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AAbstract: The intensity of anomalous cosmic rays (ACRs) at Voyager 1 (V1) and Voyager 2 (V2), now both in the 
heliosheath, have recently exhibited intriguing changes. At V1, the ACR He and O intensities have plateaued and are 
declining. If the decline is due to particles leaking out through the heliopause, then the V1 spacecraft may be close to 
entering interstellar space for the first time. At V2, the ACR He and O intensities have begun to rapidly increase and 
at several energies now exceed the intensities at V1, suggesting that the ACR source intensity in the southern part of 
the heliosphere is greater than that in the north, or that the source of ACRs is along the flank or tail of the heliosphere.
In deriving the ACR intensities we find that the energy spectrum of the low-energy particles, which are accelerated at 
the termination shock, the Termination Shock Particles, have a double-power-law shape rather than the generally ex-
pected power-law at low energies with an exponential roll-over at higher energies. 
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1 Introduction

The Voyager 1 (V1) spacecraft crossed the termination 
shock (TS) of the solar wind on day 351 of 2004 [1-3]
and the Voyager 2 (V2) spacecraft crossed it in late Au-
gust of 2007 [4-7]. It was widely thought that the anoma-
lous cosmic ray (ACR) acceleration mechanism was 
diffusive shock acceleration (DSA) and that it occurred at 
the TS [8]. However, the expected ACR source spectral 
shape from DSA, a power-law at low energies with an 
exponential roll-off at higher energies [9], was not found 
at either crossing. The acceleration site may still be on 
the TS but at a site remote from the Voyagers [10-12] or 
it may be nearer the heliopause via a special stochastic 
acceleration mechanism [13] or via a magnetic reconnec-
tion process [14, 15]. In this paper we present the latest 
observations of ACRs from the period 2007 to the pre-
sent in order to understand more about the acceleration 
site and acceleration mechanism and to ascertain the 
Voyagers’ proximity to the next structure, the heliopause, 
which separates the solar bubble from the interstellar 
medium.

2 Observations

The TS did accelerate particles, but not to the higher 
ACR energies that had been monitored for many years. 
This low-energy particle population has been referred to 

Figure 1. Energy spectrum of H from V2 for the 
period 2007/261-312. The solid line is a fit to a 
double-power-law function described in the figure
[17]. The parameter E1 was fixed at 0.68 MeV. The 
parameters from the fit were Fo = 1.04e+05, Eo = 
3.27, a = -0.70, and b = -3.14. The dotted line is an 
extrapolation of the fit and is used in deriving ACR 
intensities; see text.
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as the Termination Shock Particles (TSPs) [3]. Figure 1 
shows the average energy spectum of H from the V2 
Cosmic Ray Subsystem instrument [16] for the period 
2007/261-312.  This spectrum is dominated by TSPs at 
low energies, 0.55 to ~30 MeV, and by galactic cosmic 
rays (GCRs) above that energy.  The TSP energy 
spectrum was generally expected to be that from 
diffusive shock acceleration, with a power-law at low 
energies rolling over exponentially above some roll-off 
energy [9]. However, we find that the spectrum is better 
fit by a double power-law function with an exponential 
function connecting the two power laws [17]. Li et al.
[18] found that a double power-law spectral shape can 
develop from a Coronal Mass Ejection (CME) driven
shock under certain conditions. Whether such a spectral 
shape can be explained in a similar way at the TS 
remains to be investigated. 

We used the double-power-law function as an 
approximation to the TSP spectrum for 30 52-day 
intervals from 2007.0 to the present for both V1 and V2 
He and O energy spectra. For GCRs we fit the C 
spectrum from 36-106 MeV/nuc to a power-law function 
and applied a  factor of 40 to represent GCR He and a 
factor of 0.91 to represent GCR O. To obtain the ACR 
intensities we subtract the TSP and GCR estimated 
intensities.  The results for two energy intervals for ACR 
He and three energy intervals for ACR O are shown as a 
function of time in figures 2 and 3, respectively.

The V1 ACR He intensities in figure 2 appear to have 
peaked in 2010 and are now declining. The same is true 
for the V1 ACR O intensities in figure 3. This may indi-
cate that particles are leaking out through the heliopause 
and if so suggests V1 is getting close to this boundary 
between the solar system and the interstellar medium. 
This proximity of V1 to the heliopause has also recently 
been suggested by Krimigis et al. [19]. The radial solar
wind speed at V1 has fallen to zero [19], so it is not like-
ly that a transient is responsible for the intensity decline. 

