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Abstract We report spacecraft measurements of the energy spectra of solar protons and
other solar energetic particle properties during the 16 Ground Level Events (GLEs) of Solar
Cycle 23. The measurements were made by eight instruments on the ACE, GOES, SAM-
PEX, and STEREO spacecraft and extend from ~0.1 to ~500-700 MeV. All of the proton
spectra exhibit spectral breaks at energies ranging from ~2 to ~46 MeV and all are well
fit by a double power-law shape. A comparison of GLE events with a larger sample of
other solar energetic particle (SEP) events shows that the typical spectral indices are harder
in GLE events, with a mean slope of —3.18 at >40 MeV/nuc. In the energy range 45 to
80 MeV/nucleon about ~50 % of GLE events have properties in common with impulsive
3He-rich SEP events, including enrichments in Ne/O, Fe/O, 2?Ne/*°Ne, and elevated mean
charge states of Fe. These *He-rich events contribute to the seed population accelerated by
CME-driven shocks. An analysis is presented of whether highly-ionized Fe ions observed
in five events could be due to electron stripping during shock acceleration in the low corona.
Making use of stripping calculations by others and a coronal density model, we can account
for events with mean Fe charge states of (Qg.) & +20 if the acceleration starts at ~1.24-1.6
solar radii, consistent with recent comparisons of CME trajectories and type-II radio bursts.
In addition, we suggest that gradual stripping of remnant ions from earlier large SEP events
may also contribute a highly-ionized suprathermal seed population. We also discuss how
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observed SEP spectral slopes relate to the energetics of particle acceleration in GLE and
other large SEP events.

Keywords Sun: particle emission - Sun: coronal mass ejections (CMEs) - Acceleration of
particles - Solar energetic particle acceleration - Sun: composition - Ionic charge states

1 Introduction

Ground-level events (GLEs) are large Solar Energetic Particle (SEP) events in which the in-
tensity of high-energy solar protons is sufficient to rise above the galactic cosmic ray (GCR)
background in one or more ground-based neutron monitors (e.g., Lopate 2006), muon de-
tectors (Falcone et al. 2003; Abbasi et al. 2008), or ionization chambers (Forbush 1946).
For high-latitude neutron monitors, the threshold for H (or He) is set by the thickness of
the atmosphere at ~500 MeV/nuc. GLEs are of space weather interest because they can
present a risk to humans and hardware in space, as well as airline communications (Shea
and Smart 2012). GLEs are of interest scientifically because they represent examples of
events in which the particle acceleration process has apparently been more efficient, lasted
longer, or been more widespread than in ~90 % of more typical SEP events. During solar
cycle 23 there were 16 GLEs, giving a total of 70 observed over the past ~70 years. For all
cycle 23 events there are direct measurements of proton energy spectra by spacecraft that
extend from ~0.1 MeV to 500-700 MeV. These 16 events were the subject of two interdis-
ciplinary LWS workshops held in Palo Alto, CA in January 2009 and in Huntsville, AL in
November 2009.

There have been a number of previously reported spacecraft measurements of GLE
events over the energy range from ~1 to several hundred MeV, in some cases compared
to energy spectra derived from neutron monitor data (see, e.g., Lockwood et al. 1974; De-
brunner et al. 1984, 1988; McGuire and von Rosenvinge 1984; Van Hollebeke et al. 1990).
These authors favored energy spectra that included both power-laws and exponentials in ei-
ther kinetic energy or rigidity, as well as Bessel functions in momentum/nuc. In this study
we investigated fitting cycle-23 energy spectra with three separate spectral forms.

Previous studies have also reported that GLE events are very often enriched in heavy
elements such as Fe. For example, Tylka et al. (2005) found that 23 of 25 GLE events from
solar cycles 21 and 22 had Fe/O ratios that were elevated by at least a factor of 2 with
respect to average SEP abundances (Reames 1995). We update these comparisons with new
data from solar cycle 23, and also examine other related composition ratios. In particular, we
examine the possibility that the presence of highly-ionized Fe in some of these events could
be due to electron stripping in the low corona during or prior to the acceleration process.

In this paper we summarize spacecraft measurements of proton energy spectra, of the
composition of abundant elements, and of other properties of the solar energetic particles
(SEPs) observed in situ in the GLE events of solar cycle 23. We also discuss the energetics
of large SEP events.

2 Observations
The spacecraft measurements reported here extend in energy from ~100 keV/nuc to ~500—

700 MeV/nuc for protons and from 12 MeV/nuc to ~80 MeV/nuc for heavier ions. They
were made with instruments on NASA’s ACE, SAMPEX, and STEREO missions and on
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Fig. 1 Daily average intensities of >30 MeV protons in units of protons/cm2 s from 1997 through 2008 as

measured by the EPS instruments on GOES-8, GOES-11 and GOES-12. The dates of GLE events are labeled.
In many cases these events are only days apart

NOAA’s GOES-8, 10, 11, and 12 missions. ACE orbits the inner LaGrangian point (L1)
providing continuous coverage of solar wind and SEP events that affect Earth. This paper
includes proton data from the Electron, Proton, and Alpha Monitor (EPAM; Gold et al.
1998) and the Ultra-Low Energy Isotope Spectrometer (ULEIS; Mason et al. 1998), and
composition data from the Solar Isotope Spectrometer (SIS; Stone et al. 1998).

SAMPEX is in a ~600 km, 82° inclination orbit that provides two ~15 minute high-
latitude passes (>70° invariant latitude) during each ~90 minute orbit (Baker et al. 1993).
During polar passes the SAMPEX instruments are oriented towards the zenith. SAMPEX
data from the Proton-Electron Telescope (PET; see Cook et al. 1993a and Mewaldt et al.
2005a) and the Mass Spectrometer Telescope (MAST; Cook et al. 1993b) are available for
all but two of the 16 GLEs; during the May 1998 events SAMPEX was in a spin mode
such that the telescopes were not always zenith-pointing at high latitudes. STEREO was
launched in October 2006, just in time to record the last GLE of solar cycle 23. The SEP
data included here are from the Low Energy Telescope (Mewaldt et al. 2008a) and the High
Energy Telescope (von Rosenvinge et al. 2008). The twin STEREO spacecraft are separating
from Earth at ~22.5° per year.

NOAA’s GOES satellites are in geosynchronous orbit at L = 6.6 where geomagnetic
effects are relatively minor for protons >10 MeV. Data reported here are from the EPS and
HEPAD sensors (Onsager et al. 1996). Use of GOES proton spectra from ~10 to ~200 MeV
is described in Mewaldt et al. (2005a). The HEPAD spectra from 350 to 700 MeV have been
corrected as described in Smart and Shea (1999). All spectra and composition measurements
have been corrected for contributions due to anomalous cosmic rays and galactic cosmic rays
(GCRs).

The time history of >30 MeV proton intensities during solar cycle 23 is shown in Fig. 1.
The sixteen ground-level events that occurred during this period are indicated. Although all
of the GLEs were among the top 50 events, when ordered by >30 MeV fluence, there are a
few events early in the cycle that do not stand out at >30 MeV (e.g., 6 November 1997 and
24 August 1998). On the other hand, the 8 November 2000 event (N10W75), which had the

@ Springer



R.A. Mewaldt et al.

third-largest >30 MeV fluence of cycle 23, was not detected as a GLE. These comparisons
suggest that there are significant differences in the energy spectra and/or time histories of
large SEP events.

