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STUDY OF SMM FLARES IN GAMMA-RAYS AND

NEUTRONS

1.0INTRODUCTION

This report summarizes the results of the research supported by NASA

grant NAGW-2755 and lists the papers and publications produced through

the grant. The objective of the work was to study solar flares that produced

observable signals from high-energy ( > 10 MeV) 7-rays and neutrons in

the Solar Maximum Mission (SMM) Gamma-Ray Spectrometer (GRS). In

3 of 4 flares that had been studied previously, most of the neutrons and neu-

tral pions appear to have been produced after the "main" impulsive phase as

determined from hard X-rays and 7-rays. We therefore proposed to analyze

the timing of the high-energy radiation, and its implications for the accel-

eration, trapping, and transport of flare particles. Equally important was

to characterize the spectral shapes of the interacting energetic electrons and

protons - another key factor in constraining possible particle acceleration

mechanisms. In Section 2.0, we discuss the goals of the research. In Section

3.0, we summarize the results of the research. In Section 4.0, we list the

papers and publications produced under the grant. Preprints or reprints of

the publications are attached as Appendices.

2.0 GOALS OF THE RESEARCH

Throughout the 10-year operating history of the SMM GRS, only a handful

of solar flares have exhibited measurable emission of neutral pions (through

pion-decay 7-rays) or high-energy neutrons (detected at the Earth). These

radiations are of special interest, however, because they are direct evidence

of the interaction of ions with energies >50 MeV at the Sun. The neutron

spectrum is a direct probe of the interacting ion spectrum. The time history

of the pion-decay 7-rays tracks the highest energy ions as they interact,

and the intensity of these 7-rays are also sensitive to the ion spectrum when

correlated with the intensity of 7-ray lines. No other observations, short of

in situ measurements at the Sun, offer as clear a window to the non-thermal

ion spectra near the solar surface.

Our researchgoal was to study the data from the High Energy Matrix

(HEM) mode of the SMM GRS forlargeflaresthatshowed evidenceofion

acceleration(i.e.,neutralpiondecay and high-energyneutrons).Previously,





two such flares had been analyzed and reported in detail, namely the flares

of 1980 June 21 and 1982 June 3 ( cf. Chupp (1990) for a summary). Two

flares on 1988 December 16 and 1989 March 6 from the current cycle of solar

activity have also produced neutrons sufficiently energetic and intense to be

seen directly by the GRS (Dunphy et al. 1990; Dunphy and Chupp 1991).

It is noteworthy that, for 3 of the 4 flares in which neutrons have been

detected by GRS, most of the neutrons and neutral pions appear to have

been produced after the "main" impulsive phase as determined from hard X-

rays and low-energy 7-rays. This may mean that the acceleration of protons

to high energy, or, alternatively, the precipitation of trapped high-energy

particles, in an "extended" or "delayed" phase may be a common feature

of large flares. It may be significant that the flare which does not have

this feature is a limb flare. Although it has not been recognized previously,

the time history of the 7-ray emission during the delayed phase is also

strikingly similar from flare to flare. This could be an important clue to ion
acceleration in flares.

Our plans for this study were three-fold: 1) to search the SMM GRS data

for additional flares that show the signature of pion-decay 7-rays or high-

energy neutrons, 2) to analyze supporting data (e.g. 7-ray line emission,

continuum emission, etc.) from the GRS (0.3 - 9 MeV) main channel, and

3) to evaluate models of flare particle acceleration and transport in light of

the observed phenomena.

3.0 RESULTS OF THE RESEARCH

During the grant period, we have done preliminary analysis of the high-

energy emission from the following flares: 1984 April 24, 1989 March 16,

1989 October 19, and 1989 September 29. In addition, we have done exten-

sive analysis of the flares of 1989 March 7 and 1989 September 9. In order

to study the proton spectrum for the flare of 1988 December 16, we have

analyzed the nuclear line spectrum and its time variation. (The high--energy

emission from this flare had already been reported by Dunphy et al. 1990.)

Additionally, we have begun a detailed analysis of the shape of the x°--decay

spectrum from the flares of 1988 December 16 and 1989 March 6. A num-

ber of papers based on the grant work have been published or presented at

conferences (see Section 4.0).

As an example of a preliminary analysis, we show in Figure 1 a time history





of the > 10 MeV emission from the 1984 April 24 flare observed by the

GRS. The upper panel shows the time history of "multiple events" in the

GttS HEM mode, which is sensitive primarily to > 25 MeV 7-rays. This

channel shows a rapid onset and a decay that is characteristic of a number

of flares that have produced measurable pion-decay and neutron emission.

The lower panel shows the time history of the HEM "singles events," a
mode which is more sensitive to solar flare neutrons. This channel shows

enhanced emission (compared to the 7-rays) more than 10 minutes after

flare onset, an effect that is due to the time-of-flight of the neutrons from

the Sun to the Earth. This is clear evidence that the excess counts are due

to neutrons. Unfortunately, the impulsive burst is so strong that the GRS

suffered gain shift, dead time, and fold-over problems. This requires rather

careful handling of the data analysis and, perhaps, exclusion of some of the

data. This is especially true for the GRS "main channel" spectra in the

0.3 to 9 MeV energy range that contains the information on nuclear lines

and is crucial (together with the high-energy data) for interpreting the flare

proton spectral shape. Fortunately, the GRS does not have these problems

at the time that most of the neutrons were detected. We expect to get useful
results from further work on this flare.

Our analysis of the flare of 1988 December 16 has been published (Dunphy

and Chupp 1992) and a reprint is attached as Appendix A. This work has

the important result that the spectrum of protons interacting at the Sun,

when the bulk of the high-energy emission was produced, was consistent

with a Bessel-function shape over a broad energy range (from 10 MeV to

over 300 MeV). This shape has been associated with stochastic acceleration

mechanisms. The analysis also suggests that the proton velocity distribution

was non-isotropic, based on theoretical calculations of the neutron and 7-

ray yields for an isotropic distribution.

For the flare of 1989 September 9, we have participated in a multi-band

study of the temporal evolution of the flare electrons and protons. The

study took into account optical, radio, and X-ray, as well as 7-ray data. A

key finding from this work was that variations in the X-ray and 7-ray emis-

sion were correlated with spatially (and temporally) distinct radio sources.

This included an enhancement of emissions from protons relative to elec-

trons (by a factor of ,,, 2) during a major burst that exhibited nuclear line

emission and high-energy 7-rays above 10 MeV. This could be caused by a

sudden increase in efficiency of proton acceleration compared to electron ac-





celeration. A paper reporting the results of this analysis has been submitted

for publication (Chupp et al. 1992) and a preprint is attached as Appendix
B.

During the grant period, we have begun a collaboration with theorists, Drs.

David Alexander and Alexander MacKinnon, from the University of Glas-

gow. The focus of the collaboration is on the shape of the _r°--decay spec-

trum. Calculations have been done (Alexander and MacKinnon 1992) that

show how the width of the _r°-decay feature (a broad peak near ?0 MeV)

depends on the proton spectrum above about 300 MeV. Therefore, this fea-

ture can be used as a probe of the proton spectrum up to very high energies.

