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Abstract. Solar energetic particles (SEPs), like the solar wind, provide a direct sample of the Sun. Although SEP abundances
show a variable amount of mass fractionation, it is possible to develop methods of correcting for it in order to deduce
the composition of the corona. Using high-resolution measurements from the Solar Isotope Spectrometer on the Advanced
Composition Explorer, we have studied the isotopic composition of 10 abundant elements from C to Ni in 32 large SEP events
from late 1997 to the end of 2001 at energies 
 15 MeV/nucleon. We show that various isotopic and elemental enhancements
are correlated with each other, discuss the first order corrections used to account for the variability, and obtain estimated
coronal abundances. We compare the coronal values and their uncertainties inferred from SEPs with those that are available
from solar wind and meteoritic measurements and find generally good agreement. We include C and Ni isotopic abundances,
for which no solar wind measurements have yet been reported.

INTRODUCTION

Studies of solar material in both the solar wind and so-
lar energetic particles (SEPs) may be used to determine
the Sun’s composition, and each approach has its own
challenges. For example, solar wind composition mea-
surements typically require detailed knowledge of instru-
ment response functions, efficiencies, and backgrounds,
whereas SEP abundances are often highly skewed by
fractionation processes during particle acceleration or
transport. It is therefore valuable to compare solar abun-
dances obtained from both types of studies.

The seed material for gradual SEP events is thought
to be solar wind or coronal material accelerated by large
shocks driven by fast coronal mass ejections [1]. Elemen-
tal abundances vary greatly from event to event but are
correlated with the ionic charge to mass ratio, ���� [2].
After correcting for this fractionation [2, 3] or averaging
over many events [4], SEP abundances reveal the coronal
elemental composition. In principle, the coronal isotopic
composition can be similarly determined [5, 6].

Recent studies using the Solar Isotope Spectrometer
(SIS) on the Advanced Composition Explorer (ACE)
have found large enhancements and event-to-event vari-
ability in SEP isotopic abundance ratios [see, e.g. 7,
and references therein]. In the present work, we present
ACE/SIS isotopic abundance measurements for C, O,

Ne, Mg, Si, S, Ar, Ca, Fe, and Ni in as many as 32 in-
dividual SEP events. Although the isotopic composition
is highly variable, we can use the observed correlations
to empirically correct for the variations to first order and
obtain coronal isotopic abundances from SEPs, which we
compare with solar wind and terrestrial abundances.

OBSERVATIONS AND ANALYSIS

The SIS instrument uses the d � /d � versus residual en-
ergy technique in a pair of silicon solid-state detector
telescopes to obtain the nuclear charge, � , mass, � , and
total kinetic energy, � , for particles with energies of � 10
to � 100 MeV/nucleon [8]. For this study, we examined
all SEP events with high-energy heavy ion fluxes large
enough to yield statistically meaningful isotope abun-
dances for at least a few isotope ratios. This selection
resulted in 32 large SEP events, including the 18 dis-
cussed in our earlier work [7] and an additional 14 in
2001. During the very highest rate periods, mass resolu-
tion is degraded by chance coincidences between heavy
ions and low energy protons. Therefore, time periods
near the peaks of the 14 July 2000, 9 November 2000,
24 September 2001, 4 November 2001, and 22 Novem-
ber 2001 events were not used for the isotopic analysis.
Mass resolution depends on � and � ; for the species
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and energies studied here it ranges from � 0.15 to � 0.3
amu. Obtaining event-integrated isotope abundance ra-
tios from these high-resolution data is straightforward;
further details are given elsewhere [9, 10].

Deriving coronal abundances from SEP data is com-
plicated by the fact that SEP isotopic abundances may
vary significantly from event to event [10], as shown for
the ��� Ne/ � � Ne ratio in Figure 1. There is some indication
that this variability may depend on the phase of the so-
lar cycle [11]; further investigation may help determine
if this is indeed the case or if the apparent changes in
variability are merely statistical aberrations.

FIGURE 1. The SEP ��� Ne/ � � Ne ratio measured by ACE/SIS
at

� 
���� MeV/nucleon plotted versus the date of the event,
compared with the average solar wind value [12] (dashed line).

