
Journal of Physics: Conference Series

PAPER • OPEN ACCESS

Monte Carlo simulations of nuclear de-excitation
gamma-ray line spectra from solar flares
To cite this article: Sergio Szpigel et al 2022 J. Phys.: Conf. Ser. 2340 012031

 

View the article online for updates and enhancements.

You may also like
A detailed de Haas–van Alphen effect
study of the overdoped cuprate
Tl2Ba2CuO6+
P M C Rourke, A F Bangura, T M
Benseman et al.

-

Multi-decadal increases in dissolved
organic carbon and alkalinity flux from the
Mackenzie drainage basin to the Arctic
Ocean
Suzanne E Tank, Robert G Striegl, James
W McClelland et al.

-

Anharmonicity of phonons in crystalline
naphthalene
E F Sheka, E L Bokhenkov, B Dorner et al.

-

This content was downloaded from IP address 130.209.6.42 on 20/10/2022 at 12:10

https://doi.org/10.1088/1742-6596/2340/1/012031
/article/10.1088/1367-2630/12/10/105009
/article/10.1088/1367-2630/12/10/105009
/article/10.1088/1367-2630/12/10/105009
/article/10.1088/1367-2630/12/10/105009
/article/10.1088/1367-2630/12/10/105009
/article/10.1088/1748-9326/11/5/054015
/article/10.1088/1748-9326/11/5/054015
/article/10.1088/1748-9326/11/5/054015
/article/10.1088/1748-9326/11/5/054015
/article/10.1088/0022-3719/17/33/004
/article/10.1088/0022-3719/17/33/004
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjssterAsOhPXlU2Xd3EMXUwrWWZsg_hlytZkDYzIJSCp8mBPcZ9r8ugLUfUJDCmi_s7x-E7Ez0faKPGFxMtSS1aPoBVqWJ2ipfgkgKcW3jgshUGMb5LK5SgsNvMcpGx12qAAWRhUTyJ8UO7piz9oj-nU2cFX_NeXVsNpCH1yUxgcMXfu1ka0oj918e7JBMYGsixTWrOt7IAX71aU-tttQhQsRwg4Q67lNTRScNt5d-El84e_org8pEdvBNXCP-qlRpo8YxJneH7y38R3Y78Tr-hZSgRC-bJrHQ5Qyeu6AwPwUg&sai=AMfl-YR8Tp9r6rKUIwS4RZz-DdKdWYRvCogWbFFaVSYXLr31aBHU8F02xMbAtfjaEErZhOX2qd_8iiu-NdZoX8twag&sig=Cg0ArKJSzE4CWfBGvwrm&fbs_aeid=[gw_fbsaeid]&adurl=https://ecs.confex.com/ecs/243/cfp.cgi%3Futm_source%3DIOP%26utm_medium%3Dbanner%26utm_campaign%3D243Abstract


Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

XLIV Brazilian Workshop on Nuclear Physics
Journal of Physics: Conference Series 2340 (2022) 012031

IOP Publishing
doi:10.1088/1742-6596/2340/1/012031

1

 

 

 

 

 

 

Monte Carlo simulations of nuclear de-excitation gamma-ray 

line spectra from solar flares  

Sergio Szpigel1, Raphael M. Thereza1, Carlos Guillermo Giménez de Castro1,2, 

Alexander L. MacKinnon3, Paulo José de Aguiar Simões1 

1 Centro de Rádio-Astronomia e Astrofísica Mackenzie (CRAAM), Escola de 

Engenharia, Universidade Presbiteriana Mackenzie, São Paulo, Brazil 
2 Instituto de Astronomia y Física del Espacio, CONICET, Buenos Aires, Argentina 
3 School of Physics and Astronomy, University of Glasgow, Glasgow, UK 

szpigel@mackenzie.br, raphaelmalagoli@gmail.com, guigue@craam.mackenzie.br, 

alexander.mackinnon@glasgow.ac.uk, paulo@craam.mackenzie.br 

Abstract. Recently, we have demonstrated that the Monte Carlo package FLUKA can be used 

as an effective tool for simulating nuclear processes which occur in solar flares and that it is 

capable to provide a self-consistent treatment of all typical components of the γ-ray spectra 

observed in those events. In this work, we have employed a new simulation strategy that allows 

to improve statistics and resolution in energy of the generated γ-ray spectra. Using this new 

strategy, we have calculated spectra of γ-ray nuclear de-excitation lines produced by solar flare 

primary accelerated ions with typical power-law energy distributions.   

