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Abstract. Solar flare observations in the deka-keV range afe Introduction
performed by the WATCH experiment on board the GRANA]:( is well known that the solar corona is a very dynamic region
satellite. The WATCH experiment is presented, including the yady 9

energy calibration as applied in the present work. The creati\(l)vhICh Is the seat of many phenomena related to magnetic energy

- . eieases in a large range of sizes and occurring on time scales
of the solar burst catalogue covering two years of observation ] 9 9 9

. . .gaing from a few seconds or less to hours. Physical processes
described and some examples of solar observations are given 9 y P

The estimated energy releases in the flares presented heree,%dmg to magnetic energy releases have been analyzed in in-

found to extend below the range of hard X-ray flares which Wecrzléwgual solar flares using multi-wavelength observations. Such

previously studied by ISEE-3 and HXRBS/SMM detectors.ThS'ngle'Case studies constrain the number and energy spectrum

X-ray emitting component cannot be exclusively explained boef qccelerated electr_ons andions ar_nd the.characterls.,ncs of.mag-
etic structures at different scales in which energetic particles

contributions from a thermal plasma around a few keV. Either a .
produced, propagate and radiate.

i . I
h r component or a non-thermal lation of particles m 0 .
otter component or a non-thermal population of particles L?lSFThe statistical behaviour of solar flares has been charac-

also be present to produce the observed deka-keV emiss'ion. ) o
. erized with frequency distributions of hard X-ray parameters

The WATCH data furthermore shows that the relative contrj- e ] . i
butions of these components may change during an eVeng?tlowe et al. 1974; Lin et al. 1984; Dennis 1985; Schwartz et
af.) 1992; Crosby et al. 1993; Lee et al. 1993; Pearce et al. 1993;

from event to event and that the injection of energy containedén £1993 Biesecker 1994- Biesecker et al. 1994: Bromund et al

suprathermal electrons may occur throughout an event and g ) ] .
only during the rise phase. For the most energetic WATCH flarie': 5; Lee etal. 1995; Kucera et al. 1997). Itis found that most

. ; . of the distributions can be represented by power-laws having

simultaneous observations performed by other experiments a )

hi . o .. aslope ranging from -2.4 and -1.4 above a threshold (usually
igher energies further indicate that non-thermal emission Call Lted to the sensitivity of the experiment sed), (see Crosb

be observed as low as 10 keV. A statistical study is performed :9 éj) for a review) vty xpert u ' y

the total WATCH solar database and frequency distributions afe The most recen.t statistical studies were based on hard X-

built on measured X-ray flare parameters. It is also investigated

how the properties of these frequency distributions behave wt{é‘x data originating from long-term solar flare observations ob-

. . alned with the Hard X-Ray Burst Spectrometer (HXRBS) on
subgroups of events defined by different ranges of paramet[%rs Solar Maximum Mission (SMM) spacecraft (Crosby et al.

are considered. No correlation is found between the elap 3) and by the X-ray spectrometer aboard the Intemational
timg interyal between succgssivg flares arising from the Sa%gmetary Explorer (ICE, formerly known as ISEE 3) space-
active region and the peak intensity of the flare. craft (Bromund et al. 1995). The measured parameters are the
eak count rate (C), the total duration (D) and the peak photon
ux (F). The peak energy flux (E) and the total energy (W) in
accelerated electrons were also computed using a single power-
law photon spectrum and a thick-target interaction model. The
slopes of the power-law distributions computed above a thresh-
old are summarized for both studies in Table 1. Power-law distri-
butions are found to extend for several decades. The slopes de-
duced by Bromund et al. (1995) are found to be slightly steeper
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Table 1. Characteristics of the occurrence distributions of HXR flare parameters

C D F E w

(cs™) (s) (phenm?s7h) (ergsst) (ergs)
HXRBS/SMM
(Croshy et
al., 1993)
slope -1.73+/-0.01 -2.17+/-0.05 -1.59+/-0.01 -1.67+/-0.04 -1.53+/-0.02
threshold 30cs! 200s 1.5phem?s ! 107 ergss!  3x10%® ergs
ISEE-3
(Bromund et
al., 1995)
slope - -2.40+/-0.04 -1.86+/-0.01 -1.92+4/-0.02 -1.67+4/-0.02
threshold - 100's 4phenfs™t  2x10°"ergss' 10 ergs

than the ones deduced by Crosby et al (1993). This may famge. He found that the distributions can be represented by
due to differences in instrument sensitivity for the measured pasingle power-law with a slope -1.5, -1.6, which is simi-
rameters or to different methods of estimating electron energy to what has been found for energy distributions in the hard
for computed parameters. It was pointed out by Crosby et Xkray range. This may suggest that independently of the form
(1993) that the distribution in photon flux obtained for the midnder which the released energy is converted (plasma heating
croflares observed by Lin et al. (1984) closely agrees with tbeproduction of non-thermal particles), frequency distributions
extrapolated distribution of all flares observed near solar max-total energy contained in either non-thermal particles or hot
imum. This strengthens the assumption that the deviation frgtasmas give good indications on the energy release distribu-
the power-law observed below the threshold of 1.5 phtet! tion itself. Lee et al. (1995) have compared the soft X-ray peak
with HXRBS/SMM reflects only the effect of the instrumentaflux and the hard X-ray fluence distribution. Different slopes are
sensitivity threshold. On the other hand it has been noticed tfaind, leading the authors to conclude that other heating mech-
there seems to be a deficiency of stronger/longer events seeaniisms than energy deposited by accelerated electrons must act
the frequency distributions of durations and fluxes. It is possit flares.

ble that this may be due to an observational effect (data gaps, The interpretation of the shape of the frequency distributions
saturation) but as suggested by Lu et al. (1993), it cannot les been investigated in the literature and basically two classes
excluded that this effect may be real. of models (‘'stochastic relaxation’ and 'avalanche model’) have

Another statistical study was performed on thbeen developed (see Sect. 5.2). Assuming that the total energy
HXRBS/SMM data by Pearce et al. (1993) leading toontained in non-thermal electrons or hot plasmas is correlated
similar results for the distribution in peak count rates as io the total energy released during a flare, the observed distri-
Crosby et al. (1993). They furthermore studied the distributidoutions can be confronted to the predictions of these models.
of the time intervals between consecutive HXRBS eventdis has been done for hard X-ray flares with an energy range
(limited to the 60 minute spacecraft day) and found that ttetween 18 to 10*2 ergs. However, very little information is
flares did not seem to be randomly distributed in time, bkhown on the distributions of X-ray flare parameters for weaker
that the occurrence distribution of time intervals was bestents.
fitted by a power-law distribution. Similar results were also In this paper we present a new solar X-ray flare statistical
found using observations from BATSE (Biesecker 19943tudy based on observations at photon X-ray energies above 10
More recently (Kucera et al. 1997) studied if the frequendseV recorded by th®anish Wide Angle Telescope for Cosmic
distribution of HXRBS/SMM flares varies as a function of thélard X-RaygWATCH) experiment aboard the Russian space-
size of the active region. Basically they find that fewer largeraft GRANAT. The energy release in these flares is estimated to
flares are produced by active regions with small total sunspietbelow the range observed by ISEE-3/ICE or HXRBS/SMM.
area and that large complex regions appear to produce a lowerquency distributions are performed on the different measured
percentage of low energy flares than smaller, simpler regionX-ray parameters.

