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Abstract

Solar energetic particles (SEPs) from large solar flares give important information about the physical process in the solar corona and
the heliosphere. Several observations have indicated that solar protons could sometimes be accelerated to at least tens of GeV, even hun-
dreds of GeV, in intense solar energetic process. We studied the solar proton differential energy spectra with energy range of 1-500 MeV
at several time intervals during Bastille Day event. It was shown that the spectra could be fitted by a power law function before flare and
after flare the power law spectra still existed above 30 MeV although spectra became softer with time. There was a spectral “’knee” occur-
ring at ~30 MeV. We constructed a solar proton differential spectrum from 30 MeV to 3 GeV at peak flux time 10:30 UT and fitted it in
the same manner. On the basis of a supposition of having the same power law spectrum in higher energy, we calculated the solar proton
integrated fluxes in energy range of from 500 MeV to 20 GeV and compared them with other results obtained from experimental, mod-
elling and theoretical calculations in other big historic SEP events. A Monte Carlo simulation was carried out for a primary proton beam
at the top of the atmosphere producing secondary muons on the ground. Based on the simulation, possibility of registering the solar
energetic proton beams with energies over 20 GeV was discussed.
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1. Introduction

It is known that solar energetic particles (SEPs) are
accelerated during intense solar high energy process that
are accompanied by coronal mass ejections (CMEs). The
events in which particles with energy more than
~450 MeV may produce a solar cosmic ray flux enhance-
ment near Earth and be registered by ground based detec-
tors are referred to as ground level enhancement (GLE)
events. Increased fluxes of SEPs in big GLE events allow
us to obtain information about flare process and the parti-
cle acceleration mechanism. Generally, solar proton fluxes
are registered by satellite-borne detectors in the energy
range of 1-500 MeV, the worldwide neutron monitors
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(NMs) from 500 MeV to 15 GeV, and the ground or under-
ground muon detectors in higher energy region. The NMs
are the main instruments detecting secondary neutrons at
ground level and showing the energy threshold of incident
protons with the local geomagnetic rigidities. In the very
big GLE of 29 September 1989, the Hunacayo NM with
a rigidity cut-off of 13 GV, observed a significant (>10%)
increase, suggesting that solar protons with energies higher
than 12 GeV were present.

Compared to NMs, some directional detectors (such as
muon telescopes) operating at higher energies should be
better suited for detecting higher energy solar proton
beams in big solar flares. Since energy thresholds are typi-
cally fixed by the instrument design and their atmospheric
or underground depth, these instruments can register
events, in principle, with energies up to or beyond
100 GeV. Using an underground muon detector with an
equivalent rigidity of 19 GV, Embudo group observed a
positive signal increase which was coincident in time with
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the increases seen by NMs in the GLE of 29 September
1989. It was concluded that the upper rigidity of solar par-
ticles during this event would be approximately 25 GV [1].
Some other results mainly obtained from underground
muon detectors have shown possible signals of higher
energy solar protons [2-5]. Among them, the Baksan
Group claimed that an observed excess of the muon flux
in the same GLE should be induced by solar protons with
energies higher than 500 GeV [6]. In the current solar cycle,
the L3 Collaboration observed a small muon flux excess
from a narrow sky cell by a high directional resolution
muon spectrometer in the GLE of 14 July 2000 [7,8]. This
excess was time-coincident with the peak increase seen by
NMs, corresponding to primary proton energies above
40 GeV.

However, the information on solar relativistic protons in
Bastille Day event is rarely available. In this paper we pres-
ent solar energy spectra covering the energy range from
1 MeV to 3 GeV. The spectra were fitted by a simple power
law in rigidity. Based on fluxes extrapolated to a little
higher energy and a Monte Carlo simulation from a pri-
mary proton beam at the top of the atmosphere to second-
ary muons on the ground, we discuss the possibility of
detecting SEP beams over 20 GeV.

