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ABSTRACT

We have examined radio and X-ray properties of solar flares associated with a new sample of individual
3He-rich solar particle events. Given the association between kilometric type III bursts and *He-rich events,
the timing of the radio events is used to identify the related X-ray increases. The X-ray events exhibit a rich
variety, from the standpoint of both intensity and complexity. Examination of the events shows statistically
significant anticorrelations between the *He/*He ratio and the intensity of the event as measured at kilometric
wavelengths and in hard and soft X-rays; larger He/*He ratios occur in smaller flares. The result suggests
that a coupling may exist between the pre-heating phase and the acceleration phase of these events or that
mixing occurs between an enriched particle population accelerated within the compact flare and a normal
population accelerated by a shock propagating away from an intense flare.

Subject headings: Sun: flares — Sun: radio radiation — Sun: X-rays

I. INTRODUCTION

For many years the properties of the small and elusive He-
rich solar particle events could be observed only by integrating
particle intensities for periods of many hours (see e.g., Ramaty
et al. 1980; Kocharov and Kocharov 1984). Therefore, these
early “events” frequently combined the output of several solar
flares with differing intensities and composition.

Using more sensitive instrumentation on ISEE 3, Reames,
von Rosenvinge and Lin (1985, hereafter RvL) were able to
resolve *He-rich periods into sequences of individual events,
each accompanied by an electron increase. The precise timing
of the electron increases could be used to determine the time of
the parent flare with an accuracy of a few minutes. The kilo-
metric type III radio emission produced by these same elec-
trons was used by Reames and Stone (1986) to extend the list of
well-identified *He-rich solar flares and to study the relation-
ship of flares within a group.

Some of the source properties of the first portion of this new
list of *He-rich flares were examined by Kabhler et al. (1987).
The events were found to be associated with small, compact
Ha flares.

In the present paper we examine, for the first time, the source
properties of the complete new list of individual 3He-rich solar
flares. The same type III radio emission used to identify the
events provides the timing required to select the associated
hard and soft X-ray increases.

II. OBSERVATIONS

Particle and radio observations were made aboard the ISEE
3 spacecraft and have been described extensively in RvL and in
Reames and Stone (1986).

Both soft and hard X-rays were also measured aboard ISEE
3 by the Berkeley X-ray Spectrometer (Anderson et al. 1978)
that covers the energy region above about 5 keV. These data
were supplemented with lower-energy soft X-ray observations
from the GOES spacecraft and with hard X-ray measurements
made with the Hard X-Ray Burst Spectrometer (HXRBS;
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Orwig, Frost and Dennis 1980) on the Solar Maximum Mission
(SMM). A recent summary of measurements from the HXRBS
instrument is given by Dennis (1985).

Parameters of the 31 *He-rich events are given in Table 1.
Kilometric radio observations were available for 27 events,
and all of these had strong kilometric type III bursts.

Soft X-ray observations were made at 30 of the 3He-rich
event times with either ISEE, GOES, or both. In this sample, 22
events showed soft X-ray increases, five occurred during times
of high background, and three showed no increase above the
quiescent instrument background.

Of the 12 events that were observable with SMM, 11 had
hard X-ray emission and are listed in the HXRBS catalog
(Dennis et al. 1985; one of the 11 events is partially eclipsed).
The ISEE instrument detected hard X-rays in 14 of 24 possible
events. Much of this apparent discrepancy occurs because
events in the sample reported by RvL were smaller than those
in the later sample reported by Reames and Stone (1986) and
because SM M observations exist only during this latter period.
Overall, hard X-ray increases were seen in 15 of 26 possible
events.

For each of the events, plots like those shown in Figures 1-4
were prepared to study the event timing. The example in
Figure 1 shows the time histories of the hard X-rays in the
center panel with the radio and soft X-ray data in the upper
and lower panels, respectively. Extrapolation of the radio data
back to the time of the hard X-ray peak is clear in this figure.
(Note that 2 MHz corresponds to about 6 Rg). In more
complex events, the timing of the dominant radio peak was
used to select the correct X-ray increase or to provide the event
onset time in cases where hard X-ray data were absent.