As mentioned above, earlier studies [e.g. 2] have
shown that SEP heavy ion elemental abundances are also
quite variable from event to event, with abundance ra-
tios that scale approximately as a power law in ����
with a different power law index for each SEP event. Any
process which fractionates elements based on � ��� will
also affect isotopes with different � , and there should
be a predictable correlation between elemental and iso-
topic abundances. Following [5], if we base the power
law fractionation index on the abundance ratio of any
two reference species, such as Fe/O, Na/Mg, or, in gen-
eral terms, R 	 /R � , power-law fractionation in �� � im-
plies that the enhancement or depletion of any other SEP
abundance ratio X 	 /X � should be:
�� 	�� � � ������
�� 	 � � � �������������� � 
�� 	 � � � ������
�� 	 � � � ���������� �"!$# %�& ')(+*-,�.0/+12*3'4(5*-,6.0/87 9# % & ')(+*-,�.;: 1 *3'4(5*-,6.;: 7 9�<

(1)
We find that isotopic abundances are indeed correlated

with elemental abundances, as illustrated in Figure 2,
which reinforces the trends seen with many fewer events
in earlier work [10]. To compare the correlations with
those expected from equation (1), the ionic charge states
� of the species involved must be known. It is reason-
able to assume that � 
 ��� Ne)= � 
 � � Ne), so the values of
� 
�� 	  and � 
�� �  in equation (1) factor out, but this will
not be true for the charge states of Fe/O or Na/Mg used in
Figure 2. For most SEP events � is not measured at en-
ergies of tens of MeV/nucleon. Lower energy measure-
ments may not apply as several events have been found

FIGURE 2. The SEP ��� Ne/ � � Ne isotopic ratio plotted ver-
sus the Fe/O (left) and Na/Mg (right) elemental abundance ra-
tios. Diagonal lines show the correlations expected from equa-
tion (1), assuming parameters discussed in the text. The hori-
zontal dashed line marks the solar wind ��� Ne/ � � Ne value.

with energy-dependent charge states for heavy elements
[e.g. 13], while those higher energy charge state mea-
surements that do exist show considerable event-to-event
variability [see, e.g. 14, and references therein]. Also,
note that in the derivation of equation (1) it was implic-
itly assumed that any elemental fractionation associated
with the first ionization potential (FIP) effect is the same
magnitude in the SEP event as it is in the corona. How-
ever, the size of the FIP effect in SEP events is variable
[15, 16], which can affect certain elemental but not iso-
topic ratios and may blur the expected correlations.

If we evaluate equation (1) with � (Fe)=15 [17] (and a
FIP step of 4), we obtain the dotted line in Figure 2. If
instead we use � (Fe)=18 and a reduced FIP step of 1.7,
both of which were found for the 6 November 1997 event
[18], we obtain the steeper solid line. Mean iron charge
states both lower than 15 and higher than 18 have been
observed [14], so the illustrated lines indicate only some
of the range of variability that might be expected.

The ��� Ne/ � � Ne ratio correlates much better with
Na/Mg, as shown in the right panel of Figure 2. Note that
those events with ��� Ne/ � � Ne values near that of the solar
wind exhibit Fe/O ratios which span nearly 2 orders of
magnitude, while all their Na/Mg ratios are tightly clus-
tered around the coronal value. Na and Mg have similar
FIP values, and their charge states are much less variable
than those of Fe. As noted in [19], both Na and Mg ions
should have � 2 electrons attached over a broad range of
coronal temperatures [20], and ��= Na is neutron-rich com-
pared to ��> Mg, so they differ significantly in �� � . The
dot-dashed line in Figure 2 shows the expected correla-
tion if � (Na)=9 and � (Mg)=10. This very simple model
provides a good first order fit to the data, but the actual
correlation line is a bit shallower than predicted.

The predicted correlations are very sensitive to � for
reference ratios involving similar values of �� � , and
changing � (Na)/ � (Mg) by only ?A@ changes the ex-
pected slope considerably [7]. Even if � could be mea-
sured to this accuracy at SIS energies, it is � at the time
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FIGURE 3. The ��� Ne/ � � Ne versus ��� Mg/ ��> Mg isotopic ra-
tios in each of the 32 SEP events, normalized to standard solar
system values [21]. The diagonal line shows the correlation
expected using equation (1).

of fractionation that is relevant, which may differ from
that at 1 AU if fractionation happens early and if strip-
ping occurs in acceleration through the corona [see, e.g.
22]. The sensitivity of the correlations to variability in
the Na and Mg charge states may account for the scatter
still present in the right panel of Figure 2.

