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Abstract: Solar X-ray events can be divided into two groups according to rising time of effective flare plasma temperature (GOES) 
– impulsive (<10 min) and gradual (>10 min). Temperature time profiles within each group are similar indicating a development of 
electron acceleration on a similar time scale that allows selecting a zero time for a particular event.  Relatively this zero time we 
consider solar hard X-ray (RHESSI, INTEGRAL) emission and solar proton intensities (80-165 MeV, GOES) for large SEP events.  
Enhancements of solar proton intensity correspond to their injection into the heliosphere at the moment of CME lift off or later dur-
ing temperature decay phase and do not contradict to proton acceleration along with electrons generating the hard X-ray emission 
observed.  The   gamma-ray intensity is arbitrary below the threshold of modern detectors at that time.  A rate of proton injection into 
the heliosphere should vary tremendously providing evidences of solar proton trapping in coronal magnetic structures. 
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1 Introduction 
 
Regular observations of the Sun in soft X-rays are the 
basis for the modern classification of solar energetic 
particles (SEP) events [1-2]. Statistical analysis [3] 
shows that most favorably located flares >M5 in soft X-
rays (SXR) are accompanied by SEP events and almost 
all SEP events can be identified with one flare or another 
on the Sun. The physical basis for this association is that 
electrons are accelerated together with protons can be the 
heat source of the flare plasma. The qualitative and quan-
titative relations between different kinds of electromag-
netic and corpuscular radiation of solar flares remain 
unclear. 
The onset time of solar proton intensity can be used to 
estimate the time of their release to the heliosphere, and 
to compare this with features of electromagnetic radia-
tion of solar flares. At a distance of 1 a.u., it is not possi-
ble to assess the release time with an accuracy better than 
a few minutes using modern observation techniques. 
Only delays of more than 10 minutes between energetic 
charged particles and photons arriving from the Sun can 
be regarded as corresponding indicators of appreciable 
effects of acceleration and propagation of  SEP [4]. 
The anticoincidence system of the spectrometer onboard 
the INTEGRAL spacecraft (ACS SPI) is sensitive to 
primary and secondary gamma-rays with energies higher 
than 80 keV and effectively responds to the arrival of 

solar protons and electrons. When the flux of primary 
gamma-rays is small, ACS SPI registers the arrival of 
solar protons much earlier than the network of neutron 
monitors (NMs). Found times of arrival of relativistic 
solar protons to the Earth do not contradict proton accele-
ration during gamma-ray flares of 2003 October 28, 2005 
January 20 and 2006 December 13 [5]. 
Discussing the relationship between thermal and non-
thermal electromagnetic radiation from solar flares, ref-
erence is usually made to the similarity of temporal pro-
files of the intensity of non-thermal radiation and the 
time derivative of soft X-rays (the Neupert effect). This 
similarity corresponds to the one loop evaporative model, 
but it is not observed in more than 50% of all gradual 
events [6]. This is apparently associated with the pro-
longed and multiple acceleration of electrons in the sys-
tem of flare loops in different physical conditions. Ac-
cording to [7], the spectrum of hard X-rays from solar 
flares accompanied by SEP becomes harder, indicating 
the development of the acceleration process over time. 
In the solar flare of 2006 December 6, a close relation-
ship was established between the temperature of the flare 
plasma, calculated from SXR fluxes measured by GOES, 
and the logarithm of the intensity of hard X-rays (HXR) 
[8]. This relationship was not observed in the tempera-
ture drop phase when non-thermal electrons were no 
longer able to heat the expanding plasma due to its effi-
cient cooling after the formation of a coronal mass ejec-
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tion (CME). As noted in [9], it is in these moments that 
particle acceleration can occur high in the corona and the 
Neupert effect is not observed. Therefore SEP might be 
accelerated during the impulsive and the decay phase 
phase after CME lift-off in the corona above a flare site.  
Temperature time profiles of gradual events are similar 
indicating a similar development of electron acceleration 
that allows selecting a zero time for a particular event 
[10].  Let us investigate how the times of the first ACS 
SPI response to solar protons in these events relate to one 
another considering the similarity of the temperature 
temporal profiles. We selected eight gradual solar HXR 
events of >X1 GOES class registered by the ACS SPI 
(see tables 1 and 2). These events represents periods of 
enhanced solar activity in 2003 October-November, 2005 
January and 2006 December. Seven are accompanied by 
SEP events, five of which are associated with ground 
level enhancements (GLE) of cosmic ray intensity. 
 

