
EVIDENCE FOR A SUPRATHERMAL SEED POPULATION OF HEAVY IONS ACCELERATED BY
INTERPLANETARY SHOCKS NEAR 1 AU

M. I. Desai and G.M. Mason
1

Department of Physics, University ofMaryland, College Park,MD 20742

J. R. Dwyer

Florida Institute of Technology,Melbourne, FL 32901

J. E. Mazur

Aerospace Corporation, El Segundo, CA 92957

R. E. Gold and S. M. Krimigis

Johns Hopkins University, Applied Physics Laboratory, Laurel,MD 20723

C.W. Smith

Bartol Research Institute, University of Delaware, Newark, DE 19716

and

R. M. Skoug

Los Alamos National Laboratory, Los Alamos, NM 87545
Received 2002 February 27; accepted 2003 January 23

ABSTRACT

We have surveyed the 0.1–10 MeV nucleon�1 elemental abundances at 72 interplanetary (IP) shocks
observed by the Ultra–Low-Energy Isotope Spectrometer on board theAdvanced Composition Explorer from
1997 October through 2002 September. We find the following: (1) The C/O ratios in IP shocks were substan-
tially depleted (by more than �40%) relative to solar wind values. (2) The IP shock abundances were poorly
correlated with those measured in the slow and fast solar wind. (3) Energetic ions above�0.1MeV nucleon�1

from impulsive and gradual solar energetic particle events (SEPs) were present upstream of all the IP shocks
in our survey. (4) The �1 MeV nucleon�1 Fe/O ratio in IP shocks was positively correlated with that mea-
sured upstream of the shocks. (5) The IP shock abundances were well correlated with the upstream abundan-
ces, with a negative dependence on mass/charge. (6) The mean Fe/O ratio in IP shocks exhibited a positive
correlation with the level of solar activity, as measured by the occurrence rates of X-ray flares and sunspots.
The above results are inconsistent with shock acceleration of ions originating mainly from the bulk solar
wind or a suprathermal tail composed predominantly of solar wind ions. Instead, it appears that for the
events surveyed here, the IP shocks accelerated a seed population predominantly comprising ions that were
previously accelerated in impulsive and gradual SEPs and that the shock acceleration process accelerated
higher rigidity ions less efficiently than lower rigidity ions.

Subject headings: interplanetary medium — shock waves — solar wind — Sun: activity —
Sun: particle emission

On-line material: color figures

1. INTRODUCTION

Transient interplanetary (IP) shocks at �1 AU are
occasionally accompanied by enhancements in the inten-
sities of energetic ions above �0.05 MeV nucleon�1 (e.g.,
Armstrong, Pesses, & Decker 1985; Richter et al. 1985;
Scholer 1985; Kennel et al. 1986; Reames 1999). The major-
ity of such IP shocks are believed to be driven by fast coro-
nal mass ejections (CMEs) as they propagate through
interplanetary space (e.g., Gosling 1993), and the accompa-
nying particle enhancements, often termed ‘‘ energetic storm
particle ’’ events, are interpreted in terms of diffusive shock
acceleration of solar wind ions (e.g., Lee 1983; review by
Reames 1999).

While the diffusive shock acceleration theory has been
well studied and widely accepted (e.g., Jokipii 1982; Lee

1983, 2000), the origin and injection of the seed particles is
neither well resolved nor fully understood. Progress in this
area has been hampered primarily by a lack of composition
measurements covering the energy range from the bulk
solar wind energy (�1 keV) through the energetic particle
energy range (�1 MeV). However, a single observation of
the proton spectrum near an IP shock extending smoothly
from 1.6 MeV energy down to solar wind thermal energies
(�10 eV) led Gosling et al. (1981) to conclude that IP shocks
accelerate particles out of the bulk solar wind or its supra-
thermal tail. In addition, composition measurements have
been reported for a very limited number of IP shocks
(Klecker et al. 1981; Hovestadt et al. 1982; Tan et al. 1989;
Tylka, Reames, & Ng 1999; Kleckler et al. 2000). Although
Klecker et al. (1981), Hovestadt et al. (1982), and Tan et al.
(1989) interpreted their results in terms of shock accelera-
tion of ions left over from prior solar energetic particle
(SEP) events, the general consensus is that IP shocks accel-
erate particles originating from the solar wind (e.g., Forman
&Webb 1985; Jones & Ellison 1991; Gosling 1993).

1 Also at Institute for Physical Science and Technology, University of
Maryland.
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Jones & Ellison (1991) solved the steady state convection-
diffusion equation using Monte Carlo simulations by
assuming that thermal solar wind ions are accelerated via
first-order Fermi processes occurring at the shock. Jones &
Ellison (1991) also modified Lee’s (1983) theory by intro-
ducing an ad hoc loss mechanism that limited the effects of
shock acceleration. In this concept, ions that propagate
beyond a free escape boundary upstream of the shock
escape and do not undergo further acceleration. The escape
of an ion from the shock is governed by its scattering mean
free path, which is assumed to be proportional to its rigidity
(momentum per unit charge). A direct consequence of this
process is that higher rigidity particles escape much more
easily than lower rigidity particles, which remain near the
shock and therefore get accelerated more efficiently. Indeed,
enhancements in the relative abundances of lower rigidity
ions in three separate IP shock events led Klecker et al.
(1981; 2000) and Tylka et al. (1999) to infer the occurrence
of such a rigidity-dependent fractionation process during
acceleration.

Although the above picture regarding the solar wind ori-
gin of shock-accelerated ions was based primarily on proton
energy spectra and limited composition measurements,
additional information regarding the source population and
the nature of the acceleration mechanism can be obtained
from the heavy-ion composition of the accelerated particles.
Indeed, in a recent survey of CME-driven IP shocks
observed at the Advanced Composition Explorer (ACE)
spacecraft, we found that the 0.5–2.0 MeV nucleon�1

3He/4He ratio was enhanced by up to a factor of �600 over
the solar wind value in 25 out of 56 shock events and, fur-
ther, that the occurrence rate of these 3He-rich shocks
increased with rising solar activity, as measured by sunspot
count and X-ray flare occurrence (Desai et al. 2001). The
acceleration of tracer ions such as 3He in a sizeable fraction
of IP shocks has provided clear evidence that these shocks
did not accelerate particles directly from the thermal solar
wind but rather from a suprathermal pool whose energy
region lies above the bulk solar wind speed. Known sources
of material for this largely unexplored energy regime include
the suprathermal tail of the solar wind (Gloeckler et al.
2000), interstellar and inner-source pickup ions (Gloeckler
et al. 1994; 2000), and remnant suprathermals from prior
solar and interplanetary activity (Mason, Mazur, & Dwyer
1999a; Mason 2000). Thus, the Desai et al. (2001) results
also showed that IP shock–accelerated ions did not origi-
nate from a suprathermal pool consisting solely of solar
wind ions but rather from multiple sources, one for certain
being remnant flare material enriched in 3He ions, as
suggested byMason et al. (1999a).

Although our previous work identified remnant impul-
sive SEP material as an important component of the seed
population for IP shocks, the question of the dominant
source of the accelerated ions was left unanswered. The
main goal of this paper is to identify the seed populations
for IP shocks by measuring the abundances of the acceler-
ated heavy ions from 4He through Fe and comparing them
with the corresponding abundances measured in the bulk
solar wind and other particle populations in the inner helio-
sphere. By comparing the heavy-ion abundances with those
measured in candidate seed populations, we can also investi-
gate the occurrence of a rigidity-dependent acceleration
process for a wide range of species in a larger set of IP
shocks than previously available. We discuss our results in

terms of rigidity-dependent acceleration of a seed popula-
tion predominantly comprising solar wind ions (Reames
1999; Tylka et al. 1999; Klecker et al. 2000) or those left over
from prior solar activity (Mason et al. 1999a; Desai et al.
2001). We conclude that our results can be best explained
with a rigidity-dependent acceleration process if the IP
shocks accelerated a suprathermal seed population domi-
nated by ions that were previously accelerated in impulsive
and gradual SEPs rather than those originating from the
solar wind.

