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Abstract. The isotopic composition of solar energetic particles (SEPs) has been measured using the Solar Isotope
Spectrometer on the Advanced Composition Explorer. The measurements include up to 12 isotope abundance
ratios for ten elements from C through Ni at energies of tens of MeV/nucleon in 18 large SEP events that have
occurred since November 1997. These measurements clearly establish that SEP isotopic composition can vary
widely (by factors of > 3) from event to event, presumably due to mass fractionation processes during particle
acceleration and/or transport. Elemental and isotopic abundance ratios are strongly correlated, suggesting that
elemental and isotopic fractionation relative to the coronal source are largely governed by the same processes.
Using empirical correlations to correct for the fractionation and obtain the coronal isotopic composition yields
preliminary abundance values in good agreement with those found in the solar wind, with comparable accuracy.

INTRODUCTION

A primary goal of the Advanced Composition Explorer
(ACE) mission is to better establish the elemental and
isotopic composition of the Sun. Solar energetic particles
(SEPs) provide a sample of solar material that may be
used for such studies, but particle acceleration and trans-
port processes can affect the arriving composition. Two
distinct categories of SEP events, impulsive and gradual,
are generally recognized [1]. Particles in gradual events
are thought to originate as solar wind or coronal material
accelerated by large shocks driven by coronal mass ejec-
tions. Elements in gradual SEP events have been mea-
sured for many years [e.g. 2]. Their abundances have
been found to be highly variable from event to event but
correlated with the ionic charge to mass ratio, Q/M [3].
When corrected for this fractionation [3, 4] or averaged
over many events [5], SEP abundances can be used to
determine the coronal elemental composition more accu-
rately than is possible from spectroscopic measurements
for some elements such as noble gases. In principle, the
coronal isotopic composition can be similarly obtained
from SEPs [6, 7], which has not been possible spectro-
scopically for more than a few isotopes.

Unlike the case for SEP elemental measurements, be-
fore the launch of ACE there were only a few SEP heavy
isotope measurements, and these included only elements

up to Si [see, e.g. 7, and references therein]. To ob-
tain adequate statistical accuracy, the earlier measure-
ments sometimes required sums over several SEP events
[8, 9, 10] and the resulting values usually agreed with
terrestrial abundances but with rather large uncertainties.
Isolated differences were noted for some gradual events
[6, 7], and significant enrichments of 22Ne were found in
3 He-rich periods [11].

In recent studies using ACE data, enhancements by
up to a factor of ~2 were reported in the 6 November
1997 SEP event for many heavy/light isotope abundance
ratios from 13C/12C to 60Ni/58Ni [12]. Using the Solar
Isotope Spectrometer (SIS) on ACE, the 22Ne/20Ne ra-
tio was observed to vary by a factor of > 3 from event
to event at energies of 24-72 MeV/nucleon [13], and
similar or greater variability was found for Ne in other
events at lower energies [14]. In the present work, we ex-
tend the previous ACE/SIS studies and present isotopic
abundance measurements for C, O, Ne, Mg, Si, S, Ar,
Ca, Fe, and Ni in as many as 18 individual SEP events.
The isotopic composition is highly variable, but using the
abundance correlations between different species we em-
pirically correct for the variation and obtain preliminary
coronal isotopic abundances from SEPs. Observations in
a subset of the events over a more limited energy interval
are also reported in [15, 16].
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OBSERVATIONS AND ANALYSIS

Using the dE/dx versus residual energy technique in a
pair of silicon solid-state detector telescopes, the SIS in-
strument allows the nuclear charge, Z, mass, M, and total
kinetic energy, E, to be determined for particles with en-
ergies of ~ 10 to ~ 100 MeV/nucleon [17]. For this study,
we selected SEP events with sufficient fluxes of high en-
ergy heavy ions (E •> 15 MeV/nucleon, where mass res-
olution is best) to obtain statistically meaningful isotope
abundances. Time profiles of the 18 selected events are
shown in Figure 1. Their peak intensities vary by more
than three orders of magnitude at these energies, with
the events in the year 2000 (bottom panel) containing
most of the smallest events considered for this study as
well as the two largest SEP events in this solar cycle.
The very high counting rates and correspondingly high
rate of chance coincidences at the peaks of these two
largest events severely degraded mass resolution in SIS
(although the resolution is still adequate to separate ele-
ments), and therefore we restricted the isotopic analysis
to the decay phases of these two events.

