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Abstract. It is widely believed that the longest lasting and.. Introduction

most energetic solar energetic particle events (SEPs) obseryed . . ) . R
in interplanetary space result from acceleration by the bo%\'/nCe the discovery in 1942 of the so called "solar cosmic rays

S . gnd their interpretation as relativistic protons it has been as-
shocks of coronal mass ejections (CMESs). Using gamma-ray, : .
s(%med that the processes causing the visible flare have also cre-

X-ray and radio diagnostics of interactin articles an g . . )
Y g 9P ed the conditions for acceleration of ambient charged particles

; a
spaceborne and ground-based detectiotr20 MeV protons %I Chupp 1996, for a historical review). The increased particle

at 1 AU during two large events (1989 September 29 arﬁ S .
October 19), we demonstrate that time-extended accelerati yes n interplanetary space following flares were thought to

processes in the low and middle corona, far behind the C veal particles escaping from the flare site, and it was expected

S . : I .~ .that a correlation would be found between the yield of interact-
leave their imprints in the proton intensity time profiles in

. ing particles (producing the X-rays, gamma-rays and neutrons)
interplanetary space for one to several hours after the onseand the peak particle intensities measured at 1 AU (the solar en-
the flare: (1) New increases 820 MeV proton fluxes at 1 AU P particie| o u

can be traced back to episodes of coronal acceleration. etic particle events, SEPs, and the relativistic protons whose

Ignature is detected at the ground, GLEs). However, no con-

Increasing richn f relativistic proton rvi 1AUT . : .
creasing richness of relativistic protons observed at Uvmcmg correlation was found (Cliver et al. 1989), and doubts

h r f the SEPs i i with new coronal particl . . .
the course of the SEPs is associated with new coronal pa té:r%se whether there was a physical link between the energetic

injection after the impulsive phase. (3) Particle injection sites . .
enabling a rapid access to the well-connected magnetic fi oJLiEvsg&uLfg)qunc;gstggvgg ?htetrf]i?]dsi:g t{;r;? igre;?zra:tlioﬁus.t;tr;i
line, as required by the SEP time profile, exist in the m|dd0 SEP events detected in situ and longitude distributions of the

corona even if the nominalddfiare location is far away. Thesea%sociated flares display a bimodal distribution (Reames 1990
. . . C y
findings suggest that contrary to the prevalent view acceleratgfggz_; KahleF 1992, 1996): “impulsive” events with charge states

processes in the low and middle corona supply both interactiig. I - iy
and at least part of the interplanetary particles. The associatPor%mmg to acceleration in hot(10” K) plasma are seen within

. , latively narrow range around the well-connected magnetic
of the most proton-rich component of the SEPs with delay&d & 2 : .
P P Y ield line between the flare site and the detector; particles of

low-frequency radio emission is consistent with ionizatio . .
d y radual” events, among which are the largest SEPs in terms

state studies of SEPs, in that both require acceleration in ) . .
0] aproton flux and energy, are accelerated in regions with tem-

tenuous plasma. We conclude that the complexity of the coron
P piexiy ratures- 10° K, could only have traversed small amounts of

provides the ingredients for the acceleration of particles aﬁﬁ . o . S
their injection into a large range of heliocentric angles. Trlasmain order to maintain their low ionization states (Ruffolo

CME may play the role of a trigger or even contribute to thl??;%’cznldn ?::)ent? zz?féattﬁg ;\QS ;Iiarne;[uar;grg fT&rarLomc(;rfr:l:-
buildup of magnetic stresses in the corona, but its bow shocg : 9 '

: . e'z%istic difference has been found between the interacting ions
not the main accelerator of the high-energy protons.

(Murphy et all’”I991) or the spectra of interacting electrons (Ra-
maty et all_ 1993; Bruggmann et al. 1994) in rapidly and slowly
evolving events. This prompted the presently widespread view
r%hat impulsive SEPs reveal particles accelerated during the flare,
while the gradual SEPs are accelerated in the high corona.
Since gradual SEPs are statistically associated with CMEs
and interplanetary shock waves, it is argued (e.g. Kahler et al.
1984; Reames 1990, 1994; Kahler 1902, 1996) that in these
events the bulk of ions of any energy is accelerated by the
bow shock of the CME while it travels through the high corona
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(>5 Ry, Kahler[1994), and that acceleration processes in thees in the tracers of interacting particles and in proton fluxes

middle and low corona<{1 R, say) do not contribute signifi- detected in interplanetary space.

cantly. Here we investigate interacting and interplanetary particles
The extended bow shock of afast CME is an attractive candidring two major gradual solar flares on 1989 September 29 and

date for particle acceleration in the corona: first, it operates in@gtober 19 from the same active region. We analyse interacting

environment different from the site where most interacting paglectrons and protons through radio, hard X-ray and gamma-ray

ticles revealed by their gamma-ray, hard X-ray and microwadata, showing that the particles are accelerated in, or transported

emission are energized, and this might therefore explain the dd; different sites in the solar atmosphere. The detailed analysis

ferentionization states in the impulsive and gradual SEP evernssgiven in Secfl3, and the results relevant to the subsequent

second, it could conceivably account for the long duration dfscussion of the relationship between coronal acceleration and

gradual SEP events and for the particles’ ability to gain acceS8&Ps are summarized in Séctl4.1. The temporal and gross spec-

to a large longitudinal range of interplanetary magnetic fietdal evolution of proton fluxes at 1 AU are compared with the

lines (Reames et al. 1996). However, the solar corona providiese evolution of coronal electron acceleration signatures in the

avariety of plausible acceleration mechanisms (e.g. Miller et eémainder of Sedtl 4.

1997). Furthermore observations show that in various circum-

stances well-identified shock waves are not the efficient accel-

erators they were thought to be (Klein et al. 1983, 1988; Kahler

1982: Klein & Trottef 1994), or that their efficiency drops at- INstruments

proton energies between a few MeV and 100 MeV (Sarris $he Nanay Radioheliograph (NRH; Radioheliograph Group

Krimigis[1985; Kallenrodé 1993; Ruffolo et al. 1998; Lario e1989) consists of two orthogonal interferometer arrays, each
al.[1998). On the other hand, radiative signatures of long-lastifasuring one-dimensional brightness distributions of the
as well as high coronal acceleration and of rapid particle trargrona. In 1989 the north-south array performed observations
port are observed when no CME bow shock can be invoked:at five frequencies (in the two events studied: 164, 237, 327,

