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Abstract. We study the near-relativistic (NRs30 keV) electron event observed on 2000 February 18 byAthenced
Composition Explorer spacecraft. Highly collimated pitch-angle distributionsre observed during the first2 h of the
event. Roelof (2008) explained this event by assuming tieptopagation of NR electrons is essentially "scattes*fie the
inner heliosphere and that beyond 1 AU, particles are "lsaekttered" by magnetic field compressions and irregudsritive
use Monte Carlo simulations to explore this approach. Webfeovational sectored intensities to assure that thetitired
information contained in the data is used in full. We coneltldat the event cannot be explained without assuming a back-
scatter region beyond 1 AU and that NR electrons propagatddruveak-scattering conditions in the inner heliosphere.
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INTRODUCTION Our goal is to re-examine the 2000 February 18 elec-
tron event, as observed by the LEFS60 telescope of the
Pitch-angle distributions (PADSs) of near-relativisticRN ~ EPAM experiment orACE [5], using observational sec-
>30 keV) electrons that are highly collimated along thetored intensities. We use a Monte Carlo transport model
interplanetary magnetic field (IMF) during the rise-to- to simulate the propagation of SEPs along the interplan-
maximum phase of solar energetic particle (SEP) eventstary magnetic field [6, 7]. This allows us to explore dif-
have been interpreted as evidence that the NR electroferent propagation scenarios and to test the assumptions
propagation in the inner heliosphere can be (at leastade in studies like [4].
in some regions and under some circumstances) nearly In Section 2 we review the transport model and the
"scatter-free" [1, 2, 3]. fitting technique. Section 3 gives an overview of the re-
In this paper we study the NR electron event observedults of deconvolving the directional intensities observe
by the Advanced Composition Explorer (ACE), which  during the NR electron event. Section 5 summarizes the
showed highly collimated PADs at its onset [2, 3]. A results.
previous work [4] assumed that during this event NR

electrons propagated "scatter-free" along the IMF lines THE MODEL
connecting the source region at the corona with the ob-
server but further out particles were "back-scattered" in- | nterplanetary transport

ward from beyond 1 AU by magnetic field compressions
f'md irregularities [4]. In this approach the propaggtion We use a Monte Carlo model to simulate the inter-
IS as_sum.ed not to be spatter-free beyor_wd_ 1 A.‘U' T.h's aPplanetary transport of SEPs injected at the root of an
proximation allows the inference of the injection history Archimedean spiral magnetic field line. The transport
of the first-crossing solar electrons directly from the dataprocesses included are the following: particle streaming
without any propagation modeling by utilizing unidirec- along the magnetic field lines, pitch-angle focusing by
tional in_tensities from two pref_erred directi(_)ns (s_unward_,[he diverging IMF, pitch-anglé scattering by magnetic
and ant|-sunwa_rd) a_md assuming that th_e In-going partize fluctuations, adiabatic deceleration resulting from
cles undergo mirroring and conserve their magnetic moy,q interplay of scattering and focusing and solar wind
ment. convection [8, 9]. The results of the simulation give the
directional distribution of particles at 1 AU, as a func-
tion of time and the energy range of interest (see [6] for

1 Now at the Space Sciences Laboratory, University of Califor

Berkeley, CA 94720, USA details). g . . .
2 Also at the Institut de Ciéncies del Cosmos, Universitat deeBlona, As m_'t'al condition we consider all pa_rt'CleS to be in-
08028 Barcelona, Spain jected instantaneously at two solar radii from the center
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of the Sun. Thus, the results of the simulation are exdintensities for a given sect® at a given time, when

pressed in terms of Green’s functions of particle trans-the injection of NR electrons took place at titie

port. The energy spectrum of the solar source is de- By taking into account the number of sectors of the

scribed by a power lawd\N/dE O E~%) with spectral telescope and discrete values of time, we determine the

index s, which is estimated from the observational data.best-fit injection function by comparing the modeled
In the solar wind frame, the pitch-angle diffusion co- intensities with the observations. Liethe the pre-event