2. OBSERVATIONS AND DATA ANALYSIS

2.1. Instrumentation

We use energetic ion, solar wind plasma, and magnetic
field data from the Ultra–Low-Energy Isotope Spectrom-
eter (ULEIS; Mason et al. 1998), the Solar Wind Electron
Proton Alpha Monitor (SWEPAM; McComas et al. 1998),
and the magnetometer (Smith et al. 1998) on board ACE ,
which was launched in 1997 August. ULEIS is a high-sensi-
tivity mass spectrometer that identifies ions (He–Ni) in the
�0.03–10 MeV nucleon�1 energy range using the time-of-
flight versus residual energy technique. The low energy
threshold of ULEIS, precise timing measurement, and large
geometrical factor of �1.3 cm 2 sr result in a resolution and
sensitivity that greatly exceed those of previous instruments.
Thus, for the first time, we can compute the abundances of a
variety of minor ion species such as 3He, N, Ne, Mg, Si, S,
and Ca for individual IP shock events over a broad energy
range, which was not routinely possible in the pre-ACE era.

In order to report average abundances of heavy ions in
interplanetary shocks, we must take account of the average
ion detection efficiency of ULEIS, particularly for He nuclei
(in this discussion and in the analysis below, we exclude
short periods during intense events that saturated the instru-
ment). Prelaunch estimates gave an He detection efficiency
of 22% at 0.5 MeV nucleon�1 (Mason et al. 1998, Table XI).
Postlaunch, the He efficiency has been observed to decrease
as the instrument’s microchannel plates age because of radi-
ation exposure; this effect was particularly noticeable in the
first �24 months of the mission. To compensate for these
gain decreases, the high-voltage bias on the plates was raised
from time to time, causing discontinuous increases in the
microchannel plate gains and thereby in the efficiency.
Using in-flight data, the postlaunch He efficiency has been
calculated by intercomparison of the two ‘‘ start ’’ micro-
channel plate signals in ULEIS during 1998 and 1999 and
by comparison with (1) higher energy GSFC instruments on
IMP 8 and Wind, (2) the STEP telescope on Wind, and (3)
the SWICS instrument onACE (von Rosenvinge et al. 1995;
Gloeckler et al. 1998). Only the STEP instrument overlaps a
large portion of the ULEIS energy range, and so these inter-
calibrations can only be considered to be spot checks. When
the mission data set became sufficiently long, it was also
possible to identify long-term drifts by examining the SEP
He/O ratio averaged over long time periods and requiring
that its mean value be close to 60 (e.g., Meyer et al. 1985;
Mazur et al. 1993). With these methods, a single set of
efficiency values is obtained for all times during the mission.

The question then arises as to the overall systematic
uncertainty in the ULEIS He abundance after making the
corrections for efficiency changes. As an example of the size
of the efficiency changes observed, at 0.5 MeV nucleon�1
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the initial postlaunch value was 31%, close to the prelaunch
estimate. During the survey period, the maximum efficiency
was 34% and the minimum was 12%, with an average daily
efficiency of 21%. Fitting a Gaussian to the daily average
efficiency values yields a standard deviation of about �25%
at 0.5 MeV nucleon�1 and below and about �40% at higher
energies. In the tables below, the He uncertainty was calcu-
lated using an rms combination of the statistical uncertainty
plus the above systematic uncertainties assigned according
to the energy of each data point. Since the He data used in
this study were obtained at lower and higher energies, the
average He systematic uncertainty is �32%. For the heavier
species (C and up), these same considerations yielded an
estimated systematic uncertainty of �2%, which has been
included with statistical uncertainty in the error limits
quoted below.

2.2. Event Selection

We started with a list of 198 CME-driven IP shocks that
were identified using the ACE magnetometer and plasma
instruments between 1997 October 1 and 2002 September
30. In order to restrict our survey to ion populations associ-
ated with IP shocks near 1 AU, we selected events from this
set on the basis of the following requirements: (1) The
0.5–2.0 MeV nucleon�1 4He, O, and Fe intensities should
increase by at least a factor of 5 within a 24 hr period cen-
tered on the arrival of the shock. (2) The intensity-time pro-
files of different species should track each other, indicating a
common acceleration and transport history for all species.
(3) The associated Fe-group ions in the 0.3–3.0 MeV nucle-
on�1 energy range should not exhibit velocity dispersion
during onsets, indicating that the ions are accelerated in
interplanetary space near 1 AU.

Using the above criteria, we eliminated 110 of the 198 IP
shocks. Out of the remaining 88 events, we excluded 16
events during which ULEIS saturated, leaving a total of the
72 events listed in Table 1. The 16 excluded events are listed
at the bottom of Table 1 and include some of the largest IP
shock events observed during solar cycle 23 (however, see
x 2.5). These events were typically accompanied by large
gradual SEPs accelerated near the Sun (e.g., Mason et al.
1999b).

Table 1 lists the 72 shocks studied in this survey. The
shock arrival times at ACE are given in column (2), the
shock-associated time intervals in column (3), the upstream
time intervals in column (4), the peak O intensity in column
(5), the 3He/4He ratio in column (6), and the Fe/O ratio in
column (7). The techniques employed to identify the shock-
associated and upstream time intervals are discussed in
xx 2.3 and 5.1, respectively. The peak O intensity was the
maximum hourly averaged 0.5–2.0 MeV nucleon�1 O inten-
sity measured during the shock-associated time intervals.
For events that saturated the instrument for less than �10
hr, we used two time intervals for the periods before and
after saturation. For these events, the peak O intensity gave
us a lower limit, since it was presumably higher during the
saturation interval. The 3He/4He and Fe/O ratios were
respectively calculated from the 0.5–2.0 MeV nucleon�1

heliummass histograms (for examples, see Desai et al. 2001)
and the average 0.5–2.0MeV nucleon�1 Fe and O intensities
measured during the time intervals listed in column (3).

For all events, the 3He/4He ratio was calculated after sub-
tracting estimated contributions to the 3He peak due to

spillover from the more abundant 4He peak and the back-
ground. In this survey we found that 45 of the 72 events had
3He/4He ratios at least 3 � above the background. All these
events are enriched in 3He by at least a factor of 4 above the
solar wind value of �0:000408� 0:000025 (Gloeckler &
Geiss 1998). Upper limits for the 3He/4He ratio for the
remaining 27 events are all 3 � over the background in the
region of the 3He peak.

2.3. Example of an IP Shock Event

As an example of our observations, Figure 1 displays the
energetic ion, magnetic field, and solar wind plasma mea-
surements from 2000 June 20 through 26 (event 27 in Table
1). Figure 1a shows the intensity-time profiles of 0.5–2.0
MeV nucleon�1 3He, 4He, O, and Fe nuclei, and Figure 1b
the energy spectrogram of 0.03–3.0 MeV nucleon�1

Fe-group ions. Figures 1c and 1d show the magnetic field
magnitude B and the solar wind speed V, respectively. An
interplanetary shock, labeled ‘‘ S,’’ arrived at ACE at 1227
UT on June 23 and is identified by the abrupt and simulta-
neous increases in B andV.