Figures 2 and 3 show the profiles of two larger, more
complex events. The two events differ in the relative size and
duration of the hard and soft X-ray components. In sharp
contrast is the 1979 May 17 event shown in Figure 4. This
event produced the large *He increase studied extensively by
RvL, but, as seen in Figure 4, there is little or no soft X-ray

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System



wur o ooy sor () s/s3unod (9) 1 0T (9) wd>/ 0T (%)

(A9 s Nsav\ﬂ (€) Ns\muuaz m-oﬁuz pue Nexmpuaz Aw.o?o YITM s3Tun XWo (2) A:m<\>ws s 193s Nmov\ Nmoﬁ (1)
LEQGE AT ZO9MTIN 12T € L€ 2zebec  GEG< 00002T #°2T 04992 00906 W ce G0'0%¥42°0 L0S0 1 3ny 2g
LEGE 4~ O9MTIN 8°6 2 61 6£96€ 019 0S€ 6°€T €8y 000LE 2° TN 006 1°0%2°1 2h2o 1 3ny 2g
LEQE  N- 6SMTIN €11 € 9°¢ 8991€ 9l 002 €4t Loly 0020% 80 006 1°0%8°0 6G2zz €1 3ny 2g
e 4 €y OESHT 98l e e e e 2o 00€ €0%6°T  #18T €T 3nv gg
1°8 0 e e e oT> e e o1> T 0S1 %'I¢ 2760 OFf unt 2g
TgLE €2 9SMLIN 0°TT € Ly LE66S 9Lzt 009 L-oT  g8ne 00215 4 000T 80°0%9£°0 61 Gz unr 2g
T8LE d- OSMKIN 86 € 9 LLEY LgT 0§ 221 6°%6 oton 6°90 00L #0042 0 T€G0 G2 unp gg
GE9E a1 HEM9OS e ¢ e .. e e . e e 760 00 2'0%L°0 448l OT W 28
GE9E  NT TEMQOS .. ¢ . . e . e . .. e 009 2'2< 0221 OT IeW 2g
snongtque z 01 2 - . .. . e e e G20 00 1°0%2°0  THOT 0Z AON Tg
S 11 € e 919 oL 0T~ T T 00£> T 0sz 2'osg'T  #€6T ST des 1g
TEELT 41 €TdLON G-er € L€  00000T  8S6E 009T  L'0oT 148  00EQL SH of T°0¥G°0  2SyT 9T 930 08
GS2LT N- whMeTs €8 0 T e T T T e e €0> 009 9"« 8TOT ST AON 08
2Lt 4T G9MOTN e 2 e e T e T T T W 00T T°0¥€°0  S09T TT AON 08
9neLT N- TSM60S 78 4 e o e T e e e 70> 005 ¢ 7L0 0T AON 08
9%eLT N- TSM6OS 0°0T [ o 19€ 19 oT. LSt 48 € Ltz €0. 00S g-. 1 9yH0 OT AON o8
9nelLT N- gyMeTs 701 4 e oy €9 oT- 02T oy TI6 €o. 00E€T  G'O- | qu 8202 6 AON 08
9neLT N- wHMyTS 86 € e S92 06 0T. G'€1 "SET 08IS 9 00€ N.o-w.ﬁ+m 0 2291 6 AoN 08
1°07T 0 e e e or> e e 00T 10> ooy §.8% 2 9zlt €z °°a 6L
06791 4T TSMOTN 76 4 e T T oy L'qr  c€ee 00£ET Lo 0002 T'0%G°T  E€SST 4T 9°a 6L
25291 d- S9MITN 0°01 4 T e T or> e e oT> s oL OT°0%#h'0 0581 9 d3s 6L
29291 N- E9M9TN 6°01 € e e T oy 9°€T €65 000€ e oy 01°0%92°0  9E€ET 9 das 6L
25291 4- G9MLIN 111 € e e T 01> 'Lt 960 90t T o1 L1- w2 6€1T 9 des 6L
25291 d- 2Z9MOeN 0°oT1 e e e e oT> CMASR AL BN (14 10 ot a.ﬁ-M.MHo.m Lo6o 9 das 6L
G0Z9T €- gHMLIS €11 4 T e T 09 €11 eIl o9Ks 290 o€ 20°0%21°0 6702 4T 3nv 6L
966ST d- LMSES €6 4 T T T 01> 89°6 0'9z  onz 2o 00€ e- 2t 1450 LT Aew 6L
208ST N- 06MZIN L6 0 e e T oT> e e 09> €0> 0ST 0T°0%¥89°0  LI8T OT a°d 6L
T2LST 4- GyMIes €8 0 e s e oT> T T o> 10> 00T 2'0%8°0  g2lz 9z °°a gL
26 0 T e e o1> e e 81 10> 002 9°0sT°€  6IET 9T 2°a gL
2L9ST d- LymgeN 9'8 € e e T 01> 92T free  €oS 012 oz 01- 92 5502 Lz AoN gL
€997 4T ZTARIN 6°11 € e e e ooy 'Rt "H8T 0816 L-Gd oz 0T°0¥9€°0  TSLT g AoN gL

