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ABSTRACT

Context. Launched in 1996, HSTOF on board SOHO was the first instrument to detect the energetic neutral atoms (ENA) from the
heliosheath. After mid 2003, the field of view of HSTOF was restricted to the flank sectors of the heliosheath, in which region
the energetic ion distributions are still unknown. Interpretation of these data requires understanding of the energetic ion transport
in the inner heliosheath.
Aims. We update the HSTOF ENA hydrogen and helium spectra by adding the results from the recent (2006−2010) measurements.
We calculate the energetic ion distributions in a numerical model of the heliosheath and use them as a basis for interpreting the HSTOF
ENA observations, in particular those of the flank sectors.
Methods. The hydrogen and helium ENA spectra were derived from the HSTOF observations of two 90◦-wide ecliptic longitude
sectors around the crosswind directions. The energetic ion distributions in the heliosheath were calculated in a simple model of the
heliosphere, assuming that the main acceleration occurs at the termination shock. The effects of different processes (charge-exchange
loss, adiabatic acceleration, parallel diffusion and escape across the boundary) were determined with different assumptions about the
boundary conditions and the transport parameters. The resulting ion distributions were used to calculate the ENA fluxes, which can
be compared with the observations by HSTOF and other instruments.
Results. The energetic ion density in the flank sectors of the heliosphere is lower than in the forward (upwind) sector. As a result, the
contribution of the flanks of the heliosheath to the production of ENA is not directly proportional to the thickness of the heliosheath,
but instead is comparable to the contribution of the forward sector, which agrees with the HSTOF data. The HSTOF ENA flux intensity
is nevertheless significantly lower than the model calculations. Near the heliopause there appears a region of low energetic ion density
caused by the charge-exchange and the escape losses.
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1. Introduction

Because of the low energetic neutral atoms (ENA) flux in the
HSTOF (High energy Suprathermal Time Of Flight sensor)
energy range (58−88 keV for H, 28−58 keV/n for He), the
ENA observations by HSTOF are possible only during quiet
times, when the ion flux intensity is low (Hilchenbach et al.
1998, 2001). The quiet periods occur frequently only near solar
minimum. In consequence, most of the ENA data obtained by
HSTOF came from the first two years of operation (1996, 1997)
and from the recent low-activity period (2006−2010). The re-
orientation of SOHO starting from mid 2003 made it impossible
to observe the ENA coming from the forward part of the inner
heliosheath (near the inflow direction of the interstellar medium:
the upwind direction) or from the opposite sector (the heliotail).
Recent observations are therefore restricted to the “flanks” of the
heliosphere, the regions which, when viewed from the inner so-
lar system, are situated near the directions perpendicular to the
interstellar medium inflow (the crosswind directions).

� We dedicate this work to the memory of our longstanding coworker
and dear colleague Karin Bamert.

The heliospheric ENA (Hsieh et al. 1992; Fahr et al. 2007)
are produced predominantly by charge-exchange between the
energetic ions and the neutral H atoms that enter the heliosphere
from the interstellar medium. The ENA flux is therefore deter-
mined by the parent ion flux and the neutral H column density
along the line of sight. Neutral He contribution to charge ex-
change is also non-negligible in the HSTOF energy range and
becomes important in the heliotail sector.

After the termination shock crossing by Voyager 1 in the year
2004 (Stone et al. 2005; Decker et al. 2005) and by Voyager 2 in
2007 (Stone et al. 2008) the ion flux in the heliosheath is contin-
uously being measured in situ. However, the Voyager measure-
ments are restricted to the vicinity of their trajectories, which
pass through the forward (upwind) part of the heliosheath.

Assuming that the energetic ion flux measured by the
Voyager spacecrafts can be taken as an approximation to the av-
erage flux in the forward sector of the heliosheath, the Voyager
ion data can be used to estimate the production rate of the ENA
in this sector. Comparing these data with the ENA flux observed
by HSTOF, one can estimate the column density of neutral H
in the forward heliosheath. Czechowski et al. (2006a) used the
early Voyager 1 data (Decker et al. 2005) and assumed that the
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proton flux is only ∼2/3 of the Z ≥ 1 Voyager flux. Hsieh et al.
(2010) used more recent data and assumed the proton flux frac-
tion to be 1. As a result, the hydrogen column density obtained
by Hsieh et al. (2010) is lower than in Czechowski et al. (2006a)
and suggests that Voyager 1 may already be close to the he-
liopause (Hsieh et al. 2010).

We have attempted to extend this approach to the crosswind
sectors (Czechowski et al. 2008), making the simplest possible
(but not necessarily realistic) assumption that the average ener-
getic ion flux in these sectors is the same as in the forward sec-
tor. We found that the neutral H column density in the crosswind
direction (and consequently the thickness of the heliosheath) fol-
lowing from this assumption is comparable to, or lower than,
in the forward sector. This result is in conflict with the gen-
erally accepted ideas about the structure of the heliosphere. In
particular, most numerical models imply that the thickness of
the heliosheath increases away from the forward direction (e.g.
Baranov & Malama 1993; Zank et al. 1996; Ratkiewicz et al.
1998; Zank 1999; Fahr et al. 2000; Pogorelov et al. 2008a,b) al-
though the interstellar magnetic field may alter this in some cases
(Izmodenov & Alexashov 2006; Ratkiewicz & Webb 2002).

