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Abstract. Using the Solar Isotope Spectrometer on the Ad- Williams et al., 1998, and references therein). Recent stud-
vanced Composition Explorer, the isotopic composition of ies using the Solar Isotope Spectrometer (SIS) on ACE have
solar energetic particles (SEPs) has been measured in I&tended SEP isotope measurements to abundant elements
large SEP events for abundant elements from C through Nthrough Ni in as many as 18 individual SEP events. Large
at energies of tens of MeV/nucleon. Although SEP isotopicabundance enhancements and event-to-event variability have
composition is found to vary widely from event to event, itis been found in these SEP isotopic abundance ratios (see, e.g.
strongly correlated with the elemental composition, suggestieske et al., 2001a, and references therein). In this report, we
ing that elemental and isotopic fractionation relative to thesummarize the isotopic composition measurements, and us-
coronal source are largely governed by the same processeifig the abundance correlations between different species we
Using empirical correlations to correct for the fractionation empirically correct for the variability and obtain preliminary
yields preliminary coronal isotopic abundance values in goodcoronal isotopic abundances from SEPs. More details of the
agreement with those found in the solar wind, with compara-analysis can be found in the full report of this work by Leske
ble accuracy. et al. (2001a).

1 Introduction 2 Observations and Analysis

s The SIS instrument measures the nuclear chafgenass
One of the goals of the Advanced Composition Explorer L . . R
9 P P M, and total kinetic energy, for particles with energies of

(ACE) mission is to determine the isotopic composition of . .
the Sun. Solar energetic particles (SEPs) provide a sample?10 to;l(;]O MeV/nucleon l;S|.r|1.g theEqug vtertsu§ rteS|tdua:I |
of solar material that may be used for this purpose, but par—energy echnique in a pair of stiicon solid-state detector tele-

ticle acceleration and transport can affect their arriving com->COPES (Stone et al., 1998). For this study, SEP events with

i i >
position. Two distinct types of SEP events, impulsive andhlgh fluxes of heavy ions af’ <, 15 MeV/nucleon, where

gradual, are usually recognized (Reames, 1995a). In graomass resolution is best, were examined. Time profiles of the

ual events, particles are thought to originate as solar wind 09‘8 selected events are shown in Fig. 1, and the time periods

coronal material accelerated by large shocks driven by coroUsed in this study are indicated. Because mass resolution in

nal mass ejections. Elemental abundances in gradual event?‘ﬁIS degkrad(fe(tdhdut;lvngl ﬂ:e h[[ghvra;f o\tvchrani:rei foclintc;:d?ncs S iat
are highly variable from event to event but are correlated € peaks ot the WO fargest events, we restricted the 1sotopic

with the ionic charge to mass rati@)/M (Breneman and analysis to the decay phases of these two events. Mass res-

Stone, 1985). After correcting for this fractionation (Brene- olugpndvr?rles.twtlth.Z a"nd E; for tfhe sgelcéets anodsenerg|es
man and Stone, 1985; Garrard and Stone, 1993) or averagi rl: e Iefe ! yplcglty rgtnge§ rtom 'b %N ) artnu. ith
over many events (Reames, 1995b), SEP abundances reve € analysis required to ob’ain ISotope abundance ratios wi

[ L ; i .
the coronal elemental composition. In principle, the coronal_ﬂ?‘1IS good mass resolution is straightforward; further details

isotopic composition can be similarly obtained from SEPs'rCCIUS'ngt e)l(ang%S %f mass histograms are given elsewhere
(Mewaldt and Stone, 1989; Williams et al., 1998). ( esbeg_a " aI' )k.) q ‘ h data i i
Prior to ACE there were only a few SEP heavy isotope Obtaining coronal abundances from these data is compli-

. ated by the fact that the SEP isotopic abundances may vary
measurements, and only for elements up to Si (see, e.d.. ..
y P ( g;gmﬁcantly from event to event (Leske et al., 1999b), as

Correspondence tdR. A. Leske (ral@srl.caltech.edu) shown for the?2Nef’Ne ratio in Fig. 2. Surprisingly, it
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¥ = ¢ ®) that the enhancement or depletion of the SEP
abundance ratio for isotopasandb of element X would be:
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bOY 1997] oY 1998 oY 1998 since(@ should be the same for two isotopes of the same ele-
A e A A ) VAR ment.

