-ray burst are shown in Fig. 3. Although
there is a general similarity between the two lightcurves, the
times of the maxima and the rates of rise and decay seem to
differ significantly. It appears that although most of the hard
X-ray source was in full view of both the instruments, some
parts of the source were partially occulted from the view of
RHESSI.

In order to compare further the RHESSI and Ulysses ob-
servations of the small X-ray burst, a double power law photon
spectrum of the following form was fitted to the RHESSI ob-
servations: J(E) oc E~ photonscm™2s™'keV~!, where y = v,
for E = Ey; and y = y, for E > Ey,. Here Ey, is the breakpoint
photon energy (keV). The expected counting rate of the Ulysses
instrument due to this spectrum was then computed and com-
pared with the observed counting rate. This procedure is sim-
ilar to one used earlier by Trottet et al. (2003) in the analysis
of the giant solar flare on 1991 June 30. The results obtained
for the 2003 November 4 flare were as follows: (a) for the pe-
riod 1932:40-1933:40 UT, which covers the onset through the
first, small maximum, the spectral parameters were y; = 4.47,
vy = 4.82, and Ey. = 49.0 keV. The computed and observed
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Fig. 3. The integral (25-150 keV) counting rate of the Ulysses in-
strument and the counting rate of X-rays >20 keV observed by
RHESSI during the small hard X-ray burst associated with the 2003
November 4 solar flare.

counting rates were 60.7 and 79.5 counts s~! respectively. The
observed and computed rates thus agreed within ~30%. (b) For
the period 1934:00-1936:00 UT, which covers the decay of
the first maximum, the spectral parameters were y; = 7.55,
v» = 5.61, and Ey. = 37.3 keV. The computed and observed
counting rates were 119.5 and 320.6 counts s~! respectively.
The observed rate was therefore larger than the computed rate
by a factor of ~2.7.

The difference between the observed and computed count-
ing rates of the Ulysses instrument during the decay of the
small maximum represents the difference between the hard
X-ray fluxes observed by Ulysses and RHESSI at that time.
The difference could be caused by one or both of the follow-
ing two factors: (1) directivity (anisotropy) of the hard X-ray
source, and (2) partial occultation of the hard X-ray source
by the photosphere from the view of the RHESSI instrument.
Extensive stereoscopic observations of the directivity of flare-
associated hard X-ray sources during the last solar activity cy-
cle have shown that it is small (Kane et al. 1980, 1988, 1998).
The good agreement between the observed and expected count-
ing rates during the rise and small maximum confirm this ear-
lier finding. Partial occultation of the hard X-ray source is
therefore most likely to be the main cause of the observed dif-
ference. It appears that during the rise and first maximum, most
of the hard X-ray source was located on the visible solar disk
in full view of both the instruments. However, during the decay
of the first maximum, there were additional components of the
hard X-ray source behind the solar limb which were occulted
from the view of RHESSI.

Images of the 20-30 keV and 30-50 keV X-ray sources
obtained by RHESSI during the period of the maximum
(1932:40-1933:40UT) and early decay (1934:00-1936:00UT)
of the small X-ray flare and late in the decay (2056:00-2102:00
UT) of the large X-ray flare are shown in Fig. 4. The solar limb
is also shown. During the early rise of the small X-ray flare,
the hard X-ray sources were on the disk , just inside the west
limb of the Sun. On the other hand, during the early decay of
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that flare, the X-ray sources were just above the limb with only
faint emission from the disk. During the late decay of the large
X-ray flare, the hard X-ray source was high in the corona with
no detectable emission from the solar disk. It is possible, how-
ever, that the hard X-ray source extended beyond the west limb
and hence a part of the source was occulted from the view of
RHESSI.

During the late decay in the flare there is no detectable
hard X-ray source on the solar disk. Instead, a relatively com-
pact source is present in the corona at a height of ~20000 km
above the solar limb. This source is similar to the coronal hard
X-ray sources observed by RHESSI in other solar flares (Kane
& Hurford 2003; Kane et al. 2003).

5. Energetic electrons at the Sun

Impulsive hard X-ray emission in solar flares is generally inter-
preted as thick-target bremsstrahlung produced in the chromo-
sphere by non-thermal electrons accelerated during the flare.
Several models have been developed to describe the hard
X-ray source in a flare (Holman et al. 2003; McTiernan &
Petrosian 1990; Brown et al. 1971; Holman 2003). The inci-
dent hard X-ray spectrum is often a single or double power
law E~Y photons cm™2s~! keV~!, where E is the photon energy
and the index y = 2.0-6.0, the most common value being 3.5
(Bromund et al. 1995). Ulysses observations of the integral
hard X-ray counting rate can be used to estimate the energy
carried by the energetic electrons at the Sun.

Since the hard X-ray spectrum incident on Ulysses is not
available, we obtain constraints by first assuming the differen-
tial spectrum of the 220 keV photons at the time of burst max-
imum to be a power law with index y = 3.5. The maximum
counting rate observed by Ulysses then requires the following
photon spectrum at 1 AU:

J(E) =47 x 10°E73? photons cm2s 'keV'at 1 AU. (1)

For a simple thick-target model with isotropic X-ray emission,
the implied spectrum of 220 keV electrons at the Sun is then
given by (Brown 1971; Hudson et al. 1978):

N(E.) = 1.8 x 10¥E_* electrons s ' keV ' atthe Sun,  (2)

where E. (keV) is the energy of the electrons. For electrons
with energy E. 2 20 keV, this leads to an injection rate of 1.4 X
10% electrons s~! into the hard X-ray source, the corresponding
energy dissipation rate being 6.4 x 103! ergs~!. For a ~200 s
full width at half maximum for the hard X-ray time profile, we
find the total number of 220 keV electrons accelerated during
the flare to be ~2.8 x 10*!. The total energy dissipated by these
electrons during the flare is found to be 1.3 x 10** erg.