We consider here three spectral forms for fitting GLE spectra. In a 1979 article Ramaty
(1979) considered the stochastic Fermi acceleration of solar energetic particles in a turbu-
lent, tenuous plasma carrying a magnetic field. He obtained an energy spectrum parameter-
ized by the product « T, where « is an acceleration efficiency and T is the escape time from
the acceleration region. The non-relativistic solution can be written in terms of a Bessel
function in momentum per nucleon (p):

dJ/dE = ApK,[(12/me)(p/aT)]'". (1)

Here J is intensity or fluence, E is kinetic energy/nucleon, A is a normalization constant,
K> is the modified Bessel function of the 2nd kind, m is the proton mass, and c is the speed
of light. Ramaty and co-workers used this form in a variety of applications (e.g., Forman
et al. 1986; Ramaty and Murphy 1987). In 1984 McGuire and von Rosenvinge used this
spectral form to fit proton and alpha time-of-maximum spectra from ~1 to >100 MeV/nuc
for several large SEP events and concluded that overall, the Bessel function form fit better
than an exponential in rigidity or a single power-law. They also provided an alternate form
of this function derived by asymptotic expansion of the Bessel function:

dJ/dE = AEY® exp[—(E/(3.26(aT)?))"""]. )

We also consider two additional spectral forms. Ellison and Ramaty (1985) proposed that
solar particle spectra accelerated by shocks would have spectra of the form

dJ/dE = KE” exp(—E | Ey) 3)

where K, Ey, and y are constants. This power-law shape with an exponential rollover was
used by Mazur et al. (1992), Tylka et al. (2000), and Tylka (2001). Mewaldt et al. (2005a)
fit H, He, and O fluence spectra with both the Ellison-Ramaty shape and with the double-
power-law shape originally proposed by Band et al. (1993) for fitting y-ray burst spectra.
The equation for this latter spectral shape is given by:

dJ/dE = CE" exp(—E/Ey) for E < (y; — y2)Eo;
dJ/dE =CE™{[(y — Vz)Eo]m_m exp(y> — v} for E > (y1 — y2) Eq,

where y; is the low-energy power-law slope and y; is the high-energy power-law slope and
E and E, are measured in energy/nucleon. The function is identical to the Ellison-Ramaty
form below the transition energy, (y; — y2)Eo. There is a smooth transition to a second
power law at higher energies. In a study of the five large “Halloween” SEP events Mewaldt
et al. (2005a) concluded that the Band formulation fit best (see also Tylka et al. 2005, 2006).
McGuire and von Rosenvinge (1984) also noted that their spectra could be fit by two power-
laws, but favored the Bessel function form because it involved fewer free parameters. The
SEP spectra measured by Van Hollebeke et al. (1990) in two Fe-rich y-ray/neutron events
(one of which was a GLE) also appear to have a double power-law shape.

In Fig. 2 (left panel) we compare three fits to the proton fluence spectrum for the 2
November 2003 GLE event. It is clear that only the Band function is able to reproduce the
high-energy spectra above ~100 MeV. Figure 2 (right panel) shows fits to the 13 December
2006 event, which had a somewhat harder spectrum at high energy. In this case the best-fit
Bessel function begins to fail at ~40 MeV and by ~400 MeV it falls more than a factor of
100 below the measured spectra. The Ellison-Ramaty fit for the 13 December 2006 event

“
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Fig.2 (Left) Fluence spectra measured by ACE/ULEIS, SAMPEX/PET, and GOES-11 during the 2 Novem-
ber 2003 event are fit with the double power-law shape of Band et al. (1993); the power-law with expo-
nential-tail shape of Ellison and Ramaty (1985), and the Bessel function shape of Ramaty (1979). (Right)
The Band et al. and Bessel spectral shapes are fit to fluence spectra measured by ACE/EPAM, STEREO/LET,
STEREO/HET, SAMPEX/PET, and GOES-11 during the 13 December 2006 SEP event. Note that only the
Band et al. function can provide a reasonable fit up to the highest observed energies

(not shown), provided an even poorer overall fit, fitting the high energy points from ~15 to
400 MeV with an e-folding energy of Ey ~ 110 MeV, but failing entirely to fit the spectral
break at several MeV.

Figures 3, 4, 5 and 6 show proton fluence spectra for the sixteen GLE events. For all
sixteen events the spectra from ~0.1 to ~500-700 MeV were fit with the three spectral
forms in Fig. 2. In all 16 cases the double power-law form of Band et al. (1993) had the
lowest reduced-X? (on average ~2 times lower than the Ellison-Ramaty form and ~4 times
lower than the Bessel function form). Fitting parameters for the Band et al. (1993) function
are listed in Table 1. Having an accurate representation of the fluence of the largest SEP
events is important for specifying the interplanetary radiation environment (Mewaldt et al.
2005b; Baker et al. 2006).

All sixteen spectra have breaks with “break energies” (defined by the intersection of
the two power laws) that range from ~2 to 46 MeV. In the fluence spectrum integrated
over the entire 24 August 1998 event there is a hardening of the spectrum that can be seen
in the red points above ~100 MeV (lower right panel of Fig. 3). It was found that most
of the >100 MeV contribution came during the first 20 hours of the event, during which
the spectrum was harder at both low and high energies (see dashed line in the lower right
panel of Fig. 3). In general, high-energy particles in large SEP events arrive and decay away
earlier than those at lower energies because of their higher velocities and larger diffusion
coefficients in the interplanetary magnetic field (see e.g., Li et al. 2003).

In measuring SEP fluence spectra at 1 AU some judgment is needed to decide when an
SEP event started, and then either decayed to background, or was overtaken by a subse-
quent event. Fortunately, this is generally less of an issue for GLE events, which rise further
above the background than most SEP events. The general procedure was to start with higher
energy (>10 MeV/nuc) heavy-ion data from ACE/SIS and GOES proton data, where contri-
butions from CIR events and other interplanetary sources are seldom an issue. Using hourly
averages, the integration was started in the first hour following the solar eruption that a
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Fig. 3 Measured proton fluence spectra for the first four GLE events of solar cycle 23 are fit with the double
power-law function of Band et al. (1993). The asymptotic spectral slopes above and below the break energy
are indicated. Nominal GCR fluences are also shown for the time interval used for the highest energy points.
The plotted points have been corrected for GCR contributions. Also shown for the August 24, 1998 event is
the measured fluence during the first 20 hours, which has a harder spectrum and accounts for most of the high
energy fluence

significant increase began and continued rising to a maximum. If a second event followed
closely the fluence integration was terminated at the intensity minimum between the two
events. These start and end times were also used for the SAMPEX data analysis, where the
data were available from two polar passes per ~90 minute orbit, using only data from in-
variant latitudes >70° (see Mewaldt et al. 2005a). For the >350 MeV HEPAD data, it was
found that the SEP intensity often rose above background only during the first day or two,
so these fluence integrations were often terminated earlier than at lower energies.

For the lower energy (<5 MeV) ULEIS and EPAM data the >10 MeV start and end times
served as starting points, but count rates from the various energy intervals were examined
to determine improved start and end times that took into account when low-energy particles
started to rise above background and they were checked to assure that any related ESP
contributions were included, without including new SEP or CIR events. In all cases, quiet-
time pre-event background was subtracted from each hour to eliminate contributions from
galactic cosmic rays, anomalous cosmic rays, and instrumental background (see also the
discussion in Mewaldt et al. 2005a).
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Fig. 4 Proton fluence spectra for GLE events 5-8 from solar cycle 23 (see also the caption for Fig. 3)

Tables listing the measured spectral points, the fitting parameters, the start and end times
for the various energy intervals, and the composition data discussed below can be found
at the ACE Science Center at the following location: http://www.srl.caltech.edu/ACE/ASC/
DATA/level3/GLE/index.html.