The most probable conclusion is that in the HSTOF energy
range, the average energetic ion flux in the crosswind sectors of
the heliosheath is lower than in the forward sectors. To relate the
ENA observations and the structure of the heliosheath requires
understanding of the processes that shape the parent ion distri-
butions.

In this work we present the results of HSTOF observations of
the flank sectors of the heliosheath including also the most recent
data. Because of the relatively low solar activity, the recent data
(corresponding to the years 2006−2010) add considerably to the
number of counts and so reduce the statistical errors. The helium
spectra are obtained using the recent re-evaluation of ambient
He+ ion background.

We also present our calculations of the energetic H+ and He+

ion distributions in the inner heliosheath. For this purpose we
use the model of the heliosphere based on a gas-dynamical nu-
merical solution (Fahr et al. 2000), which we have extended to
include the heliospheric magnetic field and the interstellar neu-
tral He background. The model is simple and offers only a rough
approximation to the heliosheath structure and the ion distribu-
tions. However, the results provide useful order-of-magnitude
estimations and offer suggestions for future, more complete
studies.

In the framework of this model we estimate the effect and
relative importance of charge-exchange neutralization loss, adi-
abatic acceleration, parallel diffusion and escape across the he-
liopause for the energetic ion distributions in the heliosheath. We
find that the spatial distribution of the ions in the HSTOF energy
range in the crosswind sectors of the heliosheath differs signifi-
cantly from the forward sector.

We calculate the ENA fluxes corresponding to the derived
ion distributions and compare them to HSTOF observations. We
find that, despite significantly higher thickness of the heliosheath
in the flank sectors, the calculated ENA fluxes from the flanks
are comparable with those from the nose sector, similarly to the
HSTOF data. The calculated fluxes are significantly higher in
intensity than the corresponding HSTOF data, but the directional
distribution is similar.

Although we concentrate on particles in the HSTOF en-
ergy range, we extend our calculations also to lower energies
to compare to the IBEX (McComas et al. 2009; Schwadron
et al. 2009, 2011) and INCA (Krimigis et al. 2009, 2010, 2011)

Fig. 1. HSTOF H and He ENA spectra for the flank sectors of eclip-
tic longitude (300◦−30◦ and 120◦−210◦) obtained over the period
1996−2010 (symbols, thick lines) and 1996−2005 (thin lines).

ENA data. We comment briefly on the relation between the low-
energy data and the observations by HSTOF.

2. HSTOF ENA spectra from the flank sectors
of the heliosphere

HSTOF (Hovestadt et al. 1995) is part of the CELIAS experi-
ment on board SOHO. The spacecraft is in orbit around the L1
point between the Earth and the Sun. The line of sight of HSTOF
lies in the ecliptic plane, 37◦ from the Earth-Sun direction. The
field of view extends ±17◦ from the ecliptic and is 4◦ wide in
the ecliptic plane. Until the year 2003 the direction of the line
of sight was fixed relative to the Sun and all ecliptic longitudes
were scanned once a year.

From the year 2003 on it became necessary to change the
spacecraft orientation (roll by 180◦) at selected times. At each
roll, the HSTOF line of sight direction is changed from 37◦ west
(east) to 37◦ east (west) relative to the L1-Sun line. As a result,
the forward (upwind) and the heliotail (downwind) sectors of
the heliosphere became inaccessible to HSTOF observations: at
the same time, parts of the flank (crosswind) sectors are scanned
twice.

The ENA observations by HSTOF are restricted to the en-
ergy range 58−88 keV for H and 28−58 keV/n for He.

Figure 1 shows the recently updated energy spectra of ener-
getic neutral H and He averaged over two ecliptic longitude sec-
tors: 120◦−210◦ and 300◦−30◦, corresponding to the flanks of
the heliosphere. The data include all HSTOF ENA observations
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Fig. 2. HSTOF H and He ENA spectra for the ecliptic longitude sectors
210◦−300◦ (forward sector) and 30◦−120◦ (heliotail) obtained over the
period 1996−2005.

of these sectors from the beginning of observations in the year
1996 until and including most of the year 2010. The data shown
have the accidental background subtracted. The vertical error
bars correspond to 1σ statistical error. The horizontal bars show
the 10 keV/n wide energy bins. Figure 1 also includes the cor-
responding ENA spectra for the period 1996−2005. The spectra
for the forward (upwind) and the heliotail sectors (available only
for the period 1996−2005) are shown in Fig. 2.

The helium ENA spectra shown in both figures were ob-
tained using the recently re-evaluated background with higher
contribution from the He+ ambient ions (Hilchenbach et al.
2011). In consequence, the helium ENA spectra are different
from those in Czechowski et al. (2008).

The hydrogen ENA flux from the flanks derived from the
HSTOF data for the 1996−2010 time period is lower than the
corresponding 1996−2005 flux because of low flux values reg-
istered during the 2006−2010 period. The energy-averaged H
ENA flux for 1996−2010 is lower than the one for 1996−2005
by a factor ∼2 (the 120◦−210◦ flank sector) or ∼1.4 (the
300◦−30◦ sector). The largest difference occurs in the sector
120◦−210◦ where it reaches 2.3σ for the lowest energy (high-
est flux) data point. In the 300◦−30◦ sector the difference be-
tween the 1996−2010 and 1996−2005 H ENA fluxes is within
the 1σ error bars.

In the 1996−2010 data the difference in the H ENA flux be-
tween the 300◦−30◦ and 120◦−210◦ sectors is reduced compared
to the 1996−2005 time interval, so that the suggestion of the

Table 1. H+/He+ ion flux ratio from HSTOF ENA data assuming a com-
mon H and He source region.

