MAX-PLANCK INSTITUTE FOR EXTRATERRESTRIAL PHYSICS

Gamma Rays and Neutrons of the Solar Flares on 11 and 15 June 1991 measured with COMPTEL

Gerhard Rank

DISSERTATION Submitted to the Technical University of Munich November 1995

English translation of abstract, table of contents, list of őgures and tables

Abstract

Unexpected results of solar ŕares at gamma energies could be obtained in June 1991 as a highly active sunspot group produced six major ŕares within two weeks. For three of these events the Sun was within the őeld-of-view of the Compton-telescope COMPTEL. These new results have been made possible by the higher sensitivity of the instruments on the Compton Gamma-Ray Observatory CGRO compared to former telescopes.

This work concentrates on the emission of gamma-rays and neutrons during the large ŕares on 11 and 15 June 1991 and is based on observations of COMPTEL obtained in the telescope mode. COMPTEL is sensitive to gamma-rays in the energy range from 1 to 30 MeV and is capable of measuring neutrons in the energy range from 9 to 100 MeV directly. The analysis proves that COMPTEL is a powerful instrument for solar ŕare studies.

Before the observation of the June 1991 ŕares, gamma radiation from ŕares has not been measured for more than about 40 minutes. The theoretical models have assumed an instantaneous acceleration of particles during the impulsive phase, lasting for some minutes. Any longer lasting emission has been explained by trapping these particles in bi-polar magnetic loops. Alternative explanations have been based on an ongoing acceleration of particles.

Our most important őnding of the June 1991 ŕares is the detection of prolonged emission at gamma-ray energies. COMPTEL is able to measure the emission in the neutron capture line for several hours. The time proőles can be described by a two-fold exponential decay. The decay constants for both ŕares are in the order of 10 minutes for the faster and 3 to 4 hours for the slow component. In addition, the nuclear emission and the pion induced gamma radiation of the 11 June ŕare can be detected for about an hour and also show an exponential decay. In the extended phase, both ŕares reveal a remarkable similarity in their temporal behaviour. Such a pronounced extended emission has not been known before and sets severe constraints on any theory of the fundamental processes.

The ŕare on 11 June has also been observed by EGRET for more than 8 hours (Kanbach et al., 1993). The time proőle measured by EGRET at higher energies can be described by the same time constants than the neutron capture line as measured by COMPTEL. These observation exclude models, which are based on the long-term trapping of particles in magnetic loops (Ramaty & Mandzhavidze, 1994a).

For the 11 June 1991 ŕare, spectral changes at the transition from the impulsive phase to the extended phase are studied. We őnd, that the spectrum during the extended phase is signiőcantly harder than during the impulsive phase. The production of pions, which requires particle acceleration to energies of at least several 100 MeV/nucleon, cannot be detected during the impulsive phase, but sets in at the beginning of the extended emission.

Neutrons are produced in both ŕares and can be detected by COMPTEL directly. For the 11 June 1991 ŕare, the production of the neutrons begins at the onset of the impulsive phase. In both ŕares, neutrons are produced during the extended phase. In the 15 June 1991 ŕare, neutron production can be observed for more than an hour.

Our observations reveal some new aspects of the high-energy processes in solar ŕares, which lead to acceleration and storage of particles and produce electronmagnetic radiation. Both ŕares show a pronounced long-lasting extended emission, which is remarkably similar in all measured energy ranges. For the őrst time, our őndings allow us to answer the question of whether the extended emission can be explained by long-term trapping of particles or continuous acceleration. Our results of the ŕares on 11 and 15 June 1991 favour continuous acceleration as the underlying process.

