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Abstract.
The Solar flare of 28 October 2003 (X17.2/4B) was detected by the SOlar Neutrons and Gamma rays (SONG) instrument on board the CORONAS-F observatory. Significant gamma-ray emission was observed in 0.15 - 100 MeV energy range. The changes in the intensity and spectral shape of the gamma-ray emission are considered as an impulsive and ‘delayed’ phases of the flare. Pion–decay gamma-ray emission was seen over the second ‘delayed’ phase. Neutrons with energies > 100 MeV and protons with energies >200 MeV were detected. Proton arrival time to the Earth is consistent with the high-energy (-emission during the ‘delayed’ phase of the flare. Furthermore, electron fluxes with the flat spectrum in the energy range 20(60 MeV were measured by SONG. 
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1. Introduction

Observation of gamma-ray emission from solar flares is one of the most important tools of diagnosis of electron and ion acceleration. Gamma-ray emission observed from several major solar flares in October-November 2003 provided evidence for the presence of high-energy nuclei and electrons in solar atmosphere (Kuznetzov et al., 2004a; Gros et al., 2004; Hurford et al., 2004; Shih et al., 2004). The appearance of relativistic particles near the Earth was detected by Spacecraft (Kuznetzov et al., 2005; http://spidr.ngdc.noaa.gov/spidr/) and by neutron monitor network (e.g. http://helios.izmiran.rssi.ru/cosray/main.html, Bieber et al., 2004, Spruny et al., 2004).

Four high-energy gamma emission events were recorded by the SONG instrument onboard CORONAS-F on 23, 28, 29 October and on 4 November 2003. Among them 28 October flare is the one provided with observations most of all. It shows neutral emission and charged particles up to energy of 200 MeV and may be therefore investigated for high-energy (0, (± -decay radiation and for neutron emission. The production of these emissions requires the high threshold of proton kinetic energy (~300 MeV for both ( and neutron generation in p­p reactions and ~200 MeV in p­( reactions). 

28 October 2003 flare development presents two phases: the first, an impulsive one, with continuum of primary electron bremsstrahlung extending from about 20 keV to over 40 MeV and narrow gamma-lines, and the second, a ‘delayed’ phase, with pion and neutron production. The intrinsic properties of the 28 October flare are similar to relevant characteristics in several other major flares (e.g. Debrunner et al., 1983, Chupp et al., 1987, Rieger, 1989, Akimov et al., 1991, 1993, 1996, Kurt et al., 1996, Dunphy et al., 1999). This similarity testifies that the primary acceleration of particles proceeds under rather similar conditions from flare to flare.

As the flare proceeds in two separated phases, the spectral evolution of the gamma-ray emission is studied and compared with the arrival time of high-energy neutrons and protons. 

2. Brief SONG Description

The SONG instrument is a joint experiment of SINP MSU (Moscow) and IEP SAS (Kosice). Its detector consists of a CsI(Tl) crystal of size Ø20 cm(10 cm surrounded by an active 1 cm thick plastic scintillator shielding which is used both in coincidence and anticoincidence modes (Kuznetzov et al., 2002, 2004b). Signals, produced in the crystal by incident electrons and protons, are accompanied by pulses in the frontal plastic scintillator contrary to those, created by (-photons and neutrons. Neutrons with energies > 20 MeV produce in CsI(Tl) crystal protons and other heavy non-relativistic particles whereas (-photons produce relativistic electrons. A pulse produced by heavy particle contains both fast ((=0.5(0.7 mcs) and slow (((7 mcs) components whereas a pulse produced by electron contains only the fast component. This fact permits to separate neutrons from (-photons (Bogomolov et al., 1996).

The (-emission detection channels are formed by the following energy thresholds: 53, 150, 500 keV, 1.3, 4.0, 7.0, 15, 26, 41, 60, 100 and 200 MeV. Besides, the pulses associated with (-ray emission in the energy range 0.1 – 12 MeV are processed by 240-channel quasi-logarithmic pulse-height analyzer. The SONG instrument can detect electrons in the energy range of 2-68 MeV and protons in the energy range of 75-300 MeV with the geometric factor (2000 cm2 sr.

The CORONAS-F satellite operates in the near-Earth circular orbit (altitude of ~ 500 km, inclination of 82.5() since August 2001. The SONG detector axis is permanently directed to the Sun. 