In Fig. 7 the range of spectral indices above the break energy for the 16 GLE fits is com-
pared with those for 22 large non-GLE events fit with the same function. On average, GLE
energy spectra greater than ~40 MeV are significantly harder than those of typical large SEP
events. The spectral slopes below the break-energies are similar, with both samples having
a mean slope of approximately —1.25.

A number of studies have compared spectra measured in sifu with spacecraft instruments
with spectra derived using the cutoff rigidities of various neutron monitors, including Lock-
wood et al. (1974), and Debrunner et al. (1984, 1988). From these studies it is clear that
GLE spectra typically steepen further at energies >0.5 GeV.

Tylka and Dietrich (2009) have derived integral rigidity spectra for many GLE events
based on the responses of neutron monitors with a wide range of geomagnetic cutoffs and
also using GOES data. They find that the integral rigidity spectra of GLE events are well-fit
by the function of Band et al. (1993). Like earlier studies they find that the spectra typically
steepen at rigidities greater than ~1 GV (~440 MeV), with average integral spectral slopes
in rigidity of —5 to —7. Cross checks with the spectra reported here (which start at much
lower energy) show good agreement in the region of overlap (Tylka 2009).

@ Springer


http://www.srl.caltech.edu/ACE/ASC/DATA/level3/GLE/index.html
http://www.srl.caltech.edu/ACE/ASC/DATA/level3/GLE/index.html

R.A. Mewaldt et al.

10" N\Em 12/26/20017 10"} - 8/24/2002 1
3 .
r 1 r 1
&
% .war {\Q\“\ 1 108 \\‘ .
% r " 1 r E
“e 105} \\ 1 105} 1
% r g314 - g290
c af 4
2 10— Epam 1272601 1 19°F r~ crameznz l
= r | ¢ GOES12/26/01 1 r | « GOES8/24/02 .
102[ | ® SAMPEX 12/26/01 102 e SAMPEX 8/24/02
I |—GCR 12/26/01 1 ¥ | —GCR 8/24/02 |
[ |—--12/26/01 Fit ——-8/24/02 Fit
!' r .
100: l 1 i /1 100 L 1 ! /—
1n‘°;r .‘.“ 10/28/2003 { 10"} . 11 10/29/2003
s r 103 1 ] e ]
2 10% 1 10% 1
E e
L r LY 1 r 1
NE 106;_ \E-4'41 1 10% 1
S 3 Ay E-2.94
% r ¥ 1 r 1
C 404l 4
5 10} N\ 1 10 ]
"é’ 3 o ULEIS 10/28/03 o ULEIS 10/29/03 \\.
- 3 + GOES 10/28/03 \ 1 1 + GOES 10/29/03 1
102f e SAMPEX 10/28/03 M o102 e SAMPEX 10/29/03
f |——GCR 10/28/03 1 ¥ | ——GCR 10/29/03 1
| —-=-10/28/03 Fit ——-10/29/03 Fit
r r
100 B ' AP sao: [P Jowor : -t
0.1 1 10 100 1000 0.1 1 10 10 1000
Kinetic Energy (MeV) Kinetic Energy (MeV)

Fig. 5 Proton fluence spectra for GLE events 9-12 from solar cycle 23 (see also the caption for Fig. 3)

3 Other Properties of Ground Level SEP Events

In this section we compare in situ measurements of several properties of GLE events with
those of other large (non-GLE) SEP events. Some of these properties are summarized in
Table 2.

The Fe/O ratio is often used to characterize SEP events and has been considered to be a
diagnostic of the presence of flare material (e.g., Reames et al. 1994; Cane et al. 2003, 2006)
because it is elevated in (much smaller) >He-rich flare-related events (e.g., Mason et al. 1994;
Leske et al. 2007). In Fig. 8 the >30 MeV proton fluence is plotted versus the Fe/O ratio
at 45-80 MeV/nuc for the 16 cycle-23 GLE events and for a sample of 30 non-GLE events
with >30 MeV proton fluences > 3 x 10° per cm?. Note that Fe/O varies by a factor of
~100 or more in the GLE and non-GLE samples. These two samples of SEP events also
have a similar distribution of >30 MeV proton fluences. Overall, during solar cycle 23 GLE
events were more likely to be enriched by at least x2 in Fe (56 &= 12 % of the 16 events)
than were non-GLE events of similar intensities (33 + 8 % of the events).

Some non-GLE events in the right panel of Fig. 8 have ~50-500 times the >30 MeV
proton fluence of some GLE events in the left panel, yet they fail to result in GLE events
(an example is the 8 November 2000 event, which had the third largest >30 MeV proton
fluence of solar cycle 23; see Fig. 1). Such “failed” GLE events are presumably due in large
part to spectral differences (see Fig. 7 and Sect. 4) as well as to the much more gradual time
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Fig. 6 Proton fluence spectra for GLE events 13—16 from solar cycle 23 (see also the caption for Fig. 3)

Table 1 GLE double power-law fitting parameters

Event Normalization Y1 %) Eo

11/6/97 1.28 £ 0.07 E4-08 —1.56 £0.03 —2.44+£0.14 91.3+18.8
5/2/98 4.49 £0.30 E+07 —1.86 £0.02 —2.83£0.20 114.£32.
5/6/98 4.59 £0.86 E+07 —0.94£0.14 —2.58 £0.08 3.81+1.16
8/24/98 5.27+£0.49 E4-08 —1.35£0.05 —3.85£0.11 10.6+1.17
7/14/00 2.48 +£0.15 E4-09 —1.09£0.03 —3.80£0.10 242419
4/15/01 1.51 £0.16 E4-08 —1.23£0.07 —2.24£0.04 16.1+4.7
4/18/01 6.05 £ 0.62 E4-07 —1.31£0.07 —2.51£0.05 19.9+5.1
11/4/01 2.68 +0.17 E4-09 —1.19+£0.03 —4.53 £0.11 254+1.8
12/26/01 1.94 £ 0.16 E4-08 —1.53£0.04 —3.14£0.13 31755
8/24/02 1.28 +0.12 E4-08 —1.25+£0.08 —2.90 £0.06 145+2.8
10/28/03 1.37 £ 0.08 E4-09 —1.03£0.04 —4.41£0.12 27.0+2.1
10/29/03 3.03+0.17 E4-08 —1.11£0.05 —2.94+£0.13 27.7+34
11/2/03 4.94 £0.31 E+08 —1.09£0.05 —3.46£0.12 133+1.5
1/17/05 7.37+0.48 E4-08 —1.54 £0.04 —4.63£0.15 40.5+4.4
1/20/05 3.224+0.34 E4-08 —0.97£0.11 —2.14£0.06 8.18+2.63
12/13/06 5.25+0.85 E4-08 —0.82£0.10 —2.42+£0.03 3.01+0.66
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Fig. 7 (Left): Histograms of the spectral index above the spectral break (), in Table 1) for the 16 GLE
events of cycle 23 and (right) for 22 non-GLE events from cycle 23. Note that, on average, GLE events have
significantly harder spectra at high energies

Table 2 Selected properties of GLE events

1

Date X-ray Location >30 MeV Ne/O Fe/O Fe/O
intensity proton 12-45 MeV/n 12-45 MeV/n 45-80 MeV/n
fluence?

