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Abstract. Using spaceborne particle and gamma-ray detectiteracting and escaping particle populations, with different sig-
and radio diagnostics we study solar energetic particle (SER)ures at different energies and in different species.
production in the 1996 July 9 event. This event is associated

with an impulsive soft X-ray flare (9:10 UT) and a coronal madsey words: Sun: corona — Sun: flares — Sun: particle emission
ejection (CME). In a global classification the event is consid-
ered as mixed-impulsive. A sequence of acceleration processes

is identified, starting early in the flare impulsive phase and con-

tinuing throughout the period when the CME propagated up 1o Introduction

severalR, above the photosphere: (1) Gamma-ray, hard X'raﬁﬁere are a variety of acceleration processes that may produce

and cm-wave emitting particles seen during the flare 'mDUIS'gﬁé)rathermal, energetic and relativistic particles in the solar
phase in the low corona had no counterpart at the Solar an

. ) corona and the solar wind. They include acceleration by di-
E:IZ(r)gfer:je::tcacigsrg;V;Ttsr?(/)c(:isvg(\?g j\ﬁgiﬁ:gl(&? bEIe dC;L?;Z?(%E:_t electric fields, waves, and shock waves. Miller efal. (1997)
y HiEcuss the performance of each of these candidate accelerators

ts?_r:aettLrllr(;stygfeéIea:?ndsiotrg\gﬁr?Io?o alndAUb y(:?)' Tﬂlji:fjallnergll:tivrgtjilc the context of solar flares. Shock waves driven by fast coronal
(>9250 kev) electrons detect%d b SOHO did ngt corres Orrpgass ejections (CMEs) are considered as an independent accel-
= y >SPORErtor in the corona and interplanetary space (Reames 1999 and
to these shock-accelerated populations, but to later mainly im-: .

Isive injection which was associated with radio brightenin rgferences therein).
pulsive Injection which w ! Wi lobrg NYS * Hhservational constraints are provided on the one hand by

over a large range of coronal altitudes. (4) Energetic protons . . . : oo
. . mote sensing observations of particles interacting in the solar
detected by SoHO were accelerated during about 100 min aé? g P g

[ ;
the flare impulsive phase with a gradually evolving productioanSphere’ whereupon they emi Y, hard X-ray (HXR)

profile that bore some similarity with the time profile of broad(EanI radio wavelengths. With the exception of nucieaay lines

i o : . “and neutrons (the latter are detectable in the most energetic
b_and metric (typeV) emission. (5)_Wh|le_all other particle vents), these diagnostics probe electrons. Direct measurements
signatures decayed, a second period of interplanetary pro

. : 1lectrons and ions have been made aboard satellites at helio-
prpduct!on took place-2 hour§ after fIa_re onS(_at. The first, 10 ce[ntric distances greater than 0.3 AU. Ideally one would like to
min period of SEP acceleration, post-impulsive phase coron

o - . S L combine the different diagnostics to infer where, when and how
acceleration, is definitely dominant in mildly relativistic elec:

trons. Two acceleration periods nearly equally contribute to thhee particles were accelerated. However, transportand probably
' P y equaty re-acceleration modify the particle populations on their way to

production of~ 20 MeV protons. However, the second perioqhe detector, so that the populations measineitumay be of

IS mﬁ:g E;?ﬂucg;/?h'g ?évpe%?é%ﬁo:]mi\éiggg?ﬁét neither t different origin than the interacting particles. A scenario of this
. i 9 N . r!(‘?nd is the proposed acceleration of large solar energetic par-
impulsive flare acceleration in the low corona nor the mterplaﬁéIe (SEP) events by the bow shocks of CMEs at heliocentric

etary CME at> 10 iz, are the main sources of the high'energéﬂistances above 5-1%; (Kahler 1994), where it is presumed

pamcle_s observed onboard SoHO. We su_gges'F that various gty particles accelerated in the magnetically stressed corona in
celeration processes related to the reconfiguration of the cor N8 siation with flares play a negligible role

in the course of the flare and CME lift-off contribute to the in- Few observational tests are at hand which might allow to

probe the connection of SEPs with coronal acceleration sources.
Send offprint requests th. Kocharov (leon.kocharov@srl.utu.fiy ~ Similarities in the temporal evolution of hard X-rays, radio




730 T. Laitinen et al.: Solar particle event and radio bursts

waves and particle fluxes measured close to the Sun (Bieber
etal!1980; Kallenrode & Wibberenz 1991; Akimov el al. 1896; g
Klein et al.[1999) suggest that such relationships do exist, but
the quantitative correlation e.g. between the fluxes of protons in-
teracting in the corona and those detected at 1 AU during given®®
events is loose (Ramaty et al. 1993; Cliver et al. 1989). Tlie
particle signatures at 1 AU clearly depend on a range of pre- 4o
cesses on active region scales and on global scales, including
acceleration in flare related small-scale structures as well astin
widespread regions associated with a chromospheric or corona
“Moreton” wave (Kocharov et al. 1994; Torsti etal. 1998, 1999;

thick line:
COMPTEL LRBM, 0.1-0.3 MeV

thin line:
COMPTEL HRBM, 0.6—1.1 MeV

histogram:
COMPTEL Telescope, 3.0—7.0 MeV

dotted vertical lines:
BATSE/LAD peak times, 25—100 keV

0
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Krucker et all 1999) or a CME (e.g., Maia etlal. 1099; Klein et O~ 1,1 \ T g
al. 1999) L L‘H_"_. ““““ ! “‘_'_‘L"Lj_l‘ ‘L\F\ﬁ‘—‘j‘ “““ Lo
The acceleration and propagation of particles in the mid- 9 10 11 12 13
dle and high corona are difficult to probe by remote sensing Time after 9:00 UT [min]

techniques, since collisional radiation processes are inefficiﬁnt

due to the low target density. However, suprathermal electrans: 1. Observations of the impulsive phase of the 1996 July 9 flare
. 9 . y'_ . » SUP - event with COMPTEL/CGRO. The plotted data are corrected for de-
generate collective radio emission at frequencies from a f

- o dltor life time effects, background is subtracted, and the data sets
GHz to about 1 MHz, which is sensitive to the accelerated el§gy e heen scaled relative to each other. The different energy channels

trons as well as to the ambient medium from the low to th@ye been obtained with COMPTEL's two burst detectors, high and
high corona. In the present paper we analyze the particle Sigv range burst module (HRBM and LRBM, respectively), and with
natures related to a flare and CME on 1996 July 9. This St Compton telescope configuration. The peak times measured by the
event was observed under particularly quiet conditions of int&ATSE large area detectors are also indicated.

planetary transport (Torsti et al. 1997; Kocharov ef al. 1997),

so that uncertainties introduced by the transport are minimal.