In the soft X-ray domain, frequency distributions of global WATCH measures the X-ray flux in the deka-keV range
soft X-ray parameters are also found (Hudson et al. 1969; Drafa, which few observations have been performed with scintilla-
1971; Lee et al. 1995; Shimizu 1994, 1995) to be all weltors. This experiment allows to make systematic observationsin
represented by power-laws with slopes ranging from -1.4 to -2tBis intermediate zone between hard X-ray observations above
Shimizu (1994, 1995) performed frequency distributions on tl2® keV and observations in the soft X-ray thermal range (e.g.
estimated energy content of transient brightenings measurediith GOES). In Sect. 2 the WATCH unit that observes the Sun
the soft X-ray telescope aboard YOHKOH in the 0.4-4.0 ke{feferred to as WATCH-0) is presented including a description
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of how the energy calibration of the detector was performedith an equal width and a spacing of 5 mm thus providing a
Thereafter (Sect. 3) the creation of the WATCH solar flare catspatial resolution of 5.7. To provide a sufficient mechanical
logue is explained and some examples of solar observationsstrength of the grid as well as to absorb fluorescent X-rays pro-
given. For some of the solar events we discuss the possibledaeed in the tantalum, thin layers of copper and of carbon fiber
terpretations of the radiation observed and an estimation of #@oxy were added to the tantalum grid. The total area of the
energy content of the largest flares observed is given. Sectietector system is 95.0 énequally divided between the Nal
presents the different statistical studies that were performedanrd Csl scintillators. The two scintillators are viewed by a sin-
the WATCH solar database. In Sect. 5 the results of the statistighd photomultiplier tube through a lead glas optical window and
study are discussed in relation with previous studies and in t@ve an X-ray entrance window of 25 micron Aluminium which
context of avalanche models. Sect. 5 furthermore summaripesvents optical light from entering the scintillator and allows
the conclusions of the paper and discusses some prospedtieeX-rays to pass with little absorption above 6 keV. The signhals
studies. from the two types of scintillators can be separated electroni-
cally, due to the different decay characteristics of the scintillator
i materials (0.23:s for Nal(Tl) and 0.63:s for Csl(Na)).
2. The WATCH experiment aboard GRANAT For the study of solar bursts, basically two count rate chan-

The GRANAT satellite was launched on 1. Dec. 1989 and tRels and two modulation channels from the Nal scintillator were
WATCH experiment is composed of 4 WATCH units mountedsed. The time accumulation for the count rates and modula-
in a tetrahedral geometry, each being designed with a very lak§d patterns is based on the rotation velocity of the modula-
field-of-view (4 steradians). One of the WATCH units has théon grid/scintillator system which is slightly variable with time
Sun in its field-of-view and there exists almost two years §ut which is recorded. The time accumulation for the normal
solar observation, covering the solar data gap between the EAdNt rate data is approximately 6.5 seconds (8 rotations) and
of the HXRBS/SMM observations (December 1989) and ttigr the modulation patterns approximately 13.9 minutes (1024
launch of COMPTON (April 1991). As the GRANAT orbit is rotations). Bursts (triggers) having rise times less than two ro-
highly eccentric and has a long period96 hours), it allows tations causes the WATCH instrument to enter burst mode. The
long uninterrupted observations between passages througha¢timulation time for the count rate is of one rotation, approx-
radiation belts of the Earth. Telemetry was on an average ddftely 0.8 seconds. For bursts triggers with time scales of 2 to

every 24 hours on 3 days out of 4 in each GRANAT orbit. 32 seconds the observing program enters the transient mode. In
this mode modulation patterns with 16 rotation time accumula-

. - tion are collected~{ 13 seconds).
2.1. Technical description

The WATCH detectors are based on the rotation-modulatiop-> The WATCH modulation pattern
collimator (RMC) principle which allows to get some informa-
tion on the arrival direction of the photons. The first modulatiohen the modulation and scintillator grid of WATCH rotate
collimator was designed by Oda (1965) and consisted of tirgether, the illuminated fraction of the scintillator will vary as
plane grids of parallel wires separated by a short distance dR#iandt 1994):
placed in front of a detector. The Oda technique was thereafter
improved by letting the two planes of parallelGaransmission Ed. (1)A= saw[(¢rL)/d) tan@) cos(x¢) + J]
grids rotate synchronously around a fixed axis perpendicular to
the grids. This allows to modulate the X-ray flux received from¥here saw[ ] is the symmetric triangle sawtooth function
point source. This technique referred to as rotation-modulatidfrmalized between 0 and 1 with periogl aw(0)= sawf)=
collimator (RMC) was proposed by Mertz (1968) and further d82W(2r)=0.5, sawf/2)= 1 and saw(3/2)=0.0), L is the
veloped by Schnopper et al. (1968, 1970) and Willmore (197@ijfstance between the modulation grid and the scintillator
The WATCH experiment is based on the RMC-principle, pgurface, d is the width of the tantalum rods of the grid, X is
the second grid of the collimator has been replaced with two # rotation phase in radians [&2 6 is the off-axis angle of
terleaved grids of X-ray detectors (Nal(Tl) and Csl(Na)) (Lunthe source in the WATCH field-of-view (the angle between
1985). The advantage of this method is that by adding togetffa@ rotation axis and the incident radiatiom),is the phase
the count rates in the two scintillators, the X-ray burst time pr@ngle of the source within the field-of-view (the spin axis of
file can be measured, unaffected by the modulation pattern. The solar viewing WATCH unit on GRANAT is located in
ratio between the count rate measured in one scintillator and th@ symmetry-plane of the satellite’s solar panels and as a
total count rate provides the normalized instrumental modug@nsequence the solar image never deviates much from the
tion pattern which can be extracted independently of the ti#&0 line in the field-of-view)J is the measure of the relative
variations in the source flux (Lund 1981). The interleaved sciRosition of the grid and assembly of the scintillator strips in
tillator grids of the WATCH detector are a circular mosaic of 2gits of/d (6= 0 corresponds to half of each scintillator strip
scintillator (Nal and Csl) strips, each having a width of 5 mfieing exposed when the instrument is illuminated head-on).
and a thickness of 2 mm. The modulation grid is mounted 5 dnr WATCH on GRANAT ¢ is approximately equal to O.
above the scintillator surface and is made up of rods of tantallifnreality the modulation grid is not infinitely thin and the
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Fig. 1. The time profile of a solar event (top) with corresponding mod- 0 50 100 150 200 250 0 50 100 150 200 250
ulation pattern (bottom). The background estimated in the countrate  Phose o _ prose oin _
time profile before and after the burst is indicated as a dotted linefff- 2- The simulated solar modulation pattern (left) for different in-
the modulation pattern. cident z.ingles compargd with the measured solar modulation patterns
normalized to the maximum countrate. The background measured in
the countrate time profiles before or after the burst is indicated as a
finite thickness of the grid must be taken into account whelatted line.
attempting to model the shadow pattern. For a detailed analysis
of how the real modulation pattern was simulated, see Brandt
(1994). at phase bin 128/ 0). The other X-ray sources will be iden-
One rotation is divided into 256 equal angular incrementsfied by their different modulation patterns (as e.g. the Crab
Thus the modulation patterns consist of 256 values of couébula).
rates that are integrated over a given accumulation time. They
are used_m detgrmlnmg_the positions and strengths of the X'@{S,_ Energy calibration of the Nal scintillator
sources in the field-of-view. The upper part of Fig. 1 shows the
time profile of a solar event in the 10-30 keV energy range. Tlefore launch the WATCH experiment was calibrated using
modulation pattern has been accumulated over the time indidioactive sources. However a major gain shift after launch
cated by the two vertical lines. The modulation pattern (bottormjevents us from using this prelaunch calibration. Furthermore,
is centered at phase bin= 128+ ~0) as expected for the Sun.the radioactive source (Cd-109) associated with each detector
Fig. 2 illustrates how the simulated solar modulation pattewas found to be too weak compared to the background to be used
(left side) using Eq. 1 compares with the observed modulatiar calibration after launch. Therefore the energy calibration of
patterns normalized to the maximum count rate (right side) filve WATCH-0 detector was performed in the following way: 1)
different incident angleg. It can be noticed that for all incidentModelling the detector and 2) Using observations of the Crab

