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4.3.6  Interplanetary particles and magnetic fields 

BERNDT KLECKER 

4.3.6.1  Interplanetary plasma and magnetic field (solar wind) 

More than five decades of active research with various spaceprobes cruising through the inner and outer 
heliosphere resulted in a wealth of measurements of solar wind parameters throughout the heliosphere 
[90S, 01N, 03N]. The Helios probes collected data in the distance range between 0.29 AU and 1 AU for 
more than 12 years [b, c]. The Pioneer 10/11 and the Voyager 1/2 spaceprobes were exploring the outer 
heliosphere [a, 77S, 84B1, 84B2, 84G, 03R] where Voyager 1 and Voyager 2 crossed the termination 
shock at a distance of 94 AU in 2004 and 2007, respectively [05S]. The Ulysses spacecraft has orbited the 
Sun in a polar orbit measuring solar wind plasma and magnetic field from the ecliptic to high latitudes, 
both for solar minimum and solar maximum conditions [91B, 00M, 01N, 03M]. 

These measurements showed that there are several types of solar wind:  
 
1. The fast-type solar wind usually found in high-speed streams emerges from coronal holes which are 

representative of the inactive sun. At times around minimum solar activity large coronal holes cover 
both polar caps of the sun, with occasional extension down to the equatorial regions (see Fig. 1). The 
plasma properties remain fairly steady throughout a high speed stream and do not vary much between 
different fast streams [b, c, d, 90S, 00M]. 

2. The slow solar wind of the interstream type is also typical of times around minimum solar activity. Its 
sources are constrained to the warped activity belt of about 40° in latitude which encircles the sun 
close to the equator, thus separating the polar coronal holes from each other. This is the regime of 
bright coronal streamers. The strikingly low helium content (< 2%) indicates a larger release height in 
the gravitationally stratified solar atmosphere [b, c, d, 90S]. 

3. The slow solar wind of the maximum type is found to emerge at high solar activity from substantially 
larger areas often located far from coronal streamers. It is highly variable and usually contains a 
significant fraction of helium (some 4%), indicating a release at lower altitudes in the corona. 
Otherwise, the properties are similar to the interstream-type solar wind [b, c, d, 90S]. 

4. The coronal mass ejections (CME) in conjunction with transient events in the corona may exhibit 
some (but not necessarily all) of the following signatures: significant increase of the helium content 
(up to 40%), occurrence of a large fraction of Fe16+ and He+ ions, depressions of ion and electron 
temperatures, bi-directional streaming of electrons and suprathermal ions, high magnetic field strength 
with low variance, very low plasma beta, and large scale rotation of the magnetic field vector 
indicating the occurrence of magnetic clouds [e, 01F]. 

 
The basic properties of the first three types of solar wind as determined in the ecliptic and at high solar 

latitudes are compiled in Table 1. The data in Table 1 are compiled from various references. The data 
inside 1 AU were collected by the two Helios solar probes between December 1974 and December 1976, 
covering radial distances of 0.3 to 1 AU. All parameters involving the proton density np were normalized 
to 1 AU assuming a r−2 dependence. Only those temperature data obtained between 0.9 and 1 AU were 
included. The 1 AU data (from the IMP satellites) are taken from a collection of solar wind parameters 
[77F] compiled in [90S]. The Helios and Ulysses data were taken from various references as indicated in 
the table. 

Magnetic field and mixed parameters are summarized in Table 2. In the inner heliosphere (Helios 
data), the radial dependence of the magnetic field strength and its vector components on distance r [AU] 
from the Sun is given in the form B(r) ~rα  [90M]. In the near ecliptic outer heliosphere (Voyager 1/2) the 
magnetic field was fitted assuming a Parker spiral shape BP = B0 r−2 √(1+r2), with r in units of AU 
[84B1]. The radial and latitudinal dependence of the solar wind parameters as obtained with Ulysses have 
been separated by a least square fit to the solar wind parameter Y assuming Y = Rα (Y0 + b θ) [00M]. 
Columns 7 and 8 of Table 1 and columns 7, 8 and 9 of Table 2 show the statistical properties of the high- 
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latitude solar wind (above 36° latitude), scaled to a distance of 1 AU, and the radial and latitudinal 
depence, respectively. The small value of b in column 9 of Table 2 shows that the latitudinal dependence 
of the solar wind parameters is very small [90M, 01S]. 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 (see color-picture part, page 628). 
Summary plot of the first orbit of Ulysses 
over the poles of the Sun. The solar wind 
proton density (green trace) shows a one solar 
rotation running average. The red and blue 
traces show one hour averages of the solar 
wind speed for outward (red) and inward 
(blue) interplanetary magnetic field, 
respectively [00M]. 

 
In the inner heliosphere where the solar wind is streaming off freely, the actual profiles depend on the 

type of solar wind [90P, 90S, 91M]. With increasing distance from the Sun solar wind streams of 
different speeds interact with each other. Finally, all solar wind plasma will have been processed by 
stream-stream interactions. Thus, in the outer heliosphere the original signatures are lost [84B2, 92G]. 

New observations with advanced instrumentation onboard Earth-orbiting satellites and spaceprobes, in 
particular with coronographs, EUV-telescopes and much improved sensors for in-situ measurements, 
dramatically improved the diagnostics of transient phenomena in the solar wind. There are now 
observations of coronal mass ejections (CMEs) and their interplanetary counterparts (ICMEs) over 
several solar cycles [e, 87K, 92J, 06G, 06S]. The CMEs and ICMEs, depending on their scale and speed, 
may drive coronal and interplanetary shock waves through the ambient solar wind that in turn may 
accelerate ions and electrons to high energies (see also 4.3.6.2.1) [e, 86S, 06G, 06S]. 
 
