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Abstract

Voyager 1 has now been beyond the heliopause for over 5 years since its seminal crossing 
of this boundary in August of 2012. During its epic 40 year journey of ~122 AU out to this 
boundary and beyond this spacecraft has passed through several regions of the helio-
sphere including the heliosheath of extent ~30 AU just inside the heliopause (HP), where 
extremely large and variable intensities of protons, helium and oxygen nuclei as well as 
electrons between 1 and 100 MeV were observed. Then, suddenly these particles com-
pletely vanished and new and completely different spectra of particles between 1 MeV 
up to ~1 GeV and beyond, instantly recognizable as those for galactic cosmic rays were 
observed. These spectra and intensities at all energies have remained constant to within 
±1% for 5 years corresponding to 20 AU beyond the HP.

Keywords: cosmic rays, dark matter, heliosphere, acceleration

1. Introduction

Voyager 1 has now been beyond the heliopause for over 5 years since its seminal crossing of 

this boundary in August of 2012. During its epic 40 year journey of ~122 AU out to this bound-

ary and beyond this spacecraft has passed through several regions of the heliosphere includ-

ing the heliosheath of extent ~30 AU just inside the heliopause (HP) where extremely large 

and variable intensities of protons, helium and oxygen nuclei as well as electrons between 1 

and 100 MeV were observed. See earlier article in Astrophysics [1] showing and discussing 

these intensity time profiles.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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Then, suddenly these particles completely vanished and new and completely different spectra 
of particles between 1 MeV up to ~1 GeV, instantly recognizable as those for galactic cosmic 

rays, were observed. These LIS intensities at all energies have remained constant to within 

±1% for 5 years corresponding to 20 AU beyond the HP. These low energy galactic spectra and 

their relation to higher energy measurements such as those made by AMS-2 will be discussed 

in this paper in terms of the acceleration, source distribution and propagation of cosmic rays 

in the galaxy.

We begin in this paper by discussing the radial intensity profiles outward from the Earth 
through the heliosphere and beyond into interstellar space. We will compare these intensity 

profiles for electrons and protons, from the lowest energies, ~1 MeV, to the higher energies 
of a few hundred MeV which are normally considered as cosmic rays. The profiles provide a 
graphic view of the scale of the various regions of the heliosphere and the entrance into the 

uncharted regions of interstellar space and the realm of galactic cosmic rays.

We will then discuss the spectra of galactic cosmic ray electrons, protons, helium and heavier 

nuclei that are measured for the 1st time by Voyager. Every step in this process provides a 
new insight into the features of these galactic cosmic rays that could never be studied previ-

ously because of our location within the heliosphere.

2. The radial intensity vs. time profiles

Figure 1 shows radial intensity profiles for the two lowest energy electron channels, the HET 
A1-A2 stop channel at ~0.7 ± 0.3 MeV and the HET B1-B2-C4 stop channel with a peak response 

Figure 1. Time history of 26 day average intensities of A-stop 0.7 MeV (in black) and 4 MeV B stop electrons (in red) from 
launch at earth 1977 to the end of data in 2017, at ~140 AU. These rates provide radial and temporal intensity profiles. 
The B-stop rate is normalized to A-stop rate of 0.21 c⋅ s−1 in LIS using the factor 0.75.
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between 3.0 and 4.0 MeV, from the time of launch (1977) to the present time (2018). These energy 

responses are determined by extensive GEANT-4 calculations. These telescopes are described 
in [2, 3]. The two intensities are normalized to those observed in local interstellar space (LIS).

One can define from Figure 1 four temporal or spatial regions that apply to all the components 

and energies discussed here. The 1st region is from launch in 1977 to 1983.0 when V1 was at 

about 20 AU and also near its maximum latitude of +30°. This region (nearest the Sun) is punctu-

ated by many abrupt increases related to interplanetary propagating electron events of energy 

<1 MeV of solar origin. These are closely coordinated with observations inside the Earth’s orbit 
from HELIOS during the 1977–1978 time period. The individual events are separated tempo-

rally at Voyager and HELIOS. Also included is the Jupiter encounter occurring at ~1979.2.

