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Abstract. One of the sources of the energetic neutral atoms
(ENA) in the heliosphere are the low-energy (up to few102

keV) anomalous cosmic ray (ACR) ions in the outer helio-
sphere, close to and beyond the solar wind termination shock.
The ENAs can penetrate into the inner solar system, and, if
observed, provide the information about the ACR distribu-
tion in the source region. Using the results of numerical sim-
ulations of the ACR spatial and energy distributions in the he-
liosphere, we derive approximate relations between the ENA
energy spectrum as observed at the orbit of the Earth and the
ACR spectrum near the solar wind termination shock. With
some assumptions about the parameters of the heliosphere,
these relations allow one to obtain the ACR shock spectrum
from the observed ENA spectrum. We apply this method to
the data from CELIAS/HSTOF and discuss the results for the
ACR spectrum.

1 Introduction

The anomalous cosmic ray (ACR) particle spectrum in the
outer heliosphere may be indirectly observed by means of the
energetic neutral atoms (ENA) into which the ACR particles
convert when neutralized by charge-exchange with the atoms
of the background gas (Hsieh et al. 1992; Grzedzielski 1993;
Czechowski et al. 1995, 2001). As the ENA flux is given
by the integral along the line-of-sight, the information about
the ACR spectrum obtained in this way is an average over
the region of the source (the outer heliosphere) and some in-
formation about the heliospheric structure is needed for its
interpretation.

In this paper we consider the question of how the ACR
spectrum at the termination shock can be derived from the
observations of the ENA (Approach 2 in Figure 1). We find
that for the low energy region (suggested to be 10-50 keV
by the model simulations), where the ACR distribution in the
heliotail is determined by convection and charge-exchange
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Fig. 1. Two approaches to the study of ACR.

loss term while the effects due to spatial diffusion can be
disregarded, the ACR shock spectrum can be derived from
the ENA flux from the heliotail direction without any addi-
tional information about the heliosphere. In the case when
the heliopause is not too distant and can be considered to be
approximately a free escape boundary, it is possible to ob-
tain the shape of the ACR shock spectrum from the ENA
flux from the apex direction, assuming only that the average
density ratio of neutral He and H in the region between the
termination shock an the heliopause is known. The interpre-
tation of the ENA flux from the heliotail (unless the energy is
low enough to neglect ACR diffusion) requires additional in-
formation (Λ(E), the distance scale of the ACR distribution
as a function of energy).

We apply our results to the CELIAS/HSTOF ENA hydro-
gen data (Hilchenbach et al. 1998, 2000). Unfortunately, the
energy region covered by the observations is too narrow to
make a meaningful estimation of the slope of the spectrum.
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Fig. 2. The ACR proton spectrum at the shock and the calculated
ENA H spectrum from the LISM apex direction from the simulation
using Kausch’s model (solid lines). The dashed lines show the esti-
mations of the ACR spectrum at the shock obtained from the calcu-
lated ENA spectrum by means of Eqs. (2, 3) assumingΛ =30 AU.
The neutral gas densities between the termination shock and the
heliopause are taken respectively as (nH =0.05 cm−3, nHe =0),
(nH =0,nHe =0.01cm−3), (nH =0.05cm−3, nHe =0.01cm−3)

2 The ENA flux and the ACR shock spectrum

The relation between the ACR fluxJACR beyond the termi-
nation shock and the ENA fluxJENA observed at the orbit
of the Earth is given by the integral along the line of sight

JENA(E,n) = (1)∫ ∞
0

drJACR(E, r,n)(σcx,HnH + σcx,HenHe)

whereE is the particle energy,r is the distance along the line
of sight andn the direction of the flux (the extinction factor
is negligible). We consider the relatively low energy region
(up to∼ 102 keV) where the charge exchange cross sections
σcx,H, σcx,He are not too small. Because the low energy ACR
flux is strongly suppressed upstream of the shock, only the
region downstream will contribute to the integral. Assume
that the ACR flux falls with the distance downstream from
the shock as

JACR(r) = JACR|shock exp(−r/Λ) (2)

The distance scale of the falloffΛ depends in general on the
energy and on the direction. Substituting into Eq. (1):