Definition of the solar wind parameters of Table 1 and Table 2: 
vp        proton bulk speed 
np       proton density 
Fp  =  np vp     proton flux density 
Mp = np mpvp

2
    proton momentum flux density 

np / nα      α-particle density ratio 
Ek = 1/2 np mpvp

3   kinetic energy flux density 
Eg = np vpG mp Ms/Rs   potential energy flux density 
Ethp  = 5/2 np vp k Tp   proton enthalpy flux density 
Ethe = 5/2 ne ve k Te   electron enthalpy flux density 
Qe           electron heat flux density 
Qp              proton heat flux density 
EA        Alfvén wave energy flux density 
Et =  Ek + Eg    total energy flux density 
Tp             proton temperature 
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ATp =  Tp ⊥ / Tp ||   proton temperature anisotropy 
Te             electron temperature 
ATe =  Te⊥ / Te ||    electron temperature anisotropy 
Tα             α-particle temperature 
ATα = Tα ⊥ / Tα ||    α-particle temperature anisotropy 
Tα /Tp      helium ion to proton temperature ratio 
Lp       angular momentum flux (particles) 
Lm       angular momentum flux (magnetic field) 
|B|        magnetic field strength 
|Br|        magnetic field, radial component 
|Bθ |        magnetic field, out-of-ecliptic component 
Bφ        magnetic field, azimuthal component 
βion  =  Pion / PB     plasma pressure / magnetic field pressure 
VA    ~ |B|/n1/2

    Alfvén velocity 
MA  = vp / VA    Alfvénic mach number 
 
Table 1. Average values of solar wind parameters at 1 AU, and at high solar latitudes. The data were 
compiled from various references. The 1 AU data (from the IMP satellites) are taken from the 
compilation in [90S] that is based on a collection of solar wind parameters in [77F]. The Helios and 
Ulysses data were taken from various references as indicated in the table. 
Plasma parameters1 Slow wind 

 
Fast wind High latitude* 

(above 36° Lat) 
 Helios 1 AU Helios 1 AU Ref. Ulysses α  Ref. 

vp [km s−1] 348 327 667 702 83S 758. 0 00M 
np [cm−3] 10.7 8.3 3.0 2.73 83S 2.7 −2 00M 
Fp [108 cm−2 s−1] 3.66 2.7 1.99 1.9 83S 2.4 −2 00M 
Mp  [108 dyn cm−2] 2.12  2.26  83S    
nα/np 0.025 0.038 0.036 0.048 83S 0.044  00M 
Ek  [erg cm−2 s−1] 0.37 0.25 0.76 0.79 83S    
Eg [erg cm−2 s−1] 1.17 0.87 0.65 0.60 83S    
Ethp [10−3 erg cm−2 s−1] 11 3.0 23 16 83S    
Ethe [10−3 erg cm−2 s−1]  11  7 83S    
Qe  [10−3 erg cm−2 s−1] 6.0 2.7 8.0 2.2 90P 7.4 −2.9 01S 
Qp [10−3 erg cm−2 s−1] 0.08 0.029 0.3 0.16 84M    
EΑ [10−3 erg cm−2 s−1]  0.7 14 6.7 83S    
Et [erg cm−2 s−1] 1.55 1.18 1.43 1.51 83S    
Tp [103 K] 55 34 280 230 82M1 270 −1.02 00M 
ATp 1.7  1.2  82M1    
Te [103 K] 190 130 130 100 90P    
ATe 1.2  1.6  90P    
Tα [103 K] 170 110 730 1420 82M2 1400 −0.8 00M 
ATα 1.4  1.3  82M2    
Tα / Tp 2.9 3.2 3.0 6.2 82M2    
Lp [1030 dyn cm sr−1] 2.14  −0.56  83P    
Lm [1030 dyn cm sr−1] 0.14  0.15  83P    
1: definitions see below. *:Radial dependence ~ r α 
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Table 2. Average values of magnetic field and plasma parameters 
Magnetic field 
parameters1 

Low latitude wind**  High latitude fast wind** 
Slow wind 
 

Fast wind 
 

  
Y = rα (Y0 + bθ ) 

 B0 α B0 α Ref  Y0 α b Ref 
|B| [nT] (0.3 - 1.0 AU)    3.45  −1.64   3.28 −1.86 90M 5.61 −1.47 −0.0161 00M 
|Br | [nT] 2.47 −2.02 2.77 −1.97 90M 3.36 −1.77 −0.00974 00M 
Bθ  [nT] 1.95 −1.32 1.44 −1.34 90M    00M 
Bφ   [nT] 2.96 −1.07 2.19 −1.13 90M    00M 
|BP| [nT]  (1-10 AU)   4.5    84B1     
βion      1.05 0.11 0.0041 00M 
VA [km s−1]      64.9 −0.49 −0.087 00M 
MA      11.4 0.49 0.0289 00M 

 
1 Definitions see below; (*) Bi ~rα; (**) 1 AU scaled mean, with Y = rα (Y0 + bθ ), where r is the radial 
distance from the Sun in AU and θ is the solar latitude, with θ  =  0 in the ecliptic [00M];  
 

Table 3 summarizes typical properties and statistics of coronal mass ejections (CMEs) and 
Interplanetary Coronal Mass Ejections (ICMEs) as obtained in solar cycles 21 and 23. The differences 
between the two solar cycles are partly due to the higher sensitivity of the recent measurements and partly 
due to differences in the solar cycles [06S, 06G]. The relation between solar flares and CMEs is still 
under investigation. There is evidence that flares and CMEs are consequences of a more fundamental 
process resulting in a large scale restructuring of the magnetic field at the Sun [00F, 02P, 06H]. 
 
Table 3. Average properties of Coronal Mass Ejections 
 Solar Cycle 21 

1979 - 1981 
998 CMEs (SOLWIND) 

 Solar Cycle 23 
1996 - 2003 

~9000 CMEs (SOHO) 

 

 Average Range Ref Average Range Ref 
Speed [km s−1] 470 <50 … 1680 85H 483 ~100 … 3000 06G 
Total ejected mass [g] 4.1 1015 2.1014 … 4.1016 85H 6.7 1014 ~1013 … 1016 06G 
Total kinetic energy [erg] 3.5 1030 <1029 … 6.1031 85H 5.4 1029 ~1027 … 1033 06G 
Angular span [°] 45 ~2 … 360 85H 46 <10  … 360 06G 
Average rate (sol max) [day−1] 1.8  85H ~6  06G 
Average rate (sol min) [day−1]    0.5  06G 

References for 4.3.6.1 

General references 
a Physics of the Outer Heliosphere (Grzedzielski, S., Page, D.E., eds). COSPAR Colloquia Series 1 

(1990)  
b Physics of the Inner Heliosphere, I. Large-Scale Phenomena (Schwenn, R., Marsch, E., eds.), Berlin, 

Springer Verlag (1990). 
c Physics of the Inner Heliosphere, II. Particles, Waves, and Turbulence (Schwenn, R., Marsch, E., 

eds.), Berlin, Springer Verlag (1991). 
d The Heliosphere Near Solar Minimum, The Ulysses Perspective (Balogh, A., Marsden, R.G., Smith. 