efficient can be expressedBg,, = v(1— u?)/2, where  averaged background intensity add= I — b, where

v is the scattering frequency apdis the particle pitch- i =1,2,...,n numbers the observational points. We want

angle cosine. We assumépt) = vo (1L + ), where 10 derive them-vectord that minimizes the length of

the n-vector J — M, that means minimizing the value

T+l
¢ allows us to simulate different scattering condmons,Of ||j_ '\7||| _ IIj—g-GII, subject to the constraint that
g; >0Vj=12..,m wherej indexes the injection

from quasi-isotropic{ > 1) to fully anisotropic € = 0,
times. The best-fit injection function is taken to be a

totally decoupled hemispheres in thespace). The scat-
tering rate,vo, is determined from the mean free path combination ofm delta-function injection amplitudes
at timest;. To solve this inversion problem and obtain

parallel to the field}, or the radial mean free path,
which are related by the best-fit injection values, we use a non-negative least
A v [Hl1-p? squares method [13].
coZ =A==/, ) du (1) The best-fit transport parameters (A, andryg) are
B determined by minimizing a goodness-of-fit estimator

whereu is the particle speed anfiis the angle between ¢ = i(10gJ — logM;)?, which computes the sum of
the magnetic field and the radial direction [10]. We as-the squared logarithmic differences between the observa-
sume that the radial mean free path is constant, indeperional J and the modeled; sectored intensities in each
dent of the radial distance and energy, as proposed bg§nergy channel. The calculation of the goodness of the
previous works [11, 12]. Particle transport perpendicularfit iS restricted to the time interval selected for the sim-
to the magnetic field is neglected. ulation. The goodness-of-fit estimator of the whole fit is

We adapt the model to be able to differentiate twoObtained by adding the values obtained for each energy
different transport regimes in the inner and outer helio-channel.
sphere. We assume that in the inner heliosphere:
A1. The back-scatter region is assumed to be located at
r > rps (Whererps > 1 AU); in this region we assume RESULTS

isotropic scatteringW(u) = vo) andA; = A,. We vary ) N
rps from 1.1 AU to 1.6 AU with steps of 0.1 AU and we We use electron intensities measured by the LEFS60
also consider the casg, = o. detector (60 to the spacecraft spin axis) of the EPAM

experiment on boardCE in three energy ranges: E'2
(62-102 keV), E’'3 (102-175 keV) and E’4 (175-312
keV) [5]. The LEFS60 telescope utilizes the spin of the
spacecraft to define eight sectors [5], such that particle
anisotropy can be studied by comparing counting rates
from each sector.

We study the NR electron event observed on 2000
February 18 by LEFS60 from 09:30 UT to 11:15 UT.
During this period, there was a data gap in the coverage

Fitting sectored intensities

The goal is to solve the inversion problem of inferring
the transport parameters (i.23, A2 andryps) and the
injection time profile at the Sun from a set of in-situ
measured sectored intensiti€¥t), where 15(t) is the
intensity measured at tintdoy sectorsin a given energy . . .
channel. By taking into account the angular response o?f the solar wind experiment oACE. The solar wind
the sectors scanned by the LEFS60 telescope, we are ab?geed observed by ttWind spacecraft ranged from 370

1 ;
to transform the simulated pitch-angle distributions intoto 390 km s Thus, for the modeling of the event, we

sectored intensities measured by the telescope [6]. Th%_slsugzrthi’:;hi;gac?ngsseecrg)??géd(',: ae?;SO km
modeled sectored intensitied>(t; A1, A2, Iys), in sector S winad's ) v was very

