A&A 563, A134 (2014)
DOI: 10.1051/0004-6361/201322927
© ESO 2014

A8§tronomy
Astrophysics

Solar wind He pickup ions as source of tens-of-keV/n neutral
He atoms observed by the HSTOF/SOHO detector

S. Grzedzielski', P. Swaczynal, A. Czechowski!, and M. Hilchenbach?

! Space Research Centre, Polish Academy of Sciences, Bartycka 18A, 00-716 Warsaw, Poland
e-mail: [stangrze;pswaczyna;ace]@cbk.waw.pl

2 Max-Planck-Institut fiir Sonnensystemforschung, Max-Planck-Strasse 2, 37191 Katlenburg-Lindau, Germany
e-mail: hilchenbach@mps.mpg.de

Received 28 October 2013 / Accepted 30 January 2014

ABSTRACT

Context. Since 1996, during periods of low solar activity, the HSTOF instrument on board the SOHO satellite has been measuring
weak fluxes of He atoms of 28-58 keV/n (helium energetic neutral atoms, He ENAs). The probable source region is the inner
heliosheath.

Aims. We aim to understand the emission mechanism of He ENAs based on knowledge of the heliosheath spatial extent and plasma
content resulting from Voyager 1 and 2 measurements in the period after termination shock crossings.

Methods. He ENAs are generated by charge-exchange neutralization of energetic helium ions on interstellar neutral H and He. Energy
spectra of helium ions in the heliosheath are calculated by following the evolution of their velocity distribution functions when carried
by and undergoing binary interactions with plasma constituents of a background flow whose particle populations are modeled to
approximately render post-termination-shock Voyager data.

Results. The observed HSTOF He ENAs form a higher energy part of general heliospheric He ENA fluxes and can be explained by
the proposed mechanism to within 20~ error. The main factor determining the level of emission (and its uncertainty) is the energy

spectrum of He* pickup ions in post-termination-shock plasmas.
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1. Introduction

Study of energetic neutral atoms of hydrogen (H ENAs) and
helium (He ENAs) that results from ion-neutral atom charge
exchange at the confines of the heliosphere provides access
to plasma conditions in the inner and outer heliosheaths. For
almost two decades, very low fluxes of 58-88 keV H ENAs
and 28-58 keV/n He ENAs of probably heliosheath origin are
being measured by the HSTOF experiment on board SOHO
(Hilchenbach et al. 2012). Data on these neutral particles can
only be collected during quiet solar times, i.e., mainly around
solar minima when the ion fluxes impinging on spacecraft are
low (Hilchenbach et al. 1998, 2001). Available data cover all
periods from 1996, except for a gap when SOHO was beyond
reach. The data are dominated by the years 1996—-1997 and the
recent period of deep solar minimum (2006-2010).

The viability of using the H ENAs observed by HSTOF
as a means to study the heliosheath was first pointed out by
Hilchenbach et al. (1998). This idea was then extended to
He ENAs by Czechowski et al. (2001) and further developed
in a series of papers (Czechowski et al. 2006, 2008). Because
of low fluxes in the HSTOF energy range, a meaningful anal-
ysis is only possible during “quiet times” and after integrating
the signal over large swaths of the sky. In the recent paper by
Czechowski et al. (2012), four sectors of ecliptic longitudes were
analyzed: 120°-210° and 300°-30° (flanks), 210°-300° (apex),
and 30°-120° (heliotail), with latitudes confined to the +17°
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interval defined by the HSTOF field of view. The sector-
integrated H and He ENA fluxes were interpreted in terms of a
heliosheath model that includes effects of energetic ion convec-
tion, charge-exchange loss, longitudinal (in the sense of mag-
netic field) diffusion and (perpendicular) diffusive escape be-
yond the heliopause. However, the model of Czechowski et al.
(2012) predicts fluxes that are by a factor of a few higher than
observed, both for H ENAs and He ENAs. Nevertheless, in the
lowest HSTOF energy range (28-38 keV/n), where the uncer-
tainty, in particular due to ion contamination, is at its minimum,
the simulated results for He ENAs were higher than observed
in the heliotail, flank sector, and forward sector by only factors
1.5, 2, and 3, respectively. In the present paper we analyze the
situation again with the modeling and show that, based on he-
liosheath size and plasma content as emerging from the most
recent Voyager 1 (V1) and Voyager 2 (V2) data, it seems pos-
sible (1) to reduce the hiatus between HSTOF He ENA obser-
vations and modeling, and (2) to perceive the HSTOF energy
range as a high-energy tail of a general population of helio-
spheric ENAs (both H and He) that now becomes accessible ow-
ing to the Insterstellar Boundary Explorer (IBEX) measurements
(McComas et al. 2009).