The second region (time period) is from 1983.0 to 2005.0 at which time V1 crossed the HTS 

and entered the heliosheath at ~95.0 AU and at +30°. The effects of the solar 11 year modula-

tion cycle are rather weakly seen in this region. These variations are similar temporally to 

what was observed for higher energy protons [4] and shown later in Figure 3. Two massive 

solar induced interplanetary electron events are seen in the A stop rate in 1989 and 1991 when 

V1 was at between 40 and 50 AU. These events are related to large shocks moving outward in 

the heliosphere with speeds close to 1000 km/s.

During the time V1 is in the heliosheath region from 2005.0 to 2012.65 between 95 and 121.7 AU 

(Region 3) there is a factor of 3–4 increase in the sub-MeV electron intensities which, during 
most of this time period, have even higher intensities than those observed beyond the HP, in 

the local interstellar medium. These are electrons accelerated in the heliosheath. Meanwhile 

the intensity of the 4 MeV electrons increases in the heliosheath from the HTS crossing to the 

HP by a factor ~30. This is believed to be a result of modulation effects in the heliosheath which 
reduce the LIS intensity of these higher energy electrons.

Beyond the heliopause (HP) in LIS the electron intensities have remained constant to within 
±1% at both energies for 5 years (~18 AU of outward travel for V1). Notice that the intensities 
of these electrons in LIS are higher than those at the Earth by a factor ~4 at 0.7 MeV and by a 
factor ~20 at 4 MeV. These differences are due in part to solar modulation effects and in part 
to the local acceleration of 0.7 MeV electrons.

In Figure 2 we show the 1.8–2.6 MeV proton intensity, again normalized to the LIS value that 
is measured for 0.7 MeV electrons. This is the lowest energy part of the interstellar proton 

spectrum that can be measured on Voyager in a 2-D, dE/dx, telescope mode. It represents a 
limit to the characteristics of the lower energy proton propagation in the galaxy from the near-

est sources in the galaxy since it corresponds to only ~35μ of equivalent Si traversed during 

the galactic propagation.

In region 1, between launch and 1983 and inside ~20 AU, the Earth and the inner heliosphere 
are bathed in an almost continuous flux of 2 MeV protons which exceeds the possible back-

ground galactic cosmic rays at this energy and location by a factor ~1000 and is comparable 

to the intensities observed further out in the heliosheath. This continuously high intensity 

results from the 1.8 to 2.6 MeV protons from many individual solar events, with the intensities 

piling up due to the large longitudinal diffusion.
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In region 2, between ~20 AU and the HTS at 95 AU, these 2 MeV proton intensities reach a 

level which is less than that in LIS. This corresponds to a solar activity minimum and also to 

solar modulation minimum. This intensity, which is up to a factor ~12 times less than the LIS 

intensity, could be a representation of the level of solar modulation of these particles at this 

low energy of ~2 MeV.

In region 3, the intensity of these low energy protons increases by a factor 1000 beyond the 

HTS. It remains at this high level for a distance ~30 AU as a result of heliosheath accelerated 

protons. Then suddenly the intensity decreases by a factor ~500 corresponding to a distance 

of ~0.1 AU near the HP. This intensity change over such a small radial interval requires a 

remarkably effective particle barrier at the HP.

In region 4, beyond the HP, the proton intensity represents the low energy tail of the galactic 

proton spectrum with an intensity ~0.5 of that at the intensity peak of the differential spec-

trum which occurs at ~30 MeV.

In Figure 3 we show the higher energy proton (250 MeV) intensity time profile from the 
solar modulation study in [4]. This proton intensity is also normalized to the 0.7 MeV A1-A2 

stop LIS electron intensity beyond the HP. The solar modulation effects are seen in region 
1 inside 20 AU where the Voyager observations for 250 MeV protons blend in well with 

spacecraft observations of this modulation near the Earth and also neutron monitor obser-

vations [5–7] at the same time. The intensity at the Earth at this energy is a factor ~8 below 
the LIS values.

In region 2, between about 20 and 95 AU, solar 11 year modulation effects are observed at 
250 MeV which are in synch in both time and magnitude with those observed at the Earth, but 
with a time delay corresponding to outward moving structural features with a speed ~600 km⋅s−1.