To this end, we are presently doing model-related fits of the _°-decay peak

using data from the flares of 1988 December 16 and 1989 March 6. The Prin-

cipal Investigator and Co-Investigator were awarded a NATO Collaborative

Research Grant to cover travel expenses for this work.

Finally, we have presented two papers at conferences. One was a review of

significant measurements of high-energy neutrons during solar cycles 21 and

22 (Chupp and Dunphy 1991). The second paper discussed the importance

of solar flare neutron monitoring in light of recent flare observations by

detectors on the Compton Observatory (Chupp and Dunphy 1992).

4.0 PUBLICATIONS AND PAPERS PRESENTED

We list below, the titles and authors of the publications and papers produced

under the grant. Reprints or preprints of the publications are included as

Appendices.

"Solar Neutrons Detected in Space (1980-1989)," E. L. Chupp and P. P.

Dunphy. Paper presented at the Fall Meeting of the American Geophysical

Union, San Francisco, California, December 9-13 (1991).

"Gamma-Rays and Neutrons as a Probe of the Proton Spectrum During

the Solar Flare of 1988 December 16," P. P. Dunphy and E. L. Chupp.

Proceedings of the Particle Acceleration in Cosmic Plasmas Workshop, G.

P. Zank and T. K. Galsser, eds., AIP Conference Proceedings No. 246 (AIP:

New York), p. 253 (1992).

"A Study of the Evolution of Electron and Ion Acceleration During the

09:09 Solar Flare on 1989 September 9," E. L. Chupp, G. Trottet, H.
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Marschh_iuser, M. Pick, I. Soru-Escaut, E. Rieger, and P. P. Dunphy. Sub-

mitted to Astronomy & Astrophysics (1992).

"Solar Flare Neutron Observations," E. L. Chupp and P. P. Dunphy. Paper

presented at the COSPAR World Space Congress, Washington D. C., August

28 - Sept. 5 (1992).

5.0 OTHER REFERENCES
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Figure 1. Upper panel: Time history of "multiple events" in the HEM mode

of the GRS during the flare of 1984 April 24. This channel is most sensitive

to high-energy *t-rays. The time scale is in hours measured from the time of

flare onset. Lower panel: Time history of "singles events," a channel that is

more sensitive to high-energy neutrons than the "multiple events" channel.

The discontinuity near 0.4 hours is caused by the instrument going into a

calibration mode at spacecraft sunset.
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GAMMA-RAYS AND NEUTRONS AS A PROBE
OF THE PROTON SPECTRUM DURING

THE SOLAR FLARE OF 1988 DECEMBER 16"

P. P. Dunphy and E. L. Chupp
Physics Department and Space Science Center

Institute for the Study of Earth, Oceans and Space
University of New Hampshire

Durham, New Hampshire 03824, USA

ABSTRACT

We have previously reported on high-energy (> 10 MeV) v-rays and neu-
trons from the flare of 1988 December 16 detected by the Gamma-Ray Spec-

trometer on the SMM satellite. 1 In this paper, we present results on v-ray lines

seen by the same detector during this flare. Together, these measurements con-
stitute a powerful probe of the proton spectrum (> 10 MeV) that produces the
flare neutrals. Analysis of the data suggests a Bessel-function proton spectrum

with a shape parameter (aT) of 0.054 4- 0.004 and the number of protons above

30 MeV equal to (9.0 "4-0.9) × 1032. The number of neutrons detected from this
flare is much smaller than what is predicted from an isotropic distribution of
the protons, indicating that the distribution may be non-isotropic.

OBSERVATIONS

We report on the observation of low-energy (0.3-10 MeV) 7-rays and high-
energy (>10 MeV) v-rays and neutrons from the flare of 1988 December 16. We
apply the results from model calculations to the data to evaluate the proton
spectrum that produced the v-rays and neutrons.

The high-energy data are from the SMM GRS High Energy Matrix (HEM). 2
This mode of the GRS treats the seven 7.6 cm × 7.6 cm NaI(T1) "main channel"
scintillators as one layer of a two-layer detector. The second layer is a 7.5 cm
thick × 25 cm diameter CsI(Na) "back shield." The HEM records energy-loss
events in the range 10-100 MeV in broad energy-loss channels (_20 MeV wide).

Active region 5278 produced an X4.7/1B flare on December 16 at ,-_ 0830
UT. The flare was located at N27 E33 on the solar disk, corresponding to a
heliocentric angle of 43 °. Figure l(a) shows the time history of the flare in the
energy range 4.1-6.4 MeV, which is dominated by nuclear de-excitation line

emission. Figure l(b) shows the time history for "multiple'events in the HEM
from the flare. The multiple events are "showering" events in both layers of
the HEM and are produced primarily by v-rays (> 25 MeV). Thebulk of the
high-energy v-rays are produced in a peak that occurs well after (,-_ 7 minutes)
the flare onset at lower energies.

Figure 1 in Dunphy et al. 1 showed a similar time history of the flare
in the HEM for "singles" events (involving only one layer of the HEM). The
emission that was seen to continue after the main peak is a signature of solar
flare neutrons, delayed by their time of flight from the Sun.

* Work supported by NASA through grants NAG5-720 and NAGW-2755



DATA ANALYSIS

Murphy et al. 3 have shown that the spectrum of solar flare protons canbe
evaluated by using the ratios of various7-ray emissions,namely: (1) the line at
0.51MeV from positron annihilation, (2) the line at 2.22 MeV from deuterium
formation, (3) the emissionbetween4 and 7 MeV from nuclear de-excitation,
and (4) the broad peak centeredat 68 MeV from neutral pion (n "°) decay. The
GRS main channel spectra were used to determine the fluences of the 0.51 MeV,
2.22 MeV, and 4-7 MeV photons.
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Figure 1. Time history, of the 1988 December 16
flare in two GRS detector bands (background subtracted):
(a) the 4.1-6.4 MeV band. sex_itive to nuclear deexci-
ration ",-rays,, and (b) the High Energy.Matrlx (HEM)
multiple events, sensitive to 7-rays > 25 MeV.
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Figure 2. Gamma-ray spectrum in the GRS HEM
during the peak of high-_aergy (> 10 MeV) _,-ray emis-

sion. A significant "bump" due to *r°-deeay photort, is
present. The smooth curves are fits to the continuum
(including the data < 10 MeV, which are not showo),
to the vO-decay peak, and to the total spectrum.
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Figure 3. The calculated dependence of 7-ray flu-
ence ratioe ou the parameter aT for proton spectra

with a Be_sel-function shape. _ The toy ranges in the
ratios axe indicated by the darkened sections of the
curves. The corresponding range of _,T (0.054:t:0.004)
is also showo. The rado F,.._/F4-7 depends on the
heliocentric angJe of the flare, wh;ch is 43 °.