The possible cause of the above-mentioned discrepancy with
the HSTOF He ENA data could be that the Czechowski et al.
(2012) calculations were based on a gas-dynamical model of
the heliosphere by Fahr et al. (2000), complemented with helio-
spheric magnetic field and interstellar neutral He background.
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For obvious reasons, the Fahr et al. (2000) model could take
into account neither the heliosheath plasma conditions observed
since 2007 by the plasma experiment on board V2 (i.e., pressure
residing mainly in non-thermal ion populations, cf. Richardson
et al. 2008) nor the reduced — compared to earlier estimates — dis-
tance to the heliopause along the V1 trajectory. The new value,
probably ~122 AU, was recently inferred from the dramatic
decline of heliospheric energetic particle populations observed
at that distance by V1 (Stone et al. 2013; Burlaga et al. 2013;
Krimigis et al. 2013; Webber & McDonald 2013). Although
the identification of the observed boundary as the heliopause
is still in some doubt, it seems certainly to be the outer limit
of the heliospheric energetic ions, so it is the bound observable
in ENAs.

The study of heliospheric ENAs has been substantially in-
vigorated since the December 2008 launch of the IBEX. This
experiment provides all sky coverage of H ENA fluxes in a num-
ber of energy channels in the range 0.2—-6 keV (6 and 8 channels
in the Hi- and Lo-detectors, respectively). This development re-
sulted in novel insight into the condition of plasma and mag-
netic fields at the confines of the heliosphere, both in the inner
and in the outer heliosheath (McComas et al. 2011). In particu-
lar it led to the discovery of the H ENAs Ribbon that presents
the most striking feature in H ENA sky observed by IBEX.
Though no identification of He ENA fluxes in the IBEX en-
ergy range has as yet been reported, simple theoretical model-
ings of expected heliosheath He ENA fluxes were developed in
view of the plausible future detection and importance of such
helium data (Grzedzielski et al. 2013). The method employed
followed the general approach worked out earlier (Grzedzielski
et al. 2010) for predicting energetic atom fluxes of heavy species
in the heliosheath. Out of three simple models developed in
the 2013 paper, two corresponded to the above-mentioned re-
duced distance to the heliopause and took account of a he-
liosheath filled with thermal and non-thermal plasma popula-
tions that conform with Voyager 2 post-TS (termination shock)
observations (Richardson & Wang 2011). The models predicted
that He ENA fluxes integrated over the IBEX energy range
should approximately vary from ~0.01 (cm? s srkeV)~! (apex
direction) to ~2 (cm? s sr keV)™! (tail direction). Though this
seems to be somewhat below the estimated current sensitiv-
ity of IBEX instrumentation for detecting He ENAs (Allegrini
et al. 2008), it nevertheless suggests that the level of 0.5-6 keV
He ENA fluxes may not be far from the threshold of detectabil-
ity. One can thus expect that He ENA measurements in the en-
ergy range of few keV/n could, in future, provide a valuable
additional diagnostic tool of heliosheath plasmas. In this con-
text it becomes important to check whether the developed mod-
eling is also able to adequately explain the already observed
He ENA fluxes in the range of energies covered by the HSTOF
experiment.