2   Electron Acceleration  
 
Temperature temporal time profiles of all eight events 
behave similar beginning approximately at 25 ± 5 min 
(upper panel, Fig. 1 and 2) relatively to zero time.  A 
phase of slow decline in temperature corresponds to a 
posteruption energy release and electron accelearion, 
when non-thermal electrons are no longer able to heat the 
expanding plasma due to its efficient cooling (rising of 
the emission measure) after the CME formation. We 
think that the features of the temporal profiles of temper-
ature before this time are associated with changes in the 
spectrum of non-thermal electrons and cooling condi-
tions during preflare and impulsive phases.  
The temperature increase in the preflare phase (before 
zero time) is closely related to electron acceleration, 
since the RHESSI detectors have observed strong HXR 
emission within 25-50 keV energy range. Moments of 
the active development of particle acceleration, HXR 
emission and plasma heating between 0 and 25 min are 
identified with the impulse phases of a solar flare.  
Clear enhancements caused by primary HXR emission 
are visible in linear scale for 2005 January 17 and 2006 
December 13 events in Fig. 1 (middle panel), which 
roughly coincide with peaks in microwaves.  The largest 
HXR peak on 2005 January 17 is delayed. Later varia-
tions after 15 min are the result of impact of primary and 
secondary gamma-rays. Peaks of primary HXR intensity 
(ACS SPI) are not visible in Fig. 1 for 2003 October 26 
and 2006 December 14, but they are statistically signifi-
cant (~100 counts above background). In events 2006 
December 13, 14 and 2005 January 17 the RHESSI de-
tector was operating at the edge of its statistical accuracy 
in the energy range of >800 keV.  
Temporal profiles of the ACS SPI count rate are pre-
sented in logarithmic scale in the middle panel of Fig. 2. 
Enhancements of ACS SPI caused by primary solar 
gamma-rays are not distinguishable after onsets of solar 
protons due to effects of secondary HXR.  Approxima-
tions show that primary HXR and gamma emission 
should be significant at least up to 35-40 min. 

The event of 2005 January 19 (fig. 2) is a clear example 
that very strong electron acceleration may occur during 
the decay phase. A detailed spectral analysis of this flare 
using hard X-ray (HXR) spectra obtained with RHESSI 
presented in [11].  This flare exhibits a particularly pro-
nounced peak at the end of the impulsive phase. This 
peak is associated with HXR emission up to high ener-
gies (>300 keV) but does not show any Neupert effect 
[11] This observation shows that the characteristics of 
electron acceleration can change dramatically and rapidly 
at the end of the impulsive phase of solar flares.  

 
Figure1  Effective flare plasma temperature derived from 
GOES SXR data; count rate of the ACS SPI detector 
(without background); intensity of GOES 80-165 MeV  
protons  for the events on October 26, 2003 (crosses); 
January 17, 2005 (open circles); December 13 and 14 
(open and black squares) 2006 (Table 1).
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3 Proton Release 

In middle panels of Fig. 1-2 temporal profiles of ACS SPI 
count rate are constructed with respect to zero time (see 
Table 1 and 2). Note that the scale on the vertical axes of 
middle panels is linear in fig. 1 and logarithmic in Fig. 2.  
A clear enhancement caused by secondary gamma-rays 
(interaction of relativistic solar protons in the detector 
body) is seen in the middle panel (Fig. 1) around 18 min, 
that is within ten minutes since registered primary gam-
ma-rays of solar origin. The relatively later enhancement 
caused by secondary gamma-rays at 25 min of the 2006 
December 14 event is a possible result of an absence of 
relativistic solar protons (no GLE).  
A visible time dispersion of enhancement onsets caused 
by secondary gamma-rays is larger in the middle panel of 
Fig. 2 due to background effect of primary gamma-rays. 
However extrapolation of curves (2003 October 28 and 
November 2) to earlier times shows a possible impact of 
secondary gamma-rays before the 15th min. The SEP 
event was not observed on 2005 January 19 according to 
[1], but the EPHIN/SOHO instrument showed a tiny and 
short proton enhancement within 25-53 MeV channel. 
However a simple modulation of proton flux might not be 
excluded. The relatively early arrival of solar protons in 
the event of 2005 January 20 could be associated with 
their propagation without scattering in interplanetary 
space [12]. 
It is extremely important that the alignment of the tem-
perature time profiles for the decay phase leads to a simi-
lar delay in different events (i.e., to an almost simultane-
ous start of proton events near the Earth). This indicates a 
typical reconfiguration of the magnetic field at the end of 
the impulsive phase, leading to a change in the plasma 
heating mode and stimulating the escape of SCRs into 
the heliosphere.  Besides the path length of solar protons 
on their way to the Earth may not vary in so large limits 
as stated in [2]. 
Time profiles of proton intensity measured within 80–
165 MeV energy range for a time interval of 6 hours since 
zero time are presented in bottom panels of Fig. 1-2. The 
start of the proton intensity increase at the 30th minute is 
consistent with their escape into interplanetary space 
during observations of type-II and III radio emission. A 
SEP event was not observed by GOES detectors on Janu-
ary 19, 2005, however a tiny enhancement starting 
around 40 min one can find in 25-53 MeV proton data of  
EPHIN/ACE. Therefore there were some escaping pro-
tons and their small amount reached the Earth, but their 
majority was confined close to the Sun. 
 The different rates of growth in the intensity of 80–
165MeV protons (bottom panels, Fig. 1-2) can be ex-
plained in terms of the diffusion propagation model with 
gradual and multiple injection, which could last from 
tens of minutes to several hours. For example, in fig. 1 
we see that on 2005 January 17 relativistic solar protons 
were released rather quickly (middle panel), but the main 
injection of ~100 MeV protons occurred more than two 
hours later (bottom panel).  
 