Figure 1a shows that the intensities of 0.5–2.0MeV nucle-
on�1 3He, 4He, O, and Fe nuclei started increasing from
�0730 UT on 2000 June 22, i.e., about 29 hr prior to the
arrival of the IP shock at ACE. The intensities of all species
increased by about 3 orders of magnitude and peaked at the
shock. The intensities then decreased by more than an order
of magnitude until �0025 UT on 2000 June 24. Since the
intensities of different species peaked at the shock and
tracked each other within a factor of 2 from �0730 UT on
2000 June 22 until �0025 UT on 2000 June 24, we conclude
that the ions detected during this �41 hr interval (indicated
by the vertical dashed lines) had a common acceleration and
propagation history, with the acceleration process occur-
ring at the IP shock. Furthermore, Figure 1b clearly shows
that the Fe-group ions had no velocity dispersion during the
above�41 hr interval, as expected for continuous ion accel-
eration at a local source. We identified the shock-associated
time intervals for all the IP shocks in a similar fashion, i.e.,
by examining the intensity-time profiles of 0.5–2.0 MeV
nucleon�1 3He, 4He, O, and Fe ions and the energy spectro-
grams of 0.03–3.0 MeV nucleon�1 Fe-group ions during the
events.

Figure 2 displays the 0.5–2.0 MeV nucleon�1 mass histo-
gram of ions between C and Fe for the event shown in
Figure 1. The excellent mass resolution of ULEIS is clearly
evident from the well-resolved peaks for many minor ion
species, including N, S, and Ca.

2.4. Calculation ofMean Heavy-Ion Abundances in
IP Shocks

For events in Table 1, the 0.5–2.0 MeV nucleon�1 3He/
4He ratios varied over a factor of�400, and the correspond-
ing Fe/O ratios varied by a factor of 50. To examine the
energy dependence and the event-to-event variability of the
heavy-ion abundances in more detail, we calculated the
abundances of all species in several energy bands with
respect to O from average intensities measured during the
shock-associated time intervals. Figure 3a shows the C/O
ratios between 0.16 and 7.24Me V nucleon�1, and Figure 3b
the Fe/O ratios between 0.1 and 2.56 MeV nucleon�1 for
the 72 shock events, separated into 11 and 9 energy bands,
respectively. Figures 3c and 3d respectively show histograms
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TABLE 1

Interplanetary Shocks in this Survey

ULEIS 0.5–2.0MeVNucleon
�1

Energetic Ions

Number

(1)

Shock Arrival

Time (UT)

(2)

Shock Sampling

Times (UT)

(3)

Upstream Sampling

Times (UT)

(4)

Peak O

Intensitya (�10�3)

(5)

3He/4He

Ratio (�10�2)

(6)

Fe/O

(7)

1997

1.............. Nov 22, 0900 Nov 22, 0244–Nov 22, 1628 Nov 20, 0004–Nov 22, 0013 13.3 <0.25 0.032� 0.019

1998

2b ............ Jan 28, 1600 Jan 27, 0000–Jan 30, 0000 Jan 25, 0631–Jan 26, 2231 3.6 4.37� 0.61 0.185� 0.024

3.............. May 29, 1500 May 28, 1542–May 29, 1728 May 26, 2106–May 28, 1457 214.7 2.13� 0.21 0.287� 0.013

4.............. Jun 17, 2050 Jun 17, 1737–Jun 18, 1804 Jun 16, 1453–Jun 17, 1626 211.6 <0.21 0.064� 0.003

5.............. Aug 6, 0644 Aug 5, 2200–Aug 6, 1333 Aug 3, 2217–Aug 5, 1951 61.6 0.77� 0.23 0.048� 0.015

6c ............ Sep 24, 2315 Sep 24, 1717–Sep 24, 2315 Sep 19, 0924–Sep 21, 2231 >2524.5 0.78� 0.17 0.185� 0.009

Sep 25, 0158–Sep 25, 0818

7.............. Oct 18, 1900 Oct 18, 0408–Oct 19, 0511 Oct 15, 0937–Oct 18, 0248 14.5 <0.59 0.102� 0.016

8.............. Nov 30, 0415 Nov 28, 0808–Nov 30, 1422 Nov 23, 2217–Nov 26, 0551 14.4 <0.19 0.084� 0.007

9.............. Dec 1, 0245 Nov 30, 1804–Dec 1, 1106 Nov 29, 1204–Nov 30, 1657 7.8 <0.40 0.047� 0.013

10............ Dec 26, 0930 Dec 24, 0901–Dec 28, 0441 Dec 21, 1435–Dec 24, 0555 21.3 0.60� 0.07 0.070� 0.005

1999

11c........... Feb 18, 0211 Feb 17, 1020–Feb 18, 0145 Feb 15, 1919–Feb 17, 0906 >438.0 0.69� 0.15 0.068� 0.006

Feb 18, 0314–Feb 18, 0537

12............ May 5, 1457 May 5, 1213–May 6, 2346 Apr 30, 1724–May 3, 1631 603.4 <0.24 0.097� 0.003

13............ June 26, 1920 June 25, 0844–June 27, 1257 June 22, 1035–June 24, 1805 1310.9 0.58� 0.07 0.075� 0.002

14............ July 2, 0030 July 2, 0000–July 3, 1600 June 29, 2342–July 1, 2200 11.1 3.27� 0.32 0.800� 0.074

15............ July 6, 1420 July 6, 0420–July 7, 1200 July 4, 0448–July 5, 2217 6.5 3.08� 0.35 0.330� 0.050

16............ Sep 12, 0320 Sep 11, 0800–Sep 13, 1520 Sep 8, 1311–Sep 11, 0431 17.7 1.22� 0.15 0.034� 0.005

17b,c ........ Sep 15, 1945 Sep 15, 1519–Sep 15, 1900 Sep 14, 0200–Sep 15, 1440 >96.3 15.85� 2.63 0.142� 0.014

Sep 15, 2000–Sep 16, 2240

18c........... Sep 22, 1144 Sep 22, 0639–Sep 22, 1100 Sep 19, 1808–Sep 22, 0502 >292.2 <1.0 0.061� 0.011

Sep 22, 1300–Sep 23, 0431

19............ Oct 21, 0130 Oct 20, 1425–Oct 22, 0231 Oct 17, 0102–Oct 20, 1200 2.4 2.66� 0.54

20............ Dec 11, 1200 Dec 9, 2320–Dec 12, 0728 Dec 7, 1613–Dec 9, 2210 56.3 1.27� 0.09 0.12� 0.007

21............ Dec 12, 1510 Dec 12, 1239–Dec 13, 1222 Dec 10, 0257–Dec 12, 1137 87.0 2.38� 0.30 0.113� 0.012

2000

22b .......... Jan 22, 0023 Jan 20, 1040–Jan 24, 1120 Jan 18, 1222–Jan 20, 0848 11.1 4.18� 0.60 0.273� 0.016

23............ Feb 11, 0210 Feb 10, 0128–Feb 11, 1031 Feb 8, 1706–Feb 10, 0013 190.5 0.86� 0.17 0.028� 0.003

24c........... Feb 11, 2315 Feb 11, 1244–Feb 11, 2319 Feb 9, 2319–Feb 11, 1224 >871.9 <0.51 0.105� 0.007

Feb 12, 0226–Feb 12, 1906

25............ Feb 20, 2045 Feb 19, 1837–Feb 21, 1513 Feb 16, 1439–Feb 18, 1853 7.9 <0.65 0.501� 0.044

26b .......... Apr 24, 0850 Apr 23, 0657–Apr 24, 1755 Apr 21, 1555–Apr 23, 0513 24.2 24.02� 1.19 1.121� 0.068