Figure 2. Same as Figure 1. The L1-L2 stop 1.8–2.6 MeV proton rate (in red) is normalized to the A-stop 0.7 MeV LIS 
electron rate using the factor ×750.
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Moving outward into region 3, we find that the intensity of these 250 MeV protons increases 
by a factor ~4 in the heliosheath. The large modulation beyond the HTS at this higher energy 

was previously unrecognized and amounts to ~1/3 of the total solar modulation of these par-

ticles in the heliosphere.

This solar modulation of these higher energy protons can be well described with a single mod-

ulation parameter φ corresponding to an energy loss resulting from a potential difference, 
φ in MV, between the observation point and the LIS spectrum [8]. This simple description 

arises from the fact that the overall spherically symmetric solar modulation in the heliosphere 

appears to follow the description provided by Louville’s Theorem relating to the constancy 
for the particle density and momentum in phase space. Of course there are deviations from 

this simple picture due to structural features in the heliosphere such as the heliospheric cur-

rent sheet, and also for the solar polarity changes which induce a 22 year cycle in the solar 

modulation process, but these other processes do not appear to dominate at these energies 

and above, where, in fact, the same value of φ derived from these protons also gives a good 
description of the historical neutron monitor observations of cosmic ray modulation effects at 
the Earth that have been carried out over the last 70 years.

Here we summarize the most general features of all of the radial intensity profiles. The most 
prominent feature is the sharpness and effectiveness of the heliospheric boundary, the helio-

pause. For low energy protons the reduction of intensity is a factor ~500, taking place in only 

1–26 day interval corresponding to less than 0.1 AU in distance.

The effects of this boundary on electrons are even more astounding. A radial intensity gradi-
ent ~130%/AU just inside the HP for 4 MeV electrons changes to a 0.1%/AU radial gradient in 

Figure 3. Same as Figure 1. The 250 MeV proton intensity in p/m2
⋅sr⋅s⋅MeV (in red) is normalized to A-stop 0.7 MeV LIS 

electron rate using the factor ÷60.
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the LIM in just 1–26 day interval of ~0.1 AU in radius. Essentially whatever intensities exist 
in the heliosphere apparently stay in the heliosphere as a result of an almost impenetrable 

heliopause at these lower energies. As far as energetic particles go, the interstellar medium at 

this location has little recognition of the nearby heliosphere.

Other features of the heliosphere newly recognized from this study include: (1) The heliosheath 

is a very interesting and important region both in terms of accelerating protons and also (more 

weakly) electrons as well as for large solar modulation effects. The solar modulation effects 
on the intensity in this region range from a factor ~4 for ~1 GV protons to a factor ~100 for 15 

MV electrons and then decrease to a factor ~30 for 4 MV electrons and much less for 1 MeV 

electrons which appear to be mostly locally produced.

The massive acceleration of nuclei, e.g., protons and He and O nuclei in the heliosheath, 

extending down to ~1 MeV and up to ~100 MeV/nuc, which was previously known and 

believed to be fueled by high ionization potential IS ions, is joined by the newly found accel-

eration of sub-MeV electrons.

The 11 year and longer solar activity cycles studied now for over 70 years using neutron 

monitors, balloon and spacecraft borne instruments at higher energies, and so important for 

geophysical studies [9], are still significant beyond the HTS. Even for protons at 250 MeV the 
intensity increase in the heliosheath region is a factor ~4; for electrons, this increase due to 

solar modulation reaches a maximum of a factor ~100 at ~15 MeV. These effects were previ-
ously unrecognized.

And finally the new observations reported here have also extended the V1 measurements of 
the local interstellar electron spectrum by a factor ~10 lower in energy (e.g., down to 0.5 MeV) 

as compared with even the initial Voyager measurements of [2] beyond the HP. For pro-

tons the minimum energy measured is now ~1.8 MeV, a factor ~2 times lower than the initial 

measurement for these particles. The intensities obtained at these lowest energies appear to 

be consistent with a smooth extension of those measured at higher energies as would be 

expected from propagation calculations. The range of the lowest energy electrons and protons 

is only ~50 μ of Si. This places severe constraints on the distribution of nearby sources of these 

particles but illustrates that, even at these lower energies, the spectra are still a compendium 

of many sources with an individuality obscured by diffusion in the galactic magnetic fields.