) ! sjunod>  (9) | (9) (9) () (€ V(@ (1 ioin
uot8ay dwl 93TS 3ur | qul | X9pul Te3oL  Hedd |qedd AMGZ dwdal CW'E XNTd AMS | Aedd xnid | orjey | 39suo
oH ZHN 2 | III SHY¥XH ! €-aas1 | s309 oHe ! m::\omm | saerd  ajeq

¥866° " Lze" T rdygseT

STAVT] HOIY-9H ¢ 4O SALLAAION OIAVY ANV AVY-X
1T 4T14VL

999

Data System

1CS

1 Society « Provided by the NASA Astrophys

mica

© American Astrono



.998R

.327.

1988ApJ. .

1000 REAMES ET AL.
T ™ ]
13f
1} /\ 513 kHz
S ]
4
< 13f
o 11 1000 kHz
- 9 [
1980 kHz
oo b Lo v by g b b g
104 F _§
8 3 i ,"ﬂ"\"“ j
h 10 3 | "l.‘ E
) - .f‘ \ 1
ol Lo L i el a A (A U *\u~'u»f\a,s..-.'..‘.,f««.-,;hv-.r-"M»"‘f-ﬂ“ﬂ"“““\w“g 25.8-43.2 keV x 7.0
O M :
Z 10" oy AN g ""\.w\ﬁm,vvww,«»—w.~mﬂew--¢.";w 43.2 - 77.7 keV x 0.7
w E E
= F ) ]
[~ 4 B e oAb A b N A i Aot st uctegdideetnd 77 7 - 153.6 keV X .01
o 10° =
o b e by b e b e e b
108 g‘ _ E
F ) ]
010" F ) 3
w = .
2100 L .
2 oy et Wbt | 4.8 - 5.8 keV x 30.0
o C I W R
102 kbl s P g \ ) W, 3
< 10 . w44 5.8 - 6.9 keV x 10.0
: 10" ?"1{‘”‘{ g \-‘If“q!u,'."]i‘u "\ﬁ'l ‘v‘,“\l‘d&!““t ’)‘/,' S . "\':\\lll Y '.‘f",'] qu_% 6.9 - 8.2 keV x 3.0
o F f ]
C ! s b
10° / g
5,'"-\’""‘*-*«"’"lf"'«“‘"“L“‘-""""-‘-A’\-"”."‘”””L‘LWM"“""N "l JMAMY‘[{@.;] 8.2-9.7 keV x 0.1
10 b bv v by by b e P
17:40 17:45 17:50 17:55 18:00 18:05

NOV. 8, 1978

F16. 1.—ISEE 3 X-ray and radio timing in the 1978 November 8 3He-rich event. The kilometric radio data are shown in the top panel, the hard X-ray

measurements, in the center panel, and the soft X-ray data, in the lower panel.

increase and the hard X-ray data have been omitted entirely
since they show no increase at all.