Table of Contents Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .i Table of Contents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii 1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 2 Solar Flares . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 2.1 A Basic Flare Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 2.2 Classiőcation of Flares . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 2.3 Particle Acceleration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 2.4 Production of Gamma-Rays and Neutrons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16 2.4.1 The Flare Spectrum on the COMPTEL Energy Range . . . . . . . . . . . . 16 2.4.2 Bremsstrahlung Continuum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16 2.4.3 Nuclear Deexcitation Lines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 2.4.4 Nuclear Continuum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18 2.4.5 Neutron Capture Line . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18 2.4.6 Pion Decay Radiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 2.4.7 Neutrons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 2.5 Propagation and Storage of Particles in magnetic Fields . . . . . . . . . . . . . . . . . . 23

3 The Compton-Telescope COMPTEL as a Solar Flare Observatory . . . . . . . . . . . . 26 3.1 The Gamma-Ray Observatory CGRO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26 3.2 The Compton-Telescope COMPTEL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29 3.2.1 Detection Principle of a Compton-Telescope . . . . . . . . . . . . . . . . . . . . 29 3.2.2 Design of COMPTEL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30 3.2.3 Single Detector Mode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31 3.3 Response Function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 3.3.1 Point Spread Function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 3.3.2 Geometry Function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34 3.4 Background Subtraction for Solar Flares . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36 3.4.1 Anti-Coincidende System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36 3.4.2 ARM Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37 3.4.3 Orbit Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 3.4.4 Inŕuence of Other Flares . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.5 COMPTEL as Neutron Telescope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42 3.5.1 Detection Principle for Neutrons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42 3.5.2 Neutron Response Function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43 3.5.3 Distinction between Gamma-Rays and Neutrons . . . . . . . . . . . . . . . . 43 3.6 Instrumental Dead-Time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .45 3.7 Optimization of the Event Selection Criteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48 4 The Flares on 11 and 15 June 1991 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51 4.1 Solar Activity in June 1991 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51 4.2 High Energy Observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55 5 Results of the Gamma-Ray Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57 5.1 Temporal Behaviour of the Gamma-Ray Emission . . . . . . . . . . . . . . . . . . . . . . . 57 5.1.1 Impulsive Phase of the 11 June Flare . . . . . . . . . . . . . . . . . . . . . . . . . . . 57 5.1.2 Extended Emission . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60 5.2 Spectral Analysis of the 11 June Flare . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67 5.2.1 Bremsstrahlung Continuum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67 5.2.2 Neutron Capture Line . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68 5.2.3 Comparison of Neutron Capture Line and Nuclear Emission . . . . . . 69 5.2.4 Pion Induced Emission . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .74 5.3 Spectral Analysis of the 15 June Flare . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

6 Results of the Neutron Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78 6.1 Neutron Emission of the 11 June Flare . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78 6.2 Neutron Emission of the 15 June Flare . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84 6.3 Comparison with other Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88 7 Discussion of the Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90 8 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98 A Deconvolution of the Gamma-Ray Count Rate Spectrum . . . . . . . . . . . . . . . . . . . . 101

B Deconvolution of the Neutron Signal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103 Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107 Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

List of Figures 1.1 Energy Flux from the Sun . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .2 2.1 Structure of the Solar Atmosphere . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 2.2 Schematic Time Proőle of a Solar Flare . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 2.3 Gamma-Ray Production by the Accelerated Particles . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 2.4 General Spectral Shape of Flare Spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14 2.5 Particle Acceleration on a Shock Front . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14 2.6 Theoretical Shape of the Fluence Ratio Φ_{2:2}/Φ_4�_7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 2.7 Theoretical Shape of the Flux Ratio ϕ_ß/ϕ_4�_7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 3.1 The CGRO Satellite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27 3.2 Detection Principle of a Compton-Telescope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .30 3.3 Design of COMPTEL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31 3.4 Data Space of a Compton-Telescope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 3.5 Event Distribution in Data Space . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 3.6 COMPTEL Data Space for the 11 June Flare . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34 3.7 COMPTEL Geometry Function for the 11 June Flare . . . . . . . . . . . . . . . . . . . . . . . . . . 34 3.8 Time Dependence of the Geometry Function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35 3.9 Absorption Coefőcient for Plastic Scintillators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36 3.10 Selection of Photopeak Events in Data Space . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 3.11 Background Deőnition for the 11 June Flare . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39 3.12 Counting Rates and Instrumental Dead-Time for the 11 June Flare . . . . . . . . . . . . . 46 3.13 Instrumental Dead-Time for the 15 June Flare . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47 3.14 Deőnition of the Parameters PHI, ARM and EHA . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48 3.15 Example for Optimization of the Event Selection Criteria . . . . . . . . . . . . . . . . . . . . . . 49