To determine the flux of the _'°-decay photons, we have used the GRS

HEM data. In order to distinguish solar 7-rays from neutrons and to determine
their energT spectra, we have developed an iterative fitting technique using
the calculated response of the HEM. In principle, both the 7-ray and neutron
fluxes can be determined independent of any model of the functional form for
the differential energy spectra. In practice, the HEM response is not sensitive



enough to neutron energy to generate a stable, well-defined neutron energy
spectrum un/essthe spectral shapeis restricted. Therefore, we constrained the
spectrum by assuming that all of the neutrons were produced at the Sun in a
single, short time interval (i. e., a 6-function production model). Figure 2 shows
a v-ray spectrum in the HEM for one 180 s time interval with strong emission

above 10 MeV. The spectrum shows a significant feature due to rr° decay.

RESULTS

The relationship between v-ray yields and solar proton spectral shapes has

been calculated by Murphy and Ramaty 4 for the case of isotropic production
in a thick-target model of the interaction environment on the Sun. We have
used their results to calculate the expected fluence ratios, normalized to the the
fluence in the 4-7 MeV band. Figure 3 shows the dependence of these fluence
ratios on the parameter o_T that describes proton spectra with a Bessel function
shape. Also shown in Figure 3 are the ratios for the December 16 flare. These
ratios were determined for the time interval 08:36-08:48 UT during which there

was significant flux from 7r° decay.
The observed ratios are consistent with a Bessel-function proton spectrum

with a shape parameter (aT) equal to 0.054 4- 0.004. The measured fluences can
then be used to calculate the intensity of the proton spectrum. In this case, the

number of energetic protons above 30 MeV (Np > 30 MeV) is (9.0 4- 0.9) x 1032.
Although the v-ray data are consistent with a Bessel function proton spec-

trum, they are not consistent with a single, unmodified power-law spectrum.
(The data might be consistent with a modified power law - e.g., a power law
with a high-energy cutoff.)

%

i

pR_'OICT£1)

ta[UTRO¢4 tN_RGY (_.v}

Figure 4. The time-integrated neutron spectrum
observed by' the GRS ITEM, ansuming _-funetion neu-
tron production at the time of peak 7-rayproduction
> 10 MeV, is shown by the histogram. The shaded
region encloses a range of spectra that depends on
the range ofassumed neutron production times (08:37-

08:43 UT). The smooth curve isthe neutron spectrum

predicted from a Bessei-ftmctionproton spectrum in-

tentctingisotropicallyin a thick-targetmodel s The pa-

rmmeters of the proton spectrum. _ determined from
v-ray line data, are aT = 0.05 and Np (> 30 MeV) =
9 x l0_7.

The proton spectrum calculated from the 7-ray data can be used to predict
the neutron spectrum for the same isotropic thick-target model. We have used

the neutron spectrum predicted by Murphy et al. 3 for a Bessel-function proton



spectrum with an aT of 0.05. This is shown in Figure 4 with the neutron
spectrum observed by the GRS at 1 AU on December 16. In the range 10-
75 MeV, the predicted fluence is reasonablycloseto the observedfluence, but
above75MeV, the observedfluencefalls below the predicted fluenceby a factor
of ,--5. Since the predicted neutron spectrum does not account for v-ray (and
neutron) production outside the time interval 08:36-08:48 UT, the discrepancy
is at least as large as is shown in Figure 4.

A similar analysis of the large 1989 March 6 flare 5 also showed an observed

neutron spectrum that was below the predicted spectrum, in that case by a
factor of ,,_2. It is important to determine whether these discrepancies are due

to beaming effects, s since the present model assumes an isotropic distribution
of energetic protons. Further observations of solar flare v-rays and neutrons
(for example, by the Compton Gamma Ray Observatory) would be valuable for
such studies.
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Abstract. By use of radio, optical, X-ray sad _-ray observations we have

studied the evolution of electron sad ion &cceleration during the 09:09 UT

solar flare on 1989 September 9. The event is characterized by changes in

the energetic photon spectrum as new radio sources appear. As the flare

develops, in energetic photon emissions, the hard X-ray emission increases

sporaAica]]y sad low level nuclear llne emission appears. At the time of ini-

tiation of the major increase in intensity of energetic photons, the power law

b_emsstra_t]ung spectrum hardens significantly and photons > 10 MeV are

produced. During this increase the electron and proton interaction rates axe

enhanced, respectively, by factors of 6 and (11-16). This may indicate that

proton acceleration became more efficient than the acceleration of electrons

to relativistic energies. The increased efficiency in producing the energetic

electrons and ions is clearly associated with the appearance of a new ra_o

source. It is of particular interest that a new eruptive Ha feature appears

outside the main flare ribbons in association with the major phase of the

_are.
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1 Introduction

Radio studies and joint investigations of wide-band electromagnetic radia-

tion have given new insight into the process of energetic electron production

during solar flares. An understanding of the role of complex magnetic config-

urations in the flare energy release have been deduced _om X-ray and radio

imaging observations obtained with time resolutions better than I s. In par-

ticular, for impulsive events, Rzoult et ¢J. (1985) studied the durations and

spatial characteristics of the hard X-ray and radio emissions. Their main

conclusions were:

There is a close association between X-ray and Type III/V bursts,

when the latter appears in the decimeter range, contrary to the case of

dekameter observations.

Radio and hard X-ray fluxes have very similar durations, even though

they are produced at different altitudes by different mechanisms.

The radio emission always presents a complex spatial structure. The

most striking characteristic is that a new source systematically appears

at the time of the rapid hard X-ray increase. This new source has the

same time evolution as one of the previous sources which is at a different

location. Raoult eta/. (1985), proposed that the same population

of electrons can account for the radio and X-ray emissions and later

demonstrated the feasibility of this model by extensive calculations

(Rzoult eta/. 1990). The temporal and spatial evolution of these

two emissions can be explained by the interaction of two magnetic

structures, the injection/energy release site being located in the region

of interaction.

3



Nevertheless, these results suffered from some limitations in severs/ways:

P_dioheliograph observations, whereas providing the major source of

information for the understanding of the large scale magnetic topology,

were limited to one frequency. This limitation is now removed with the

availability of the new Nan_ay mu/tifrequency radloheliograph.

In the absence of optics/data, the identification of two magnetic struc-

tures interacting together can only be indirect which is the case for

most of the studies published in the literature; however, for the present

event excellent Ha photographs are available.

No detailed T-ray observations were available at the time of these earlier

studies and it was not possible to investigate whether or not the same

scenario holds for higher photon energies. The flare studied in t]_s

paper was near the central solar meridian and produced severs/nuclear

7-ray lines.

In the present work an event having an impulsive phase, which reaches

photon enersies greater than 10 MeV is studied in detail by comparing op-

tics/, X-ray, 7-ray, and radioheliograph observations. The main goal of this

study is to investigate the role of the magnetic structure and its time evo-

lution for high-energy events in which there are both impulsive hard X-ray

and 7-ray emissions.