angled), the modulation pattern for the Sun is always center&tebula source for the energy calibration. The purpose of the
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. L Table 2. Effective energy ranges of WATCH-0
energy calibration is not to perform a complete spectral analysis

but to get an estimate of the energy bands in which count rat%'b ing Period L ow-Ener Hiah-Ener
were accumulated and of the number of photons corresponding serving Ferio OW-Energy gn-=nergy

. (keV) (keV)

to a given count rate.
The X-ray detection efficiency depends on the X-ray ab-Dec. 1989 - March 1991 10-30 > 30
sorption coefficients of the scintillators and the transparencypril - Nov. 1991 14-40 > 40
of the Aluminium entrance window. The detection efficiencyPec- 1991 - July 1992 10-30 >30

of the Nal scintillator in WATCH-0 is computed by using an
analytic calculation of the energy loss probabilities in the de-

tector (program developed by R.A. Schwartz, private cOmMi&-jntroduced into the response of the detector. The count rates
nication). It takes into account the probability of pho_toelectrlﬁroduced in the low- and high-energy channels are computed for
effect, Compton scattering and fluorescent escape in the S¢firerent limits of the output energy bands and compared with
tillator as well as "broadening” due to the spectral resolution ¢t spserved count rates. The effective energy ranges found
the scintillator. The effect of the final thickness of the modyzym this procedure are indicated in Table 2.

Iation.grid for an incident photon with angteis to reduge the  The knowledge of the effective energy ranges of the chan-
effective area by a factor g compared to the geometric proye|s ajlows to estimate the number of counts that will be regis-
jected area. Simulations of the mean value of the modulatigye in each given channel. The right side of Fig. 3 illustrates
patterns as a function éfgive the following correction fac_:tor: for periods 1 and 3 the expected count rates for a non-thermal
g(0)= 2x(0.5-0.121xtg(¥)) for 2.90°<h< 51.80°. Also in- photon spectrum I@)= A x (hv/10)~" with A=1 and hv is the

cluded in the computation is the absorption by the AIuminiun@nergy of the incoming photons in keV. The harder the spectrum
window and the thermal blanket located in front of the WATCI(lme lower the spectral index) the more counts are expected
instrument. This blanket reduces the transmission efficiency;Qfihe high-energy channel and the lower the ratio between the
incoming photons. Before launch it was found that the trangyq channels. The left side of Fig. 3 shows for periods 1 and 3
mission of 5.9 keV X-rays with blanket was about 60 perceffe expected count rate as a function of temperature (T) for a
of the transmission without the blanket. An indirect way of talijiven thermal photon spectrum i{pdefined by the temperature
ing into account this passive material in front of the instrume#t o¢ the emitting plasma and its emission measure (EM) with
is by multiplying the Aluminium thickness by a factor whicheni= 107 cm=3. For low temperatures, count rates are recorded
compensates for this decrease in transmission efficiency. It WaSinly in the low energy channel. With increase in temperature

found that a value (f) of 1.63 gives a good estimate of the 10i@ls expected number of counts will increase much faster in the

transmission efficiency at 5.9 keV. _ high-energy channel compared with the low-energy one.
The simulation of the scintillator is then performed using

the previous description. The electronic chain of the detector i

amplifies the output signal of the scintillator with a certain gaiﬁ' Observations

which Changed during the 2.5 years of the observations (CaSlTﬁe WATCH solar burst Cata|ogue (Astronomy and Astro-
Tirado 1994). This implies that the effective energy ranges ghysics Supplement Series) was created by systematically

the count rate channels changed during this period in relatighing through the WATCH-0 database with the following
with the changes of the gain. To determine the effective energiection criteria:

channels of WATCH-0, a standard X-ray source must be used.

During the 2.5 years of observation the Crab Nebula was gt The modulation pattern must correspond to the solar
times in the field-of-view. Its coordinates in relation to the origne (i.e. it must be centered@t-0, see Sect.2.2.2).

entation of the experiment are known, so that one can identify

this source in the background by its modulation pattern. T@g There must be a signature in the GOES data (a classi-
low- and high-energy count rates can thus be calculated usfR@l GOES flare or a significant flux enhancement). The
the two corresponding modulation patterns. It is found that teerresponding WATCH peak is not necessarily at the same

Crab countrates in WATCH-0 changed over the 2.5 years simiiine as that of the GOES event. Note that in general this second
taneously to the changes of the voltage of the experiment (freffterium is redundant with the first one.