Sector H+/He+

1996−2005
210◦−300◦ 28.6 ± 24.1
300◦−30◦ 12.8 ± 6.1
120◦−210◦ 16.0 ± 7.0
30◦−120◦ 10.6 ± 1.8
1996−2010
300◦−30◦ 9.9 ± 3.2
120◦−210◦ 9.0 ± 2.9

asymmetry between the two flanks made in Czechowski et al.
(2008) is not confirmed.

We investigated the possibility that the downward shift in
the H ENA flux is caused by a drop in the instrument sensi-
tivity. However, a comparison with ACE-ULEIS over different
time periods did not show a change large enough to account for
the shift. The method used was the same as for in-flight calibra-
tion of HSTOF (Hilchenbach et al. 2001). We compared the cor-
relation plots (ACE/ULEIS hourly averaged ion flux data plot-
ted against the SOHO/HSTOF ion data) for two time intervals
(1998−2005 and 2005−2010). Since the spectral hardness of the
average solar energetic ion flux might have changed with time,
we performed the comparison separately in two energy ranges
(320 to 640 and 640 to 1280 keV for H and 252 to 320 and 320
to 452 keV for He).

The helium ENA data for the periods 1996−2010 and
1996−2005 are quite similar. The lowest energy data points (the
ones least affected by the ion contamination) for the 1996−2010
and 1996−2005 time intervals differ by only 5% (the 1σ error is
∼40% for 1996−2005).

Table 1 shows the values of H+/He+ ion flux ratio estimated
from the HSTOF ENA data.

The H+/He+ ratio is the ratio of fluxes in the source region
at the same energy per nucleon. For the revised helium HSTOF
ENA spectra it was first derived by Hilchenbach et al. (2011).

To estimate H+/He+ from the ENA data requires some sim-
plifying assumptions. The values in Table 1 were obtained as fol-
lows. We assumed that the H and He ENA observed by HSTOF
are produced in the same source region predominantly by charge
exchange between the parent ions (H+ and He+) and the back-
ground neutral hydrogen. The ENA fluxes JENA, i (i = H or He)
can be then approximately expressed in terms of the line-of-sight
averaged parent ion fluxes Jion,i as JENA, i = Jion, iσcx, iNH where
σcx, i is the charge exchange cross section between the ion and
a neutral H atom and NH the column density of neutral H in the
source region. We also assumed that Jion,i for both i = H and
He have the same energy dependence E−1.6 in the HSTOF en-
ergy region. The ion fluxes and the H+/He+ flux ratio were then
obtained by fitting the H and He HSTOF ENA data.

The H+/He+ ratio for the termination shock particles ob-
served by Voyager 1 LECP estimated using the composite spec-
trum (Fig. 3 in Decker et al. 2005) is ∼25 (Czechowski et al.
2006a). Although the LECP energy range starts at 40 keV, this
estimation requires extrapolation from higher energy (∼1 MeV)
since the lowest energy channels do not distinguish the species.
The results from the Voyager 1 Cosmic Ray Subsystem give
the H/He ion ratio of ∼20 for 1−1.5 MeV/n particles in the
heliosheath (Stone et al. 2007). These results are similar to
the value obtained from HSTOF for the forward (210◦−300◦)
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Fig. 3. Flow lines in the ecliptic plane from the termination shock to five
selected lines of sight directed at the angle θ = 1.8◦, 45◦, 90◦, 135◦, and
178.2◦ from the forward (upwind) direction.

longitude sector, although the uncertainty is high. The flank sec-
tors have lower H+/He+, particularly the 1996−2010 data.

3. Calculating the heliosheath ion distributions

3.1. Model of the heliosphere

The model of the heliosphere used in our simulations is based on
the Bonn model (Fahr et al. 2000; Scherer & Fahr 2003a). It con-
sists of a numerical solution of the gas dynamics equations for
five fluid components: the bulk plasma, the pick-up protons (with
the flow velocity equal to the bulk plasma), the neutral hydro-
gen from the interstellar medium and the anomalous and galactic
cosmic ray components, described by their pressure. The version
that we used assumes the interstellar hydrogen density 0.2 cm−3

and electron density 0.04 cm−3; the shortest distance to the ter-
mination shock is 85 AU and from the shock to the heliopause
42.5 AU. The flow is axisymmetric (with the symmetry axis par-
allel to the inflow of the interstellar medium), so that the asym-
metries of the heliosphere caused by the solar wind structure
or the interstellar magnetic field cannot be included. One con-
sequence is that the difference in distances to the termination
shock as observed by Voyager 1 and Voyager 2 is not repro-
duced by the model (see Fig. 7). Although the time-dependent
(on the solar cycle scale) version is available, we used here only
the time-stationary solution.

Figure 3 shows selected plasma flow lines in the inner he-
liosheath following from the model.

We extended the model by adding the solar magnetic field
treated in the “kinematic” approximation: that is, we ignored the
effect of the magnetic field on the plasma flow. The magnetic
field was calculated from the “freezing-in” condition with the
inner boundary condition provided by the Parker field. The field
was used for modelling the parallel diffusion of the energetic
particles.

We used a spherical system of coordinates (r, θ, φ) centred at
the Sun with the z axis directed towards the apex of the interstel-
lar medium inflow (the upwind direction). In the vicinity of the
ecliptic plane (the HSTOF field of view) the angle θ is approxi-
mately equivalent to the (shifted) ecliptic longitude, with θ = 0◦
corresponding to the longitude ∼252◦ of the apex.