To this purpose we work out an extension into the HSTOF
He energy range (28-58 keV/n) of the modeling employed in
Grzedzielski et al. (2013) for the IBEX energy range. We show
that, based on very simple modeling, the observed HSTOF He
ENA fluxes can be reasonably understood as the higher energy
part of the He ENA fluxes expected from a reduced heliosheath
filled with plasma of the type identified by V2. In this way
present results concur with the picture of a relatively small he-
liosphere, anticipated on the basis of H ENA data by Hsieh et al.
(2010) and very strongly suggested by Voyager 1 in situ obser-
vations of energetic ions. They also give support to the view
that measurements of the thermal plasma population along the
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relatively short stretch of the V2 trajectory may indeed represent
the typical conditions prevailing in heliosheath plasmas.

2. Physical model of processes leading
to emergence of tens-of-keV/n He ENA fluxes

Following Grzedzielski et al. (2013) we treat He ions
(a-particles and He* ions) as test particles carried hydrody-
namically by a time-independent, axisymmetric bulk heliosheath
plasma flow (Sect. 3). The particles are described in terms of
their corresponding velocity distribution functions, f* and fH¢",
which are assumed to be isotropic in velocity space in the lo-
cal plasma frame. The assumption of isotropy has recently been
tested and confirmed in the case of 53-85 keV ions (presum-
ably protons) in a series of reorientations of the V1 spacecraft
performed at heliocentric distances of ~117-120 AU (Decker
et al. 2012). The (scalar) velocity space is divided into 500 ve-
locity bins of 20 km s~ width covering the range from 0 km s~!
to 1000 km s~'. Initial conditions for f* and fM°" are specified in
the post-TS regions and are discussed in Sects. 3 and 4. The par-
ticles are changing their charge states because of various binary
interactions they undergo with each other and with other plasma
constituents and neutral atoms present in the heliosheath.

The binary interactions (BI) we consider include radiative
and dielectronic recombinations, electron impact ionizations,
photoionizations, double and single charge exchanges (also to
upper levels), and electron stripping. They are essentially those
that were used in Grzedzielski et al. (2013, cf. Fig. 1 and
Table 1 therein for list of interactions and cross-section ref-
erences). Two new binary interactions important for the high
energy range now discussed were added, namely ionization of
He* upon collision with neutral atoms of H and He. These are
now the main conversion channels of He* into a-particles for en-
ergies >15 keV/n. The corresponding cross sections were taken
from Barnett (1990). Erroneous mishandling of some transitions
to excited energy states by Grzedzielski et al. (2013) was also
eliminated, which had no practical influence on the previously
obtained results in the IBEX energy range.

The changes in f® and f1°" along each of the flow lines (de-
scribed by running coordinate s) of bulk plasma flowing with
velocity vgw(s) are determined by appropriate coupled trans-
port equations for a cosmic ray type gas (Jokipii 1987). We
use equations of generally the same type as Egs. (2) and (3) in
Grzedzielski et al. (2013). For instance, the equation for He™,
which as it turns out, will now be the main ionic population
effectively determining the fluxes of He ENAs for the HSTOF
energies, reads as

d e _ L L
Usw&f = UBLa—He* — LBILHe"*—a — LBI,He*—He

_LC JHefe = Ll-le+ H Lesc,He“’ . (1)

The successive terms on the righthand-side of Eq. (1) describe
changes in fHe+ due to gain (Gpre—pe+) from BI conversion
of @ into He*, loss (Lprpe+—q) from BI conversion of He*
into @, loss (Lprper—ne) from BI conversion of He* into He,
loss (LC’V?EW) due to Coulomb scattering on background pro-

tons corresponding to energy loss rate v?mp as given by Huba
(2002), and loss (Lye+ n) due to He™ scattering on neutral hydro-
gen (Berger et al. 2005). These new important contributions to
He™ ionization by impact with neutral H and He atoms are in-
cluded in the Lgj pe+ ¢ term. The last term, Lege ger = fHe+ [Tescs
describes diffusive escape through the heliopause with escape
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time Tes. It was added following Czechowski et al. (2012).
Time 7.5 corresponds to a random walk over the shortest dis-
tance Iyp separating the considered point from the heliopause.
Since this diffusion has to proceed across the magnetic field,
the assumed mean free path for the process is small, 0.1 AU
(Czechowski et al. 2012), which is consistent with the usual
assumption that the transverse mean free path is on the order
of 1072 of the parallel mean free path (e.g., Potgieter 2013).
Analogous equation determines the evolution of f*