11/6/97 X9.4 S18W63 1.63e+08  0.284+£0.003  0.733 £0.007 0.765£0.018
5/2/98 X1.1 S15W15 1.85e+07  0.342+£0.010 0.683£0.016 0.674£0.058
5/6/98 X2.7 S11W65 8.02e4+06  0.324+0.010 0.531+0.014 0.294 £0.068
8/24/98 X1.0 N35E09 4.69e+07 0.176 £0.002  0.018 £0.001 0.863 £0.165
7/14/00 X5.7 N22W07 431e+09  0.167£0.003  0.099£0.010 0.106 £0.005
4/15/01 X14 S20W85 1.45e+08  0.186+0.004  0.486£0.010 0.813£0.043
4/18/01 ? S23W117  4.48e+07  0.173+£0.004  0.186 £ 0.004 0.519£0.049
11/4/01 X1.0 NO6W18 3.40e4+09  0.135+£0.004  0.067 £ 0.007 0.038 £0.002
12/26/01  MT7.1 NO8WS54 1.16 e+07  0.137+£0.002  0.412+0.008 0.671£0.029
8/24/02 X3.1 S02W8l1 530e4+07  0.150£0.003  0.222 +0.004 0.824£0.076
10/28/03  X17 S20E02 3.07e+09  0.114£0.002  0.041 £0.004 0.0060 4= 0.0009
10/29/03  X10 S19W09 534e4+08  0.248+£0.002  0.141 £0.007 0.1264+0.008
11/2/03 X8.3 S18W59 1.95e+08  0.135+£0.002  0.043 £0.001 0.118£0.010
1/17/05 X3.8 N14W25 6.50e4+08  0.177£0.002  0.031 £ 0.001 0.010£0.001
1/20/05 X7.1 N14W61 4.10e4+08  0.246£0.003  0.198 £0.010 0.188 £0.005
12/13/06  X3.4 S06W23 1.67e4+08  0.215+£0.002 0.778 £0.016 0.804£0.020

1 Flare locations from Cane et al. (2006)

2Units for the proton fluences (measured by GOES) are protons/cm2
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Fig. 8 The >30 MeV proton fluence from GOES/EPI is plotted versus the 45-80 MeV/nuc Fe/O
ratio measured by ACE/SIS for the 16 GLE events of cycle 23 (left) and for 30 non-GLE events
observed from 1997 through 2006 (right). The non-GLE events were required to have fluences of
>3 x 10° protons/cm2 > 30 MeV and measurable Fe/O ratios in the 45-80 MeV/nuc energy range. Also
indicated is the average 5—-12 MeV/nuc ratio of Fe/O = 0.134 reported by Reames (1995) and the criterion
for Fe-rich GLE events adopted by Tylka et al. (2005) for solar-cycle 21 and 22 events (Fe/O > 0.268)

Fig. 9 The 12-45 MeV/nuc 10 ——rrrey . .y E—
Ne/O ratio is plotted versus the [ H
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profiles of eastern-hemisphere events, which may have large fluences, but never reach peak
intensities that stand out above the >0.5 GeV GCR background. One noticeable feature is
that the Fe-rich GLEs, on average, have 1-2 orders of magnitude smaller >30 MeV proton
fluences than the Fe-poor GLEs (Tylka et al. 2005; Mewaldt et al. 2006).

Another element abundance ratio that has been used as a signature of flare material is
Ne/O (Reames et al. 1994; Mewaldt et al. 2007). Figure 9 illustrates that Fe/O and Ne/O are
correlated for both GLE and non-GLE events. Compared to the average SEP abundances
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Fig. 10 The 22Ne/20Ne ratio in GLEs (left panel) is somewhat greater than in non-GLE events (right panel).
The average solar wind value of 0.0716 £ 0.0001 (Meshik et al. 2007) is also shown. Enriched 22Ne is one
of several characteristics of impulsive flare material (Mason et al. 1994; Leske et al. 2007), but can also result
from charge-to-mass (Q/M) dependent fractionation during acceleration and transport

at 5-12 MeV/nuc (Reames 1995), 10 of the 16 GLEs are Fe-rich and 10 are Ne-rich in the
1245 MeV/nuc interval.

An enrichment in the ?Ne/?’Ne ratio is also a possible signature of flare contributions,
since small 3He-rich events associated with reconnection jets typically have an elevated
22Ne/*Ne ratio with respect to that in the solar wind (Mason et al. 1994; Leske et al. 2007).
As shown in Fig. 10, the mean 2>Ne/?°Ne ratio for GLE events is enriched by a factor of
~1.4 with respect to the solar-wind ratio (**Ne/*Ne = 0.0716; Meshik et al. 2007), and
enriched by ~27 % relative to the mean of 26 non-GLE events.

A fourth possible signature of contributions from flare-accelerated material is the pres-
ence of material with highly-ionized charge-states, especially Fe. In solar wind the mean
charge state of Fe is typically about +10, but in small impulsive flare events Klecker
et al. (2007) find that the mean charge state ranges from ~ 414 to +18 from ~0.08
to ~0.5 MeV/nuc (see also Klecker et al. 2006). For energies >20 MeV/nuc mean
ionic charge states can be measured using the geomagnetic technique (Leske et al. 1995;
Labrador et al. 2005).

In Fig. 11 we compare the mean charge state of Fe, (QOp.), for ten GLE events and
nine non-GLE events. Included are SAMPEX/MAST measurements using the geomagnetic
technique (see Labrador et al. 2005) and three values obtained by indirect approaches based
on fitting the composition and spectra of heavy ions (Cohen et al. 1999a, 1999b; Tylka et al.
2000). For other examples of indirect SEP charge state estimates see Dietrich and Lopate
(1999) and Sollitt et al. (2008). While the range of mean charge states for SEP Fe is similar
to that in non-GLEs, the mean value of (Qr.) for the GLEs is somewhat greater (by ~ 1.1 o)
than that for non-GLE events. Possible origins of elevated charge states are discussed below.
Enrichments in Fe/O, Ne/O, ?Ne/*°Ne, and high ionic-charge states generally occur in the
same SEP events, including all four events in 1997-1998, the April and December events in
2001, and the December 2006 event (e.g., Cohen et al. 1999a, 1999b; Labrador et al. 2005;
Mewaldt et al. 2006).
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Fig. 11 The mean charge-state of Fe in GLEs is somewhat greater than in a sample of other large SEP events.
The measurements are from SAMPEX/MAST in the energy interval from ~25 to ~80 MeV/nuc (Leske et al.
1995; Labrador et al. 2005; Mewaldt et al. 2006). Also shown (in black) are charge-state estimates obtained
indirectly by fitting SEP abundance variations and time profiles using Q /M -dependent functions (Cohen et
al. 1999a, 1999b; Tylka et al. 2000; Dietrich and Tylka 2003). These indirect estimates are included in the
quoted means

4 Discussion

Energy Spectra In an earlier study of SEP proton and He spectra from ~1 to ~400
MeV/nuc McGuire and von Rosenvinge (1984) found that modified Bessel functions of
the 2nd kind provided the best fit. However, their spectra were based on time-of-maximum
intensities rather than fluences, and, more importantly, their measurements did not extend as
low in energy as the spectra in Figs. 3—-6. As a result they could not observe the power-law
behavior that we observe below ~1 MeV/nuc for all species (Figs. 3—6; see also Mewaldt
et al. 2005a; Cohen et al. 2005). McGuire and von Rosenvinge also commented that two
power laws might fit just as well, but would require additional free parameters. With the ex-
tension to lower energies provided in solar cycle 23 by the ULEIS and EPAM instruments on
ACE, and the high-energy coverage provided by GOES and SAMPEX, the range of spectral
forms that can fit fluence spectra of large SEP events from ~0.05 to ~500 MeV/nucleon is
much more limited, and whenever there is adequate energy coverage at high energies (e.g.,
>200 MeV), the double power-law form of Band et al. (1993) generally fits best (see also
Mewaldt et al. 2005a).