— Electron acceleration at altitudes up to sevé@alkm is not 408’ 435 MHZ)’ and th? ea.St'WESt array obs_,erved at 164 MHz.
is provides the localization of the centroid and the dimen-

only a signature of gradual SEPs, but is also seen duriﬁ@ fth acted onto the interf ter basell
major (Kane et al. 1992) and minor (Klein et[al. 1997) flargdon Of the source projected onto the interierometer baselines,

and inthe absence of flares (Lin 1985, 1997; Cliver & Kahlérg'dfdl\jﬁrmgnaﬁ?n ?f the comp()jlgte planr?-o;-thfe-sky po;itioq_r?t
1991 Krucker et al, 1995). z, but of only one coordinate at higher frequencies. The

ccuracy of absolute position measurements is aboutTh2
ighest time resolution was, respectively, 0.05 and 0.25 s with
£ east-west and north-south arrays. Spectral identification of
e emissions was provided by the spectrographsibirigen
l5_(13\r|1iversity in Weissenau (H. Urbarz) and of Paris Observatory

— Acceleration lasting several hours is evident both for su
relativistic electrons (type IV radio bursts; e.g. Pick 198t
and references therein) and for relativistic ions (Kanbach
al.[1993; Leikov et al. 1993; Kocharov etlal. 1994; Akimo
et al. 1996). Time-extended plasma heating during grad i
soft X-ray events occurs together with CMEs, but ima(j[l Nangy (M. Poqierusse).

ing observations show sources and restructuring at heights Flu>; densgu—z)s '?ht cSnfumet_rt'lc-t(f)-lrsmlI|met|r|c_ wa':/elengt:jtgsl
below~ 1 Ry above the photosphere that imply energ ere observed by the Universily of bern polanmeters at 5.4,

conversion far behind the CME (cf. e.g. Klimchik 199 6'21 8.4 118, 19'$'h35da”d 50 GHIZ.'bW“h dsafnhp”gg tlime 01s
and references therein). Ur|ngt e events. e data were calibrated with absolute values

— Complex acceleration sites encompassing diverging m’%éthe quiet sun published in the S_olar Indices Bulletin (NGDC,
netic field lines (Chupp et &l. 1993; Trottet et al. 1994) a ulder, Co_lorado). Observed qwe_t sun fluxes above 15.4 GHz
particle transport along extended loop structures (Nakaji e not available on a regular basis. Values of 700-, 2400, and
et al.[1985) grant particles access to a range of heliocen 00sfu have bee.n takenfor 19.6,35and 5.O.GHZ ((?' 0011 1979).
angles up to several tens of degrees. ese values are independent of §olar activity outside flares (S—
component) that becomes prominent below 10 GHz. Data of
In summary, neither long-lasting acceleration nor high cortire quiet Sun before the bursts and sky observations were used
nal acceleration of gradual SEPs imply that shock waves aoecalibrate the burst fluxes within an error of approximately
the only possible or plausible mechanism for accelerating iob8%, to which errors due to the variation of atmospheric absorp-
and electrons from subrelativistic to relativistic energies. Thi®n must be added. During the 1989 September 29 event the
alternative, acceleration in the magnetically stressed coron&ah was mapped by the Méatsovi single dish radio telescope
heights below, say, 1 Rabove the photosphere, is viable, proeperating at 87 GHz with’lbeam size.
vided it occurs in regions sufficiently tenuous to respect the High-energy photon observations were made with the Solar
constraints from the observed low ionization states, and thaximum Mission (SMM) Gamma-Ray Spectrometer (GRS;
particles have access to a wide range of interplanetary magnetierest et al.”1980), and its auxiliary X-ray detectors. The GRS
field lines. In the following, we refer to this height range as therovided flare and background spectra in several energy chan-
“low and middle corona”. If acceleration in this height rangaels between 14 keV ang100 MeV with time resolutions rang-
plays a role in SEPs, we expect to see common temporal strimgr from 1.024 s to 16.384 s. The primary spectral information
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1989 September 29 1989 September 29 October 19, 22 and 24, when the region was again on the disk. In
this section we discuss the properties of the interacting particles
o 1080 000l 35 GHz in the solar atmosphere and their source configuration during
N 164 MHz “’6000\'\\\_\R the September 29 and October 19 events. The SEP and GLE
R 0% 0 0] particle observations for both events will be discussed together
= 0% o ggg oy 114-199 keV in Sect[#.
NI £ 200
o S 100
N wsw § ©° Y| 31,1989 September 29
g 4 150’% 4.1-6.4 MeV
k5 dl; ] An X9.8/1B flare occurred at 1141 UT, together with a coronal
5 a0 5.2 GHz w OF *WWH mass ejection (CME) observed by the Coronagraph/Polarimeter
T o Z’gg i W 510 MeV (Sing.) aboard SMM. The associated particle event provided the highest
102[ £ 100: WW energy (& 25 GeV) protons ever observed at the Earth, was the
3 ol first event recorded by an underground muon telescope, and one
10%} senz | O 50 HM 220 MeV (Mix) of the largest GLEs recorded by a neutron monitor (Swinson &
103} 25 Shed 1990).
10%} OLE or MWN Thetime histories of the whole-Sunradio, X and gamma-ray
g oot emissions are plotted in FIg. 1. Radio emission from millimet-
3 ZF 2 o1} L ric to metric waves rises between 1120 and 1125 UT. There is a
3 s - GRS ¢ 0o # common phase of bright emission at all frequencies, followed
) R I R b by a monotonic decay after 1130 UT at the highest frequencies,
oy 14 1140 1150 1200 put by renewed rises at centimetric-to-metric wavelengths. The
a b. SMM GRS was in low power due to a radiation belt passage

until 1133:32 UT, so there is no overlap with the initial flare
Fig. 1. aTime history of the flux density on 1989 September 29 @missions at soft X-ray and radio wavelengths. Intense emis-
microwave (Bern) and decimetric-to-metric (Nayg frequencies and sjon was observed in all GRS channels until 1154 UT when
of the energetic protons at 1 AU observed by the Hobart neutron magi\j entered solar eclipse. Background-subtracted time his-

!tor (GLE; energy above 1.1 GeV). The horizontal bar gives the ti”fSrieS (FigClb) display a decay similar to the high-frequency
interval when the Gamma-Ray Spectrometer (GRS) on SMM was Qi aves and the decimeter-meter-wave radio emission
serving.b Time history of the count rates for several X and gamma-ray ’

energy bands observed by GRS, and of the 35 GHz flux density. The
meaning of the “mixed” and “singles” counts and their ratio (bottor8.1.1. Large-scale disturbance and radio emission
panel) is explained in App._AlL. in the corona

Fig[2 shows the time evolution of the optical emission in H
is the “main channel” data in the range(0.3-10) MeV with a (left column) and coronal white light (2nd column), and of the
time resolution of 16.384 s. decimetric to metric radio sources.