3. Observations

The X17.2/4B flare occurred in NOAA Active Region 0486 at heliographic position 16°S, 08°E on 28 October 2003 was very much extended in time. It was observed in SXR and H( emission from 09:40 UT till 18:00 UT. The flare impulsive phase start time was defined as 11:01(11:02 UT based on the measurements in various wavelengths (Kuznetzov et al, 2004a; Gros et al., 2004; http://spidr.ngdc.noaa.gov/spidr/). The extrapolation of the shock wave and CME trajectories back to the Sun surface permitted to define their liftoff time equal to 

11:01:39 UT(30 s (Kuznetzov et al., 2005; http://cdaw.gsfc.nasa.gov). Thus we can accept with high confidence that 11:01(11:02 UT is the time of the main energy release of the flare.

The CORONAS-F satellite passage through the Earth polar cap began at ( 11:02 UT providing almost 20 minutes of uninterrupted observations of (-ray emission of the flare and the onset of arrival of high-energy particles to the Earth. We present SONG data of high energy X-ray, gamma-ray emissions and neutron channels as well as data of some electron and proton channels.

3.1 GAMMA - RAY EMISSION

Figure 1 shows a time history of this flare in gamma rays observed by the SONG. Hereafter zero of a time scale corresponds to 11:00:00 UT. The net count rates due to the flare (4 s time bins) were determined by subtracting of the background count rates measured in the previous orbit under similar orbital and geomagnetic conditions. Statistical errors in the low energy channels are smaller than the marks. This remark is also valid for other figures. 

A significant gamma emission of the flare was measured with confidence from 120 s till 750 s when the bulk of the flare charged particles arrived (see Figure 4). Some uncertainties arose in selection of (-ray events after this moment. The (-emission profiles show several distinctive features over 120(750 s period. Time interval from 120 s to 220 s corresponds to the brightest outburst for the energies 0.5 MeV ( 40 MeV. Photons with energies >100 MeV were detected from 240 s. Subsequent high-energy emission has duration at least 600 s with some peaks visible on the time profiles. 

Free neutrons are produced when accelerated ions interact with the ambient atmosphere. The most efficient neutron producing reactions have a threshold of about 30 MeV (Ramaty, Kozlovsky and Lingenfelter, 1975). Neutrons can be captured by nuclei before decay and the reaction 1H + n(( + 2H produces the 2.223 MeV line. As opposed to the de-exitation lines the 2.223 MeV line is emitted with a delay originating from the finite time of neutron thermalisation and capture.

Figure 2 presents raw data of the pulse-height analyzer for two 30 s intervals. The time behavior of 2.223 MeV line emission obtained from the analyzer data is also presented in Figure 1. We can see from Figure 1 that neutron production starts with a short delay compared to the onset of the first impulsive phase and reaches its maximum at 310-330 s. 

Gamma-ray emission spectra are presented in Figure 3 for the time intervals each of 16 s duration marked by arrows in Figure 1. The spectrum shape changes significantly during the flare development and indicates the existence at least of two distinct emission phases. 

· The first flare phase, an impulsive one, is characterized by a mainly bremsstrahlung spectrum (generated by electrons) extended up to 40 MeV. A little over excess exists in the (-lines range 1.3-7 MeV. De-excitation gamma-ray lines and 2.223 MeV line have been also measured during both impulsive and delayed phases of this flare by INTEGRAL (Gros et al., 2004) and by RHESSI after 11:06:00 UT (Shih et al., 2004). The bremsstrahlung origin of the spectra proves that the electrons are accelerated up to energy 40 MeV in the impulsive phase. Gamma-lines created by interactions of protons testify that protons are obviously accelerated in an impulsive phase up to (30 MeV. The absence of the photons created in the (0 decay process indicates that proton energy did not reach 200 MeV. 

· The second flare phase, a delayed one, is characterized by the remarkable plateau in the energy range 25 (100 MeV. For the first time this irregularity appears in the spectrum at the fourth time interval ((250 s). A nature of this spectrum irregularity is attributed to the (-ray emission resulted from a ((( decay process testifying that high-energy (>200 MeV) protons have been produced in the flare.

3.2. PARTICLE OBSERVATIONS

Figure 4 shows the most representative response of the SONG detector to the onset of proton enhancement as well as to neutron and electron fluxes. Light curves for the gamma-ray emission in 7-15 MeV and 60-100 MeV energy ranges are also presented in Figure 4. 