 

1.  Introduction 

The modelling of solar flare γ-ray spectra is generally performed through the fitting of observed data 

using a set of templates and standard functions for the spectral components produced by the several 

relevant physics processes: bremsstrahlung of positrons and electrons, nuclear de-excitation, neutron 

capture, electron-positron annihilation and decay of pions [1, 2]. In particular, a comprehensive 

investigation on the production of γ-ray nuclear de-excitation lines in solar flares was performed by 

Ramaty et al.[3], which resulted in the development of a code for the Monte Carlo calculation of spectra 

of solar flare γ-ray nuclear de-excitation lines, including the components from the direct and inverse 

nuclear reactions and the unresolved component. An updated and improved version of this code (here 

called  RMK) was developed by Kozlovsky, Murphy, and Ramaty [4] and Murphy et al. [5] including 

new cross sections from laboratory measurements and calculations with the code for nuclear reactions 

TALYS [6]. Templates for spectra of γ-ray nuclear de-excitation lines built with the RKM code are 

available in the spectral analysis software package Objective Spectral Executive (OSPEX) [7]. 

FLUKA [8] is a package of fully-integrated routines for the Monte Carlo simulation of the transport 

and the interactions of particles in matter. In recent works [9, 10], we have demonstrated that FLUKA 

can be used as an effective tool for simulating nuclear processes which occur in solar flares and that it 

is capable to yield a self-consistent treatment of all typical components of the γ-ray spectra observed in 

those events in the range from hundreds of keV to hundreds of MeV. In this work, we have employed a 

new simulation strategy that allows to enhance the statistics and resolution in energy of the generated  

γ-ray spectra. Using this new strategy, we have calculated spectra of γ-ray nuclear de-excitation lines 

produced by solar flare primary accelerated ions with typical power-law energy distributions.  
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2.  Solar flare model 

In our simulations with FLUKA we setup a simple model for solar flares in which primary accelerated 

ions (protons, 3He and α-particles) precipitate into a thick-target with characteristics similar to those of 

the solar atmosphere. We adopt a plane-parallel geometry, since in general the dimensions of the solar 

flare region where the ions interact and the emission of radiation occurs are much smaller than the solar 

radius. As shown in Figure 1, we consider a cubic box centered at the origin of a system of Cartesian 

coordinates (Ox, Oy, Oz) with edges of length 2L = 2 × 109 cm. The z-coordinate stands for the vertical 

depth in the solar atmosphere. 

 

Figure 1. Two-dimensional representation of the geometry adopted for the ambient solar atmosphere. 

The cubic box is divided into two regions by a (xy)-plane at z = 0. The region z < 0 corresponds to 

the coronal layer and, for simplicity, is assumed to be filled with vacuum, since the coronal densities are 

extremely low (< 10-14 g/cm3). The region z > 0 corresponds to the chromospheric and photospheric 

layers and is filled with a dense material assumed to have a composition typical of the ambient solar 

atmosphere with the abundances ����,� relative to H for 4He, C, N, O, Ne, Mg, Al, Si, S, Ca and Fe 

nuclei given by  Asplund et al. [11]. The region z > 0 is divided into 52 layers which correspond to those 

given by the VAL-C model for the vertical density profile of the chromospheric region [12], plus a layer 

for the photospheric region with density ρ = 3.19 × 10−7 g/cm3. The primary accelerated ions precipitate 

into the chromospheric-photospheric region from a point located in the coronal region very close to the 

(xy)-plane. We assume the primary accelerated ions to have an impulsive-flare composition with the 

enhanced abundances ����,� relative to protons for the ions heavier than α-particles given in [1] and 

adopt the values 0.1 and 1 respectively for the α/proton and the 3He/α ratios. 

3.  Spectra of γ-ray nuclear de-excitation lines 

We carry on independent simulation for the collisions of each species i of primary accelerated ion and 

the nuclei of the ambient solar atmosphere. In each simulation we inject 106 primary accelerated ions 

with a downward isotropic angular distribution and a power-law energy distribution given by: 

                                                    	
�(�)
	� = �����(���� − �) � (� − ����) ,                                           (1) 

where � is the primary accelerated ion kinetic energy per nucleon in the range from ���� = 1 MeV to ���� = 1 GeV, δ is the spectral-index, � is the Heavyside step-function and � is a constant defined to 

normalize the power-law energy distribution to one ion:  

                                                                        � � ���	� = 1����

����
 .                                                                   (2) 
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The full energy spectrum of photons, in units of photons per GeV per primary proton in the energy 

range from ���� to ����, is calculated by summing up the contributions from each species i of primary 

ion weighted by the relative abundances ����,�: 
                                                               	 (�!")