2. A brief review of Bastille Day event

Bastille Day event (on July 14, 2000) is one of the most
important solar energetic events in this solar cycle. Lots of
observations and study results have been reported in a
good many papers. A brief summary on the observational
results of this event is of helps for our further discussion.
Bastille Day event was associated with an X5.7/3B class
parent solar flare produced in the optical coordinates
N22WO07. The flare really occupied an extended area along
the solar equator. X-ray flare lasted from 10:03 to 10:43
UT with a peak at 10:24 UT. The onset of a type Il radio
burst, designating the starting of high energy phenomena in
the flare and being thought to be close to the time of rela-
tivistic proton acceleration [9], happened at 10:12 UT with
a maximum between 10:20 and 10:25 UT. Soon after that,
the satellite-borne detector GOES observed a rapid
increase of proton fluxes with energies larger than
10 MeV, 50 MeV and 100 MeV, respectively. Observed by
the instrument on board of the Solar and Heliosphere
Observatory SOHO/LASCO a full halo earth directed
CME was developing during this event. On the ground,
more than 20 NMs observed cosmic ray intensity increases
ranging from 2% to 60%. The earliest onset time of NM
increases was 10:30 UT. A small effect was recorded by
the NM at the mountain Alma-Ata station (rigidity
6.7 GV), indicating solar protons up to 5.8 GeV.

Using the established technique and the well recognized
geomagnetic field model [10,11], this GLE was modelled
dynamically by Australian and Russian groups [12-15].
In their conclusions the following features were shown
for the solar proton beam approaching the Earth: during

the rising phase the spectrum was soft with a power law
index of from —5 by initial to —7 by 11:00 UT; in the
declining phase the spectrum softened and remained
between —7 and —8 until 20.00 UT. From the pitch angle
distribution it is seen that the particle arrival was aniso-
tropic at the onset time, then it became increasingly isotro-
pic, and after 1h it turned to be highly anisotropic. The
arrival direction (the pitch angle axis of symmetry) also
rapidly changed with time. These features strong imply that
SEPs arriving at the atmosphere are concentrated into a
narrow sky cell and formed a beam.

3. Energy spectra

Taking data from the satellite-borne detector GOES-§,
we constructed the proton energy spectra at Earth for
1 MeV < E<500 MeV at several time intervals during
2000 July 14-16, shown in Fig. 1. For energy above
30 MeV except for first panel, the spectra were fitted by a
power low function in rigidity

dJ,/dE =4 x P° (1)

where de/dE is proton differential flux, 4 is a constant, P
is proton rigidity and ¢ is spectral index. In Fig. 1 param-
eter P; represents constant 4 and P, represents spectral
index . For all time intervals shown in Fig. 1, a good fit
could be obtained by using a power law in rigidity, which
was consistent with the diffusive coronal shock acceleration
mechanism [16,17]. It is interesting that the spectral index
of —2.7 before flare was same as that of galactic cosmic
ray, indicating particle behavior of galactic cosmic ray dur-
ing solar quite. It is evident that the spectrum changed with
time in both amplitude and shape and there was a spectral
“knee” occurring at ~30 MeV. Since relativistic protons
peaked in intensity earlier than the lower energy protons,
the spectrum was hard at the rising phase and became soft
in the declining phase.

In addition, using the flux deduced from NM observa-
tions [18], the spectrum at peak time 10:30 UT was
extended to 3 GeV, as shown in Fig. 2. A power law fit
was applied to this spectrum in energy range from
200 MeV to 3 GeV. Spectral index of —4.6 was obtained
at this energy range, which was nearly consistent with mod-
elling results mentioned in Section 2. For solar protons
with energies higher than 3 GeV, because their intensity
reached maximum earlier than the lower energy protons
their spectral index should be more close to —4.6 according
to the spectral index tendency obtained from modelling
results. So we could extrapolate this spectrum to 40 GeV
and calculated integrated fluxes for relativistic solar pro-
tons. For the purpose of comparison, we collected some
solar proton fluxes in other big historical GLE events
and constructed a solar proton integrated spectra shown
in Fig. 3. These fluxes were obtained from various detectors
such as satellite-borne detectors, NMs, ionization cham-
bers (IC) and underground muon telescopes, or from mod-
elling and theoretical calculation [7,19-23]. For Bastille