3. The galactic electron spectrum

Voyager has now measured the true LIS electron spectrum from ~1 to 60 MeV. When compared 

with simultaneous measurements of electrons by the PAMELA spacecraft near the Earth they 
indicate a solar modulation factor ~500 between the LIS spectrum and that measured at the 

Earth between about 10–100 MeV (Figure 4). At higher energies this modulation decreases. It 

is believed to be only a factor ~3–4 at 1 GeV, decreasing to perhaps 20% at 10–20 GeV where 
high precision electron measurements are available from both PAMELA and AMS-2 [10, 11].
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Figure 4 shows the electron spectrum measured at Voyager and also in the higher energies 

where solar modulation effects are small. The plot is a x E2 presentation which shows both 

low and high energy differences. There is a large gap in the intermediate energy range for LIS 
electrons from ~100 MeV to several GeV. At energies above a few GeV the electron spectrum 

measured by PAMELA and AMS-2 steepens rapidly. Part of this increase in spectral index is 
due to synchrotron and inverse Compton energy loss which are ~E2. This high energy region 

is shown in Figure 5 in a x E3 format. The AMS-2 data on electrons [11] is shown along with 

Monte Carlo propagation calculations of the electron spectrum using various source spectral 
indices [12, 13].

We have shown from these calculations that, in order to fit both low energy and high energy 
data, the source spectral exponent for electrons changes from being ~P−2.24 below about 8 GV 

to one ~P−2.4 at higher energies extending up to ~1 TV [12, 13].

At ~400 MeV, which is ~1.0 GV for protons there are corresponding measurements of the 

proton and electron intensities at the Earth by PAMELA and also at Voyager. The ratio of 
Voyager to PAMELA proton intensities at the two locations is ~4.0 which is caused by the 
amount of solar modulation between the LIS and the Earth at 1 GV. The electron intensity is 
also measured at this time by PAMELA and at 1 GV it is 2.5 × 10−2 × the proton intensity. We 

believe from solar modulation theory [8] that at 1 GV the total modulation of electrons and 

protons should be nearly the same. So the LIS electron intensity at 1 GV could be estimated 

from this approach to be 1.4–1.6 × 10−1e/m2
⋅s⋅sr/MeV. This intensity is very close to the value 

Figure 4. The electron spectrum measured at Voyager using the TET, B stop and A stop telescopes and the measurements 
of PAMELA and AMS-2 at higher energies. The figure is in a x E2 format. Note the severe solar modulation of electrons 
which amounts to a factor ~500 below 100 MeV and is still ~20% between10–20 GeV/nuc. Also note the V1 spectrum 
which is ~E−1.3 between about 1–60 MeV. The black curve shows a Monte Carlo calculation with an electron source 
spectrum ~E−2.25 and a path length ~20.6 β P−0.45 above 0.562 GV and with a diffusion coefficient ~P−1.0 below 0.562 GV.
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at 1 GV obtained in the Monte Carlo diffusion propagation models that fit the LIS at the low 
Voyager energies and the high energies measured by PAMELA or AMS-2 [12, 13].

In Figure 6 we show the e/H (E) interstellar ratios of intensities measured at both Voyager and 
at AMS-2 from a few MeV to 1 TeV. These ratios, in intensity/MeV, range from ~102 at 2 MeV 

to ~3 × 10−3 at 1 TeV, a difference of 3 × 105 and include the ratio between electron and proton 

intensities of 3.0 × 10−2 at 1 GV estimated above. This difference in low energy and high energy 
e/H (E) ratios is mainly caused by propagation effects.

At lower rigidities this source ratio as a function of energy increases for a number of reasons. 