We employ measurements of energetic protons and mildly refaent measured a signal in the Compton-telescope configuration
tivistic electrons, respectively by the Energetic and Relativistighich is sensitive tey-ray photons of 0.75-30 MeV, as well as
Nuclei and Electron (ERNE) instrument and the Comprehei- the two single burst detectors which detect photons in the
sive Suprathermal and Energetic Particle Analyser (COSTEdergy range 100-600 keV and 600—11000 keV, respectively.
aboard the SoHO spacecraft. Coronal electron acceleration gRl] gives the measured time profiles and allows to compare
propagation is probed by radio observations using spectr@e timing of different energy ranges.

raphy from ground (radio spectrographs at Bern, Hiraiso and Both burst detectors register the maximum of the emission
Tremsdorf) and space (the WAVES experiment aboard Wingh) about 9:09:40 UT followed by two smaller emission peaks.
and imaging observations (NgmcRadioheliograph). Seti. 2 ofThe times agree very well with the peak times measured by
this paper presents the particle data and the derived injecting BATSE large area detectors for energies 25-100 keV (de-
functions. SeckI3 describes the radio observations and ideftited {, t,, and § in Fig.[). All three emission curves originate
fies potential sites of coronal acceleration. These are compafieh bremsstrahlung of electrons with an energy in the range
with the inferred particle injections in Selct. 4. of roughly 50 to a few 100 keV.

The signal in the 3—7 MeV channel originates from nuclear
line emission which is emitted when protons and/or ions with
an energy of about 10-20 MeV/nucleon interact with ambient
The 1996 July 9, 9:10 UT flare occurred in the NOAA rematerial in the chromosphere. As can be seen ir Fig. 1 the main
gion 7978 on the western hemisphere of the Sun? $V30°, emission in this energy range coincides with the third peak at
about30° eastward of the nominal interplanetary magnetic flu of the electronic emission. A faint signal can be seen also for
tube connected to the SoHO spacecraft (solar wind speed wasfirst peak atit, but no significant emission is seen during the
~ 400 km s~! according to SWE/Wind observations). Gammasecond peak abt A signal of the 2.2 MeV line was detected
ray signatures of energetic ions and relativistic electrons at twell before . The emission in the 2.2 MeV neutron capture
Sun were recorded with the Compton Telescope instrumding is produced with a time delay of about one minute and re-
(Schonfelder et al. 1993) aboard the Compton Gamma-Ray Qiires reactions of protons and/or ions with an energy in the
servatory spacecraft (COMPTEL/CGRO). range of about 10-100 MeV/nucleon. The detection of this sig-
nal confirms that the emission during the first peak stems indeed
from nuclear lines, and that protons and/or ions accelerated up
to energies of at least 10 MeV have to be present.
Observations at HXRFray energies of the 1996 July 9 flare  Itis known that the ratio of accelerated electrons to protons
event could be obtained by COMPTEL/CGRO until about 9:1&an vary from flare to flare, or within flares (e.g., Chupp et al.
UT when CGRO entered orbital night. The COMPTEL instrut993; Marschhuser et al. 1994; Miller et gl. 1997). Here, the

2. Solar energetic particles

2.1. Gamma-ray observation of the flare impulsive phase
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200 | ‘  eepa—2d 15 yo, Indicating arrival of particles from the Sun. The observed solar
15F A Lo S ‘e wind velocity of nearly 400 km's! implies the interplanetary
) Fes B & 2 MV magnetic line length ok 1.2 AU. The oblique lined in the
~ 10¢L ° - 3 . L
— HIPRAs Z e .o .o VeV figure corresponds to this distance traveled from the reference
B =715V time 9:12 UT—500s, the soft X-ray maximum time. We have at-
N2 ahettanindne ‘ ‘ g tempted to estimate first injection time and the distance traveled

i ] also from our proton data using a kind of velocity-dispersion

107°¢ m technique described by Torsti et dl._(1999). However, in 3—-12
: ] MeV channels there was also contribution of the previous flare

107 W ] observed on the same day at 7:58 UT (SGD_1996). This adds
E E uncertainty to the estimation. With data in hand we can rule out

B
=
e 107%] B ‘ ‘ ‘BZ injection of first protons before 9:08 UT — 500 s and after 9:28
< 1001 ‘ ‘ ‘ ] UT — 500 s (with a view to comparison with results of radio
s g M 0.7-3 MeV ] observations, we artificially add to and then explicitly subtract
z ”W“WWMWW& from the particle injection time the 500 s value required for
g 107 : radio waves to travel from near-Sun to Earth). Thus based on
= ] velocity dispersion, we can estimate the first proton injection
1072 | time astp; =(9:18 UT — 500 si-10 min.
E : : : : : Fig[2 also illustrates an abrupt decrease of proton flux, si-
9 10 11 12 13 14 15 multaneously seen in all energy channels at 12:50 UT. This
Time UT, Jul 9 1996 [h] fall of intensity indicates entering a new magnetic flux tube

. A . with very different proton transport conditions (Kocharov et al.
Fig. 2. Proton arrival time vs1/f3 = ¢/V’ scatter plot visualized in @ gq7) The tybe named a slow transport channel (STC) had been
gray scale proportional to the product of tiétimes intensity}” being ﬁ versed at 16:00 UT on July 9, 1996. In our present study, we

proton velocity (upper panel); also the intensity-time profiles of 12— . . .
MeV protons (middle panel) and 0.7-3 MeV electrons (lower panefj® not consider observations after entering STC. The employed

The tilted line A illustrates expected arrival times of first protons iP€riod is limited by vertical line$31 and B2 in Fig.2.
injected from the Sun at 9:12 UT — 500 s. On the middle panel of Fil2 we present the 5-minute av-

eraged proton intensity in the energy channel of 12—-20 MeV
employed for the anisotropy measurement. In order to gain bet-

ratiois highly variable for the three observed peaks: the emissighstatistics, the channelis wider than in the anisotropy study by
att; and t; includes nucleonic signatures, while during the peairsti et al. (1997), but otherwise the method is similar. A high
att, it appears to be dominated by the electron bremsstrahluagisotropy observed during the entire event (excluding STC)
From the perspective of the particle injection times thEWlies a prolonged injection of protons at the Sun. There were
COMPTEL measurements show that the main HXR emissi®f0 peaks in the injection. The first peak of the 12-20 MeV
caused by~100keV electrons occurred at 9:09:40 UT, whil@roton flux was about 90 min long, while only a portion of the
the mainy-ray line emission caused byl10 MeV protons ap- Se€cond peak was observed before entering a new flux tube at

peared somewhat later at 9:10:20 UT. However, high-energek#50 UT.
protons are present from the beginning of the event. Relativistic electron flux was recorded with the COSTEP

instrument (Bothmer et &l. 1997). The electron event start cor-
)  th responds to the injection of first electrons several minutes after
2.2. Overview of the SEP event the soft X-ray emission maximum, 9:12 UT — 500 s (cf. vertical