3.2.1. High-energy protons

Fortunately, the CORONAS-F observations were made when the satellite was passing through the southern Earth’s polar cap that allowed us to see the onset of the high-energy charged particle enhancement. CORONAS-F observations of the (-ray emission with the characteristic spectrum of (0 decay process gave us a unique opportunity to compare the acceleration time of protons with Ep>200 MeV to the escape time of protons with the same energies measured onboard Spacecraft and measured as GLE. The McMurdo, Norilsk, Potchefstrom neutron monitors have indicated the earliest GLE onset among the neutron monitor network at 750( 30 s. (http://helios.izmiran.rssi.ru/cosray/main.html). The arrival time of protons with energy Ep =200 ( 300 MeV measured by SONG at CORONAS-F was equal to 750 s and coincided with monitors onset time (see Figure 4).

The shortest possible propagation time value for the protons having zero pitch angle can be estimated for the 200 MeV energy proton (v=0.56c, c - is the light velocity) as 1000 s and for the 300 MeV protons (v=0.65c) as 890 s in the assumption that their path along the interplanetary magnetic field lines is 1.17 AU. 

We can find the time delay between (-ray emission detection and particle arriving to the Earth as (500 s for 200 MeV protons and (390 s for 300 MeV protons taking into account that propagation time of (-ray emission is equal to 508 s. These time delays in respect to (-ray detection gave us the latest time interval when protons with energies 200-300 MeV could escape from the Sun. This time interval marked as a shaded box in Figure 4 indicates the 'leakage' of 200 (300 MeV protons to the interplanetary space. On the other hand, the time interval of pion decay (-ray emission indicates the time when the protons with energy (200 MeV have been accelerated. It proves that protons start to escape from the Sun in the same moment when the pion decay (-ray emission is being generated without any time delay.

3.2.2. Neutrons

The neutrons measured by SONG escaped from the Sun and reached the Earth before decay. The most intensive (-ray emission flux produces a strong signal in the neutron channels that is not related to the incoming neutrons. If the count rate of low energy (-ray photons is high enough, the superposition of some pulses can take place in CsI(Tl) crystal and imitates a slow component and therefore can be interpreted as neutron event. The close synchronism in the neutron channels with the (-ray channels permits to get rid of the artificial counts during the both phases of the (-ray flare. To consider this effect certain coefficient was defined through the ratio of count rates in the appropriate neutron and (-ray emission channels at the moment of complete absence of neutron fluxes. This coefficient was 0.03. To calculate the net neutron count rate we subtracted the value of the (-ray channel count rate multiplied by the coefficient from count rate of each neutron channel. It should be noted that at the moment when solar neutron fluxes were being measured the count rate of (-ray emission was lower than it was at the moment of the coefficient definition. Thus above count rate treatment implies that we obtain solar neutron fluxes always a little lower than the real flux values are.

There is no explicit relation between incident neutron energy and energy deposition in CsI(Tl) crystal, therefore we present only the count rates summarized over four energy deposition ranges, namely 15-26, 26-40, 40-60 and 60-100 MeV. In addition in Figure 4 we depict data of the Tsumeb neutron monitor (19.2(S, 17.6(E, H=1240 m, cutoff rigidity R=9.29 GV). Ground based enhancement equal to 3.4(0.3% was announced as due to neutron flux (Eroshenko et al., 2005). The time profile measured by the neutron monitor is in agreement with our neutron data. We selected the solar neutron onset from the both time profiles as 380(430 s. Some uncertainties arose in selection of the neutron events after the onset of the high-energy protons at ~750 s by SONG and by neutron monitor as well. 

Now we can estimate neutron velocities and hence their energies. We trace the neutrons back to their emission time basing on the time differences between the registration of (-ray emission (the light travel time over 1 AU is 508 s) and neutron onset time interval 380(430 s. If neutrons have been produced during the first impulsive phase (t =180 s), the neutron onset corresponds to velocity v=0.69c or 350 MeV energy. The case when neutrons have been produced during the second delayed phase (t=240 s) corresponds to the neutron velocity v=0.76c or ~500 MeV neutron energy. Note that the maximum neutron energy measured by SONG does not exceed ( 800 MeV due to the penetration of secondary charged particles into the plastic anticoincidence shielding.