27............ June 23, 1227 June 22, 0728–June 24, 0026 June 20, 1106–June 22, 0648 1204.8 0.57� 0.10 0.079� 0.003

28............ July 10, 0557 July 8, 2231–July 10, 1448 July 6, 0657–July 8, 1644 30.5 1.04� 0.26 0.075� 0.009

29b .......... July 11, 1123 July 11, 0204–July 12, 0555 July 8, 1702–July 11, 0119 11.7 4.30� 0.37 1.163� 0.059

30............ July 13, 0918 July 12, 1951–July 14, 1002 July 10, 2319–July 12, 1435 1362.8 <0.03 0.076� 0.003

31............ July 19, 1448 July 19, 0453–July 20, 0306 July 17, 1346–July 19, 0248 572.7 0.56� 0.10 0.094� 0.004

32............ July 26, 1755 July 26, 0300–July 27, 0900 July 24, 0324–July 26, 0142 7.8 0.62� 0.18 0.178� 0.024

33............ July 28, 0909 July 28, 0739–July 28, 2000 July 26, 0217–July 28, 0355 26.9 1.36� 0.37 0.279� 0.042

34............ Aug 10, 0405 Aug 10, 0240–Aug 10, 1457 Aug 8, 0919–Aug 10, 0057 17.5 1.00� 0.21 0.087� 0.013

35............ Aug 11, 1810 Aug 10, 1737–Aug 12, 1439 Aug 10, 0217–Aug 10, 1706 873.4 0.59� 0.14 0.125� 0.007

36............ Sep 6, 1610 Sep 4, 1133–Sep 6, 2039 Sep 2, 0017–Sep 4, 0919 305.9 0.32� 0.07 0.042� 0.002

37............ Oct 5, 0245 Oct 4, 2255–Oct 5, 0855 Oct 3, 1031–Oct 4, 2035 10.3 3.76� 1.11 0.534� 0.094

38b .......... Oct 12, 2145 Oct 11, 0537–Oct 13, 1906 Oct 8, 2248–Oct 11, 0521 204.7 4.94� 0.35 0.248� 0.014

39............ Nov 4, 0134 Nov 3, 0755–Nov 5, 1102 Nov 1, 2235–Nov 3, 0604 312.8 0.23� 0.07 0.136� 0.004

40............ Nov 26, 0500 Nov 26, 0115–Nov 26, 0933 Nov 22, 0555–Nov 24, 0200 1110.4 <0.61 0.221� 0.012

41............ Nov 28, 0457 Nov 28, 0333–Nov 28, 0726 Nov 27, 0057–Nov 28, 0208 282.2 <0.74 0.37� 0.025

2001

42............ Jan 23, 1006 Jan 21, 1826–Jan 25, 0200 Jan 18, 2346–Jan 21, 0231 278.9 <0.15 0.175� 0.005

43............ Mar 27, 1715 Mar 25, 1806–Mar 28, 0120 Mar 23, 2044–Mar 24, 1004 828.2 0.52� 0.09 0.109� 0.004

44c........... Mar 31, 0023 Mar 29, 2026–Mar 30, 2351 Mar 29, 0408–Mar 29, 1804 >524.3 0.65� 0.07 0.766� 0.016

Mar 31, 0640–Mar 31, 1524



of the C/O and Fe/O ratios (mean: l; median: m) taken
from the top panels. Values with statistical uncertainty
greater than 35% are excluded from this figure and from the
subsequent analysis. Brown curves in the top panels repre-
sent the mean abundance ratios versus energy. The C/O
and Fe/O ratios measured in impulsive (cyan) and gradual
(black) SEPs and fast (blue) and slow (green) solar wind are
also shown. The solar wind and SEP values are taken from
von Steiger et al. (2000) and Reames (1995), respectively.

In the top panels, the scatter of the data points along the
y-axis shows the event-to-event variations at a given energy,
while the points along the x-axis show the energy depen-
dence. Figure 3a shows that most of the data points and the
mean C/O ratios at all energies were substantially lower
than those measured in the fast and slow solar wind but sim-
ilar to those measured in gradual and impulsive SEPs. Only
a few out of 557 C/O ratios were consistent with the average
(fast and slow) solar wind value. Figures 3b and 3d show
that the Fe/O ratios had greater variability and exhibit a rel-
atively broader distribution than the C/O ratios. The mean
Fe/O ratios at all energies were about a factor of 2 greater

than those measured in the fast and slow solar wind and in
gradual SEPs but a factor of 4 lower than that measured in
impulsive SEPs. Finally, note that the mean C/O and Fe/O
ratios were on average relatively constant over the ULEIS
energy range.

We also examined the energy dependence and event-to-
event variations of the 4He, N, Ne, Mg, Si, S, and Ca abun-
dance ratios relative to O; hereafter, the abundance of a
particular species refers to its abundance ratio relative to O.
We found that the distribution of 4He, N, Ne, Mg, and Si
abundances over a wide range of energies for the 72 shocks
resembled the distribution of C/O ratios shown in Figure
3c. The Ca and S abundances exhibited broader distribu-
tions than that of the C/O ratio but narrower than that of
the Fe/O ratio. Although the Ca, S, and Fe abundances
exhibited substantial event-to-event variations, we remark
that their respective means remained relatively constant
(within a factor of�2) over the ULEIS energy range.

Table 2 compares the mean abundances in the 72 IP
shocks with those measured in various particle populations
present in the inner heliosphere. Columns (2) and (3)

TABLE 1—Continued

ULEIS 0.5–2.0MeVNucleon
�1

Energetic Ions

Number

(1)

Shock Arrival

Time (UT)

(2)

Shock Sampling

Times (UT)

(3)

Upstream Sampling

Times (UT)

(4)

Peak O

Intensitya (�10�3)

(5)

3He/4He

Ratio (�10�2)

(6)

Fe/O

(7)

45............ Mar 31, 2256 Mar 31, 1542–Apr 1, 0902 Mar 31, 0657–Mar 31, 1515 101.9 1.65� 0.18 0.668� 0.039

46............ Apr 4, 1422 Apr 4, 0124–Apr 4, 2146 Apr 1, 1431–Apr 3, 1057 2353.6 0.39� 0.07 0.311� 0.009

47............ Apr 7 1659 Apr 7, 0706–Apr 8, 0425 Apr 5, 1653–Apr 6, 2306 3815.8 0.30� 0.07 0.066� 0.003

48............ Apr 8, 1032 Apr 8, 0426–Apr 8, 1719 Apr 6, 1346–Apr 8, 0306 7048.4 <0.30 0.095� 0.005

49............ Apr 13, 0706 Apr 12, 1439–Apr 14, 0044 Apr 11, 1648–Apr 12, 1142 588.6 <0.27 0.32� 0.013

50c........... Apr 28, 0431 Apr 26, 1519–Apr 28, 0337 Apr 24, 1106–Apr 26, 1115 >1085.1 0.49� 0.06 0.101� 0.003

Apr 28, 1337–Apr 29, 0342

51............ June 18, 0154 June 17, 1840–Jun 18, 1440 June 16, 0706–June 17, 1351 45.3 0.45� 0.12 0.12� 0.011

52............ Aug 17, 1016 Aug 17, 0602–Aug 17, 1624 Aug 16, 0422–Aug 17, 0357 240.4 1.07� 0.26

53............ Aug 27, 1919 Aug 27, 1337–Aug 29, 0942 Aug 24, 0319–Aug 26, 0328 539.9 <0.26 0.052� 0.002

54............ Sep 14, 0119 Sep 12, 2226–Sep 16, 2053 Sep 9, 0702–Sep 12, 1822 182.4 0.36� 0.06 0.079� 0.003