2 Description of instrumentation

The high-energy photon observations were made with the Solar Maximum

Mission SMM Gamma-l_y Spectrometer (GRS), and its auxiliary X-ray de-



tectors. This instrument is one of seven solar observing instruments on the

Slt'fM satellite which were continuously pointed toward the Sun. The GRS

consists of seven 7.62× 7.62 cm NaI(Tg) detectors backed by a thick (10 cm),

CsI(Na) detector, which functioned both as a rear anticoincidence shield for

the NaI detectors and a high-energ_r detector for energy losses > 10 MeV.

These detectors were surrounded by a 4f steradian anticoincidence shield.

The GRS provides hi_t-resolutlon 7-ray energy-loss spectra, between 300

keV and 9 MeV from the NaI detectors accumulated every 16.384 s. High

time resolution count accumulations are available at 64 ms and 2.048 s in

energy windows (300-350) keV and (4.1-6.4) MeV, respectively. Wide band

energy-loss spectra between 10 and 100 MeV from the combined set of the

NaI and the thick CsI detectors are available at 2.048 s time resolution. In

addition, two small (10 cm 2 area) X-ray spectrometers covering the energy

range 14-199 keV, provided coincident spectra with the GRS spectra with

1.024 s time resolution. A full description of the SMM GRS may be found

in Forrest et _ 1980.

The primary radio observations were made with the Nan_ay Radiohelio-

graph (The Radioheliograph Croup 1983, 1989). This instrument, referred

to below as NP_, provides one dimensional images with circular polariza-

tion measurements in the east-west and south-north directions. The 1989

September 9 event was recorded with the Mark IV version, which can perform

multifrequency observations with the south-north (SN) array at 5 frequencies

between 150 MHz and 450 MHz.

During the 1989 September 9 event the SN frequencies available were 164

MHz, 236 MHz, 327 MHz, 408 MHz and 435 MHz. The spatial resolution

of the SN array, which is inversely proportional to the frequency, was 3.8'

at 164 MHz and two images per second were recorded for each observing

frequency. The east-west (EW) array operated at an observing frequency of

164 MHz. During the 1989 September 9 event the spatial resolution for the

EW array was 1.6' and 10 images per second were recorded. The EW and SN

5



one dimensionalimagesallow us to obtain the 2-d postionsof the centroids

of the 164 MHz emitting sources, projected on the solar disk. At the other

frequencies, for which only SN images are available, the projection on the

solar disk of the actual position of the centroid of a given source lles along a

straight line. The accuracy of absolute position measurements is about 0.2'

and 0.5' for the EW and SN arrays, respectively.

For dynamic meterwave spectra, the Daedalus spectrometer at Z_rich

(courtesy of A.Benz) and the Weissen&u spectrograph (courtesy of H.W.

Urbarz) provided data. Additional meterwave and microwave intensity data

at several discrete frequencies were provided by the US Air Force RSTN

Stations at San Vito, Italy (courtesy of E. C]iver). Ha observations of the

1989 September 9 flare were made at the Paris-Meudon Observatory using

the 3 A Ha heliograph (Banos 1967) which consists of a IS0 mm diameter

telescope (f/14) equipped with a 0.S ,_ Lyot _]ter. Whole solar disk images

are recorded on & 35 mm film. Three successive images are taken within a

cycle of 10 seconds, repeated every minute, in the Ha line center and in red

and 51ue wings at + and - 0.5 ._ respectively, from the line center. The

exposure times are < I s and the spatial resolution is about 1.5".

3 Description of event

The 1989 September 9 HalB (GOESX1) flare occurred in NOAA region $680

(NI8 °, E28°), at 0908 UT (GOES I-8 A ). See also Dennis et a/. (1992).

The associated radio emission reported by NOAA (Solar Geophysical Data)

consists of microwave bursts and Type iII/V and Type IV bursts at decimeter

wavelengths. A Type !I burst was also reported.

Figure 1 shows time histories of X-ray and "f-ray emissions at the highest

time resolution from 09:08:00 UT to 09:13:00 UT which comprises, essentially,



the full event except for a long-duration thermal emission (see Figure 6)

and decaying 2.223 MeV Une emission. The different panels in the figure

are the raw counts in the indicated energy bands. Typically, st energies

below -_0.8 MeV the energy loss spectrum is due predominantly to electron

bremsstrahlung and at the higher energies both bremsstrahlung and nuclear

7 rays contribute.

The evolution of the radio emission during the event is displayed in Figure

2 which shows isointensity contours from the NRH at 327 MHz. Three radio

sources are indicated on the figure which appear at different times as the

event evolves.

We next describe the evolution of the radio, optical, and X- and 7-ray

emissions in three different time intervals in which distinctive radio features

appear.

3.1 (09:08:I7-09:09:30) UT

The flare is first evident in soft X rays (14-21 keV), starting at about 09:08:17

UT. The initiation time of the event in several different GRS photon energy

bands &re shown in Table 1 using data of the highest time resolution for

each band. The values given correspond to the range of times for which

the increase of counts is typically 2 o" above the preceding background. The

meterwave emission starts between 09:09:20 UT and 09:09:30 UT at all five

NRH observing frequencies. As shown in Figure 2, at 327 MHz the emission

arises from x source marked $1.

A more graphic igustration of the location of the radio sources is obtained

by projecting the NP_H locations onto the solar disk. Figure 3a shows these

positions for the radio emitting sources at 164 and 327 MHz, just before

onset of the hard X-ray burst (114-199) keV at -,, 09:09:32 UT. The 327 MHz
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emittin 8 source lies don 8 the line marked S1 which crosses the flaring active

region marked F. This suggests that $1 is overlying the flaring site F. This is

consistent with the location of the corresponding source at 164 MHz (marked

+ on Figure 3a), the projection of which is in the vicinity of F but somewhat

farther than $1 from F as is expected because the altitude of radio emitting

sources increases with decreasing frequency. Within the spatial resolution of

the NltH the 408 and 435 MHz emittin 8 sources are also located along 51

while at 236 MHz the en_ssion arises from a region (not shown on the fisure),

located along a Une paralle] to S 1 which L_es between S 1 and +. The emission

is 60-80% right hand circularly polarized at all frequencies.These properties

are compatible with plasma emission at the fundamental of the local plasma

frequency and the emission is like a noise storm emission (cf Kai, MeLrose and

Suzuki 1985). In addition to this noise storm like emission, short duration

bursts (--_1 s), identified as Type III bursts are also observed on the Daedalus

spectro_aph records. Their starting frequencies are lower than about 300

MHz and their locations at 1(]4 MHz are marked by triangies (A) on Figure

3a. It can be seen that the Type III bursts arise from sources at various

locations close to and also remote from the flaring site F. Such an emission

pattern is characteristic of the pre-fash rsdJo emission often observed before

the rapid increase of the hard X-ray flux (e.g., Benz e_ aJ. 1983; Raoult et

a. 19s5).

