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Abstract: A study of the frequency of occurrence of enhancements of energetic 3He from impulsive solar
energetic particle events has been carried out using data from the ULEIS and SIS instruments on the Advanced
Composition Explorer spacecraft. The data set, which currently extends over a 15+ year period from late 1997
through early 2013, shows rapid increases in the fraction of time that 3He was observable during both solar
cycle 23 and cycle 24. Averaged over the first three years of cycle 24 the fraction of time with 3He detected was
significantly less than for a comparable period in cycle 23. Over the period of this study, the variation of 3He
exhibited a better correlation with sunspot number than with several other parameters that were investigated.
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1 Introduction
Studies of solar energetic particle (SEP) composition car-
ried out during solar cycle 23 showed that suprathermal
seed particles can be efficiently accelerated by CME-
driven shocks[1, 2, 3] and that 3He-rich (also called im-
pulsive) SEP events frequently contribute to the pool
of suprathermals available for acceleration. These small
events, in which particle energization is associated with
magnetic reconnection in the corona, are identifiable on
the basis of the unique composition signatures they pro-
duce in the accelerated particle population[4]. These in-
clude large enhancements of the 3He/4He ratio, frequently
be factors of 103 or more relative to coronal material, as
well as enhancements of Fe/O by ∼10×.

Wiedenbeck et al.[5] used data from the Ultra-Low-
Energy Isotope Spectrometer (ULEIS) and the Solar Iso-
tope Spectrometer (SIS) instruments on the Advanced
Composition Explorer (ACE) spacecraft to determine how
frequently 3He from impulsive SEP events could be de-
tected in the interplanetary medium near Earth. During
the solar-maximum years 1999 through 2001 suprathermal
3He was observable more than half of the time. In a follow-
up study[6] it was reported that the fraction of time with
detectable 3He peaked around∼80% in mid-1999 and then
declined slowly over the following 5 years, but was still
∼40% at the end of 2004.

In the present paper we extend our earlier results
through the solar minimum years of 2007–2009 and into
the rising phase of solar cycle 24.

2 Observations
Figure 1 illustrates the type of data used for identifying
3He-rich periods. The left portion of the figure shows data
from a solar minimum period in 2010 while the right por-
tion shows a sample of data from early 2013 in which the
average intensity of SEP He has significantly increased. In
each case the four panels contain He mass spectrograms
covering a 27-day period corresponding to one solar Bar-
tels rotation. Particles of different energies are used for con-
structing each of the spectrograms, as indicated in the la-

bels along the vertical axes. Plotted points correspond to
individual detected 3He particles. In regions of the plots
where the density of points would be too great to distin-
guish, a colors are used to encode the number of points de-
tected within each 1-hour time period and 0.05 amu mass
bin. Events rich in 3He are identified as clusters of points
along the mass-3 line for which the density is clearly en-
hanced over the background level and for which there is
a clear separation from points clustered along the mass-4
line. Red horizontal bars are plotted below each panel to
indicate the times that were classified as having SEP 3He.

During solar minimum an approximately constant level
of background 4He is present at MeV/nuc energies due
to anomalous cosmic rays (ACRs). Some spillover from
the 4He mass peak into the mass-3 region results in a 3He
background that is particularly noticeable in the SIS 4.5–
7.6 MeV/nuc plot. This background is not clearly resolved
from the 4He and thus is not identified as being from an
SEP event. In the SIS 7.6–16.3MeV/nuc plot one can dis-
tinguish an approximately steady contribution of 3He that
is clearly separated from the 4He. This contribution is at-
tributed to secondary 3He particles present in the galactic
cosmic rays that have had their energies reduced due to so-
lar modulation. The density of 3He points used for identify-
ing material from impulsive SEP events is set high enough
to not include this GCR material, although these particles
do constitute another source of suprathermals that can be
further accelerated by interplanetary shocks. The intensi-
ties of both ACRs and GCRs decrease as the level of solar
modulation increases towards solar maximum. Thus these
backgrounds are mainly of concern in the solar minimum
data.

A “fraction of time” with 3He present was computed
for each Bartels rotation by summing the time periods
that meet our criteria for SEP 3He identification in any
of the four energy intervals (red horizontal bars in Fig. 1)
and dividing by the length of the rotation. The derived
time fraction depends on the instrumentation used for the
measurement since it is possible to miss SEP 3He when its
intensity is below the instrument sensitivity threshold or
when the background due to spill-over from the 4He mass
distribution is too great to allow identification of 3He. Thus
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Figure 1: Helium mass spectrograms from ACE/ULEIS (top two panels) and ACE/SIS (bottom two panels) for two Bartels
rotations. Left: rotation 2407 from Dec 2009–Jan 2010 when solar activity was at a minimum. Right: rotation 2452 from
Apr–May 2013 when solar cycle 24 activity may be near its maximum. Red horizontal bars under each panel indicate the
times that were classified as having 3He present in the corresponding energy range.