The solar energetic particle event was observed with the eréte A in Fig.[d). Two sub-peaks can be seen at the top of the
getic particle detectors ERNE (Torsti et/al, 1995) and COSTER5-0.7 MeV electron profile (Figl 3), but dip between them
(Miiller-Mellin et al.[1995) aboard SoHO. The interplanetary rather shallow. Entering a new transport channel (STC), ob-
proton event was weak enough for ERNE to be able to recdiérved with protons at 12:50 UT, is only marginally observable
nearly every individual particle as pulse height data. For tfizthe electron profile (marked with ling in Fig.[3). The STC
goals of present analysis, the ERNE recorded protons have b&é@ct in electrons is much weaker than in protons.

divided into six energy channels: 1.6—-3 MeV, 3-6 MeV, 6-12

MeV, 12-15 MeV, 15-20 MeV and 20-30 MeV. The lowes) 3 scenario of electron injection

channel has a geometrical factor of 0.260° sr and the next _ _ _ _
two 0.915cm? sr, thus the statistics are lower on these charfhe electron intensity maximum (F[g. 3) is too flat and decays

nels compared to the three highest energy channels possed§ifidast to be fitted with an exactly impulsive injection, but
geometric factors of 30 cm? sr. the introduction of minor additions before and after the main
The time versus inverse-velocity scatter plot is shown in th@iection pulse produces a satisfactory fit. We have fitted the
top panel of Fid_P. The horizontal lines mark the energy chanrz®HO-observed electron event with three impulsive injections,
limits. Velocity dispersion is seen in the beginning of the eveHging the injection time and injection strength as free param-
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Fig. 3. The 0.25-0.7 MeV electron intensity as observed by tH10wn in unitsl.5 x 10*° protons / (min MeV) per solar hemisphere;

COSTEP/SoHO instrument (fluctuating curve) and the theoretical #in€ as it was at the Sun. A d-component contribution to the 1.6-3

tensity (unlabeled heavy solid curve) comprising the main impulsi)4€V channel has not been calculated.

injection E2 and two minor injections E1 and E3 (correspondingly la-

beled light solid curves). Expected arrival of first electrons injectafile have deduced with the COSTEP data the first injection time

from the Sun at 9:12 UT - 500 s is shown with vertical lideStart ¢, —(9:17 UT —500 s}-2 min. Given the different techniques

of the new magnetic flux tube (STC) is shown with liBe A spike at - of analysis, the onset times of the electrons at Wind and of the

9:10 UT is caused by the flare hard X-ray pulse. mildly relativistic electrons at SOHO are consistent. A mean
estimate for the first electron injection time finally is (9:18—
8:19) UT — 500 s. That implies that the electron injection into

eters. The transport model parameters have been adopted as .

i . . X : Interplanetary space occurs nearly ten minutes after the onset
explained in Appendix. The best-fit curve in the case of th0 the radiative sianatures of the flare
three-pulse injection is shown in Fd. 3. It fits well the observe 9 ’
intensity-time profile. The deduced injection times at the Sun
aretg; =9:17 UT — 500 s (the first minor pulse of injec-2.4. Scenario of proton injection

ilon)’_t;%g:lj)_i_% ;;I(—)_ St?]O ‘IQ’ (tthe major mIJ(eCt(':OH tp_ebaI:_) an(?f’roton injection functions are deduced by a careful fitting of
tﬁf‘ N . t_th tst(l (?225 On;lgol\;l p\e/a;l ): ontr gl;/'or;g he observed anisotropy and intensity-time profiles. A choice of
€ iniections to the to'al ©.2o-0. eV fluence Is 90, ré‘foton transport model is described in the Appendix. Several in-

0 i
;}nd d15 /o fofr ttr?ef.Elt, E.2 ar!d.Es’t.pulssls, re(sjpelctl\{[(rally. _Notefi éiétion scenarios have been studied. In particular, we attempted
€ decay of the irst minor injection, £, ahd also (e rse ot the g, ¢ proton intensity-time profile with an injection scenario

last minor |njectlpn, E3, were essengally overla|q by t.h? MaIYeduced for relativistic electrons, but it became evident that the
peak, E2. For this reason, time profiles of the minor injectio

) é%?oton injection is prolonged and the impulsive injection sce-
C.OUId notbe prgms_ely d_educed_, bt ShOUId be regardeq asth hario is not applicable. Several other scenarios were also tested
first electrqn_lnjgctlop time, Wh"eE.?’ gives a5 min esfume_lte before we decided to use a double-exponential injection pro-
?f the I(;":t |néect|o? time. ;Jtn;ert.aln_?ﬁs 'nttr?e detgrm|lr1att|0n e (the alternative scenarios are described more thoroughly in
fp1 andip: 00 Ot exceea:2 mMin. 1hus, the major lecron oo 4 5 3y The injection rate is finally approximated in the
injection is impulsive and occurs not earlier than 15 min aﬂ%llowing form
the flare start.

An analysis of the pulse-height data for the period 9:18¢, E) = q1(t, E) + q2(t, E), (1)
10:18 UT within the 0.25-1.5 MeV energy range indicatev§,h
nearly power law differential energy spectruff) ~ £—43

(H. Sierks, pers. comm. 1999). The total numberdf.25 MeV  ¢;(t, E) = A; exp[®;(t)], )
electrons injected at the Suni& (> 0.25 MeV) = 4 x 1032 B;(t) = Di(t— M) at 0<t< oo, 3)
per sr of the heliocentric solid angle (i.e. per tﬁé area of max ' max

. () = —(t =) /7 at t >t 4)
solar surface at the root of the Earth-connected interplanetary
magnetic field line). The fitting parametersD;, 7; and ¢{***, dominate the injec-

