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Abstract.

Throughout the entire Ulysses mission, the Heliosphere Instrument for Spectra,

Composition, and Anisotropy at Low Energies (HI-SCALE) has collected measurements of
low-energy interplanetary ions and electrons. Time-series of electron, proton, and ion fluxes
have been obtained since 1990. We present statistical studies of high-resolution ion and elec-
tron energy spectra (~ 50 keV to ~ 5 MeV) as measured by the HI-SCALE instrument on
the Ulysses spacecraft over a time interval longer than a solar cycle (1990 to 2004). Ulysses
is the only spacecraft that continually measured the inner (~ 1.4 to ~5 AU) heliosphere par-
ticle population during these years. The data thus provide measures of the lower energy pop-
ulation of particles that a spacecraft traveling outward from Earth would have encountered,
and that also could have impacted the atmosphere and surface of Mars and the surfaces of
the Martian satellites, Phobos and Deimos, during this interval. Comparisons of Ulysses par-
ticle fluxes with those from the Electron, Proton, and Alpha Monitor (EPAM) instrument on
the Advanced Composition Explorer (ACE) spacecraft (the HI-SCALE back-up instrument)
have shown that it is common for the particle fluxes in the inner heliosphere following so-
lar events to be distributed quite uniformly in heliolatitude. Thus, the Ulysses measurements,
while taken over a range of heliolatitudes, can provide important statistical information that
can be used to estimate the low-energy radiation dosages and potential sputtering fluxes to plan-
etary surfaces and to heliosphere spacecraft surfaces and solar arrays over a solar cycle.

1. Introduction

The increased interest in exploration (by robotic and human sys-
tems) of solar system objects — the Moon and potentially Mars —
has rekindled considerable attention on the practical implications
to spacecraft systems and to humans of the charged particle radia-
tion environment outside Earth’s magnetosphere and beyond 1 AU
[e.g., Foullon et al., 2005; Parker, 2005]. This paper addresses the
statistics of the low-energy electron and proton radiation (~ 50 keV
to ~ 5 MeV) beyond 1 AU as measured with the HI-SCALE instru-
ment [Lanzerotti et al., 1992] on the Ulysses spacecraft during the
last decade and one-half — covering more than a solar cycle.

The only space probe that has provided continuous data cov-
erage in the heliosphere between the orbits of Earth and Jupiter
[e.g., Boufaida and Armstrong, 1997] is the solar polar-orbiting
Ulysses spacecraft, a joint collaborative mission by ESA and
NASA. Launched in 1990, Ulysses has operated flawlessly to date,
providing unique data on the interplanetary environment beyond
Earth’s orbit. Studies of the statistical distributions over more than
one solar cycle of the charged particle fluxes as returned from
Ulysses can provide some measures of the radiation environment
that a spacecraft might be expected to encounter between 1 and
5 AU. A similar statistical study, obtained with the Earth-orbiting
Interplanetary Monitoring Platform 8, shows the solar cycle varia-
tions in energy spectra of solar and interplanetary particles over 27
years from 1973 to 2000 [Simunac and Armstrong, 2004].

The energies of the particles whose statistical distributions are
presented in this paper are sufficiently low that they will be stopped
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in any sensible spacecraft or spacesuit materials, and hence will in
general be of little importance for considerations of human safety.
However, such particle fluxes can be of potential importance for
their impact on, and sputtering and modification of, spacecraft sur-
face materials and solar arrays, and for their effects in altering the
surfaces of naturally-occurring objects in this region of the helio-
sphere. Such naturally-occurring objects range from icy and solid
dust grains [e.g., Lanzerotti et al., 1978; Johnson, 1990] to the at-
mospheres and surfaces of the Moon, Mars, and its natural satel-
lites Phobos and Deimos. Data on higher energy particles of more
relevance to human safety were acquired by other instruments on
Ulysses, and analyses of these data similar to those presented here
would be of benefit to an exploration program.

While the Moon and Mars are confined to the ecliptic plane,
Ulysses spends much of its orbit outside the ecliptic, passing as
high as 80° heliolatitude over the north and south solar poles. Nev-
ertheless, research in recent years using data from Ulysses and
from the 1 AU in-ecliptic ACE spacecraft has demonstrated that
solar activity (flares, filament eruptions, and coronal mass ejections
(CMEs)) can fill the heliosphere with a “reservoir” of particles in-
dependent of heliolatitude. Such a reservoir slowly decays away
with time, of order of many days or more [Roelof et al., 1992;
Maclennan et al., 2003]. That is, solar activity, whether from near
the solar equator or at mid-solar latitudes, can produce particle
fluxes that are soon found to be distributed reasonably uniformly
in intensity over heliolatitudes. This feature of the heliosphere is
important for understanding the particle environment in the range
from ~ 1 to 5 AU. The latitude dependence at solar minimum of
particles in the inner heliosphere has been presented by Patterson
and Armstrong [2003].