315 319 323 327 331 335

FIGURE 1. Time profiles of the 18 SEP events examined
here, using hourly-averaged intensities of 21-64 MeV/nucleon
oxygen from SIS on ACE. Shaded bars indicate time periods
used for the isotope analysis; symbols represent these periods
in Figures 3-5.

Isotopes of elements up through Ni are measured by
SIS with a mass resolution which varies with Z and E; for
the species and energies studied here it typically ranges
from ~0.15 to ~0.3 amu. Details of the analysis required
to obtain isotope abundance ratios and examples of mass
histograms are given elsewhere [12, 13], but in most
cases the good mass resolution makes the determination
of abundances straightforward.

Obtaining coronal abundances from these data is not
so simple, however, due to the fact that the SEP iso-
topic abundances may vary significantly from event to
event [13], as shown for the 22Ne/20Ne ratio in Figure 2.
Surprisingly, it appears that the composition variability

was greatly reduced and nearly absent in the 1999-2000
time frame compared to that seen in 1997-1998. The re-
duced %2 obtained from fitting a constant to the first 9
points in Figure 2 is 83, while for the last 9 points it is a
much more reasonable 1.3, indicating a statistically sig-
nificant change in the variability. Tracking the variability
of the composition in future events may help to deter-
mine whether this is merely a statistical aberration or an
unexplained feature of the solar cycle.
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FIGURE 2. The SEP 22Ne/20Ne ratio measured by ACE/SIS
at E > 15 MeV/nucleon plotted versus the date of the event.

In obtaining coronal abundances from the highly vari-
able SEP isotope measurements, we are guided by the
experience gained in coping with a similar situation en-
countered for elemental abundances. The variations of
heavy ion elemental abundances in individual gradual
events relative to coronal values have been found to scale
reasonably well as a power law in the ionic charge to
mass ratio, Q/M [3], with a different power law index
for each SEP event. If the Q/M ratio is indeed the rele-
vant organizing parameter, then the same physical mech-
anism responsible for the elemental fractionation, what-
ever it is, should also produce variations in the isotopic
abundances, since Q/M will differ for two isotopes of
the same element through the mass number. This im-
plies there should be a predictable correlation between
the abundances of various species, in particular between
elemental and isotopic abundances. Following [6], if we
base the power law fractionation index on the abun-
dance ratio of any two reference species, such as Fe/O,
Na/Mg, or, in general terms, Ri/R2, (and remembering
that xlny = ylnx) it readily follows that we would expect
the enhancement or depletion of the SEP abundance ratio
for isotopes a and b of element X to be:

(aX/6X)SEP

( ^/ Xj corona

(RI/R•2JSEP

(Ri/R2)c

_ _ _ _ _ _ _ _ _ _
M(G/M)Rl/(G/M)R2]

(D

using the fact that Q should be the same for two isotopes
of the same element.

To evaluate the expected enhancement from equa-
tion (1), the ionic charge state Q must be known for the
reference species. Ionic charges are not often measured
at SIS energies of tens of MeV/nucleon, and the mea-
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surements that exist show considerable variability for el-
ements such as Fe [see, e.g. 18, and references therein].
Although measurements of Q at lower energies might
be used [3], they may not apply to SIS data since sev-
eral events have been clearly shown to exhibit energy-
dependent charge states for heavy elements [19, 20, 21].
In addition, the relevant value of Q in equation (1) is
that which the particles have when the elemental and iso-
topic fractionation takes place, which may be quite dif-
ferent from the value at 1 AU if fractionation happens
early and if, for example, stripping occurs in acceleration
through the corona [22, 23]. Another complication not
addressed in equation (1) is the fact that in gradual SEP
events the abundances of elements with low first ioniza-
tion potential (FIP), such as Fe, are generally enhanced
over those with high FIP, such as O, by an amount which
also varies from event to event [24, 25]. In spite of the
above considerations, a reasonable correlation has been
shown between isotopic abundances and the Fe/O ratio
[12,13,15], but uncertainties in the value of Q(Fe) at SIS
energies make it difficult to directly compare the correla-
tion with predictions.

0.3
0.03 0.1 0.03

Na/Mg Ratio

FIGURE 3. The 22Ne/20Ne (left) and 26Mg/24Mg (right)
isotopic ratios versus the Na/Mg elemental abundance ratio
in each of the SEP events of Figure 1. Both isotope ratios
have been normalized to their respective "solar system" value
[26]. Diagonal lines show the correlations expected from equa-
tion (1), assuming the charge states of Na and Mg as indicated.