scan be written as stable anq each sector sganned roughl_y the same pitch-
angle cosine range. The pitch-angle cosine range scanned
T2 by the LEFS60 telescope was high§2 %) [14].
M(t; A1, A2, Fos) = /T1 dt'g*(t,t'; A1, A2, us) (1), (2) The first NR electrons were detected above the pre-
event background at 09:32 UT in the E'4 channel. Dur-
whereq(t) -to be determined- represents the electroning the event, highly collimated PADs were observed
injection function andg®(t,t’; A1,A2,rps) represents the [2, 3, 15], e.g. the peak intensity observed in the sec-
contribution of an impulsive injection to the modeled tor scanning particles propagating from the Sun along
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FIGURE 1. NR electron event on 2000 February 18 as observed by five cfabirs of the LEFS60 telescope in three energy
channels: E’'4 175-312 keV, E'3 102-175 keV (x10), and E’2162- keV (x100). Sectors are labeled from 1 to 5; due to the
stability of the interplanetary magnetic field, they prawidll the directional information contained in the data. Toés show the
observational data and the curves show the modeled sedtusstities for scenario A. The lower panels show the péanbte
cosine of the midpoint clock-angle zenith direction of teetsr (curve) and the scanned pitch-angle cosine rangg &gea) as a
function of time. The last graph shows the omnidirection&msities and the mean pitch-angle cosine deduced frosirthéation
with the gray area showing the pitch-angle cosine rangerszhhy the telescope.

TABLE 1. Best fit parameters for different transport sce-

the IMF direction was more than one order of mag- '"** ‘
narios (see text for details)

nitude higher than the peak intensity measured by the

sector which mainly scanned electrons propagating sun- Inner

ward (see Figure 1 in [3]). The maximum intensity was Scenario heliosphere  Back-scatter region I4
observed at 09:45/09:47/09:52 UT in the E'4/E'3/E’2 A1 (AU) rps (AU) Ao (AU)

energy channels, respectively. The spectral index of A 11 no back-scatter region 152
the maximum spin-averaged differential intensities was B scatter-free 1.1 0.02 303

Ymax = 2.2. We can estimate an upper limit of the spec-
tral index of the sourcey, if we assume that the mean
free path is independent of the energy and that the effects

of adiabatic deceleration on NR electrons are negligible, € vec;y dlstgnt Iror):rtsheio(;agirvgg d;} ©), tohg slcgttzﬂng
If we assume [ E/2 for non-relativistic particles, then IS g-dependent withe = .01 and/ € [05,1.5 g
In scenario B we assume scatter-free propagation in the

The NR electron event was associated with a C1.1""€" heliosphereX; — ) andA; € [0.01,0.5] AU with

X-ray solar flare from approximately S16 W78 in the the back—scat_ter region g € [1.1,1.6] AU. .

NOAA active region 8867 [16]. The 1-8 A X-ray emis- The best-fit transport parameters for each scenario
sion lasted from 09:21 to 09:38 UT, peaking at 09:27 UT.2"¢ I'Sted n Tablg 1. The NR electron event cannot be
A type Il radio burst was observed at 09:24 UT at 14 explained assuming an Archimedean IMF and no back-
MHz [17] by the WAVES experiment on thaind space- scatter region beyond 1 AU (scenario A) because the

craft [18]. The solar radio event included a series of typeintensities measured by those sectors that scan particles

Il radio bursts, first seen at 70 MHz around 09:24 U-l-’propagating sunward cannot be satisfactorily reproduced

and lasting for more than 20 minutes [16]. A CME was (see_ Figure 1.)' If we assume scatter-free propagation in
also associated with this event, first seen by LASCO/Cfhe Inner heliosphere and a back—scatter region beyond
at 09:54 UT at 4.18., and propagating at 890 kn’s 1.1 AU with A, = 0.02 AU (scenario B), the fit succeeds

according to th&€OHO/LASCO CME Catalog [19] in better reproducing the observed sunward intensities
We simulate the event by considering two different _(see Figure 2). However scenario B cannot explain the

propagation scenarios. In Scenario A we assume thaptensities observed by those sectors scanning mainly

there is no back-scatter region (i.e. it can be considered t articles with O< p < 1, becausg the PADs predicted
' gion i.e.i ! y the model at 1 AU are too collimated along the IMF

vector. This result suggests that the propagation of NR
Shito: /] cd . JOMVE List) electrons in the inner heliosphere was not purely scatter-
p- 77 cdaw gstc. nasa. gov 1S free but they suffered weak pitch-angle scattering.
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FIGURE 2. Same as in Figure 1 for scenario B
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