Proton fluxes at 1 AU were measured with the GSFC charged No Ha signature is detected during the early appearance
particle instrument on IMP-8 (R.E. McGuire), the GOES partpf the CME above the south-western limb (Eig. 2, upper row).
cle detectors (NOAA; data provided by H. Sauer & R. Vainidpuring the next coronagraph image (central row) the CME has
and the worldwide network of neutron monitors whose dattavelled to>2 R® above the photosphere. Underneath the tops
were made available through the data base at Phillips Labapapost-flare loops become visible imHrom a site behind the
tory (L.C. Gentile). limb. While the CME leaves the field of view, the post flare loops

Ha flare images were available through the daily observ@row continuously (bottom row) until around 1900 UT (Sacra-
tions at Haute Provence Observatory (I. Soru-Escaut, Z. Mouraento Peak). They still exist at 2315 UT (Fig. 2 of Swinson &
dian), Kanzelbhe Observatory (A. Schroll), Sacramento Pedkhed 1990).

(D. Neidig) and Wroclaw (I. Garczynska, B. Rompolt). SMM  The location of the I4 loops points to a flare in active region
coronagraph observations have been provided courtesy of @AA 5698. Its main sunspot is situated approximately@
High Altitude Observatory. Meudon daily spectroheliograms iH0° beyond the west limb at 1100 UT. The extrapolation of
Ha and Ca Il were also used. flares reported for this active region @uarterly Bulletin of
Solar Activity(QBSA Vol. 31) between September 22 and 28
) ) leads to a similar value (cf. also Vestrand & Forfest 1993). This
3. Interacting particles and coronal structures implies an occultation height between 5000 and 10000 km.

Several large particle events, detected by spacecraft and onP€ecimetric-to-metric radio sources spread from a site abgve
ground, were produced in association with one active regi6ft 5698 to the whole range spanned by the CME. The evolution
in autumn 1989: an event on September 29 occurred one aglescribed in the two right-hand colums of fig. 2. The radio

after the region crossed the western limb, and three others S@4rce configuration is incompletely determined at frequencies
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Ho 1127 UT

Hao 1143 UT

.

Ha 1234 UT SMM C/P 1234 - 1102 UT

1989 SEP 29 (a)

1989 SEP 29 (b)

Pre-event noise
storm

Farly bursts
1122-1125 UT

1989SEP29(c)

1989 SEP 29 (d) ™

Main event

Main event

1989SEP29(e)

1989SEP29(H) ™

“Stationary” type

IV burst 1225 UT

Post-event noise
storm 1320 UT
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Fig. 2. Time evolution of the 1989 Septem-
ber 29 event: K (first column; Observa-
toire de Haute Provengel. Soru-Escaut,
Z. Mouradian), coronagraphic difference
images (second column, SMM C/Rjigh
Altitude Observatory decimetric and met-
ric radio sources (third and fourth columns;
Nan@y Radioheliograph Small circles
designate the centroids, crosses the centroids
and dimensions measured with the two one-
dimensional arrays at 164 MHz. Parallel
straight lines give the loci of the source cen-
troids at 237 (solid), 327 (long dashes) and
408 or 435 MHz (dashed-dotted). The ra-
dial dashed lines delimit the span of the
CME (Burkepile & St.Cyr 1993). The north-
westward inclined line and dark spot in the
coronograph images are instrumental arti-
facts.

above 164 MHz. But using the fact that for plasma emissi¢c) The main event starts near 1125:50 UT at decimetric-to-
the source height increases with decreasing frequency, differentdekametric wavelengths. It consists of a superposition of
source complexes can be identified and compared with the H broadband emission and fast drift bursts. While metric radio

and coronagraphic observations (Elg. 2a—f):

(&) Weak noise storm emission, existing prior to the flare,

sources (circles) are scattered over a large domain, sources
at higher frequencies cluster in two principal groups, (F

F2) under the span of the early CME.

(b)

brightens at 1122:45 UT. The farther south the sources az(rzs
the lower their frequency.

Sporadic bursts which are too weak to be identified in the

Weissenau dynamic spectrum come from a source slightl)s
south of the noise storm, probably from a different corongﬂ

structure, since their sources do not display the systematic .
(see below) to metric wavelengths, between 12 and 13 UT.

ordering from high to low frequencies. Both the noise storm he brigh deci . X | h
and these bursts appear to be emitted in coronal structures! N€ brightest source at decimetric-to-metric wavelengths

that extend south-westward from AR 5698 behind the limb, (C1. Stationary type IV burst) extends north-westward from
in a region where the CME is first seen at 1127 UT. Isolate the vicinity of the southern footpoint of the CME.

weak bursts had been observed by the NRH since 1050 NOiS? storm emission perSiStS aj Qntil 14 UT at deci-
within this area, especially at 237 and 327 MHz. metric wavelengths, until after the end of the NRH observa-

As the radio event proceeds through its phase of brightest
emission, sources spread both southwagiig§Rd northward
(F4), as does the CME.

The fading of the main event after 1145 UT (see alsdFig. 1)
is followed by a new rise, over a broad band from a few GHz
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tions (1520 UT) in meter waves. The sources extend south- 1989 September 29
westward from AR 5698, similar to the pre-event noise ‘ 5
storm (Fig[2a). 1120:01-1121:30

10 ‘
1121:30-1129:00

The radio source configuration implies multiple magnetic 104
structures that are anchored in different regions of the photo-
sphere, including the active region where the flare occurs and the
projected positions of the legs of the CME, covering a latitude 10
range of~ 80°. Prior to and after the brightest flare emission
radio emitting electrons are related to the flaring active region 102 ‘ 102 ‘
south of the equator. During the brightest radio emission, radio 1 10 100 1 10 100
sources underlie the whole span of the CME. The front of the 10
CME is inferred to be at a height of 6;Rat 12 UT, given the
starting time and speed reported by Kahler (1994).

T T
1134:00-1138:00 1138:00-1200:00

3.1.2. Energetic electrons in the low corona: microwaves

Although the Hvy signature of the flare occurs in the occulted
active region, analysis of microwave and gamma-ray data shows
that energetic electrons and ions must also interact on the disk.

The microwave emission produced by mildly relativistic
electrons displays a distinctly different evolution at different
frequencies (Figgl L] 3a):

— Emission with a strong millimetric component (turnover 3
frequency>50 GHz) dominates during the main dm-m 107
event (1120-1138 UT). Subsequently the emission above
~35 GHz decays monotonically, as illustrated by the
35 GHz time history in Figlla. 102 ‘ 102 ‘

— The brightest peak at centimetric waves is observed from 1 10 100 1 10 100
1135 to 1200 UT (e.g. 5.2 GHz, FIg.1). It has neither a
millimetric nor a metric counterpart (low-frequency cutoffa. Frequency [GHz]
~ 600 MHz, cf. the flux density time histories in Bhatnagar 5T h o O BT e e e T ot
et al.[1996, Fig. 1b).