The mildly relativistic electrons seen by COSTEP are asdinn rise, decay and the maximum injection time, respectively
ciated with an electron event observable also at lower energi@sg.[4). Those parameters were allowed to be energy depen-
from about 1 keV to hundreds of keV, as detected by the 3d2nt and adjusted to get a best fit for each energy channel. The
Plasma and Energetic Particle experiment on the Wind spanermalization factorsl; determine injection energy spectra for
craft (Lin et al. 1995). Determining the solar release time frothe first and second injection componerits; 1,2. Similar to
the energy dispersion of the electrons at the spacecraft (Kructter 1990 May 24 event study (Torsti etial. 1996), we call the 1st
et al.[1999), S. Krucker (pers. comm. 1999) finds that the firmhd 2nd injectiong-componentand d-componeninjections,
electrons are released at the Sun at (9:21 UT — 5@Bsnin. respectively.
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SoHO is a three-axis stabilized spacecraft and thus ERNB&teworthy that the maximum time of the p-component proton
particle detectors do not cover the whdte solid angle, and injection, {]"**, is close to the deduced time of the last elec-
the magnetic field direction is not stable. In order to take thion injection,tgs. On the other hand, the earliest observable
into account we calculate the differential acceptance of the difection of protons occurred close to the time of the first elec-
tector as a function of time and pitch angle and convolvetibon injectiontg; (see the 12—15 MeV proton injection profile
with the interplanetary transport function to get a value of the Fig.[4). The first and the last electron injection times,
proton intensity averaged over the instrument acceptance car@tgs, bracket the rise phase of the p-component proton pro-
The resulting intensity curve is directly comparable with théuction. Those minor electron injections might be related to
experimental intensities (Fid. 5). protons, and a kind of continual minor production of electrons

Highest uncertainties are expected in the low energy chdretweeny; andtgs cannot be ruled out.
nels, 1.6—-3 MeV and 3-6 MeV. In the lowest energy channel the Amplitudes A; and A, (Egs. 1, 2) give the proton injec-
instrument consists of two detectors with a narr8®?, field tion spectra at the peak injection time for the p-component
of view. This results in a high sensitivity to the magnetic fieldnd the d-component, respectively. Best power law fits to the
direction, if proton anisotropy is large. In addition, low energgleduced differential energy spectra are obtained for the spec-
protons arrived too close to the slow transport channel. Also ttral indexesS; = 3.6 and S, = 5.5. Total numbers of the p-
influence of the earlier flare contaminates the 3—6 MeV chanmeld d- component protons injected at the Sun are respectively
(Fig.[2). In this view, we had decided for the two lowest energy; (> 10 MeV) ~ 2 x 10*® and N (> 10 MeV) ~ 4 x 10?8
channels not to vary the maximum injection timg2*, but to per sr of the heliocentric solid angle. Note that the d-component
set it equal to the time obtained from the four higher energy dominant at low energies and correspondingly in the total
channels. Furthermore in the lowest, 1.6—3 MeV, channel, weton energetics.
do not attempt to fit the d-component portion of the intensity
profile, i.e. the last 3—4 points in the upper left frame of Eig. 5.

Those data points certainly indicate a new rise, but uncertaint®zsRadio observations as tracers
of fitting few points would be very large. of coronal electron acceleration

The deduced injection functions are presented in[Fig. 4. In ) i
this figure, we do not show initial portions of injection profileg'l' Spectrographic observations

before the maximum cumulative effect of the injection exceegfuring the 1996 July 9 event enhanced levels of radio emis-
the3o level above background. The portion of injection curveS§on were observed from 15 GHz in the low corona to some
from which the particles would not reach SoHO before enterifigns of kHz at 1AU. Different aspects of the radio emission
the new magnetic tube (STC) is also left out. It is seen frofuring the first minutes of the event were discussed by Mann
Fig.[d that the maximum injection of the p-component protorg al. (1997), Dryer et al[{1998), Karligk(1998), Pick et al.
occurred around 9:50 UT (the corresponding near Earth ligiiiggs) and Klassen et al. {1999). Fig. 6 shows whole Sun ob-
arrival time ist*** + 500s ~ 9:58 UT). No energy dependentservations between the event onset and 10:30 UT, covering the
trend in the maximum injection timey*, is seen. The vari- time interval of the identified electron injections and of most of
ance Oftrlnax illustrates statistical uncertainties2.5 min. It is the p-component proton injection_ The times of the impu|sive
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injections of mildly relativistic electrons and the evolution 09:40 UT, 9:40 UT until about 11:30 UT. The narrow major peak

the p-component injection of protons in the 12—20 MeV energyiggests that the event belongs to the class of impulsive soft X-

ray flares. However, the complex behavior during the decay of
The GOES soft X-ray time profile (0.1-0.8 nm; Fig. 6b)he event probably reveals different episodes of energy release

shows a rapid rise from a perturbed pre-event backgroundotoincreasing temporal and spatial scales.

maximum followed by a decay in three steps with successively We are going to describe separately the three spectral ranges

longer decay times: 9:11:30 UT (peak time) — 9:17 UT, 9:176f radio emission in the following.

channel are plotted at the top and bottom of the figure.

.im!i,- Ll 'L A 1S A R R P AR

Fig. 6a—g.Comparison of the particle injec-
tion functions with remote sensing obser-
vations of the radio and soft X-ray emis-
sion. a, g Times of the mildly relativistic
electron injections (vertical lines) and time
profile of the p-component proton injection
(curve). Solar injection times are shifted by
+500s for comparison with radio and X-
ray data.b: Time history of the soft X-ray
flux (GOES, 0.1-0.8 nm)c: Time history
of microwaves at 8 GHz (green; Berne) and
3 GHz (red; Ondejov).d—f: Dynamic spec-
trograms at decimetricd( Hiraiso Obser-
vatory), decimetric-decametrie;(Potsdam-
Tremsdorf Observatory) and hectometric
waves {; the WAVES experiment aboard
Wind). High brightness is red, background
is greenlyellow @, €) or blue ). The early
bright emission in the range 40-90 MHz is
a noise storm which fades at the onset of the
event under discussion.
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3.1.1. Microwaves (8 GHz, 3 GHz) constant than the preceding decrease. The last broadband en-
hancement at about 9:35 UT occurs near the instant when the

(,\a/lhecc:rtor\gr?;ﬂ(at;gg:l:ltll)?g()(g 'kgé\?%'; fzwlﬁjg dtr)g drg'clglli/er\?)l?::;/;gggecaying soft X-ray profile flattens for the second time. It has
ing in the low corona (below 0.1 R, above the photosphere). 0 counterpart at 8 GHz, suggesting that the electrons radiate

The time profiles in Fig. 6¢ show a strong impulsive peak simllIj weaker magnetic fields than precedingly.

lar to the hard X-rays angtrays (cf. Fig[11). The impulsive mi-
crowave peak has a spectral maximum near 9 GHz (SGD 199%..3. Hectometer emissior {4 MHz)
It is followed by a series of weaker enhancements, which
less pronounced at 8 GHz than at 3 GHz and extend well i
the meter wave range.