	�!" = # ����,�
�

	 �(�!")
	�!"  ,                                                        (3) 

where �%ℎ denotes the photon energy. The spectral component produced by the direct reactions is 

calculated by summing up the contributions from the collisions of primary protons, 3He and α-particles 

with each species j of ambient nuclei: 

	 &�'(�!")
	�!" = # ()

)
*	 !,)(�!")

	�!" + ����,,
	 ,,)(�!")

	�!"  ����, -. /
	 -.,) / (�!")

	�!"  0 .        (4) 

The quantity () is a correction factor for the number density of the ambient nuclei species j, given by: 

() =  ����,)  2)〈2〉 ,                                                                     (5) 

where ����,) and 29 are respectively the relative abundance and mass number of the ambient nuclei 

species j, and ⟨2⟩ = ∑9 ��<=,9 29 is the average mass number of the ambient nuclei. The spectral 

component produced by the inverse reactions is calculated by summing up the contributions from the 

collisions of primary ions heavier than α-particles with all ambient nuclei: 

                                                         	 ��>(�!")
	�!" = # ����,�

�?!,,, -. /

	 �(�!")
	�!"  .                                               (6) 

In order to obtain the spectra of γ-ray nuclear de-excitation lines we use a set of configuration 

parameters available in FLUKA to turn off Compton scattering, bremsstrahlung of electrons and 

positrons, electron-positron annihilation, electron-positron pair production, neutron capture and pion 

decay. In Figure 2 we show the total spectra of γ-ray nuclear de-excitation lines obtained with FLUKA 

and with the RMK code for primary ions with power-law energy distribution of spectral index δ = 4. 

We see a remarkable good agreement between FLUKA and RMK results, particularly for the strong       

lines from the de-excitation of 12C nuclei at 4.44 MeV and 16O nuclei at 6.13, 6.92 and 7.12 MeV.          

The discrepancies near the dominant lines below 2 MeV, produced by the de-excitation of 16O nuclei at 

0.94 and 1.04 MeV, 20Ne nuclei at 1.63 MeV and 28Si nuclei at 1.78 MeV can be traced to statistical 

fluctuations in the FLUKA spectrum. One should note that the intensity of the nuclear continuum for 

energies > 8 MeV is lower in the FLUKA spectrum, reflecting the different treatments of the continuum 

in FLUKA and RMK. A further detailed investigation is necessary to fully understand this discrepancy. 

 

Figure 2. Total spectra of γ-ray nuclear de-excitation lines obtained with FLUKA and the RMK code. 
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4.  Templates 

Templates for spectra of γ-ray nuclear de-excitation lines for arbitrary values of the spectral index A can 

be synthetized by applying power-law weights to a basic set of photon spectra obtained for primary ions 

with uniform energy distribution. In Figure 3 we show the results obtained for the total spectra and the 

spectral components produced by the direct and inverse reactions for A = 2.0, 3.0, 3.5 and 4.0. We see 

that the spectra exhibit less statistical fluctuations as the energy distributions become harder.  

 

Figure 3. Templates for spectra of γ-ray nuclear de-excitation lines obtained with FLUKA for primary 

ions with power-law energy distributions of spectral indexes A = 2.0; 3.0; 3.5; 4.0. 

5.  Summary and final remarks 

We used the Monte Carlo package FLUKA to calculate spectra of γ-ray nuclear de-excitation lines 

produced by solar flare accelerated ions, considering power-law energy distributions with different 

spectral indexes. We employed a new simulation strategy that allows to obtain spectra that exhibit 

reliable statistics and resolution in energy and are in remarkable good agreement with those calculated 

with the code developed by Murphy et al. [5]. From these model spectra, we build templates that can be 

used with OSPEX for the analysis and interpretation of γ-ray data from events observed with instruments 

such as the Gamma-ray Burst Monitor (GBM) and the Large Area Telescope (LAT), both on board of 

the FERMI satellite [13], and the Reuven Ramaty High Energy Spectroscopic Imager (RHESSI) [14]. 
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