— After ~ 12 UT fluctuations are superposed on the decay-
ing emission from the centimetric peak. They are associ-
ated with the stationary type IV continuum at dmmThe
emission has no counterpart in the millimeter range (e.g.
35 GHz in Fig[la).

‘ 10 s
1 10 100 1 10 100

10

Flux density [10'22Wm'2Hz'1]

1210:00-1240:00 1240:00-1330:00

These observations imply that at least two source regions
contribute to the microwave emission. The deficiency of both
metric and millimetric emission during the main peak around
1150 UT at e.g. 5 GHz is expected when energetic electrons
radiate in active region loops which do not reach the higher : .
corona & 10° km, say), and whose footpoints are occulted (e.g. L H——— K}

Kai et al.[198B). This is consistent with emission from a loo 1i12- 140Ut

anchored in the occulted active region. On the other hand, gy-

rosynchrotron spectra with maxima at millimetric wavelengttdg. 3. aThe microwave spectrum for six intervals of time during the
(1120-1138 UT) require that self absorption, Razin suppress@?g September 29 event. Vertical error bars give the uncertainty of the
or free-free absorption in the ambient plasma be effective upqlg,solute flux density calibration at frequencies up to 35 GHz, and the

unusually high frequencies, implying strong magnetic fields & mbined errors of absolute calibration and fluctuations of atmospheric
high amgien? densqityE > 103 Gpg >g 1011 gm,gge 9. Klein aEsorption at 50 GHa Map of the Sun at 87 GHz during the 1989
- y Ile , ©.4.

1987). These parameters are unlikely at the heights of the p%%tt'ained by scanning the Suninrightascension. One scanrequires54s,

flare loops and indicate a source on the visible disk. the scan across the brightest source was taken at 1126 UT. Sidelobes
The 87 GHz map taken at Metsovi during the event con- have been subtracted. Dark shading outside the polar regions means
firms this conclusion (Fi@3b): emission comes from above tRgght emission.

September 29 event (Méiisovi Radio Observatory). The map was
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1989 September 29

be attenuated by a factor of 100 or more from the intensity
of the source if it were at disk center.

— A thin target interaction model, which would be required
in order to explain prompt gamma-ray line emission from
a loop anchored in the occulted active region, can be ruled
out by a study ofR, the ratio of (1.1-1.8) MeV and (4.1-

F 7.6) MeV nuclear gamma-ray line fluences (not to be con-
> I fused with the ratio in Figl1b; cf. App—Al2.). In the present
107+ eventR has an average value of 1.3 and varies progressively

i from~ 1.4 (1133 UT) to~ 1.1 (1153 UT). Only a thick tar-
get interaction region is consistent with these values.

107E

10° -

Counts

101 | 1133:16 - 1135:27 UT
g Based on the interpretation of the values and the mi-
crowave evidence for a visible disk source, we conclude that
the observed 2.223 MeV and (4.1-6.4) MeV emissions in the
1989 September 29 flare are predominantly from photospheric
and chromospheric sources, respectively, on the visible disk,
presumably near the limb. Vestrand & Forrést(1993,71994) at-

1/ tributed the nuclear gamma-ray line production to the backward

10 Il L1 ‘ L . . B - .
precipitation of ions, accelerated by a CME driven shock wave,
0.1 1.0 10.0 .
onto a wide expanse of the lower corona/chromosphere. How-
Energy (MeV) ! >

. _ . everthe CME acceleration model cannot be generally valid since
Fig.4. The GRS main channel energy loss spectrum during part @fe 1991 June 1 flare, certainly one of the strongest gamma-ray
the decay phase' of the 1989 September 29 event. The contlr_luousmﬁ@ flares ever observed (Ramaty efal. 1997), was also well be-

shows a model fit to the data using a power law photon continuumyg, q the limb with its main component of emission obscured, but

line at 0.511 MeV, and a line at 2.22 MeV. The prompt line spectrum

was omitted from the fit so that the net contribution of the lines in thne0 neutron—proton capture line was observed, and the gamma-

ranges (1.1-1.8) MeV and (4.17.6) MeV could be determined. &Y line emission was produced in a thin target coronal source
(Barat et al.1994; Trottet et al. 1996; Ramaty et al. 1997). Par-

ticle transport from the occulted active region along large-scale

limb, i.e. the vicinity of the k loops, but extends onto the disk magnetic loops is a plausible alternative process, as shown by
The map is obtained by scanning the Sun and is therefore a §féner et al. (1999) for another large X/gamma-ray event.
torted image of the source configuration, due to the combined

effect of scanning and time evolution of the radio source. This2. 1989 October 19

creates e.g. the aligned bright patches (dark shading) on the ) _ ) )

disk during the scan through the brightest source. However, fhid X13/4B eventoccurred in NOAA active region 5747 slightly
brightest source itself is large and bridges the limb, and this c&&St of central meridian (nominal locationS&D S25° E09).

not be simulated by a time-varying signal from a source abo@eckward extrapolation of.the sites ohHlares from this re-
the limb received through the sidelobes. gion (QBSA vol. 31) to the time of the 1989 September 29 event

leads to S27W103°. This is close to the extrapolated position

of S26W97° for all flares from AR 5698 between 1989 Septem-
ber 22 and 28. Therefore, we deal with two flares from the same
The ratio of “mixed” to “singles” counts plotted at the bottom ofCtive region. The October 19 event produced intense electro-
Fig.[Ibis a measure of the relative contribution of photons and®fgnetic emissions from the radio to the gamma-ray domains,
<500 MeV neutrons to the count rate of the high energy monitBfd & major GLE caused by protons accelerated to energies
(HEM; cf. App[AT). Its value and evolution are similar duringreater than 4.5 GeV.

the partially occulted event of September 29 and the disk event The time history of radio, hard X-ray and gamma-ray emis-
on October 19, showing the increasing contribution of directfjons is plotted in Fi@l5. As during the September 29 event,

10?