R. Wang, J. Wang | Astroparticle Physics 25 (2006) 41-46

x/ndf 0.1503E-02/5 2/ ndf 0.9479/2 &/ ndf 863.0/2
10° P1 3348 10° P1 4634. P1 0.2318E+09
P2 2.789 P2 1.434 P2 3.805
104 104
103 103 - .
—
10? 10?
-
10 10 - \
1 ‘l —_—
107! 107! -
102 102
-
g 107 10°3
A . 14th 10:00 . 14th 13:00 15th 9:00
= 1 10
v — E
; 10-5 HHI | \HHHI | \HHHI AN 10-5 HHI | \HHHI | \HHHI L LI 10-57\\\‘ | \HHH‘ | \HHH‘ L L
ﬁ 1 10 10? 1 10 10? 1 10 10?
£
2 X /ndf 152.8/2 X*/ndf 0.7711E-01/2 X’/ ndf 0.1781E-02/2
‘5 P1 0.6555E+10 P1 0.6792E+08 P1 0.1396E+08
—8 P2 4.907 P2 4.527 P2 4.411
@
>
& -
= -
3
~
-
-
-
-
15th 15:15 16th 00:00 16th 23:00 —
10-5 :HH‘ | \HHH‘ | \HHH‘ L1 LI - TH\‘ | \HHH‘ | \HHH‘ L LI 10-5:\\\\‘ | \HHH‘ | \HHH‘ L L
1 10 107 1 10 102 1 10 102
P (MV)

103
102 -
B o0 ~ e P1 0.9721E+11
X E "
'y F \ —— | P2 4.589
= 10! 3
=] E
: b /. k\ \
4 ETr1 284.4
- E [ P2 2749
5 103}
S \
w —
@ 10-4
-E * Background flux from GOES \
=]
3 10° 3
&~ = Flux at peak time from GOES .
106 :
4 Flux at peak time from NM:
10-7 )
1 10 10% 103
P (MYV)

10*

Solar proton flux (emZsrls™

Coul

1972.8.4 Meteor

X

197857TNM

N

19493119 1€\
" 1956223NMIC 2\

'1977}11.22'NM" R

M|

A 2000.7.14 GOES;

"% 72060.7.14 flux upper limit
*. 2(1!)().7J4,extrapjolation -
0 2001.4.15NM

e

Theoretical uppér limits

O 1989.9.29 NM Meteor :
&7 1989.9:29 BAKSAN i

Covvd oy Sl

10

Fig. 2. Solar proton energy spectrum in the flare of 14 July 2000. Solid

circles are the average background fluxes before 10:00 UT from GOES-8
data. Solid squares and triangle are at the peak time of 10:30 UT from

GOES-8 and NM measurements, respectively.

Day event, it can be seen from Fig. 3 that our estimated
fluxes were comparable to that of other big GLE events.

satellite data.
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Fig. 3. Integrated fluxes of some historic big GLE events. NM-neutron
monitor data, IC-ionization chamber data, GOES and Meteor-direct

In the situation of being short of solar relativistic proton
fluxes, our results are of helpful for qualitative analysis.
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In Section 4, we will discuss the possible detection of SEPs
over 20 GeV based on Monte Carlo simulation.

4. Monte Carlo simulation

As mentioned in Section 2, the analysis of NMs data
showed a soft proton spectrum and anisotropic particle
arrival direction. On the other hand, L3 muon chamber
observed a muon flux excess possibly generated by a pri-
mary proton beam with energies above 40 GeV. We thus
may expect the following situation: a higher energy solar
proton beam coming from a narrow sky region may arrive
at the top of atmosphere and produce a muon flux
enhancement in this direction. Atmosphere cascades pro-
cess was simulated by the program CORSIKA [24] with
interaction model QGSJET [25]. Refereing to the case of
solar proton beam observed by L3 muon chamber, pro-
tons incident to the atmosphere from directions around
the sky cell (zenith from 17° to 41° and azimuth from