JENA = Λ (σcx,HnH + σcx,HenHe)JACR (3)

The model simulations of the ACR distribution show that in
the apex direction the value ofΛ is almost independent of the
ACR energy (Fig. 12 of Czechowski et al. 2001). This con-
clusion is based on the models for which the diffusion coef-
ficient outside the heliopause is taken to be much larger than
inside: the ACR distribution must then fall to a low value at
the heliopause, which is almost a free escape boundary. The
scaleΛ is then of the order of the distance from the shock

Fig. 3. As Fig. 2, but for the ENA flux from the anti-apex direction.
at the shock obtained from the ENA spectrum by means of Eq. (1)
is used withΛ(E) derived from Kausch’s model. The neutral den-
sities are (nH =0.03cm−3, nHe =0), (nH =0,nHe =0.01cm−3),
(nH =0.03cm−3, nHe =0.01cm−3)

to the heliopause in the apex direction (about 30 AU in most
models).

This suggests that if the ACR ENA energy spectrum from
the apex direction is known, the corresponding ACR energy
spectrum can be deduced up to an approximately constant
(energy-independent) factor:

JACR|apex ∝
JENA|apex

σcx,HnH + σcx,HenHe
(4)

The information needed to derive the shape of the ACR en-
ergy spectrum is then reduced to the knowledge of the aver-
age H/He density ratio along the line of sight, between the
shock and the heliopause.

In the anti-apex direction one needs to know also the en-
ergy dependence ofΛ. In the low energy region, where the
spatial diffusion of the ions is negligible compared to con-
vection and loss rate due to charge-exchange it is possible to
deduce the energy dependence ofΛ from the transport equa-
tion, provided that the plasma flow beyond the shock can be
taken to be approximately incompressible. In this case one
can neglect diffusion and adiabatic acceleration terms in the
transport equation and obtain forΛ

Λ =
V

u (σcx,HnH + σcx,HenHe)
(5)

whereV is the plasma speed downstream of the shock and
u the speed of the ACR particle. Including diffusion would
decrease the value ofΛ while the effect of plasma flow com-
pressibility depends on the sign of the divergence (∇ ·V).

With this approximation used, the ACR spectrum in the
anti-apex direction is given by

JACR|antiapex = (6)
u

V
JENA|antiapex ∝ E1/2 JENA|antiapex
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Fig. 4. The ACR proton spectrum at the shock and the calculated
ENA H spectrum from the anti-apex direction from the simulation
using Kausch’s model (solid lines). The dashed line show the esti-
mation of the ACR spectrum at the shock obtained from the ENA
spectrum by means of Eq. (5) assumingV =100 km/s.

whereE is the particle energy. This approximation should be
applicable in the low energy region, assuming that the adia-
batic acceleration effects due to plasma flow divergence term
are not too strong. We found that the region of applicability
of Eq. (6) has also a low energy limit (1-few keV), where
large spatial gradients in the distribution of ACR make diffu-
sion effects become important.

The expressions for the ACR flux in terms of the ENA
spectrum given by the Eqs. (3), (4) and (6) are approximate
(in particular, the modulation of the ACR spectrum due to
nonzero divergence of the plasma flow is not taken into ac-
count). In order to estimate the validity of these approxima-
tions we have used the results for the ENA flux calculated in
a model (Czechowski et al. 2001) to derive the approximate
ACR spectrum at the shock. This spectrum was then com-
pared with the ACR spectrum which was used in the model
calculation. The results are presented in Figures 2 to 4 and
the agreement is good for this particular case. One must,
however, keep in mind that the present models of the ACR
distribution beyond the termination shock are still rather sim-
plified (for example, the spatial diffusion is assumed to be
isotropic) which may restrict the validity of the conclusions.

3 CELIAS/HSTOF ENA observations and the ACR flux

The first detection of what may be the ENA of heliospheric
origin (Hilchenbach et al. 1998) is due to CELIAS/HSTOF,
operating on board of the SOHO spacecraft, situated near the
Lagrangian point L1 between Earth and the Sun. The data
which can be used to estimate the spectrum consist of the
three low energy data points (the higher energy data contain
presumably a large fraction of the charged flux) covering the
energy range of 58-88 keV. We include the changes due to
in-flight new calibration of the instrument (Hilchenbach et al.