A reasonable correlation has been shown between isotopic
abundances and the Fe/O ratio (Leske et al., 1999a,b) but un-
certainties in the value of)(Fe), which is not often mea-
sured at SIS energies (see, e.g. Leske et al., 2001b, and ref-

‘ il ‘ erences therein), make it difficult to evaluate Eq. (1) and di-
etttk Ved oalhi i rectly compare the correlation with predictions. In addition,
in gradual SEP events the abundances of elements with low
Fig. 1. Time profiles of the 18 SEP events examined here, us-first ionization potential (FIP), such as Fe, are generally en-
ing hourly-averaged intensities of 21-64 MeV/nucleon oxygen from hanced over those with high FIP, such as O, by an amount
SIS on.ACE. Shaded bars indicate timg per.iods. used for the isotop§hich also varies from event to event (Garrard and Stone,
analysis; symbols represent these periods in Figs. 3 and 4. 1994; Mewaldt et al., 2000). This FIP-fractionation variabil-
ity can affect elemental but not isotopic ratios, blurring the

appears that the composition variability was greatly reduced®*Pected correlation. . .
and nearly absent in the 1999—-2000 time frame compared to With the appropriate choice of reference species, SU(.:h
that seen in 1997-1998. Studies of future events may help 185 N&/M, the isotopic and elemental abundances are in-

determine whether this is merely a statistical aberration or arff€€d correlated approximately as expected from Eg. (1), as
unexplained feature of the solar cycle. shown in Fig. 2. Both Na and Mg are low-FIP elements,

so this ratio is unaffected by variable FIP fractionation. As
pointed out by Cohen et al. (1999), ions of both elements
are theoretically expected to hav@ electrons attached over
a broad range of coronal temperatures (Arnaud and Rothen-
flug, 1985), and sincé®*Na is neutron-rich with respect to
24Mg, there is a significant difference @/M. The diago-
nal line in Fig. 2 shows the correlation expected from Eq. (1),
assumingl(Na)=9 and@(Mg)=10. While this very simple

P PR . model provides a good first order fit to the data, the actual
1998 1999 2000 0.03 0.1 correlation appears to be shallower than expected.
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Fig. 2. The SEP?*?Nef°Ne ratio measured by ACE/SIS & >

15 MeV/nucleon plotted versus the date of the event (left) and the
Na/Mg ratio (right). The diagonal line in the right panel shows the
correlation expected from Eq. (1), while the horizontal line is the
solar wind value (Geiss et al., 1972).
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To obtain coronal abundances from the highly variableoz B H% . 7
SEP isotope measurements, we make use of the experience - %0 .
gained in studying elemental abundances. The variations of2 s B
heavy ion elemental abundances in individual gradual events: - .
have been found to scale reasonably well as a power Iaw% B
in the ionic charge to mass ratid)/M, with a different
power law index for each SEP event (Breneman and Stone, ©-3 :
1985). Since?) /M will differ for two isotopes of the same
element through the mass number, this same mechanism
should produce variations in the isotopic enhancements, angig_ 3. The>Ne"Ne versug®Mg/>*Mg isotopic ratios in each of
there should be a predictable correlation between elemenne SEp events shown in Fig. 1, normalized to standard solar system
tal and isotopic abundances. Following Mewaldt and Stoneyajues (Anders and Grevesse, 1989). The diagonal line shows the
(1989), if we base the power law fractionation index on the correlation expected using Eq. (1).
abundance ratio of any two reference species, such as Fe/O,
Na/Mg, or, in general terms, iRy, it readily follows (using As discussed by Leske et al. (2001a), the discrepancy be-

1 3
SEP 26Mg/24Mg / Solar System
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tween the data and the expected correlation in Fig. 2 may be
due to the fact that the predicted correlation is very sensitive

to @, and it is unlikely that)(Na) is exactly 9 and)(Mg) is
exactly 10 in every event as assumedQ@lIfs the same for 2

isotopes of the same element, then using an isotope ratio as

the reference value should yield a better correlation.