First of all there is the conversion between a differential energy and rigidity which depends 
on the different β of the particles. Then there is the dependence of the diffusion coefficient 
on P−1.0 below 0.5 GV which affects only the electrons and decreases the P−2.25 source index 

to ~P−1.3. And also there is the energy loss by ionization which eventually reduces the source 

spectral index for protons from a negative one to a positive value. At the higher energies the 

synchrotron and inverse Compton losses increase the source spectral index of electrons by 
almost 1.0 power thus reducing the e/H ratio.

Recall that we have assumed for electrons, that to fit the data at both low and high energies up 
to 1 TeV, source spectra of the form dj/dE ~P−2.24, below ~6–8 GV are needed with the exponent 
becoming ~2.40 at high rigidities [12, 13]. Very similar rigidity spectra with almost the same 

exponents and a break at ~6–8 GeV are required to simultaneously fit the Voyager low energy 
proton data and the high energy AMS-2 proton data, again from ~2 MeV to 1 TeV [15] (see 

following sections).

Figure 5. The electron spectrum above 1 GeV measured by AMS-2 [11] and PAMELA [10]. The black solid curves are for 

(1) a source electron spectrum ~E−2.25 at all energies and (2, 3 and 4) for electron source spectra ~E−2.25 below ~6 GeV and 

P−2.30, P−2.35 and P2.40 respectively above 6 GeV.
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So in view of the above similarity of rigidity spectra for electrons and protons, the e/H ratio 

itself as a function of rigidity should be almost constant. This almost constant value of the 

e/H ratio occurs between 0.5 and 1.0 GV where loss processes for electrons and protons in the 

galaxy are about equal. This value of the ratio is about 3–10 × 10−2 as shown in Figure 6.

This source ratio of e/H for galactic cosmic rays as a function of rigidity which has previously 

been hidden from measurements at the Earth and is related to the acceleration of the galactic 
cosmic rays, now provides a crucial measurement along with the possible spectral break at ~8 

GV. If there are no other selection effects, this ratio could indicate the degree of ionization in 
the acceleration region.

And last but certainly not least, still regarding electrons, we should point out that the electron 

spectrum ~E−1.3 at low energies, just about 1.0 power less than the assumed source spectrum 

with exponent = −2.25, may have profound significance. Unless the source spectrum has a 2nd 
break at ~0.3 GV, which seems unlikely, this flattening of the spectrum is caused by a break 
in the diffusion coefficient which becomes ~P−1.0 below ~0.5 GV. This break has been predicted 

[14]. As a result the diffusion coefficient becomes large and these lower energy electrons rap-

idly flow out of the extended disk of the galaxy [12, 13]. This fraction that escape the disk, cal-

culated in a Monte Carlo diffusion model, becomes ~90% below ~100 MeV and is shown as a 
function of energy in Figure 7 of [12]. These electrons, with a spectrum ~E−2 above ~1 MeV, flow 
outward through the halo and into the local intergalactic medium at essentially the speed of 

light. They populate the region with a negative charge. Because of their relatively low energy 
they are undetectable by radio emissions and could be considered a form of non-baryonic 

dark matter and energy. Perhaps more sobering is the thought that this process of charge  

Figure 6. Ratios of intensity of electrons to protons as a function of energy, e/H (E), measured by voyager and AMS-2 [10, 

15] from 2 MeV to ~1 TeV. The estimated LIS value of the ratio at ~1 GeV as described below in the text is also shown.
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separation of leptons and protons could be going on throughout cosmic time, even stronger 

at earlier times, and as a result influence our interpretation of the expansion of the Universe.

4. The galactic hydrogen, helium and heavier nuclei spectra

As is the case for electrons, the interpretation of the Voyager measured LIS intensities of 

hydrogen, helium and heavier nuclei at low energies, and with no solar modulation, may be 

compared with the higher energy measurements from PAMELA or AMS-2 where the modu-

lation becomes small. This provides a fulcrum of ~105 in energy to examine the spectra of the 

various nuclei. This is best done by examining the intensity ratios such as H/He, He/C, etc., 
along with the intensities themselves. Most of the measurements are in E/nuc, whereas the 
source spectra appear to be rigidity spectra so there is always a factor of at least β in convert-
ing from one representation to the other.