Figure 2: Fraction of the time that 3He from impulsive
SEP events was detected by ACE/ULEIS and/or ACE/SIS.
Points show values for individual 27-day Bartels rotations.
Solid red curve is a 7-rotation smoothing of these values.
The dashed blue curve is a copy of the solid red curve
shifted to the right by 13 years plus 1 month so that its rise
will approximately match the rise at the start of solar cycle
24.

the quoted time fractions actually represent lower limits.
With further work it should be possible to quantify the
distribution of 3He fluences as a function of energy.

Figure 2 shows the derived fractions of time with 3He
present for each Bartels rotation between late 1997 and
early 2013 (solid points). Since there is significant rotation-
to-rotation variation in the values, we have performed
a 7-point smoothing to show the long-term trends. The
smoothed data are shown with the solid red line. An inter-
esting feature of the time variation is the asymmetry be-
tween the increasing portion, where the rise is relatively
rapid, and the decreasing portion, where it is much more
gradual.

3 Comparison with Other Parameters
Numerous solar and heliospheric properties undergo solar
cycle dependent variations. In Figure 3 we compare the
variation of the 3He time fraction (panel (a)) with several
of these to look for correlations that may aid in the inter-
pretation of the 3He data. Panel (b) shows the sunspot num-

ber1, which is commonly used as a measure of the progress
of a solar cycle.

Impulsive SEP events are often associated with solar
x-ray flares, presumably because the magnetic reconnec-
tion events that accelerate the 3He observed in interplane-
tary space also accelerate electrons that then impact the so-
lar surface and produce the x-rays. In panel (c) we show
one measure of the x-ray flare activity, the fraction of time
during a solar rotation for which the 5-minute averaged
GOES soft x-ray flux in the 1–8 Å band exceeded a thresh-
old value of 1×10−6 W/m2 (C-class flares and above). The
flares associated with 3He-rich events are frequently as
weak as C-class, although only a small fraction of such
flares result in detectable SEP 3He. Some other possible
measures of x-ray flare activity, such as total x-ray fluence
during a solar rotation, were found to be dominated by
much larger flares, which are often accompanied by coro-
nal mass ejections and result in large “gradual” SEP events
where the particle acceleration occurs at the CME-driven
shock and does not have the strongly enhanced 3He/4He
characteristic of impulsive events. Even using the measure
of x-ray activity plotted in Figure 3, which was chosen to
emphasize the medium sized x-ray events, the solar-cycle
dependence of the x-ray plot bears little resemblance to
that of the 3He. In solar cycle 23 the x-rays peaked around
the beginning of 2002, about two years after the 3He time
fraction had started to decline. We have also considered
versions of the x-ray plot with alternate choices of the
flux threshold, but none of them resulting in significantly
greater similarity to the 3He trend.

Although it is very common for 3He-rich events to oc-
cur near sunspots and in association with x-ray flares, Ma-
son et al.[7] reported an example of a 3He-rich SEP event
associated with an active region in which sunspots had de-
cayed away leaving only H-α plagues. Thus in panel (d)
of Figure 3 we show the mean area (expressed as a per-
centage of a solar hemisphere) occupied by active regions,
without regard to whether or not they had sunspots. As ex-
pected, this parameter has a very similar time dependence
to that seen for the sunspot number in panel (b).

In addition to variations in flare frequency and inten-
sity over the solar cycle, there are also variations in the

1. http://www.ips.gov.au/Solar/1/6
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Figure 3: Solar cycle dependences of selected quantities:
(a) fraction of time with energetic 3He present; (b) sunspot
number; (c) fraction of time with 5-minute x-ray intensity
>C1; (d) mean percentage of solar hemisphere covered by
active regions; (e) mean absolute value of active region
latitudes; (f) tilt of the heliospheric current sheet. In each
panel points show values for individual Bartels rotations or
individual months while the curve is a 7-point smoothing
of these values.

mean heliographic latitude at which flares occur. This phe-
nomenon, which is commonly displayed in a solar “butter-

fly diagram”, it thought to be related to magnetic flux trans-
port by the Sun’s differential rotation and meridional circu-
lation (e.g., [8] and references therein). In panel (d) of Fig-
ure 3 we show the variation of the mean unsigned latitude
for active regions compiled in the daily reports of NOAA’s
Space Weather Prediction Center2. For this plot we used an
unweighted average of all of the reported active region lat-
itudes, but found that weighting the average by the region
area made essentially no difference in the plot. Although
the mean active region latitude undergoes a rapid change
early in a solar cycle, as did the 3He time fraction early in
cycle 23, the mean latitude increase occurred ∼2 years be-
fore that of the 3He time fraction and does not suggest a
simple explanation for the 3He variation.