Tylka et al. (2000) showed that spectral roll-overs for different species were related to
their charge to mass ratios (Q/A; see also Mewaldt et al. 2005b). Cohen et al. (2003, 2005)
showed that the break energy for different elements could be organized by (Q/A)?, with the
breaks occurring at the same value of the diffusion coefficient (x) and with § varying from
event to event. By equating « for different heavy ions Cohen et al. (2003, 2005) were able
to relate the breaks to turbulence power spectra, and suggested that proton-amplified Alfven
waves might be the source of variations in the turbulence spectra during large SEP events
(see also Mewaldt et al. 2005a).

Surprisingly, there have been relatively few attempts to explain why the spectral breaks
result in double power-law spectra. In particular, it is important to understand what deter-
mines the spectral slope beyond the break. Vainio (2003) has shown that a double-power-law
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spectrum can result from a single power-law accelerated spectrum that is subject to the ef-
fects of proton-amplified Alfven waves near the Sun. These waves trap low-energy protons
near the shock below a typical breakpoint energy of ~10 MeV, but allow higher energy par-
ticles to escape. Vainio obtained an E~' power law below ~10 MeV and a somewhat steeper
E~!6 power law up to ~100 MeV for the event he considered as an example. In a similar
approach, Li et al. (2005; see also Li et al. 2009) produced a spectral break followed by a
second power law by introducing a loss term in the transport equation to reflect the leakage
of accelerated particles from the shocked upstream region. A broken power-law resulted if
the diffusion coefficient had a step-like feature as a function of rigidity.

In the semi-empirical model of Tylka and Lee (2006), a quasi-perpendicular shock pro-
duces spectra that appear to be consistent with a double power-law (see their Fig. 4b). For the
16 events reported here, a significant fraction have characteristics that are consistent with the
Tylka and Lee expectations for acceleration at quasi-perpendicular shocks, including hard
spectra at high energies (), in Table 1 and Fig. 7), and, in particular, an elevated Fe/O ratio
at high energies (Table 2). Examples include the 6 November 1997, 2 May 1998, 15 April
2001, 18 April 2001, 26 December 2001, 24 August 2002, and 13 December 2006 events.
However, for quasi-parallel shocks the Tylka and Lee (2006) model predicts an exponential
roll-over at high energies (see their Fig. 4b). All of the sixteen GLE events reported here had
proton spectra that were better fit by a double power-law form than an exponential roll-over
(see Sect. 2 and also Mewaldt et al. 2005a).

Reames and Ng (2010) have analyzed the effects of proton-amplified Alfven waves in
seven of the 16 GLE events discussed here. In six of their seven events there is clear evidence
that the time-intensity profiles are affected by the “streaming-limit”, an equilibrium intensity
that is established when outwardly-streaming protons amplify resonant Alfven waves that
then scatter subsequent energetic protons, thereby reducing the streaming. The result is that
for sufficiently intense (mainly near-central meridian) events the ion intensities at 1 AU at
energies less than ~40 MeV/nuc can reach a plateau (the streaming limit) that may last for
~1 day. For plots of how the streaming limit affects the time history of several GLE events
see Reames and Ng (2010).

Once the CME shock arrives at 1 AU, the ion intensity in the energetic storm particle
(ESP) event can increase by 1-2 orders of magnitude for a period of up to ~12 hours,
including most of the low-energy ion fluence for the event. For example, in the 14 July
2000 Bastille Day event (which lasted more than 4 days), the fraction of the total proton
fluence that occurred during the 12 hours surrounding the shock arrival ranged from ~70 %
at ~1 MeV to ~40 % at ~40 MeV. For >100 MeV protons only ~10-15 % of the fluence
arrived during this interval. Similar numbers are obtained from the 28 October 2003 event
(see also the 8/24/98 spectrum in Fig. 3, where most of the high energy particles arrived in
the first 20 hours, but the lower energies were suppressed during this time). In the twelve
cycle-23 GLE events with an ESP contribution the importance of the fluence contribution at
1 MeV ranged from minor to dominant.

By contrast, in the 6 May 1998 event, which did not have an ESP contribution, the first
12 hours of the event included ~80 % of the 15 MeV to 200 MeV protons, and 30 % to
55 % of 1 to 6 MeV protons. Thus in many GLE events most of the low-energy fluence
remains trapped near the shock until it arrives. This makes it difficult to relate observed
energy spectra below the spectral break to shock acceleration theory without benefit of a
very detailed model.

The comparisons presented here indicate that, on average, the 16 GLEs of solar cycle
23 differ in several ways from other large SEP events. The most significant difference is
in the spectral index above the spectral break in the proton spectrum, which is —3.18 &
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0.21 for GLEs, compared to —4.34 £ 0.19 for non-GLEs. Giacalone (2005) has shown
that shock acceleration at quasi-perpendicular shocks can proceed much more rapidly and
provide harder spectral indices than acceleration at parallel shocks (see also Zank et al.
20006). In addition, Tylka et al. (2005, 2006) and Tylka and Lee (2006) have suggested that
acceleration at quasi-perpendicular shocks can explain the enrichment of Fe and other heavy
species (discussed below) if quasi-perpendicular shocks have a higher injection threshold,
such that they accelerate mainly suprathermal ions.

Composition Signatures Many GLEs exhibit properties generally associated with “flare
material” as observed in impulsive (®*He-rich) SEP events (e.g., Mason et al. 1994;
Reames et al. 1994; Mason et al. 2004) including enrichments in Fe/O, Ne/O, ?Ne/*°Ne, and
highly-ionized charge states of Fe. Following work by Dietrich and Lopate (1999), Tylka et
al. (2005) reported that 23 of 25 GLEs during solar cycles 21 and 22 had 46-80 MeV/nuc
Fe/O ratios that were enriched by a factor of >2 with respect to the average SEP abundances
of Reames (1995), in which Fe/O = 0.134. Their survey was based on IMP-7&8 data from
the University of Chicago instrument. During solar cycle 23 we find a considerably lower in-
cidence of Fe-rich GLE events, with 9 of the 16 GLEs (56 £ 12 %) in Table 2 having an Fe/O
enrichment of >2.0 in the 45 to 80 MeV/nuc interval (see also Fig. 8). By comparison, the
sample of 30 non-GLE events had an Fe/O enrichment of >2.0 in 33 +9 % of the cases. It is
possible that some GLE events became more enriched in Fe at energies >80 MeV/nucleon;
in 9 of the 16 cycle-23 GLE events Fe/O was increasing with energy (see Table 2 and ex-
amples in Tylka et al. 2005). However, the fraction of GLE events that were Fe-rich during
solar cycle 23 is apparently considerably less than was found by Dietrich and Tylka (2003)
for solar cycles 21 & 22.