0° to 42°, corresponding to a solid angle of 0.15 sr) were
generated with a power law spectrum of index —4.6 for
signal and —2.7 for background. Simulations both for sig-
nal and background were carried out by three cases of
generated proton energies of above 20, 30 and 40 GeV,
respectively. Total 500,000 protons were sampled in each
case of simulation. Fig. 4 shows the distribution of sec-
ondary muons on the ground and corresponding primary
protons. We can see number and energy of muons arriv-
ing at the ground are variable in different panels. It is
found during the flare time that about 85% of the primary
protons are responsible for the >8 GeV secondary muons
arriving at the surface. These protons are distributed in a
narrow energy range from 20 to 100 GeV. In the back-
ground simulation, however, primary protons being
responsible for the secondary muons appear in a wide
energy range of from 20 GeV to 1 TeV, which are often
contributed to galaxy cosmic ray background due to low
solar activity.
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Fig. 4. Distribution of the primary protons with a power law spectrum of index —4.6 (left three panels for signal) and —2.7 (right three panels for
background) and the secondary muons on the ground. Solid line for muons and dashed line for protons.
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;?Jl;:lel)ir of primary protons and secondary muons within a selected sky cell and in 10 min interval

N, N,

>20 GeV >30 GeV >40 GeV >20 GeV >30 GeV >40 GeV
Signal 5% 108 9x 107 4x107 2% 10° 2% 10° 3% 10°
Background 5% 107 2% 107 9% 10° 4% 10° 3% 10° 2% 10°

Secondary muons arriving at the surface were distrib-
uted within a area of several square kilometers [23]. The
number of primary protons N, can be calculated by the
equation

Ny=Jp-8-Q-t (2)

where J;, is the integral flux of primary protons, S is the hit-
ting area, Q is solid angle and ¢ is the time interval. Since
the arrival direction of SEPs is quite anisotropic during
the flare rising phase, most of the SEPs incident on the
atmosphere may be concentrated in one direction and form
a beam. So when estimating the number of signal SEPs
within the considered sky cell, we should take a larger solid
angle than the real value such as n/4 sr. Taken hitting area
of 1x 10" m? and supposed a excess of 10 min time dura-
tion, the number of signal and background SEPs incident
in the sky cell mentioned above can be calculated by Eq.
(2). According to the proton muon ratio obtained from
simulation (see Fig. 4), number of secondary muons N,
can also be calculated. They were listed in Table 1.

5. Results and discussion

In the energy regime from about 1 to 500 MeV the solar
proton energy spectra may be produced cither by stochastic
acceleration of the protons in the downstream region of the
shock or by acceleration in a diffusive coronal shock. It is
difficult to distinguish this two kinds of accelerations. Pos-
sibly the first stage acceleration is predominantly stochastic
and the second stage is dominated by diffusive shock accel-
eration [26]. In the ultra-relativistic energy region, however,
we tendentiously believe diffusive shock acceleration. Pres-
ent of fast halo CME and type II radio bursts in Bastille
Day event are strong evidence for diffusive shock accelera-
tion. General speaking, the power law spectra for a diffu-
sive coronal shock model [27] fit the proton energy
spectra reasonably well for relativistic solar protons in lim-
ited energy range. The real proton energy spectrum at
higher energies (>3 GeV) in Figs. 2 and 3 may be steeper
than our extrapolation since the spectrum covers 2 or 3
energy orders. Unfortunately, we have not enough
observed data to make modification. Spectral “knee” at
lower energies in Fig. 1 is probably due to the velocity dis-
persion, i.e., the energy dependent diffusion times for the
protons need to travel scatter-free along the interplanetary
magnetic field lines from the Sun to Earth.

Whether a signal can be detected or not depends on the
signal amplitude over background and detection sensitiv-
ity. It is a common method to judge the significance of

an excess by comparing signal counts with background.
As seen from Table 1, number of signal muons on the
ground are same order as that of background muons. So
we can conclude that SEP beams over 20 GeV could be
observed by a general ground or underground muon detec-
tor with directional resolution. Since modelling technique
indicated that the relativistic solar protons in big GLEs
were often anisotropic arrival with a steep spectrum (typi-
cal spectral indices of —5 to —7), this method may be
applied to the analysis of other big GLEs. Furthermore,
it will provide an valuable information for setting up a
muon detector system in the future.
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