55............ Oct 11, 1620 Oct 9, 1551–Oct 14, 1804 Oct 5, 2022–Oct 9, 1102 401.9 0.32� 0.07 0.127� 0.003

56............ Oct 21, 1612 Oct 20, 2118–Oct 22, 1251 Oct 18, 1845–Oct 20, 1646 892.8 <0.25 0.223� 0.007

57............ Oct 25, 0801 Oct 23, 1722–Oct 26, 1757 Oct 22, 1526–Oct 23, 1211 129.4 0.20� 0.05 0.101� 0.003

58............ Oct 28, 0242 Oct 26, 2308–Oct 19, 2147 Oct 23, 2036–Oct 26, 1522 1216.4 0.34� 0.07 0.095� 0.003

59............ Nov 6, 0120 Nov 5, 2253–Nov 6, 2008 Nov 2, 0746–Nov 4, 1515 15139.0 <0.63 0.154� 0.006

60............ Nov 19, 1735 Nov 19, 1213–Nov 20, 1706 Nov 14, 0322–Nov 17, 1715 880.7 <0.23 0.115� 0.003

61............ Nov 24, 0545 Nov 23, 2232–Nov 24, 2113 Nov 17, 1452–Nov 22, 2115 28523.0 <0.33 0.406� 0.009

62............ Dec 29, 0447 Dec 28, 1804–Dec 29, 1431 Dec 25, 1728–Dec 28, 1506 312.8 <0.36 0.283� 0.013

63............ Dec 30, 1932 Dec 30, 1319–Dec 30, 2240 Dec 29, 1200–Dec 30, 0826 71.3 1.05� 0.24 0.397� 0.028

2002

64............ Mar 18, 1236 Mar 17, 2120–Mar 19, 0320 Mar 15, 2133–Mar 16, 2339 4079.3 <0.02 0.148� 0.005

65............ Apr 17, 1021 Apr 16, 2213–Apr 17, 1515 Apr 14, 1311–Apr 16, 1808 430.3 2.50� 0.30 0.118� 0.008

66............ Apr 19, 0802 Apr 18, 1840–Apr 19, 1359 Apr 17, 2026–Apr 18, 1626 2194.4 <0.31 0.122� 0.005

67............ Apr 19, 2150 Apr 19, 1401–Apr 20, 0320 Apr 18, 0142–Apr 19, 1208 787.8 0.54� 0.13 0.154� 0.007

68............ May 18, 1920 May 18, 1244–May 19, 0800 May 15, 1208–May 18, 0706 424.8 <0.52 0.103� 0.012

69............ May 23, 1015 May 23, 0524–May 23, 1417 May 20, 0639–May 22, 0435 11585.0 <0.35 0.144� 0.004

70............ July 17, 1530 July 17, 1306–July 17, 2106 July 15, 0719–July 16, 0746 7176.0 <0.05 0.175� 0.006

71............ Sep 7, 1610 Sep 7, 1319–Sep 8, 0302 Sep 4, 1435–Sep 6, 0528 937.0 <0.33 0.229� 0.011

72............ Sep 30, 0721 Sep 29, 2322–Sep 30, 2324 Sep 25, 1148–Sep 29, 1513 3.6 84.42� 4.44 1.255� 0.112

Note.—The following events were excluded because of saturation: for 1997, November 6 and 9; for 1998, April 30, May 1, 3, and 4, and August 26; for
2000, April 6, June 8, July 14 and 15, andNovember 10 and 11; for 2001, April 11 and 18 and September 25.

a In units of particles/(cm2 s srMeV nucleon�1).
b The 3He/4He ratios are taken fromDesai et al. 2001.
c Events with partial saturation effects.
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provide the mean abundances in IP shocks and during the
upstream time intervals (see x 5.1), respectively. The mean
abundances are calculated from histograms of individual
ratios measured in several energy bands, as shown in Figure
3. The average energy for ULEIS measurements at IP
shocks is�0.75MeV nucleon�1.

Columns (4) and (5) provide solar wind average abundan-
ces based on daily values for 300 day intervals (von Steiger
et al. 2000). The uncertainties shown in columns (4) and
(5) were calculated as follows: We divided the 1 � dis-
persion values given in Table 1 of von Steiger et al. (2000) by
(300)1/2 and added in quadrature the stated systematic

uncertainties of �10% for C and O, �30% for 4He, N, and
Ne, and �20% for the other elements (R. von Steiger 2002,
private communication; see also Mewaldt et al. 2001). The
mean abundances in gradual and impulsive SEPs (Reames
1995) are given in columns (6) and (7), respectively. Column
(8) lists the mean abundances in corotating interaction
regions (CIRs; Mason et al. 1997).

2.5. Large IP Shock Events of Solar Cycle 23

Although many of the large IP shock events that occurred
during the first 4 yr of the survey period were excluded due

Fig. 1.—(a) Intensity-time profiles of 0.5–2.0MeV nucleon�1 3He, 4He, O, and Fe nuclei. (b) Energy spectrogram of 0.03–3.0MeV nucleon�1 Fe-group ions.
(c) The 5 minute average of the magnetic field magnitude B. (d ) The 5 minute average of the solar wind speedV from 2000 June 20 through 26. The vertical line
labeled ‘‘ S ’’ marks the arrival of the interplanetary shock at ACE at 1227 UT on 2000 June 23 (event 27 in Table 1). Dashed vertical lines: Time interval for
measuring energetic ions associated with the shock. Solid vertical lines: Time interval for measuring energetic ions in the interplanetary medium upstream of
the shock.
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to saturation effects, the activation of an automatic aperture
door in 2001 October ensured that ULEIS did not saturate
during the two large events of 2001 November (events 59
and 61). Table 3 shows that these two events are among the
five largest events that have occurred to date during solar

cycle 23.2 Note that for greater than 10 MeV protons, the
particle flux units (pfu) during all five events exceeded
10,000 pfu. Figure 4 compares the 0.5–2.0 MeV nucleon�1

abundances measured during the 2001 November events
with the average shock abundances given in Table 2. In gen-
eral, the heavy-ion abundances in the two large events are
remarkably similar (within a factor of 2) to the average
abundances measured in our survey, with the largest differ-
ence occurring for Fe. Specifically, note that C and N abun-
dances for both events are within 20% of the average values
given in Table 2.

3. PROPERTIES OF MEAN HEAVY-ION ABUNDANCES
IN IP SHOCKS

3.1. Comparison between ULEIS and Previous
Measurements at IP Shocks

Figure 5 compares the mean abundances measured here
with IP shock abundances reported by Klecker et al. (1981),
Tan et al. (1989), and Tylka et al. (1999). Klecker et al.
(1981) measured the C/O and Fe/O ratios at 0.6–1.0 MeV
nucleon�1 for one IP shock event observed at ISEE 3. Tan et
al. (1989) surveyed the �1 MeV nucleon�1 C/O and Fe/O
ratios in 19 IP shocks observed at ISEE 1 and ISEE 3. More

C
N

O

Ne Mg Si

S

Fe

Ca

Fig. 2.—The 0.5–2.0 MeV nucleon�1 heavy-ion mass histogram for the
IP shock event shown in Fig. 1. Both axes are logarithmic. [See the elec-
tronic edition of the Journal for a color version of this figure.]

Fig. 3.—(a) C/O and (b) Fe/O ratios vs. energy for all 72 IP shocks. Each data point represents the abundance ratio within a specific energy range for one
IP shock. (c, d ) Logarithmically binned histograms of the C/O and Fe/O ratios from (a) and (b), respectively. The quantities N, m, and l denote the number
of points, the median, and the mean values of the distributions. Uncertainties are standard errors of the means.

