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Abstract
The spatial variation of pickup protons downstream the termination shock in the upwind direction is considered taking into
account stochastic pre-acceleration in the supersonic solar wind. It is shown that energy spectra of pick-up protons in the inner
heliosheath are considerably diﬀerent from those in the region inside the termination shock due to eﬃcient charge exchange reactions between the protons and interstellar hydrogen atoms and due to energy diﬀusion. Diﬀerential ﬂuxes of energetic neutral
atoms (ENAs) originating from the charge exchange process in the inner heliosheath are calculated at 1 AU. It is shown that
observations of neutral hydrogen ﬂuxes in the energy range from 1 to 100 keV can give important information on the level of solar
wind turbulence in the inner heliosheath.
Ó 2004 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
The structure of the interaction region between the
solar wind and interstellar medium is inﬂuenced by the
action of neutral hydrogen which, in the present view,
constitutes the major mass portion of the multi-component local interstellar medium (LISM). Hydrogen
atoms capable of penetrating deeply into the heliosphere
essentially modify thermodynamical properties of the
outer solar wind by creating a speciﬁc very hot population of pickup protons through charge exchange with
solar protons, photoionization, and electron impact
ionization.
Freshly created pickup ions have thermal velocities
equal to the local solar wind speed. Hence one can expect that properties of pickup ions in the supersonic
*
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solar wind and in the inner heliosheath (the region between the termination shock and heliopause) are essentially diﬀerent. While pickup ions in the supersonic solar
wind have almost identical initial velocities which only
slightly change with distance in the region from the
Earth’s orbit up to the termination shock due to deceleration of the solar wind in the outer heliosphere, the
pickup-ion population in the inner heliosheath is composed of particles with diﬀerent regions of origin and in
consequence with essentially diﬀerent initial velocities.
Due to a rapid deceleration of the solar wind at the
termination shock, pickup ions originating in the heliosheath have smaller velocities than pickup ions convected from the region inside the termination shock.
This fact leads to very interesting features which appear
in pickup proton spectra in the inner heliosheath as is
shown below.
The charge exchange between pickup protons and
interstellar hydrogen atoms in the heliosheath results in
the origin of energetic neutral atoms (ENAs) which can
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reach inner parts of the heliosphere and can be detected
by spacecraft. Such ENAs carry very important information on the outer heliosphere and can be used as an
eﬀective tool to study plasma properties in the heliosheath (see e.g. Gruntman et al., 2001).

2. Pickup proton spectra in the inner heliosheath
The governing Fokker–Planck transport equation for
the isotropic velocity distribution function of pickup
protons f ðt; r; vÞ has the following form:
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where UðrÞ is the solar wind velocity; v is the magnitude
of the pickup proton velocity in the solar wind rest
frame; Dðr; vÞ ¼ DA þ Dm is the combined velocity diffusion coeﬃcient consisting of two parts, DA and Dm ;
and Qðr; vÞ is the local source of freshly ionized pickup
protons. Coeﬃcients DA and Dm describe velocity diffusion of particles due to their interaction with smallscale Alfvenic turbulence with the correlation length
LA;E  0:01 AU and large-scale magnetosonic ﬂuctuations with spatial scales up to several AU which can
contain interplanetary shock waves. Acceleration of
particles by this latter type of ﬂuctuations is equivalent
to the second-order Fermi acceleration because in a ﬁrst
order of view, the acceleration at shock fronts is compensated by the deceleration in the following rarefaction
waves (Toptygin, 1983). The term Sðr; vÞ describes the
charge exchange process between pickup protons and
interstellar hydrogen atoms. This process does not
change the number density of pickup protons but results
in a redistribution of the energy in pickup proton
spectra. The term Sðr; vÞ can be written as
h
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where rex is the charge exchange cross-section, nH is the
number density of atoms, UH is the relative velocity of a
hydrogen atom with respect to the local wind frame, and
uðvÞ is the average relative velocity of pickup protons
with velocity v with respect to hydrogen atoms.
The source term Q as well as the plasma velocity and
density ﬁelds have been calculated in the frame of the
two-dimensional model of the solar wind interaction
with the partly ionized LISM developed by Baranov and
Malama (1993, 1995). Kinetic and hydrodynamic approaches have been used to describe the motion of the
neutral and plasma components, respectively. As ionization processes, the charge exchange, photoionization,
and electron impact ionization have been taken into
account. Fig. 1 shows the spatial distribution of hydrogen atoms in the upwind direction normalized to the

Fig. 1. Number density of hydrogen atoms in the upwind direction
normalized to the their LISM number density. Solid line shows primary interstellar atoms, dotted line shows atoms created in disturbed
interstellar plasma.

