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Abstract. One of the sources of the energetic neutral atoms
(ENA) in the heliosphere are the low-energy (up to fed¥
keV) anomalous cosmic ray (ACR) ions in the outer helio- Shock-
sphere, close to and beyond the solar wind termination shock ro=====s P Demodulation simulation > acc/ilgﬁwd
The ENAs can penetrate into the inner solar system, and, i spectrum
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 th
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from the observed ENA spectrum. We apply this method to ENA

the data from CELIAS/HSTOF and discuss the results for the
ACR spectrum.

Fig. 1. Two approaches to the study of ACR.

1 Introduction

The anomalous cosmic ray (ACR) particle spectrum in theloss term while the effects due to spatial diffusion can be
outer heliosphere may be indirectly observed by means of thélisregarded, the ACR shock spectrum can be derived from
energetic neutral atoms (ENA) into which the ACR particles the ENA flux from the heliotail direction without any addi-
convert when neutralized by charge-exchange with the atom#ional information about the heliosphere. In the case when
of the background gas (Hsieh et al. 1992; Grzedzielski 1993the heliopause is not too distant and can be considered to be
Czechowski et al. 1995, 2001). As the ENA flux is given approximately a free escape boundary, it is possible to ob-
by the integral along the line-of-sight, the information about tain the shape of the ACR shock spectrum from the ENA
the ACR spectrum obtained in this way is an average oveiflux from the apex direction, assuming only that the average
the region of the source (the outer heliosphere) and some indensity ratio of neutral He and H in the region between the
formation about the heliospheric structure is needed for itste€rmination shock an the heliopause is known. The interpre-
interpretation. tation of the ENA flux from the heliotail (unless the energy is

In this paper we consider the question of how the ACR low enough to neglect ACR diffusion) requires additional in-
spectrum at the termination shock can be derived from thdormation (A(E), the distance scale of the ACR distribution
observations of the ENA (Approach 2 in Figure 1). We find as a function of energy).

that for the low energy region (suggested to be 10-50 keV

by the model simulations), where the ACR distribution in the Wﬁ atppll)_/i_?uhr resultrsl t? tTelgglélggé%STSﬁ EtNA Ty;:lrc;]

heliotail is determined by convection and charge-exchangegen ata ( iichenbach et al. ' .)' frortunately, the
energy region covered by the observations is too narrow to

Correspondence toA. Czechowski (ace@cbk.waw.pl) 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 calculatedFig. 3. As Fig. 2, but for the ENA flux from the anti-apex direction.

ENA H spectrum from the LISM apex direction from the simulation

at the shock obtained from the ENA spectrum by means of Eq. (1)

using Kausch’s model (solid lines). The dashed lines show the estiis used withA(E) derived from Kausch’s model. The neutral den-
mations of the ACR spectrum at the shock obtained from the calcusities are 4u =0.03¢m ™3, nge =0), (na =0, nge =0.01em™3),

lated ENA spectrum by means of Egs. (2, 3) assuming30 AU.

(nz =0.08em ™3, npe =0.01em™3)

The neutral gas densities between the termination shock and the

heliopause are taken respectively as; (=0.05c¢m ™2, ni. =0),
(nz =0, nie =0.01em™3), (ng =0.05¢m ™3, nye =0.0lem™3)

2 The ENA flux and the ACR shock spectrum

The relation between the ACR flukycr beyond the termi-
nation shock and the ENA fluXgy 4 Observed at the orbit
of the Earth is given by the integral along the line of sight

Jena(E,n) = (1)
/ drJ acr(E,r, n)(Go i + Gotenie)
0

whereF is the particle energy, 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

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:

JENAlapez

(4)

JACR|!1;D8:I? = Ocx,HT'H + Ocx,HeTlHe
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-

(Up to~ 102 keV) where the charge exchange cross section€rdY dependence of. In the low energy region, where the

Ocx,H, Ocx,He @€ NOt too small. Because the low energy ACR

spatial diffusion of the ions is negligible compared to con-

flux is strongly suppressed upstream of the shock, only thé/ection and loss rate due to charge-exchange it is possible to

region downstream will contribute to the integral. Assume
that the ACR flux falls with the distance downstream from

the shock as

)

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

©)

The model simulations of the ACR distribution show that in
the apex direction the value dfis almost independent of the

Jacr(r) = JACR|shock €xp(—1/A)

JENA = A (Ocx HNH + Ocx HeNHe) JACR

ACR energy (Fig. 12 of Czechowski et al. 2001). This con-
clusion is based on the models for which the diffusion coef-

deduce the energy dependenceéidfom 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 far

|4

A =
U (ch,HnH + ch,HenHe)

®)

whereV is the plasma speed downstream of the shock and
u the speed of the ACR particle. Including diffusion would
decrease the value afwhile the effect of plasma flow com-
pressibility depends on the sign of the divergerige V).