May 1991 to November 1991). After this period, the voltage re-
turned to its previous value. Three observing periods must th®n The peak count rate of the WATCH event must be
be defined Corresponding to different values of the WATCH-#hove the three Sigma background level.
energy channels.
For each period the Crab incident photon spectrum given @$: The event must not be significantly contaminated by
particles.
Eqg. (2):dN/d(v)= 2.0210~2 x (hv/20)~299
phcnt? s~ keV~! with hv in keV A total of 1551 events were found, where approxi-
mately 45 percent of the events are associated with GOES
X-ray flare classification (607 C-flares, 84 M-flares and 2
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Fig. 3. Right side: The expected count rates in the low and high energy | |
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spectral indices. Left side: The expected count rates in the low and ~ 5 10 15 20 95 =0
high energy channels and their ratio for an incident thermal photon Number of month since launch of GRANAT
spectrum as a function of temperature (see text for details). Fig. 4. Top pannel: The monthly flaring rate recorded by WATCH-O.
Bottom pannel: The corresponding monthly flaring rate recorded by
GOES.

X-flares). 27 of these events were observed to have signals
above background in both the low- and high-energy channels.

Furthermore, each WATCH solar burst was tentatively agation of WATCH observations for the month) is computed in
sociated with an active region with the following selection crdays. The bottom pannel is the flaring rate as deduced from
teria: GOES. The flaring rate recorded by WATCH in the second ob-

- the WATCH event is associated with a reported GOEsgrving period (month 16 to 23) decreases as expected from the
flare associated with an active region in Solar Geophysical Dataft of the energy channels described in Sect. 2.3.
(comprehensive reports).

- the WATCH event is not associated with a reported GO
flare, but is simultaneously detected with an optical flare. TEﬁzl' Solar X-ray bursts observed by WATCH
X-ray burst may begin a few minutes before the optical flafehe bottom of Fig. 5 shows the time profile recorded in the low-
ending either during or after it, or it may begin during the openergy channel of WATCH on the 19 June 1990 between 15:00
tical flare and end before it. Only one optical flare must occand 16:20 UT (the dotted line represents the background). The
at the same time as the WATCH event for the association totim® upper pannels of the figure show complementary GOES

considered as valid. observations in two energy channels (the dotted line also repre-
A more detailed description of all the parameters accompeents the background - see below in Sect. 3.2). No signal above
nies the catalogue. background is observed in the high-energy channel of WATCH.

The top pannel of Fig. 4 shows the flaring rate as deducg&te first burst (a) observed at peaktime 15:23:24 UT is associ-
from the WATCH-0 observations, where the on-time (total dated with an optical flare and some significant GOES emission,
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Fig. 5. Time profiles of the three WATCH bursts (bottom) observeHig. 6. Time profiles of a burst (1991 August 17) observed simultane-
between 15:00 and 16:20 UT on 1990 June 19 with the correspondingsly by WATCH and BATSE in the rising phase of a GOES flare.
GOES time profiles (see text for details).

3.2. Nature of the Deka-keV emission observed by WATCH

As a first investigation of the nature of the emission observed

hich is h i ted GOES flare in 'Solar G by WATCH above 10 keV, it is checked whether the emission
\Fl)vhsll(;ic; ngviLg?w;ebpSrrsfs tr?it?ollow (peaaI:tE;nl"lneS_ iSa- :57_1 sults only from the contribution of the thermal plasma mea-
UT (b) and 16:14:26 UT (c)) are both associated with a C1. ar:t(jj(t))ry]/eGOES. Fig. 7 is a schematic representation of how this
GOES fla_re and a common optical flare. Th? first two peaxs Assuming that the emission measured in the two GOES soft
(1 apd 2) in the burst (p) are seen as bumps in the GOES ti -?ay ranges (1.5-12.4 keV and 3.1-24.8 keV) is produced by
profllte, ;vherefas t’?le third peak_ (S)bls ggsl’zestoNthf ?ﬁ atkaf: enomogeneous isothermal plasma, those observations are used
gvent N fserV(teh a t(r)]wer erlw(erglest yt '” 0 eth a Olit Wdetermine the parameters (temperature and emission mea-
purst as for others n€ peak count rate as well as the pea 'éU?e) of this soft X-ray emitting plasma. Formulae relevant for
indicated in the .WATCH catalogue corresponds to the Iargqﬁg GOES-1 satellite data have been derived by Thomas et al.
peat 2detected in the low-energy channel of WATCH (her(‘i985). However a significant difference in detector efficiencies
peaF ): N | ¢ b i t between the experiments aboard the different GOES satellites
b or2350|r(ne\z/er:/ en St; comfp e”;e”_afy (i_ serva |?ns atheng "HER been found by Sylwester et al. (1995), who have derived
above 25 keV have been found originating €.9. from the ur(,%nversion factors between the different experiments. Follow-
and Transient Source Experllment (BATSE) aboard the Gamma- the suggestion by Garcia (1994), the GOES wavelength-
Ray tObservaio:jy .(GfRO) 6(F|shman etdal.t1989).. Thel WATC eraged efficiencies given by Sylwester et al. (1995) are used
event presented In 1g. © corresponads 1o an iIMpulsve MQ-q et the GOES-7 fluxes into GOES-1 fluxes before they
thermal weak and short duration burst also observed WD, Lsed in the formulae of Thomas et al (1985)
BATSE in therising phase of the GOES flare. However no signal Two methods are used to determiné the pr.e—event back-
It:] the hlgh-fetrrllergy crlllanndeltof \tNATCH W?f/vop?rsg;'ved, proba(;) ound of the GOES flux observations. 1) A rough estimation of
BeAEI:'aSuée ot the smafler detector area o comparecia, pre-event flux level which represents an upper limit of the
' background level. 2) The technique developed by Bornmann
(1990) which determines the background by stating that the
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possible to simulate the time evolution of the WATCH count
GOES observations rate produced by the thermal plasma. For all cases that were
analyzed, the simulated count rate was always smaller than the
observed one indicating that, as expected, the emission cannot
be represented by an isothermal plasma alone. The simulated
time profile is then subtracted from the measured WATCH count
rate and what is left over is called the residual’ (Fig. 7). Fig. 8
shows the measured count rate in the low-energy channel (full-
line) compared with the simulated one (dotted line) for four
events. In Fig. 8a-c the simulated count rates represent respec-
tively 50 %, 20 %, ~0 % of the detected count rate. The ratio
WATCH between the detected and simulated count rates thus vary from
response one event to the other. It may also vary a lot in the course of
a burst (as for the 21-03-1992 burst in Fig. 8d) and is found
to be generally higher at the rise phase of a burst. This con-
firms either the usual multithermal nature of the flaring plasma

thermal plasma
(temperature, emission measure)

measured simulated residual or shows the frequent production of suprathermal electrons. It

WATCH _ WATCH - WATCH also confirms the variation from one burst to the other or evenin

count rate count rate count rate the course of a burst of the relative contribution of hot plasmas
or of suprathermal electrons.