E.J., eds.) Springer (2001). 
e Coronal Mass Ejections, (Kunow, H., Crooker, N.U., Linker, J.A., Schwenn, R., von Steiger, R. 

eds.), Space Science Reviews 123, No 1-3 (2006). 
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90S Schwenn, R.: see General references [b] p. 99. 
91B Burlaga, L.F.: see General references [c] p. 1. 
91M Marsch, E.: see General References [c] p. 45. 
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05S Stone, E.C., Cummings, E.C., McDonald, F.B., Heikkila, B.C., Lal, N., Webber, W.R.: Science 

309 (2005) 2017. 
06G Gopalswamy, N.: J. Astrophys. Astr. 27 (2006) 243. 
06H Harrison, R., in: Solar Eruptions and Energetic Particles (Gopalswamy, N., Mewaldt, R.A., Torsti, 
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4.3.6.2  Energetic particles in interplanetary space 

4.3.6.2.1  Solar energetic particle composition and charge states 

The solar energetic particle events can be separated into two classes, gradual and impulsive events [99R 
01K, 06C], following the classification of flares according to the length of soft X-ray emission [77P]. 
Energy spectra and elemental abundances as a function of energy are derived from the particle intensities 
at time of intensity maximum [79V], and from event-integrated flux (or total fluence) measurements 
[85M]. 
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Large intensity solar energetic particle events (gradual events): average abundances from He to Ni 
can be related to photospheric, solar wind, and coronal abundances [85M]. The abundances are similar to 
solar wind and coronal abundances [99R], however, with characteristic differences due to mass (M) per 
charge (Q) dependent fractionation processes [02M]. Compared to photospheric abundances, the 
abundances from He to Ni are organized by first ionization potential (FIP) [74H, 84F]. Low FIP elements 
(e.g. Mg, Si, Fe) are overabundant (factor 3 to 5) with respect to local galactic or photospheric 
abundances [74H, 81M, 85M, 99R]. A discussion of the FIP fractionation mechanism can be found in 
[98H]. 

Elemental, isotopic, and ionic charge abundances of elements from H to Ni in solar energetic particle 
events show large event-to-event variations [71A, 79D, 79M, 99L, 99R, 03L, 06K1] and also large 
variations within individual events [74V, 76O, 99R, 06K1]. The event-integrated elemental [85B] and 
isotopic abundances [99L, 03L] are organized by M/Q. After correction for M/Q-dependent fractionation 
effects they can be used to infer coronal abundances [03L]. 

Compositional variations before the time of maximum intensity can be attributed to a rigidity 
dependent scattering mean free path [78S, 81K, 99R, 99T, 00R]; compositional variations before the 
passage of an interplanetary shock can be understood in terms of models including scattering of heavy 
ions by proton-amplified waves and a rigidity dependent scattering mean free path [81K, 83L, 99N, 99T, 
03N]. 

3He-rich and heavy ion-rich solar energetic particle events (impulsive events): large enhancement of 
3He relative to 4He (3He/4He ~0.01 to ≥ 1) [70H, 74B, 75H1, 75H2, 75S]. Abundances of heavy ions 
increase systematically with mass (or nuclear charge), with enrichment factors of ~10 for Fe at ~1 
MeV/nucleon [86M] and ~200 for mass M ~ 200 [00R, 04M]; enrichment factors of heavy ions and 3He 
are not correlated [77A, 80M, 99R]. Explanation of the overabundance of 3He and heavy ions is given in 
terms of resonant and non-resonant wave particle interactions [78I, 78F, 83V, 92T, 93M, 98M]. 

Ionization states: the ionic charge distribution can be determined over a wide energy range from 0.01 
to ~ 80 MeV/nucleon (for Fe) by in-situ measurements [76G, 77S, 81H, 84K, 87L, 95M, 95L, 97O, 03L], 
and by indirect methods, using M/Q-dependent propagation and acceleration characteristics [76O, 99C, 
00T, 03D, 03S, 06K2]. 

There are significant differences of the ionization states of heavy ions in gradual and impulsive 
events, in particular for iron. Large (gradual) events: below ~10 MeV/nucleon charge states are similar to 
solar wind charge states (for Fe ~10); at higher energies the mean charge of heavy ions is often increasing 
with energy [06P]. 3He- and heavy ion-rich events: the ionic charge is strongly energy dependent and 
increases (for Fe) from ~10-12 at < 0.1 MeV/nucleon to 18-20 at 0.5 MeV/nucleon [03M, 06K3]. 

The strong energy dependence can be consistently explained by charge stripping during acceleration 
in the dense environment of the low corona, at altitudes < 0.2 solar radii [00K, 05K, 06D,  07K1, 07K2]. 

Charge states, in combination with information on energy spectra and intensity-time profiles, can be 
used to infer acceleration and propagation parameters at the Sun and in interplanetary space [06D, 07K1]. 
 
General references for 4.3.6.2.1 
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4.3.6.2.2  Solar energetic particle injection and coronal propagation 

Early observations of non-relativistic [65V, 74L] and relativistic electrons [74S], of protons below ~100 
MeV [75V] and at relativistic energies [74P] show a large variability of intensities and intensity-time 
profiles. These particles originate in solar flare-related acceleration processes or are accelerated by 
coronal and interplanetary shock waves [99R, 01K, 06C] (see also 4.3.6.2.1). 

Particles accelerated in solar flares show velocity dispersion with high energy particles arriving first, 
low energy particles arriving with a delay that depends on their speed (V ), and the distance (S ) along the 
interplanetary magnetic field between the observer and the acceleration site [85R, 99K]. The injection 
time tinj at the Sun can be inferred for this class of events from the arrival time tarr at the observer by 
[99K, 06P] 

 
tarr = tinj + S/V  (1) 

 
However, additional delays during interplanetary propagation due to the scattering of the particles 

[03C], or due to magnetic turbulence related lengthening of the distance S [06R] may also be important. 
These events are preferentially observed in a range of solar longitudes that are connected to the observer 
by the interplanetary magnetic field, i.e. at Earth at ~10 - 90° W [88C], suggesting direct access of the 
accelerated particles to open field lines. Using the inferred injection times, in particular for electrons with 
small propagation delays, other coronal phenomena (e.g. Radio-, EUV-, X-ray observations) can be 
related to the particle acceleration [05K]. Injection time profiles of electrons, protons [03D] and heavy 
ions [06D] have been inferred from a detailed comparison of observed intensity-time and anisotropy-time 
profiles with interplanetary propagation models. 

