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Abstract. Using the Solar Isotope Spectrometer on the Ad- Additionally, impulsive events typically haviHe/*He ratios
vanced Composition Explorer, we have measured the heavwhich are up to 3—4 orders of magnitude larger than the solar
(2>6) element abundances of 33 small solar energetic partiwind value of 0.0004 (Gloeckler and Geiss, 1998). They are
cle (SEP) events which occurred between 4 April, 1998 andalso understood to be associated witkeV electron emis-

3 December, 2000. The events have been classified accordion from the Sun (Reames et al., 1985), as well as with X-
ing to their elemental and isotopic composition as well asray flares, and typically last on the order of hours. It is not
other defining characteristics. With the event-averaged heavgresently known whether SEP abundances from impulsive
element fluxes, we have investigated the dependence of elewents have a dependence on FIP.

mental abundances relative to those of the solar photosphere The observed differences between impulsive and gradual
on first ionization potential (FIP). Where possible, we have SEp events result from their distinct acceleration mecha-
examined the FIP fractionation effects on the average comnpjsms. As stated above, gradual events are known to be
position of the small SEP events, and discuss the ensuingssociated with CME-driven shocks. However, while the
implications for the origin and acceleration of nuclei in these 3pe found in impulsive events may be selectively enhanced
events. by ion cyclotron wave resonances (Fisk, 1978; Temerin and
Roth, 1992) or by cascading Alfven waves (Miller, 1998),
the exact acceleration mechanism in impulsive events is not
] ) . resently well understood. In this paper we have examined
Measurements of the elemental and isotopic composition of,o heavy element content of 33 small SEP events. We have
energetic nuclei from solar energetic particle (SEP) eventg;|assified all but one of the events into three sub-groups ac-
can provide information about the acceleration mechanism@ording to their*He content, and have compared their av-
in these kinds of occurrences. SEP events have been clasgirage elemental content with each other and with those of
fied into two main types: impulsive and gradual (Reames,yrevious studies. We have also looked for a possible depen-

1995). During gradual events, which have a duration ongence of the SEP abundances on FIP dutiig-rich events.
the order of days, the abundances of heavy SEPs have been

shown to vary according to their charge-to-mass ratio (Bren-
eman and Stone, 1985). They are also characterized by d&s  £yent Selection

pletions of a factor of~4 in elements with first ionization The Solar Isotope Spectrometer (SIS) consists of a pair of

potential (FIP)> 10 eV, relative to the photosphere (Bren- _.. : ) i
eman and Stone, 1985). The acceleration of the nuclei dur_S|I|con solid state detector telescopes which measure the en

ing these events is understood to occur at shock waves whicﬁrgy loss (E) and the rate of energy loss (dE/dx) of incident

i o i energetic nuclei with IE<100 MeV/nucleon. Using these
are driven by coronal mass ejections (CMEs) (Gosling, 1993Tneasured values of dE/dx and E, the charge and mass of the

Kahler, 1992, 1994; Reames, 1999). On average, the heavy . : : : . .
o . . mcident nuclei are derived through an iterative mathematical
element composition of SEP material from gradual events is

expected to reflect that of the corona. algorithm (Stone et al., 1998).

. : . The 33 SEP events selected for this study were chosen
Impulsive SEP events commonly contain enhancements in . o )
Fe (v10x) and in Ne. Ma. and Sit3x) relative to coro- according to three criteria. First, a set of 99 days between
(10 ! V9, 3x) v 4 April 1998 and 3 December 2000 were identified by requir-

nal abundances (Mason et al., 1986; Reames et al., 1994?ng that the daily—averaged 11.0-26.5 MeV/nucleon Fe or
Correspondence td®. L. Slocum 8.6—19.3 MeV/nucleon Mg fluxes be greater than a threshold
(Penny.Slocum@jpl.nasa.gov) of 5x10~7 particles/(s crh sr MeV/nuc). Second, the days
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. SIS € Flux . SIS Fe Flux which were between 0.065 and 0.1 (“moderaté#g—rich”).
- Finally, 6 of the events haéHe/*He ratios greater than or
 equal to 0.1, and were designatetHe—rich”. In general,
3t 33 SEP Fvents ] 33 SEP Events - the 3He—poor events hatHe/*He ratios which were mea-
10 - . o
. sured between 0.04 and 0.065. This apparent lower limit of
5 ] 4% is probably due to spillover contamination of thide
_ peak by the*!He peak. While the nomenclaturéHe—poor”
5 - may be misleading for these events, given that thea/*He
] ] Excluded - . .
x . ratios are up te~200x that of the solar wind, we have cho-
ﬂﬁﬂ " sen to use it as a convenient reference for the purposes of this
0 ‘ | ‘ 0 L Ml study only.
J).e+00 1.e-06 2.e-06 3.e-06 0.e4+00 2.e—06 4.e—06 6.e-06 H H
’ 11-22 MeV/nuc SEP C Flux ’ 11-22 MeV/nuc SEP Fe Flux While the U'nWEIthEd alverage/4'5_5'5 Me\/'/nUdeon
(em’sr s MeV/nuc)™ (emPsr’s MeV/nuc)” 3Hel*He ratio in the®He-rich, moderately’He-rich, and