Fig. 7. A schematic representation of the simulation of the combingéd some cases (see Fig. 8a) up to B0of the low-energy
WATCH and GOES observations. count-rate of WATCH can be produced by the contribution of
the thermal plasma measured by GOES and no signature is
detected in the WATCH high energy channel. In those cases,
two models have been used to analyse the combined GOES
and WATCH data (see Crosby et al. 1996 and Crosby 1996 for
details and examples to reproduce the combined observations
of WATCH and GOES). The first of this model is based on
the assumption that the flaring plasma can be represented
by two thermal components and the two sets of temperature
and emission measure are determined using the following
1600 guidelines:

1990 October 7

1990 June 19

4000

3180

2360

(cts bin™")
(cts bin™")
©
°©
S

1540

7201

—100

I I Bt . .
12:40 13:00 13:20 15:00 15:30

- the high temperature component must not give a signif-

2 50x10* [t LTI 22 so00 [ ore 2] icant signal in the high-energy WATCH channel.
- the low temperature component accounts for the low-energy
ety | GOES channel.
| S ool - both components account for the 3.1-24.8 keV GOES channel
3 i and the low-energy channel of WATCH.
5.87x105} 850} This analysis has been performed for the two events discussed
O ok in Croshy et al. (1996) (see Table 3a) and it was found that the

e oo soo 1200 DOt plasma could be represented by a temperature in the range
Fig. 8. Measured (full line) and simulated (dotted line) WATCH coun®f 1.1-1.4<10" K with an emission measure of 3-¥20'7

rates for four different events (see text for details). cm~3, while the "cold” plasma had a temperature ranging
between 5 and ¥10° K with an emission measure roughly ten
times larger than the hot plasma. The temperatures of the hot

temperature, emission measure and flux should all increas®lasma are found to be in the same range as those deduced by
the start of the soft X-ray brightenings and that the flaring X-r&§@mbined YOHKOH HXT and SXT observations (Hudson et
sources is hotter than the average of all background sourced&l-1£994) for impulsive footpoint brightenings.
is found that the background levels and thus the temperaturesIn some cases (e.g. the first peak of the 1992-03-21 event
and emission measures determined with the above two methdd@wn on Fig. 8d), the combined observations of GOES and
are consistent. WATCH cannot be reproduced by this above model (see also
The temperature and emission measure inferred from GOE®sby et al., 1996). The 'residual’ in the low-energy WATCH
give an estimate of the thermal spectrum impinging on tl§&annel must then be interpreted with the alternative model
WATCH detector as a function of time. Using the detector ré? terms of a non-thermal photon spectrum. In the following,
sponse that was described in the previous section, it is tH8i$ second model is used to analyse in a systematic way the
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WATCH observations. The non-thermal spectrumis determined .~ w202
using the following constraints:

1991-01-29
T

2.5x10%

20x10°

- the residual in the low-energy WATCH channel must....
be reproduced as well as the observations in the high-enérgy
channel. T
- if no significant emission is detected in the WATCH high-...|
energy channel, only a limit of the photon spectral index is | —— S
provided (see Table 3b) unless simultaneous observations == == ==

of the event by other experiments are used to bring further

constraints.

Table 3b summarize the results of the above analysis for, o
the events studied in Crosby et al (1996) where no emission, | T
in the WATCH high-energy channel was observed and where |
simultaneous detection of the first peak of the 1992-03-21 event
by BATSE was used as a further constraint. The results of the | !
spectral analysis of all the WATCH events with significant flux - L]
in the high energy channels are similarly summarized in Table 4. o "»11 _ ' . ]
Several peaks can be analyzed in these events, but we rest(§;(§:I: | | ] N | L]
ourselves to those for which no instrumental effects such as
OverﬂOW, dead_time, or pu|se pi|e_up are present_ The S|0peF&. 9a—d. The derivative of the two GOES time profiles Compared
the non-thermal photon spectrumis found to be between -5.5 it the WATCH count rates for the 1992 January 29 event. The top
-3.5 in agreement with values previously found in the IiteratuF%cl’l ﬁ'i%:;ejn%iﬂgbggigﬁsﬁg :‘?eulrc;";’;gzzrg?’ttr'giFrﬁfgﬁé’: W’?LC;H
in this energy range (Karte Anderson 197_0’ Panetal. 1984) ag ofiles of WATCH (full line). Tt?e dotted lines are ?he deri\g/]z)a/tives of
wellas above 20 kev (Crospy etal. 1993; Bromund etal. 199$(iSpectively the low-energy channel of GOES (right-side) and of the
The peak hard X-ray flux lies between 1 to 10 photons?(cr’pli h-energy one (left-side).

s keV) at 20 keV for these events and is about one order o?
magnitude lower for the events studied in Crosby et al (1996)

(Table 3b). These values lie towards the lower end of what Wgsen extensively studied at higher X-ray energies (e.g. Dénnis
observed for HXRBS (Crosby et al. 1993). The peak energyrro, 1993). Acommonly proposed interpretation of this effect
flux in electrons above 25 keV is also computed assuminggggests that the non-thermal energetic electrons radiating hard
thick-target model for the X-ray production. The values aboyeray emission are also at the origin of the heating and sub-
25 keV are found to lie around 10 10°” ergs/s. Compared sequent thermal bremsstrahlung observed in soft X-rays (e.g.
to the values found for the HXRBS observations (Crosby et @ennisg zarro, 1993). It must however be pointed out that the
1993), the hardest bursts detected by WATCH correspond tor@mtionship between the time profiles is not sufficient to support
energy content at the lower limit or below the range detect@gk causal relationship which must be further demonstrated by
by HXRBS. This suggests that the smallest and/or softest of i@ omparison of the energy contained in the non-thermal elec-
events detected by WATCH may belong to the same scalet@fns and radiated by the hot plasma. The present observations
events as the microflares detected by Lin et al. (1981). of a Neupert effect between the deka-keV and the lower en-
Comparable time profiles sometimes observed around dfdy time profiles may simply suggest that in some events the
keV with WATCH and at higher energy also suggest that thhservations in the deka-keV range are a good indicator of the
emission may be attributed to non-thermal origin even down Bimary energy release in the flare and not of the thermal re-
10 keV. The Neupert effect generalized as the relationship Q‘é’onse of the medium. Thus the deka-keV X-ray energy range

tween the time derivative of the soft X-ray time profile with thean be potentially used as a diagnostic of the flare energy release
hard X-ray light curve (Denni& Zarro 1993) is also observedprocess.

