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Abstract: Onset analysis is a commonly used method in studying Solar Energetic Particles (SEPs). One can use the linear
dispersion relation between the onset time and the reciprocal of particle speed to determine the length of the connecting
magnetic field line or time of injection. This is true if the SEP have travelled nearly scatter free at nearly zero pitch angle
along the path it travelled. It is important to determine the the time of injection and location of the SEP release at the Sun.
Using a particle transport model we study the effect of scattering in the determination of SEP onsets. Using different
levels of scattering we find the delays of energetic particles as they arrive at Earth. These delays will affect the correct
determination of time of injection and distance travelled.
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1 Introduction

When studying the mechanisms of particle acceleration and
transport, knowing when and where exactly the particles
are produced and injected on to field lines is important.
Extrapolating the particle release times is one way to get
the information using onset time analysis. This is done by
assuming the first arriving particles must have maintained
a very small pitch angle with respect to the magnetic field
line throughout their travel from the Sun to the Earth, and
assuming the interplanetary transport of the particles is es-
sentially scatter-free. Particles arriving later are those for
which scattering must have been significant. Another as-
sumption is that particles of different energy populations
are released nearly at the same time. Under these assump-
tions, the onset time of particles should be proportional to
the reciprocal of particle speed v. The slope of the linear
relationship and the intersection with the y-axis at 1/v = 0
gives us the length of magnetic field line to SEP source lo-
cation and the time when particles are released at the Sun.
Onset time analysis is a commonly used method in the s-
tudy SEPs. Cliver (1982) found that the injection of SEPs
are delayed 15 to 20 minutes from the Hα emission on-
set of solar flares for a group of 32 historic Ground Level
Events (GLEs). Delays of 10 minutes between 100 KeV
and 1 MeV electron onset and 5 minute delays between 2
GeV proton and 1 MeV electron onset were observed. De-
lays in the proton onsets from other emission onsets, metric
and microwave radio emissions, which travel at the speed
of light and free of magnetic confinement, were also re-

ported. Using the onset times of SEP and CME speeds
Kahler(1994) calculated the SEP injection rates as a func-
tion of CME heights. Using the GLEs from the solar cy-
cle 23, Kahler, Simnett and Reiner (2003) found that in
events which have the largest increase of flux above the
background cosmic ray levels, the arrival of relativistic pro-
tons preceded that of electrons, while for moderate GLEs
electrons preceded protons. With additional information
of CME eruption, such as CME commencement time and
CME propagation speed, they found that the average pro-
ton release site is 2.7 R� above the solar surface. Krucker
and Lin (2000) suggested that delayed protons were being
released at heights of 1 to 10 R� higher than electrons for
a collection of events, showing how useful correct deter-
mination of onset times can be in determining the release
times and location of the source.
The assumption of scatter-free transport does carry some
risks when using onset time analysis. Kallenrode (1990)
reported considerable delays of SEP onset time due to s-
cattering at 1 AU from the Sun for mean free paths less
than 0.05 AU. With a short mean free path, the particles
would have been scattered sufficiently during their journey
from the Sun to 1 AU. Another risk in onset time analysis
comes from the delays due to the duration of SEP injection
and background level prior to the event (Saiz et al. 2005).
Cliver (Cliver, 1982) shows that delays of 10 to 50 minutes
for well connected events are mainly in the smaller GLE
events in his study. Delays this long reduce the utility of
onset analysis to determine injection times and source lo-
cation.
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Any model of particle acceleration and SEP transport must
explain those observations. With these kind of treatment to
the SEP onset time analysis, we decided to run simulations
of the onset of SEPs with different levels of particle scat-
tering. We intend to pinpoint the level of scattering when
the onset time analysis is valid. We will analyse, using our
state-of-the-art model of particle transport, the effect of s-
cattering and background levels on onset times.

2 SEP Transport Model

Our particle transport model used for this study solves the
complete transport equation in fixed spatial coordinate sys-
tem (Qin et al.,2005, 2006, Zhang, 2006). The particle dis-
tribution function is a function of time t, position r, particle
momentum p and the cosine of particle pitch angle μ obeys
the following equation:

∂f(t,r,p,μ)
∂t =

∇ · κ⊥ · ∇f − (VSW +Vd + vμb̂) · f + ∂
∂μDμμ

∂f
∂μ

+ (1−μ2)μ
LB

∂f
∂μ

−μ(1−μ2)
2 (∇·VSW − 3b̂b̂ : ∇VSW ) ∂f∂μ

+μ(1−μ2)
2 (∇·VSW − b̂b̂ : ∇VSW )p∂f

∂p

+μb̂b̂ : ∇VSW p∂f
∂p

(1)
where κ⊥ is the perpendicular diffusion coefficient, VSW

the solar wind velocity, Vd particle gradient and curvature
drift, b̂ the unit vector of magnetic field direction, Dμμ

pitch angle diffusion coefficient, and LB = (b̂ · ∇ lnB)−1

the focus length in a magnetic field B. The model takes into
account all the particle transport mechanisms: pitch-angle
diffusion, focusing by inhomogeneous magnetic field , a-
diabatic pitch angle change, streaming along the magnetic
field direction, perpendicular diffusion, convection with the
solar wind, gradient /curvature drift, anisotropic adiabatic
cooling (Zhang et al. 2009).
The Fokker-Planck equation is solved by using 5-
dimensional time-backward stochastic differential equa-
tions that describe the random trajectory of the particle’s
guiding center. We start stochastic trajectories from the
observation point, the Earth, until it reaches the particle
source at the inner coronal boundary. The solution to the
particle distribution function at the observation location is
simply the expectation value of all source function values at
the time and location when the stochastic trajectories reach
the source location(Zhang, 1999).
For the interplanetary magnetic field we use the Parker field
model with a constant radial solar wind speed of 400 km/s.
Source SEPs are injected at the corona, the inner bound-
ary of the simulation. The source injection can be viewed
to occur close to the Sun since we only model the onset
of particles from solar flares or high-energy CME particles
observed at 1 AU. In this study of the SEP onset times we
switch on the source abruptly at time zero and turn off after
10 minutes of simulation time making the injection a step
function.
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Figure 1: Example of Flux profile of 2 MeV protons.
Marked are the time of flight and time delays from scat-
tering for different onset levels.

If we use the quasi-linear theory of particle scattering by
magnetic turbulence (Beeck & Wibberenz 1986, Qin et al.
2005), the mean free path should have the following rigid-
ity dependence

λ‖ ∝ P 2−q (2)

where q is the slope of the Kolmogorov power spectrum,
with a typical value between 1.4 and 1.7 for interplanetary
magnetic field at 1 AU (Bieber et al. 1994). The magni-
tude of particle scattering or mean free path can vary from
one event to another, all depending on the condition of in-
terplanetary magnetic turbulence. Given these variations,
we make many simulations of SEP transport using various
values of the parallel mean free path for protons.

3 Calculations

Our SEP propagation model can calculate the particle in-
tensity profile as observed at a given location and for a spe-
cific particle energy. Figure 1 shows as an example of the
calculated flux profile of 2 MeV protons at 1 AU using our
stochastic model. The time zero is the moment when the
injection of energetic particles on the Sun begins. There is
no flux (other than the minimum value allowed by the com-
puter) before the time �/v, where � is the length of magnetic
field line, as expected from streaming at the constantly ze-
ro pitch angle. This is because of the scattering, so that the
probability for a particle to stay at zero pitch angle during
the entire transport is essentially zero. SEP flux appears
delayed, rapidly increases at the start and then gradually
reaches its maximum. For example, the difference in time
when the flux rises above 10−5 of the maximum flux to
the time when it rises above 10−4 or 10−6 of the maxi-
mum flux is very small compared to the time dispersion
due to different speeds. We choose the onset time as the

Vol. 10, 42



32ND INTERNATIONAL COSMIC RAY CONFERENCE, BEIJING 2011

0 10 20 30 40 50 60 70 80 90 100 110
1/v [Min/AU]

0
50

100

150

200

250

300
350

O
ns

et
 T

im
e 

[M
in

]
      slope     y-interceptλo

  3.029 AU
  2.050 AU
  1.731 AU
  1.487 AU
  1.286 AU

-28.301 min
-13.846 min
 -8.934 min
 -5.542 min
 -2.950 min

0.10 AU
0.20 AU
0.30 AU
0.50 AU
1.00 AU

Figure 2: Onset time analysis for a rigidity dependence
λ‖ = λo(

P
GeV/c )

1/3 for different levels of scattering.

time when the flux rises above 10−5 of the maximum flux.
The level can be arbitrarily set in a model simulation. In
instrument data, there usually exists a background level in
the measurements that comes from cosmic rays or some-
times simply instrument noise. The onset time is usually
identified when the flux rises above certain level over the
background. Background level with respect to the rise in
the SEP flux will affect the onset time analysis.
The onset time depends on the particle speed along the
magnetic field. We made a number of simulations to com-
pute the flux profiles at different energies and identify the
onset times using the same procedure. Figure 2 shows the
dispersion of the calculated onset time as a function of 1/v.
We infer the field line length � and the particle time of injec-
tion tinjection from the slope and intersection of the linear
relation as if the particles were streaming with zero pitch
angle without scattering during the transport, so that the
time of flight for SEPs is given by

tonset − tinjection =
�

v
. (3)