3.2 (09:09:30-09:10:3 /) UT

The hard X-ray emission (114-199) keV starts at 09:09:32 UT which is within

1 s of the appearance of a new radio source $2, shown in Fi_,ure 2. The new

radio source appears at the five NRH observing frequencies. F|sure 4, upper

two panels, compares the light curves for hard X-ray (114-199) ]_eV and mi-

crowave emission at 4995 MHz observed at San Vito. The two lower panels

in Figure 4 show light curves for the new source S2 at 327 MHz and 435 MHz.
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It is evident by comparison of the X-ray/7-ray and radio Light curves shown

in Figure 4 that there is general correlation of the emission enhancements,

but not a one-to-one correspondence between the times of occurrence of in-

dividual spikes. The reason for the lack of the detailed correlation is that

the X-ray/7-ray emission intensity is linearly related to the number of par-

tides interacting in the solar atmosphere whereas the plasma radio emission

processes are, generally, non-linear. The radio peak at 09:12:30 UT is not

associated with the Type III/V emission but with a Type II burst (see Figure

2), which started between about 09:11 UT and 09:12 UT in the metric band

(Solar Physical Data # 543, part 1). The position of $2 on the solar _sk at

327 MBz is shown in Figure 3b. The location of the 236 MHz, 408 MHz, and

435 MHz sources are also along $2. The emission from $2 is unpola_zed and

comprises both a broad band Type V continuum and Type Ill llke bursts.

As was previously reported (e.g., Kane and P,Jtonlt 1981; Benz et ¢/. 1983;

Raonlt etal. 1985) the starting frequency of the Type Ill bursts increases

as the hard X-ray intensity increases (up to about 1000 MHz in the present

case, A.O. Ben=, personal communication). The two dimensional positions

of these bursts, which are indicated by triangles (A) on Figure 3b are spread

around the $2 llne. In this time interval $1 shows enhanced emission, but

it was not possible to separate the relative contributions of Type III/V and

storm like emission.

3.3 (og:Io:si-og:i:]:oo)UT

A very intense increase of the energetic photon intensity begins at 09:10:28

UT in all energy bands shown in Figure 1. It is remarkable that the new radio

source, $8, appears at 09:10:34, but is observed only at 327 MHz in a band

width < 172 MHz in contrast to the source $2 which was observed at the

five NRH frequencies. Figure 5c shows that the time history of the intensity

of $3 consists of a short duration and intense spike followed by a smoothly



decayingemissionand a fainter spikejust before 09:12 UT. A similar time

behaviour is also observed for $2 but the intense spike and the subsequent

emissions are stronger. It is important to notice in Figure 5c and 5d that

the first peak in both sources $2 and $3 corresponds to the beginning of

the rise in intensity of the (4.1-6.4) MeV and (10--25) MeV 7/ rays, while

the second, $2, peak is associated with the peak 7-ray emission. The light

curve of the Type II emission (which seems spatially near the source, $2, as

shown in Figure 2) cannot be separated from the $2 light curve, as shown in

Figure 5d. The projected position of the source, $3, is between the S1 and

the $2 positions as shown on Figure 3. (The radio emission from S1 lasts

much longer than the hard X-ray and -/-ray emissions. This noise stormlike

emission, which corresponds to the dotted curves in Figure 6a and 6b, has

an intensity/time evolution similar to the soft X rays shown in Figure 6c.)

3.4 Hc_ observations

Figure 7 shows a time series of three Ha images taken respectively in the

blue wing(left strip), at the center (middle strip) and in the red wing (right

strip) of the line. As explained in Section 2, successive triplets were obtained

about every minute and we will subsequently use the time of the image

taken in the llne center a_l a reference. While the most intense portion of

a flare is observed in the core of the Ha llne, the wings are also affected.

This is especially evident in the flash stage, even for a weak flare (ElHson

1952). It should be noted that bright faculae are only observed in the llne

center. Therefore, because of contrast it is more dli_cult to detect the onset

of a flaring feature in the center of the line than in the wings. Thus an

emission seen also in at least one wing, determines accurately the initiation

time of an Ha flare. Detailed examination of the film reveals that the 1989

September 9 flare is first seen in both wings of the Ha Line within 1 minute

of 09:09:06 UT. The emission intensity increases till about 09:12:20 UT and
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remains thereafter nearly constant untill about 09:17 UT. From examination

of Figure 7 we can emphasize the following points:

lo The Ha emission pattern consists of one quasi-circular ribbon surround-

ing the second ribbon (see frames at 09:10:11 UT and thereafter). The

flare is thus initiated along a quasi circular neutral line between a North

magnetic polarity which appeared in a fscula of South polarity. This

type of configuration has been described in detail by Mouradian et al.

(1989) who indicate that the flare pattern consists of a collection of

arches having one foot point in the parasitic north-polarlty and the

other foot point in the facula of opposite polarity, all around the BII=0

line. Such an unusual shape has been previously reported for one flare

by Tang (1985). [N.B. The occurrence of Type III emissions (see Sec-

tion 3.3) indicates that open magnetic structures are also involved in

the flaring region.]

2. A region (marked by an arrow in Figure 7), north-west of the two rib-

boas, shows an intensity increase in the center of the llne which is first

seen at 09:10:11 UT. This bright feature is clearly seen at 09:11:15 UT

in both wings of the line. This indicates that an additional energy re-

lease probably occurred between 09:10 and 09:11 UT. This observation

is similar to that reported by W_sler et al. (1990) for 19:00 UT flare

on 1989 March 10. Within this one minute time interval, the radio

source $3 at 327 MHz appears and the hard-X-ray and gamma-ray flux

strongly increases. A causal association, between these optical, hard X-

ray/7-ray and r_dio/ea_ures is further supported by the fact that the

new Ha flaring region and the new radio source $3 are both located

to the north of the initial H_, flaring volume and the location of the

initial initial radio source S1. It should be noted that a fainter Ha

feature north of the main bright feature (marked by an arrow) is also

visible at 09:11:15 in the center of the llne and appears in the wings at
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09:12:00 UT. This feature has no clear radio and/or hard X-ray/7-ray

counterpart except possibly the occurrence of the Type II radio burst.

3.5 Hard X.ray/7-ray spectral obaervationa

We describe the evolution of the hard X-ray and "},-ray spectra of the flare

which commenced at 09:08:17 UT in the GP,.S energy band (14-21) keV. This

was accomplished by a detailed analysis of the high resolution GI_S spectra

obtained in several successive 16.384 s time intervals throughout the flare.

Figure 8, (lower curve), shows the background subtracted GI_S count

spectrum, accumulated over the time interval (09:09:47--09:10:36) UT, dur-

ing which the GRS first responded to emission above 300 keV. Tkls interval

corresponds to three 16.384 s spectral accumulations before the major burst

accumulation is initiated at 09:10:36 UT. The spectrum consists of an ap-

parent electron bremsstratdung continuum and considerable line structure

particularly above 0.8 MeV. It is interesting that the new radio source $2

appears at 09:09:30 UT, just before the start of this "),-ray spectral accumu-

lation.