The correlation between th&Nel’Ne and?°Mg/>*Mg
ratios illustrated in Fig. 3 agrees very well with expectations 2

for most of the events with the better-determined values; ati
least no systematic deviation from the expected trend is ev<

ident. The outliers are smaller events with large uncertain-

ties and most are not seriously discrepant statistically, buts
it is interesting to note that they tend to lie near a value ofg
unity on one of the two axes, as if only one isotope ratio is &
fractionated while the other is unaffected. Since these outly-

ing events are among the smallest in our study, even a sma
amount of contamination from impulsive events might sig-
nificantly alter their composition. The mechanism responsi-
ble for the*He enrichment of impulsive events might also se-
lectively enhance other species with discrete valueg af/

at higher harmonics of th&He cyclotron frequency (Mason
etal., 1980), and in fact significant enrichments of bGtke

and 2°Mg have been reported itHe-rich periods (Mason
et al., 1994; Slocum et al., 2001). If it were possible for the
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resonance to affect a narrow enough frequency range, per-
haps only one of these two species might be enhanced, re~ig. 5. Deduced coronal source isotopic abundance ratio averages

sulting in a pattern such as appears to be present in Fig. 3.
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Fig. 4. Eleven SEP isotope abundance ratios normalized to stan-
dard abundances (Anders and Grevesse, 1989) plotted versus t

26Mg/?*Mg ratio. Symbols indicate the SEP events shown in Fig. 1.
Diagonal lines show expected correlations using Eq. (1).

from SIS SEP measurements without correcting for fractionation
(open boxes) and after correction (light grey boxes) by Eq. (1). For
comparison, standard solar system values (dashed lines; Anders and
Grevesse (1989)) and measured solar wind values (dark grey boxes;
see Wimmer-Schweingruber et al. (1999) and references therein)
are shown. Th&®Mg/?*Mg ratio was used as the fractionation cor-
rection reference value for everything other than thglg/**Mg

ratio, for which Na/Mg was used.

3 Results

Of the 2 isotopic ratios in Fig. 3, we cho&&#Mg/?*Mg as our
abundance standard so that we can obtain the SEP Ne com-
position in this study, which is of interest since the composi-
tion of Ne differs in various solar system materials. The SEP
abundance values for 11 isotope ratios for elements from C
to Ni are shown plotted versus this reference ratio in Fig. 4.
The data seem to follow the expected trends for species such
as Ne, Mg, Si, and Ca. For many of the heavy elements
from S and above, the agreement between the more limited
data and the expectations may break down, which might in-
dicate the actual dependence@piM/ is not a simple power

law for all @ /M as we assumed. FétC, 12 of the 15 data
points fall above the expected correlation, including most of
those for which thé®Mg/?*Mg and other ratios show little
Qrno fractionation. This preliminary result suggests tfi&t

iS routinely enhanced deC is depleted in SEP events rela-
tive to terrestrial abundances. We hope to extend the isotope
measurements to includeN to see if it is similarly affected.

Preliminary results obtained by solving Eq. (1) for the
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coronal isotope ratios and averaging over all the SIS mea- particle events from ACEGeophys. Res. Let6, 2697-2700,
surements are shown in Fig. 5. For comparison, we have 1999.
also calculated the weighted average without correcting forGarrard, T. L. and Stone, E. C., New SEP-based solar abundances,
the fractionation. This may be more appropriate for cases Proc. 23rd Internat. Cosmic Ray Conf. (Calgar@) 384-387,
such as S or Fe where the data may not follow the expected 1993. y _ _
fractionation correlations in Fig. 4, and with a large enoughGarrard, T. L. and Stone, E. C., Composition of energetic particles
data set (if unbiased by selection effects) may even averag f.r om solar flaresdy. Space Redl4, (10)589-(10)598, 1994.
eelss, J., Buehler, F., Cerutti, H., Eberhardt, P., and Filleux, Ch.,
out to the coronal value as seems to be the case for elemental g4, wind composition experiment, #ypollo-16 Preliminary
abundances (Reames, 1995b). Also, the uncorrected averagescience ReporNASA SP-315, 1972.
represents the average arriving solar particle composition akallenbach, R. et al., Fractionation of Si, Ne, and Mg isotopes in the
1 AU, and in the case 6PNe/°Ne, we find the uncorrected  solar wind as measured by SOHO/CELIAS/MTBhace Sci.
ratio consistent with the value f0.09 of the so-called SEP Rev, 85, 357-370, 1998.
component implanted in lunar soils (Wieler, 1998). Both cor- Leske, R. A. et al., Unusual isotopic composition of solar energetic
rected and uncorrected SEP values are compared with stan- particles observed in the November 6, 1997 ev@ebphys. Res.
dard solar system values (Anders and Grevesse, 1989) and Lett, 26, 153-156, 1999a.