in some cases between WATCH time profiles and the GOES
ones around a few keV (Mollmer 1995). Fig. 9 illustrates such
an example for an event where significant emission is observe
in both channels of WATCH and a purely non-thermal phorhe present section shows some examples of solar bursts ob-
ton spectrum has been derived (see Table 4). The correlatiefved by WATCH around 10 keV. Depending on the event or
coefficient between the derivative of the two GOES channejg parts of the event, the light curves resemble either those of
with the low-energy channel of WATCH is found to be arounghe soft X-ray emission observed by GOES or those of the non-
0.9, while it is around 0.76 with the high-energy channel @hermal hard X-ray emissions observed e.g. by BATSE. Sev-
WATCH. This shows an apparent causal relationship betwegy| deka-keVV WATCH events may be observed during a single
the soft X-ray emission observed by GOES and the deka-k&dOES soft X-ray flare. The injection of energy above 10 keV
emission observed by WATCH. Such a causal relationship hgurs thus throughout a soft X-ray flare and not only at the

s85.7|
4714

Al

Fl
& 220

a. Conclusions
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Table 3. Spectral analysis of the two WATCH events described in Crosby et al. (1996)

a) Thermal plasma with two components (peak values) (deduced from GOES and WATCH observations)

date 1990 Oct. 7 1992 March 21

(12:47:45) (part 1)
(11:51:41)

plasma cold hot cold hot

T 5-7 12-13 5-6 11-14

(10° K)

EM 29-24  12-7 133-97 16-3.1

(10" cm™3)

b) Non-thermal electron spectrum (WATCH residual-peak values)

date photon A peak hard X-ray peak energy flux
spectral index flux at 20 keV >25 keV
~ (phem 2 s kev1) (ergssY)
1990 Oct. 7 >4.5 1.2<10° 0.16 <5.7x10%°
(12:47:45)
1992 March 21 ~5.0 8.2<10° ~0.26 ~9.5x10%°
(part )
(11:36:44)
1992 March 21 >4.5 1.4¢10° 0.20 <6.8x10*
(part Il)
(11:51:41)

Table 4. Spectral analysis of purely non-thermal events (observed in both energy channels of WATCH.

date uT photon A peak hard X-ray peak energy flux

spectral index flux at 20 keV >25 keV

~ (phem?2s ' kev™!) (ergss?)

90/03/27 22:36:36 55 2:6107 1.82 7.0¢10%
90/03/27 22:40:31 35 1.210° 3.35 9.4¢10%°
90/05/21 15:30:55 45 2:610° 3.63 1.3<10%7
90/05/21  15:31:02 5.0 1:210° 3.75 1.4<10%7
90/07/04  11:09:45 4.0 1:710° 10.62 3.4 1077
90/07/04 11:10:25 45 3:610° 5.03 1.%10%"
91/08/25 09:36:21 55 5210 3.63 1.4<10°7
92/01/29 22:33:51 55 24107 1.68 6.5¢10%

92/04/24  19:18:59 5.0 8:810° 2.75 1.0<10*"
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rise phase of the flare. This was sometimes observed at higherioo.oooo gy
X-ray energies by HXRBS/SMM, but less systematically. A lot i 1
of small soft X-ray enhancements not classified as GOES flargs 10.0000¢
are associated with small bursts observed by WATCH around i
10 keV. The production of suprathermal populations or of hot  1.0000 %
components in the corona is thus not limited to the “usual® §
GOES soft X-ray flares classified in ‘Solar Geophysical Data§ 0.1000 ¢
The spectral analysis performed on some events clearly sho@s i
that the emission around 10 keV does not only result from the  0.0100 %
plasma detected around a few keV by GOES. A hotter compe- i
nent or a non-thermal population is required in the solar corona  0.0010 -
to produce this emission. As already suggested from the previ- g
ous analysis of a few flares (Hernandez et al. 1986, Kane et al. 0.0001 ’1 N
1992), the non-thermal electron population thus extends down 1o 10
to 10 keV in many events.

2 103
Peak Count Rate (cts s7)

10.0000

4. Statistical analysis of solar X-ray flare parameters g 1

4.1. Frequency distributions of X-ray flare parameters "o 1:0000 & 3
Using the WATCH solar burst catalogue, frequency distributions% I ] o

0.1000 g ; 7 E

are derived for the following parameters: peak count rate, totaE
duration, rise time and decay time. Events where start, end/o¢ i i : 1
peak time are not observed are not included (14 events) in th§ 0.0100 K i il N
analysis, thus giving a total of 1537 events for the study. i Shyp ]

FLARE FRE

0.0010 K i -+

4.1.1. Flare peak count rate frequency distribution

Itis first investigated whether the shape of the frequency distri-  0.0001 D e A
bution of the flare peak count rate above background is sensitive o O o (cts S,W; 0 10
e e e s o .10, ey tutan fhe WATCH o ek coun
. . ate for the total observing period (top) well-represented by a power-
ferent observing perllods are all weI]—represented by power-la}g@ above the turn-over at 50 ¢/s (1251 events) with a stopel .58
above a turn-over with a slope which does not change signiff- 9 02. The frequency distribution of the WATCH peak count rate for
cantly during the three observing periods. different sub-groups of events (bottom). The steeper slopeZ.17+/-

The analysis can thus be performed on the total database aid) refers to events with duration less that 200 seconds (full line) and
Fig. 10 (top) illustrates the frequency distribution of the peake flatter sloped=-1.15+/-0.05) to events that have durations greater
count rate for the total database. It can be represented, abibae 1000 seconds (dashed curve)
the turn-over at 50 ¢/s and for almost three orders of magnitude,
by a power-law with a slope, wherea=-1.58 +/- 0.02.

We furthermore divided the events into five subgroups &sl.2. Total duration, rise and decay time frequency
function of their total duration (D): 6.5 & D < 200 s, 200 distributions
s<D<400s,400s< D <700s, 700 < D < 1000 s, _. o
D > 1000 s. The frequency distributions are performed on tﬁ(’—:g' 11 represents the frequency distribution of the burst to-

five subgroups and the two extremes are illustrated in Fig. ‘) duration for the whole database. A single power-law above
(bottom). All five frequency distributions can be represented Byturn-over does not fit Fhe distribution very well. This effect
power-laws above a turn-over, butitis found that the slope of thes already suggested in ther databases (Crosby et a_I. 1993;
power-law systematically varies with the range of durations omund et al. 1995), but is much more pronoun.ced n Fhe
the events (see Table 5). The slope is steepest for the sub-g rl?ﬁent study prot_)ably because of the longer day-tl_me orbit of
with the shortest duration and as the duration increases for e 4t SPacecraft which allows to observe longer duration events.

sub-group the slope of the power-law decreases. It mustbe n ble power-law representation or a power-law with an ex-

that this effect is systematically observed independently of tHgnentiaI. roII-ov_er as s.uggested by Lu et al. (1993) havg begn
values of the durations used for the limits of the sub-groups.used to fit the distributions and the results are summarized in

Tables 6 and 7. The events are then divided into subgroups de-
fined by the range of peak count rates<(0 c/s, B-100 c/s)



310 N. Crosby et al.: Deka-keV X-ray observations of solar bursts with WATCH/GRANAT

Table 6.Characteristics of the frequency distributions in total durations
for subgroups of events (see text for details) (2 power-law fits).