Using a direct inversion method (Marschh_user 1992), this count spec-

trum has been deconvolved to give the net flare spectrum in photon space

(Figure 9, lower curve). The net flare spectrum below 0.8 MeV was fit

to a power law, which approximates the bremsstrahlung spectrum between

0.3 and 0.8 MeV. This power-law fit is then folded through the instru-

ment response and plotted on the lower panel of Figure 8 as a solid llne

to compare with the measured count spectrum. In general, separation of

the bremsstrahJung and nuclear contribution above 0.8 MeV, particularly for

the (4-7) MeV energy band, has been accomplished by extrapolating this

power law from the lower energies. The excess in the spectrum above the

extrapolated power law is usually called the nuclear line excess. On the other
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hand, it has been recently shown that the observed bremsstrahiung spectrum

above 0.8 MeV may deviate greatly from the simple power law determined

at the lower energies thereby effecting the estimate of the nuclear line excess

(Rieger and Marschh_user 1990; Marschh_user, llieger and Kanbach 1991).

[For the present discussion this re_nement is only important for the spectrum

observed during the major frame accumulation, corresponding to the intense

burst (09:10:36-09:10:52).] The first llne in Table 2 shows the power-law

fit for the first accumulation period and the nuclear excess fluence (photons

cm -_) for the energy bands (0.8-2) MeV and (¢-7) MeV.

The background subtracted count a_d photon spectra are shown for the

next accumulation interval (09:10:36-09:10:52), by the upper curves in Fig-

ures 8 and 9, respectively. The second line in Table 2 gives the power-law

fit and nuclear excess fluences for this time interval and the corresponding

information for the three later successive time intervals when prompt hard

X-ray and 7-ray emission was detectable is shown on the next three lines.

The present analysis of the ORS spectra has not included a study of the

2.223 MeV time history, nor the spectra of the emissions above 10 MeV. This

analysis, while not directly related to the present study, will be treated in a

forthcoming paper.

4 Discussion

Several conclusions, can be drawn from the radio and Hard X-ray/7-ray

obervations reported in the previous section. First, we confirm the following

results:

1. The 7 ray and radio emissions, though they arise from sources at very

distant locations, switch on and off nearly simultaneously. This indi-

cates that both kinds of emissions result from particles produced by a
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common accelerator (e.g., Klein e_ a/. 1983; Raoult e_ a/. 1985; Trotter

1986).

w The appearance of new radio emitting sources in the corona is nearly

coincident in time with increased el_ciency of the particle production.

This has been previously observed by Raoult et aL. (1985) and Willson

eta/. (1990) in comparin 8 hard X-ray and radio emissions. A similar

phenomenon has also been detected on ,,- 30 keV X-ray images (Her-

nandez eta/. 1988; Machsdo et al. 1988). This may be interpreted as &

signature of interacting loops, or an ensemble of loops, or as the result

of rapid changes in the equilibrium state of the loops themselves, lead-

ing to explosive release of energy. In any case, it reflects rapid changes

in the topology of the flare and the associated magnetic field driven, for

example, by the emergence of new magnetic fluxes and/or by enhanced

foot point motion or magnetic shears (e.g., reviews by Hagyard 1990;

Martin 1990; Moore 1990 and references therein).

Second, the present observations of the 1989 September 9 event enable

us to examine, for the first tim%_e relationship between particle accelera-

tion and rapid disturbances of the magnetic structures involved as inferred

from radio and optical obsrvations. It has been observed in this event that

the initiation of the hard X rays (>114 keV) at ,--09:09:32 (Table 1), was

associated closely with the appearance of a new radio source $2. There was

no detectable excess radiation above 300 keV until about 20 s later indicat-

ing that the electron bremsstrahlung becomes harder before the main burst

which was initiated at ,-,09:10:36. Also, as shown by the GRS spectrum in

Figure 8 (lower curve) in the time interval 09:09:47-09:10:36 there is clear

evidence for nuclear fines before the main burst. 1 The deconvolved photon

spectrum for this time interval (Figure 9, lower curve) clearly shows signif-

IThere are not sufficient counts in the 16.384 a subinterval- to 8/ve s more precise time
of initiation of nuclear llne production,

14



icant llnefeatures at -._1.37MeV, 1.67 MeV, 2.22 MeV, and 3.2 MeV with

spectral structure above 4 MeV, suggesting a canonical nuclear line spec-

trum. Thus, the interaction of ions accelerated to at least several MeV was,

in eiTect, detectable well before the main burst of q, rays. During the succeed-

ing time interval 09:10:3_-09:10:52 a fully developed nuclear line spectrum

is evident as shown in Figures 8 and 9 (upper curves). A full analysis of the

nuclear line spectrum is beyond the scope of this paper, however, it is inter-

eating to note that the line at --_3.2 MeV, most likely from 2°Ne (Ramaty et

a]. 1979), is not easily identified in most flares as in the present case. In the

present analysis the bin widths were selected with consideration of statistical

limitations. Also, in the upper curves for Figures 8 and 9 we identify only

the source of the strongest features in the energy band (0.8-2.0) MeV.

The ratioof fluencesin the standard nuclear excess window (4-7) MeV to

that in the (0.8-2) MeY window is the same within error (-_0.45),as shown

in the lastcolumn of Table 2 for the initialand main burst accumulations.

This same ratioisfound in other nuclear lineflares(Marschh_user 1992). Af-

ter the main burst thisratiofalls,presumably, because the Compton tailof

the delayed 2.223 MeV photons, scatteredin the photosphere, iscontributing

relativelymore counts, as the prompt "7-raylinesare decreasing rapidly in

intensity.The clearappearance of nuclear linesbefore the main "f-rayburst

has not, to the best of our knowledege, been reported previously.The com-

bination of flarelocation (0c __ 30°) and the fact that the emission ismore

significantstatisticallyin the lower energy band probably made itpossible

forthisfeatureofv-ray lineflaresto be detectable.This observation does not

contradict the picture that relativisticelectron and ion accelerationcan oc-

cur together (Forrestand Chupp 1984) but the combination of circumstances

show, itcan be detected at lower levelsand before the intenseburst ofq,rays
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which is usually assumed to be the initiation of 7-ray Line production.

