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Abstract: Using instruments on the ACE and Wind spacecraft, we investigate the tahgvotution,
spectra, and ionization states of Fe ions in the impulsive Solar Energeticl®avent of 2000 May
1. Proton and electron intensities and anisotropies were used to helpadotisér characteristics of the
interplanetary propagation taking account of focusing, pitch-angltesitey, adiabatic deceleration, and
convection. We find that the event was nearly scatter-free, with an latetary scattering mean free
path larger than 1 AU. The form of the Fe energy spectrum is consistémstechastic acceleration, but
the observed increase of the ionization state of Fe between 200-600ikd&ter than can be explained
using a single temperature source even after including the effect diaitialeceleration in the solar
wind. A two-temperature source region is required to fit the observegeraf Fe charge states, with
the bulk (>8C7)%) of the particles coming from aT 10°K region, and the remainder from a region with
T~ 1.6 x 10°K.

Introduction ergy range with improved instruments on boz

the ACE spacecraft have shown that charge st
Observations of charge state distributions of ions exhibit broad distributions, which for iron typi
accelerated in solar flares offer a unique opportu- cally are < Q. >= 10 — 15 in gradual and
nity to obtain information about the mechanisms < Qp,>= 17 — 20 in impulsive events. A num-
of particle energization and propagation in the flare ber of models, explaining the formation of char
region, as well as about the background temper- States of heavy ions were developed for imp
ature and density of the ambient plasma. Two Sive events, where stochastic acceleration is t
basic classes of solar particle events have beenally assumed and combined with charge cha
identified as so-called “gradual” and “impulsive” ing processes during acceleration ("charge con
events. Itis widely believed that particles from im- tent acceleration models”). Recent high-sensitiv
pulsive events originate from stochastic accelera- measurements by the SEPICA instrument on b
tion in the flare region, whereas in gradual events the ACE spacecraft revealed a strong energy
particles are predominantly accelerated at a shockpendence of the mean charge of iron in impuls
wave in the higher corona and in interplanetary events in the energy range 0.18-0.55 MeV/n [1,
space. Mean iron charge states were initially mea- These data had shown an increase in the Fe n
sured by the ISEE-3 mission aQ,, >~ 14 in charge at lower energies than would be expec
gradual and< Q. >~ 20 in impulsive events.  based on the charge-consistent acceleration n
Under the assumption that the ions had been ac-els. Energy losses by adiabatic deceleration in
celerated from a plasma in thermal equilibrium, solar wind which is especially important for part
the above values were consistent with a temper- cles with energies below 1 MeV/n was suggeste:
ature of~ 2 MK, similar to that of the corona as a possible reason for the discrepancy and s
for gradual events, and of 10 MK for impul- ied in the approximation of particle propagatic
sive events. New observations over a large en- as spatial diffusion [3, 4]. A realistic propagatic
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Figure 1: Fits to the time-intensity and anisotropy Fi 2 Fi he i . ) d ani
profiles of 40 keV electrons observed on Wind |g:c1_|re . ¢ gs7t20t 1e£t1|n|:/|e-|\r/1ten5|ty an bamsot(;o
after the 2000 May 1 flare, assuming a constant profiles ot U.7z - 1. eV protons observed (

_ Wind after the 2000 May 1 flare, assuming a sj
A = 1.1 AU. . .
tially constant radial mean free path df = 0.8
AU.

model taking into account anisotropic pitch-angle
scattering in interplanetary space transport was ap-
plied to investigate the 1998 September 9 event [5].
On the basis of a comprehensive analysis of elec-
tron, proton and iron data they concluded that a
homogeneous acceleration model could not repro-
duce the observations. In particular, to explain the
observed iron charge spectrum one should consider
the existence in the acceleration site of (at least)
two temperature regions; 10% and~ 1.6 x 107 K.
In order to investigate whether such inhomogeinity
is inherent for impulsive events more events need
to be analyzed. This paper presents an analysis o
high-energy emission data, particle and solar wind : — S
ot?servatic?zs during the 200% May 1 event, which use_d t(_) spemfy the |n_|t|al_ charge distribution a
is characterized by a nearly scatter free interplan- the ionization/recombination rates [6, 7].
etary particle transport. We will demonstrate that This equations system was solved numerice
our transport model can handle propagation effects making use of a Monte Carlo approach to obt:
under both strong and weak scattering conditions @ time-integrated spectrum of released partic
well and allows us to draw conclusions about the The subsequent interplanetary transport of the |
particle source at the Sun. ticles was modeled by using a Monte-Carlo tec
nigue to obtain solutions of the equation of pitc
angle dependent transport which accurately h