During solar minimum, except near apogee in its orbit, Ulysses
will neither measure particles in the near-ecliptic current sheet nor
the effects of the current sheet in accelerating particles (including
at co-rotating interactions regions, CIRs). Above the heliosphere
current sheet, the fluxes of particles are measured to be very low
[e.g., Lanzerotti et al., 1995; Simpson et al., 1995]. However, this
solar minimum limitation in the statistics to be discussed in the sub-
sequent sections is not a serious limitation of this study in that the
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Figure 1. Smoothed monthly sunspot number (yellow curve)
and position of the Ulysses spacecraft.

solar maximum fluxes (which become the particle reservoirs) are of
sufficient intensity to be the dominant player when determining the
longer-term implications of the heliosphere radiation environment
beyond earth orbit.

2. Heliosphere Instrument for Spectra,
Composition, Anisotropy and Low Energies

The HI-SCALE instrument was designed and built by the Ap-
plied Physics Laboratory (APL) of the Johns Hopkins University
(JHU) to make measurements of low-energy ions and electrons
[Lanzerotti et al., 1992]. The instrument consists of five sepa-
rate solid state detectors which uniquely identify ions with ener-
gies greater than 50 keV and electrons with energies greater than
30 keV. These five telescopes are divided into three distinct sys-
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Figure 2. Monthly averages of the LEFS 150 proton flux in the
531 keV energy channel from 1990 to 2004.
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Table 1. Power Law Fits to Proton and Electron Energy Spectra shown
in Figures 4 and 5.2

Protons Electrons
Year k X k X2
1990 —1.77 0.0124 -2.46 0.069
1991  —-1.42 0.0019 -1.77 0.015
1992 —2.14 0.0838 —1.42 0.026
1993 —1.61 0.0303 -2.20 0.426
1994  —1.41 0.2232 —-2.24 0.289
1995 132 0.2181 -1.10 0.547
1996 —150 0.3196 -1.27 1.167
1997 —1.46 0.5673 -1.93 0.340
1998 —152 0.0299 -1.95 0.082
1999 187 0.0588 -—1.79 0.081
2000 —1.46 0.0054 —-1.91 0.041
2001  —1.40 0.0048 —1.88 0.046
2002 —1.50 0.0053 -—2.12 0.051
2003 —1.42 0.0085 —2.15 0.106
2004 —1.63 0.0291 -1.97 0.132
Average —1.56 0.1056 —1.88 0.228

2 power law model: ® ~ EX, where ® indicates the particle flux, E refers
to the particle energy, and k is the exponent of the fit. The parameter )@ rep-
resents the unreduced goodness-of-fit statistic. The )2-statistics indicate in
all cases that the model parameters of the power law fit are “believable”.

tems: the Low-Energy Magnetic/Foil Spectrometers (LEMS30 &
120/LEFS60 & 150) and the Composition Aperture (CA).

High-resolution ion and electron energy spectra are obtained in
a dedicated observing mode with lower temporal resolution (~ 17-
minute cadence) than the normal data collection mode with much
better temporal resolution (~ 1 s cadence). In this high-energy res-
olution mode, the electrons are measured in 12 different energy
channels ranging from 44 keV to 324 keV and protons/ions in 24
channels ranging from 66 keV to 4.10 MeV. The particle data col-
lected by the LEFS60 and LEMS120 telescopes are acquired in
eight unique, direction-of-arrival sectors, while the LEFS150 and
LEMS30 telescopes involve four sectors.

The data have been carefully calibrated and formatted such that
they are easily accessible for a broad user community [Patterson,
2002]. Currently, data reside in data servers at JHU APL (http://sd-
www.jhuapl.edu/Ulysses/), the Coordinated Data Analysis Web
(CDAWeb, http://cdaweb.gsfc.nasa.gov/), the National Space Sci-
ence Data Center (NSSDC, http://nssdc.gsfc.nasa.gov/), and Fun-
damental Technologies (FunTec, http://hiscale.ftecs.com/). The in-
put data for the statistical studies presented here are formatted as
ASCII text and cover the interval from November 14, 1990 to De-
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Figure 3. Monthly averages of the LEFS 150 electron flux in
the 268 keV energy channel from 1990 to 2004.
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cember 31, 2004 covering 14 years (5162 days) including two solar
maxima (1991 and 2001) and one minimum (1995).