To provide quantitative information we derive the primary energetic par-

tide spectra at the Sun. In this paper we use the ratio of the (4-7) MeV

fluence to the 2.223 MeV line fluence, to determine the proton spectral shape,

assuming, as a_ exa_nple, it is represented by a mocLified Bessel-function (e.g.,

Hun and Lingenfelter 1987). This spectral form is characteristic of a stochas-

tic a_celeration process and is characterized by the parameter aT, where a

is the acceleration e_ciency and T is the mean time of escape from the ac-

celeration region, or some damping time of the turbulence that accelerates

the particles ((Forman e_ a/. 1986, Ramaty et _. 1988)

The time integrated 2.223 MeV line fluence for this event is (32.8_1.3)

photons cm-2. 2 Then using the total (4-7) MeV fluence given in Table 2, we

find .T(2.223)/.T(4-7)=1.14_0.13, which implies ate0.017 using the recent

calculations of Hun and Lingenfelter (1987) for isotropic acceleration. Hun

and Lingenfelter (1987) have also calculated the _proton number per unit

fluence" of (4-7) MeV 3' rays as a function of aT. Therefore, the total number

of protons > 30 MeV a,ud their interaction rates can be estimated for the

cUfferent time interva]s (assuming the proton spectral shape is consta_xt with

aT-,,0.02), by multiplying the theoretical value by the appropriate measured

(4-7) MeV or (2.223) MeV fluence. The results are given in Table 3. It is

important to note that the value for the Bessel function spectral parameter

derived here ouly describes a hypothetical proton spectrum which gives the

total number of 3' rays observed. If instead a power law is assumed for the

primary energetic photon spectrum the fluence ratio given above gives a slope

-3.7 and an estimated number of protons >30 MeV ,-,1.4× 1032 compared

with ,-,2.3×1032 for the Bessel function case. The errors in the estimated

2This value i. actually a lowez limit to the 2.22 -_ MeV line fluence and, in px_ucip|e,
must be corrected for the fzaction of original line -/rLys which axe Compton scattered in
the photolphe:e ss dlscuued by Vestrand 1990. Since this theoretical correction flu:tot
depends on sever al unknown factors we do not consider _t further in this analysis.
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hypothetical particle numbers is _,20% for either spectral form.

The bremsstrah/ung photon spectra were deduced by fitting a power law

to the main channel GRS data as described above. The photon spectra given

in Table 2 are then related to the electron spectra at the Sun by applying the

procedure proposed by Bai (1977) and described in Murphy (1985). Table

4 displays electron spectra, total electron numbers, and interaction rates for

the five intervalJ of time during the event.

The comparison between the numbers quoted in Tables 3 and 4 for the

two first intervals of time, clearly demonstrates the sudden increase of the

electron and proton interaction rates, respectively, by factors of about 6

and (11-16). The electron spectrum also becomes harder and the ratio of

the number of _, 30 MeV protons interacting to the number of > I MeV

electrons interacting changes _rom ,_ 4 x 10 -2 to ,,_ 10 -I . If we assume,

between the first two time intervals, that the relative enhancements of the

interacting protons compared to the interacting electrons is a reflection of

the accelerator properties, then we must conclude that the accelerator(s) is

more efficient in increasing the _-ray line producing protons than relativistic

electrons.

After the main phase burst no additional radio source is observed and

electron and proton interaction rates decrease to intermediate values, but the

electron spectral index and the proton/electron ratio remains nearly constant

in time. This indicates that the transport and storage of both protons anti

electrons are sin3.ilar or that the characteristics of the accelerator do not

vary much until the end of the event. The late peak in the 4.1-6.4 MeV

emission corresponds to Interval 5 of time in Table 2, which shows that the

mean interaction rate of protons during this interval is comparable to that

obtained for the previous interval. As seen in Figltre 6 the 327 MHz $4 source

is also more active and produces a few bursts in the decreasing part of the
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4.1-6.4 MeV emission. It should be noted that decimetric radio spikes are

sometimes seen to follow the ,-, 30 keV X-ray emission (Gfidel 1991).

Since radio jocrce_ are tracers of large sc,de magnetic structures in which

electrons either propagate or are accelerated, these observations strongly sug-

gest that the Lccelerator efficiency increues in producing more numerous

and more energetic particles when the number of magnetic structures in-

volved also increases. The near time coincidence between the appe,_rance of

an additional radio source and an increase in the hard X ray/-y ray emission

in intensity and energy indicates that both phenomena are closely related.

This is cle_ly demonstrated for the main burst, starting at _ 09:10:36 UT,

which also gives rise to > 10 MeV photon emission and for which optical

observations bring further information. (As mentioned earlier the > 10 MeV

emission is mostly from electron bremsstra]z!ung.) The sharp onset of this

peak is simultaneous with the switch on of the new radio source $3 at 327

MHz, which exhibits a short lived and very intense burst, followed by a

fainter, but significant, radio emission which lasts about the same time

the 4.1-6.4 MeV emission. A bright Ha feature also appeared at the border

of the two ribbons of the Ha flare around the time of the > 10 MeV peak.

The overall picture that can be drawn from the above discussion is, that

particle _celeration and transport takes place in a complex magnetic field

topology that undergoes rapid changes on time scales of tens of seconds and

that the characteristics of the accelerator(s) is/are correlated in time with

these changes.The appe,_rance of the Ha feature erupting at the border of

the two flare ribbons may be interpreted as the chromospheric signature

of such magnetlc changes _d the switch on of the $3 327 MHz source u

its coronal response. The Ha images are only taken every minute, so the

appearance of the Ha feature may indeed precede that of $3 by at most

30 s. Taking l0 skm u a typical height for $3, the magnetic disturbance

propagates from the chromosphere to the corona with a mean velocity of ~
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3000km/s. Assumingthat the 327 MHz radio emission is at the fundamental

of the local plasma frequency (and using a coronal density scale height of i0 s

kin), the coronal region swept out by the perturbation has a mean density

of,-, 3x 109 cm -3. If the velocity is identified with the Alfv_n velocity, we

obtain a coronal magnetic field of ,,_ 75 G. Such a value is comparable to that

derived by Mercier (1991) from measurements of the polarization of Type Ill

bursts. Nevertheless, Lf the time delay between the Ha and radio features

is substantially shorter than 30 s they are not causally related on AIfv_nlc

time scales. Under these conditions one possible interpretation, is that the

magnetic turbulence bul/t up on A1fv_nic time scales and not giving rise to an

electromagnetic signature, leads, when it reaches a sufflcient level, to energy

release and particle acceleration in a region located between the Ha and

327 MHz levels. These electrons and protons are then responsible for both

kinds of emissions. This is in agreement with the results of e.g., Kane and

Benz (1986) and G_del (1991), which on the basis of joint decimetric ra_lJo

spike and HXI_. observations, indicates that the site of electron acceleration

is located in the corona at densities ranging from -_ 109 to --. I0 t° cm -3.

5 Conclusions

The multi wavelength study of the 09:09 UT flare on 1989 September 9

has given further insight into the characteristics of the solar flare particle

acceleration. The major results of the study show:

1. The appearance of new radio emitting sources in the corona is cosely

associated in time with the time evolution of increased electron and ion

production as reflected in changes in the spectra of hard X rays and

nuclear 7 rays. The times of occurrence of Ha brightenings also fit this

scenario;
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2. Gamma-ray line and neutron production is detectable before the major

burst of energetic photons which also shows a cannonical "/-ray spec-

trum. Though this feature of a solar flare has not been previously

reported it is consistent with the SMM discovery that electrons and

3_-ray producing ions are accelerated together;

3. If the electron and ion interaction rates, throughout the event, reflect

the properties of the acceleration mechanisms, then it must be con-

cluded that the 7-ray producing ions are accelerated twice as efficiently

as relativistic electrons during the major burst and

4. The density of the source region for the accelerated electrons and ions

is about 109 - -10 l° cm -a.