Particle acceleration and transport

Particle acceleration at the Sun was conside
in the frame of charge-consistent stochastic
celeration model, where the acceleration proc

is desribed by the system of Fokker-Planck eq
tions which contain acceleration, spatial diffusic
Coulomb losses and charge changing proces
The main parameters are the ratio of the che
teristic accelerationr{y) and diffusion ¢4) times
fTA/TD; the product-4 N (V is the number dencity

of ambient electrons; the plasma temperatilire
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dles pitch-angle diffusion, focusing in the diverg- ure 3, clearly is too flat. We therefore employ:
ing magnetic field, and additionally the effects of the two-region inhomogeneous acceleration mc
convection and adiabatic deceleration in the solar and obtained a best overall modeling, including 1
wind [8]. We used the charge and energy spectra to the time profiles, energy and charge spectra
from the charge-consistent acceleration model asthe combination: Region 17 = 105K, 7, /74 =

the injection spectrum close to the Sun. The elec- 0.08,7,N = 9 x 10'%¢m~3s and Region 2T =

trons, for which solar wind effects and velocity dis- 1.58 x 10" K, 7, /74 = 0.2,7,N = 101 em=3s. It

persion within an energy channel of the instrument was assumed that particles were injected homc
are of minor importance were fitted with solutions neously into both regions, and Region 1 produc
obtained by finite differences scheme [9]. 86 % of the total number of particles, while a ho

The existence of different particle data allowed us ter Region 2 produced 14 of the total number of
first to infer the mean free path in interplanetary Particles.
space from time profiles and directional data and The prediction from the two-region model, shov
then to apply this mean free path to derive the as the black lines in Figure 3, gives a good fit
charge and energy spectra close to the Sun. the charge spectrum of iron observed at 1 AU. E
cause of the nearly scatter free particle transpol
. this event the shift of the charge spectrum due
Resultsand Conclusion adiabatic deceleration is smaller than in the 1¢
September 9 event, but nonetheless the inclu
We made an attempt to model the iron observa- of this effect is essential in modeling the observ
tions dUring 2000 May 1 in a self-consistent man- data and deriving p|asma parameters in the ac
ner, i.e., the fits to the intenSity prOﬁleS and the eration region_ Figure4sh0ws the observed ene
charge and energy spectra were based on a singl&spectrum of iron in the May 1 event, together wi
set of parameters for the acceleration and transportthe prediction of our acceleration model for 1 Al
processes and not adeSted |nd|V|dua”y From the We used 15 hours accumulation time in our moc
time profiles and anisotropy data we could con- corresponding to the time span between the fl
clude, that for electrons the radial mean free path gnset and the observed cut-off of the particle
was), = 1.1 AU. Blue curves on Figure 1 show tensities on May 2, 01:00 UT. The fit to the ener

time profiles in case of impulsive injection (ver- spectrum is consistent with the fits to the ULE
tical line on the upper panel). The red curve on ntensity profiles.

the upper panel shows the inferred injection func-
tion, and time profiles corresponding to this injec-
tion are shown by red curves on lower panels. For
protons and iron ions it was found that = 0.8

AU (Figure 2). This value was applied to fit the
energy and charge spectrum of iron, together with
its time profiles, observed by ULEIS in four energy
ranges.

Our detailed analysis of the 2000 May 1 event ¢
the 1998 September 9 event [5] shows that

pitch-angle dependent transport model adequa
describes the interplanetary transportie- and
heavy ion-rich events for a wide range of scatt
ing conditions, thus providing more accurate tit
ing for the injection at the Sun than can be obtair
with the assumption of rectilinear transport. Wi
Similarily to our analysis of the 1998 Septem- the combination of charge-consistent accelerat
ber 9 event [5] we found that a homogeneous ac- at the Sun and interplanetary transport we are
celeration model that assumes single values for to reproduce both, the energy spectra and the
the parameters density, temperature, and acceleraergy dependent charge state of iron, if we asst
tion and escape time scales in the acceleration cangywo regions of different temperature for the acc
not provide a satisfactory modeling of the steep eration site. So far this was found for two out

charge spectrum of the 2000 May 1 event. The three events analyzed in detail; whether this is g
best fit to the spectrum of the measured mean erally true for heavy ion-rich events and whett

ionic charge of iron in the energy range 0.18 - there is a relation to signatures at the Sun ne
0.55 MeV/n we were able to obtain for the one- fyrther investigation.

region model, indicated by the red lines in Fig-
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Figure 4: Observed energy spectrum of iron in 1
2000 May 1 event together with the prediction

Figure 3: Calculated mean charge of iron at 0.05 {he present model, = 0.8 AU and the solar wind
AU (dashed line), and at 1 AU after the interplane- speedVsy = 470 km/s

tary transport assuming a constant radial mean free
path), = 0.8 AU (solid line). Filled circles denote
ACE observations of the 2000 May 1 event.
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