The prolonged injection of protons into interplanetary 
space could be the result of both a release of particles 
from coronal traps and their acceleration in several suc-
cessive episodes. The sensitivity of the RHESSI detector 
is in most cases clearly insufficient for the gamma radia-
tion that is likely to accompany the process of proton 
injection during the decay phase of solar flares. 
Recently the authors of [13] have addressed the question 
why flares accompanied by intense soft X-ray bursts may 
not produce SEPs detected by observations with the GOES 
spacecraft. They conclude that the principal reason why 
major solar flares in the western hemisphere are not asso-
ciated with SEPs is the confinement of particles accelerated 
in the impulsive phase, but to unknown reason they did not 
consider the brilliant example of the 2005 January 19 flare.  

 

 

 
Figure 2 Similar to Fig. 1 for the events on October 28 
(black squares) and November 2 (open circles), 2003; 
January 19 (crosses) and 20 (open squares) (Table 2). 
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4  Conclusions 

� The heating of the flare plasma in these events oc-
curred during first 15–20 minutes by accelerated 
electrons with variable spectra. The acceleration of 
electrons with the mostly hard spectrum was ob-
served at the end of events in the temperature drop 
phase. 

� The increase of ACS SPI count rate caused by rela-
tivistic solar protons is consistent with their accele-
ration in the flare impulsive phase and their escape 
into interplanetary space during prolonged type III 
radio emission.  

� The only considered event, when solar protons were 
not observed by GOES detectors, is the event of 
January 19, 2005, there the type III-l emission dis-
appearing before it reaches low frequencies. 

� In order to describe 80-165 MeV proton time pro-
files observed by GOES several hours after the im-
pulsive phase of a flare duration and intensity of the 
proton injection into the heliosphere must change 
by several orders of magnitude from event to event. 
The relative role of the capture and acceleration of 
particles in gradual injections remains unclear.  

� An important line of future research should be stud-
ying the processes of acceleration, trapping, and re-
lease of charged particles as coronal magnetoplasma 
structures after the impulsive phase of a flare.  
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symbol Date, 
Coord. 

Zero UT SXR 
max 

14 MHz,  
III-type 

II-type CME, LASCO C2 GLE 
min Km/s 

Grey 
crosses 

26/10/03 
N02W38 
S09W44 

17:21 X1.2, 
+58 

+14, +44 +14, +22 +33 1537 No 
+16 

Open 
circles 

17/01/05  
N13W22 

09:30 X3.8, 

+27 

-25, +30 +14, +17 +0 
+24 

2094 
2547 

Yes 
+12 

Grey 
squares 

13/12/06 
S06W23 

02:22 X3.4, 

+22 

+3, +23 +4, +22 +32 1774 Yes 
+13 

Black 
squares 

14/12/06 
S06W46 

22:07 X1.5, 

+8 

+3, +22 +2, +6 +23 1042 No 
+18 

Table  1  

symbol Date, 
Coord. 

Zero UT SXR 
max 

14 MHz,  
III-type 

II-type CME, LASCO C2 GLE 
min Km/s 

Black 
squares 

28.10.03 

S16E08 

11:00 X17.2, 

+10 

+5, +20 +2, +11 -6 

+30 

1054 

2459 

Yes 
+12 

Open 
circles 

02.11.03 

S14W56 

17:09 X8.3, 

+16 

+6, +26 +5, +28 +21 2598 Yes 
+12 

Grey 
crosses 

19.01.05 

N15W51 

08:04 X1.3, 

+14 

minor +8; +14 +25 2020 No 
no 

Grey 
squares 

20.01.05 

N14W61 

06:40 X7.1, 

+21 

+5, +25 +4, +14 +14 882 

2500* 

Yes 
+10 

Table 2  
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