Particles accelerated at coronal and interplanetary shocks show a large variability of intensity - time 
profiles, maximum intensity, energy spectra, elemental abundances (see also 4.3.6.2.1) and systematic 
variations with solar longitude [74R, 75V]. This variability was attributed in the past to a combination of 
time-extended injection, and coronal and interplanetary propagation [64R, 65A, 74R, 75V, 76N, 76W, 
79V]. However, it was shown later that the major controlling agents are the existence of an interplanetary 
shock, the shock strength and the location of the observer relative to the shock [88C, 06C, 06K]. In these 
events, the injection can be inferred from a comparison of solar energetic particle measurements with 
model calculations of shock acceleration [97K, 03N]. 
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4.3.6.2.3  Interplanetary propagation of solar cosmic rays 

Energetic particles accelerated in flares at the Sun or by coronal and interplanetary shocks are scattered 
by magnetic irregularities in the solar wind. Their propagation in the corona and in interplanetary space 
can be described by the combined effects of pitch angle scattering, convection, adiabatic energy loss in 
the expanding solar wind, and the focussing effect of the diverging magnetic field [a, b, c, 65P]. 
Depending on the level and nature of magnetic field turbulence, the propagation can be described as a 
diffusive process, or as an almost scatter-free process [65P, 75N, 76E1,76E2, 90D, 91K]. 

The diffusion coefficient and the scattering mean free path λ are derived from the measurements of 
protons [77H, 77W, 78M] and electrons [92K, 94B]. A compilation of mean free path at different 
rigidities can be found in [77Z, 78Z]. Typical values of λ parallel to the magnetic field of a 10 MeV 
proton at 1 AU solar distance, in large solar energetic particle events, is ~ 0.05 - 0.2 AU. However, for 
low turbulence levels, it can be as large as ~1 AU (scatter free propagation). 

 
Literature for:  
Scatter-free propagation of protons [75P, 77W] and electrons [74L]. 
Anisotropies and scattering parameters [71M, 73I] 
Radial dependence of scattering mean free path λ [77H, 77W]. 
 
Scattering theory: Scattering parameters can be derived from the turbulence level of the interplanetary 
magnetic field [66J, 68H]. The application of quasi-linear theory (QLT) and the assumption of slab (1D) 
turbulence results in a scattering mean free path that is significantly smaller than derived from particle 
intensity-time profiles and anisotropy measurements [82P]. This discrepancy can be solved by an 
extension of QLT including dynamical and dissipative effects [94B] and by assuming a mixture of ~20% 
slab (1D) and ~80% 2D turbulence [94B, 00D]. 
 
ESP events: Energetic storm particle (ESP) events are long lasting (~ hours) intensity enhancement of 
~MeV ions, related to the passage of an interplanetary shock [65B, 67M, 67R]. Typical signatures are: 
exponential decrease of particle intensity with distance from the shock [81K]; rigidity-dependent  
e-folding distance [81K]; variation of elemental abundances of particles of the same velocity but different 
rigidity during ESP event [69L, 72S, 81K]. Explanation in terms of shock acceleration of solar wind or 
suprathermal particles from previous events [71F, 75S, 99M, 03N]. The acceleration of suprathermal 
particles from previous events is consistent with the finding of a moderate enhancement of 3He and heavy 
ions in many shock-related events [99C, 99M, 01D]. ESP events at high latitudes are described in [04L1], 
the statistics of ESP events in [04L2]. 
Shock-spike events: short-lived intensity enhancements (~ 10 min) at MeV energies, associated with the 
passage of an interplanetary shock are described in [71O, 71P, 71S, 77A1]. An explanation in terms of 
acceleration at quasi-perpendicular shocks is found in [77A1, 83D, 90D].  
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The theory of particle acceleration at parallel and perpendicular shocks can be studied in [77A2, 78B, 
83L]; the simulation of shock acceleration, including propagation is described in [75S, 97K, 03N]. 
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4.3.6.2.4  Corotating energetic particle events 

Long-lived streams of low energy (~0.01 - 10 MeV/nucleon) ions and ~40 - 300 keV electrons near 
corotating interaction regions (CIR) resulting from the interaction of high-speed solar wind overtaking 
slow-speed solar wind and forming forward and reverse waves. If the waves are sufficiently strong, a 
shock pair is formed, with the forward shock (FS) propagating outward and the reverse shock (RS) 
propagating inward [76B, 76M, 78P1, 80S, 81C, 98K, 98S]. 

Duration of CIRs is ~ 4 - 10 days, flux of 1 MeV protons at 1 AU is ~10-100 (p/cm2 s sr MeV) [98S]. 
Peak intensity at ~4 AU is given in [78V, 99M]; heliocentric gradient between 0.3 and 1 AU: ~ 350% 

per AU [77K, 78V], between 1 AU and 4 AU: ~ 100% per AU [78V], and between 4 AU and 9 AU: 
variable from –40% per AU to –100% per AU [78V]. 

Energy spectra of ions: in the energy range of ~0.15 to ~10 MeV/nucleon the energy spectra can be 
described by a distribution function with an exponential dependence on speed [79G], by differential 
energy spectra with an exponential dependence on momentum [99M], or by a power law in energy per 
nucleon with a break (steepening) at > 1 MeV/nucleon [97M]. 

Elemental composition (H - Fe) at 1 AU is similar to the composition in the solar wind and in large 
(gradual) solar energetic particle events [78G, 79S, 93R, 98K, 99M , 99R]. 

The average ionic charge of C, O, Mg, and Fe at 1 AU is similar to the average ionic charge of the 
solar wind, suggesting a solar wind source [02M1, 02M2]. Helium shows at 1 AU ~10% to ~60% pickup 
He+ (relative to He2+) of interstellar origin [00C, 03K], that increases with increasing distance from the 
Sun, with He+ dominating at 4.5 AU [94G]. 

Ion anisotropies in CIRs [97D1] 
Electron observations:  at mid latitudes [95S], and at high latitudes [96R]. 
Model of corotating streams [78P2, 99G2], acceleration models [80F, 96S, 99S], comparison of ion 

data with model predictions [96S, 97R, 99M], acceleration efficiency in CIRs [97D2]. 
CIRs in the inner heliosphere [99B], in the outer heliosphere [99L], and at high latitudes [99G1, 99K]. 
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4.3.6.2.5  Modulation of galactic cosmic rays 

Galactic cosmic rays are observed in the heliosphere with energies in the range of ~1 to 1015 MeV [01S]. 
Below ~104 MeV the galactic cosmic rays are considerably modulated: Their propagation from 
interstellar space through the heliosheath into the inner Solar System can be described by the combined 
effects of diffusion, convection, energy loss by adiabatic deceleration and drift [65P, 77J, 98P]. Because 
drift effects depend on the direction of the magnetic field and the charge of the particles [77J], the 
modulation shows the 22 year cycle of the solar large scale magnetic field, and characteristic differences 
for electrons and ions [98E]. While galactic cosmic rays diffuse inwards they are continuously convected 
out by the solar wind and loose energy in the radially expanding solar wind. This leads to a decrease of 
the intensity of the modulated H, He and heavy ion spectra with energy at energies less than a few 
hundred MeV/nucleon (Fig. 2) with the spectral shape becoming insensitive to the shape of the interstellar 
spectra [65P, 75V]. Furthermore, galactic cosmic rays are modulated by the passage of large-scale 
interplanetary disturbances propagating into the outer heliosphere [93M, 98W]. A significant fraction of 
the total modulation occurs in the heliosheath [00M, 02M]. 