Such a transient was apparently responsible for a year-
long decline in the V2 ACR intensities in 2009, most 
clearly seen in figure 3 for ACR O. Beginning ~2010.2, 
the V2 ACR He and O intensities began to rapidly in-
crease. This may represent the recovery from the transi-
ent or it could coincide with the time that the maximum 
southerly extent of the heliospheric current sheet (HCS) 
no longer reaches the latitude of V2 at 28o S.

The maximum southerly latitudinal extent of the HCS at 
the Sun (Wilcox Solar Observatory, classic model;
http://wso.stanford.edu/ ) declined from high values and
reached the latitude of V2 ~9/26/08 (2008.74) and stayed 
there until ~3/9/09 (2009.19) before continuing its de-
cline. The magnetic field at V2 became nearly unipolar 
by 2009.6, indicating that the heliocentric current sheet 
had dropped below the latitude of the spacecraft [20].
This may be related to the rapid intensity increase begin-
ning in early 2010 at V2, but further modeling will be 
necessary to confirm this suggestion. 

Figure 2. ACR He intensities in two energy intervals 
i

Figure 3. ACR O intensities in three energy intervals.
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The combination of the rapid increase of ACR intensities 
at V2 and the recent, slight decline of ACR intensities at 
V1 have resulted in the V2 ACR intensities overtaking 
those at V1, as shown in figures 2 and 3. It is also evident 
in the energy spectra displayed in figure 4, which shows 
the average energy spectra of ACR H, He, and O at V1 
and V2 for 2011/53-104. The lower panels in the figure 
show the V2/V1 intensity ratio as a function of ener-
gy/nucleon. For much of the higher energy range, above 
where the V2 intensities are clearly more modulated than 
are the V1 intensities, the V2/V1 ratio is ~1.4. It thus
appears that the source intensity may be higher in the 
southern portion of the heliosphere than in the north. It is 
also possible that the ACR source is on the flank or tail
of the TS [11, 12] leading to higher intensities at V2 than 
at V1 because V2 is closer to the tail of the heliosphere. 

The V2/V1 intensity ratio is even larger in the most re-
cent data displayed in figure 5. For the 17-27 MeV H 
interval shown, which for 2011/53-104 we estimate to be 
~97% ACRs for V2 and ~86% ACRs for V1, the V2/V1 
ratio of the observed H intensities for the end of the data 
shown is ~1.75, which would increase to ~2 for ACR H
if corrections for TSPs and GCRs are made. Note that the 
V2 intensities at the end of the period are higher than
those reached by V1 during the entire time period. This 
situation is rapidly evolving, but it appears the source 
intensity of ACRs will be significantly higher at the lati-
tude/longitude position of V2 than at V1. 

Figure 4. (top panels) Energy spectra of ACR H, He, and O at V1(circles) and V2 (squares) for 2011/53-104.
(bottom panels) Ratio of V2 intensities to those at V1 vs. energy/nuc.
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Figure 5. Intensity of H with 17-27 MeV at V1 and V2 
from 2009.0 to 2011.35.

3 Discussion

The spectra of particles accelerated at the TS, the TSPs, 
appear to be well-represented by a lower-law at low 
energies rolling over to a power-law at high energies. 
This characteristic has been explained under special 
circumstances for particles accelerated at a moving CME.
However, it has not yet been investigated for the condi-
tions at the TS.

The fact that the radial speed of the solar wind has fallen 
to zero and the V1 ACR intensities are systematically 
declining for the first time in the last several years indi-
cates that V1 may be nearing the heliopause, as has also 
recently been suggested by Krimigis et al. [19]. The V2 
ACR intensities have been rapidly rising since early 2010 
and have overtaken the ACR intensities for some species 
in some energy bands. This may indicate the ACR source 
intensities are higher in the southern part of the helio-
sphere than in the north. Alternatively, a higher source 
intensity at V2 versus that at V1 would support those 
models of ACR acceleration that predict the ACR source 
will be along the flank or tail of the heliosphere [11, 12].
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