3.1.3. Energetic ions in the low atmosphere: gamma rays

detected neutrons to the detected signal. the initial impulsive phase is followed by a monotonic decay
source on the disk: tron acceleration revealed by prolonged emission from centi-

metric to metric waves. The SMM was occulted by the Earth
— The most striking feature in the GRS spectrum (Big. 4ntil ~ 15 minutes after the start of the microwave burst.[Big. 5b
which displays both strong continuum and narrow line emishows background-subtracted GRS time histories in several en-
sion, is the significant peak nominally-at2.223 MeV pro- ergy channels from hard X-rays through the nuclear line region
duced by photospheric neutron capture. For a neutron interabove 10 MeV. While the onset of the event is unknown, the
action region well behind the limb the line’s intensity wouldbserved peak rate in the 10 MeV band occurs at nearly the



same time as the 50 GHz peak, and the observed decay rate in
the (4.1-6.4) MeV band is similar to those at high-frequency
microwaves. This confirms the similarity between gamma-ray-

ment on October 20 is likely associated with this flare (Cliver,
et al.[1990). This and the long soft X-ray duration make the?
occurrence of a CME in association with the flare most likely. €
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1989 October 19

1989 October 19

237 MHz

=104k 50 GHz

:

and microwave time profiles mentioned before. N 10 ,
r}IE 104 51047
3.2.1. Flares, active regions and radio emission in the corong> 103/ " 1037 m
N 327 MHz ©510
The active region configuration is shown at the top of [Fig. 6=, 1osw % o
Observations at Wroclaw (#iline center) show a brightening 2" 10*} £ 1200} 4.1-6.4 MeV
of the ribbon between the spots in AR 5747 that is alread$ igi S jgg \\w
visible in Fig[6 (top right) before the major flare. An arcade ofx 5.2 GHz o]
post-flare loops, spanning ab@° in heliographic longitude T ;o3[ 300 >10 MeV (Sing.)
between AR 5747 and 5744, developed during nine hours, while 5 2 §88 MWWWWM
the soft X-ray event decayed over more than seven h@G&( 0% D Oy
548-II). 10t 50 GHz S sof >20 MeV (Mix.)
The SMM coronagraph was not operating before 1603 UT 3| 3 gg
(Burkepile & St.Cyr[1993). However, a Sudden Commence- of

GLE
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> 600 J
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Ratio
[efeoloXe]
oW

The radio source configuration is in many respects similag *®°/ ‘(‘SR‘S‘ B T
to September 29: 13 UT14 15 1250 13:00 1310  13:20
— Sporadicinitial type Il bursts (frequencies below 200 MHz) g, b.

occur above the flaring active region (Fij. 6b). . ) . ) . .
. g g . ( . ) FI% 5. aTime history of the radio flux density and neutron monitor
During the phase of brightest emission radio sources sprea ! : L

. . . . Sighal on 1989 October 19. The horizontal bar gives the time interval
over a broad range of heliocentric angles. Decimetric-t

fhere SMM/GRS was observing. Time history of the count rates

metric type Il bursts _(Fid;IGC) are qssociated with severgl x_rays and gamma-rays. The vertical arrows at the top and bottom
sources whose ordering as a function of frequency argugicate sunrise at SMM.

for electron injection into magnetic structures that spread

both south-eastward (fFand westward (B from the active

region. Continuum emission then comes from two souréént that energy is transported to, or released in AR 5740. Due
complexes (Fid.J6d). One of themy(Fat frequencies aboveto the strong radio emission from the eastern sources it is not
200 MHz) is consistent with a loop system above AR 574possible to decide whether the western continuum already exists
while the second one (Fat 164 and 237 MHz, distinguishedat 1250 UT or not.

after 1251:20 UT) lies in the western hemisphere, above

active region NOAA 5740 (S17W31). 3.2.2. Energetic electrons in the low corona: microwaves

While the continuum persists at decimetric wavelengths,

type Il emission is observed below 250 MHz from high\s on September 29, the microwave spectrum has two compo-
above the south-eastern limb (Fig. 6e). nents (Fig.b):

Although the flux density decreases after 1300 UT, broad-
band emission from microwave frequencies to meter waves
persists without interruption until the end of the NRH ob- trum has a turnover between 11.8 and 19.6 GHz.

servations at 1530 UT (Fil 5). At dm-m-waves the sourc& After 1248, that is durlng the main emission at all frequen—
is located above AR 5747 (F(d. 6f). A new event occurs at C1€S and its decay, the microwave spectrum comprises also a
decimetric wavelengths near 1445 UT. The dynamic spec- strong millimetric component, which dominates during the

trum shows various types of fast-drift bursts, including or- d€ca@y phase of the main event. _
dinary and reverse-drift type Ill bursts (due to upward and” Low-frequency fluctuations after the decay of the main event
downward propagating electron beams). show the persistence of electron acceleration over several

hours, accompanying decimetric-metric radio emission (e.g.
5.2 GHz in Fig[h; cf. als®GD543-| for a lower microwave

Before 1248 UT, while the emission is still weak, the spec-

The observations of source EFig.[Ad) indicate a magnetic

structure anchored in AR 5740, at a heliocentric distance ©f 38 frequency).

from AR 5747 where the H flare is going on. Although no &
flare is reported in AR 574BGD548-11), pictures taken every
4 minutes at the Kanzeiihne Observatory show a bright point

at 1250 UT in the north-eastern outskirts of AR 5740 whicGomparison with the September 29 event shows the following

is not there either before or afterwards (IElg. 7). This is anoth@f. Appendix A):

3.2.3. Energetic ions in the low atmosphere: gamma rays
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Ha 905UT

1989 Oct 19 (a) : 1989 Oct 19 (b)

Pre-event noise storm 1241 UT Type LI bursts 1240-1242 UT
NN
F1 \ll\'\ ™. \'\

i :
LT AN \ \\‘ .
\’r‘/ LB
‘ /\\ N Al
FANVNENRN
~ . ~
AN )
! WORTT NNR,
1989 OCT 19 (¢) N \__\ ;L
Type 111 bursts 1248-1250 U'T Continuum 1252-1255 U'T

Fig. 6. Pre-event Ca Il wing and & im-
ages (Meudon Observatory; upper panel),
and decimetric and metric radio sources
(three lower panels) during the 1989 Octo-
ber 19 event. Crosses designate the centroids
. and dimensions measured with the two one-
dimensional arrays of the NRH at 164 MHz.
Straight lines give the loci of the source cen-
troids at 237 (solid), 327 (long dashes) and
408 or 435 MHz (dashed-dotted). The posi-

tions are inferred from data integrated over
Type 11 burst 1255-1257 UT Late continuum 14 UT 10 s.

1989 Oct 19 (e) 1989 Oct 19 (f)

— The time evolutions of the HEM “mixed” to “singles” eventsenergetic electrons and ions interact in several different regions
are comparable. of the low corona, chromosphere and photosphere.