We begin this section by examining the spectra of H and He nuclei. Figure 7 shows the ratio 

of intensities of H and He nuclei measured at Voyager at energies less than a few hundred 

MeV/nuc [3] and those at AMS-2 [15, 16] at energies from ~1 GeV/nuc up to 1 TeV/nuc. The 

Voyager measurements are consistent with a constant ratio ~12.5, for H/He from ~10 MeV/nuc  

to ~350 MeV/nuc. This might suggest very similar H and He spectra in this energy range. 

The AMS-2 measurements obtain an E/nuc ratio ~16 at ~10 GeV/nuc, decreasing at both high 
and low energies. The decrease in this ratio at high energies where solar modulation effects 
are small, indicates different spectra for H and He nuclei, with a spectral index difference of 

Figure 7. Ratios of hydrogen to helium nuclei intensities as a function of E/nuc as measured by Voyager between 10 and 
350 MeV/nuc and by AMS2 [10, 15] above 1 GeV/nuc.
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between −0.10 and − 0.12 for either E/nuc or P spectra since at these high energies β→1.0. At 

lower energies the AMS-2 H/He (E) ratio decreases and reaches a value ~8 at 1 GeV/nuc. This 
is due to solar modulation effects. So the main goal of this study is to match the nearly con-

stant LIS H/He (E) ratio of 12.5 measured by Voyager below ~300 MeV/nuc to the ratio of 16 

measured at ~10–20 GeV/nuc by AMS-2.

These differences in ratios per E/nuc between a few hundred MeV/nuc and a few GeV/nuc 
immediately suggest a β dependence is involved and therefore when comparing ratios, 
source spectra as a function of rigidity is the appropriate parameter. We have found this to be 

the case in most comparisons of spectra of nuclei, particularly with different A/Z. So we now 
consider how the differences described above could be understood more simply in terms of 
source rigidity spectra. We assume that the source spectra of H and He nuclei are the same at 

rigidities below ~10 GV and can be represented by the formula.

  dj / dP~ P   −S   (1)

where we let S vary from −2.20 to −2.28 noting that we have already found that lower rigidity 
electrons are well described with a spectral index ~ − 2.25 below ~10 GV.

The three solid black curves on Figure 7 show the calculated H/He ratios after propagation in a 

LBM using source rigidity spectra for protons with S = −2.20, 2.24 and 2.28 all normalized to the 
Voyager measured value of 12.5 at 100 MeV/nuc. For the calculated curves above ~10 GV, we 

use a normalization to the AMS-2 measured ratios and with a source spectra index = −2.36 for 

Figure 8. The LIS H/He (P) ratio as a function of rigidity. The data above ~8 GV where the solar modulation of this ratio 

is small is from AMS-2 [16].
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protons, keeping the source spectral index at −2.24 for He nuclei. When a solar modulation of 
10–20% in the H/He ratio at about 10 GV is included, a spectral index of −2.24 for both H and He 
nuclei gives the best fit at low energies along with that for a proton index of −2.36 at high ener-

gies and with a spectral break between 6 and 12 GV for protons.

The resulting H/He source ratio as a function of rigidity is very interesting. For this ratio we 

use the directly measured AMS-2 H/He (P) ratio above ~8 GV [16] as is shown in Figure 8. 

This ratio is ~3.5 at the highest rigidities increasing to ~6.0 at 8 GV. At lower rigidities the 

source ratio must become a constant because both H and He nuclei have identical rigidity 

spectra. This constant value depends on the exact details of the break, but we estimate the 

constant ratio of intensities at low rigidities to be between 6.0 and 6.5.

This ratio has important implications for the relative H and He abundances in the region 

where the main cosmic ray acceleration occurs. In terms of nucleons the ratio of 6.5 gives 63% 

protons and 37% Helium nucleons. The cosmological value in the case of big bang nucleosyn-

thesis is usually taken to be ~76% protons and 24% Helium nucleons. Certainly interesting.