In Figure 5 we show the HXRBS data at high time
resolution for the event of 1982 August 13 that was shown in
Figure 3. The rapid fluctuations seen in Figure 5 are common
in these events.

Time scales of the soft-X-ray events, like those shown, were
all relatively short, with durations (at 10% of maximum) in the
range of 5-10 minutes.

In order to investigate event parameters that might correlate
with the observed particle enhancements, we determined the
soft X-ray temperature and emission measure from the ISEE
and GOES observations. These parameters were extracted by a
least-squares fit of the multichannel ISEE data. GOES data
were analyzed using the expressions given by Thomas, Starr,
and Crannell (1985). These expressions include corrections for
spectral line emission and nonlinear response of the broad-
band GOES channels.
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FiG. 2—ISEE 3 X-ray and radio timing in the 1982 June 25 *He-rich event (see Fig. 1)
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FiG. 4—ISEE 3 X-ray and radio timing in the 1979 May 17 3He-rich event. Kilometric radio data are shown in the top panel, and soft X-ray data, in the lower
panel. No hard X-ray event is seen.
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FIG. 6.—Variation of the temperature and emission measure during the
1982 August 13 event using GOES soft X-ray data. Compare Fig. 3.

Figure 6 shows the time variation of temperature and emis-
sion measure as derived from the GOES data during the same
1982 August 13 event that was shown in Figures 3 and 5.

If we assume, a priori, that the hard X-ray time profile
describes the profile of particle acceleration in these events,
then the delay to the peak of the 2 MHz radio data would
represent the time required for electrons to propagate out to
~6 R, and the delay to the soft X-ray peak would represent
the time required for the accelerated particles to heat the low
corona. This simplistic picture leads us to choose the time of
hard X-ray maximum of the dominant 2 MHz radio peak to
determine the soft X-ray properties that might be most repre-
sentative of the ambient conditions seen by the particles being
accelerated. Consequently, the ISEE temperature and emission
measure listed in Table 1 and used in later correlation plots
were calculated at the time of the hard X-ray maximum corre-
sponding to the largest radio event. These parameters were
determined from the ISEE data since the sensitivity of the
GOES detector was generally too low to allow the accurate

REAMES ET AL.

determination of the parameters at these early times in the
flares.

For those events without hard X-rays, we used the average
hard X-ray to 2 MHz radio peak delay of approximately 1
minute to determine the time at which the temperature and
emission measure were calculated. For the 1979 May 17 event
shown in Figure 4, the single small X-ray peak was used since
that was the only possible time and the event is of particular
interest.

Table 1 shows the onset time of each event, the *He/*He
ratio and intensity, the GOES peak flux, the ISEE 5 Kev X-ray
peak flux, emission measure, temperature and 25 keV peak
rate, the HXRBS peak count rate, total count, and power-law
spectral index, the metric type I1I intensity, the kilometric type
III intensity expressed as the logarithm of the antenna tem-
perature T, at 2 MHz, and the location and importance of the
Ha flare.

III. RESULTS AND DISCUSSION

The degree of correlation of the 3He/*He ratio with various
X-ray and radio parameters listed in Table 1 may be seen in
Figures 7-11. Figures 7-10 show the 3He/*He ratio versus the
2 MHz intensity (log T,), the soft X-ray peak flux, soft X-ray
emission measure, and the total count of hard X-rays, respec-
tively. These four figures show a persistent tendency of decreas-
ing *He/*He ratio with increasing value of any of these four
measures of the intensity of the event.

In contrast, Figure 11 shows no apparent correlation
between the *He/*He ratio and the soft X-ray temperature.

Table 2 shows correlation coefficients corresponding to the
data plotted in the figures and shown in Table 1. The number
of events contributing to each coefficient is shown in Table 2 as
is the correlation probability when that probability is greater
than 90%. Correlation with the 3He intensity might also be of
interest except that the *He intensity is strongly affected by the
degree of magnetic connection between the event and Earth.