F4dio emission in the range 14-1 MHz (Fig. 6f) is typically
r]a‘ﬂﬂtted between 1 and 28, above the photosphere. The most
prominent features are two groups of type Ill bursts, at 9:11
and 9:24 UT, generated by electron beams traveling from the
3.1.2. Decimetric to decametric emission (2000-40 MHz) corona into interplanetary space (energies of a few keV to a few
ens of keV). Both type Il groups have several components, as

Ther etzk:mrsr?olnsl mtr tkr11|s ran%e Ifrflg\]/\./gd,i) rarer pr)]roduc;ad ér%_en near their high frequency end and both groups are observed
suprathermal electrons (poorly known energy range, p ESYNjow 1 MHz down to the plasma frequency at the satellite level.
ably a few tens to a few hundreds of keV) at coronal heig

between roughly a few0* km and1 R, (middle corona; the - e first group, starting at 9:10:57 UT, which is well defined

: T : ; the entire frequency range below 14 MHz, starts well after
typical source height increases with decreasing frequency). fﬁs impulsive microwave burst at 9:09:05 UT and therefore ap-
plotted spectra are obtained after the elimination of frequen L

: . . eNS¥ars not to be produced by electrons accelerated in the low
channels disturbed by terrestrial transmitters and subtractlor{g P P y

o . 8fona. Rather, this type Il group occurs simultaneously with
apre-event spectrum. The initial bright feature between 600 %ﬂ%[ decimetric-metric type Il burst associated with the shock

100 MHz (9:11-9:13 UT) is a type Il burst, due to electrons ac-

; . Wave in the middle corona, and with the decametric type Il
celerated at a shock wave. A faint decametric type Il group ursts at 9:12 UT. However, this first type 11l group does have a

pears atits low frequency end (90-40 MHz, 9:11:30-9:12:3 3ry weak secondary component at 9:14 UT that becomes visi-
A series of short broadband enhancements, the counterpartslga

) ) tfrequencies below 5 MHz and which occurs 1 minute after
the late microwave enha_n_cements (Fig. 6C)’. are seen_bet\/\{ﬁ]eenend time of the metric type Il. This weak component also
9:13:20 and 9:39 UT. Initially, they appear in the demmetngccurs 1 minute after the first weak microwave enhancement

waves (2000-300 MHz), but the later emissions extend acrgss, . Lid be related to it.

the entire decimeter-to-decameter wave range. They are asso-

iated with a diff ntinuum emission. which is best visibl The second hectometric type Il burst has only faint, but
.Cathe ta usebcclJ ZU(L)JO I\/TH ssbot ' hi r(]: ls est Z [[?onetheless significant, traces between 14 and 2 MHz. It occurs
In the spectrogram below £, DUL WhICh &1S0 EXIENAS 10 ot the same time as the broadband cm-m-wave enhance-
hlgher_ frequ_enues. The low frequency I|m|_t of the Coml.nuurrrﬁent around 9:25. The frequency drift seems to be faster than
emission drifts gradua_lly to lower frequencies. The Cont'nuuH]uring the first type Ill burst, but it is hard to determine accu-
fades a few tens of minutes after the last broad_band enhan%?ély due to the intermittent spectrum at high frequencies and
ment. Itis no longer seen on the spectrographic records aﬁ% superposition of both type Il bursts at and below 1 MHz
~11 UT. :

The short broadband enhancements display little spec- Between 9:30 and 10 UT a highly intermittent and weak

, o . : ) f Il i 14 MHz.
tral fine structure. Detailed inspection of the brightening negl'gnature of atype Il burstis seen between 14 and 6 z

9:25 UT in the data of the Tremsdorf Spectrograph and the
Nang@y Radio Heliograph shows a smoothly evolving emissich2. Source configuration at decimeter and meter waves

with only few superposed bursts, the most prominent one bein% . . . . .
o ging observations were carried out at five wavelengths in the
type lll burstbetween 500 and 600 MHz near 9:25:10 UT. Afeyy, i otric and metric range by the NagcRadio Heliograph

faint decametric pre lll bursts are obser\_/ed before and aft enceforth NRH; Kerdraon & Delouis 1997). In the following
wards. In the decimeter range the peak brightness temperatyres

. 4 - evolution of the radio sources is briefly presented in order
r_neafsured V;'thltgsegliggylr\'ﬂng t?e egha{]ggesemgg?\za‘zs H) demonstrate that magnetic restructuring and electron accel-
fISe from~ 5 x a 210~ 8 x at= Z. eration continue in and around the active region during several
which is consistent with the increasing flux density from lOVHours after flare onset
to high frequencies displayed by the dynamic spectrum in this Fig.[7 shows snapshot maps at several frequencies. A noise
range (Fig. 6e). The spectral shape and the brightness tempg{ p

. . . . ~Storm existed above the active region before flare onset (first
tures are consistent with optically thick gyrosynchrotron r‘fjuj'i’?l()w). It reveals long lasting electron acceleration which is un-

?on att de”clrphgtrlc waves,r\:vh;areas th_e 3 an(LS GHz fluxes pol'@fated to the flare under discussion. The subsequent type Il and
0 optically thin gyrosynchrotron émission. Hence, we SUg9essiin ,um emission during the first hour of the event have been

that the broadband brightenings are emitted by mildly relatiVial'scussed in detail by Pick et &l. (1998). The second row ofFig. 7
tic electrons in the corona. These enhancements occur durgq4_30 UT) displays sources ét 410 and 237 MHz during one
the second part of the soft X-ray decay, which has a longer tirgp' !

the broadband enhancements.



736 T. Laitinen et al.: Solar particle event and radio bursts

After 9:40 UT the source configuration evolves in a similar
way at all frequencies observed by the NRH. The emission fades
progressively at successively lower frequencies, but structural
changes continue during several hours at the lowest observed
frequencies, suggesting that the main sites of electron acceler-
ation rise gradually from the low to the middle corona:

a) After 9:40 UT a discrete source is seen to brighten to the
south-west of the continuum emission. It drifts away from
the active region at a projected speed of 40-50 ket all
frequencies. At10:30 UT ithas faded from view at 410 MHz,
but persists as a stationary source above the south-western
limb at low frequencies. It remains visible until 11:22 UT at
164 MHz. During the slow south-westward motion of this
source new brightenings appear between it and the contin-
uum source above the active region. The source motion is
much slower than the speeds of 330-450 krh deduced
for different features of the CME (Pick etlal. 1998). It reveals
continued restructuring and/or magnetic field expansion in
the low corona, in association with the decametric contin-
uum emission at greater height.

b) The meter wave source above the active region does not re-
cover its pre-event shape after fading of the moving source.
Even more than five hours after flare onset the 237 and
164 MHz maps show ongoing structural changes [Fig. 7, last
row) with alternating brightenings of two or more sources
in a large north-south oriented complex. The source com-
plex extends below the brightest part of the CME (Pick et
al.[1998, Fig. 4).