With the appropriate choice of reference species, such
as Na/Mg, we do find that the isotopic and elemental
abundances tend to be correlated approximately as ex-
pected from equation (1), as shown in Figure 3. Both Na
and Mg are low-FIP elements so this ratio is unaffected
by variable FIP fractionation. As pointed out by Cohen
et al. [27], both elements are theoretically expected to
have ~2 electrons attached over a broad range of coronal
temperatures [28], and since 23Na is neutron-rich with
respect to 24Mg, there is a significant difference in Q/M.
The solid lines in Figure 3 show the correlations expected
from equation (1), assuming Q(Na)=9 and Q(Mg)=10.
While this very simple model provides a good first or-
der fit to the data, both isotope correlations appear to be
shallower than expected.

0.3
0.3

SEP 26Mg/24Mg / Solar System

FIGURE 4. The 22Ne/20Ne versus 26Mg/24Mg isotopic ra-
tios in each of the SEP events shown in Figure 1, normalized to
standard solar system values [26]. The diagonal line shows the
correlation expected using equation (1).

The predicted correlations are very sensitive to Q, and
a small change of only 1% in the Q(Na)/Q(Mg) ratio
changes the expected slope considerably, as also shown
in Figure 3. Detailed equilibrium calculations [28] show
that at a constant temperature Q(Na)/2(Mg) is > 0.9 for
all temperatures from 0.5-10 MK, that is, the expected
correlation should be steeper than the solid line in Fig-
ure 3 and more discrepant with the data. However, the
assumption of a constant temperature for all elements is
probably unwarranted. In fact, Mg in particular is often
found to have a mean Q typical of higher temperatures
than most other elements [29, 30], which would result
in a lower value of Q(Na)/Q(Mg) more consistent with
the observed correlation. In any case, the relatively small
amount of scatter in Figure 3 suggests that at the time
of fractionation, Q(Na)/Q(Mg) does not differ by more
than a few percent from event to event. This is consider-
ably less than the event-to-event variability in individual
charge states observed at 1 AU [31] and may provide a
clue as to how and when mass fractionation takes place.

If the residual scatter in Figure 3 is indeed due to vari-
ability in the Q(Na)/Q(Mg) value and if Q is the same
for 2 isotopes of the same element, then a better corre-
lation should be possible using an isotope ratio as the
reference value. This is illustrated by the correlation be-
tween the 22Ne/20Ne and 26Mg/24Mg ratios in Figure 4
which, for most of the events with the better-determined
values, agrees very well with the expected correlation.
At least no systematic deviation from the expected trend
is evident. Although the outliers are small events with
large uncertainties and most are not seriously discrepant
statistically, it is interesting to note that they tend to lie
near a value of unity on one of the two axes, as if only
one isotope ratio is fractionated while the other is unaf-
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FIGURE 5. Eleven SEP isotope abundance ratios (normalized to standard abundances [26]) plotted versus the 26Mg/24Mg ratio.
Symbols indicate the SEP events shown in Figure 1. The diagonal lines show the correlations expected using equation (1).

fected. Since these outlying events are among the small-
est in our sample, even a small amount of contamina-
tion from impulsive events might significantly alter their
composition. Of the ~6 outliers, 5 exhibit modest Fe en-
hancements, with Fe/O~0.5. Most of the events in our
study contain significant enhancements of 3He [16, 32],
which could be due to residual material from impulsive
flares resident in the interplanetary medium which is later
accelerated by a shock [33]. The ion cyclotron wave res-
onances [34, 35] or cascading Alven waves [36] respon-
sible for the 3He enrichment of impulsive events might
also selectively enhance other species with discrete val-
ues of Q/M at higher harmonics of the 3He cyclotron fre-
quency [37], and in fact significant enrichments of both
22Ne and 26Mg have been reported in 3 He-rich periods
[11, 38]. If it were possible for the resonance to affect
a narrow enough frequency range, perhaps only one of
these two species might be enhanced, resulting in a pat-
tern such as appears to be present in Figure 4. It will be
interesting to see if this pattern persists as more events
accumulate during this solar cycle.