Another well known solar-cycle dependence is that of
the tilt of the heliospheric current sheet. This is shown
panel (d) of Figure 3 as the time dependence of the mean
of the most northerly and most southerly excursions of the
current sheet derived using magnetograph data in conjunc-
tion with a potential field model3. The rapid increases of
the 3He time fraction in both solar cycles 23 (∼early 1997)
and 24 (late 2009) match fairly closely the times when the
tilt of the heliospheric current sheet was at its minimum.
However a physical mechanism that would cause such a
connection has not been identified.

An alternative way of comparing the time dependence
of the 3He variation with that of other solar parameters is
shown in Figure 4 where we plot the smoothed value of
each parameter as a function of the smoothed 3He frac-
tion evaluated at the same time. Data from solar cycle 23
are shown in red and those from cycle 24 are shown in
blue. A single-valued curve on such a plot would indicate
a one-to-one correspondence between the parameters be-
ing compared and would suggest a possible causal connec-
tion. Among these plots, panel (a) (3He percentage ver-
sus sunspot number) is the closest to being single valued.
A close correlation was present when the sunspot number
was below ∼80 during the rising portion of both cycles
and also during the declining portion of cycle 23. However
a physical origin of this correlation has not yet been sug-
gested.

4 Differences between Cycles 23 and 24
In Figure 2 the dashed blue curve is copy of the solid red
curve that has been shifted later in time to allow compar-
ison between the rising portions of the 3He curves in the
two solar cycles. Using a shift of 13 years and 1 month
as shown, the two curves match rather well through most
of 2011. This can be compared the length of cycle 23,
which according to one assessment4 was 12.6 years, ap-
proximately 6 months shorted than the shift we have used.
Prior to 2011 we can not make a comparison because at the
time ACE was launched (25 August 1997) the 3He time
fraction had already started to rise from its presumed low
point between cycles 22 and 23. After late 2011 the 3He
time fraction measured in cycle 24 stopped increasing, un-
like the time-shifted trend from cycle 23. A similar plateau-
ing can also be seen in the sunspot number plot (Fig. 3b),
also starting in mid 2011.

2. http://www.swpc.noaa.gov/Data/index.html#reports
3. http://wso.stanford.edu/Tilts.htm
4. http://en.wikipedia.org/wiki/List of solar cycles
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Figure 4: Plots showing correlations between the percentage of time that 3He was present versus other parameters that
vary over the solar cycle. Smoothed values shown in Fig. 3 were used for all variables, with interpolation to the times of
the 3He points, when necessary. The red portions of the curves show data from solar cycle 23 while blue portions show
cycle 24 data.

Although difference between the rising portions of the
3He curves for cycles 23 and 24 appear visually rather sig-
nificant, there is a large scatter in the values from one ro-
tation to the next and a few rotations in cycle 24 have
had 3He time fractions >80%, comparable to some of the
higher values seen in cycle 23. To obtain a more quantita-
tive comparison of the 3He results from the two solar cy-
cles, we have constructed distributions of the individual ro-
tation values for 40 rotations at comparable times in the
two solar cycles, as shown in Figure 5. The mean fractions
of time with 3He present are 62.1± 3.2% for cycle 23 and
36.3±3.3% for cycle 24. Thus the two mean values differ
by 5.6× their combined standard deviation, leading us to
conclude that one can not attribute the lower 3He time frac-
tions in cycle 24 to statistical fluctuations.

5 Summary
Data from the ULEIS and SIS instruments on ACE cover-
ing a 15+ year interval extending from early in solar cy-
cle 23 through much the rising phase of cycle 24 have been
used to investigate the solar-cycle variation of the fraction
of time that energetic 3He is present in the interplanetary
medium near Earth. This fraction increased rapidly near
the start of both cycles, but as of early 2013 the fraction
of time with 3He was significantly less, on average, than
at a comparable time in the previous cycle. In cycle 23 the
3He time fraction decreased slowly during the years 2000–
2006. It will be of interest to see whether data from the re-
maining years of cycle 24 indicate that a gradual fall off of
the fraction of time with 3He present could be a consistent
feature of solar activity cycles.
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