4. SEP injection and its relationship with coronal processes

The remote sensing data show different signatures of rapidly and
slowly evolving energetic particle populations in the coropa:

ray, hard X-ray and centimetric radio emission from the initial
impulsive acceleration of electrons and protons in the low at-
mosphere, long lasting acceleration of the electrons emitting the
broadband continuum, repeated episodes of impulsive acceler-
ation in the corona leading to the broadband enhancements, and
shock acceleration of electrons in two different altitude ranges
producing typdl emission. Continued changes in the structure
of metric radio sources show the persistence of electron accel-
eration until at least five hours after the start of the flare. Both
impulsive and long lasting processes of particle acceleration
were independently inferred for the electrons and protons of the
SEP event. We now discuss the possible relationship between
the coronal processes and the particle populations seen at 1 AU,
referring especially to Fig. 6.

237 31: 31 4.1. Impulsive phase acceleration

Fig. 7. Snapshot maps at three frequencies during the late evoluti\é)vne identify the impulsive phase with the first minutes of the

of the 1996 July 9 event (Naay Radio Heliograph). Each row corre-?vent (9:09-9:11 UT), when b',"ght microwave and moderately
sponds to a given time, each column to a given frequency. IntegratiBi€NSe hard X-ray ang-ray emissions are observed. Although

time is 32 s in the first seven rows, 128 s in the last row. Only intensfi® 7-ray and hard X-ray data are available after 9:16 UT, be-
values above the average of each map are plotted. Brightness incre@gés€ CGRO is in the Earth’s shadow, the microwave profile

linearly from white to black. The quarter circle traces the optical limi@nd the continuous decrease of the soft X-ray flux suggest that
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the impulsive phase is finished at that time. From the abserticee when the leading-edge was already a0 R, (Pick et al.
of emission at metric and decametric wavelengths during {898, Fig. 8). The hectometric type Il emission is probably as-
impulsive phase we conclude that the accelerated particles soeiated with the CME when it was between 1 anl2above
initially injected into closed magnetic structures of the low athe photosphere.
mosphere. This would also explain why no signature of the The time coincidence of the first hectometric-to-kilometric
mildly relativistic electrons and the energetic protons acceldéypeIII burst and the decimetric-metric typesignature of a
ated during the impulsive phase is observed at 1 AU, althougbronal shock strongly suggests that at least the electron beams
the flare occurs close to the nominal Earth-connected magnéhiat generate the initial part of the hectometric burst are acceler-
field line. The subsequent drift of the low-frequency limit oted atthe coronal shock wave, especially since no simultaneous
the radio emission towards lower frequencies shows that pad&cimetric typdIl emission is seen in the low corona. Escape
cles (at least electrons) have successively access to more ditdiedectron beams from the shock front is also directly indicated
plasmas, i.e. higher coronal altitudes. The association wittbythe observed decametric tyfig bursts. This and a possible
CME probably means that the low lying magnetic structuresceleration mechanism were discussed by Mann et al. (1997)
are gradually opened and expand. for the 1996 July 9 event, while Bougeret etial. (11998) presented
Similar events where no interplanetary counterpart of insimilar evidence for a different event. On 1996 July 9 the elec-
pulsive phase acceleration was detected, although the satefiibd beams producing the first hectometric typeburst group
was nearly well connected to the flare site, were reported in thie accelerated about 6 minutes before the first identified injec-
literature. For instance, during the large SEP events on 138th of mildly relativistic electrons measured by COSTER, §
May 24 at Wr6° (Torsti et al.[1996; Debrunner et al._1997and also before the injection of suprathermal electrons detected
Kocharov et al. 1999a) and 1991 June 15 &9\ Kocharov et onboard Wind.
al.[1994; Akimov et al. 1996) the comparisormgfay and neu- Instead of inferringg; from the particle data and compar-
tron observations with particle measurements in space shovirgglit with the radio timing, we can use the radio time profile
that protons started to be injected into flux tubes connected wéthfrequencies where the typeburst is observed and compute
the satellite~ 10 minutes after interacting protons with compathe expected time evolution of the electrons at SoHO. Such a
rable energies were detected in the low solar atmosphere. Toeputation for the frequency of 327 MHz results in the ex-
radio spectrum of the 1991 June 15 event has a similar dpftcted rise of the electron intensities at 1 AU more than 5 min-
towards lower frequencies as 1996 July 9 (Akimov et al. 1996jtes earlier than observed. This confirms that acceleration at the
No dynamic spectrum at meter waves is available for the 1988ock wave in the middle corona does not contribute signifi-
May 24 event, but Lee et al. (1994) show that the microwaeantly to the mildly relativistic electrons seen by COSTEP, in
spectrum displays a systematic gradual drift from 10 GHz tisagreement with the claim of Mann et al._(1997). Similarly,
1 GHz within ~3 min. However, many impulsive flares withno significant amount of- 10 MeV protons from the shock is
prominent hard X-ray ang-ray emission do not display suchdetected.
delays (Raoultetal. 1985), and interplanetary electrons were ob- A possible interpretation of this result is that the energy
served to be injected during the impulsive phase of solar flafsthe electrons accelerated by the shock wave producing the
(Bieber et al. 1980; Kallenrode & Wibberenz 1991). We surmiskecimetric-metric typél burst does not exceed a few tens of
that the access of particles from coronal acceleration sites tokeV. Electrons in this energy range may be hidden in the Wind
terplanetary space is different in different events. This could Hata by a preceding event (S. Krucker, pers. comm.). The result
ascribed to different configurations and evolutions of the maig-also consistent with the statistical study performed by Hucke
netic field in the vicinity of the acceleration site(s). A key rolet al. {1992), which indicates that the presence of a fyipe
of a CME is that it will open magnetic fields (cf. also Manohaburst enhances the flux density of an associated hectometric
ran et al[ 1996). The CME is then an essential ingredient of ttyge I1I burst without changing significantly the intensity of
energetic particle event, irrespective of whether it contributesraldly relativistic electrons. We cannot exclude, however, that
the acceleration or not. particles accelerated by the shock remained undetected because
of a poor magnetic connection to Wind and SoHO.

