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[1] The traditionally accepted source of Anomalous
Cosmic Rays (ACRs) is neutral atoms penetrating the
heliosphere from the local interstellar cloud (LIC). The ACR
composition should be depleted in easily ionized atoms such
as C, Si, and Fe. However, significant fluxes of these ions are
observed in ACRs and their source has not been previously
identified. We show that there is an ‘‘outer source’’ of pickup
ions, and hence ACRs, caused by sputtered atoms
(subsequently ionized and picked up by the solar wind)
from small grains generated via collisions of objects in the
Edgeworth-Kuiper Belt. The outer source accounts for the
abundance and composition of the additional population of
ACRs. The discovery that ACRs are generated from material
in the Edgeworth-Kuiper Belt provides an exciting new tool
for understanding the mass distribution and composition of
the Edgeworth-Kuiper Belt, and for probing the plasma-dust
interactions in stellar environments. INDEX TERMS: 2152
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Cosmic rays; 2114 Interplanetary Physics: Energetic particles,
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1. Introduction

1.1. The Need for an ACR Source Within
the Heliosphere

[2] The same acceleration processes that form ACRs
within our heliosphere operate on galactic (and inter-galac-
tic) scales and produce cosmic rays with enormous energies
(up to current detection limits). Since cosmic ray sources are
poorly understood, insights gleaned from locally produced
ACRs apply to a much broader problem.
[3] The traditionally accepted source of ACRs is neutral

atoms from the interstellar medium [Fisk et al., 1974]. The
neutrals drift freely into the heliosphere and subsequently
undergo ionization, pickup and acceleration (schematically
illustrated in yellow in Figure 1) which transforms them
from low energy neutrals into high energy ACRs. Easily
ionized elements such as C, Si, and Fe are naturally depleted
in ACRs since they are not neutral in the interstellar
medium and therefore cannot penetrate the heliosphere.

[4] The transformations of the interstellar neutrals inside
the heliosphere begin with their ionization. The newly made
ions are picked up and carried out by the solar wind as they
gyrate about magnetic field lines frozen into the solar wind.
The pickup process itself endows these ions with random
speeds that are up to twice that of the solar wind and thereby
predisposes them to subsequent acceleration at interplanet-
ary shocks or due to wave-particle interactions. When the
pickup ions encounter the termination shock of the solar
wind, they are injected into diffusive shock acceleration
(shown in Figure 1 by energy-gaining ion bounces) to high
(GeV) ACR energies [Pesses et al., 1981].
[5] Recent observations from theVoyager andWind space-

craft have resolved ACR components comprised of easily
ionized elements (such as Si, C, Mg, S, and Fe) [Reames,
1999; Cummings et al, 2002]. An interstellar source for these
‘‘additional’’ ACRs, other than a possible interstellar contri-
bution to C, can be ruled out [Cummings et al., 2002]. The
source for these ACRs must reside within the heliosphere.

2. Possible Heliospheric Sources

[6] Table 2 identifies a number of potential sources. Most
of these provide negligible source rates and are dismissed.
One possible source, the ‘‘inner source,’’ is generated by the
neutralization of solar wind by grains very near the Sun, at
�10 solar radii [Schwadron et al., 2000]. Ionization of these
neutrals results in the production of pickup ions that have
been identified by Ulysses observations [Geiss et al, 1995;
Gloeckler et al, 2000; Schwadron et al., 2000]. The com-
position of the inner source resembles that of the solar wind
[Gloeckler et al., 2000], and in particular, is rich in easily
ionized elements (such as C, Si, and Fe). The source is
peaked very near the Sun (at �10 solar radii) and distribu-
tions of inner source pickup ions are cooled adiabatically by
the radially expanding solar wind [Schwadron et al., 2000].

