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Abstract. The X-ray emission of the SOL2013-05-13T02:12 X1.7-GOES-class flare registered 

by the RHESSI spectrometer was analyzed. Various models of fitting the X-ray spectrum are 
applied.  The following radiation models are considered: a two-temperature hot plasma model, 
a combination of a thin target model and a single-temperature plasma model, a combination 
of a bremsstrahlung model of a thick target and quasi-thermal radiation of a single-temperature 
plasma. Their validity to the spectra for this event is discussed. Plasma parameters are evaluated: 
emission measures, temperatures and density.
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Аннотация. Проведен анализ рентгеновского излучения вспышки X-1.7GOES класса 
SOL13-05-2013T02:12, зарегистрированной спектрометром RHESSI. Анализируются 
модели спектров рентгеновского излучения. Рассматриваются различные модели 
излучения: двухтемпературная модель горячей плазмы, совокупность модели тонкой 
мишени и модели однотемпературной плазмы, совокупность модели тормозного излучения 
(bremsstrahlung) толстой мишени и квазитеплового излучения однотемпературной 
плазмы. Обсуждается возможность их реализации для данного события. Проводится 
оценка параметров плазмы: меры эмиссии, температуры и концентрации.
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Introduction

During solar flares, a large amount of stored free energy of the magnetic field is released in the 
form of heated plasma and charged particles accelerated to energies of at least hundreds of keV. 
Super-hot plasma with a temperature of tens of MK and accelerated particles emit in the range 
from radio to gamma-rays [1]. At the same time, the possible acceleration processes have a differ-
ent nature and can occur in several stages [2]. Subsequently, charged particle beams, during prop-
agation in open and closed magnetic field configurations, undergo significant transformations in 
the spectrum, pitch-angular distribution due to the influence of many competing processes: sec-
ondary acceleration, Coulomb scattering, induced return current, magnetic mirroring, turbulence, 
magnetic fluctuations, magnetohydrodynamic waves etc [3, 4]. Plasma density and temperature 
in flaring magnetic structures change as a result of the evaporation effect, the transformation of 
the magnetic fields themselves [5–7]. All these effects and many others dramatically distort the 
spectra of accelerated particles, the distribution of temperature and plasma density along the flare 
loops. Due to the complexity of constructing numerical models that could take into account the 
listed transport, acceleration, diffusion effects, in the field of spectral analysis of flare phenomena, 
it is customary to use approximate analysis methods such as one or two temperature models of hot 
plasma, models of thin, thick and warm targets  [8–11]. The use of simplified models can cause 
ambiguity in the results of the analysis. In this paper, the event is considered which is interesting 
because due to the partially occulted footpoints of the magnetic arcade, it is possible to observe a 
coronal source in the hard X-ray range. The analysis of spectra of coronal sources in such events 
is particularly interesting for assessing the applicability of simplified models of approximation of 
spectra, since the plasma density during the flare in the coronal part can vary within a sufficiently 
wide range, which can lead to the appearance of conditions for the implementation of the thick 
target and thin target models for different populations of accelerated electrons.

The flare SOL2013-05-13T02:12

The SOL2013-05-13T02:12 flare occurred in the active region AR11748, which was near the Sun’s 
limb on the invisible side, the coronal part and partially the chromospheric part of the magnetic field 
structure was visible in X-Rays and EUV by The Reuven Ramaty High-Energy Solar Spectroscopic 
Imager (RHESSI) [12] and by The Atmospheric Imaging Assembly (AIA) on the Solar Dynamics 
Observatory (SDO) [13]. We will call such an event a partially occulted flare [14], because some-
times radiation from the chromospheric regions of the flare arcade is observed (Fig. 1,a). The X-ray 
source at the looptop is visible in the range of 6-20 keV throughout the entire flare.

Fig. 1.  X-ray image of the flare at 02:09:04 UT, white color - CLEAN 50% contour 6-20 keV, 
green color 50% contour 25-50 keV, white color 50% contour 60-80 keV, yellow line - Solar limb (a) 
time profile of the flare SOL2013-05-13T02:12 based on RHESSI data, red vertical lines indicate time 

intervals, which will be analyzed further (b)

a) b)
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 X-ray spectra: models of thick and thin targets

Thick target approximation describes the case in which electrons lose all their energy in a hard 
X-ray source. Thus, at each moment of time, the source contains energetic electrons not only 
with the injection spectrum, but also with all harder spectra [8].