2 See the list of major solar proton events compiled by NOAA at
ftp://ftp.ngdc.noaa.gov/STP/SOLAR_DATA/
SAT_ENVIRONMENT/PARTICLES/p_events.lst.
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recently, Tylka et al. (1999) measured the 3.2–5.0 MeV
nucleon�1 C, Ne, Si, and Fe abundances for the 1998
August 26 IP shock observed at theWind spacecraft. Figure
4 shows that the mean C and Fe abundances in this study
are similar to those reported by Klecker et al. (1981) and
Tan et al. (1989) but different from the results of Tylka et al.
(1999). However, with the exception of the Si/O ratio, the
values in the single event reported by Tylka et al. (1999) lie
within the range of values measured in individual events of
our survey.

3.2. Solar Cycle Effects of Heavy-Ion Abundances in
IP Shocks

To examine possible solar cycle dependences, we divided
the data set into five periods: (1) 1997–1998, 10 events; (2)
1999, 11 events; (3) 2000, 20 events; (4) 2001, 22 events; and
(5) 2002, 9 events. We then calculated the mean abundance
ratios for the events in each period. Figure 6 shows the
occurrence rates of X-ray flares (C, M, and X class) and

Fig. 4.—The 0.5–2.0 MeV nucleon�1 heavy-ion abundances during the
two large IP shock events of 2001 November (events 59 and 61 in Table 1)
compared with the average IP shock abundances measured in this study,
normalized to oxygen.

TABLE 3

Five Largest Events of Solar Cycle 23

Number MaximumTime (UT)

Peak Proton Flux

(pfu > 10MeV)

2000

1.............. Jul 15, 1230 24,000

2.............. Nov 9, 1600 14,800

3.............. Sep 25, 2235 12,900

2001

4.............. Nov 6, 0215 31,700

5.............. Nov 24, 0555 18,900

Note.—Obtained from ftp://ftp.ngdc.noaa.gov/STP/
SOLAR_DATA/SAT_ENVIRONMENT/PARTICLES/
p_events.lst.

Fig. 5.—Average heavy-ion abundances in 72 IP shocks observed at
ACE and other heavy-ion compositionmeasurements at IP shocks, normal-
ized to oxygen. For clarity, the measurements of Klecker et al. (1981) have
been shifted to the right.

Fig. 6.—(a) Occurrence rates of X-ray flares and sunspots, (b) mean
Fe/O ratio in IP shocks, and (c) frequency of 3He-rich IP shocks, plotted
vs. time. The occurrence rates of X-ray flares and sunspots are normalized
to their respective maxima.
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sunspots,3 the mean Fe/O ratio, and the incidence of 3He-
rich shocks (see also Desai et al. 2001), plotted versus time.
The figure shows that the mean Fe/O ratio increased with
rising solar activity from 1998 to 2000, as indicated by the
increase in the occurrence rates of X-ray flares and sunspots.
The mean Fe/O ratio then remained relatively constant
from 2000 to 2002, thereby tracking the occurrence rates of
X-ray flares and sunspots. In general, the mean Ne–Ca
abundances also increased between 1998 and 2000 and
remained relatively constant from 2000 to 2002, while the C
and N abundances remained constant within �20% over all
five periods. Among the heavy-ion (from C to Fe) abundan-
ces, the largest increase (about a factor of 2) with solar activ-
ity occurred for the Fe/O ratio. Despite the significantly
larger uncertainties, also note that the frequency of 3He-rich
IP shocks peaked in 1999 at �82% and was relatively lower
during the remaining four periods; the lowest frequency
(�33%) occurred in 2002.

4. COMPARISON BETWEEN IP SHOCK ABUNDANCES
AND SOLAR WIND ABUNDANCES

Figure 7 compares the mean IP shock abundances with
those measured in the fast and slow solar wind (von Steiger
et al. 2000). The mean C/O ratio in IP shocks was about a
factor of 2 lower than that measured in the fast and slow
solar wind, while the abundances of N through Si and that
of Fe were enhanced by up to a factor of 2. In contrast, the S
abundance in IP shocks was similar to that measured in the
solar wind.

Figure 8 shows the ratios, �I, of the IP shock abundances
to those measured in the slow solar wind, plotted versus
mass/charge (M=Q; amu e�1). Here the subscript ‘‘ I ’’
denotes a particular species, e.g., �C ¼ ðC=OÞIP shock=
ðC=OÞSW. The charge states are taken as those measured in
the solar wind (from von Steiger, Geiss, & Gloeckler 1997).
These are He2+, C5.38+, N5.47+, O6.05+, Ne7.97+, Mg9.5+,

Si8.57+, S8.75+, and Fe9.84+. The dashed line shows a least-
squares fit to the data. Clearly, �I is not well correlated with
mass/charge; for example, there is a large spread in �I

between O versus Ne, Mg, and N, even though they have
virtually the same mass/charge ratio. The calculated corre-
lation coefficient for the fit is 0.42, having a 13% chance of
being exceeded by uncorrelated data. A similar plot of �I

versus M=Q using values for the fast solar wind also shows
a large spread for elements with similar M=Q ratios; here
the correlation coefficient is 0.55, which has a 6% chance of
being exceeded by an uncorrelated pair of parameters.

5. RELATIONSHIP BETWEEN SHOCK ABUNDANCES
AND UPSTREAM ABUNDANCES

5.1. Selection of Upstream Sampling Times

In surveying the ULEIS measurements, we found the
presence of energetic ions above�0.1 MeV nucleon�1 in the
interplanetary medium upstream of all the IP shocks
(see also Tsurutani & Lin 1985). Here we define the
upstream interval as the period prior to the start of the
shock-associated ramp-up of intensities. In these upstream
time intervals (see Table 1), ULEIS sampled energetic ions
that were not accelerated locally at the IP shock at �1 AU.
Figure 1 shows an example of an upstream interval chosen
to precede the intensity ramp-up associated with the IP
shock. During this upstream interval, both the 3He/4He and
Fe/O ratios were close to unity. Such abundances are typi-
cal of impulsive SEPs and provide further evidence of the
frequent presence of impulsive flare material in the inter-
planetary medium at �1 AU (see Mason et al. 1999a;
Weidenbeck et al. 2003). As another example, Figure 9
shows a mass versus time plot of ions with mass above 2
amu and energy above 0.35 MeV nucleon�1 measured from
2000 April 18 through 26 (event 26 in Table 1). Note that

Fig. 7.—Mean heavy-ion abundances in 72 IP shocks and those mea-
sured in the fast and slow solar wind, normalized to oxygen.

3 Both were obtained from
http://sec.noaa.gov/ftpmenu/indices/old_indices.html.

Fig. 8.—Ratios �I of the IP shock abundances relative to the slow solar
wind values vs. particle mass/charge (M=Q; amu e�1).
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several ion species were observed throughout the 8 day
interval. The arrival of the shock at 0850 UT on April 24
coincided with a dramatic increase in the counting rate of
many ion species, including 3He. The 5 day interval (from
April 18 through 23) prior to the arrival of the locally accel-
erated particles had a few discrete energetic particle events
that exhibited velocity dispersion (not shown), e.g., �1200
UT on April 20, superposed on a low but nearly continuous
flux of energetic ions.

A significant limitation of using the upstream ions as a
probe of the source composition for IP shocks arises
because these energetic ions are substantially faster than the
shocks. Thus, although many of these particular ions may
have outrun the shock, we use their composition as the best
available proxy for that of the remnant interplanetary popu-
lation that is available for reacceleration at IP shocks
(Mason et al. 1999a). To ensure that a given IP shock has a
reasonable probability of encountering a source population
whose composition is similar to that of the upstream popu-
lation, we also required that the corresponding upstream
interval be within 7 days (representing �95� solar rotation)
of the start of the shock-associated time interval.