The calculations are restricted to the region within 2000 AU
from the Sun, so that the more distant regions of the heliotail are
not included. This cutoff affects the region θ ≥165◦.

The Bonn model was used as a basis for investigating the en-
ergetic particle distributions (Scherer & Ferreira 2005; Ferreira
et al. 2007a,b, 2008) and the production of ENA in the helio-
sphere (Scherer & Fahr 2003b; Fahr & Scherer 2004; Sternal
et al. 2008), but none of these studies considered particles in the
HSTOF energy range.

3.2. Energetic particle spectrum at the termination shock

We are interested in the energetic particles with energies close
to the HSTOF energy range, which is much less than the typical
anomalous or galactic cosmic ray energies. Calculations were
made for a wider energy range 1−200 keV/n, which permits a
comparison with IBEX and INCA. We used a test particle ap-
proach and did not attempt to link the particle energy spectrum
with the anomalous and galactic cosmic ray pressure calculated
in the Bonn model.

The process of acceleration leading to the termination shock
particle spectrum is not described by the model. Instead, we as-
sumed the form of the energetic particle spectrum immediately
downstream from the termination shock and used it as a bound-
ary condition for the inner heliosheath. We did not include ac-
celeration by the second-order Fermi process and the effects of
the heliospheric current sheet. A concise theoretical review of
acceleration and transport of the energetic particles (including
the turbulence) in the heliosheath is given in Kallenbach et al.
(2006). Models including the turbulence were studied by Chalov
and Fahr (see Chalov et al. 2003).

We assumed that the energetic ion (H+ and He+) distri-
bution function at the termination shock in the energy range
∼10−200 keV/n is described by a simple power law in energy.
This is in approximate agreement with the Voyager 1 Z ≥ 1 ion
spectrum (Decker et al. 2005). To make a connection to lower
energy we assumed that there is also a low-energy core compo-
nent. It is constructed to satisfy the requirement (following from
Voyager 2 observations) that most of the solar wind energy on
crossing the termination shock is transferred to the pick-up ions.
The form of the core (a simple Maxwellian) was chosen solely
for simplicity.

The total distribution at the termination shock in the plasma
frame is given by (i = H or He):

fi,shock(r, v) = Ci nPUI,i(r) (E/n)−δ−1 (E > Em) (1)

= ncore,i(r)
exp−(v/vT )2

π3/2v3T
(E ≤ Em),

where nPUI,i is the corresponding pick-up ion density just up-
stream of the shock, E/n the energy per nucleon correspond-
ing to the velocity v and Ci a constant independent of the po-
sition on the shock. We used δ = 1.65 (flux ∝ E−1.65). In
the Maxwellian term ncore,i is the core particle number density
immediately downstream from the shock and vT their thermal
speed. The power law distribution is applicable down to the
“merging energy” Em at which it is equal to the assumed core
distribution.

To fix CH we fitted the proton flux following from the power-
law formula from Eq. (1) (with r the θ = 0◦ point on the shock
surface) to the Voyager 1 Z ≥ 1 ion flux taken from Fig. 3 of
Krimigis et al. (2010). The resulting energetic proton spectrum
(including also the core part) at the θ = 0◦ point on the termi-
nation shock is shown in Fig. 4 together with the Voyager 1 and
Voyager 2 ion spectra.

CHe was obtained by requiring H+/He+ flux ratio to be 20
at the termination shock in the Voyager 1 direction. This choice
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Fig. 4. Proton flux spectrum at the termination shock (at the point
θ = 0◦) assumed in the model. The dashed line shows the pure power-
law case. The symbols show Z ≥ 1 Voyager 1 and 2 heliosheath ion
spectra taken from Krimigis et al (2010).

.

Fig. 5. Density distributions of the pick-up protons and He+ ions (the
latter multiplied by 20) immediately upstream of the termination shock
assumed in the calculations.

was motivated by observations (Decker et al. 2005; Stone et al.
2007; see also the discussion in Sect. 2).

The parameters of the core (the thermal speed vT and the
number density ncore,i(r)) were obtained from two requirements:
(1) pick-up ion number conservation across the shock and (2) the
total energy transferred to the pick-up ions equals 0.8 the solar
wind energy upstream of the shock (Richardson et al. 2008a).
The pre-shock solar wind parameters and the pick-up ion num-
ber densities were taken from the Bonn model.

A qualitatively similar core + tail distribution was obtained
by Giacalone (Giacalone 2005; Giacalone & Decker 2010) from
numerical simulation of the acceleration process at the termi-
nation shock. The core distribution of Giacalone is less wide
than our Maxwellian, so that our “merging energy” is higher
(∼10 keV compared to his ∼5 keV).

The pick-up ion densities immediately upstream of the shock
used in the calculation are shown in Fig. 5 as functions of the
angle θ. The proton distribution was taken from the Bonn model.
We used a separate model of the interstellar helium distribution
(Bzowski, priv. comm.) in the heliosphere to calculate the pick-
up helium distribution.