@ _
USW_f = GBI,H6+—>Q - LBI,(){—)HeJr - LBI,a—)He

ds

_LC)V;Y\P - La,H - Lesc,ao (2)
Compared to Grzedzielski et al. (2013), we now retain nei-
ther adiabatic heating/cooling nor diffusive terms related to
the density variations of the background plasma. This is the
consequence of the very simple bulk flow used with constant
background plasma density (which is assumed to be a fair rep-
resentation of the overall thermal plasma density in the he-
liosheath, cf. Sect. 3). Consistent with that and also follow-
ing Grzedzielski et al. (2013) and Czechowski et al. (2012),
we do not consider Fokker-Planck type stochastic acceleration.
Therefore, as long as a particle does not undergo a binary inter-
action, it may only undergo shifts to lower velocity bins (loss of
energy LC’V?mp + Lye+ 7). The upward shifts may take place for-

mally only when particles change population, for instance, when
He™ ions occupying a high velocity bin become a-particles upon
loss of an electron. These shifts are not very important. In the
outcome there is relatively little evolution of the energy spectra
of He ions when plasma parcels are carried from the TS to tail of
the heliopause. It is the initial energy spectrum of the tens-of-
keV/n He ions at the TS that actually turns out now to be the
main factor determining the final HSTOF He ENA signal (cf.
Sect. 4).

3. Hydrodynamical model of background plasma
flow and the flux of He pick-up ions
at the termination shock

We chose a simple model description of the background plasma
flow in which we assume there are no significant spatial vari-
ations in the large scale density distribution. This assump-
tion agrees with the published plasma density data based on
Voyager 2 measurements. For instance, if one excludes the re-
gion immediately beyond the termination shock, the net change
in average density (~0.0018 cm™?) of thermal plasma density
is less than 20% over the 18 AU long stretch of V2 trajectory
(Richardson & Wang 2011, and recent data'). It is also indi-
rectly supported by magnetic field data. Namely, the measure-
ments by V1 show the constancy of the average magnetic field
when averaged over sections of corresponding trajectories not
shorter than a few AU (Burlaga & Ness 2012; Burlaga et al.
2010). One might expect that large scale heliospheric density
variations should be accompanied by corresponding changes in
average magnetic field strength, but this is not what is observed.
Along the trajectory of V1, the constancy of the average mag-
netic field continues until the spacecraft reaches the so-called
“stagnation region” about 5 AU before the heliopause (Burlaga
et al. 2013; Webber & McDonald 2013).

! Recent Voyager 2 data at ftp://space.mit.edu/pub/plasma/
vgr/v2/daily/

Table 1. Numerical values defining the adopted background flow
description.

Supersonic solar wind velocity 600 km s7!

Solar wind flux at 1 AU 2 x 10% protons cm™2 s~
Sun-TS distance 83.7 AU

post-TS velocity 150 km s~!

HP-TS distance at V1 trajectory  27.5 AU

To describe background flow with constant density we em-
ploy the axisymmetric model by Suess & Nerney (1990). This
model is a variation of the classical analytical Parker model
(Parker 1961). In Grzedzielski et al. (2013), we used a set of
three models of which the Parker model was the simplest. In
the Parker model, the distance Sun-TS is assumed to be negligi-
bly small compared to the distance Sun-heliopause (HP). In the
Suess and Nerney version, this assumption can be relaxed and
both distances, Sun-TS and Sun-HP, are considered final. The
TS is, however, still spherical. As numerical values determining
the effective solution for the heliospheric plasma flow, we take
the values as in Table 1.

In the solution, the constant heliospheric plasma density
is then 0.002 cm™>. This reasonably agrees with the average
value of ~0.0018 cm™ coming up from the V2 measurements
(Richardson & Wang 2011).