~ 3He—poor groups is+20%, ~8%, and~5% respectively,
Fig. 1. SIS~11-22 MeV/nucleon SEP C (left panel) and Fe (right 5,4 impulsive events are expected to have hights/'He
panel) fluxes, with the low solar activity background fluxes sub- oo than gradual events, it is not clear that our three event
tracted, for the 33 SEP events in this study. The arrow in the right ub-groups are cleanly di;/ided as such. For example, the

panel indicates the one SEP event which was excluded from the . . ink .
average heavy element abundance measurements reported in tSWweighted average duration of the events in tHe—rich

study. (*He—poor) subset is 2.1 (3.2) days, which is longer than ex-
pected for impulsive SEP events. This may be a result of con-
which overlapped with any of the known large, gradual SEPtributions to the events by multiple injections from the same
events were excluded from the study. Finally, the 8i8-  region on the Sun. Or, it could be that while thde—rich
5 MeV/nucleon He fluxes on the selected days were examevents contain a relatively large fraction of material which
ined subjectively for well-defined SEP event onset times andyas originally accelerated in impulsive SEP events, they are
terminations. The 33 events with well-defined onset timesnot necessarily impulsive events. This idea stems from the
and terminations became the final data set examined in thisuggestion by Mason et al. (1999), which says that resid-
study, while the days which did not show well-defined time yal material from past impulsive SEP events may provide
profiles in the~3-5 MeV/nucleon He flux were discarded. a source population for further acceleration by CME-driven
Even so, due to the frequent occurrence of this type of smalkhocks associated with gradual events. Experimental obser-
SEP event, it is probable that some of the selected “good'vations of SEP composition during large gradual events (Co-
events contain multiple injections from the same region onhen et al., 1999; Mason et al., 1999: Cohen et al., 2000;
the Sun. Wiedenbeck et al., 2000) and during times of low solar activ-
Of the 33 SEP events which passed the selection requireity (Richardson et al., 1990; Slocum et al., 2001) have sup-
ments described above, one event had much higher heayyorted this idea.
element (Z-6) fluxes than the other 32 as shown in Fig-
ure 1. This event, which is atypical in size of the over- .
all data set selected for this study, has been excluded fron LOW Solar Activity Spectra
the average abundance measurements and analyzed sefdwe contributions to the small SEP event spectra from galac-
rately in this paper. It took place on 1 May, 2000 (day tic cosmic rays (GCR) and anomalous cosmic rays (ACR)
2000:122.3-123.0), and contained enhancements over cordrave been estimated from SIS measurements during 241 days
nal values in~11-22 MeV/nucleon Fe/C of 12#3.6, in  of low solar activity between 9 April, 1998 and 25 De-
Mg/C of 5.1+1.6, and in Si/C of 4£1.3. It occurred in  cember, 2000. The 241 days were identified by examin-
coincidence with an M-Class X-ray flare and with~dO—  ing the proton fluxes from the Electron, Proton, and Al-
100 keV electron burst, which was measured using the Elecpha Monitor (EPAM) instrument on board ACE, and requir-
tron Proton and Alpha Monitor (EPAM) on ACE. Although it ing that the daily—averaged 1.06-4.75 MeV proton flux be
is not “*He-rich” at~4.5-5.5 MeV/nucleon energies accord- less than 0.16 (cfsr s MeV) '. Next, the 241 days were
ing to the definition above’Hel!He=4.7%), its’He/*He ra-  grouped chronologically into three time periods of relatively
tio at ~MeV energies, measured using the Ultra Low En- constant solar modulation, based on inspection of STS
ergy Isotope Spectrometer (ULEIS) on ACE, is approxi- 10 MeV/nucleon O fluxes. These time periods were 9 April,
mately 1 (Mason, 2001). Due to this event’s short duration,1998—-25 November, 1998, 26 November, 1998-14 January,
heavy element enhancements, and association with an ele@000, and 15 January, 2000-25 December, 2000. For each
tron burst and X-ray flare, we classify it as an “impulsive” of the three time periods, the average heavy element spectra
SEP event. were extracted from the daily measurements. These average
The final set of 32 small events were subdivided into heavy element spectra were weighted with the temporal frac-
three groups according to their totalt.5-5.5 MeV/nucleon tion of the 32 small SEP events which occurred during each
3He/*He ratios. Of the 32 events, 17 h3ide/*He ratios less  time period, and were subsequently summed for subtraction
than 0.065 (®He—poor” events), while 9 hatHe/*He ratios ~ from the small SEP event spectra.
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Fig. 2. Avergge abundances of ten heavy elements relative to car- | - o is a0 25 0 s 10 15 20 25 10
bon, normalized to coronal values (Reames, 1998), for-tthé— ‘ ‘ ‘
22 MeV/nucleon SIS data (filled circles, open diamonds, and open Cq ,Fe L ®FlP < 10 e A
triangles), with cuts on the 4.5-5.5 MeV/nucletide/*He ratios | /e 2 0 DFIP ~ 10 eV, Co Te
as indicated. The filled squares denote the average abundances: o ?S‘é 1 10¢ wd qS] 1
of seven heavy elements relative to carbon, measured using 1.9- v \ e !
2.8 MeV/nucleon ISEE 3 data (Reames et al., 1994) from a set of ¢ °
2283He—rich (1.3-1.6 MeV/nucleotHe/*He>0.1) events. $ o o
TE ﬁ 2 E
4 Heavy Element Measurements *He/*He 2 0.1