Among the possibilities suggested to explain flare signatures in SEP events associated
with both large flares and fast CMEs are the following: (1) shock acceleration of remnant
suprathermal ions in the interplanetary medium left from previous impulsive SEP events
(Mason et al. 1999; Tylka et al. 2005; Mewaldt et al. 2006; Tylka and Lee 2006); (2) mixed
contributions from escaping flare-accelerated particles and CME shock-accelerated particles
(Cane et al. 2003, 2006); (3) shock acceleration of a mixture of solar wind and escaping
flare particles (Li and Zank 2005); and (4) acceleration of a mixture of suprathermals and
CME ejecta (Mewaldt et al. 2007). Li et al. (2012; see also Li and Mewaldt 2009) discuss
a model where CME and flare-accelerated material may be shock-accelerated when two
closely spaced CMEs interact. The data presented here do not distinguish clearly between
these various possibilities.

Ionic Charge States For five of the GLE events (and two non-GLE events) the mean
ionic charge state of Fe ({(Qpe)) is found to be ~ 420, corresponding to an equilib-
rium temperature of ~10 MK (Mazzotta et al. 1998). The highly-ionized >20 MeV/nuc
ions in these events could also be the result of electron stripping during the acceleration
and/or transport process (e.g., Barghouty and Mewaldt 1999, 2000; Kovaltsov et al. 2001;
Lytova and Kocharov 2005). Kovaltsov et al. (2001) find that to strip Fe from a typical solar-
wind charge state ({Qp.) ~ 10) to (Qp.) > 18 during acceleration from ~0.1 to 30 MeV/nuc
requires that the product of the density (n) and acceleration time () be nt > 7.5 x 10° s/fem®
(see also Kocharov 2006). Electron stripping (along with adiabatic energy loss) has been
shown to play an important role in explaining the energy-dependent charge states observed
in small impulsive 3He-rich events (Klecker et al. 2006, 2007), but these events originate
low in the corona. It is not obvious that ions accelerated at a CME-driven shock in the high
corona will pass through sufficient material.
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Table 3 Estimated acceleration
start point to traverse

nt =175 x 10° s/em? and strip
Feionsto Q > +18

GLE OFe 1 CME Estimated Required Type-II

event space latitude acceleration  formation
speed difference height (Rs)  height
(km/s)?  fromCS  for Qpe > 18 (Rs)?

11/6/97 19.64+24 1726  ~31° <1.24 131

5/2/98  19.3+£3.0 1332 ~8° <1.55 141

5/6/98 215425 1208  ~12° <153 1.29

4/15/01  22.142.9 1203 ~6° <1.60 1.52

12/26/01 20.742.6 1779 ~0° <1.49 1.48

7/14/00  13.7+£1.7 1741 ~7° <147 1.39

11/4/01 11.9+1.3 1846  ~35° <1.20 1.43

11 abrador et al. (2005) 10/28/03 14.5+2.0 2754  ~25° <1.20 1.27
: 1/20/05 117+ 1.8 3675 ~0° <127 1.81

2Table 1 of Gopalswamy et al. 12/13/06 16.0+2.0 2164 ~24° <1.25 1.58

(2012)

We attempt to check whether this is reasonable using the observed properties of the
associated CMEs and Type-II radio bursts for these events (Gopalswamy et al. 2012). We
consider a strong shock (density jump of ~4), and assume that Fe ions are trapped at the
nose of the shock, spending equal time on either side of the density jump. In the following
we use CME space speeds rather than the sky-plane speeds observed by a coronagraph. The
CME space speeds (see Table 3) were estimated by Gopalswamy et al. (2012) by applying
a projection correction using a cone model (Xie et al. 2004). Thus the accelerated Fe ions
are assumed to move outward at the CME space speed until they are released higher in the
corona (we assumed 20 Rs), where the density has dropped by a factor of >1000 (10 Rs
gives very similar results).

Under this assumption the nt product can be estimated using the coronal density profile
in the model of Guhathakurta et al. (1996; here-in-after GHM), including their model of
the current sheet (CS) density. Note that in this picture the stripping probability is inversely
proportional to the CME space speed. Five of the 16 GLE events had Fe charge-state esti-
mates that were highly ionized at >25 MeV/nuc ({(Qr.) ~ 20; Labrador et al. 2005, Cohen
etal. 1999a, 1999b) and they are listed first in Table 3. It is interesting that the average CME
space speed for these events was 1450 km/s, while the average CME space speed for the five
events with (Qr.) < 16 was 2436 km/s.

For all 10 events we have estimated the height in the corona where the acceleration
must start to achieve nt = 7.5 x 10° s/cm®. The flare location and synoptic magnetic field
maps from Wilcox observatory (http://wso.stanford.edu/) were used to estimate the distance
(in degrees) from the current sheet (CMESs originating near the current sheet encounter a
greater overlying coronal density). Then, Eq. (10) of GHM was used to calculate radial
and latitudinal density profiles for each event. Using these density profiles the nt product
(at the nose of the CME) was calculated as a function of the height where acceleration
started, integrating along a single pathlength projected radially from the flare site. For the
five highly-ionized events we find that acceleration must start between ~1.24 and ~1.60 Rs.
For the other five events the acceleration would need to start between ~1.20 to ~1.47 Rs to
achieve nt = 7.5 x 10° s/cm®.

In Table 3 and Fig. 12 we compare the location required to meet nt 2~ 7.5 x 10° s/cm®
to estimates Gopalswamy et al. (2012) of the height of the CME at the onset of the Type-II
radio burst (indicating that a shock has formed). These estimates take into account CME
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Fig. 12 The CME heliocentric 2
height at the onset of the Type-1I
burst (Gopalswamy et al. 2012) is
plotted versus an estimate of the
height where shock acceleration
must occur to achieve a
density-time product of
nt=17.5x 10% s/em? (see text
for details). The ten GLE events
for which there are Fe
charge-state measurements or
estimates above 10 MeV/nuc are
divided into two groups, those
with (QFe) > 18 and those with
(QFe) < 16. For events to the
right of the dashed line

(QFpe) > 18 is expected, for
events to the left it is not. For
eight of the ten events the N 1LZ L L L L
measurements fit the expected 1 1.2 1.4 1.6 1.8 2
pattern Acceleration onset (Rs) required
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acceleration in the low-corona (see their paper for a discussion of the uncertainties in these
estimates). For four of the five highly-ionized events (all but 6 November 1997) the CME
height at the onset of the Type-II burst was below the required height for starting accelera-
tion, indicating that stripping to (Qr.) > 18 was possible. For four of the last five events in
Table 3 (those with (Qr.) < 16) the CME height at the onset of the Type-II burst was above
the required height for starting acceleration (the exception was 14 July 2000), indicating that
stripping to (Qp.) > 18 was not likely if the accelerated ions had typical solar-wind charge
states when injected. Of course, this is a highly simplified picture—as CMEs expand they
encounter a broad range of densities. In particular, we can expect that nt will be greater
for acceleration at the flanks of the shock than at the nose since the shock speed is likely to
be lower, and the initial shock direction is non-radial, allowing accelerated ions to sample
higher densities for a longer time.

This comparison provides support for the idea that stripping of SEP ions during accel-
eration is a cause of (or at least contributes to) highly-ionized charge-states in some large
SEP events. The scenario discussed here predicts that events with slower CMEs will have
higher (Qp.) values, as is observed (the five events with (Qp.) ~ 20 were associated with
CME:s that were slower by an average of ~1000 km/s) and it predicts higher charge states
for events where acceleration starts lower in the corona (the estimated CME height at the
time of Type-II bursts averaged 1.40 Rs for the five high charge-state events and 1.50 Rs for
the remaining five events).