FIGURE 4. Eleven SEP isotope abundance ratios (normal-
ized to standard solar system abundances [21]) in up to 32
SEP events plotted versus the ��� Mg/ ��> Mg ratio. Diagonal lines
show the correlations expected using equation (1).

Since � should be the same for isotopes of the same
element, if we use an isotope ratio as the reference value
in equation (1) the charge states factor out and we might
expect a tighter correlation. This is illustrated by the plot
of ��� Ne/ � � Ne versus ��� Mg/ ��> Mg in Figure 3. Most of the
events with small uncertainties agree very well with the
expected line, while the outliers tend to have the largest
uncertainties. Across the range of observed values no
systematic deviation from the expected trend is evident.

RESULTS

The SEP abundance values for 11 isotope ratios for ele-
ments from C to Ni are shown plotted versus ��� Mg/ ��> Mg
in Figure 4, with the correlations expected from equa-
tion (1) indicated by diagonal lines. The data roughly
agree with the expected trends for O, Ne, Mg, and Si.
Elements heavier than Si tend to have fewer data points
and larger uncertainties, and it is unclear whether there
is any fractionation at all, much less whether it follows
the expected trends. The correlations may break down for
species with ���� far from that of the Mg reference ratio
if the actual dependence on �� � is not a simple power
law as we assumed. At lower � , 	 = C is often enhanced or	 � C is depleted in SEP events relative to terrestrial abun-
dances, but the reason for this is not understood. Higher	 = C values do not appear to be due to spillover from 	 � C,
as the two mass peaks are generally well separated [9].

Using ��� Mg/ ��> Mg as the reference ratio, taking its
coronal value to be the terrestrial value [21], and as-
suming � is the same for different isotopes of the same
element, we solve equation (1) for the coronal isotope
ratios for each SEP event. Averaging over all the SIS
measurements for each isotope ratio results in the SEP-
derived coronal values shown in Figure 5. We also show
the weighted average without correcting for fractiona-
tion, which may be more appropriate for cases where the
data may not follow the expected fractionation correla-
tions. Also, the uncorrected number gives the average
SEP composition arriving at 1 AU, and for ��� Ne/ � � Ne
we find it to be consistent with the value of � 0.09 of the
so-called SEP component found implanted in lunar soils
[23] (but see also [24]). Our SEP-derived values are also
compared with standard solar system values [21] and ex-
isting solar wind values [12, 25, 26, 27] in Figure 5.

Although our fractionation correction is simplistic, the
resulting coronal abundances mostly appear to be quite
reasonable. All but 2 values are within

���
of the stan-

dard “solar system” values [21] (which are actually ter-
restrial values except for Ne and Ar, for which solar wind
values were used). Neither C nor Ni isotope abundances
have yet been reported from solar wind data. Our 	 = C
measurements suggest significant additional fractiona-
tion of SEP C isotopes, but �

�
Ni/ ��� Ni appears to be much

less variable and the average is more likely representa-
tive of the corona. For ratios such as 	 � O/ 	 � O, =�> S/ =�� S,
and ��> Fe/ ��� Fe, uncertainties on the SEP-derived coronal
abundances are comparable to those obtained from the
solar wind. Additional SEP events may reduce the un-
certainties for the heaviest species where there are still
only a few measurements, but a better theoretical under-
standing of the mass fractionation process would allow
much further progress. Continued study of puzzles such
as apparent changes in fractionation with the solar cycle
and the frequent enhancement of 	 = C may provide clues
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FIGURE 5. Average coronal isotopic abundance ratios from
SIS SEP measurements after correcting for fractionation (dark
grey boxes). The ��� Mg/ ��> Mg ratio served as the reference
value in equation (1) for everything other than the ��� Mg/ ��> Mg
ratio, for which ��� Ne/ � � Ne was used. For comparison, averages
without fractionation corrections (open boxes), standard solar
system values (dashed lines; [21]) and measured solar wind
values (light grey boxes; [12, 25, 26, 27]) are shown.

to the nature of the fractionation process.
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