Average energy spectra were measured for C, N, O, Ne, Na,
Mg, Al, Si, S, Ca, and Fe for each of the three event sub- °
sets defined above. The spectra were calculated by sunkiy 3 apundances relative to C, normalized to solar system val-
ming the total number of counts in all events and dividing yes (Anders and Grevesse, 1989), plotted for all three event subsets
by the total amount of instrument livetime. Figure 2 de- against first ionization potential (FIP) (left panels) and against nu-
picts the~11-22 MeV/nucleon relative abundances of ten clear charge (right panels). The subset with thé Hg—poor events
heavy elements with respect to C, normalized to coronalare shown in the two top panels, the 9 moderatelg—rich events

abundances (Reames, 1998), for fite—rich, moderately —are shown in the two middle panels, and th&He—rich events are
3He-rich, and’He—poor SEP event subsets. plotted in the two bottom panels. The error bars shown include one

From Figure 2, it is apparent that while the composi- standard deviation of statistical uncertainty and a 5% systematic un

tion of the >He—poor data set generally reflects that of the certainty.

corona, the moderateRHe—rich and®He—rich SIS data sets uncertainties.

contain enhancements relative to C in most measurable ele-

ments heavier than O. Also shown in the figure are the 1.9-5 First lonization Potential

2.8 MeV/nucleon abundances measured for a sample of 228he heavy element abundances with respect to C in the three

3He-rich (1.3-1.6 MeV/nucleotHe/!He > 0.1) events from  event subsets, normalized to solar system values (Anders and

ISEE-3 (Reames et al., 1994). The SK&-rich abundances Grevesse, 1989), have been plotted against FIP and against

are in very good agreement with the ISEE-3 data. In addinuclear charge in Figure 3. The top left panel, which de-

tion, since the coronal values chosen for normalization in thispicts the averagéHe-poor event heavy element content,

figure were derived from large gradual SEP events, itis likelyshows a step of-4 between the abundances of the low-FIP

that the*He—poor events consist primarily of small “gradual” (FIP<10 eV) and high-FIP (FIR10 eV) elements. The av-

events. erage enhancement of the elements Al, Ca, Mg, and Si is
The uncertainties shown in the plot include one standard4.0+0.5. This value is in agreement with the measured aver-

deviation of statistical uncertainty as well as a 5% system-age value of the FIP step in gradual SEP events (Breneman

atic contribution. They do not reflect any contribution from a and Stone, 1985).

possible non—statistical population spread in the event abun- The lower four panels in Figure 3 appear to be different

dances. Because the events have not been analyzed individtiran the top panels. The middle left panel, consisting of the

ally, it is not possible to determine the magnitude of such anaverage elemental abundances for the moderatédyrich

effect on the average uncertainties. Consequently, the erragubset of 9 events, has the qualitative appearance of a larger

bars shown in Figure 2 may be an underestimation of the trud=IP step than that of the top panel. The average value of the

. . . . . .
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