We now turn our attention to the comparison of the He and C spectra, again using a com-

parison of Voyager data on this ratio [3], which in this case extends up 1.5 GeV/nuc [4] and 

the AMS-2 data above 10 GeV/nuc [16, 17] where the solar modulation is small. The observed 

He/C (E) ratio from a few MeV/nuc to ~1 TeV/nuc is shown in Figure 9. It is seen to vary from 

Figure 9. Observations and measurements of the He/C ratio between 3 MeV/nuc and 103 GeV/nuc. Errors on individual 
GeV/nuc voyager measurements are ±5%. Errors on AMS-2 measurements are less than ±2%. Black curve, labeled 
P

0
 = 0.562*, is for a truncated exponential PLD with mean path length = λ = 20.6 β P−0.45 Above P

0
 = 0.562 and with truncation 

parameters = 0.04 for He and 0.12 for C. The curve labeled P
0
 = 0.562 is for a simple LBM with a PLD = exponential at all 

path lengths for P
0
 = 0.562 GV. Dashed blue line is GALPROP calculation of the He/C ratio from [3].
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~130 at low energies to about 27 at the highest energies. One might think that this observed 

ratio would be more or less constant if these nuclei had the same spectra, since they have the 

same A/Z ratio, etc., but it turns out that, when the actual intensities and spectral shapes are 
obtained from LBM propagation calculations [10], the observed He/C (E) ratios are repro-

duced with He and C rigidity spectra with a source spectral index ~ − 2.24 for both compo-

nents, extending throughout the rigidity range from ~100 MV to ~1.0 TV and with a source 

abundance He/C ratio = 23.7.

The reason for this is much like the case for electrons and protons, described earlier; it is 

mostly in the details of the LBM propagation, again in an overall simple LBM but with cer-

tain modifications at small matter path lengths, due possibly to the local distribution of the 
cosmic ray sources themselves. This modification (truncation) is perhaps the only significant 
departure from the incredible symmetry imposed by the LBM that is yet discerned from the 
Voyager studies to date. The details of the He/C ratio study are found in [18].

5. Spectral shapes of different nuclei at low energies

It has been possible to extend the earlier Voyager intensity and spectral measurements which 

were generally in the range 10–200 MeV/nuc [3] up to the GeV/nuc range and above [4]. This 

technique uses the precision measurement of ionization loss for particles that penetrate the 3 

element total energy counters. The spectra of He, C, O, Mg, Si and Fe are obtained in this way 
up to 1.5 GeV/nuc, with an integral intensity at higher energies [4].

Spectra for these nuclei, including the lower energy Voyager measurements [3], are shown in 

Figure 10. The intensities are all normalized at 1.5 GeV/nuc. There is a dramatic charge depen-

dence of the spectral shape that becomes more obvious at the lower energies. It is believed 

that these different charges have very similar and possibly identical source rigidity spectra. 
This identity of source spectra has been determined in the above section for He and C nuclei. 
In spite of the large dependence of the He and C ratio on energy which, changes from a value 
~130 at 10 MeV/nuc to 27 at 1 TeV/nuc where AMS-2 measurements are available, the source 

spectra of both He and C nuclei are found to be ~P−2.24.

Most of the changes in the measured intensity ratios in Figure 10 are due to the effects of 
propagation in the galaxy. The curves in Figure 10 show these effects vividly. There is a Z 
dependent effect which becomes more prominent at the lower energies. Two sources of these 
effects are, (1) ionization energy loss in interstellar matter which is Z2/β2, and (2) fragmenta-

tion collisions which are proportional to a A1/3 dependence of these cross sections.

The ionization energy loss is particularly important at the lower energies because of the 1/β2 

dependence, but even these ionization loss effects cannot account fully for the Z dependent 
turnovers of the differential spectra at lower energies. These differential spectra are observed 
to have maxima which systematically increase from ~30 MeV/nuc for He to ~100 MeV/nuc for 

Fe. The explanation for this large Z dependence in the maximum energies includes ionization 
energy loss but also includes the effect described as truncation (see below).
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In a perfect LBM for propagation in the galaxy where the sources are uniform and the propa-

gation is effectively isotropic, the distribution of matter path length is an exponential at all 
path lengths with a mean path length which is ~ to the amount of matter traversed, e.g., in 
g/cm2. At low energies where this ionization loss is large enough so that the particles cannot 

reach us from the nearest sources, the path length distribution becomes non-exponential or 

truncated at small path lengths. We believe that the different shapes of these spectra at the 
lowest energies are the best signature of this effect. A real example of this and other low 
energy propagation effects have been hidden from us previously by the solar modulation 
effects. The impenetrable fog of almost isotropic propagation on the study of the origin and 
acceleration of these particles and their role in the Universe in general may, in some small 

way, have been lifted by these new Voyager observations.