With this approximation used, the ACR spectrum in the

ficient outside the heliopause is taken to be much larger tha@nti-aPex direction is given by

inside: the ACR distribution must then fall to a low value at

the heliopause, which is almost a free escape boundary. The
scaleA is then of the order of the distance from the shock

(6)

JACR | antiaper —
u

1/2
Vv JE'NA|antiape:L’ x E / JENA|antiaper
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ENA and ACR fluxes (TAIL) 2000) which raised the previous estimations of the flux by a
T T T 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
10771 e et al. 2000) imply, however, a larger anti-apex to apex flux

- e ratio than observed in the data. One possible explanation is
1078 g that a fraction of the observed flux is not due to ACR (Hsieh
e ACR (o diffusion) ENA . et al. 1999; Kota et al. 2001). Another possibility, which we
0" . . assume, is that the model of the heliosphere used in the ACR

10 energy (keV) 1000 ENA calculations should be modified to increase the ENA

flux from the apex direction.

Fig. 4. The ACR proton spectrum at the shock and the calculated Figure 5 shows the results of thé fits to the data assum-

ENA H spectrum from the anti-apex direction from the simulation ind that the ACR flux at the shock is given by a simple power

using Kausch’s model (solid lines). The dashed line show the esti{aw E~7. Note that in fitting the apex ENA data we have

mation of the ACR spectrum at the shock obtained from the ENAassumed the size of the forward heliosphere and the average

spectrum by means of Eq. (5) assumiig=100 km/s. ny there to be larger than in the model of the heliosphere
based on Kausch'’s solution.

1074 e ACR _

1/(cm*2 s sr keV)

whereF is the particle energy. This approximation should be . ]
applicable in the low energy region, assuming that the adia# Discussion

batic acceleration effects due to plasma flow divergence terml_he model simulations of the ACR distribution beyond the

2;6E20t ;cg)o hs;r:'sor;?S.OVZel (1;3\1112(:] é?g;l tl?riitregl-(f)gv\? LZS/?“S\?hbélrléy termination shock and of the ENA flux from this source sug-

large spatial gradients in the distribution of ACR make diffu- gest thgt t.he observaﬂons of ENA may in some cases be uged
sion effects become important to obtain information about the ACR spectrum at the termi-
The expressions forpthe A(iR flux in terms of the ENA nation shock without detailed knowledge of the heliospheric
spectrurr):%ivenl by the Egs. (3) (4)U);r:d (6) are approximat arameters. Of particular interest is the low energy region
N 10-50 keV, although this is a model dependent estimation)

e s ghmm ot o o 5 o o i, e ich e eaon betueen h ACR specrum and tre
9 . P - . ENA flux from the heliotail simplifies because the ACR spa-
count). In order to estimate the validity of these approxima-

. - tial distribution is then determined by the same charge ex-
L e e o At hangeprocesss uhih produce e ENA T enery e
ACR spectrum at the shock. This spectrum was then COmglon is within the range of the IMAGE/HENA (Roelof, 2000)

) ) . and Cassini/INCA, so that the measurements of the helio-
pared with the ACR spectrum which was used in the model pheric ENA by these instruments would be of high interest.

fr?(l,cglg;rt(la%rr]r.]e-[:eisregsc)ﬂzs f?) rretrl::irsespe;r:iillgr i'gg;es éntg iﬁgtg The CELIAS/HSTOF observations of the ENA flux are
however, keep in mind that the present models of the ACRunfortunately too restricted in energy (58-88 keV) to deter-

o L ) . mine the source spectrum. The reasonable values of the slope
distribution beyond the termination shock are still rather sim- P P

o e parameter{ = 1 — 1.5) are not excluded by the data. The
pl|f|ed _(for e>_<amp|e, the s_patlal dlff_u_smn 'S assumed_to beACR flux intensity at the shock implied by the ENA data
isotropic) which may restrict the validity of the conclusions.

is high (the results of Stone et al. 1996, when extrapolated
to low energy, imply the flux of 1073 (em? s sr keV) ™!
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,
5000). Alternatively, the model of the heliosphere must be
odified (larger size and higher value of the neutral H den-
gity) to enhance the production of the ENA from the forward
egion.

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 th
Lagrangian point L1 between Earth and the Sun. The dat
which can be used to estimate the spectrum consist of th
three low energy data points (the higher energy data contai
presumably a large fraction of the charged flux) covering the
energy range of 58-88 keV. We include the changes due td\cknowledgementsA.C. wishes to thank the Max-Planck-Institut
in-flight new calibration of the instrument (Hilchenbach et al. fir Aeronomie for hospitality.
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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 they? fits to the ENA data assuming that the ACR flux at the shock is given by a simple powét 1av{position-depenedent).

The x axis shows the ACR flux intensity value at 100 keX(100)). The regions ofy®> < 3 are shown. The best fits (with? 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 v = 3.92, J(100) = 7.7 10~%) and the other using (E) from the model simulation based on Kausch’s solution (best fit 2.01,

J(100) = 2.7 10™2). The plot in the righthand panel is derived from the apex ENA using Eq. (3) and asstmitgAU, n=0.15¢cm ™3,
nme=0.01cm 3 for the forward heliosphere (best4i0.2,.7(100) = 7.9 10~ 2). If the model of the heliosphere based on Kausch'’s solution

(with A=30 AU andn=0.05¢m ~2) would be used for the forward region, the result for the ACR flux would be unrealistically high (best fit
~v=0.39,J(100) = 0.27).
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