3.3. Particle distributions in the heliosheath

We calculated the energetic particle distribution downstream
from the termination shock by solving approximately the time-
stationary Parker equation
[
−V · ∇ − βcx +

1
3

(∇ · V)
∂

∂ log v
+ ∇ · D · ∇ − βesc

]
f = 0. (2)

Here V(r) is the plasma flow velocity (we neglected the drifts),
D is the spatial diffusion tensor, βcx the loss rate to neutralization
by charge-exchange and βesc the loss rate due to escape through
the heliopause. The distribution function f (r, v) we assumed to
be isotropic in velocity in the plasma frame. Charge-exchange
cross sections were calculated using the fits from Barnett et al.
(1990). For the H+H+ charge exchange cross section the differ-
ence between Barnett et al. and the more recent fit (Lindsay &
Stebbings 2005) is of the order of few percent except for the
energy region between ∼10 and ∼70 keV where the Lindsay &
Stebbings cross section is larger by up to 30% (at 30 keV) and
by 15−20% in the HSTOF energy range.

The ordering of terms in Eq. (2) corresponds to successive
approximations (1)−(5) that we used to estimate the effect of dif-
ferent processes. In the approximation (1) the equation reduces
to the first term (V · ∇ f = 0, describing convection). The next
approximation (2) adds the charge-exchange neutralization loss,
(3) the adiabatic acceleration/deceleration, (4) the parallel diffu-
sion in space and (5) escape across the heliopause.

In the approximations (1) to (3) the solution to Eq. (2) can be
obtained by solving an ordinary differential equation along the
plasma flow line r(s). For example, in the approximation (3) the
solution can be written as

f (3) = F(r(s), v(s)) exp

[
−
∫ s

0
ds′
βcx(s′)

V(r(s′))

]
, (3)

where v is the particle speed in the plasma frame, Vdr(s)/ds =
V, Vdlog v(s)/ds = −(1/3)(∇ · V), βcx is the ion neutralization
rate dominated by charge exchange and s is the length parameter
along the flow line. F is determined by the boundary condition
at the termination shock where s = 0. The approximation (2)
corresponds to dlog v/ds = 0 and the approximation (1) also to
βcx = 0.

The diffusion and the escape processes were treated using a
very simplified approach.

The effect of parallel diffusion on the energetic ion distri-
bution f (r, v) at the point r was estimated as follows. First, the
distributions in the approximation (3) were calculated for a set of
points along the magnetic field line rB(s) passing through r (s is
the length parameter along this field line). The distribution in the
approximation (4) (including parallel diffusion) is then given by

f (4)(rB(s), v) =
∫

ds′
exp[−(s − s′)2/4D(v)t(s′)]

(4πD(v)t(s′))1/2
f (3)(rB(s′), v),

(4)

where t(s′) is the flow time from the shock and f (3)(s′, v) the ion
distribution obtained in the approximation (3) at the point s′ on
the magnetic field line. The parallel diffusion coefficient D(v) we
defined as D(v) = (1/3)vΛ, with the mean free path Λ assumed
to be a constant. In most calculations we usedΛ = 3 AU (derived
from the phenomenological formula of le Roux et al. 1996).

Our treatment of parallel diffusion is clearly very approx-
imate. We described the spreading of the particle distribution
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along the magnetic field line as a one-dimensional random walk.
We disregarded the change in the diffusion coefficient D on the
way from the termination shock to the point at which the distri-
bution is calculated. Also, in calculating the effects of adiabatic
acceleration and of the loss terms we neglected the fact that the
true path of the diffusing particle is different from the plasma
flow line.

The escape process is described by the loss term βesc ≡
1/τesc(r, v) where the characteristic time for the escape for a par-
ticle with the velocity v is taken to be τesc(r, v) = lHP(r)2/DT with
lHP(r) the distance from r to the heliopause and DT = (1/3)vΛT.
This escape time corresponds to a random walk over the dis-
tance lHP with the mean free path ΛT. That is, we assumed that
the escape can be described as diffusion in space, with the pa-
rameters DT and ΛT different from those for parallel diffusion.
ΛT is assumed to be a constant and set to 0.1 AU in most of the
calculations. Since the escape process is likely to involve mov-
ing across the heliospheric magnetic field, we expect ΛT to be
smaller than the parallel mean free path Λ.

The ion distributions provide a source for the ENA flux. The
ENA flux JENA from a given direction we calculated as

JENA(E) =
∫

dsJion(E)
vrel

v
[σcx,H(Erel)nH (5)

+σcx,He(Erel)nHe]e−Δ,

where Jion(E) is the sunward-directed parent ion flux in the ob-
server frame calculated in the model, v the speed of the ENA
particle of energy E, vrel = |u − uH| the velocity relative to the
neutral gas background, Erel the energy corresponding to vrel, nH
and nHe the densities of the background neutrals and Δ the ENA
loss. The ENA loss is negligible in the HSTOF energy range.
The integral over the distance s runs over the segment of the
line-of-sight within the inner heliosheath (between the termina-
tion shock and the heliopause).

4. Results from the model: ion distributions

We used the model to calculate the energetic ion distributions
in the inner heliosheath (between the termination shock and the
heliopause) along selected directions (lines of sight) that are con-
strained to the ecliptic plane and specified by the angle θ counted
from the inflow direction.

Figure 6 shows the calculated energetic proton flux inten-
sity as a function of distance from the Sun along two directions:
the forward (upwind, or the interstellar matter inflow) direction
(θ = 0◦) and the crosswind direction in the ecliptic plane (90◦).
The flux is sunward-directed, converted from the plasma frame
(where it is isotropic) to the observer frame. The energy (66 keV,
which is in the HSTOF range) refers to the observer frame.