6. Secondary cosmic rays and the mean path length in g/cm2 in the 

galaxy

Isotopes such as 2H and 3He and charges such as Li, Be, B and so called Fe secondaries, 
Z = 21–23, are believed to have zero abundance in any possible cosmic ray source. They are 
therefore produced by interactions of primary cosmic rays such as He, C, O, Mg, Si and Fe, 
to name the most prominent, either by nuclear fragmentations the interstellar medium, or 

perhaps partly in or near the acceleration region itself. The presence of the radioactive decay 

secondary isotope 10Be with a half-life of only 1.5 × 106 years as compared with the average 

cosmic ray life-time of 1.5 × 107 years as determined from the observed 10Be abundance using 

Figure 10. Observed relative intensities of He, C, O, Mg, Si and Fe nuclei between 100 and 1000 MeV/nuc. These intensities 
are normalized to the values of j at 1000 MeV/nuc for carbon nuclei. The figure includes lower energy intensities from [3].
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LBM diffusion [19, 20], suggests the correct scenario is one in which most of these secondary 

particles are produced during the extended time of a galactic diffusion process.

The isotopes 2H and 3He and the charge B are the most abundant and well measured of the 
secondary nuclei. Their cross sections for production when the primary cosmic ray nuclei 

interact with atoms of H and He that are part of the interstellar medium are also quite well 

known after years of systematic measurement.

With this as a background we show in Figure 11 the Voyager measurements of the intensities 

and spectra of these three secondary nuclei. The calculated abundance for each nuclei is based 

on a LBM where the mean path length, λ = 20.6 β P−0.45 above P = 1.0 GV and a constant path 

length = 9.0 g/cm2 below 1.0 GV, and with a truncation parameter = 0.04.

These measurements make a convincing argument that the primary cosmic rays have gone 

through ~9 g/cm2 of interstellar matter between ~10 and 100 MeV/nuc (~0.3 to 0.9 GV). At 
higher energies the measured B/C ratio may be used to determine the amount of matter tra-

versed as a function of energy or rigidity. We have the V1 determination of the B/C ratio with 
zero solar modulation below ~1.5 GeV/nuc [4] and the AMS-2 determination of the ratio above 

~3 GeV/nuc [17]. These measurements are shown in Figure 12 along with the LBM propaga-

tion prediction using the parameters described in the above paragraph. The agreement is 

within ±10% from the lowest to the highest energies. Since this is a simple pure diffusion 
model, this high level of agreement at all energies implies that energy gain (reacceleration) 

Figure 11. A comparison of the measurements of 2H, 3He and B nuclei intensities measured by the CRS experiment on 
V1 and the predictions of the LBM for values of P

0
 = 0.316, 0.562, 1.0 GV and a constant path length = 9 g/cm2 below 1.0 

GV as described in the text. All three secondary isotopes are consistent with the predictions of a path length, λ, between 
7 and 9 g/cm2 at energies from ~20 to 100 MeV/nuc.
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cannot be significant. The effects of truncation of the path length distributions at small path 
lengths (where the path length becomes ~0.6 g/cm2 at the highest energies) are predicted in 

this model and are observed in the flattening of the B/C ratio at the highest energies [21].

7. Conclusions

So near the end of its 40 plus year mission Voyager has crossed the heliopause and sampled 

the interstellar energetic particle background for the 1st time. No one who has been involved 
in this mission from the beginning would have dreamt that this was possible. The goal of this 

chapter has been to attempt to convey some of the remarkable features of this data. Perhaps 
Voyager has saved its best for last, but only a few of us who could understand it are still 

around. The mission did not end with pictures of the planets but perhaps in the experience of 

the limits of humans in the eternal universe.
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