4 Results

According to the relation in Equation (2), a strict Kol-
mogorov magnetic turbulence spectrum with a power-law
slope of q = 5/3 will result in a mean free path that has a
rigidity dependence λ‖ = λo(

P
GeV/c )

1/3, where λo is the
mean free path at 1 GeV/c rigidity. Figure 2 shows the on-
set time as a function of 1/v when the mean free path has
this rigidity dependence. The onset time for different scat-
tering levels λo are given. A linear fit seems to be good
particularly when λo is large. The field line length derived
for the slope of linear fit ranges from 1.3 AU to 3 AU. Even
with a large mean free path of λo = 1 AU, the derived field
line length is still slightly longer than the nominal length of
the Parker spiral of 1.12 AU and it increases with a small-
er mean free path. A good linear fit to the onset time can
be found in most cases where the mean free path is large.
When the mean free path is small, we begin to see strong
deviation from a line. For these cases, the derived field line
length is significantly larger than the nominal Parker spi-

ral. The time of particle injection inferred from the linear
fits is earlier than the actual time when the SEP source is
turned on. At time zero is when the source is injecting par-
ticle. It can be significantly earlier if the mean free path is
small enough, which is usually accompanied by a poorer
fit to the line. This is due to larger time delays for the low-
er energy protons which suffer significant scattering. For
λo = 0.2Au or smaller, the error in the calculated time of
injection is already in the tens of minutes.
The strong deviation from the linear fit as the mean free
path decreases can also be seen if we take each individual
particle energy and look at the delay of arrival time. This
can be seen in Figure 3, where the ratio of onset time to the
time expected from the scatter-free streaming τε is plot-
ted as a function of particle mean free path. Points from
several different particle energies; 3.262 MeV, 5.112 MeV,
9.147 MeV, 20.968 MeV, and 93.432 MeV corresponding
to 12.024, 9.619, 7.214, 4.809, and 2.405 c/v are includ-
ed in the plots. Although the onset time also depends on
the particle speed, the mean free path basically determines
the amount of onset delay. The amount of delay relative
to the travel time expected from scatter-free streaming is
significant when the mean free path is less than 0.25 AU.
At a higher range of mean free path the ratio between on-
set time and the expected time of arrival is only a small
fraction more than unity, which is the scatter-free range. It
means that a straightforward onset time analysis can only
be reliably performed without consideration of scattering
on particles that have a large enough mean free path. Fu-
ture such analysis must first assess the particle mean free
path before the data are used for onset time analysis.
Apart from the effect of the mean free path on the parti-
cle onset time and on the result of onset time analysis, the
level of SEP flux above particle background is also impor-
tant. As figure 1 shows, the difference of the time of arrival
for 2 MeV proton flux due to different onset levels can be
noticeable. Suppose there is a pre-event background due
to cosmic rays. SEP flux has to rise significantly above
the background level before we can measure the onset. If
the background is higher, the onset of SEP will appear to
be more delayed. In figure 3 the ratio of onset time to ex-
pected time of arrival is given for two different onset levels.
For an onset level of 10−3 times the maximum level of SEP
flux the difference between the ratio is dramatic for mean
free paths below 0.25 AU than those for an onset level of
10−5. For mean free paths larger than 0.25 AU the ratio is
near unity, showing that it can be taken as near scatter-free
transport.

5 Conclusions

Caution should be taken in using the onset of SEP events
to calculate a time of particle release from the Sun and the
length of field line travelled. From our results we can see
that high levels of scattering can introduce large errors in
onset time analysis assuming scatter-free transport. Particle
scattering tends to lead to a larger estimate for the length of
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Figure 3: Ratio of onset time to expected time of arrival for mean free paths with a rigidity dependence q=5/3 for different
particle velocities. Two onset levels are shown, 10−5 and 10−3 of the maximum flux

field line travelled. A rigidity-dependent mean free path
will make the apparent field line length even longer. Only
when all the particles used in the onset time analysis have
a large mean free path greater than 0.25 AU can we reli-
ably get a good estimate of the field line length. In most
cases, particles below a few MeV energy cannot be used in
the onset time analysis due to their small mean free paths.
The estimate of particle injection time can also be wrong
by several tens of minutes when there is significant scatter-
ing during the interplanetary transport. The pre-event back-
ground level can make matters more complicated. Any data
channel that show a mild enhancement of SEP flux above
its background level cannot be used in the onset time anal-
ysis. Scattering also increases the effect of the onset level.
For mean free paths below 0.25 AU, onset level can in-
crease the observed delays by a significant amount, which
compound the already large delays due to scattering. When
using onset time analysis, its important to ensure scattering
and background levels will not influence results.
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