The thin target approximation is implemented in the case when electrons pass through a small 
depth, and spectrum changes in the source of hard X-ray radiation can be neglected. Intermediate 
cases could be described by the characteristic depth of the target or by the characteristic time for 
electrons to leave the region. The paper [15] gives the following relations for characteristic times: 
τe is exit time, τc is Coulomb collision time, τi is continuous injection time.

τc ≤ τe ≤ τi for thick target approximation

τe ≤ τc ≤ τi thin target approximation. 

X-ray spectra

According to the observed spectra and flux power, the flare was nominally divided into two 
phases: before the main peak and after the main peak in energies ranges 25–50, 50–100 keV 
(02:08:08) (Fig. 1,b). Below are examples of representative spectra from each phase and their 
analysis (Figs. 2, 3). 

Before the main peak, the spectrum extends up to 50–60 keV; after the peak, a characteristic 
spectrum flattening at 40-100 keV appears in the spectrum, associated with the emission of non-
thermal accelerated electrons. For analyzing the X-ray spectrum the following models were con-
sidered: thermal radiation of a two-temperature plasma (2vth function), a combination of a thin 
target (thin2 function), a thick target (thick2 function) with the addition of a single-temperature 
model of thermal radiation (vth function), auxiliary functions representing a pile-up correction 
(pileup_mod function), and an instrumentally formed line at 10 keV (line Gaussian function) 
[18]. A significant difference in the type of spectra in above intervals leads to qualitatively differ-
ent questions of choosing a fitting model for these intervals.  

Before the main peak, the two-temperature plasma model makes it possible to describe the 
spectrum at 10–60keV by the plasma thermal radiation. This model for the specified time interval 
well describes spectra by plasma thermal radiation with temperatures ~28MK and ~ 80MK. We 
consider heating to 80MK is implausible, but do not exclude it from consideration. Therefore, 
we consider the models with one-temperature approximation as more physically acceptable. The 
emission measure in these models before the main peak is ~0.15·1049cm–3. It is worth mentioning 
that these values of emission measure and temperature 28 MK are obtained for both models with 
thin and thick targets (Fig. 2, Table 1). 

Fig. 2. Three different fitting models for the spectrum at 02:00:24-02:00:32 (before the main peak) 
vth+pileup_mod+line+thick2 (a), vth+pileup_mod+line+thin2 (b), 2vth+pileup_mod+line (c). 

Fitting models names according to Object Spectral Executive (OSPEX) [16] 
package functions in SolarSoft IDL software [17] 

a) b) c)
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After the main peak there is no question about only thermal radiation, the choice of a target 
for describing the nonthermal part of the spectrum is required. The results for thin and thick 
targets are shown in Table 2, Fig. 3. The difference in the chi-square for the resulting fits is not 
significant and it is necessary to rely on the interpretation of physical processes and the resulting 
parameters of the flare plasma to distinguish between thick and thin targets. The paper [10] dis-
cusses a model of a thick warm target for the peak.

Fig. 3. Two fitting models of spectra at 02:08:16-02:08:24 (after the main peak)
vth+pileup_mod+line+thin2 (a), vth+pileup_mod+line+thick2 (b) 

a) b)

Table 1 

Fits parameters and estimation of density for time interval 2:00:24 - 2:00:32

chi2 T1  
(MK)

EM  
(1049cm-3) n (cm–3) T2  

(MK)
EM2  

(1049cm-3) δ1
Ebreak  
(keV) δ2

2vth 0.78 29 0.14 2.7·1010, 3.6·1010 79 0.001 - - -

vth+ thin2 0.85 28 0.15 2.8·1010, 3.7·1010 - - 4.1 61 14.3
vth+ thick2 0.85 28 0.16 2.8·1010, 3.8·1010 - - 6.5 78 13.3

Nota t i on s :  The fitting function is the models from the first column +pileup +line 10keV. Here EM is 
the emission measure; two density values are obtained for the volume of the emitting region of a sphere and  
a cylinder, respectively; Ebreak is the break energy in the electron flux distribution; δ1 and δ2  are the  power-law 
indices of the electron flux distribution function below and above Ebreak, respectively.