The results of successive approximations (1) to (5) are
shown. Each approximation differs from the previous one by in-
cluding one additional process.

In the approximation (1) the energetic ion distribution func-
tion in the plasma frame does not change along the flow line. The
variation seen in Fig. 6 has two causes. The energetic ions arriv-
ing at the lines of sight corresponding to smaller θ are convected
from the parts of the shock (Fig. 3) where the pick-up proton
density (and the energetic ion density) is higher (Fig. 5). Also,
the plotted flux is in the observer frame and therefore affected by
the local plasma speed along the line of sight, which decreases
with distance.

Neutralization loss (approximation (2)) has a considerable
effect by reducing the energetic ion flux, particularly at longer

Fig. 6. Calculated fluxes of 66 keV protons (the energy in the fixed
frame) in the inner heliosheath as a function of distance from the Sun.
The profiles are shown for two directions: forward (upwind, θ = 0◦)
and the flank (crosswind, θ = 90◦) in the ecliptic plane. The upper fig-
ure shows the results from the approximations (1) (convection only),
(2) (charge-exchange neutralization loss added) and (3) (adiabatic ac-
celeration added). The lower figure shows the approximations (3), (4)
(parallel diffusion added, mean free path Λ = 3 AU) and (5) (escape
across the heliopause added, mean free path ΛT = 0.1 AU).

distances (long convection time). Adiabatic acceleration is im-
portant near θ = 0◦. In Czechowski et al. (2006b, 2010), where
preliminary results of our calculations were presented, the effect
of adiabatic acceleration was overestimated by a large factor be-
cause of an error in the code. This led to steep spatial gradients
and strong spatial diffusion effects.

Parallel diffusion (approximation (4)) moves the particles
along the magnetic field lines away from the high-flux re-
gions and towards the low-flux regions. The effect is mod-
erate (10−20 percent change in the flux). Escape across the
heliopause (approximation (5)) reduces the ion flux at long dis-
tances. Despite a low value of the mean free path assumed
(0.1 AU) this effect is visible already at the distance of 10 to
few tens AU from the heliopause. We interpret this as caused by
the slowing down of the plasma flow near the heliopause, so that
the slow process of perpendicular diffusion for the convected en-
ergetic ions has enough time to operate.

The energetic ion flux profiles in the heliosheath are now
partly known from Voyager measurements. In the low-energy
channels (which overlap with the HSTOF energy channels) the
flux is approximately constant with distance from the termina-
tion shock except for transient effects. In Fig. 7 we compare the
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Fig. 7. Calculated energetic proton fluxes along the trajectories of
Voyager 1 (40−53 keV protons) and Voyager 2 (43−80 keV protons)
in the heliosheath compared with the Voyager LECP measurements up
to 2009/105 (taken from Hsieh et al. 2010). The Voyager data are shifted
in distance to fit the the termination shock position in the Bonn model.

Voyager 1 and Voyager 2 Z ≥ 1 heliosheath ion fluxes in the
LECP energy bins close to the HSTOF energy range (40−53 keV
for Voyager 1 and 43−80 keV for Voyager 2) with the H+ flux
calculated in the model along the Voyager 1 and Voyager 2 tra-
jectory directions. With our choice for CH the calculated fluxes
are within 20 percent from the observed fluxes averaged over the
distance. The calculated flux increases initially with distance, but
the increase is slow.

The model predicts a falloff in the ion flux within about
10 AU from the boundary caused by the escape through the he-
liopause. This imitates the “transition layer” suggested by Suess
(1990). A flux decrease was observed in the Voyager 1 data
(Krimigis et al. 2011) by about 27% during last three months
of 2010 and it was suggested (Krimigis et al. 2011) that it may
be a signature of the transition layer. If so, the heliosheath in the
Voyager 1 direction would be much thinner than in our model
and more in line with HSTOF results. However, it is also possi-
ble that the observed falloff is caused by solar cycle effects on
the heliosheath (Krimigis et al. 2011).

5. Results from the model: the ENA fluxes

Using the Bonn model for the heliosheath and the ion fluxes fol-
lowing from our model we calculated the ENA fluxes along dif-
ferent lines of sight for an observer situated at 1 AU from the
Sun. The main results are:

(1) The direction dependence of the ENA flux is different at dif-
ferent energies.

(2) The HSTOF flux is significantly lower than the model pre-
diction, but shows a similar dependence on direction.

In Fig. 8 we show how the energy dependence of the directional
structure of the hydrogen ENA flux emerges in our model. In
approximation (1) (convection only) the tail/flank/forward flux
ratio is approximately the same at all energies except for the
core region (E < 10 keV). In the approximation (2) the parent
ion charge-exchange neutralization loss causes a downward shift
of the ENA spectra that is larger at low energy (due to larger
charge-exchange cross section) and depends on the direction of
observation because of flow time effects. In consequence, the
flux from the tail becomes less than the flux from the forward

Fig. 8. ENA H energy spectra obtained from the model ion distributions
in approximations (1) and (2) for 3 directions: θ = 0◦ (forward) 90◦
(crosswind), and 180◦ (the heliotail). In approximation (1) (convection
only) the energy dependence of the directional structure of the ENA flux
results mainly from the θ-dependence of the ion core spectrum at the
termination shock. In approximation (2) the charge exchange neutral-
ization of the parent ions causes an energy-dependent shift in the ENA
spectrum. The result, with the crossover of the heliotail and the forward
spectra at ∼40 keV, is not changed much by subsequent approximations.

sector below a crossover energy of about 40 keV. This implies
that HSTOF can observe a different dependence on direction
of the hydrogen ENA flux than the lower energy instruments
INCA (highest energy channel ∼46 keV: Krimigis et al. 2009)
and IBEX (E ≤ 6 keV: McComas et al. 2009) The result is
not substantially changed by taking adiabatic acceleration, dif-
fusion and escape processes into account. Our preliminary result
(Czechowski et al. 2006b), which suggested a strong diffusion
effect, was affected by the error in calculating the adiabatic ac-
celeration (see the remark in Sect. 4).