[7] The hypothesis that the additional population of
ACRs is formed from the inner source requires pre-accel-
eration within the heliosphere, starting well inside of 1 AU.
In principle, this is possible in slow solar wind (at low
latitudes over most of the solar cycle), in which interstellar
pickup ions are known to be accelerated ubiquitously
[Gloeckler et al., 1994; Schwadron et al., 1996; Gloeckler
et al., 2000; Fisk et al., 2000c]. The hypothesis of sub-
stantial inner source pre-acceleration is also supported by
pickup He+ simulations [e.g., Chalov et al., 1965]. How-
ever, inner source observations in slow solar wind show
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clearly the pronounced effects of adiabatic cooling [Schwa-
dron et al., 1999] and charge-state observations of energetic
particles near 1 AU indicate no evidence for acceleration of
the inner source [Mazur et al., 2002]. In the fast solar wind
(at high latitudes over most of the solar cycle) the case is
even worse, since even interstellar pickup ions are not
observed to undergo significant statistical acceleration there.
This makes it unlikely that inner source pickup ions would
be efficiently injected into an acceleration process at the
termination shock and contribute substantially to ACRs.
[8] Another heliospheric source are the long-period com-

ets. However, the abundances from this source would be
strongly enriched in C, which is not the case, and the source
strength is high only inside of 1.5 AU. As in the case of the
inner source ions, it is likely that these particles are
significantly cooled by the time they reach the termination
shock and are not efficiently injected into an acceleration
process there. It appears that the additional population of
ACRs requires a large source of pickup ions inside the
heliosphere that is produced well away from the Sun.

3. The Outer Source

[9] This brings us to the new idea of an ‘‘outer source’’
(illustrated by blue in Figure 1). There are many objects in

the outer heliosphere that sputter and sublimate their mate-
rial: Kuiper belt objects and grains, Jupiter family comets,
Oort cloud comets, and Neptune Trojans [Weissman and
Levison, 1997]. The Kuiper belt is unique because it contains
many objects and continually produces small grains via
collisions [Stern, 1995], causing a large filling factor. The
grains spiral inward toward the Sun (the slight inward drift is
caused by the Poynting-Robertson effect). Sputtering and
sublimation produces atoms, molecules, and molecular ions.
Atomic products become pickup ions after ionization.
Molecular products undergo dissociation and ionization to
form pickup ions and pickup molecules [e.g., Fahr et al.,
1981; Schwadron and Geiss, 2000]. The composition of the
outer source is derived from the Kuiper belt grains.

Figure 1. An illustration of ACR production. Yellow curves apply to the known interstellar source ACRs (adapted from
Jokipii and McDonald [1995]), while blue curves apply to the outer source, first described here.

Table 1. Predicted and Observed Abundances of ACRs Relative

to Oxygen

Element YX, dust, %
Sputtering
[X/O], %

Observeda

[X/O], %
Observedb

[X/O], %

C 6 0.4 0.49 ± 0.05 <1
Mg 1 0.06 0.037 ± 0.013 0.12 ± 0.03
Si 1.3 0.08 0.12 ± 0.02 0.17 ± 0.03
S 0.3 0.02 0.039 ± 0.013 0.06 ± 0.02
Fe 1.5 0.1 <0.09
aCummings et al. [2002].
bReames [1999].

54 - 2 SCHWADRON ET AL.: THE OUTER SOURCE



[10] Since scattering due to gravitational interaction with
planets removes most grains that drift inside of 10 AU [Liou
and Zook, 1996], the source is generated between �10 and
�50 AU, much farther from the Sun than the inner source.
At these distances, shocks from stream-stream interactions
(co-rotating interaction regions) are strong and pre-acceler-
ation is easily achieved.
[11] To derive the gas production rate from the outer

source, we will consider the fate of small 1 mm grains.
Grains somewhat smaller are carried out of the Kuiper Belt
due to radiation pressure. Grains larger than 1 mm are less
abundant. On a timescale of several million years, a 1 mm
grain at 40 AU will drift into the Sun due to the Poynting-
Robertson effect. As they spiral in, grains may be perturbed
by gravitational interaction with planets (most notably with
Saturn and Jupiter) leading either to grain capture, or to the
disruption of the grain orbit and its subsequent heliospheric
escape. Liou and Zook [1996] estimate that 80% of these
grains are lost due to gravitational interaction with the
planets. Beyond 10 AU however, less than 5% of the grains
are lost due to interaction with Neptune. Hence, the small
grain population exists between �10 and �50 AU.
[12] The mass loss rate of small grains from the Kuiper