The smoothed monthly sunspot numbers (http://www.ngdc.noaa
.gov/stp/SOLARY/) are shown in Figure 1 as a yellow curve, which
is superposed on the background image depicting the position of
Ulysses (heliolatitude and distance from the Sun). Figure 1 will
serve as a reference for the interpretation of the results in the fol-
lowing sections. With hourly averages, there are potentially about
124,000 data points per energy channel over the 14 years. How-
ever, instrument or telemetry limitations reduce this number. The
data coverage is about 68% for the electron channels with the ex-
ception of the channel with the highest energy (324 keV), where
the data coverage is slightly less than 30%. That is, assuming a
similar reduction of the data coverage by 32% as for the lower en-
ergy channels due to instrument and telemetry limitations, there
are no 324 keV electrons detected for about 38% of the time. The
data coverage in the proton channels up to an energy of 1.19 MeV
is about 75%. Starting at an energy of 1.39 MeV the data cov-
erage drops monotonically to about 40% at the highest energy of
4.10 MeV. Using the same reasoning as in the case of electrons,
there are no protons detected at the highest energies for about 35%
of the time. The diminished data coverage at high energies for
both electron and proton fluxes indicates that high energetic parti-
cles from solar eruptive events are predominantly measured in the
channels with the highest energies.

3. Results
3.1. Statistical Studies

This statistical study is based on a 14-year data set of Ulysses
HI-SCALE measurements covering the period from 1990 to 2004.
In particular, we investigate (1) solar cycle variations of electron
and ion fluxes, (2) changes of the energy spectra with the solar cy-
cle, (3) detailed flux distributions as a function of energy, and (4)
time-resolved fluxes during periods of intense solar activity.

Monthly average proton and electron fluxes in two energy chan-
nels are shown in Figures 2 and 3, respectively, for the 14-year in-
terval. The blue vertical bars in the figures reflect the temporal vari-
ations of the flux measurements in each monthly data set and are
not measurement errors. The average fluxes are slightly higher in
2001 during the maximum of solar cycle 23 compared to the previ-
ous cycle (1991/1992) in contrast to the smoothed monthly sunspot
numbers shown in Figure 1. The large variation of the proton fluxes
makes it difficult to identify the double peak of the sunspot numbers
—a distinct feature of solar cycle 23 — even though some months in
2003 show elevated proton flux values.

Interestingly, the largest monthly variations are found during the
solar minimum period from 1995 to 1997. These variations indicate
both the spacecraft passage through the heliospheric current sheet
during the fast latitude pass (October 1994 — June 1995) as well as
contributions from individual solar events, which are superimposed
on an otherwise quiet background. The largest monthly variations
in the mid-energy (268 keV) electrons typically occur during the
solar maximum periods. In addition, the electron fluxes at the so-
lar maxima follow the trend seen in the smoothed monthly sunspot
numbers, i.e., the electron flux was higher during the maximum of
solar cycle 22.

The flux levels for both protons and electrons differ by about
two orders of magnitude between solar minimum and maximum
(Figures 2 and 3). On rare occasions this difference might extend
to three orders of magnitude. Typical solar minimum fluxes for
both the 530 keV protons and the 268 keV electrons are ~ 1 to
2x 1073 counts cm2 571 sr~1 kev—1. The corresponding val-
ues atlsolar maximum are about ~ 2 x 10~ counts cm=2 s 1 gr1
kevV—.

The proton and electron spectra depicted in Figures 4 and 5 are
yearly averages. The flux levels are coded according to the rainbow
spectrum, i.e., the highest fluxes are shown in red whereas the low-
est fluxes are plotted in violet. The solar maxima and minimum can
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easily be identified in the legends to the plot in the upper right cor-
ner of the respective figures. As noted in the discussion of Figures 2
and 3, the flux differences between solar maximum and minimum
amount to about two orders of magnitude, with somewnhat larger
spreads in some exceptional cases. This spread is fairly uniform
across the entire energy range for both protons and electrons. Note
that the 1991 and 2001 proton energy spectra are virtually identi-
cal, i.e., the 2001 spectrum is superimposed on the 1991 spectrum.
During 1991, Ulysses was in transit in the ecliptic plane between
Earth and Jupiter.