Figure 9 shows the calculated hydrogen and helium ENA
spectra for five directions in the HSTOF energy range compared
with the HSTOF 1996-2010 data for one of the flank sectors
(300◦−30◦). The HSTOF hydrogen (helium) data points are be-
low the model ENA spectrum by a factor >6 (∼3). This differ-
ence between H and He can be understood as due to the H/He
ratio of 20 assumed in the model, while the HSTOF data for
the flanks correspond instead to H/He = 10. The energy depen-
dence of the directional distribution is also different for the H
and He cases: for hydrogen, the flux from the tail direction dom-
inates at high energy (above ∼40 keV) but for lower energy the
forward direction becomes dominant. For helium, the flux from
the tail direction stays dominant in the whole energy range. The
main reason is that the He+ pick-up ion density at the termina-
tion shock is (in contrast to H+) not suppressed in the heliotail
region (Fig. 5).

The similarity between the directional dependence of the
model ENA flux and the HSTOF data is illustrated in Fig. 10,
where the model results are compared with the HSTOF data for
the 1996−2005 period (the lowest energy bins) from four longi-
tude sectors. The model flux is scaled down by 1/4.5 (H) and
1/2.5 (He). The highest flux is coming from the heliotail di-
rection (θ ∼ ±180◦) while the flux from the flanks (θ ∼ 90◦
and θ ∼ −90◦) is comparable to that from the forward direction
(θ ∼ 0◦) despite the greater thickness of the heliosheath in the
flank sectors.

The main reason for this behaviour of the ENA flux can be
deduced from Fig. 11, which shows the directional dependence
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Fig. 9. ENA H and He energy spectra obtained from the model ion dis-
tributions (approximation (5)) for five directions: θ = 0◦ (forward), 45◦,
90◦ (crosswind), 135◦ and 180◦ (the heliotail). The HSTOF 1996−2010
ENA H and He flux data (the 300◦−30◦ ecliptic longitude sector) are
shown for comparison.

of the ENA hydrogen flux at 66 keV calculated in different ap-
proximations. In the approximation (1) (convection only) the
calculated ENA flux from the flanks is much higher than from
the forward direction and increases further towards the tail up
to θ ∼ 150◦ (the falloff beyond this angle is not caused by the
calculation region cutoff at 2000 AU, which affects the results
only for θ > 165◦). Including the charge-exchange loss (approx-
imation (2)) leads to a substantial reduction in the energetic ion
flux and consequently in the ENA flux from the flank sector, be-
cause of the long convection time of the parent ions from the
termination shock. In result, the ENA flux from the flank sectors
in approximation (2) is only ∼1.5 higher than from the forward
sector.

6. Discussion

In Fig. 12 the HSTOF hydrogen data (forward sector) and
our model calculations are compared with the recently pub-
lished ENA data from two dedicated ENA instruments: IBEX
Hi (Schwadron et al, 2011: non-ribbon only, four directions: for-
ward, heliotail, west flank and east flank) and INCA (Krimigis
et al. 2010: the “minimum” flux and two Voyager directions).
The model flux is shown for three directions: θ = 0◦, 90◦ and
180◦. Compared with IBEX, the model flux has the same or-
der of magnitude (with no adjustment of parameters) but it is
clear that our simple assumption about the form of the core does

Fig. 10. Directional dependence of the model hydrogen and helium
ENA flux (solid line) compared with the HSTOF 1996−2005 data for
four ecliptic longitude sectors (boxes). The HSTOF data correspond to
the lowest energy bins (58−68 keV for hydrogen, 28−38 keV/n for he-
lium). The height of the boxes is the same as the height of the error
bars in Figs. 1, 2 (the lowest energy data points for 1996−2005). The
model ENA flux is averaged over similar energy intervals (58−66 keV
for H, 28−34 keV for He) and scaled down by the factors 1/4.5 (H) and
1/2.5 (He). The averages of the model flux over the ecliptic longitude
sectors are shown by dashed lines.

Fig. 11. Model ENA 66 keV hydrogen flux as a function of direction Θ
(counted from the forward direction), in the approximations (1) to (5).
Dotted vertical lines show the limits of the flank sector.

not reproduce the IBEX ENA spectrum and its direction depen-
dence. The INCA data at lower energy run above our model re-
sults suggesting perhaps a need of a wider core. The HSTOF
hydrogen ENA flux is significantly below the model result and
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Fig. 12. Model H ENA energy spectrum for three directions (θ = 0◦
solid line, 90◦ dashed, 180◦ dotted) compared with the ENA data from
IBEX (Hi), INCA and HSTOF (1996−2005, forward sector).

Table 2. Leff derived from observations (HSTOF ENA and Voyager ion
data).

