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[1] Energetic neutral atoms (ENAs) are recognized as a powerful tool for remote probing
of distant hot space plasmas, in particular the plasmas abundant at the heliospheric
boundary where the expanding solar wind meets the surrounding local interstellar
medium. We show here for the first time that the heliospheric ENAs originating in the
heliospheric sheath between the termination shock and the heliopause and reaching the
inner heliosphere also provide an important and heretofore unaccounted source of atomic
hydrogen in the Sun’s vicinity. These ENAs are a major contributor to the density of
interplanetary hydrogen at heliocentric distances <1 AU and could dominate in the
downwind (interstellar wind) region under typical solar and interstellar conditions. Mass
transport by heliospheric ENAs may become especially important for determining the
origin of the pickup ions attributed to the inner source of neutral particles in the Sun’s
vicinity and for characterization of the three-dimensional solar wind flow by imaging in
extreme ultraviolet. INDEX TERMS: 2151 Interplanetary Physics: Neutral particles; 2114

Interplanetary Physics: Energetic particles, heliospheric (7514); 2124 Interplanetary Physics: Heliopause and

solar wind termination; 2199 Interplanetary Physics: General or miscellaneous; KEYWORDS: heliosphere,

energetic neutral atoms, pickup ions, heliospheric sheath, heliospheric boundary, mass transport in the

heliosphere
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1. Interplanetary Neutral Atoms in the Sun’s
Vicinity

[2] Presence of atomic hydrogen in interplanetary space
was first derived in 1963 by Patterson et al. [1963] from the
earlier sounding rocket measurements byMorton and Purcell
[1962]. It is established now that the main source of inter-
planetary hydrogen is neutral atoms penetrating the solar
system from the surrounding local interstellar medium
(LISM). The inflow of interstellar gas in the heliosphere is
well understood [Fahr, 1968a, 1974; Holzer, 1977; Meier,
1977; Thomas, 1978; Bertaux, 1984], with the theoretical
concepts supported by various experimental measurements.
The neutral population in the immediate Sun’s vicinity,
<1AU, remains perhaps the least characterized because atoms
are strongly depleted there by ionization and experimental
techniques are usually not especially sensitive to neutrals in
this region. Measurement of the solar wind pickup ions is an
exception, specifically probing neutrals close to the Sun.
[3] Interplanetary neutral atoms are ionized (mainly

charge exchange and photoionization) and picked up by
the solar wind flow [Holzer and Axford, 1970; Fahr, 1973;
Vasyliunas and Siscoe, 1976]. Most of these pickup ions are

singly charged and characterized by a velocity distribution
function essentially distinct from that of the bulk of the solar
wind plasma. The pickup ion flux and velocity distribution
function at a given point are thus an effect accumulated
along the line of the solar wind propagation from the Sun to
this point, combining the processes of neutral ionization and
ion transport.
[4] Moebius et al. [1985] were the first to measure the

pickup (helium) ions in the solar wind. The existing
theoretical models of the interstellar gas penetration into
the heliosphere could quantitatively predict the distributions
of neutrals in the inner heliosphere, and the first measure-
ments of the pickup ions were successfully explained by the
ionization of the inflowing interstellar helium [Moebius et
al., 1985; Moebius, 1990].
[5] The increasingly sophisticated space experiments

detected various atomic (H, C, N, O, Ne, Mg, and Si) and
evenmolecular pickup ions [Moebius, 1990, 1996;Gloeckler
et al., 1993, 2000; Geiss et al., 1994, 1995; Gloeckler,
1996; Gloeckler and Geiss, 1998, 2001; Schwadron et al.,
2000; Schwadron and Geiss, 2000]. These measurements
have revealed that a new source of neutral atoms, additional
to the inflowing LISM interstellar gas, was needed to
explain the observed pickup ion elemental composition
and fluxes [Geiss et al., 1995; Gloeckler et al., 2000;
Schwadron et al., 2000]. The heliocentric dependence of
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the observed pickup ion properties puts this new source,
called the ‘‘inner source,’’ close to the Sun.
[6] The Poynting-Robertson effect [Robertson, 1937]