number density of neutral hydrogen in the LISM. The
solid line shows the number density of primary interstellar atoms, while the dotted line shows the number
density of atoms created in disturbed interstellar plasma.
Positions of the termination shock, heliopause, and bow
shock are indicated by the vertical dashed lines. For
typical parameters of the solar wind (UE ¼ 430 km s1 ,
npE ¼ 6:5 cm3 ) and at VLISM ¼ 25:6 km s1 , nH;LISM ¼
0:2 cm3 , np;LISM ¼ 0:05 cm3 the termination shock,
heliopause, and bow shock are located in the upwind
direction at 88, 166 and 312 AU, respectively. The jump
of the plasma density at the termination shock is equal
to 2.8. In the following only the upwind region of the
heliosheath will be considered. The process of charge
exchange between solar wind protons and hydrogen
atoms and electron impact ionization of the atoms result
in a dramatic change of the relative contribution of
pickup and solar protons to the total plasma number
density in the heliosheath as can be seen in Fig. 2. Note
that importance of the ionization by electron impact in
shocked solar wind plasma has been emphasized by
Baranov and Malama (1996).
As was mentioned above the population of pickup
protons in the heliosheath is composed of protons of
local origin and of those which have been convected into
the heliosheath from the region inside the termination
shock, hence having suﬀered by stochastic acceleration
in the supersonic solar wind. The eﬃciency of the acceleration depends on the magnitudes of ﬂuctuations of
the solar wind velocity and magnetic ﬁeld. In the following the magnitudes of Alfvenic and magnetosonic
ﬂuctuations at the Earth’s orbit will be described
2 1=2
by fAE ¼ hdB2AE i=B2E and fmE ¼ hdUmE
i =UE2 , respec-
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Fig. 2. Number densities of solar wind and pickup protons in the inner
heliosheath in the upwind direction normalized to the interstellar
proton number density. The positions of the termination shock and
heliopause are indicated.

Fig. 3. Spatial behaviour of diﬀerential pickup proton ﬂuxes in the
heliosheath in the solar wind rest frame at fAE ¼ 0:05, fmE ¼ 0 and
fAH ¼ 0:4  103 . 1–90, 2–145, 3–160, 4–164 AU. The termination
shock and heliopause are located at 88 and 166 AU, respectively.

tively. For an extended discussion of the diﬀusion coeﬃcients DA and Dm from Eq. (1) and spatial evolution
of small-scale Alfvenic and large-scale magnetosonic
turbulence in the supersonic solar wind see Chalov
(2000) and Chalov et al. (2003). With regard to turbulence in the heliosheath, in order to keep as few free
parameters as possible, we assume here that only
Alfvenic turbulence play a role in the region downstream of the termination shock and that its relative
level, fAH ¼ hdB2A i=B2 , behaves as a constant. At the
termination shock the assumption of the conservation of
the energy of particles in the de Hoﬀman–Teller frame
and the assumption that the magnetic moment of a
particle is the same before and after the interaction with
the shock are used here. The latter assumption is a fairly
good approximation for quasi-perpendicular shocks in
the case when rg =Kk  1 ðrg is the gyroradius, Kk the
parallel mean free path of particles). This inequality is
valid in the energy range considered here.
Fig. 3 shows diﬀerential ﬂuxes of pickup protons (in
the solar wind rest frame) in the inner heliosheath at
diﬀerent distances from the Sun (see also Chalov et al.,
2003). Acceleration by large-scale magnetosonic ﬂuctuations in the supersonic solar wind is not taken into
account here, fAE ¼ 0:05 and fAH ¼ 0:4  103 . Such a
low level of turbulence in the heliosheath can be realized
in the case when no generation of waves at the termination shock takes place and ﬂuctuations are simply
convected from the inner heliosphere outwards. The
spectrum given by curve 1 is close to that just downstream of the shock (it is not shown here) except for a
peak at low energies. The peak is formed due to ionization of interstellar atoms downstream of the termi-

nation shock through charge exchange with solar
protons, photoionization, and electron impact ionization, and due to charge exchange between interstellar
atoms and pickup protons resulting in the creation of
ENAs and cold pickup protons with velocities close to
the local solar wind velocity which is less than the upstream velocity by a factor of 3. Curves 2, 3 and 4 show
subsequent spatial evolution of pickup proton spectra in
the heliosheath. One can see that the high-energy tail
shifts to higher energies with increasing distance. This
shift, however, is not connected with stochastic acceleration in the heliosheath which is not eﬀective at such
low levels of Alfvenic turbulence. Rather this shift is a
consequence of adiabatic heating due to the convergence
of the plasma mass ﬂow in the region between the termination shock and heliopause. The other interesting
feature which can be seen in Fig. 3 are gaps in the
spectra at medium energies which are pronounced at
large distances (close to the heliopause). The formation
of gaps is explained by charge exchange of pickup protons with interstellar atoms which leads to a energy redistribution in the spectra, namely, low-energy protons
are created while medium-energy protons are removed.
This process is one of the reasons for the increase of
ﬂuxes at low energies which is seen in Fig. 3. The other
reason for an increase, as was already mentioned above,
is the production of low-energy pickup protons due to
charge exchange of solar wind protons with hydrogen
atoms.
Fig. 4 shows pickup proton ﬂuxes near the heliopause
in
fAH ¼ 0:4  103 and enhanced
 the cases with2low