Elemental and isotopic composition of galactic cosmic rays: [83M]; age of galactic cosmic rays as 
derived from radioactive “clocks”: [01M]; origin of galactic cosmic rays: [07W].  

The solar cycle variation of galactic cosmic rays is observed by ground based neutron monitor stations 
and experiments in space [58F, 74P, 76M]. The annual mean nucleonic intensity at neutron monitor 
energies is inversely correlated with the sunspot number RZ [58F, 00V]. The solar cycle variation depends 
on energy and is about a factor of 2 for protons with E > 80 MeV in interplanetary space and ~18 % at 2.2 
GeV, respectively [00V]. There is a time lag of ~1 year between cosmic ray intensity peak and sunspot 
minimum [01S]. This time lag can be interpreted in terms of diffusion and convection of galactic cosmic 
rays. In the limit of small and large diffusion coefficients κ, the time lag is given by RB/VSW and RB

2/κ, 
respectively, where RB and VSW are the distance to the modulating boundary and the solar wind convection 
speed, respectively [75O].  

Hysteresis effects in the modulation are described in [72V, 72S, 73B]. 
Galactic cosmic ray electron spectrum and change with time: [71M, 98E]. 
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Anisotropies: Interpretation of north-south anisotropy of ~0.2% at neutron monitor energies as being 
due to radial gradient: [71B, 72I, 72O]. Measurements of the azimuthal anisotropy at > 480 MeV/nucleon 
for H, He up to 3 AU: [75A]. Azimuthal anisotropy in the ecliptic plane leads to diurnal cosmic ray 
variations. At neutron monitor energies the long-term average amplitude of anisotropy is ~0.4% [71R, 
72O, 73F]. An explanation in terms of corotation anisotropy is given in [71P]. 

Radial and latitudinal gradients in the heliosphere: Direct measurements of integral gradients as a 
function of radial distance and latitude have been obtained with Pioneer 10, 11, Voyager 1, 2, and 
Ulysses; baseline measurements at 1AU have been obtained with IMP-6/7/8, ISEE-1/3, SOHO and ACE. 
Gradient measurements of galactic cosmic ray protons and helium are presented in [73M, 77M1, 77M2, 
82M, 85M, 97F, 97M, 99W], and of electrons in [98E]. The radial and latitudinal gradients depend on 
many parameters, including the phase of the solar cycle, particle rigidity, and distance from the Sun. The 
radial gradient gr can be described as gr = G0 rα [97F]. Table 1 shows typical values of G0 and α for solar 
minimum (1977, 1987) and solar maximum conditions (1981, 1990), derived for heliocentric distances 
between 1 and 66 AU [97F]. The latitudinal gradients depend on the direction of the large scale 
interplanetary magnetic field and are generally small [89M, 97M], for example ~1.2±0.1%/degree and –
1.6±0.3%/degree for 29-67 MeV/nucleon He in 1975-1976 and 1985-1986, respectively [89M]. 
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Fig. 2. Observed and calculated proton, helium, and electron spectra at 1 AU for 1965, 1968, 1969 and 1970 [72U]. 
 
Forbush decrease: Forbush decreases are large, sudden, asymmetrical depressions in the cosmic ray 
flux, lasting several days. The decrease phase is ~12 to 24 hours long, recovery takes at 1 AU typically 
several days [71L, 86L]. The decrease is correlated with large scale disturbances in the solar wind, i.e. 
with coronal mass ejections , interplanetary shocks [96C, 00C], and corotating interaction regions [98S]. 
The maximum reduction of cosmic ray intensity as observed by the worldwide neutron monitor stations is 
~3-20%, depending on energy (or latitude) [98W]. The intensity decrease and recovery can be modelled 
in terms of outward propagating diffusive barriers with different propagation characteristics [91L, 98W]. 
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Table 1. Radial gradients of galactic cosmic rays for solar minimum and solar maximum conditions 
[97F] 

 Solar minimum Solar maximum 
 1977 1987 1981 1990 
H   130-225 MeV/nuc      
α −0.7±0.05 −0.3±0.02 0.7±0.1 0.27±0.1 
G0 [%/AU] 13±1.5 5.5±0.5 0.6±0.2 1.00±0.3 
He 180-450 MeV/nuc     
α −1.1±1 −0.74±0.04 −0.11±0.05 −0.3±0.1 
G0 [%/AU] 17.4±0.04 0.12±0.02 0.5±0.6 6.5±2 
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4.3.6.2.6  Anomalous component of low energy cosmic rays 

The anomalous component of low energy cosmic rays (ACR) has been discovered in 1975 in the inner 
heliosphere. The ‘anomalous’ feature was the flat energy spectrum of 4He between 10 and 80 
MeV/nucleon, and the “hump” (Fig. 3) in the quiet-time cosmic ray energy spectrum of heavy ions 
(predominantly N, O, and Ne) at energies of ~3-20 MeV/nucleon, with unusual composition (C/O < 0.1). 
The early measurements showed He [73G], O [73H, 74M], N [74M] and Ne [75V, 77K] in anomalous 
cosmic rays. Later, in the outer Solar System, also Ar [87C], and H [88C, 89S, 95C1, 95M] was identified 
in ACRs. The measurements of relative abundances of elements with nuclear charge 1 ≤ Z ≤ 26 are 
summarized in Table 1. The early measurements also showed a positive radial gradient and modulation 
similar to galactic cosmic rays, suggesting a source in the outer Solar System [74F, 74M, 75M, 76F]. 
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Fig. 3. Spectra of quiet time C and O. The anomalous 
feature is the “hump” at energies of 3 to 20 
MeV/nucleon with a C/O ration < 0.1, different from the 
composition of solar and galactic cosmic rays [73H, 
74M]. 