Finally, we suggest that the results of the analysis of this event raise a

new question about solar flares. Given that electron and ion acceleration is

weU developed, but at a low level in the early development of the flare, why is

the number of interacting electrons and ions suddenly increased by an order

of magnitude? One possible answer is that particles have been energized

in a large complex volume in which they interact or _om which they are

immediately released. We expect that similar analysis of other flares, for

wkich sufficient correlative data exists, will confirm and extend the results

obtained for this flare.
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Table 1.

GRS Initiation Time

Energy Band

(keV)

Time

(UT)
(14-21)

(114-199)

(300-350)

(4100-6400)

09:08:25-09:08:41

09:09:31-09:09:45

09:09:47-09:09:52

09:10:52-09:10:24



Table 2.

Brem.ss_rahlung spectra and n_clear line ezcess.

Time Interval

(UT)

(1) 09:09:47-09:10:36

(2) 09:10:36-09:10:52

(3) 09:10:52-09:11:08

(4) 09:11:08-09:11:25

(5) 09:11:25-09:11:58

Power Law

photons cm -2 MeV -I

4.4(+1.5) E -4"4s('_°'21)

32.0(-4-1.8) E -3"s9"(_0"09)

13.6('[-2.0) E-3"4s(±°'2°)

9.6(+1.4) E -3"z2(:1:°'11)

12.2(+1.5) E -3"rs(_°'°2)

8.9"4-2.0

28.94-5.0

14.84-2.8

8.2"]-1.8

I7.8+1.7

2.7-t-1.3

14.94"2.4"

3.44"1.0

2.64"1.0

5.14-1.3

.8-2)MeV

0.404-0.22

0.514-0.12

0.304"0.10

0.314"0.14

0.294"0.08

*If the power-law fit to the photon spectrum above I0 MeV, is extrapolated to < 10 MeV, tl_s

fluence value would be reduced by ,-, 26%.



Interval Electron Spectrum Total Number I.(> 1 MeV)

(UT) (electrons MeV -t) No(> E0 MeV) (electrons s -l)

(I) 2.40xI0 _ E -s'_ 5.18xi032 Eo 4"es l.lxl0 _l

(2) 4.40x10 _ E -4"sg 1.13x10 _u Eo _'s° 6.9x10 _1

(3) 1.23 x 10_ E -4"ee 3.36 x 103_ Eo 3"8e 2.0 x 1031

(4) 6.72x1032 E -4"°4 2.21x103_ Eo 3"04 1.3x103t

(5) 1.9x1033 E-4"9e 4.80x1032 Eo 3"9e 1.5x1031

Table 3.

Protona

Interval

(UT)
Total Number

Np(_> 30 MeV)

Ip (> 30 MeV)
N,(>30 M.V))
N.()I MeV)

proton s- t

(1) 2.2x 1031 (4.5-6.7) x 1029 0.04

(2) 1.2 x 1032 7.3 x 1030 0.1

1.8 x 103°(3) 2.7 x 1031 0.08

(4) 2.1x 103x 1.3x 103o 0.1

(5) 4.1 x 1031 1.25 x 103o 0.08
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Figure Captions

Figure i. The time historiesare shown for severalX-ray and "/-rayener_v bands from the SA/A/

GRS during the 09:09UT flareon 1989 September 9.

Figure 2. The Nan_ay Radioheliographisointensitycountsforthe north-southarray are shown for

the meter-wave sourcesat 327 _ as a functionof time followingthe 09:09 UT flare

on 1989 September 9. Three sourcesare indicatedwhich begin at dhTerenttimes. The

positionsindicatedby the NRH channel number are given in instrumentalunits(i unit

correspondsto about 0.07solarradii).

Figure 3a. The locationlinefor the polarized327 MI'Iznoisestorm source isshown as $1 for the

initialphase of the radio emission. The locationof the Ha flarelyingon the $1 lineis

indicatedby F. The correspondinglocationof the 164 Mils sourceisshown by +. The

solidtrianglesgivethe locationsof Type ITTburstsobserved by the NRH, at 164 MHz.

Figure3b. A new radiosource,$2, appears at the onsetof'hardX-ray emissionat 09:09:30UT while

the noisestorm $1 continues.The correspondinglocationofthe 164 MHz sourceisshown

by an open triangle,indicatedby the arrow. The locationof Type Illburstsassociated

with $2 are indicatedby solidtriangles.The locationof the source$I at 164 MHz is

shown by a +.

Figure 3c. At 09:10:34UT a new source$3 appears at 327 Ml-lz,but not atotherNan_ay frequencies.

The appearance of thissourcecoincideswith the major enhancement ofhard X ray and

7 ray intensityin the 4-7 MeV and >10 MeV ranges.The locationsofsources$I and $2

at 164 MHz are shown by + and an open triangle,respectively.

Figure 4. The time historiesof therelative327 MHs and 435 MHz intensitiesfrom the source$2 are

shown in the upper curvesof the two lowerpanels.The lower curvesin the lower panels

show the scaledpolarizationintensities.The hard X-ray (114-199) keV and microwaves

time historiesare shown in the upper two panels.



Figure 5. The time histories of the 327 MHz flux density are shown for the sources $2 and $3 with

that for the 7-ray emissions above 4 MeV.

Figure 6 The emission from the source $1 at 327 M'Hz and 408 MHz are compared with the soft

X-ray (14--21) keV intensity. The dotted curves in the middle and the upper panels

correspond to the noise storm emission as estimated by taking the envelope below the

burst.

Figure 7. The 1989 September 9 flare observed at the Paris-Meudon Observatory with the 3 A

heliograph. (Middle panel, Ha center; left panel, Ha; right panel, Ha+0.5_)

Figure 8. (lower curve) The background subtracted counts spectrum from the SMM CRS is shown

for the accumulation time interval (09:09:47-09:10:36) UT just before the main burst.

Excess nuclear radiation emission is clearly evident in the energy channels corresponding

to (0.8-2) MeV, 2.223 MeV, and 3.2 MeV.

(upper curve) The background subtracted counts spectrum from the SMM GRS is shown

for the accumulation time interval (09:010:36-09:10:52) UT during the main burst. Excess

nuclear radiation emission is clearly evident in the energy channels corresponding to (0.8-

2) MeV, 2.223 MeV, and 3.2 MeV.

Figure 9. (lowercurve)The deconvolved ,.qMM GRS photon spectrum isshown forthe time interval

09:09:47-09:10:36UT duringthe 1989 September 9 flare.The straightlineisa fitto the

data below 0.8 MeV.

(upper curve)The deconvolvedSMM GRS photon spectrum isshown forthe time interval

09:10:36-09:10:52UT during the 1989 September 9 Rare. The straightlineisa fitto the

data below 0.8MeV.

For both curves,the I drerrorbars resultfrom errorsin the numerical inversionprocess

and count statistics.
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