100.0000 E

10.0000 < -
E < E Total Duration

1.0000 g

[ « «
0.1000 1 2

0.0100 All events -1.09+/-0.05 -2.28+/-0.08

FLARE FREQUENCY per (s)

ooot0] P<100c/s -1.59+/-0.08 -3.15+/-0.35

0.0001 L ‘ ‘ ] P>100c/s -1.09+/-0.07 -2.67+/-0.17
10 102 109 104 10°

Total D ti .. L. . . .
otel Buration (s) Table 7.Characteristics of the frequency distributions in total durations

Fig. 11. The frequency distribution of the bursts total duration for thﬁ)r subgroups of events (see text for details) (power-law stopsth
whole observing period, and the fitting by either a single power-la% exponential roll-over J...)

with a slope {=-1.08+/-0.03) with an exponential roll-over at, 1=
2100 +/- 100 s (dotted line) or by two power-laws with slopés=
-1.09+/-0.05 angi>= -2.28 +/- 0.08 (full lines).

Total Duration

Table 5. Characteristics of the frequency distributions in peak count o Trmaz (S)

rates for sub-groups of events. Allevents  -1.08+/-0.03 2100+/-100
N¢::: number of events in the fit

N:o¢: total number of events in the distribution.

P<100c/s -1.28+/-0.06  800+/- 80

duration interval slope N:  Neot P>100c/s -0.90+-0.11 2200 +/-150
(seconds) &)
t>6.5 -158+/-0.02 1251 1537

count rate and the rise time being the lowest one (0.5). This is
consistent with what was previously observed at higher X-ray
energies with HXRBS/SMM (Crosby et al., 1993) where aloose
correlation was also observed between the flare duration and the

400<t<700  -1.46+/-0.06 190 229 peak count rate.

6.5<t<200 -2.17+/-0.07 437 653

200<t<400 -1.82+/-0.08 236 309

700<t<1000  -1.34+/-0.03 108 124 4.3. |Is there a relation between successive flares in the same

active region?
t>1000 -1.15+/-0.05 206 222

Alarge percentage of the solar bursts recorded by WATCH could
be associated with an active region. We defing@ghe elapsed
time between two events in the same active region as the dif-
to investigate if the parameters of the frequency distributiofeyence between the peaktimes of an event and of the preceding
vary from one sub-group to the other (see Tables 6 and 7). lpise. Bursts that are selected to defih@ must originate from
found that the distribution is always steepest in the long tintlee same telemetry dump or from adjacent dumps forming an
range. When the frequency distributions are fitted by a singlainterrupted sequence and be associated with the same active
power-law with an exponential roll-over, the power-law is flatregion. The study performed below on several active regions
ter for the sub-group with the largest peak count rates, while tisebased only on the dumps in which a lot of bursts arise from
value of T,,.. (s) defining the exponential roll-over systematthe same active region. (see Crosby (1996) for details). The fre-
ically increases (see Table 7). A similar behaviour is obtaingdency distribution of the elapsed timd€T is found to be well-
for frequency distributions of rise and decay times (see Crosbgpresented by a power-law distribution with a slope {0.78
1996 for more details). +/- 0.13) and an exponential roll-over (T= 19000 s +/- 5600).
The slope is similar to what Pearce et al. (1993) found using
. : the HXRBS/SMM database. The reason why the exponential
4.2. Correlation between the different X-ray flare parametersm”_over was not observed in the HXRBS/SMM database may
Fig. 12 illustrates the correlation scatter plots between the dstill be related to the fact that the SMM spacecraft had 60 min-
ferent characteristic times (total duration, rise and decay timégs observation windows due to the low orbit. It is investigated
as function of peak count rates. The slopes of the different carhether the magnitude of bursts associated with the same active
relation plots are similar~0.5). The correlation coefficientsregion is dependent or not on the time elapsed between succes-
range between 0.5 and 0.6, the coefficient between the psale bursts. The results are plotted in Fig. 13. No correlation is
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Fig. 13.Scatter plot between the elapsed tith& since previous burst
and the burst peak count rate for bursts associated with the same active
region. This plotis obtained by the accumulation of 19 plots performed
on several active regions. The triangles indicate that the preceding event
had a large peak count rate ( 1000 c/s).

etal. 1991; Kane et al. 1992). In some events, there is an indica-
tion of a “Neupert effect” between the WATCH time profiles at
10 keV and the derivatives of GOES time profiles around a few
keV. This suggests that X-ray emission around 10 keV contains
indeed a non-thermal component, and thus is a good indicator
of the primary energy release in a flare.

Assuming non-thermal emission for the most energetic
deka-keV bursts observed by WATCH, it is found that the peak

Fig. 12. Scatter plots between the (1) total duration, (2) rise time a'é%ergy flux extrapolated to the HXRBS/SMM range is that of the

(3) decay time with the peak count rate with the following slopes (
and correlation coefficients (cc): (1) s= 0.52+/-0.07 and cc= 0.61,
s=0.46+/-0.06 and cc= 0.50, (3) s=0.57 +/- 0.06 and cc= 0.62.

found between the elapsed tideT and the size of the event.

é all hard X-ray flares (less than?Cergs/s above 25 keV).
i

s suggests that the complete WATCH solar database dis-
cussed in this paper deals with smaller energy releases than
those observed by HXRBS/SMM.

The observations of solar bursts by WATCH also revealed

It is also checked whethek T is dependent on the size of th¢hat several bursts at 10 keV may occur during a single GOES
preceding event. The triangles on Fig. 13 correspond to burggft X-ray flare. This suggests that the injection of energy con-
for which the preceding event was larger than 1000 c/s. As d&@ined in suprathermal electrons occurs throughout a flare and
be noticed, there is no evidence of the need of a sufficient tifi@t Only at the rise phase of this flare. A lot of small soft X-
interval for a burst (even a big one) to occur after a large buf8y €nhancements detected by GOES are associated with small

in the same active region.

5. Discussion and conclusion

5.1. Energy contained in the WATCH flares

The analysis of the WATCH observations shows that in agre5 -

bursts observed by WATCH around 10 keV. The production of a
hot (T~10” K) plasma in the corona or of a suprathermal popu-
lation of electrons is thus a relatively common process, which is
not only limited to GOES soft X-ray flares of class C or greater.