fAH ¼ 0:7  10
levels of Alfvenic turbulence in the
heliosheath. In addition, pre-acceleration of pickup
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Fig. 4. Pickup proton ﬂuxes near the heliopause at low level of turbulence in the heliosheath with fAH ¼ 0:4  103 (curves 1) and enhanced level with fAH ¼ 0:7  102 (curves 2). Dashed lines – fmE ¼ 0,
dotted lines – fmE ¼ 0:3, solid lines – fmE ¼ 0:5. In all cases fAE ¼ 0:05.

protons by large-scale ﬂuctuations in the supersonic
solar wind with diﬀerent magnitudes is now taken into
account. The magnitude of Alfvenic turbulence at the
Earth’s orbit is the same as in Fig. 3 ðfAE ¼ 0:05Þ. As is
mentioned above the low level of turbulence in the heliosheath is realized in the case when no generation of
waves takes place and ﬂuctuations are simply convected
from the inner heliosphere into the heliosheath. In the
case with the enhanced level of turbulence, local or
spatially distributed generation of Alfvenic turbulence in
the vicinity of the termination shock or in the heliosheath is assumed. The generation of turbulence at the
shock can be associated with diﬀerent kinds of instabilities taking place due to the presence of high-energy
particles. The speciﬁc mechanisms of such generation
are not considered in the present paper. Here we do no
more than study the response of pickup proton spectra
to the enhanced level of turbulence in the heliosheath. In
this respect our model is not self-consistent. One can see
in Fig. 4 that the high-energy tails in pickup proton
spectra are considerably more populated than those in
Fig. 3 due to the eﬀective stochastic acceleration in the
heliosheath and the pre-acceleration in the supersonic
solar wind. Note that stochastic acceleration in the upwind region of the heliosheath is much more eﬀective
than in the inner heliosphere under identical parameters
of solar wind turbulence due to the convergence of the
plasma ﬂow in the region between the termination shock
and heliopause. Note however that in spite of the formation of the high-energy tails, the eﬀect of cooling of
the pickup proton population in the heliosheath due to
production of low-energy particles is dominant. Namely, the mean-squared value of pickup proton velocities in

Fig. 5. Spatial distribution of mean-squared values of pickup proton
velocities in the solar wind rest frame normalized to the solar wind
velocity squared at 1 AU. solid lines correspond to the low level of
turbulence in the heliosheath, dashed lines to the enhanced level.
Curves 1 show distributions in the case when acceleration of pickup
protons by large scale turbulence in the supersonic solar wind is not
taken into account ðfmE ¼ 0Þ and curves 2 show distributions in the
case when fmE ¼ 0:5.

the solar wind rest frame decrease with distance as is
seen in Fig. 5.

3. Fluxes of energetic neutral atoms from the heliosheath
Interstellar pickup protons in the inner heliosheath
suﬀer charge exchanges with interstellar atoms which
are described by the term Sðr; vÞ in Eq. (1). The charge
exchange process results in the formation of low-energy
pickup ions and high-energy hydrogen atoms. After
their creation ENAs move on nearly straight ballistic
trajectories suﬀering losses by ionization and can enter
into the inner heliosphere where they could be observed (Gruntman, 1992, 1997; Hsieh and Gruntman,
1993; Gruntman et al., 2001). Fig. 6 shows calculated
diﬀerential upwind ﬂuxes of ENAs at the Earth’s orbit
originating from pickup protons in the inner heliosheath. Curves 1 and 2 show the ﬂuxes in the cases
when the level of turbulence in the heliosheath is
low with fAH ¼ 0:4  103 and enhanced with
fAH ¼ 0:7  102 , respectively. Solid lines show the
ﬂuxes in the case when fmE ¼ 0, that is, when pre-acceleration of pickup protons by large-scale turbulence
in the supersonic solar wind is not taken into account.
Dotted lines correspond to fmE ¼ 0:3 and dashed lines
correspond to fmE ¼ 0:5. The squares in the right
bottom corner show ﬂuxes of energetic neutral hydrogen from the upwind direction observed with SOHO/
CELIAS at the Earth’s orbit (Hilchenbach et al., 2000).
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2. Spectral shapes of pickup protons in the heliosheath
are essentially diﬀerent from those in the region inside
the termination shock.
3. In spite of formation of high-energy tails owing to
stochastic acceleration, the total population of pickup protons in the heliosheath experiences cooling
due to production of low-energy pickup protons.
4. Fluxes of energetic neutral hydrogen from the inner
heliosheath are very sensitive to the level of solar
wind turbulence in this region.
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4. Conclusions
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