The results of a power law fit to the observed yearly energy spec-
tra are given in Table 1. In general, the slope of the energy spectra
is not as steep as E~2; the average exponential coefficients for 15
years (only two months in 1990) are k = —1.56 for protons and
k = —1.88 for electrons, respectively. However, there are some
notable exceptions. The steepest proton spectra are encountered
in 1992 (k = —2.14) and 1999 (k = —1.87), which correspond to
the declining phase of solar cycle 22 and the ascending phase of
the next cycle, respectively. However, the electron spectra show
a different behavior. The steepest slopes occur during solar mini-
mum and maximum, when the power law exponent is significantly
smaller than —2. The average 14-year spectral slope for the pro-
tons (k ~ —1.5) is the slope of the differential energy spectrum that
is predicted by Fisk and Gloeckler [2006] if these energy protons
are produced by stochastic acceleration due to compressional tur-
bulence in the solar wind. However, a variety of slope values are
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Figure4. LEFS 150 proton energy spectra from 1990 to 2004.
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Figure5. LEFS 150 electron energy spectra from 1990 to 2004.
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measured on a yearly average basis, as are tabulated in Table 1.
Further, slopes of spectra following individual events can be quite
variable in time (not shown here). This interesting topic of the
slopes of proton and electron energy spectra in these energy ranges
will be discussed in a paper currently in preparation.

Though all power law fits pass a simple x2-statistics test, some
caution should be taken in interpreting the results. The largest x?2
values occur in solar minimum years. A closer inspection of Fig-
ures 4 and 5 reveals larger variations at higher energies, indicative
of sporadic solar events increasing or modulating the proton and
electron fluxes in the high-energy regime.

Analysis of animated time-series of energy spectra with the full
temporal resolution (~ 17 min) show a larger variation of the en-
ergy spectra, especially, associated with solar events (hot shown
here). In particular, a single power law fit will no longer produce
adequate results for many spectra. Separate fits for the high- and
low-energy parts of the spectrum have to be used in such cases. In
these instances, the slopes in the low-energy portion of the spectra
tend to be steeper. Interestingly, this feature can even be seen in
the proton spectrum for 1992 (Figure 4), where several solar events
imprint their signature on the entire data set.

Figures 6 and 7 collapse the proton and electron data sets into
single plots to provide the frequency of occurrence of flux levels
as a function of energy for the entire 14-year interval. Detailed
frequency-of-occurrence distributions of proton and electron fluxes
are, for example, required in spacecraft and instrument design. In
particular, knowledge of such flux distributions are important for
missions that will operate for long time periods and encounter a
variety of interplanetary conditions. The individual frequency dis-
tributions in Figures 6 and 7 are constructed by counting the flux
values encountered in equidistantly spaced flux bins on a logarith-
mic scale (note the equidistant spacing of the surface plot grid lines
for the flux axis). At each energy, the frequency distribution is
normalized such that the area underneath the curve that includes
the measured total flux range is unity; i.e., the figures display rela-
tive occurrence frequencies for flux levels at each measured energy.
Since the proton energy channels are not equidistantly spaced, nei-
ther on a normal nor on a logarithmic scale, the grid lines for the
energy axis are more condensed towards low energies. Thus, the
energy resolution is higher for low-energy protons. The energy
channels for electrons are roughly equidistantly space on a loga-
rithmic scale.

Asymmetry is a common feature of both the proton and elec-
tron frequency distributions. Since higher energy particles are
less prevalent, the frequency distributions are shifted toward lower
fluxes at the higher energies. The proton distributions are narrower
and more prominently peaked (at low flux counts) at higher ener-
gies. In comparison to the electron distributions, the proton curves
are fairly smooth and lack any detailed structure. The electron dis-
tributions are characterized by three distinct features: (1) a sec-
ondary maximum at low fluxes and higher energies, (2) a double-
peaked structure at low energies of the main component of the dis-
tribution, and (3) a distinct ripple-like feature at large fluxes across
the entire energy range.

3.2. Discrete Events

Thus far, only the general statistical properties of low-energy
electron and ion fluxes have been described. During solar events
much higher fluxes occur and thus have to be considered in the de-
sign of spacecraft traveling in the interplanetary medium beyond
Earth, to the Moon and on to Mars. In addition, such particles can
have an significant impact on the atmosphere and surfaces of Mars
and its two satellite moons.