4.2. Post-impulsive acceleration
4.2.2. Acceleration of mildly relativistic interplanetary
electrons

The type Il burst emission at decimetric-to-hectometric WaVEhe COSTEP electron observations were ascribed in[Sect. 2 to
lengths is evidence for electron acceleration at shock waves,in mainly impulsive acceleration peakingtgs. Around this.

the middle and high corona. Ifthe shock speed derived from Mfe a broadband enhancement is observed. from microwaves
ter wave observations 81000 km s (Klassen et al._1999),

a single large-scale shock cannot generate the type Il bursﬁr\{v n to the low-frequency limit of the Tremsdorf spectrograph

4.2.1. Shock acceleration in the middle corona

the two frequency ranges. The hectometric type |1 burst s ig. 6€), with evidence for the acceleration of mildly relativis-

gets 2 vlocy£GO0 s 1 This s comptabl 0 the CUE o7 T STLIAneous osurig scond hectomer
leading-edge velocity,- 400—450 km s, observed at a later yp group ping :

fore the processes which accelerated the radio emitting electrons
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Fig. 8. lllustration of different scenarios
for production of solar energetic parti-
cles: intensity-time profiles of 0.25-0.7
MeV electrons (upper row) and 15-20
MeV protons (lower row) calculated in
frameworks of different injection mod-
els as compared to the experimental
data. Model curves result from injec-
tion profiles1) in the form of two im-
. . . . . . pulsive injections atge =9:26-500 s
Tirne from 900 Jul 8 996w[on?‘\?y] Tirne from 9100 Jul 8 996w[on?i?v] Tirne from 9100 Jul 9 9951[(2‘5)3] andtgs =9:58-500 s (left column))
in the form of the intensity-time profile
1072 e of the south-western radio source at 410
MHz (central column)3) in the form of
the logarithm of the whole Sun intensity-
time profile at 90 MHz (right column).
The fluctuating thin curve in the upper
row and asterisks in the lower row repre-
f sent the experimental data. In the upper
left frame, the thick curve is for the over-
all intensity E2 + E3; ratios of the E2 to
5‘0 100 150 200 50 1(;0 wéo zc‘)o éo 1(;0 wéo 250 E3 injections in the upper left and the
Time from 9:00 Jul 9 1996 [min] Time from 9:00 Jul 9 1996 [min] Time from 9:00 Jul 9 1996 [min] lower left frames are different.

1000 1000 1000
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Electron intensity [1/(cm? sr s MeV)]
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in the low and middle corona are the prime candidate for pré-2.3. Acceleration of interplanetary protons
ducing the main injection of mildly relativistic electrons int

interplanetary space. The hectometric tyfiemission corrob- QI'he proton injections have a fundamentally different character

orates the impulsive character of the main injection of miIdI];\?Om .those OT the e[ectrong. The t'm.e evolution 1S Very SI.OV.V’ n-
onsistent with the impulsive behavior of the mildly relativistic

relativistic electrons into interplanetar . .
elativistic electrons into interplaneta yspace. electrons (see the left column of Hig. 8). The slow evolution of
Coronal shock waves of probably different origins are seen ) : . e
: : o - . . fhe metric-decametric continuum is similar to the p-component
through their radio emission before and after the main |nject|onect.on rofile (cf. Fig. 6e, especially inthe range 4090 MHz)
of relativistic electrons. If one of these shocks is to be invoked': ion profi - 719.0€, especially| 9 - Z)-

the acceleratogd hocexplanation is required for the short durafhzanrgigztriﬁis:s:iltn thr'eo;illih:sc;vﬁ?nriﬁarlﬁla?ftﬁ. ?OV,EI:nCi?] r.ggzgen
tion of the electron acceleration to mildly relativistic energies. lh P ) yp . 9 P e
roportional to the logarithm of the whole Sun emission at

. . S
he high corona, the shock is ex ler mrr&&p . . .
the lgh corona t e shocxise pectedto accele ate more o %/IHZ. While there is not exact coincidence between the cal-
continuously. This is different from the middle corona, WhereuI ted and observed profiles. a similarity could be seen. The
shock acceleration can have different consequences, depenal_n P ' Y '

on the magnetic structures encountered (cf., e.g., scenarios mponent of proton production is correlated with a radio

ro-,. . : .
: . E tinuum in the 40-90 MHz range. The corresponding height
posed by Stewart & Maguin 1980; Aurass etal. 1998; Bougerea(%f;ve the photosphere is0.3-1R., (e.g., Mann et al. 1999).

al.[1998). The temporal coincidence of the injection E2 with thlehus the time evolution of the p-component proton production

broadband brightening from the low and middle corona argueg ompanies two sianatures of coronal acceleration-
in any case for acceleration behind the shock, and indepenaaénci P 9 '

of it. — The time extended acceleration of the electrons emitting
There is no decimetric-to-metric counterpart of the last mi- the metric-decametric continuum at a height@.3-1R,
nor pulse of mildly relativistic electron injection, E3. It occurs ~above the photosphere, which is related to the large scale
not far from the last brightening of the hectometric typburst, restructuring of the coronal magnetic field as revealed by
but other, similar brightenings, occurred before. A more or less the motion of the underlying metric radio source (Elg. 7).
continual minor acceleration of electrons by the shock or an= The coronal shock wave associated with the hectometric
other proton accelerator, startingtat and ending atgs, can- type II burst (Fig. 6f) at greater distances from the flare,
not be excluded. An alternative is acceleration in the course about 1-2 R, judging also from the height-time plot of
of the coronal processes which give rise to the slowly drifting the CME front of Pick et al. (1998).
south-western radio source illustrated in Elg. 7. At 410 MHZhe CME is important for the p-component proton accelera-
the source peaked at 9:45 UT. Using the source intensity-tifigh, pecause it is related to both processes. However Kahler
profile at 410 MHz as the injection function, we find a good cof1982) concluded from a statistical comparison of SEP associa-
respondence with the last phase of the electron event obsenyggs with typell bursts and broadband continua that there is no
by COSTEP (Fid.B, top center panel). evidence that the typd shock accelerates the protons detected
in space. The typé&l shock signature ceases at about 10 UT.
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Even if this does not prove that the shock decays in the hiB0, the value used to distinguish impulsive events from gradual
corona, it is in line with the measured low speed of the CM&vents:l. (0.5 MeV)/I,,(10 MeV) ~ 7 x 103. All these facts,
and the absence of kilometric typeemission, which Cane etthe impulsiveness of associated soft X-ray flare, presence of
al. (1987) showed to be an unambiguous signature of fast CMEBIE, high electron-to-proton and helium-to-proton ratios, but
in interplanetary space. Indeed no shock signature was detectediigh enhancement itHe, fit well properties of the subclass

in interplanetary space despite dedicated research (Dryer etlal*‘Mixed-Impulsive” events according to the terminology of
1998). Cliver[1996).