An important ingredient in this comparison is improved estimates of the CME location at
the onset of the Type-II radio burst. In an earlier paper Gopalswamy et al. (2009) compared
high-cadence STEREO images of CME:s starting at ~1.4 Rs with Type-II bursts observed by
STEREO and Wind and found that during the declining phase of solar cycle 23 CME-driven
shocks typically started at ~1.5 Rs, which is near the altitude where the coronal Alfven
speed reaches a minimum value (~1.4 Rs). This compares to an average height of ~2.2 Rs
determined from CMEs observed by the SOHO/LASCO C2 coronagraph, for which coronal
images start at 2.5 Rs (Gopalswamy et al. 2005; see also Reames 2009).
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Most of the reduction in the inferred altitudes based on STEREO data is due to account-
ing for CME acceleration in the low corona (observed directly by STEREO), rather than
extrapolating to lower heights with a constant speed, as in Gopalswamy et al. (2005, 2010).
It is also interesting that Cliver et al. (2001, 2005), based on LASCO/C1 datadown to 1.1 Rs,
found that the Type-II burst in the 6 November 1997 event began with the CME <1.4 Rs
[while Gopalswamy (2010) found 2.87 Rs using LASCO/C2 data, now revised to 1.31 Rs
in Gopalswamy et al. (2012) by accounting for CME acceleration].

At least four of the five highly-ionized events in Table 3 had preceding CMEs (Gopal-
swamy et al. 2004, 2010; Ding et al. 2011), which may have produced elevated plasma den-
sities in the path of the second CME and could also have left higher densities of suprathermal
seed particles and enhanced turbulence levels (Li et al. 2012).

Mewaldt et al. (2006) concluded that a major source of seed particles for CME shocks
is remnant low-energy SEPs from preceding large SEP events, which they found are also
Fe-rich, on average (see their Fig. 11). If low-energy Fe ions from a previous CME-shock
event remain in the low corona for several hours they will be ionized further, and approach
an equilibrium charge of +16 at ~0.2-0.5 MeV/nuc and +20 or more at >1 MeV/nuc
(see Fig. 2 in Kovaltsov et al. 2001). At the same time these ions will cool due to adia-
batic and d E /dx energy losses, which can produce a highly-ionized seed-population ready
for acceleration by the next CME-driven shock. It is interesting that the cooled ions tend
to retain their high charge states because recombination rates are ~10 times longer than
stripping rates [see Fig. 8 in Kocharov et al. (2000) and Fig. 7 in Kocharov et al. (2001)].
These energetic ions can jump-start the injection process and, because of Q/A-dependent
trapping at the shock (Cohen et al. 2005; Mewaldt et al. 2005a, 2005b; Li et al. 2009) will
be accelerated to somewhat higher energies than ions with solar-wind-like charge states.
This stripping/cooling mechanism can produce abundant seed particles with (Qr.) ~ 16-20
and more, without the need for remnant highly-ionized Fe from (generally small) *He-rich
flares. Modeling is needed to evaluate the density of seed particles produced in this way (see
also Kocharov 2006).

It is important to consider whether there will be a sufficient density of accelerated ions
downstream of the first shock to be accelerated by the second shock. Perhaps the best ev-
idence for this comes from Helios data analyzed by Reames et al. (1997), who measured
SEP spectra and intensities following 29 shocks observed by Helios 1 from 0.33 to 1 AU
during 1979 to 1982. They found that following shock passage “invariant spectra” are ob-
served with intensities that decay gradually with e-folding times of 6-18 hours for periods
of ~3 days. These invariant spectra remain well above quiet-time intensity levels for days,
and will provide seed particles for a subsequent CME-driven shock that occurs within the
next 24 hours or so. This is likely to be one factor that contributes to the observation by
Gopalswamy et al. (2004) that SEP events preceded by a CME from the same active region
<24 hours earlier are, on average, significantly more intense that those with no preceding
CME.

Of course, there are other suggested explanations for observations of highly-ionized
charge states in large SEP events, including a seed particle population composed largely
of remnant material from small *He-rich flares (Mason et al. 1999; Tylka et al. 2005;
Tylka and Lee 2006), CME material from previous events (Mewaldt et al. 2007; Li et al.
2012), or mixtures of flare and shock-accelerated particles from the same eruption (Cane et
al. 2003, 2006). While these models do not make specific predictions about the degree of
ionization in individual events, they do predict a correlation between highly-ionized charge
states, enrichments in heavy elements, and elevated 3He/*He ratios.

We can also ask how long suprathermal ions from small, 3He-rich flares remain near the
Sun? Simulations by Giacalone et al. (2000) show that following an impulsive flare there is
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still a significant fraction of the low-energy ions that remain close to the Sun, and of course,
in many cases these small *He-rich events recur several times a day (Wang et al. 2006).
These remnant ions will also undergo further ionization and energy loss.

We conclude that electron stripping during acceleration and transport provides a viable
mechanism for producing highly-ionized heavy ions in SEP events. However it does not
preclude contributions from the other proposed mechanisms. For example, the fact that many
CME-shock accelerated SEP events have >He/*He ratios ~100 to ~1000 times greater than
in the solar wind provides strong evidence that remnant material from impulsive 3He-rich
events provides seed material for later CME-driven shocks (e.g., Mason et al. 1999; Desai
et al. 2006). However, in small impulsive events the Fe/’He ratio is ~0.1, while in the
large SEP events with both *He and Fe enrichments Fe/*He ~1 (Mewaldt et al. 2006). So
it would appear that in the largest SEP events an additional source of Fe seed particles is
needed (other than remnant He-rich flare material), and since most GLE events occur in
a sequence of several SEP events, remnant energetic ions from earlier CME-driven-shocks
are an inevitable source of seed particles for subsequent events. The upcoming Solar Probe
Plus and Solar Orbiter missions will be able to test these ideas with measurements close to
the Sun.

Energetics of GLE Events  The fact that GLE events have harder spectra on average allows
smaller SEP events to accelerate many more protons >0.5 GeV than in typical SEP events
that derive approximately the same amount of energy from the accelerator. This is illustrated
by the two hypothetical spectra in Fig. 13. Although both spectra have identical proton
fluences >500 MeV (the energy range responsible for the GLE event), for the (dashed blue)
event with the harder spectrum above the break at 20 MeV (labeled B1 in Fig. 13) the
measured SEP kinetic energy (in MeV/cm?) would be >200 times smaller.