Shown in Figure 8 are high-resolution time profiles of pro-
ton fluxes in selected energy channels (364 keV, 1.39 MeV, and
4.10 MeV) during the “Halloween Events” in October/November
2003. The temporal resolution of the spectra is typically either 17
or 34 min. Several X- and M-class flares were observed during this
period of intense solar activity. Figure 9 displays time profiles of X-
ray fluxes in two energy channels (0.5—4.0 Aand 1.0—8.0 A) as
measured by the GOES 12 spacecraft. Since the three main active
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regions NOAA 10484, 10486, and 10488 rotated to the backside of
the Sun on 2003 November 5, the X-ray flux sharply declined there-
after. A collection of research papers related to this very prominent
example of solar eruptive phenomena and associated space weather
effects was assembled in a special volume of Journal of Geophysi-
cal Research [Gopalswamy et al., 2005].

The large number of flares (10 X-class and more than 30 M-
class flares) was one of the remarkable characteristics of the three
“naked-eye” sunspot groups in October/November 2003. Many

Figure6. Surface plot of the average LEFS 150 proton flux dis-
tributions for individual energy channels during the time period
from 1990 to 2004.

Figure 7. Surface plot of the average LEFS 150 electron flux
distributions for individual energy channels during the time pe-
riod from 1990 to 2004.
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CMEs resulted in very intense Solar Energetic Particle (SEP)
events, three of which produced Ground Level Enhancements
(GLEs). Two of the eruptions were characterized as rare “fast tran-
sit” events reaching Earth in less than a day. The increased solar
activity from October 25 to 28 led to a gradual rise of the pro-
ton fluxes (see Figure 8). Multiple X- and M-class flares produced
strong variations in in the proton fluxes during that time period.
This period of enhanced solar activity also serves as an example
of the heliosphere acting as a reservoir for charged particles. The
initial activity fills the reservoir within a few days. Thereafter, the
particle fluxes remain fairly constant showing only a gradual de-
crease. Furthermore, only the largest solar events can imprint a dis-
tinct signature on the otherwise only slowly varying particle fluxes.

The intitial activity phase came to an end when a X17 proton
occurred close to disk center at 11:10 UT on October 28, which
was followed by a very large and fast halo CME. The proton fluxes
increased by more than three orders of magnitude compared to the
pre-storm levels on October 25. After this “super storm” the proton
fluxes stabilized and slightly declined at levels of about two orders
of magnitude higher compared to the pre-storm phase. Interest-
ingly, the low-energy protons (364 keV) started to increase again
on November 4, presumably as a result of the X-class flares on
November 2 and 3. Before moving off to the backside of the solar
disk, NOAA 10486 produced an X28 flare, which led to a renewed
increase of the proton fluxes on November 6. The maximum (not
shown in Figure 8) was reached between November 10 and 14 ap-
proaching values similar to the X17 event on October 28. However,
this time the high fluxes continued for several days. The maximum
phase was followed by gradual decline until November 23, when
the proton fluxes returned to pre-storm levels.

4. Discussion

A prominent example of low-energy protons affecting space-
craft is the detector degradation suffered by the AXAF CCD Imag-
ing Spectrometer (ACIS) on board the Chandra X-ray observatory
[Nartallo et al., 2001]. Protons with energies from tens of keV to a
few MeV can be scattered by the optics of X-ray telescopes and ul-
timately reach the focal plane instruments, where they have a neg-
ative influence on the Charge Transfer Efficiency (CTE) of CCD
detectors. Based on the experience with ACIS, the authors car-
ried out numerical simulations to assess the radiation environment
that the Chandra and XMM-Newton X-ray observatories encounter
in their highly elliptical orbits during solar maximum conditions.
The largest low-energy proton fluxes are typically encountered by
these spacecrafts during their transit of Earth’s radiation belts, e.g.,
100 keV proton fluxes of about 3 counts cm ~2 s~ 1 sr~1 kev—1 are
expected for X-ray telescopes orbiting Earth at 70000 km. These
fluxes corresponds to solar wind conditions near solar maximum
and/or during periods of intense solar activity for spacecraft leav-
ing the Earth’s protective magnetosphere. Extrapolating the energy
spectra shown in Figure 4 to 100 keV yields proton fluxes of about
1 count cm—2 s~1 sr~1 keVV—1 for the solar maximum years 1991
and 2001, which have virtually identical energy spectra. Since the
slope of the proton spectrum is steeper in 1992 at low energies, the
proton flux at 100 keV reaches slightly over 2 countscm —2s~1sr—1
keV~1, Since the interplanetary proton energy spectra measured by
Ulysses beyond 1 AU are yearly averages, the instantaneous fluxes
at 100 keV will exceed the value of 3 counts cm—2 s~ 1 sr—1 kev—1
given by Nartallo et al. [2001] during solar energetic events.