 
Radial and latitudinal gradients: Radial and latitudinal gradients were derived from measurements with 
many spacecraft in the inner (IMP, SAMPEX) and outer heliosphere (Pioneer 10/11, Voyager 1/2, 
Ulysses). Similar to GCRs (see 4.3.6.2.5), the radial and latitudinal gradients depend on particle rigidity, 
location in the heliosphere and phase of the solar cycle [87C, 89M, 95C2, 96T, 98M, 99F]. Typical large-
scale radial gradients of ACR oxygen at 7-25 MeV/nucleon between 1 AU and 41 AU (1987) and 
between 1 and 58 AU (1993) are 8.8±0.6 %/AU and 2.2±0.8%/AU, respectively [95C2]. A characteristic 
feature consistently observed in several solar cycles is the sign change of the latitude gradient in 
consecutive solar cycles (see Table 2), simultaneously with the change in direction of the large scale solar 
magnetic field, implying the importance of drift effects for ACR propagation. 
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Because all elements initially identified as ACRs had high first ionization potential (He, N, O, Ne), 
interstellar neutral particles were suggested as a source, that are singly ionized in the inner Solar System, 
picked up by the solar wind, convected with the solar wind into the outer heliosphere, and accelerated in 
the outer heliosphere [74F] and at the termination shock [81P]. 
 
ACR Models: A comparison with detailed numerical models, including acceleration at the termination 
shock, convection, radial diffusion, and gradient and curvature drift effects showed that the hypothesis of 
an interstellar origin was basically correct [81P, 86J, 88P, 98J]. It was found that taking the drift effects 
into account is essential for explaining the different radial and latitudinal gradients in subsequent solar 
cycles with different polarity of the heliospheric magnetic field [86J, 98S]. The models assuming 
acceleration at the termination shock (TS) predicted the unfolding of the ACR energy spectra into single 
power law spectra, characteristic for local shock acceleration. However, the measurements of the Voyager 
1 spacecraft that encountered the TS in 2004 [05S] continued to show the modulation of ACRs. Possible 
explanations are that the acceleration at the termination shock is not locally, where the Voyager 1 crossed 
the TS, but, due to its blunt, non-spherical structure, on the flanks [07J, 07S], or that the acceleration is at 
larger distances, i.e. in the distant heliosheath [07S]. 
 
Table 1. Relative abundances of ACRs, normalized to oxygen [98K, 99R, 02C], compared with Solar 
System abundances [07G] and the abundances of galactic cosmic rays as measured near Earth [90E]. 

 Anomalous cosmic rays Solar System Galactic 
Ion Interplanetary Filtration (Q=1) [07G] [90E] 
 5 [MeV/nuc] 1 Spectral Fit2 8-20 [MeV/nuc]3   
He 500 ± 50 970 ± 50  18621  
C <  1 0.49 ± 0.05 0.9 ± 0.5 53.7 109 
N 12 ± 1 14 ± 0.8  13.2 32 
O 100 100 70 100 100 
Ne 7 ± 0.7 6.5 ± 0.4 3.5 ± 0.3 15.1 16.76 
Mg 0.12 ± 0.03 0.037 ± 0.013   0.07 ± 0.03 7.41 20.67 
Si 0.17  ± 0.03 0.12 ± 0.02 < 0.03 7.08 15.85 
S 0.06  ± 0.02 0.039 ± 0.013 < 0.03 3.02 3.46 
Ar 0.42  ± 0.05 0.50 ± 0.09 < 0.02 0.33 1.48 
Fe < 0.09  < 0.02 6.17 9.51 
Kr < 0.002     

 
1Derived from measurements at 1 AU [99R]; 2Derived from Voyager measurements in the outer 
heliosphere [02C]; 3Using ionic charge information derived from the rigidity dependent cutoff of particles 
in the magnetic field of the Earth [98K]. 
 
Table 2. Typical latitudinal gradients of ACRs in three solar cycles 
 1975-1976  1987  1992-1995 

Ion Energy 
[MeV/n] 

Lat. gradient 
[%/°] 

Ref. Energy 
[MeV/n]

Lat. gradient
[%/°] Ref. 

Energy 
[MeV/n]

Lat. gradient 
[%/°] 

Ref. 

He 11-20 1.5±0.2 89M 20 - 25 −4.3 90C1 10 - 22 2.1 ± 0.16 99F 

O    7 - 25 −5.6 90C1   10 1.3 ± 0.4 95C2

Ne           9 - 30 2.0 ± 0.4 96T 

 
Ionization state of ACRs: the hypothesis of an interstellar source implied that ACRs should be singly 

ionized [74F]. Ionization states, indirectly inferred from (1) modulation effects in the heliosphere [77M, 
80K, 88M], and (2) propagation in the Earth’s magnetic field [89O, 90B, 91S] provided upper limits: the 
ionic charge Q of ACR oxygen and neon was found to be consistent with Q ≤ 2 [89O, 90B] and Q = 1 
[91S], respectively. A comparison of interplanetary with magnetospheric oxygen intensities at 5 to 20 
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MeV/nucleon showed Q = 1 for oxygen [91A]. Conclusive evidence came from the direct measurement 
of the ionic charge of N, O, and Ne for a large number of ions, using the cutoff of the Earth’s magnetic 
field: It was found that Q = 1 for N, O, and Ne at 8 to 16 MeV/nucleon [95K], and that N, O, and Ne are 
multiply charged at higher energies [96M, 98K]. The higher charge states at higher energies are consistent 
with charge exchange during acceleration in the outer heliosphere [96J]. 

ACRs in the magnetosphere: singly charged anomalous cosmic rays have access to the inner 
magnetosphere and, after charge exchange at low altitudes, can be trapped, resulting in stably trapped 
particles (predominantly N, O, Ne) in the magnetosphere [91G, 93C, 95S]. 
 

ACRs of non-interstellar origin: The comparison of high-sensitivity measurements in the outer 
heliosphere with modulation calculations showed that there is also a small (a few per cent compared to 
Solar System abundances, see Table 1) singly ionized heliospheric component, such as Na, Mg, Si, and S 
[07C]. The abundances of these ions cannot be accounted for by the local interstellar medium [02S2, 
07C]. A possible source are sputtered atoms from small grains in the Kuiper asteroid belt at some 30-50 
AU from the sun, subsequently ionized and picked up in the solar wind [02S1]. 
 

Isotopic composition: predominantly 4He, 14N, 16O, with small abundances of 18O (18O/16O ~0.002), 
and 22Ne (22Ne/20Ne ~ 0.1) [76M, 96L, 99L]. 