In an effort to identify the variables that are key to producing a GLE event with the least
amount of energy, we make use of the “GLE percentage” (GLE % for short), defined as the
maximum value of the ratio of two count rates: (1) the peak neutron-monitor count rate due
to SEPs and (2) the underlying neutron-monitor count rate due to galactic cosmic rays (see,
e.g., Lopate 2006; Gopalswamy et al. 2010, 2012). We assume that the GLE % is a function

Fig. 13 Proton energy spectra 10™
for two hypothetical GLEs with P ! ! o ! T
identical fluences >500 MeV, but r 1
very different spectra at lower 10" !_ 1
energy. The assumed spectral = E E
.. =
indices (y1, y2 and y3) are shown ] r L
in 3 energy intervals ;‘.; 10° !- -|
(0.03-20 MeV; 20-500 MeV; £ E 3
and 500-1000 MeV). Also S e |
indicated are the locations of the S 10 r 1
spectral breaks at 20 MeV and ° l' 1
500 MeV. The estimated kinetic & q0*f E
energy content (in ergs/cmz) for w !' 1
the event shown in red is >200 ‘E r 1
times more than that for the event T 102 !. 'l
shown in blue F E
I 1.
go FEEETTT BRI BRI | saul a3
0.01 0.1 1 10 100 1000

E (MeV)
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Fig. 14 The GLE % [defined as the ratio of the peak GLE intensity to the GCR intensity (from Gopalswamy
et al. 2010, 2012) is divided by the 40 keV—400 MeV energy deposit ((E/cm?) in Kerg/cmz; see text)] and
plotted versus the absolute value of the spectral index above the first spectral break (), in Table 1). The
least-square fit to a power-law has a correlation coefficient of R =0.89. One way to interpret this relation is
to write it as GLE % = 1700 (E/cm2)|y2|_7‘0, suggesting that the SEP excess above the GCR background is
a function of the near-Earth SEP energy content times a strong function of the spectral index

of the near-Earth SEP energy content (integrated over energy and time) and also the spectral
index and possibly the flare longitude.

In Fig. 14 we see that the GLE % divided by the SEP energy content is strongly correlated
with the spectral index above the break (y, in Table 1). One way to interpret this correlation
is to write it as GLE % = 1700(E/cm?)|y»|~7°, where (E/cm?) is the MeV/cm? integrated
over the fluence from 40 keV to 400 MeV (using the spectral fits in Table 1). In other
words, SEP events with hard spectra in the energy range covered by y, are much more
energy efficient—they can produce a GLE event using only a small fraction of the energy
in accelerated particles that is measured in events that have soft spectra. The connection
longitude is another variable that might also be expected to matter, but the correlation with
flare-longitude substituted for y, (not shown) has a correlation coefficient of only R = 0.37.
For comparison, the correlation coefficient of the low-energy spectral index (y;) is slightly
negative with R =0.18.

The importance of y; is also illustrated by comparing the GLE %/(E/cm?) values for
the 13 December 2006 event at W23° (y, = —2.42; see Fig. 6) with either the 4 November
2001 event at W18° (Fig. 4) or the 17 January 2005 event at W25° (Fig. 6). Both of the latter
events (at similar longitudes) have y, < —4.5 and their GLE %/(E/cm?) values in Fig. 14
are ~80 to ~400 times less than that of the 13 December 2006 event. We conclude that the
most energy-efficient way to produce GLE events is with hard spectra in the energy range
covered by y,.

Mewaldt et al. (2005a, 2008b) found that large SEP events often extract ~10 % of the
kinetic energy from the CME (estimated in the rest frame of the solar wind). The most
energetic SEP events of solar cycle 23 include the July 14, 2000 (Bastille Day) event, the
November 4, 2001 event, and the October 28, 2003 event. The associated CMEs had kinetic
energies ranging from ~1.2 to ~ 9 x 10°? ergs. Only ~0.5 % of all 4133 CMEs (or ~20
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CMEs) measured by SOHO/LASCO from 1996 to 2003 had kinetic energies > 1.2 x 102
ergs (see Fig. 15 and Gopalswamy 2006), meaning that a significant fraction of these pro-
duced GLEs from 1997 to 2003. (Indeed, of the 11 GLEs from 1997 to 2003 for which
there are kinetic energy measurements, 7 had CME kinetic energies > 1.2 x 1032 ergs; see
Gopalswamy et al. 2004, 2005.)

On the other hand, the May 2 and May 6, 1998 CMEs had estimated kinetic energies
of ~ 1.0 x 10*" and ~ 6 x 103! ergs, respectively, and relatively hard spectra (y, = —2.83
and —2.58, respectively). Figure 15 indicates that ~8 % of all CMEs (or ~330 CMEs) had
kinetic energies > 1 x 10%! ergs. In other words, there were >300 CMEs that were ener-
getically capable of producing a GLE event provided they encountered the right conditions
to produce very hard spectra (y, > —2.8) up to energies of ~500 MeV. Evidently these
conditions are not that common; the additional ~300 CMEs resulted in only 2 additional
GLEs.

5 Summary

Proton fluence spectra for the sixteen GLE events of solar cycle 23 have been measured from
~0.1 to ~500-700 MeV with a combination of instruments from ACE, GOES, SAMPEX,
and STEREO. After considering a variety of spectral forms it was found that all 16 events
were best fit by the double power-law shape of Band et al. (1993). The average spectral
break (defined by the intersection of the two power laws) was ~18 MeV. While there are
suggested conditions for producing double-power-law spectra, additional theoretical and
modeling work is needed to understand how such spectra originate.

When compared to a sample of more typical large non-GLE events we find that the GLE
events have significantly harder energy spectra above the spectral break energy, with a mean
slope of —3.18 above the break, compared to a mean of —4.34 for a sample of 22 non-
GLE events. The harder spectra observed in GLE events are related to the energetics of SEP
events. We find that SEP events with very hard spectra from ~20 to ~400 MeV require
much less energy content to stand out above the GCR background. Thus, a larger population
of CMEs has the potential to produce GLEs. Based on limited statistics it appears that a
GLE resulted from ~30 % of the observed CMEs that had kinetic energies of >10%? ergs
during 1996-2003.

This study also reported several aspects of the composition of GLE events. On average,
GLE events have larger Fe/O ratios than a sample of non-GLE events, and also exhibit
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other compositional signatures associated with small, *He-rich events, including elevated
Ne/O and ??Ne/*°Ne ratios, and highly-ionized charge-states of heavy elements such as Fe.
However, we find a significantly lower incidence of Fe enrichments in the 45 to 80 MeV/nuc
interval than did the study of Tylka et al. (2005), with Fe/O enrichments of >2.0 in 9 of 16
cycle-23 events, compared to their finding of Fe enrichments in 23 of 25 GLE events from
cycles 21 and 22. These abundance features generally support a picture in which GLE events
are accelerated mainly by CME-driven shocks, with shock geometry playing a key role, and
with seed particles derived mainly from remnant suprathermal ions from small *He-rich
flares and from larger shock-accelerated events (although contributions from other sources
are also possible).

A possible cause for elevated charge states of Fe (e.g., (Oge) &~ 20) in GLE and other
large SEP events is electron stripping, provided that shock-acceleration starts sufficiently
low in the corona. Using a coronal density model, including current-sheet effects, we find
that it is possible to meet the required density acceleration-time product if acceleration starts
by ~1.3 to 1.6 Rs, consistent with recent comparisons of Type-II radio-burst timing with
CME height-versus-time profiles that view CMEs down to 1.4 Rs and below and/or take
into account the CME acceleration profile in the low corona. In addition, the fact that al-
most all GLE events had preceding CMEs suggests that remnant shock-accelerated particles
left behind in the low corona can undergo stripping and energy-loss to produce a highly-
ionized seed population for the next fast CME. Detailed modeling is needed to evaluate the
contributions from these processes.

Most of these ideas can be tested with measurements near the Sun by the upcoming
Solar Orbiter and Solar Probe Plus missions. In the meantime, multi-spacecraft studies with
separated spacecraft (STEREO, ACE, SOHO, Wind and MESSENGER) should gain new
insight into the mechanisms that shape and accelerate the GLE events of cycle 24.
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