The non-ionizing energy loss (NIEL) damage to CCD detectors
depends primarily on the energy of the protons and thus their pen-
etration depth. The sensitive layer of a front-illuminated CCD is
close to the surface of the detector. Therefore, this type of CCD
is affected by low-energy (few hundred keV) protons. The sensi-
tive back-illuminated layer resides deeper, and the most damaging
protons have energies of 2> 1.5 MeV. Since photocells and CCD de-
tectors are basically using the same technology, the proton flux data
from Figure 4 could be used to assess the potential degradation of
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the efficiency of solar panels on spacecraft between Earth and Mars
at different phases of the solar cycle.

The effects on surfaces of energetic electrons and protons de-
pend upon the nature of the surface. For insulators, such as semi-
conductor resists and icy material such as is found on the surfaces
of the satellites of the giant planets, electronic sputtering by hun-
dreds of keV to MeV energy protons dominates the modification
of such surfaces [e.g., Johnson, 1990]. These energy particles can
even determine the lifetimes of icy grains inside the orbit of Jupiter
[Lanzerotti et al., 1978] and the lifetime of exposed ice in the polar
regions of Earth’s moon [Lanzerotti et al., 1981].

Nuclear collision sputtering is the dominant process for modi-
fying non-insulating materials that comprise the surface materials
of spacecraft and non-icy moons and grains. The sputtering cross
sections tend to peak at ion energies in the 1 to 100 keV energy
range, depending upon the sputtered material and the incident ion
species. For example, the sputtering yield for a 10 keV proton on
carbon/graphite is ~ 10—2. Extrapolating the year 1991/2001 solar
maximum proton energy spectra (Figure 4) to ~ 10 keV one finds
that the proton sputtering rate for a carbon-like surface would be
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of the order of 2 atoms s~1 cm~2, or ~ 6 x 107 cm~2 over a year.
At solar minimum, the sputtering rate would be ~ 10~ atoms s—1
cm—e.

In addition to sputtering, energetic ions can cause mixing of
regolith materials and changes in adhesion properties [Johnson,
1990]. While damage effects to semiconductors and solar cells
by the ions and electrons represented in Figures 4 and 5 can oc-
cur over a year or less, and thus affect the operations of instruments
and spacecraft, the effects of solar particles on bodies such as the
moons of Mars (Phobos and Deimos) will occur over millennia and
longer time scales but short on the scale of the age of the solar
system.

5. Conclusions

Ulysses is the only spacecraft mission out of the ecliptic and in
the heliosphere between Earth’s and Jupiter’s orbit. Its unique data
has contributed enormously to understanding of the heliosphere en-
vironment inside 5 AU by investigating solar-produced interplane-
tary phenomena. This study was motivated by the fact that particle
fluxes in energy ranges covered by HI-SCALE can modify space-
craft surface materials as well as the surfaces of natural physical
objects in the heliosphere inside Jupiter’s orbit, such as grains and
the moons of Mars. The results are based on high-resolution inter-
planetary electron and ion spectra, which were obtained over more
than a solar cycle (1990-2004) from ~ 1.4 AU to ~ 5 AU. The sig-
nature of the solar cycle is clearly present in the average yearly ion
and electron spectra, which both vary by factors of ~ 100 over a
solar cycle across the energy ranges measured. The following sum-
marizes the major results of this statistical study of the electron and
ion fluxes since the launch of the Ulysses spacecraft:

1. Average yearly ion and electron spectra are not strict power
laws, but have some statistically-significant variability across the
energy ranges measured.

2. Parameterizing electron and ion energy spectra by power
laws sh%ws that yearly average spectra tend to vary less steeply
than E~<.

3. Frequency distributions of ion and electron flux values at
given energies have spreads of more than two orders of magnitude
during a solar maximum year 2001.

4. The statistical results are important for documenting the vari-
ability in particle fluxes in the heliosphere beyond Earth’s orbit and
in the vicinity of Mars.
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