RESULTS

The isotopic composition of Ne is interesting since it
differs in various solar system materials. Therefore, of
the 2 isotopic ratios in Figure 4, we chose the 26Mg/24Mg
ratio as our abundance standard so that we can solve

for the SEP Ne composition in this study. The SEP
abundance values for 11 isotope ratios for elements from
C to Ni are shown plotted versus this reference ratio in
Figure 5. The different expected slopes arise from the
different relative mass number ratios, and the data seem
to follow these expected trends for certain 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 is not as clear. The agreement
might break down with increasing distance in Q/M from
Mg if the actual dependence on Q/M is not a simple
power law as we assumed. For 13C, 12 of the 15 data
points fall above the expected correlation, including most
of those for which the 26Mg/24Mg and other ratios show
little or no fractionation. The reason for this is not at all
clear, but if this preliminary result holds up, it suggests
that 13C routinely is enhanced or 12C is depleted in SEP
events relative to terrestrial abundances. In future work
we plan to extend the isotope measurements to include
15N to see if it is similarly affected.

To correct for the Q/M-dependent mass fractionation,
we solve equation (1) for the coronal isotope ratios. For
example, using the 26Mg/24Mg ratio as the reference
ratio Ri/R2, the 22Ne/20Ne coronal value obtained from
any SEP event would be:

/22Ne\ /22Ne\ (26Mg/24Mg)
ln(20/22)
ln(24/26)

(2)
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FIGURE 6. Deduced coronal source isotopic abundance ratio averages from SIS SEP measurements without correcting for
fractionation (open boxes) and after correction (light grey boxes) as in equation (2). For comparison, standard solar system values
(dashed lines; [26]) and measured solar wind values (dark grey boxes; [see 39, and references therein]) are shown. The 26Mg/24Mg
ratio served as the reference value for the fractionation corrections for everything other than the 26Mg/24Mg ratio, for which Na/Mg
at the ionic charge ratios considered in Figure 3 was used.

Note that the effect of uncertainties in the selected ref-
erence value is easy to determine from this expression,
the propagation of errors is straightforward, and the ex-
ponents are simple constants and do not depend on the
measured values.

Preliminary solar coronal isotopic abundances ob-
tained following the example of equation (2) and averag-
ing over all the SIS measurements are shown in Figure 6.
For comparison, we have also calculated the weighted
average without correcting for the fractionation, but in-
cluding in the weighting the width of the parent popula-
tion distribution added in quadrature to the statistical un-
certainties. This may be a more representative value for
cases such as S or Fe where the data may not follow the
expected fractionation correlations in Figure 5, and with
a large enough data set (if unbiased by selection effects)
may even average out to the coronal value as seems to be
the case for elemental abundances [5]. Also, the uncor-
rected average is the appropriate one to consider for as-
sessing the average arriving solar particle composition at
1 AU. For example, the uncorrected average 22Ne/20Ne
ratio we find here is consistent with the value of ~0.09
of the so-called SEP component detected in lunar soils
[40]. Both our corrected and uncorrected SEP values are

also compared with the standard solar system values [26]
and existing solar wind values [39] in Figure 6.

Although the results are preliminary, it is encouraging
that this early attempt to obtain coronal abundances from
the fractionated SEPs seems to yield reasonable values.
With the exception of 13C, all of the isotope abundances
are within 2.5a of the Anders and Grevesse [26] "so-
lar system" values. Both the corrected noble gas isotopes
22Ne and38 Ar appear a bit low compared to Anders and
Grevesse, but for these two species Anders and Grevesse
adopted the solar wind values as their standard without
accounting for mass fractionation in the solar wind of
perhaps several percent [41]. So far, Ni isotope abun-
dances have not been reported from solar wind data, so
the SEP value given here is the first determination of the
60Ni/58Ni ratio in the corona.

In many cases the uncertainties on the SEP-derived
coronal isotope values are comparable to those obtained
from solar wind measurements. Accumulating additional
SEP events will help reduce the uncertainties for the
heaviest species such as Ar to Ni where there are still
only a few measurements, but for most of the others a
better theoretical understanding of the mass fractiona-
tion process is required to make much further progress.
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Tracking some of the puzzles uncovered here through the
declining part of the solar cycle, such as the decreasing
variability in recent events (Figure 2), the possible frac-
tionation of only some isotope ratios (Figure 4), and the
apparent common enhancement of 13C (Figure 5) may
help to shed light on the nature of the fractionation pro-
cess.
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