The above numbers represent the best estimates for this
flare. Their uncertainties can be estimated by taking y to be
2.5 and 4.5; about 70% of the flares studied by Bromund et al.
(1995) had spectral indices in this range, making it roughly
equivalent to a 1o confidence interval. If the index vy is as-
sumed to be 2.5, the total dissipated energy is found to be
4.1 x 10* erg. An assumed index of 4.5 gives 2.8 x 10** erg
for the total dissipated energy. Thus an uncertainty of =1 in the
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4 NOV 2003 FLARE
(RHESSI)

SMALL FLARE
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1932:40-1933:40 UT
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EARLY DECAY
1934:00-1936:00 UT

LARGE FLARE
LATE DECAY
2056:00-2102:00 UT

Fig. 4. Images of the 20-30 keV and 30-50 keV X-ray sources obtained by RHESSI during the period of the maximum (1932:40-1933:40 UT)
and early decay (1934:00-1936:00 UT) of the small X-ray flare and late in the decay (2056:00-2102:00 UT) of the large X-ray flare. The solar
limb is also shown. During the early rise of the small X-ray flare, the hard X-ray sources were on the disk , just inside the west limb of the
Sun. On the other hand, during the early decay of that flare, the X-ray sources were just above the limb with only faint emission from the disk.
However, during the late decay of the large X-ray flare, the hard X-ray source was high in the corona with no detectable emission from the

solar disk

photon spectral index corresponds to an uncertainty of a fac-
tor =3 in the estimates of the rate of energy dissipation and the
total energy dissipated during the flare.

As stated in Sect. 4, in the case of the small burst
(1933:40 UT), the photon spectrum was measured by the
RHESSI instrument. The injection rate of >20 keV electrons
into the hard X-ray source is found to be ~10% electronss™!,
the corresponding total energy dissipated by these electrons be-
ing ~10*! erg. The production of energetic electrons in the large

burst was thus ~1000 times larger than that in the small burst.

6. Energy release and the role of the active region

Trottet et al. (2003) have reported hard X-ray stereoscopic ob-
servations of the 1991 June 30 flare obtained by the Solar
X-ray/Cosmic Gamma-Ray Burst Experiment on Ulysses and
by the Burst and Transient Source Experiment on the Compton
Gamma-Ray Observatory in the same energy range as the one
in the present study. This is the only work to date which has al-
lowed us to obtain information, albeit incomplete, on the spatial
distribution of the hard X-ray emission and its evolution with

time during a giant flare. The main conclusion of this work is
that energy release during major solar flares is a complex and
dynamic process which involves large spatial scales.

The flare on 2003 November 4, which produced the largest
soft X-ray burst observed so far, also produced the most in-
tense hard X-ray burst observed during the present solar activ-
ity cycle. Intense microwave emission indicates the presence
of a large number of non-thermal electrons and the very high
frequencies (405 GHz) at which the radio emission could be
observed indicates a very high rate of energy release during
this flare. The Ulysses observations of the hard X-ray emission
show that a total of ~3 x 10*! electrons with energy =20 keV
were accelerated during this flare. The total energy carried by
these electrons was between ~4 x 103 and 3 x 10** erg. If we
include the energy in the form of lower energy electrons and en-
ergetic ions the total energy released will be even larger. Also
it is possible that additional energy is required to produce the
flare-associated coronal mass ejection and other mass motions.
This flare therefore belongs to the class of “giant” flares ob-
served during the last solar activity cycle.
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Most models of solar flares assume that the magnetic field
in the associated active region is the source of the energy re-
leased during the flare. For the active region NOAA 10486 the
available energy prior to the 2003 October 29 flare has been
estimated to be ~8 x 1033 erg (Metcalf et al. 2004). If a compa-
rable amount of energy was also available prior to the 2003
November 4 flare, the present observations indicate that es-
sentially all the available energy was released during the short
duration of the flare.

A study of the release and dissipation of energy during gi-
ant solar flares carried out by us earlier (Kane et al. 1995) indi-
cated the inadequacy of the relevant active region to provide the
rapid energy release necessary for the flare. Even when the to-
tal available energy in the active region is comparable to the en-
ergy released during the flare, release of all that energy during
the short duration of the flare is expected to affect substantially
the magnetic field structure of the active region. We are not
aware of any observations which indicate large scale changes
in an active region after a large flare. It is therefore possible
that the instability that triggers the energy release during a so-
lar flare affects the corona globally (rather than locally) so that
resources from a substantial part of the corona inside as well
as outside the active region are available for energy release and
acceleration of particles.

Eleven giant solar flares were observed during the last solar
activity cycle. Although only one giant flare has been observed
during the present solar activity cycle, it produced one of the
most intense hard X-ray bursts and the largest soft X-ray burst
ever observed. The present observations therefore confirm the
previous results and extend them to the present solar cycle. It
therefore appears that giant flares, although rare, may be a fea-
ture of each solar cycle. However, in most of these twelve giant
flares the intense X-ray flux partially or fully saturated the soft
X-ray and hard X-ray instruments located at ~1 AU from the
Sun. The observations presented here have demonstrated very
clearly the need for large dynamic ranges for the soft X-ray and
hard X-ray instruments intended for solar flare observations. It
is hoped that this need will receive full consideration in the
design of the future X-ray instrumentation so that reliable and
accurate observations of the most energetic, giant, solar flares
are possible.
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