The solution allows the total flux of singly ionized pickup
ions of helium resulting from ionization of interstellar neutral
helium in the supersonic solar wind to be estimated at the ter-
mination shock. We took an interstellar helium density distribu-
tion as given by Rucinski et al. (1998) and assumed (following
Bzowski et al. 2013) that photoionization is the primary ioniza-
tion mechanism and that the rate at 1 AU (averaged over the
last solar cycle) is 9.0 x 1078 s~!. The average He* PUI density
downstream of the TS is then 1.6 x 107 cm™ in the apex direc-
tion. The flux towards the heliospheric tail is twice as large as the
flux in the apex direction. This is caused by solar gravitational
focusing of the neutral interstellar He.

Once the total flux of He™ ions at the TS is known, the most
important factor that effectively determines the spectral density
of parent ions for the HSTOF He ENAs is the initial (i.e., at
the TS) energy spectrum of He* ions. Then further evolution of
this spectrum is determined by Egs. (1) and (2). We identify the
initial spectrum with the spectrum of ions observed in situ by
V1 behind the TS. The difficulty here is that while it is obvious
that spectral energy distribution is close to a power law with an
exponent (index) y = —1.65, there is an uncertainty of about
a factor three concerning the absolute intensity of the spectrum
of He*.

In Fig. 1 we show the available heliosheath ion spectral in-
tensities based on published data by Decker et al. (2005) and
Stone et al. (2008a,b). Low-energy (<2 MeV/n, y = —1.65)
fits to these data are shown by dotted lines of different colors
(Fig. 1). Also shown are a kappa distribution with k = 1.65
and average He" ion energy at the TS equal to 1.5 keV/n and
the run of the initial He spectrum used in the calculations by
Czechowski et al. (2012) (upper left corner in Fig. 1). In the
present paper we performed integration of Egs. (1) and (2) for
all initial spectra fitted to the Voyager data and also for the men-
tioned kappa distribution.
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4. Expected He ENA intensity spectra
and comparison with the HSTOF measurements
in the 28-58 keV/n energy range

Integration of Egs. (1) and (2), based on described back-
ground plasma model and initial conditions at the termination
shock (Sect. 3), yields the distribution functions f® and 1" as
functions of velocity (energy per nucleon) and position in the
heliosheath. In the tailward direction, the integration was per-
formed to heliocentric distance of 15000 AU. To calculate the
source function for the ENA fluxes, one has to know the density
distribution of the interstellar neutral atoms of H and He, whose
charge exchange with energetic He-ions gives rise to He ENA
intensities.

To describe the distribution of neutral interstellar H in the
heliosheath we used three models:

(a) internal part of the original model determined by Monte
Carlo calculations for a large heliosphere (apex heliopause
at 177 AU from the Sun) by Izmodenov & Alexashov
(2003); neutral H density “at infinity” =0.2 cm™>;
Izmodenov & Alexashov (2003) model but rescaled to the
presently assumed size of the heliosphere (apex heliopause
at 110 AU from the Sun); neutral H density “at infinity” as
above;

model based on numerical retrieval of the published inter-
stellar neutral H distribution data used by Zank et al. (2013).
In our axisymmetric calculations, we used a neutral H distri-
bution corresponding to midway density values between the
ecliptic and polar cross sections of their Model 2; neutral
H density at the termination shock 0.1 cm™.

(b)

(©

The density of neutral interstellar He in the heliosheath was as-
sumed to be constant and equal to 0.015 cm™.

The local emissivity (source function) jgna (cm?s sr keV/
n)~!' of He ENA is determined by the product of reagents’ densi-
ties and reaction rates (i.e., relative velocity times cross section,
cm’s!) for binary interactions that convert He ions into neu-
tral He atoms by charge exchange. The most important contri-
bution to the source function comes from He* charge exchange
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of) the run of the initial He spectrum used by
Czechowski et al. (2012).

with neutral H with small additions from He™ (single) charge ex-
change and the a-particle double charge exchange with neutral
He atoms. Other binary interactions are negligible (for details
and cross sections see Grzedzielski et al. 2013, Sect. 2.3).