existing solar wind values (Wimmer-Schweingruber et al. Leske, R. A. et al., Event-to-event variations in the isotopic com-
1999) in Fig. 5 " position of neon in solar energetic particle evef@spphys. Res.

It ing that thi limi tt t to obtai Lett, 26, 2693-2696, 1999b.
IS éncouraging that this preliminary attempt to obtain Leske, R. A. et al., Isotopic abundances in the solar corona as in-

coronal abundances from the fractionated SEPs seems 10 ferreq from ACE measurements of solar energetic particles, in
yield reasonable values. Except f6fC, all of the iso- Proc. Joint SOHO-ACE Workshop 2Q04IP Conf. Proc. , AIP,
tope abundances are withilrtbo of the Anders and Grevesse  New York, in press, 2001a.
(1989) “solar system” values. Although the correctéie Leske, R. A. et al., The ionic charge state composition at high en-
and®Ar are low compared to Anders and Grevesse, for both ergies in large solar energetic particle events in solar cycle 23, in
these species Anders and Grevesse adopted the solar windProc. Joint SOHO-ACE Workshop 2QGUP Conf. Proc., AIP,
values as their standard without accounting for mass fraction- Néw York, in press, 2001b.
ation in the solar wind of perhaps several percent (Kallen-Mason, G. M., Fisk, L. A., Hovestadt, D., and Gloeckler, G., A
bach et al., 1998). So far, Ni isotope abundances have not survey of~1 MeV nucleon * solar flare particle abundances,
’ T . 1 < Z < 26, during the 1973-1977 solar minimum period,
been reported from solar wind data, so the SEP value given h 5 070-1088. 1980
here is the first determination of the corofi#Ni/>®Ni ratio Astrophys. 1,239 107011088, 1980. W
e N Mason, G. M., Mazur, J. E., and Hamilton, D. C., Heavy-ion iso-
In many cases the uncertainties on the SEP-Qerlved COro- tgpic anomalies irfHe-rich solar particle event#strophys. J.
nal isotope values are comparable to those obtained from so- 425 843-848, 1994,
lar wind measurements. Additional SEP events such as thos@ewaldt, R. A. and Stone, E. C., Isotope abundances of solar coro-
of March and April 2001 should help reduce the uncertainties nal material derived from solar energetic particle measurements,
for species such as Ar to Ni where there are still only a few ~Astrophys. J.337, 959-963, 1989. _
measurements, but for most of the others a better theoreticdflewaldt, R. A. et al., Variable fractionation of solar energetic par-
understanding of the mass fractionation process is needed to ticles according to first ionization potential, Acceleration and
make much further progress. Ongoing measurements of the Transport of Energetic Particles Observed in the Heliosphere:
: o - ACE 2000 Symposiyradited by R. A. Mewaldt et al., no. 528 in
appa_rent decr_easmg variability in reqent events_ (Fig. _2), the AIP Conf. Proc. . pp. 123-126, AIP, New York, 2000,
possible fractionation of only some isotope ratios (Fig. 3),R

. . eames, D. V., Solar energetic particles: A paradigm sRiélys.
and the frequent enhancement'd€ (Fig. 4) may help to Geophys.33, 585-589 1gg5a_p P g -

shed light on the nature of the fractionation process. Reames, D. V., Coronal abundances determined from energetic par-
ticles,Adv. Space Resl5, (7)41—(7)51, 1995b.
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