The data in Table 2 quantify the persisent negative correla-
tion of the *He/*He ratio with nearly all measures of the inten-
sity of the parent event. Evidently the mechanism leading to
3He enhancement operates preferentially in small events.

Fluctuations in the hard X-ray flux, like those shown in
Figure 5, and the multiplicity of peaks seen in other X-ray‘and
radio data reveal an underlying complexity in these events that
cannot be characterized in the few broad parameters that we
have been able to examine here. It is, therefore, no surprise that
there is substantial nonstatistical scatter in the plots in Figures
7-10. It is, in fact, surprising that any correlation survives the
process of averaging over the event or selecting a single peak
among several. Perversely, the anticorrelation suggests that
our choice of peak times to measure parameters is not correct,
ie, small events in a multievent sequence could contribute
more 3He than large ones. Fortunately, the variations with
event size dependence is not precipitous and the correlation
does not depend strongly on the choice of time at which the
event parameters are measured.

The existence of a correlation between the 3He/*He ratio
and the intensity of the event would not be expected for an
acceleration mechanism with temporally decoupled pre—-
heating and acceleration phases such as the mechanism sug-
gested by Fisk (1978; see also Varvoglis and Papadopoulos
1983). This conclusion was also reached by Kocharov and
Dvoryanchikov (1985) based upon the observed correlation
between *He/*He and the 3He spectral index. If the 3He
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enhancement occurs by preferential absorption of waves, then
those waves could operate during the acceleration event when
the intensities and spectra are being determined. It is also pos-
sible that the Fisk (1978) mechanism is simply more efficient in
small flares where more moderate currents and a favorable
electron-temperature to ion-temperature ratio might be
expected.

The 3He-rich events have been associated with small
compact flares (Kahler et al. 1987), and they have been con-
trasted with the large long-duration flares that produce proton
events (Reames and Stone 1986) which have particle abun-
dances more nearly representative of the solar corona. It is
possible that the waves that heat *He are produced in a
compact region; a disturbance propagating outward from that
region in intense flares could accelerate a component with
ambient abundances that mixes with the enhanced component
to dilute the 3He/*He ratio.

This mixing hypothesis would seem to suggest that increas-

ingly strong coronal shocks might be observed in increasingly
intense events. Only the last event in Table 1 had a sufficiently
intense shock to emit a metric type II radio burst; this event
does have one of the lowest 3He//*He ratios in the table,
however.

At present our explanation of the observed correlations is
tentative and our understanding of the *He enhancements is
incomplete. The lack of a clear positive correlation between the
3He/*He ratio and a property of the parent flare emphasizes
the fact that we have yet to isolate any observable consequence
of physical mechanism that leads to such extreme isotopic
enhancements.

The authors are indebted to S. R. Kane for providing unpub-
lished ISEE X-ray data and to H. Garcia for his assistance with
the GOES X-ray data. A portion of this work was performed
under NASA grants NAG5-376 and NGL-05-003-017.

TABLE 2
CORRELATION WITH log (*He/*He)

Events Probability
Coefficient (number) (%)

Soft X-rays:

Temperature .............coeeeeeeinnnn. [ISEE] 0.091 17 .

log (emission measure) .................. [ISEE] —0.534 17 97

log (peak flux) .......c.cooeeeviineninn [ISEE] —0.664 19 99

log (peak flux) .......cocooevnevneninninn [GOES] —0.550 16 97
Hard X-rays:

log (peak rate) ..........c.oeeevniininnn. [ISEE] —0.494 14 93

log (peak rate) ............coviuiiinnn.. [SMM] —0.609 10 94

log (total counts) ................coeeens [SMM] —0.576 10 93

Spectral index .................ol [SMM] 0.144 7
Radio:

km type IITlog(T,) -.covvvveninnnnnnn. [ISEE] —0.520 27 99
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