2000) which raised the previous estimations of the flux by a
factor of 10. We consider the flux from the forward direction
(LISM apex region) and from the anti-apex direction which
should be close to that of the heliotail. The characteristic
signature of the ENA of ACR origin is that the maximum flux
should arrive from the LISM anti-apex (heliotail) direction.
The model simulations (Czechowski et al. 2001) based on
a particular gas-dynamical solution for the heliosphere (Fahr
et al. 2000) imply, however, a larger anti-apex to apex flux
ratio than observed in the data. One possible explanation is
that a fraction of the observed flux is not due to ACR (Hsieh
et al. 1999; Kota et al. 2001). Another possibility, which we
assume, is that the model of the heliosphere used in the ACR
ENA calculations should be modified to increase the ENA
flux from the apex direction.

Figure 5 shows the results of theχ2 fits to the data assum-
ing that the ACR flux at the shock is given by a simple power
law E−γ . Note that in fitting the apex ENA data we have
assumed the size of the forward heliosphere and the average
nH there to be larger than in the model of the heliosphere
based on Kausch’s solution.

4 Discussion

The model simulations of the ACR distribution beyond the
termination shock and of the ENA flux from this source sug-
gest that the observations of ENA may in some cases be used
to obtain information about the ACR spectrum at the termi-
nation shock without detailed knowledge of the heliospheric
parameters. Of particular interest is the low energy region
(10-50 keV, although this is a model dependent estimation)
for which the relation between the ACR spectrum and the
ENA flux from the heliotail simplifies because the ACR spa-
tial distribution is then determined by the same charge ex-
change processes which produce the ENA. This energy re-
gion is within the range of the IMAGE/HENA (Roelof, 2000)
and Cassini/INCA, so that the measurements of the helio-
spheric ENA by these instruments would be of high interest.

The CELIAS/HSTOF observations of the ENA flux are
unfortunately too restricted in energy (58-88 keV) to deter-
mine the source spectrum. The reasonable values of the slope
parameter (γ = 1 − 1.5) are not excluded by the data. The
ACR flux intensity at the shock implied by the ENA data
is high (the results of Stone et al. 1996, when extrapolated
to low energy, imply the flux of7 10−3 (cm2 s sr keV )−1

at 100 keV) in particular in the region close to the LISM
apex. This may indicate that at least a fraction of the ob-
served ENA is not due to ACR (high≤ 100 keV proton flux
at the shock can be obtained from the models using pick-up
ion pre-acceleration: Czechowski et al. 1999; Fahr and Lay,
2000). Alternatively, the model of the heliosphere must be
modified (larger size and higher value of the neutral H den-
sity) to enhance the production of the ENA from the forward
region.
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Fig. 5. The upper panel is the schematic view of the heliosphere with a typical history of an ACR ENA particle. The lower panels show the
results of theχ2 fits to the ENA data assuming that the ACR flux at the shock is given by a simple power lawE−γ (position-depenedent).
The x axis shows the ACR flux intensity value at 100 keV (J(100)). The regions ofχ2 ≤ 3 are shown. The best fits (withχ2 of the
order of 1 % or less) are listed below. For the tail direction we show two overlapping regions, the leftmost obtained using Eq. (6) (best
fit γ = 3.92, J(100) = 7.7 10−3) and the other usingΛ(E) from the model simulation based on Kausch’s solution (best fitγ = 2.01,
J(100) = 2.7 10−2). The plot in the righthand panel is derived from the apex ENA using Eq. (3) and assumingΛ=45 AU,nH=0.15cm−3,
nHe=0.01cm−3 for the forward heliosphere (best fitγ=0.2,J(100) = 7.9 10−2). If the model of the heliosphere based on Kausch’s solution
(with Λ=30 AU andnH=0.05cm−3) would be used for the forward region, the result for the ACR flux would be unrealistically high (best fit
γ=0.39,J(100) = 0.27).
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