The He ENA intensity Igna(E,6) (cm?s keV/n)~! of parti-
cles of energy E coming from the direction at angle 6 from the
apex is expressed as a line-of-sight integral of the source func-
tion from the termination shock to heliopause

" jeNa(E, 1, 0)

IENA(E’ 9) = stf FCG(E, 0, vsw)

rTs 47T
X exp —f L(r)dr’ dr. 3)
rrs  UENA

Equation (3) contains corrections for reionization losses in the
heliosheath, as well as a correction (Fcg) for the Compton-
Getting effect of plasma frame movement in the observer frame

ENAI(DEN A — VENA * Dsw)
FCG(E7 97 vSW) =

loENA — Uswl? ' @
where vpna(E, 6) is the ENA velocity and vg, the solar wind
plasma velocity in the observer frame.

The losses in the heliosheath represented by the effective
depth 7y for extinction of He ENAs are mainly due to He (sin-
gle) charge exchange with, and electron stripping on, H atoms
and double charge exchange with a-particles. In view of the low
(<10 eV, Richardson & Wang 2011) electron temperature in the
heliosheath, the reionization by electron impact is unimportant.

To compare the expected He ENA intensities with the
HSTOF data, the calculated intensities Ipna(E, 0) were averaged
over four ecliptic longitude sectors as used by Czechowski et al.
(2012): 210°-300° (apex, Fig. 2a), 120°-210° and 300°-30°
(flanks, Fig. 2b,c) and 30°-120° (heliotail, Fig. 2d). We took
the apex orientation according to the flow direction of neutral
interstellar He obtained by Bzowski et al. (2012) from the IBEX
measurements. Experimental HSTOF data points are shown with
estimated error bars. The theoretical He ENA intensity spec-
tra calculated with the present model are indicated as in Fig. 1.
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Fig. 2. Comparison of He ENA spectral intensities obtained in present modeling with HSTOF He ENA measurements. The measurements were
obtained in periods: a) forward sector in 1996-2005, b), ¢) both flank sectors in 1996-2010, d) tail sector in 1996-2005. Dotted color curves
describe calculated He ENA spectral intensities corresponding to He ion initial spectra as described by the same color in Fig. 1. To aid identification,
a numbering 1-5 is added to Fig. 2a as in Fig. 1. The solid light blue line shows the He ENA spectrum that would come out if the initial spectrum
were in the form of a kappa distribution with « = 1.65 and average He energy 1.5 keV/n. The solid gray lines with points (labeled with CHH and
the value of angle from apex) correspond to previous theoretical He ENA spectra obtained by Czechowski et al. (2012).

The theoretical spectra are coded with numbers 1-5 (cf. Fig. 2a)
which correspond to numeration preceding spacecraft and date
identification in Fig. 1. For comparison we also show He ENA
spectra (labeled CHH) obtained previously by Czechowski et al.
(2012).

It is evident that the spread of theoretical He ENA spectra
presented in Fig. 2 is quite large, depending on the assumed ini-
tial spectra. This reflects the real spread of He ion data measured
by V1 and V2. Since the HSTOF He data actually correspond to
some average over various solar conditions and many years, one
could presume that a safe way would be to attach more meaning
to midway initial He ion values that result in He ENA spectra de-
scribed by midway curves “3” and “4” in Fig. 2a—d. The midway
curves agree best with the observations for lowest energies for
which the experimental error bars are the smallest. The hiatus be-
tween theory and observations noted by Czechowski et al. (2012)
is now reduced by about a factor of 3, at most, especially for the
forward sector. A much better agreement — to within 20" error —
between observations and present model is now evident. It is

also interesting that the slopes of theoretical spectra in the tail
direction are now somewhat closer to the observed ones than in
the previous modeling. In that sense the present model proba-
bly renders the physical state of the medium better. Concerning
the drawbacks, one may see that, on the whole, the slopes of the
theoretical spectra of He ENAs are too low (i.e., the spectra are
too hard) compared with observations. However, error bars are
so large that — with the possible exclusion of the tail sector — the
slope of the observed spectrum is a data feature carrying very
little weight. Overall, one may feel encouraged by the circum-
stance that the best agreement between present modeling and
observations, both for absolute intensities and the possible slope
of the spectrum, is attained in the heliotail sector for which the
data uncertainties are the smallest.