 
Composition of the local interstellar medium: With interstellar neutrals being the dominant source of 
ACRs, the composition of the local interstellar medium can be derived from the anomalous cosmic ray 
composition [90C2]. This method is particularly of interest for elements like Ar [02C] where pickup ion 
measurements are not available (see also 4.3.6.3.2). 
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4.3.6.3  Gases of non-solar origin in the Solar System 

4.3.6.3.1  Introduction 

The state of the undisturbed very local interstellar medium (VLISM) with its density, composition, 
temperature and relative velocity can be determined from measurements of interstellar absorption lines in 
the light of nearby stars [LB/NS VI/1, Subsection 8.4.1.2, 87C, 90F, 96L]. The Solar System is moving 
relative to the VLISM. While the plasma component of the VLISM is excluded from the Solar System by 
the interplanetary magnetic field, the neutral interstellar gas flows through the system [70B]. 

In the Solar System the neutral particles of the VLISM perform Keplerian trajectories under the 
influence of solar gravitation and radiation pressure. In the inner heliosphere the neutral gas is subject to 
ionization by solar ultraviolet radiation, charge exchange with solar wind ions and electron collisions. The 
combination of these effects results in a characteristic spatial distribution of each neutral species in the 
heliosphere that depends on the ionization potential, the initial velocity distribution, and radiation 
pressure. Schematic views of the distribution in the ecliptic plain are given for H and He in Figs. 4a and 
4b, respectively. The loss processes lead to a density variation for all species, with density decreasing 
with decreasing radial distance from the sun. For H the radiation pressure is comparable or even exceeds 
the gravitation, this leading to a wake of the neutral gas in the downwind side of the sun. For He and 
heavier species the radiation pressure is negligible, resulting in a focused cone on the downwind side of 
the sun. For reviews see [72A, 74F, 77H, 90A, 90L, 90M, 04M2, 07L]. 
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Fig. 4. Cut through the distribution of interstellar neutral gas in the inner Solar System in the ecliptic plane. (a) 
Distribution of neutral hydrogen: the radiation pressure of the sun dominates and a wake is created downwind of the 
sun. (b) Distribution of neutral helium: the solar gravitation dominates and the interstellar wind is focused on the 
downwind side of the sun.  

4.3.6.3.2  Determination of the interstellar gas distribution in the heliosphere 

The distribution of the interstellar gas flow is determined by the combination of model calculations with 
three independent observational techniques listed below [77H, 78T, 79W, 90L, 96R]. As a result of the 
comparison of the calculations with the measurements the local interstellar density n0, temperature T0 and 
velocity vector V0, with magnitude V0, heliocentric ecliptical longitude λ and latitude β of the interstellar 
wind flow in the Solar System are derived. The most precise information can be derived from He because 
it enters the heliosphere unimpeded, different from other species as H or O that are significantly changed 
through charge exchange in the heliospheric interface [91F, 93R, 00M]. 
 
1) Observation of the directional distribution of backscattered light of solar emission lines. 
 
The sky map of the scattered light is compared with the results of the model calculations of the neutral 
gas density distribution and the corresponding line-of-sight integral of the light emission in order to 
derive the VLISM parameters. This technique has been applied to H using the H I 1216 Å line [85B, 86C] 
and to He using the He I 584 Å line. In addition, V0 and T0 have been derived directly from the line 
profile of the scattered light for H [71B, 71T, 77A] and He [04L, 04V]. 
 
2) The observation of the spatial flux distribution of pickup ions in the solar wind from spacecraft. 
 
After ionization in the Solar System the interstellar particles are subject to the combined forces of the 
interplanetary magnetic and VSW × B electric fields and convected as pickup ions with the solar wind, 
where VSW and B are the solar wind velocity and magnetic field vectors, respectively. The energy flux 
density of the pickup ions is proportional to the production of these ions upstream of the observer. From a 
spacecraft near Earth orbit the neutral gas distribution in the ecliptic, inside Earth’s orbit can be measured 
during the course of the year, thus determining the amplitude and width of the focusing cone (Fig. 4b). 
This technique has been applied to He [85M, 96M, 04G1, 04M2]. The maximum velocity of pickup ions 
as measured on spacecraft also provides information on the velocity of the interstellar medium relative to 
the solar wind (Vrel), with a systematic annual variation from VSW + V0 to VSW − V0 for measurements in 
the upstream and downstream direction, respectively [99M]. Model calculations of the pickup ion 
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distribution in the solar wind, combined with measurements of pickup H, He, O, Ne, then provide 
information on the parameters of the local interstellar medium [76V, 85M, 87I, 88M, 04G2]. 
 
3) Direct measurement of interstellar neutral He with the GAS experiment onboard Ulysses 
 
The velocity and direction of the flow of the interstellar helium and its temperature and density have been 
derived from the measurements of the Interstellar Neutral Gas Experiment onboard Ulysses. This method 
combines the in-situ determination of the local flow velocity of individual neutral He atoms with model 
calculations to infer V0, T0, and n0 outside the heliosphere [93W, 96W, 04W]. 

The neutral gas distribution for each species varies with the ionization rate and therefore with solar 
activity [87F] and the solar wind flux [85L]. Except for the focusing cone on the downwind side of the 
sun the interstellar gas distribution is well described by a cold gas approximation [76V, 77H, 78T] 
 

N(r, θ ) = n0/sin θ {∂b1/∂r exp [−riθ / b1] + ∂b2/∂r exp [−ri (2π−θ)/b2]}  (1) 
 
with 
 

b1,2  = [(r/2 sin θ )2 + (1−μ ) GMS / V0
2 r (1−cos θ )]1/2 ±  r / 2 sin θ  (2) 

  
ri = r0

2 νion / V0 (3) 
 

where r is the distance from the sun, θ  is the angular separation from the velocity vector of the sun with 
respect to the VLISM, and ri is a characteristic penetration distance of the interstellar gas with νion being 
the ionization rate at the reference distance r0. The term GMS / r2 represents the gravitational acceleration 
by the sun and μ is the relative contribution of the radiation pressure. Ionization rates at 1 AU and the 
typical penetration distances ri from the sun are compiled in Table 1 for low to moderate solar activity, 
for V0 = 20 km/sec, and for various elements in the mass range hydrogen to argon. 