Mind that production of the sub-relativistic protons with energy >200 MeV was realized only during the delayed flare phase at the t=240 s. Consequently we have to suppose that neutrons approach the Earth exactly at the same moment when the neutrons generated during the second delayed phase of high-energy (-emission are expected to reach the Earth. 

3.2.3. Relativistic Electrons 

Figure 4 presents also the time behavior of the electron fluxes in the 34-68 MeV energy range. The subtraction routine has been apply in electron channels removing an contamination of photons scattered due to Compton effect back to the frontal anticoincidence plastic. This routine did not allow us to define precisely the onset time of the electrons near the Earth and made it difficult to evaluate the exact escape time of the electrons from the Sun. 

The electron peak flux spectrum measured at the time interval 390(540 s is presented in Figure 5. This spectrum displays an unusual shape for the solar electron fluxes: there is flattening in the energy range 10(60 MeV instead of well-known power law spectrum. A calculated electron spectrum created by muon decay at rest is N(()=(2(3-2(), where ( is about half of muon mass (105.65 MeV).

 It also presented in Figure 5 in arbitrary units. Our estimations show that this curve shape at energies < 60 MeV depends weakly on the power index of muon spectrum and on the energy portion taken away by electrons.

We speculate that observed electron spectrum is built up by two species of the electrons created in the flare: the first one is the population of electrons accelerated directly up to 40 MeV and the second one is the electrons created as a result of 
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 process. Of course the possibility to escape for the electrons created in this process and detailed calculations of fluxes, expected at 1 AU, have to be investigated.
4. Conclusions

The 28 October 2003 flare gave us the unique opportunity to understand better high-energy physics of solar flares. The SONG experiment allowed us to trace independently four evidences of the relativistic particle appearance in this flare. 

1. High-energy gamma radiation up to 40 MeV was measured in the first impulsive phase and photon energy above 100 MeV has been observed during the delayed phase of the flare. The spectrum observed during the impulsive phase indicated definitely both a bremsstrahlung origin of the emission with energy from 100 keV up to 40 MeV and (-line emission. On the contrary during the second delayed phase the high-energy (-ray emission with E>40 MeV was observed. It is attributed to neutral pion decay, implying a qualitative change in the high-energy threshold of the accelerated ions. High-energy emission peculiarities of the 28 October 2003 flare and the specifics can depend on the detail of topology of the particular region in which the flare occurred. However, we know that solar flares on 3 June 1982 (Chupp et al., 1987), 26 March 1991 (Akimov et al., 1994), 11 June 1991 (Dunphy et al., 1999), 15 June 1991 (Akimov et al., 1996) presented analogous time-spectrum behavior. The difference in temporal and spectral characteristics of the two phases of the gamma emission without smooth transition from the impulsive phase to the delayed phase makes it tempting to assume that two different acceleration mechanisms are in operation causing the impulsive and the delayed phases of the flare (Ramaty and Murphy, 1987, Akimov et al., 1993, Rieger, 1989). 

2. Solar electron fluxes were measured up to energy 60 MeV with the spectrum shape that is in agreement with the electron spectrum created in the 
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decay process.

3. Neutron fluxes measured by SONG coincide in time with the ground level enhancement at Tsumeb monitor. The bulk of neutrons has energy about 100 – 400 MeV and does not contradict the second delayed phase of the (-ray emission as their source. 

4. Our combined measurements give a self-consistent time scale of the high-energy particle acceleration episodes. Time delay calculations showed that protons with 200(300 MeV began to escape from the Sun almost at the time of their acceleration. 
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FIGURES CAPTIONS

Figure 1. Time history of gamma-ray emission of the 28 October 2003 flare observed by the SONG onboard CORONAS-F. The left middle panel contains in addition the 2.2 MeV line dynamics obtained from the pulse-height analyser. Arrows in the left bottom panel mark selected time moments.

Figure 2. Pulse-height analyzer data. The dashed line shows our evaluation of continuum background. The vertical line placed in the full absorption peak corresponds to the 2.2 MeV line excess.

Figure 3. The spectra dynamics of the 28 October 2003 flare. The numbers in parentheses correspond to arrows in Figure 1.

Figure 4. Gamma-ray emission and particle fluxes observed by the SONG. Shaded box in the bottom panel shows the calculated proton injection time interval. Vertical dashed lines on the top panels indicate the charged particle onset.

Figure 5. The spectrum of relativistic electrons measured by the SONG and calculated spectrum resulted by the 
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decay process (solid curve).
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