5. Discussion and conclusions

The main point of the present paper is to argue that based on new
knowledge of the spatial extent of the heliosheath and plasma
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content that comes out from Voyager 1 and 2 post-TS mea-
surements, a simple mechanism can explain the magnitude of
He ENA fluxes observed by the HSTOF experiment on board
SOHO. With this mechanism the fluxes in question represent
the higher energy part of a general population of heliospheric
He ENAs. In our model the solar wind He* pickup ions and
a-particles carried by the general hydrodynamic plasma flow in
the heliosheath interact in binary collisions with each other and
with the remaining background plasma constituents (Sect. 2), to
finally convert to He ENA fluxes that, after losses along the way,
can be observed by HSTOF (Sect. 4). The background plasma
flow serving as the “playground” for these processes was de-
scribed by a modification of the classical Parker model, which
is chosen so as to approximately render the heliosheath size and
plasma properties in concordance with the V1 and V2 measure-
ments (Sect. 3). It turns out in our modeling that the spectral
intensities of generated He ENA fluxes depend crucially on the
(initial) energy spectrum of He* pickup ions in post-TS plasmas,
and we assume that V1 and V2 measurements of He ions spec-
tra in the heliosheath provide a reasonable measure of these ini-
tial He™ spectra. To compare our calculations with observations,
we averaged the resulting spectral He ENA intensities over four
ecliptic sectors (90° in longitude X 34° in latitude) and compared
them with the HSTOF measured values in Fig. 2. For compari-
son the result of previous modeling by Czechowski et al. (2012)
was also shown.

The spread of the expected spectral intensities we obtain is
caused by the spread of the He ion spectra we take as the initial
data for the evolution of He ion populations in the heliosheath
(cf. Fig. 1). We identify these initial spectra with the data mea-
sured by V1 and V2 during the few years after crossing the ter-
mination shock that is a short period compared with the ~10° s
plasma residence time in the heliosheath. The spread of these
initial ion spectra is probably due to temporal changes in the
heliosheath resulting from solar wind variations, possibly inter-
twined with spatial gradients caused by the inclination of the lo-
cal interstellar magnetic field with respect to the interstellar ve-
locity vector. As there is at present no clear guidance as to which
of the initial He ion spectra represent the most typical case, we
take midway values (Fig. 1) as a possible compromise. These
initial spectra generate He ENA spectral intensities described by
solutions “3” and “4” in Fig. 2. We feel that these solutions rep-
resent the “best approximation” to reality attainable with current
modeling.

Comparison of our “best approximation” with the HSTOF
data shows that improvement (in terms of intensity) over the pre-
vious model by Czechowski et al. (2012) is most significant for
the forward sector (Fig. 2a), less for the flank sectors (Fig. 2b,c),
and the least for the tail sector (Fig. 2d). This improvement is
mainly due to our assuming a thinner heliosheath, in agreement
with recent V1 detection of the energetic ion ‘cliff” (Webber &
McDonald 2013). One encouraging circumstance is that agree-
ment to within ~20% occurs in all four sectors at the lowest en-
ergies that are measured with highest accuracy.

An additional result that could be important is that He
ENA spectra obtained under current modeling are somewhat
softer than the previous CHH spectra (Fig. 2). This means that
our spectra may perhaps render the suggested observational
spectral slopes better. The softening of spectra results from in-
cluding two previously neglected binary interactions in our mod-
eling, namely (1) conversion of He* into an a-particle upon im-
pact of neutral H and (2) charge exchange neutralization of He*
in collisions with neutral He. The effect of these two reactions
should be more pronounced, the longer He* ions are exposed
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to binary interactions, i.e., the deeper the sources of He ENAs
reside in the heliotail. In this respect it is significant that the
best agreement between the HSTOF He ENA measurements and
present modeling, in terms of both intensity and slope of He
ENA spectra, is attained in the heliotail sector for which, it is
worth noting, the observational errors are the smallest. We take
it as an indication that the type of modeling we propose in con-
junction with He ENA measurements may, if properly devel-
oped, serve as diagnostic tool of the properties of heliosheath
plasma at large distances from the Sun, in particular, deep in he-
liospheric tail.
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