— The 2.223 MeV line (Fid.18) is more pronounced on October
19, because the flare occurred near central meridian. 4. Energetic protons at 1 AU

— The ratio of (1.1-1.8)MeV and (4.1-7.6) MeV nuclear

gamma-ray line fluences and its variation are similar 1 Interactm_g particles and the history of coronal
September 29. These values of the ratio are consistent with 2Cceleration

a thick target interaction geometry, which is expected forghe combined analysis of broadband radio, gamma-ray and
flare well on the disk. hard X-ray data in the previous section has shown basically

The observations show that pion-producing protons or relativid/© Phases during both events:
tic electrons (or both) still interact after the main event. This is- The impulsive (main) phase with emissions over the whole
evident on October 19, where the count rate above 20 MeV range from gamma-rays to metric radio waves. During this
(mixed channel) is still well above background when SMM en- phase low-frequency radio sources gradually spread out over
ters eclipse. The case is not so clear on September 29, but there large range of heliocentric angles, and show either that
most of the high-energy emission may have been occulted. electrons are efficiently transported in the corona over in-
In conclusion, microwave and gamma-ray spectral signa- creasingly large distances or that particles are accelerated at
tures of the partially occulted event on September 29 and of widely separated places. While the imaging observations re-
the disk center flare on October 19 are similar. This reinforces ferto suprathermal electrons, the gamma-ray analysis shows
our conclusion that the occulted event actually comprises in- that energetic ions also interact in different regions, at least
teraction regions on the visible disk and, more generally, that during the September 29 event.
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1989 October 19
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Fig. 7. Ha line centre observations on 1989 October 19 of AR 5740 10 L] L
in the western hemisphere (Kanzafte Observatory, Graz University, 0.1 1.0 10.0

A. Schroll). Solar north is at the top, east on the left, dark shading Energy (MeV)
means bright emission. The whole active region is shown in the piCtl.llfI
on the left, three successive images of its north-eastern outskirtsf

delimited by the square in the left figure) are plotted on the right. Note
the appearance of a bright point in the 1250 UT image.

. 8. The GRS main channel spectrum during the decay phase of the
9 October 19 event (cf. caption of Figy. 4)

connect these time structures to the evolution of coronal accel-
- The post-impulsive phase with emission extending maingfation discussed above.
from decimetric to metric waves. The post-impulsive radio The 1989 September 29 event (fib. 1) has been extensively
emission comes from the vicinity of the active region whegudied (Swinson & Shea 1990; Smart et al. 1991; Duldig et al.
the main H emission is observed, and is accompanied &993; Stoker 1994; Torsti et al. 1894; de Koning & Bland 1995;
the formation and rise of post-flare loops. de Koning & Mathew§ 1995; Mirochnichenko etial. 1997; Tylka
et al[ 1995, 1997). The neutron monitor data show two maxima

This sequence is typical for long-lasting events (cf. Trottgbyeen 1200 and 1230 UT and 1315 and 1410 UT, respectively.
11986), and the wide spread of radio sources underneath the Cl 1015 with high cutoffrigidity see only the peak 12001230,

has been reported elsewhere (e.g. Maia £t al.11999). The resllicy 5 guhsequent slow monotonic decrease (Swinson & Shea
tion to lower radio frequencies in the late phase of the evem. Smart et al. 1991). While the 1200-1230 UT peak dis-
demonstrates emission from a more dilute plasma than préyilsys 5 pronounced anisotropy, revealing particles streaming
ously. This emission comes from electrons of some tens to afSWay from the Sun at small pitch angles, the second one is
hundreds ofkeV. Since such electrons have collisional lifetimgs, .o isotropic and contains particles of sc;lar origin which ar-
in coronal structures that range from a few to at most sevefgly 4t the Earth from the anti-sunward direction (Duldig et al.
tens of seconds, the long-lasting radio emission is a tracerm. de Koning & Bland 1995; de Koning & MatheWws 1995:
time-extended electron acceleration. The complex source Cﬂﬂfoéhnichenko etal.1997). Th’erefore the second peak is pro,b-
figuration and extended duration of particle acceleration in t%w not the signature of a new particle injection.

low and middle corona suggest that energetic particles should 1,4 energetic particle event on 1989 October 19 (Big. 5) has
have access to interplanetary space from different coronal sites, , qiscussed by Bieber & Evenson (1991), Shea &fal.(1991)

and for an extended duration. Reeves et al[{1992), Belian et 4l (1992), Stoker ef al. (1995)
and Anttila et al.[(1998). Most neutron monitors observe the
4.2. Observations count rate to slowly rise after 1330 UT and to level off af-

ter ~ 1500 UT. This is usual for events associated with flares
t of central meridian. At some neutron monitors this grad-
4 rise is preceded by a short30 min) minor peak starting
T (maximum~ 1315 UT) whose rapid rise and pronounced
isotropy are unusual during flares far from the well-connected
Légﬁerplanetary field line in the western hemisphere.

The time histories of energetic protons as observed by neut
monitors on 1989 September 29 and October 19 are plotte
Figs[la anfl5a. Both events have long duration and display
low ionization states of Fe that are typical of gradual partic
events (Tylka et al._1995). Both events display temporal str
tures, besides the generally observed monotonic rise and
We give a short description of the events and then attempt to



280 K.-L. Klein et al.: Flare-associated energetic particles in the corona and at 1 AU

4.3. Comparison with coronal electron acceleration cies are sensitive to particles that get access to, or are accelerated

. . . . . in, the middle corona, at typical heights of a f&@¢ km for met-
In ordertoidentify the time when particles observedlnlnterplarrll— vyavelengths. We discuss the comparison of computed and

etary space were released, one usually extrapolates the onsg (?erve d features separately for the two events

a particle event back to the Sun, employing a suitably average On 1989 September 29, the 20-80 MeV protons (top panel

propagation speed for each detector channel and a plausible B Ig.[9) rise near the predicted time of arrival of particles ac-

length along the interplanetary magnetic field (cf., e.g., Kahler . . . ..
1992: Debrunner et al.1997). The method works well for tq(‘?(aerlgrated_durlng the impulsive flare phase. The coronal signa

first onset of the particle event, but is uncertain in later phas
when new enhancements are superposed upon a high and vari:

able flux. In order to circumvent this problem, we start WItR S g
L . response. The subsequent evolution is markedly different for

the radio time profiles as the presumed tracers of coronal accgj: i Co
(arent height ranges of the tracer of coronal particle injec-

eration processes and calculate when the protons are expeﬁée

. . . ) n. The high frequency microwaves do not predict the new
to arrive at 1 AU. We do this assuming that the particles gﬁtde in the 20-80 MeV range near 1230 UT, and the event onset

rapid access to the well-connected interplanetary field line an relativistic energies near 1150 UT. On the other hand, the

. . X : a
free!y stream along t. !n reality t_he access will be rapid only forE:Iativistic event rises so rapidly that its delayed onset cannot
particles accelerated in, or rapidly transported to, the WeSt?Frendue to interplanetary propaaation. but implies a delaved ac-
hemisphere, while the others will have to undergo diffusion (c P Y propag ' P Y

. ; . eleration of the particles with respect to the impulsive flare.
( m
€.g. review by Kunow et al. 1991). The actual t € profile at is rise can be traced back to coronal particle injection visible
AU will therefore be more or less smeared-out with respect Q

h its of lculati d di how far f (rom decimetric to metric waves, as illustrated by the second
€ results of ourcajcuiations, depending oh how tar rom fag ., Fig[®, where only the flux density of the stationary

well-connected field line the particles were injected. Howevc?r e IV (IVS) continuum has been used as injection function
the free-streaming calculations predict the earliest possible cﬁ) J )

set and the minimum duration of each flux enhancement relatede one-dimensional imaging observations did not provide an
with coronal injection. The formulae used for the calcuIationusnambiguous separation of the time histories of the impulsive

) ) o emission and of the stationary type IV burst. Therefore the onset
are discussed in Appendix B.