Table 1 provides ionization rates typical for low and moderate solar activity and the resulting 
penetration distances for H, He, N, O, Ne, and Ar. The photoionization rates are based on photon flux 
densities of about 2 × 1010 photons cm−2 s−1 for 910 to 375 Å and about 3.6 × 1010  photons cm−2 s−1 for 
665 to 150 Å [73B], which are appropriate for low to moderate solar activity. Most recent measurements 
of the solar UV flux which affects the ionization of He have confirmed that it varies linearly with the 
F10.7-cm solar radio flux. The photon flux density for 575 to 50 Å varies typically from 3.6 × 1010 to 5.5 
× 1010 photons cm−2 s−1 for F10.7-cm radio flux densities from 0.01 to 0.02 W cm−2 Hz−1 [89F, 90O]. To 
adjust for varying solar activity, the UV flux densities and ionization rates may be scaled accordingly. 
The charge exchange rates are based on solar wind flux densities of  about 3.3 × 108 particles cm−2 s−1 for 
H+ and  about 1.5 × 107 particles cm−2 s−1 for He2+. Electron ionization rates correspond to a solar wind 
electron distribution which exists of a cold core component with a number density and temperature of 
about 6.7 cm−3 and 1.5 × 105 K, respectively, and a hot halo component with a density and temperature of 
about 0.3 cm−3 and 7 × 105 K, respectively (all values at the reference distance of 1 AU). 

In order to include the cone structure in the model and to allow the determination of the temperature a 
more sophisticated model is necessary [77H, 78T, 79W]. Table 2 provides the most recent results for the 
VLISM parameters as derived from the combination of model calculations and the three experimental 
methods outlined above. A compilation of earlier results may be found in [86C, 87A]. The derived values 
of the results are model dependent. The uncertainties of the backscatter results depend on the 
uncertainties in the total intensity and the shape [88C] of the solar spectral lines. The pickup ion results 
and the results of the direct measurement of neutral He depend on the uncertainties of the ionization rates 
[88M, 96W, 04M1]. However, due to independent measurements of the solar EUV flux [04M1] and of 
the solar wind it was possible to considerably reduce the uncertainties of the parameters of the interstellar 
wind [04M2]. 
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Table 1. Ionization rates and penetration distances from the sun 
Species Reaction νion [10−7 sec−1] ri [AU] Ref. 
  partial total   
Hydrogen   7.8 5.9  
 H + hν      → H+   + e 0.880   77H 
 H + H+    → H+ + H 6.600   77H 
 H + He2+ → H+ + He+ 0.033   77H 
 H + e      → H+ + 2e 0.270   89R 
Helium   0.995 0.76  
 He + hν   →  He+ + e 0.800   73B, 90R 
 He + H+   → He+   + H 0.045   90R 
 He + e     → He+  + 2e 0.150   89R 
      
Nitrogen   8.8 6.6  
 N + hν   →  N+ + e 2.8   73B, 68M 
 N + H+   →  N++ H 6.0   72A 
Oxygen   6.0 4.5  
 O + hν    →  O+ + e 3.3   73B 
 O + H+    →  O++ H 2.7   72A 
Neon   2.93 2.2  
 Ne + hν   →  Ne+ + e 2.6   73B, 68M 
 Ne + H+   →  Ne+ + H 0.33   72A 
Argon   6.1 4.6  
 Ar + hν   → Ar + + e 2.8   73B, 68M 
 Ar + H+   → Ar+ + H 3.3   72A 
 

The extrapolation of the measured interstellar gas parameters to the undisturbed conditions outside the 
Solar System depends on assumptions about the influence of the interface between the heliosphere and 
the interstellar medium [83R, 84F, 87B, 04I]. Depending on the fractional ionization of the interstellar 
medium and on charge exchange reactions in the interface, part of the neutral gas may be coupled to the 
interstellar plasma flow and prevented from entering the heliosphere [04I]. Table 3 summarizes the results 
on the density of interstellar gas inside and outside the heliosphere, taking into account the predicted 
filtration effect by charge exchange and electron impact ionization in the interface. 
 
Table 2. Parameters of the interstellar wind in the heliosphere   
 Method n0 [cm−3] T0 [K] V0 [km/s] λ [°] β [°] Ref. 

H Backscatter 0.03 …0.06 7000±1000 20±1 71±2  −7.5 ±3 85B 

He Backscatter 0.013±0.003 6500±2000 24.5±2 74.7±0.5 −5.7±0.5 04V 

 Pickup ions 0.0154±0.0015     04G1 

 Neutral gas  0.015±0.003 6300±340 26.3±0.4 74.4±0.5 −5.2±0.2 04W 

 Mean 0.0148±0.002 6306±390 26.2±0.4 74.68±0.56 −5.31±0.28 04M2 

with local interstellar density n0 , temperature T0, magnitude of the velocity V0 and heliocentric ecliptical 
longitude λ and latitude β of the interstellar wind flow direction. 
 

The charge exchange between interstellar neutral and solar wind ions creates a population of neutral 
particles with solar wind velocity which may be used as a diagnostic of the interaction between the 
interstellar gas and the solar wind [90G1, 90G2, 01G]. 
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Table 3. Density of interstellar neutral particles 
 Method Inside TS 

n0 [cm−3] 
Filtration 
factor 

VLISM 
n0 [cm−3] 

Ref. 

Hydrogen Lyα Absoption 0.0575±0.0045 0.54±0.04 0.1065±0.028 95L, 04I 
4He Weighted mean 0.0148±0.002 1.00 0.0148±0.002 04M2 
3He Pickup ions 3.6±1.0 10−6 0.94±0.023 3.8±1.1 10−6 04G2 
Nitrogen Pickup ions 7.8±1.5 10−6 0.78±0.08 1.1±0.2 10−5 04G2, 04I 

Oxygen Pickup ions 5.3±0.8 10−5 0.68±0.03 7.8±1.3 10−5 04G2, 04I, 07L 

Neon Pickup ions 7.6±1.5 10−6 0.88±0.04 8.6±1.7 10−6 02C, 04G2 

Argon ACR  2.2±0.9 10−7 0.64±0.11 3.5±1.6 10−7 02C, 07L 

 
Further indirect information on the composition of the interstellar neutral gas in the heliosphere can be 

obtained from the composition of the anomalous component of cosmic rays (see 4.3.6.3.2). 
The gases of non-solar origin in the heliosphere strongly depend on the galactic environment. Table 2 

and 3 summarize neutral particle parameters for contemporary medium conditions. However, with 
changing conditions in the local galactic environment, significant changes can be expected, in particular 
when the sun encounters regions of significantly smaller (Local Bubble) or larger densities of the local 
interstellar medium [06F, 06M]. 
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