4.1 Heliocentric Position of the June 1991 Flares . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52 4.2 SXR Emission on 11 June 1991 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52 4.3 Optical Recording of the Active Region AR-6659 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53 4.4 Optical Flare and Prominences on 15 June 1991 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54 4.5 High Energy Measurements on 11 June 1991 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55 4.6 Comparison of Time Proőles on 15 June 1991 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

5.1 Time Proőles of the Impulsive Phase for the 11 June Flare . . . . . . . . . . . . . . . . . . . . . 58 5.2 HXR and Microwave Proőles for the 11 June Flare . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59 5.3 Gamma-Ray Time Proőles of Different Energy Intervals for the 11 June Flare . . . 62 5.4 Extended Emission in the 2.2 MeV Line for the 11 and 15 June Flare . . . . . . . . . . . 66

5.5 Capture Time of Neutrons in the Solar Photosphere . . . . . . . . . . . . . . . . . . . . . . . . . . . 71 5.6 Model of the 2.2 MeV Proőle for the Impulsive Phase of the 11 June Flare . . . . . . 72 5.7 Model of the 2.2 MeV Proőle for the 11 June Flare (Telescope Data) . . . . . . . . . . . . 73 5.8 Spectra of Impulsive and Extended Phase for the 11 June Flare . . . . . . . . . . . . . . . . . 74 5.9 Comparison of Nuclear Flux and Pion Induced Flux . . . . . . . . . . . . . . . . . . . . . . . . . . . 74 5.10 Spectrum of the 15 June Flare . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76 6.1 Neutron Observation Windows for the 11 June Flare . . . . . . . . . . . . . . . . . . . . . . . . . . 79 6.2 Neutron Signal for the 11 June Flare . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80 6.3 Neutron Emission Proőle for the 11 June Flare . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .81 6.4 Neutron Emission Proőle for the 11 June Flare for Different Energy Bands . . . . . . 82 6.5 Neutron Emissivity for the 11 June Flare . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83 6.6 Neutron Observation Windows for the 15 June Flare . . . . . . . . . . . . . . . . . . . . . . . . . . 84 6.7 Neutron Signal for the 15 June Flare . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85 6.8 Neutron Emission Proőle for the 15 June Flare . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .85 6.9 Neutron Emissivity for the 15 June Flare (First Observation Period) . . . . . . . . . . . . .86 6.10 Neutron Emissivity for the 15 June Flare (Second Observation Period) . . . . . . . . . . 87

7.1 Schematic of Possible Structure for the Magnetic Field of the June Flares . . . . . . . 93

B.1 Effective Area of COMPTEL for Neutrons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

List of Tables 2.1 Nuclear Deexcitation Lines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 2.2 Spectral Components in the COMPTEL Energy Range and Neutrons . . . . . . . . . . . 22 3.1 CGRO Instrumentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28 3.2 Time Intervals for Background Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40 3.3 Observation Windows of CGRO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41 3.4 Effective Area for Neutrons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44 3.5 Optimized Event Selection Parameters for the Gamma-ray Signal . . . . . . . . . . . . . . 50 3.6 Optimized Event Selection Parameters for the Neutron Signal . . . . . . . . . . . . . . . . . . 50

4.1 Characteristics of the Major Flares in June 1991 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

5.1 Deőnition of Intervals for the Deconvolution of the 11 June Spectrum . . . . . . . . . . . 61 5.2 Deőnition of Intervals for the Deconvolution of the 15 June Spectrum . . . . . . . . . . . 65 5.3 Contribution of the 2.2 MeV Line to the 2.0ś2.5 MeV Energy Band . . . . . . . . . . . . 68 5.4 Fluence Ratios for the 11 June Flare . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69