Table 2 

Fits parameters and estimation of density for interval 2:08:16 - 2:08:24

chi2 EM  
(1049cm–3)

T  
(MK) n (cm–3) δ1

Ebreak  
(keV) δ2

vth+thin2 1.05 0.85 27.8 6.7·1010, 1.1·1011 3.6 98.0 2.5
vth+thick2 0.98 0.84 28.0 6.7·1010, 1.1·1011 5.5 139.0 3.7

See notations for Table 1.
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X-ray source size and estimation of plasma density

Let us discuss an estimation of a volume and plasma density based on X-ray source size. Two 
imaging RHESSI reconstruction methods were used: CLEAN (beam factor = 1, contour level 
50%), VIS FWDFIT algorithm. The uncertainty in the third invisible spatial parameter leads to 
an additional inaccuracy in the volume estimation. The volume of the radiating region can be 
estimated in different ways, assuming the region to be a sphere, a cylinder, or some other shape. 
Sources of different shapes were obtained by imaging methods: CLEAN makes it closer to a cir-
cle, VIS FWDFIT makes a more flattened ellipse, but the characteristic size is the same in both 
results (see Fig. 4). Using the results of VIS FWDFIT (Table 3), we estimate the volume of the 
source both as a sphere and as a cylinder.

V = 4/3π·R3, R = 0.5 major axis, V = 0.25π·D2·h, h = major axis, D = minor axis.

For the obtained values, we determine the plasma density n = (EM·V–1)1/2. The values   of the 
emission measure of thin and thick targets are close, so we do not consider these models sepa-
rately while finding the plasma parameters. We estimate the minimum and maximum values of 
density using estimation of volume as a sphere and as a cylinder. Next, Estop is determined as the 
energy of electrons that lose all their energy due to Coulomb interactions with ions of the sur-
rounding plasma. Estop1 and Estop2 were obtained using nmin, nmax respectively.

Estop = (4π·n·e4·Λk·l)
1/2, 

where e is elementary charge, n is plasma density, Λk is the Coulomb logarithm, l is size of a 
region. VIS FWDFIT estimated size of a region estimated as a major axis of ellipse (Table 3). 

For electrons with energies less than Estop, the thick target approximation is applicable in the 
radiation region. The results are shown in table 3. The obtained plasma parameters indicate the 
choice of a thin target model for this event in the energy range > Estop.

Fig. 4. X-ray images of the flare obtained by VIS FWDFIT and CLEAN methods for two time 
intervals from different phases of the flare: 2:00:24-2:00:36 (before the main peak) (a), 2:08:24-2:08:36 

(after the main peak) (b)

a) b)

Table 3

Source size by VIS FWDFIT and estimation of volume, density and Estop

major 
axis (arcsec)

minor 
axis (arcsec) Vsphere (cm3) Vcylinder (cm3) nmin

(cm–3)
nmax

(cm–3)
Estop1 
(keV)

Estop2 
(keV)

2:00:24 21.5 ± 0.5 13.2 ± 0.4 (2.0±0.1) 1027 (1.12±0.08) 1027 2.7·1010 3.6·1010 15 17
2:08:24 21.2 ± 0.3 10.5 ± 0.2 (1.9±0.1) 1027 (0.69±0.03) 1027 6.5·1010 1.1·1011 23 30
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Summary

The X-ray emission of the SOL2013-05-13T02:12 X1.7-GOES-class flare was analyzed. Before 
the main peak spectrum was described by the plasma thermal radiation with temperatures 28 MK 
and 80MK. We consider heating to 80MK is implausible. Spectra could also be represented 
by models with thin and thick targets before the main peak and after. Worth to mention these 
approximations are boundary cases in the propagation of high-energy electrons in flare plasma, 
and might not fully describe the ongoing processes. Thus, intermediate cases are most likely to 
be implemented. For obtained parameters emission measure, plasma density, source size, volume 
of emitting region and Estop we evaluated applicability of thin and thick approximations for fixed 
energy range. Note that, regardless of the choice of the target model, temperature of plasma and 
emission measure change insignificantly. 

The value of Estop mainly depends on the correctness of determining the size of the source and 
on the unknown filling factor. Let us take a filling factor of 1. Then, before the peak, since the 
region of transition from thermal to nonthermal radiation is higher than Estop (see Fig. 2, Table 
3), nonthermal radiation with energies >20keV could be considered as corresponding to a thin 
target with parameters indicated in table 1. In case after the peak phase the characteristic energy 
of transition from a thermal to a nonthermal radiation is also near the ~Estop during this phase, 
namely between 23–30 keV. Therefore after the peak the thin target model is also applicable to 
the nonthermal radiation >30 keV.
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