: . . : of the type IV emission and the decay of the impulsive emis-

We emphasize that a basic assumption of this approach_is ) : : .

that protons are accelerated with the same time profile as the g, - . fitted to exponentials, and the impulsive part was
P P d3btracted from the whole Sun flux density. With this injection

dio emitting electrons. The close relationship between elec"}%%ction the predicted and observed onsets of the relativistic

and proton acceleration in the coronais supported by gamma-Iay, oot coincide.

and hard X-ray observations of electrons and protons interdet: The new rise of the proton fluxes starting near 1320 UT at all

ing in the solar atmosphere (Sddt. 3; see also Chuppletall 1993; . : o
Kocharov et al. 1994; Trottet et &l. 1994; Debrunner étal. 199 [1ergies cannot be traced back to coronal acceleration. As dis

; issedin Sedt. 4.2, this rise is not necessarily due to new particle
[¢ m
We also refer to Kallenrode & Wibbereriz{1991) for exa pIeascceleration. We cannot decide whether the prolonged particle

gﬁjt;?r'ggg}ﬁ»‘:"erg'lrigggﬁe%rglgsﬁg %020'28' radio em'SS'Oﬂux. enhancement is exclusively due to interplanetary propa-
' ' ' gation or whether shock acceleration also contributes. Given
the speed of the CME, this would occur at heliocentric dis-

4.4, Results tances> 18 Rg. In any case, during the first two hours (until

. . : o ~ 1320 UT) the proton profile at 1 AU carries signatures of
Eﬂjise?i:r(;%lr)egisgrl]ae); thiaﬂbz(;r\(lsgngr};ﬁ;Iztnod”fr?o:fe Fz)rfottr%;c]ceIeration at coronal altitudes below %, Bbove the photo-
gy rang sghere. The relativistic particle event starts to fade at 1330 UT.

free-streaming calculations using different radio time profilé The 1989 October 19 SEP has also two components

(dashed line). In these calculations the protons are assumeEHa_@)_ The unusually fast early rise of the relativistic pro-

be injected with power law index = 3 and to travel a dis- : .
tance 1.3 AU through interplanetary space. The results do rt]on fluxes near 13 UT occurs shortly after the predicted arrival

change qualitatively for steeper spectia£ 4, 5) and longer o(f)tfreely streaming protons injected during the impulsive flare

paths along the magnetic field 1.7 AU). As expected, the c)b_phase. Thg rap@ty qf the rise is consistent vy|th the injection
) ) f energetic particles in the western solar hemisphere suggested
served time profiles are much smoother than those computed in : .
. ; the radio data. There is no need to resort to the ad-hoc as-
the free-streaming model. However, we see that most increases .. .
. . . ; Sumption that the protons arriving at the Earth result from the
in the observed time profile of the protons occur at times whéen

. . . decay of primary neutrons, as suggested by Shea ét al.](1991)
protons are expected to arrive from coronal acceleration regions. : . . L
T . ) : 2" who used this hypothesis to reconcile the rapid rise of the neu-
There are significant differences depending on which radio fre-

quency is used as the tracer of particle acceleration. We re trcfp monitor signal with injection near the nominal site of the

(cf. Sect[B) that injection functions derived from the highest ra- flare. Thg most '”.ter?se pgrt of the 'proFon eventrises much
; . : S . more slowly, in association with new injections at greater coro-
dio frequencies emphasize particle injections in the low corona,, _, . : .
below afew10* km above the photosphere, say, LowerfrequeH—dl altitudes, which have no counterpart in the high-frequency
' ’ (e.g. 50 GHz) microwave emission. The slowness of this second
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Fig. 9. Time histories of energetic proton count rates on 1989 September 29 at 1 AU (solid lines) and predicted time histories from a free-streaming
model using radio time profiles as the tracer of the injection (dashed lines; cf_Séct. 4.3). Particle energy increases from the top to the bottom
panel: 20-80 MeV (IMP-8), 110-500 MeV (GOES) and GeV (Hobart neutron monitor; the high-energy cutoff at 8 GeV has been introduced

for computational convenience). The integration time is 5 min for the spaceborne detectors, 1 min for the neutron monitor. The normalization of
the computed time profiles is arbitrary and independent for the three energy ranges. The four columns differ by the time profile of the injection
function used, as indicated at the top of the figure. In the second column only the stationary type IV continuum is used as injection function.

increase displayed by the GOES and neutron monitor obsenia- New rises of the time profile at 1 AU, when due to protons ar-
tions is consistent with a source above the flaring active region riving from the Sun, have counterparts in signatures of new
slightly east of central meridian (cf. Flg. 6f). The analysis of accelerationinthe middle corona. Responses to acceleration
neutron monitor measurements shows that the proton spectrumduring the main phase of the events in the whole radio band
is harder during the gradual rise (Bieber & Evenson 1991; Shea and to late acceleration processes visible predominantly at
et alT991; Stoker et al. 1995). At high energies the proton flux lower radio frequencies can be distinguished in the SEP and
reaches a plateau near 15 UT, in conjunction with a new in- GLE profiles at 1 AU. The late particle injection produces
tense burst at dm-waves (e.g. 435 MHz, Eig. 10) whose source relatively more high-energy protons at 1 AU than the injec-
also seems to be above the flaring active region. The relativistic tion during the main high-frequency radio emission. Most
particle event starts to fade at 1530 UT. remarkably, during the 1989 September 29 event the most
prominent high-frequency emission, which comes from a
source region in the low corona, is not associated with rel-
ativistic protons.
The above results support the idea that particle injection in ti&e The different rise times of the two components of the Octo-
low and middle corona contributes to the20 MeV proton ber 19 particle event can be well understood if particles are
fluxes detected by the satellites and neutron monitors: injected both near the flaring active region and in a remote
source close to the well-connected interplanetary field line.

4.5. Summary of observational results
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Fig. 10.Time histories of energetic protons observed on 1989 October 19 at 1 AU (solid lines) and predicted time histories from a free-streaming
model using radio time profiles as the tracer of the injection (dashed lines). Data are from IMP-8 (20—80 MeV; observing gap 1148-1327 UT),
GOES-HEPAD (355-430 MeV) and the Deep River neutron monitor. Cf[Fig. 9.