5.2. Comparison between Shock Abundances and
Upstream Abundances

Figure 10 shows a plot of the 0.5–2.0 MeV nucleon�1

Fe/O ratio measured in 63 of the 72 IP shock events listed
in Table 1 versus the corresponding ratio measured during
the upstream time intervals. The Fe/O ratio measured
upstream of all nine shocks excluded from this plot had an
uncertainty greater than 35%. Note that the Fe/O ratios
both in IP shocks and upstream of the shocks varied over a
factor of 100, indicating large event-to-event variations.
The Fe/O ratio in IP shocks is positively correlated with

that measured upstream of the shocks; for N ¼ 62 events a
correlation coefficient of r ¼ 0:51 has a less than 1� 10�3%
chance of being exceeded by an uncorrelated pair of param-
eters. The correlation coefficient was calculated without the
outlier, which represents event 29 in Table 1. This event
occurred on 2000 July 11, just prior to the start of a highly
complex series of flare, CME, and SEP events (e.g., Smith et
al. 2001). In this case we suspect that the upstream composi-
tion may not be a good proxy for the source population. We
also remark that the high degree of correspondence between
the IP shock and upstream abundances occurs for all
levels of the IP shock/upstream intensity ratio (not shown),
as obtained from the average 0.5–2.0 MeV nucleon�1 O
intensities.

We investigated the energy dependence of the heavy-ion
upstream abundances and found that like the shock abun-
dances, the mean upstream abundance ratios were relatively
constant over the ULEIS energy range. We calculated the
mean upstream abundances (given in Table 2) from the dis-
tributions of the abundance ratios measured in several
energy bands during all 72 upstream intervals. Figure 11
compares the heavy-ion abundances in the upstream mate-
rial and IP shocks with those measured in impulsive and
gradual SEPs. In all four populations, the C/O and N/O
ratios were remarkably similar, while the Ne through Fe
abundances showed significant differences, with the largest
difference occurring for the Fe/O ratio. Note that the
upstream abundances fell between those measured in impul-
sive and gradual SEPs. Using a least-squares fit to the C
through Fe upstream abundances (not shown), we esti-
mated that, on average, the upstream material during our
survey period comprised�30% contribution from impulsive
flares and the remainder from large gradual SEPs.

Fig. 10.—The 0.5–2.0MeV nucleon�1 Fe/O ratios in 63 IP shocks (from
Table 1) vs. the corresponding ratio measured upstream of the shocks. The
dashed line shows an unweighted least-squares fit to the data.

Fig. 9.—Mass vs. time plot of ions with mass above 2 amu and energy
above 0.35 MeV nucleon�1 observed from 2000 April 18 through 26. Each
dot represents an individual ion analyzed by the instrument. The blue verti-
cal line (labeled ‘‘ shock ’’) marks the arrival of an interplanetary shock at
ACE at 0850 UT on April 24 (event 26 in Table 1).Black vertical lines: Time
interval for measuring energetic ions associated with the shock.Green verti-
cal lines: Time interval for measuring energetic ions upstream of the shock.
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Figure 11 also shows that the Ne through Fe abundances
in the upstream material were enhanced when compared
with those measured in IP shocks. We examine these dif-
ferences in Figure 12 by plotting the ratios �I of the
shock abundances relative to the upstream abundances for
each species I versus M=Q, e.g., �C ¼ ðC=OÞIP shock=
ðC=OÞupstream. The charge states for various species are
taken as the mean ionization states measured in ‘‘ pure ’’
gradual SEPs (Klecker et al. 1999; Möbius et al. 1999,
2000). These are He2+, C5.6+, N6.6+, O6.8+, Ne8.2+, Mg8.9+,
Si9.5+, S10.2+, Ca10.8+, and Fe11.6+. The figure shows that
there is an excellent negative correlation between �I and

M=Q; for 10 data points, a correlation coefficient of
r ¼ �0:92 has a less than 7:9� 10�3% chance of being
exceeded by a random uncorrelated pair of parameters.

6. DISCUSSION

Our survey of the elemental composition of 0.1–10 MeV
nucleon�1 heavy ions accelerated at 72 CME-driven IP
shocks observed atACE has shown the following:

1. The mean and individual C/O ratios in IP shocks were
substantially depleted relative to the solar wind value but
were similar to those measured in gradual and impulsive
SEPs.
2. The IP shock abundances were poorly correlated with

solar wind values.
3. Energetic ions above �0.1 MeV nucleon�1 were

present in the interplanetary medium upstream of all the IP
shocks in our survey; the mean upstream abundance ratios
fell between those measured in impulsive and gradual SEPs.
4. The �1 MeV nucleon�1 Fe/O ratio measured in IP

shocks was positively correlated with the Fe/O ratio
measured upstream of the shocks.
5. The IP shock abundances were well correlated with

those measured upstream, with a negative dependence on
M=Q.
6. The mean Fe/O ratio in IP shocks and, to a lesser

extent, the frequency of 3He-rich shocks exhibited a positive
correlation with the level of solar activity.

We discuss the above results in terms of a rigidity-
dependent acceleration mechanism (e.g., Jones & Ellison
1991) that operates on a seed population predominantly
comprising either (x 6.1) ions with solar wind–like composi-
tion or (x 6.2) ions that were accelerated previously in SEPs
(Mason et al. 1999a; Desai et al. 2001).

6.1. Are SolarWind Ions the Dominant Source of
Material in IP Shocks?

Based on the following three observations we conclude
that the IP shock-accelerated ions in our survey did not
originate mainly from the bulk solar wind or from a supra-
thermal tail that was predominantly composed of solar
wind ions.

First, the solar cycle dependence of the mean Fe/O ratio
and the occurrence frequency of the 3He-rich IP shocks
demonstrate a close correspondence between the IP shock
abundances and solar activity. Since solar cycle variations
are unlikely to be attributed to a shock acceleration mecha-
nism, we conclude that the above properties are evidence of
variations in the source population itself. Since the solar
wind abundances show relatively little solar cycle depen-
dence (e.g., von Steiger et al. 2000), it follows that the ions
accelerated in IP shocks are unlikely to have originated
exclusively from the solar wind (see also Desai et al. 2001).

Second, our results show that both the mean and individ-
ual C/O ratios in IP shocks are substantially lower (more
than �40%) than those measured in the solar wind (von
Steiger et al. 2000). The composition of a suprathermal tail
composed predominantly of solar wind ions would be
expected to be similar to that measured in the bulk solar
wind (Gloeckler et al. 1994; 2000). Thus, if the bulk solar
wind or a suprathermal tail consisting predominantly of
solar wind ions was the dominant source of the C and O in

Fig. 11.—Mean heavy-ion abundances measured in IP shocks, upstream
of the shocks, gradual SEPs, and impulsive SEPs, normalized to O.

Fig. 12.—Plot similar to Fig. 7, but the mean IP shock abundances are
normalized to the corresponding mean abundances measured upstream of
the shocks. Note that the data are plotted on a loglinear scale.
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IP shocks, then the depletion in C, or alternatively, the
enhancement in O, must be explained in terms of the effects
of injection or acceleration processes. In currently studied
acceleration mechanisms such as diffusive shock accelera-
tion and transit-time damping, higher rigidity particles are
injected and/or accelerated less efficiently than lower
rigidity particles (e.g., Lee 1983; Jones & Ellison 1991; Fisk
et al. 2000). Since C and O have similar M=Q values it is
extremely difficult for these mechanisms to differentiate
between the two species and deplete the C/O ratio by
�40%. Thus, such systematic M=Q-dependent fractiona-
tion processes are unlikely to produce C/O ratios that are
substantially different from the parent population. Indeed,
since C has a slightly lower M=Q value than O, these accel-
eration processes should enhance, not deplete, the C/O
ratio in IP shocks relative to the solar wind value, if it is the
dominant source of material. This is clearly inconsistent
with our observations.