Sector Leff (V1) Leff (V2)
(AU) (AU)

1996−2005
210◦−300◦ 19.9 ± 6.2 31.0 ± 9.5
300◦−30◦ 13.8 ± 4.7 20.8 ± 7.3
120◦−210◦ 24.2 ± 5.7 37.3 ± 8.7
1996−2010
300◦−30◦ 11.2 ± 2.5 17.0 ± 3.9
120◦−210◦ 10.2 ± 2.6 16.1 ± 4.0

(if we use 1996−2005 data) lies close to the lower limit of the
extrapolated INCA flux.

The implication of the low ENA flux for the size of the
heliosphere is illustrated in Table 2, which shows the effective
thickness of the heliosheath Leff , a rough estimation of the ac-
tual thickness L under assumption that the parent ion flux is
given by the Voyager measurement. This method of estimating
L was used by different authors (Czechowski et al. 2006a, 2008;
Hsieh et al. 2010; Krimigis et al. 2009, 2010). The values in
Table 2 were obtained by fitting the H HSTOF ENA data using
JENA = Jionσcx,HLeffnH with Jion(E) equal to the Z ≥ 1 ion flux
measured by Voyager 1 (Leff(V1)) or Voyager 2 (Leff(V2)) and
taking nH = 0.1 cm−3 (Bzowski et al. 2008; Richardson et al.
2008b; Pryor et al. 2008).

Figure 13 shows the model prediction for the effective thick-
ness Leff and the actual thickness L as a function of direction
(in the ecliptic plane, at the angle θ from the inflow direction).
The effective thickness is defined similarly as in Table 2 (see
the previous paragraph) but, instead of the ENA flux observed
by HSTOF and the ion flux measured by Voyagers, we used
the model predictions. JENA is the H ENA flux (from the di-
rection θ, at the energy 66 keV) calculated in the model. Jion
is the model-calculated proton flux (averaged over the distance
30 AU downstream from the termination shock) at the same en-
ergy, coming from the direction corresponding to the Voyager 1
trajectory. Figure 13 implies that (1) Leff is a reasonable approx-
imation to L in the forward sector, but not in the flanks, and (2)
the values of Leff in the forward sector and in the flanks are close
to each other.

The values of Leff predicted by the model (Fig. 13) are
higher than the values following from the HSTOF observations

Fig. 13. Effective thickness Leff and the actual thickness of the he-
liosheath L calculated in the model described in Sect. 3. The angle θ
is counted from the forward direction (upwind, or apex direction of the
interstellar medium inflow). Note the difference between the Leff shown
in the figure (based on model calculations) and the Leff in Table 2 (de-
rived from observations).

(Table 2). The reason is that the ENA flux calculated in the
model is higher than that measured by HSTOF (Fig. 9).

The 1996−2005 HSTOF data for the forward sector indicate
a thickness of ∼20−30 AU (Table 2). Figure 13 suggests that Leff
for the flank sectors can still be used as a rough estimate of the
thickness of the forward sector. The 1996−2005 HSTOF data for
the flanks give a similar range of values (14−37 AU) as for the
forward sector, but the 1996−2010 data indicate the thickness of
only 10−17 AU.

The values of Leff given in Table 2 are significantly lower
than in Czechowski et al. (2006a, 2008). The reasons are: the
average Voyager ion flux used here is higher than the early mea-
surements near the shock; the Z ≥ 1 ion flux is interpreted as
protons (in Czechowski et al. 2006, 2008, only 2/3 of it was as-
sumed to be protons). The result for the forward sector is close
to that of Hsieh et al. (2010). Leff for the 1996−2010 period are
lower than for 1996−2005 because of the drop in the observed
ENA hydrogen flux.

7. Conclusions

We presented the new ENA energy spectra (including the
HSTOF data obtained in the period 1996−2010) for the flank
sectors. The hydrogen ENA flux in the ecliptic longitude sector
120◦−210◦ is lower by a factor of ∼2 compared to that derived
from the observations for the period 1996−2005. There is no
such decrease in the He ENA flux. The H/He ratio in the flank
sectors is ∼9.

To interpret the ENA observations in terms of the heliosheath
structure, we have developed a model of the energetic ion distri-
bution in the inner heliosheath based on the Bonn model of the
heliosphere. Although the model is very simplified (it is based on
the time-stationary and axisymmetric model of the heliosphere),
it illustrates the mechanisms shaping the ion distributions and
therefore determining the ENA production rates.

The model predicts that the directional dependence of the
ENA flux should not follow the variation in the thickness of the
inner heliosheath (which steeply increases away from the for-
ward direction). Instead, the calculated ENA flux from the flanks
is close to that from the forward (upwind) sector. This agrees
with the observations by HSTOF.
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At the same time, the ENA flux intensity predicted by the
model is for all directions significantly higher than that measured
by HSTOF.

One possible explanation is that the thickness of the he-
liosheath is smaller than the model predictions. The HSTOF
results for the period 1996−2005 imply the thickness (in
the forward sector) of ∼20−30 AU, similar to the result of
Hsieh et al. (2010) (21−28 AU) and of Krimigis et al. (2011)
(27 AU for Voyager 1 direction). A similar distance to the
heliopause (112−128 AU) was obtained in a semiempirical
model by Webber and Intriligator (2011). One implication is
that Voyager 1 should be already close to the outer boundary
of the heliosphere. Low Leff values (10−17 AU) obtained from
the HSTOF data for the period 1996−2010 in the flank sectors
may perhaps be caused by the asymmetry of the heliosphere or
time-dependent effects.
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