Belt is given by _M ¼ 5� 107 g/s [Landgraf et al., 2002].
The net production rate of small grains is then,
_N ¼ 3 _M= 4pa3rð Þ, where the size of the grains is a = 1
mm and the grain mass density is r = 1 g/cm3 since they are
mostly ice. The main loss mechanism from the Kuiper belt
is the Poynting-Robertson effect, which introduces a weak
inward radial drift with speed v1r1/rwhere v1 = 680 cm/s, r1 =
1 AU, and r the heliocentric radius. The grain number density
is then ng rð Þ ¼ _N= 4psin dqð Þv1r1r½ � where the latitudinal
half-width of the Kuiper belt is dq = 8�.
[13] Grains are sputtered by the solar wind and they

sublimate their ices as they drift in through the heliosphere.
These processes produce neutral atoms that become pickup
ions after ionization. We may calculate a net sputtering yield
(in particles per volume and time), Q = 4pa2(�a/�t) rng(r)/
(hAimp), where the sputtering erosion rate is �a/�t, and the
average (elemental) atomic mass is hAi 
 8. Measurements
of lunar soils indicate that the sputtering erosion rate near 1
AU is �a1/�t = angstrom/yr [Borg et al., 1980]. The grain
erosion rate throughout the heliosphere is given by �a/�t =
(�a1/�t) (r1/r)

2. We approximate the source rate, QX =
Ydust,X � Q, for a specific element, X, with knowledge of the

net elemental abundance, Ydust,X, within the sputtered grain
(this approximation is not valid for purely icy grains).
[14] We estimate the contribution of these outer source

pickup ions to ACRs by considering the outer source rates
relative to better known interstellar source rates. Interstellar
oxygen provides a good reference. Its mass-per-charge is
large and therefore should have an efficiency of injection into
shock acceleration at the termination shock that is similar to
the outer source pickup ions [Cummings et al., 2002]. In
what follows we determine the abundance of outer source
ACRs relative to ACR oxygen by taking the ratio of the
pickup ion fluxes (outer source to oxygen) near the termi-
nation shock, where the fluxes are integrated over the source
rates beyond a distance Rp = 10 AU. Inside of the distance
Rp, we argue that adiabatic cooling is strong enough to
significantly reduce the injection efficiency into shock accel-
eration at the termination shock (beyond �4 AU, shocks in
the heliosphere are quite strong and are known sites of strong
pre-acceleration.).
[15] The flux of outer source pickup ions available

for acceleration near the termination shock is given by,
Fsputt;X ¼ Ydust;X

3 _M �a1=�tð Þ
4psin dqð ÞhAimpar1v1

�
r1
Rt

�
2
ln
�
RKB

Rp

�
where Rt is the

heliocentric radius of the termination shock and RKB is the
average radial position of the Kuiper Belt. Given Rt = 90 AU,
RKB = 40 AU, we find Fsputt,X = 0.4 � Ydust,X cm�2 s�1.
[16] The interstellar O+ pickup ion flux at the termination

shock is given by Finterstellar, O+ = bnLISM(Rt � Rp) r1
2 / Rt

2 =
6.3 cm�2 s�1 where b = 8.5 � 10�7 s�1 is the total
ionization rate at 1 AU for oxygen and the density of O
in the local interstellar medium (LISM) is nLISM = 5 � 10�5

cm�3 [Cummings et al., 2002].
[17] The abundances listed in Table 1 were adapted from

Huebner [2002]. Listed in the second column are abundan-
ces of cometary dust. The third column gives predicted
abundances of ACRs relative to interstellar oxygen exclu-
sively for sputtering of grains1. In the final two columns are

Table 2. Possible Sources Within the Heliosphere

Source Mechanism Abundance
Location,

AU C, g/s O, g/s Issue
Significant
source?