The p-component injection was followed by the delayed We do not observe significant injection of solar energetic
rise of the second (d-component) proton acceleration. Theparticles during the flare impulsive phase as well as after the
component proton injection has no suggestive coronal count€ME arrival at distances 10 R . Therefore, the mixed char-
part. This acceleration produces a steeper spectrum and a higloggristics of the event do not come from the plain summation of
particle flux at energies below6 MeV than the first acceler- flare accelerated and interplanetary-CME accelerated particles
ation. In terms of the energetics of the proton population tlire consequence of their transport and registration in the inter-
delayed injection is more important than the p-component iplanetary space. The properties of particle populations observed
jection, but it is not dominant at high energies. Although thie space during this event are provided by one or several impul-
radio and soft X-ray observations show that energy is contisive and two time-extended particle injections. Probably for this
uously released during several hours in and around the actigason and also in this sense the event has mixed characteristics.
region, nothing indicates that the amount of energy release in-
creases until the maximum of the delayed proton injection near
11 UT. An earlier onset of the second injection at lower ene?- Conclusions

gies (Figl#) indicates a new, slow acceleration of protons aftite particularly quiet conditions of particle propagation in in-

the first production has decayed. These observations supporiiigianetary space make the 1996 July 9 event well suited to

idea that the proton acceleration is driven by the CME. In thig,,qy the relationship between coronal energy release and the

case the acceleration of the delayed proton component woyldgjeration of energetic and mildly relativistic particles and

be maximum at projected heights of abdu, (cf. Fig.8 of e injection into interplanetary space. Comparisoingitu

Pick et al L. T99B and Fig. 10 of Dryer et gl. 1998). measurements of these particles and remote sensing diagnostics
of coronal processes shows the following:

4.3. Event classification . . )
1. The acceleration of protons and electrons during the im-

Conventional classification of SEP events had its origins in pylsive phase of the flare has no interplanetary counterpart
the impulsive/gradual distinction of flare microwave and soft opservable at the SoHO site. The radio spectra provide evi-
X-ray emissions pelng related to parameters of cqrrespond- dence that this is because particles are mainly injected into
ing energetic particle events (Cane etlal. 1986, Cliver 1996, closed structures in the low corona during this early phase
and references therein). The “two-class” picture has been re- of the event.

cently extended by separation of each class into two subclasg_asM"my relativistic electrons £ > 250 keV) and energetic
(Kallenrode et all 1992, Cliver 1996). According to the ex- protons ¢ > 6 MeV) observed at 1 AU have distinctly
panded classification system, there are two types of impulsive gifferent injection profiles. The proton injection proceeds

events: (la) impulsive events enhancediite, and (Ib) impul-  through two successive, gradually evolving phases with dif-
sive events associated with CMEs (see “Pure Impulsive” and ferent spectra, while the electron injection is mainly impul-
“Mixed-Impulsive” columns in Table 2 of Cliver 1996). sive and accompanies only the rise of the first (p-component)

~ How well does the 1996 July 9 event fit into this classi- proton injection. However, a minor25%) contribution of
fication? The SEP event was weak, maximum proton inten- continual electron injection during the first proton rise is still

sity I,(10 MeV) = 1.3 x 1072 em™? sr™! 57+ MeV ™, possible. Electron production during the second proton rise
For this reason, only few Fe ions were detected by ERNE, js |ess than 5%.

but the He intensity was sufficient to deduce the helium-t3. The main electron injection can be traced back to a simul-
proton ratio and use it for the event classification. The time taneous period of electron acceleration in the corona which
integrated He/p ratio is higtife/p = 0.12 +0.02, so thatthe  shows up as a broadband enhancement of radio emission
event mlght béHe-rICh (Cf Kocharov & Kocharoyv 1984, their from a few GHz to some tens of MHz. This occurs in and
Figs. 7 and 8). However, a search fifle led us to conclude  ahove the flaring active region. Escaping electron streams
that the event was not very richfile, the time-integrated ratio e traced by the second hectometric to kilometric tiiie
®He/*He ~ 0.02. We have searched for a temporal evolution of pyrst group.

the*He-to-proton ratio. However, unlike the electron-to-proton, A coronal shock wave traced by its decimetric-to-metric
ratio, no significant difference between the helium abundances ypeI1 radio emission accelerates the electrons that emit the
of first and second intensity-peaks (p- and d- components) is radio burst, as well as electrons producing the first hecto-

found. It is important that the ratio of the numbers of mildly  metric typellI group. They have no significant counterpart
relativistic electrons to energetic protons significantly exceeds in near-Earth electrons.
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5. The p-component proton injection, which proceeds durimiging portion of the intensity curve is more rounded than the
about 1.5 hours after the flare onset, has a globally similaibserved one. For this reason, we have adjusted the interplane-
time profile as the metric-decametric (typ€) radio con- tary transport model by choosing a constant parallel mean free
tinuum which is related to the large scale reconfiguration path between Sun and Earth, whereas the constant radial mean
the corona in the course of the CME lift-off. free path is still employed beyond the Earth’s orbit.

6. The subsequent softer, but more energetic d-componentTo obtain a precise fit to the observed proton angular distri-
proton injection evolves without a signature of correlateolution (Torsti et al.1997), we introduced a composite scatter-
changes in the middle corona. We suggest that the delayegl model where conventional pitch angle diffusion is supple-
acceleration is driven by the CME. The shock acceleratiomented with a large angle scattering. The large angle scattering
cannot be ruled out, but there is no positive evidence for tiemodeled as Small time-Step Isotropizations (similar to the
interplanetary shock in the event. SSI model by Kocharov et al., 1998). The scattering frequency

7. Studies of SEP genesis should not be reduced to resolvimgrespondingly comprises two terms= vp + v, where two
an alternative “impulsive flare acceleratigos. interplane- scattering processes are suggested: (i) pitch angle diffusion with
tary CME-driven shock acceleration”, but should also concorresponding partial mean free path, and (ii) small-chance
prise coronal acceleration at a global scale between the fla@tropizations with partial mean free path,
and the interplanetary CME, especially an acceleration re- s 11 ) v
lated to reconfiguration of the solar corona during the CME, — 7/ H dp, Ap = —. (A.1)
development. 8 J.1 vp VL
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Notes added in proof:

Appendix A: interplanetary transport model 1): The stgep rise of prqton intgnsities obsgrvgd r?\t 11:50 UT
_ o - _ (Fig. 5), with no change in the pitch-angle distribution, allows
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