Finally, the IP shock abundances were poorly correlated
with solar wind values. For instance, the 4He and C abun-
dances in IP shocks were depleted by nearly a factor of 2 rel-
ative to the solar wind, while the N, Ne, and Mg
abundances were enhanced by about a factor of �2. This
poses severe problems for shock acceleration mechanisms
because 4He, C, N, Ne, and Mg have similar and lower
M=Q values than O. In addition, the mechanism must
enhance Si and Fe abundances but not the S/O ratio, even
though Si, S, and Fe have higher M=Q values than O.
Clearly, if the heavy ions originated predominantly from
the solar wind, then each species had to be accelerated by a
unique mechanism. This, however, is inherently implausible
and inconsistent with the fact that the intensity-time profiles
(e.g., see Fig. 1) of different species track each other, indi-
cating a common acceleration and transport history for all
species.

6.2. Suprathermals as the Seed Population for
Heavy Ions in IP Shocks

Previously, we showed that the 3He/4He ratio in several
IP shocks (also see Table 1) was substantially enhanced over
the solar wind value and, further, that it varied from event
to event (Desai et al. 2001). In this survey we found that the
S, Ca, and Fe abundances in IP shocks also had substantial
event-to-event variations and that the mean Ne–Fe abun-
dances and the incidence of 3He-rich IP shocks depended on
the level of solar activity. We also showed that the 0.5–2.0
MeV nucleon�1 Fe/O ratio in IP shocks was positively cor-
related with the corresponding ratio measured upstream of
the shocks (see also Tan et al. 1989). In addition, we found
that the 0.5–2.0 MeV nucleon�1 3He/ 4He ratio in the inter-
planetary medium upstream of 50 IP shocks (not shown)
was enhanced between factors of �10 and 2000 over the
slow solar wind value.

The acceleration of 3He nuclei with significant enhance-
ments over the bulk solar wind value clearly shows that the
IP shocks accelerated a suprathermal population whose
energy region lies above the bulk solar wind speed and that
remnant flare material is an important component of this
source population, consistent with the hypothesis of Mason
et al. (1999a). The presence of �1 MeV nucleon�1 3He ions
upstream of �70% of the IP shocks confirms that remnant
flare material was present in the interplanetary medium dur-
ing most of our survey period (see also Richardson et al.

1990; Mason et al. 1999a; Wiedenbeck et al. 2003). This,
taken together with the solar activity dependence of the
occurrence frequency of the 3He-rich shocks and of the
mean Ne–Fe abundances, indicates that suprathermal flare
material enriched in 3He and a variety of heavy ions from
Ne through Fe was reaccelerated at most of the IP shocks in
our survey. The solar cycle dependence of the heavy-ion
abundances also provides strong support for our earlier sug-
gestion, i.e., that the interplanetary medium was being
replenished with flare material more frequently during peri-
ods of high solar activity when compared with the quiescent
periods (see Desai et al. 2001).

The event-to-event variations in the 3He/4He ratio and in
the S, Ca, and Fe abundances indicate that the relative con-
tribution of impulsive flares to the seed population for IP
shocks was highly variable (Desai et al. 2001). The variabil-
ity in the IP shock abundances, particularly that in the
Fe/O ratio, was closely related to that found in the supra-
thermal population present upstream of the shocks. This
upstream population, on average, had a�30% contribution
from impulsive flares and the remainder from large gradual
SEPs. We therefore suggest that the upstream population is
part of the complex and variable pool of suprathermal
material ubiquitous in the interplanetary medium inside a
few AU (seeMason 2000).

Finally, the IP shock abundances were well correlated
with those measured upstream, with a negative dependence
onM=Q (Klecker et al. 1981; Tan et al. 1989). In particular,
the 4He, C, and N abundances in IP shocks were essentially
similar to those measured upstream, while the Fe abun-
dance was depleted by about a factor of 2. The abundances
of the remaining species were systematically depleted
according to their respective M=Q values, consistent with
rigidity-dependent shock acceleration mechanisms in which
higher rigidity ions are accelerated less efficiently than lower
rigidity ions (e.g., Lee 1983; Jones & Ellison 1991). Based on
the above discussion, the weight of evidence favors a sce-
nario where the IP shocks accelerated a suprathermal seed
population predominantly composed of ions that were pre-
viously accelerated in impulsive and gradual SEPs.

6.3. Implications for Shock Acceleration Theories

In the shock acceleration theories of Lee (1983) and Jones
& Ellison (1991), solar wind ions are accelerated in a process
in which higher rigidity particles are accelerated less effi-
ciently than lower rigidity particles. Since the speeds of the
residual SEP ions are significantly greater than the mini-
mum injection threshold speeds typically associated with IP
shocks, these ions should be injected and accelerated prefer-
entially and more efficiently relative to thermal solar wind
ions (e.g., Lee & Fisk 1982; Giacolone, Jokipii, & Kóta
1994). This is qualitatively consistent with the results of
Gloeckler et al. (1994) and Chotoo et al. (2000), which
showed that interstellar pickup He+ ions, with speeds of
about twice the bulk solar wind speed, are injected and
accelerated more efficiently in CIRs relative to thermal solar
wind ions, leading to He+ enhancements of �1000 times
greater than the bulk solar wind value. Note, however, that
neither the interstellar and inner-source pickup ion popula-
tions nor the CIR-accelerated ion population could
have provided the dominant source of suprathermal
material accelerated at the IP shocks in our survey. This
is because the C/O ratio in the inner-source pickup and
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CIR-accelerated ion populations is close to unity (Gloeckler
et al. 2000; Mason et al. 1997), while the interstellar pickup
ion population is essentially devoid of elements with low
first ionization potential, such as C, Mg, and Si (Gloeckler
et al. 2000).

Nonetheless, we remark that the complex manner in
which the relative contribution from various sources to the
interplanetary suprathermal population could change with
solar cycle and other key properties of this source popula-
tion cannot be fully explored with the present set of meas-
urements (see also Mason 2000). For instance, detailed
composition measurements over an entire solar cycle are
required to examine its temporal properties, while current
instrumentation collectively lacks high-sensitivity coverage
of the suprathermal energy regime from the bulk solar wind
energy up to the lower energy threshold of ULEIS, i.e.,�0.1
MeV nucleon�1, that is necessary to determine the relative
contribution from different sources.

Finally, our results clearly indicate that the standard the-
oretical methodology of injecting and accelerating a thermal
or suprathermal population with solar wind composition is
not valid for the IP shocks in our survey. Although the sys-
tematic M=Q-dependent depletion of the IP shock abun-
dances relative to those measured upstream of the shocks is
consistent with a rigidity-dependent acceleration process,

we point out that this effect remained obscured as long as
the ions were presumed to originate predominantly from
the solar wind. On the other hand, the systematic fractiona-
tion effect of shock acceleration became readily discernible
once the dominant source population was identified as
residual suprathermal material from impulsive and gradual
SEPs. We therefore suggest that to account for the new
measurements at ACE and to fully understand the injection
and acceleration of energetic particles at CME-driven IP
shocks, theoretical models must inject a more realistic
source composition and distribution that predominantly
comprises remnant material from impulsive and large
gradual SEPs.
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