Radio sources are observed at both sites, and theugnt trons that stream away from the Sun, emitting type Ill bursts at
that extends over a large range of longitudes near centdllHz, i.e. at a height of about 10;Rabove the photosphere.
meridian comprises also a weak brightening in the westeBonsequently, the present observations reveal that at least a sig-

hemisphere. nificant fraction of the particles detected at 1 AU during the first
hours of the gradual SEPs is supplied by acceleration processes
5. Discussion at coronal heights less than 1, Rbove the photosphere, while

) the CME has travelled out to 10-2Q,R

The correspondence observed during the two large SEPs of theAIthough we have studied only two events, the results do
present paper between successive episodes of coronal accelgfastand alone. In the comparative study of a few events using
tion and new rises of the flux of protons above 20 MeV at 1 Alygjios particle observations and ground-based radio data the
and the different proton spectra associated with different risesyi of proton to electron numbers was found to increase during
argue for a common acceleration process of interacting elgGsecond rise of electromagnetic emissions from electrons in the
trons anq mterplanetary protons during at least the first hours g, corona, whereas the impulsive phase produced no or weak
the studied SEPs. If this occurred at the bow shock of a CMEroton injection (Bieber et &1 1980; Kallenrode & Wibberenz
the interacting particles would have to stream sunward from {§i§g7) proton richness is a typical feature of gradual SEPs, yet it
extended shock front. The morphologies of soft and hard X-rgnears related in time with a distinctly new injection of particles
and radio sources which are all structured on much smaller s¢alghe corona. During two large events in June 1991, Struminsky
than the angular span of the CME are inconsistent with this idggy| 1994) and Akimov et al_{1996) showed proton or neutron

(cf. e.g. Kahler 1984; Klimchuk 1996, and references thereinh o4 in conjunction with late radio emission to be harder than
In the events discussed by Kallenrode & Wibberenz (1991) thig)se associated with the impulsive phase.

scenario is explicitly contradicted by the observation of elec-
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The observations cannot exclude that the bow shock of the for a prolonged duration of the proton flux enhancement at
CME also contributes to the acceleration in the energy range 1 AU.
discussed here. However, if, as we suggest, particles from the e . . -
low and middle corona reach 1 AU during the first hours of Nong of these possibilities is inconsistent V\."t.h a statysucal
the SEP, they must have travelled through the bow shock of %'relatlon of one of the parameters characterizing the impor-

CME. This implies a low level of turbulence at frequencies nce of CMEs, like speed or width, with the proton flux at

resonance with protons above 20 MeV. This means that diffusi éA‘U as rlep:prted_l:ﬁ/ Kahlzr _ett?]l. (‘i%‘t‘)' Bu(; thetar%umentr'][ha_t
acceleration is inefficient at the high energies that we considt corretation with speed 1S the k€y 1o understand the physi-

Late in the event, one expects to see particles carried along vﬁﬂll ret!atlonsmp betwe;nv\?hMl_Est;md graduall(l StEFst.Iee}ves_, da few
the shock or with a flux rope, or trapped behind the shock ( estions unanswered. Why 1S there a weak statistical evidence

Tylka et al.[1996; Reames et al. 1996). In situ measureme gtEsteerirl protorr i%iﬁra a,:ﬁ astzoua}ed W'th dfaster(?{lhd wider)
of shock-associated particles at that time are not relevant to s (Kahler et al. 1954), rather than clear evidence of the con-

5 :
origin of the SEP as such, but to interplanetary propagation a y? Why does the correlation between CME speed and proton

acceleration which are well-known facts, especially at moderﬁ%ak flux become much weaker when anly CMEs with speeds

1 i J intrin-
energies (cf. Kallenrode 1993). >800 km s* are considered (Kahler et al._1987)? The intrin

The action of an acceleration process at heights belgig/‘diﬁiculty to infer a realistic speed of a three-dimensional

~1 Ry is consistent with observations that were hitherto b I Et::omhlts. Ierb-{:)rt(')jectﬁ'd ngtf'hl?ht stlr?na;':]ure Ce.lrtabllnly
lieved to favour the CME's bow shock: urs the physical relationships. But altogether the available ev-

idence for the speed correlation appears sufficiently ambiguous

. - . to the present authors to stimulate the search for alternatives to
1. The association of efficient proton injection into mterplaanﬁe scenario of bow shock acceleration

tary space withow-frequencyadio emission after the main The two large events discussed here confirm that flares are

microwave event is con§|stent with .graduaI'SEPs pelng Ef:%'mplex in space and time. Not all flares show the same degree
celerated "?‘t g_reater _alt|tudes than mtera_ctlng particles Qﬁ'complexity, and not all comprise the long duration accelera-
ﬁce[]vedldurmg |mpLIJ(Ijs_|ve frl]arles (cf. g!so Ak_|m_ov elal 199??'ron, but flares followed by gradual SEPs usually do. Scenarios
t C?.e (:]ctrc_)n_s yie f'?]g t 3. ate radio ?]mlssn;p arc(aj accelglhich postulate that a flare is a point-like event in space and
atedinthe vicinity ofthe radio source, the ambient density g, o aye to give much weight to processes such as propagation

8_1n9 -3 i i ic-to- i . .
of order10°-10° cm™, provided the decimetric-to metr'ceffects, particle storage or bow shock acceleration at a CME. It

emission is emitted near the local electron plasmafrequengyonly when the temporal and spatial evolution of the flaring ac-
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poorly connected with the acceleration site (e.g. Manohar . .

et al.l1996). Third, the CME leaves a turbulent plasma bginl' Response of the high-energy monitor to neutrons
hind, and thus provides the ingredients for cross-field traridonte Carlo calculations for the GRS/HEM (Cooper etal. 1985)
port and pitch angle scattering of particles travelling througlfemonstrate that high energy neutrons characteristically deposit
the perturbed plasma after acceleration at lower heights, dhdir energy predominantly in either of the separate Csl or Nal
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elements of the GRS as compared to gamma-rays which showée start of the particle injection is at= 0. We evaluate this
giving simultaneous energy loss in both GRS high-energy elxpression assuming that space, speed and time can be separated
ments. A decreased ratio of “mixed” to “singles” counts therén the injection function. A power-law in energy is assumed to
fore indicates an increased relative contributionrc®00 MeV describe the energy-dependent part of the injection function. Its
neutrons to the count rate. In the September 29 (October $pgctral index is kept constant during the event. We further
event this ratio falls from an initial value of 0.16 (0.25) to lesassume that protons are injected at a given paiptwith a
than 0.1 €0.1). time profile identical to the flux density time history(t), at

a given radio frequency. The instantaneous energy spectrum of

A.2. Ratio of photon fluxes the protons as observedat> z; is then
in the ranges (1.1-1.8) MeV and (4.1-7.6) MeV Z— 29

N(z,E,t) ~ E-OF3)p(t —
The fluences in these energy ranges include narrow line emis-
sions from the deexcitation of the ambient target nuclei and
Doppler-broadened line emissions from the accelerated inter-
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