Interstellar gas Ionization Low-FIP
depleted

>3 0.5 � 2 � 106 3 � 109 Y

Solar wind Coronal heating Near solar 0.005 1 � 1010 2 � 1010 strongly cooled N
Io [Geiss et al, 1994] Fast O atoms O 5.2 <3 � 105 negligible N
Mars [Lundin et al.,

1990]
O+ release O 1.5 1000 negligible N

Jupiter family comets Sublimation H,O,C,N <3 2 � 104 6 � 105 negligible N
‘‘ ‘‘ ‘‘ >3 >2 � 103 2 � 105 negligible N
Long period comets ‘‘ ‘‘ <3 1 � 106 1 � 107 strongly cooled

and too abundant
in C

N

‘‘ ‘‘ ‘‘ >3 1 � 105 1 � 106 negligible N
Inner source

[Schwadron et al., 2000]
Solar wind

neutralization by grains
Solar wind 0.05 � 0.1 1.5 � 106 2 � 106 strongly cooled N

Outer source Sputtering Grain 10 � 50 1.3 � 106 <1 � 107 Y

1We make two assumptions: first, the efficiency of injection into
diffusive shock acceleration at the termination shock is constant for
these heavy ions [Cummings and Stone, 1996]. Lighter elements such as
He and H have larger injection efficiencies, as predicted by [Chalov and
Fahr, 1996]; second, only pickup ions near the ecliptic plane are
accelerated to ACR energies. This is plausible over most of the solar
cycle (a solar minimum configuration) since pre-acceleration occurs
preferentially near the ecliptic plane where there is slow solar wind
accompanied by ubiquitous statistical acceleration and strong shocks
from co-rotating interaction regions.
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the observed ACR abundances given by Cummings et al.
[2002] and Reames [1999].
[18] Sublimation must also occur. Unlike sputtering

however, sublimation becomes very rapid once grains
achieve a temperature that is sufficiently high. This results
in the total evaporation of a given form of ice carried by the
grain once it drifts inside of a specific heliocentric radius.
The flux of particles near the termination shock caused by
sublimation is readily computed based on the total amount
of material in the form of a given ice carried by the grain,
Fsubl;X ¼Yice;X

_M
4psin dqð ÞhAimpR

2
t

¼ 1:2 � Yice;X cm�2s�1. Taking an
abundance of 6% for carbon containing ice (mostly CO and
CO2) [Huebner, 2002], we would predict an ACR C/O
abundance of 1.3% which is much larger than the obser-
vational value. We also predict an ACR S/O abundance of
0.07% based on sublimation of H-C-N-S compounds. This
value is also too high compared to ACR observations.
[19] It is apparent that the predicted abundances agree

with observations if sputtering from grains is considered
exclusively. If sublimation of H-C-N-S compounds, CO and
CO2 ices were also considered we would predict higher
abundances for C and S. The apparent implication is that
Kuiper-belt grains are depleted of these ices.

4. Discussion

[20] We have proposed that there exists a strong outer
heliospheric source of pickup ions and that it explains the
presence of easily ionized elements such as Fe, Si, and C in
anomalous cosmic rays. The source is extracted from
material in the Kuiper belt through a series of processes
(shown schematically in blue in Figure 1): First, Kuiper belt
objects are ground down to micron-sized grains through
collisions; grains spiral in toward the Sun due to the
Poynting-Robertson effect; neutral atoms are produced by
sputtering and are converted into pickup ions when they
become ionized; the pickup ions are transported by the solar
wind to the termination shock and, as they are convected,
are pre-accelerated due to interaction with shocks and due to
wave-particle interactions; finally, they are injected into an
acceleration process at the termination shock to achieve
ACR energies. The predicted abundances are all within a
factor of two of observed values, providing strong valida-
tion of this scenario.
[21] We have made predictions about the anomalous

component based on known properties of grains. This line
of argument may be inverted. Observations of ACRs con-
strain the abundances of Kuiper belt grains. The implica-
tions of the phenomenon are striking for it appears that
grains may play a very important astrophysical role for
producing cosmic rays, particularly in stellar systems where
the dust content is large and in the primordial solar system.
Since the inner edge of the outer source lies near 10 AU,
there is now even more reason to send spacecraft beyond 10
AU to detect directly the outer source of pickup ions.
[22] Thus, we have discovered an important new source

of pickup ions and anomalous cosmic rays in the helio-
sphere - the outer source.
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