.2. Frequency distributions and their interpretations

ment with previous works, the X-ray emitting componerithe earliest attempt to account for the flare size distribution
around 10 keV does not only result from the plasma detecteds proposed by Rosndr Vaiana (1978) in the context of
around a few keV by e.g. GOES. Either a hotter componentttie 'stochastic relaxation model'. It is based on the following
a non-thermal electron population must produce this emissidmree assumptions: 1) flaring is a stochastic relaxation process,
The similar time profiles observed around 10 keV and at high&y the energy build-up is exponential between flares, 3) all the
energies suggest that non-thermal emission is produced in sdree energy built-up between flares is released by the following

events down to~10 keV. This has previously been suggestefthre and the system returns to its unperturbed or ground state
from the analysis of other flares in both soft and hard X-ray dweia flaring. In the case where the built-up energy exceeds the
mains (e.g. Gabriel et al. 1984; Hernandez et al. 1986; Gabigebund-state energy, these assumptions lead to a power-law fre-
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quency distribution of released energies. In the simplest formagunt rates are detector and energy dependent. Investigating the
this model, some relationship is expected between the enefiggquency distribution of the peak count rate for subgroups of
released in a flare and the time elapsed since the previous frents with different durations, we find that they are still well-
produced in the same flaring volume. This has been tested withresented by power-law distributions over several decades,
WATCH observations with the result that no such relationshiphile the slope systematically decreases with increasing dura-
exists. tion. Such a behaviour is being currently modelled in the context
The more recent type of model to account for frequenof the “avalanche models” (Georgoulis et al., in preparation).
distributions is based on the concept of self-organized critical- The total duration frequency distribution cannot be well rep-
ity (SOC) also known as 'avalanche concept’ introduced bigsented by a single power-law. Although such an effect was
Bak et al. (1988, 1989) and Bak Chen (1991). This conceptalready noticed in the HXRBS/SMM distributions (Crosby et
characterizes the behaviour of dissipative systems containingl.a@l993) and the ISEE-3 distributions Bromund et al. (1995), it
large number of elements interacting over a short range, timatlearly seen in the WATCH observations, probably because
evolve to a critical state in which a minor event starts a chairfi the larger detection of events with longer duration. The fre-
reaction that can affect any number of elements in the systequnency distribution can be represented by two power-laws or
Frequency distributions of the output (size) parameters from thg a single power-law~(= -1.08 +/- 0.03) with an exponential
chain reaction taken over a period of time can be representeli-over (T,,,,=2100 +/- 100 s). The value of, .. is found
by power-laws. L& Hamilton (1991) proposed a model basetb be close to what Lu et al. (1993) found comparing numeri-
on SOC, in which a solar flare is considered as avalanchesaf simulations of avalanches and ISEE-3 observations of X-ray
many small reconnection events. The frequency distributionsashission above 20 keV. This indicates a maximum duration of
peak flux and total energy released are found to be well-fittedtigres above which the single power-law behavior of the oc-
power-laws with respective slopes -1.8 and -1.4 {tdamil- curence distribution breaks down. This may indicate a limit in
ton 1991). More recently Lu et al. (1993) further developed theduration of a flare above which the dynamic evolution of the
model and found that a power-law with an exponential roll-ovelstem is no longer governed by a self-organized behaviour. As
is a better representation for the frequency distributions. Theyggested by Lu et al. (1993) the exponential roll-over value
have compared the predictions of the 'avalanche’ models witlay also be related to the size of the flaring volume. It may
the ISEE-3/ICE observations and have found a general gaadygest that small flares need smaller flaring volumes while the
agreement between the predicted distributions of flare parar@gest and longest flares originate from larger flaring regions
ters and the observed ones. Their simulations also predict that to the size of an active region). If the events are divided
there is no correlation between the size of an avalanche anditite sub-groups as function of peak count rate, the power-law
time interval since the previous one (Lu et al.,1993). This is flatter for the sub-groups with the largest peak count rates.
confirmed in this paper with WATCH observations. All thes&his behaviour is currently being investigated by Georgoulis et
observations are thus consistent with the 'avalanche’ modelsahf(in preparation).
flares. Even though the peak count rate around 10 keV is not an ab-
Further developments of the "avalanche model’ were doselute measurement of the amount of energy released in a flare,
by Galsgaard (1995), Vlahos et al. (1995), and Georgdulisit does offer some idea of the magnitude of the flare. Therefore
Vlahos (1996) who either investigated the conditions of the sythe fact that there is no correlation between the strength of a
tem under which the energy release distributions are expeckeday flare and the elapsed time since the previous X-ray flare
to be power-laws or the effects of the driving mechanism andiofthe same active region questions the energy storage model of
the instability and relaxation criteria on the slopes of the flaRosner& Vaiana (1978) which assumes that energy is stored
parameters occurence distributions. exponentially and is entirely released during the following flare.
Although, the energy range probed by WATCH may contaifhe observation thatthere is no strong link between the strengths
several emitting components, the statistical study performefisuccessive X-ray flares (associated with the same active re-
on the WATCH database leads to results generally similgion) is more consistent with the “statistical flare” models.
to those obtained on other databases at higher photon ener-
gies dealing with non-thermal emission. As was observed wghs
HXRBS/SMM, there is a loose correlation between the total
duration and the peak count rate of an event. The slope of ffige deka-keV energy range is one of the least studied energy
correlation line between the total duration and the peak couanges for solar purposes. The work presented here however
rate is found to be 0.52+/-0.07, in relatively good agreemeindicates that non-thermal electrons are observed as low as 10
with what was found with the HXRBS/SMM data (0.45+/-0.03keV. Therefore it is of particular interest to study this energy
(Crosby et al. 1993). range €10 keV) in future, especially with higher spectral res-
The frequency distribution of the peak count rate abowaution. It should indeed provide clues to better estimate the
background can be represented by a power-law distribution &sergy released in the corona by the weak and numerous bursts
almostthree orders of magnitude with a slope -1.58 +/- 0.02. TWiich seems to be frequently observed in this photon range.
value of the slope differs slightly from the ones deduced from Furthermore the statistical results presented here show that
other experiments. This is probably due to the fact that the pghk ‘avalanche models’ may provide a good context to under-

Conclusion and perspectives
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stand the frequency distributions of solar flare parameters. Ha®eorgoulis K., Vlahos L., 1996, ApJ, 469, L135
ever some new observational results in this paper such as tlegandez A.M., Machado M.E., Vilmer N., Trottet G., 198&:A,
deviations from single power-law distributions and the variation 167,77
of slopes in subgroups of events must now also be explainedifison H.S., Peterson L.E., Schwartz D.A., 1969, ApJ., 157, 389
this context. No correlation is found between the elapsed tiffddson H.S., Strong K.T., Dennis B.R., et al., 1994, ApJ, 422, L.25
interval between successive flares arising from the same acfl eSR., Ande_zrson K.A., 1970, ApJ., 162, 1003
region and the peak intensity of the flare. This raises questiqpasne SR, MCT'er.nan J., Loran J,, etal,, 1992, ApJ., 390, 687

o ucera T.A., Dennis B.R., Schwartz R.A., 1997, ApJ., 475, 338
on the energy storage model of RosdeNaiana (1978) and

. A Kurt V.R., 1990, Basic Plasma Processes on the Sun, eds E.R. Priest,
provides some support to the statistical flare models. V. Krishan, 409
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