causes interplanetary dust to concentrate in the Sun’s
vicinity. The dust has been invoked as a possible and
important source of noninterstellar gas neutrals within
1 AU from the Sun [Banks, 1971; Holzer, 1977; Fahr et
al., 1981; Gruntman, 1994, 1996; Gloeckler et al., 2000;
Schwadron et al., 2000]. The contribution of interplanetary
dust to populations of neutrals in interplanetary space
remains, however, a major uncertainty. The estimates of
the dust-produced neutrals and ions suffer from poor
knowledge of the interplanetary dust composition and
abundance and from the uncertainty in the quantitative
description of complex processes of dust evaporation, out-
gassing, and sputtering. In addition, many dust-produced
pickup ions are born in the solar wind undergoing acceler-
ation close to the Sun, with the resulting not-completely-
understood evolution of the velocity distribution of ions on
their way to observation points (spacecraft) at 1 AU and
beyond.
[7] The exact nature of the inner sources has not been

unambiguously established and a fully consistent explana-
tion of the experimental observations of the pickup ions has
not been developed yet. The pickup ion measurements
reveal, for example, that a significant fraction of the
observed pickup protons could be produced by the inner
source, but the abundance of these inner source ‘‘protons
relative to oxygen falls significantly below the universal
abundance’’ [Schwadron et al., 2000]. The exact cause of
the observed depletion remains unknown and a number of
mechanisms such as photon resonance scattering and trans-
port effects have been invoked as an explanation of the
depletion [Schwadron and Geiss, 2000; Schwadron et al.,
2000].
[8] Wimmer-Schweingruber and Bochsler [2003] noted

that the abundance of dust (characterized by the so-called G
factor) necessary to explain the flux of oxygen pickup ions
‘‘is almost two orders of magnitude larger than other typical
values [of G].’’ In contrast, the upper limit on the dust-
produced atomic hydrogen [Fahr et al., 1981; Gruntman,
1994, 1996] has been found to be significantly lower than
expected [Yatchmenoff and Gruntman, 1998; Gruntman,
2000] in the SWAN/SOHO [Bertaux et al., 1995] Lyman-
a sky maps. Wimmer-Schweingruber and Bochsler [2003]
even proposed a hypothetical population of ultra-small dust
particles in the Sun’s vicinity to explain the properties of the
inner source pickup ions. In addition, the recently identified
outer source of pickup ions [Schwadron et al., 2002],
particularly important for understanding of the causally
related anomalous cosmic rays, further complicates inter-
pretation of the pickup ion measurements and establishing
the nature of the inner source. The reliable interpretation of
the measurements of the inner source pickup ions clearly
requires that all possible major sources of neutrals in the
Sun’s vicinity are quantitatively described as accurately as
practical.
[9] Another effect where atomic hydrogen in the Sun’s

vicinity plays an important role is the emissions of the solar
wind plasma in extreme ultraviolet. These characteristic
emissions are produced by charge exchange of the solar
wind alpha particles on interplanetary hydrogen [Gruntman,

2001a]. The examination of the predicted sky maps of these
emissions suggests that they will enable highly promising
remote monitoring of the three-dimensional flow pattern
(velocities and number densities) of the solar wind in the
heliosphere, including in the regions over the Sun’s poles
[Gruntman, 2001a, 2001b]. The region within a few AU
from the Sun would contribute to the observed emissions,
and accurate characterization of interplanetary atomic hy-
drogen in this region is essential for interpretation of such
solar wind imaging in extreme ultraviolet.

2. Heliospheric Energetic Neutral Atoms

[10] In this article we identify for the first time an
additional important and heretofore unaccounted source of
atomic hydrogen in the Sun’s vicinity, the low-energy
(defined as <5 keV for the purposes of this work) energetic
neutral atoms (ENAs) born in the heliospheric sheath.
[11] The interaction of the expanding solar wind plasma

with the surrounding LISM creates the heliosphere [Davis,
1955; Parker, 1963; Dessler, 1967; Axford, 1972]. The
heliosphere is a complex phenomenon where the solar wind
and interstellar plasmas, interstellar gas, magnetic field, and
energetic particles all play important roles. A possible two-
shock Sun-LISM interaction scenario [Baranov and
Malama, 1993] illustrates the main features of the helio-
sphere (Figure 1). The interstellar wind approaches the
heliosphere with a supersonic velocity and forms the bow
shock. The dynamic pressure of the expanding, highly
supersonic solar wind decreases with the heliocentric dis-
tance. At a certain distance from the Sun, this pressure
would equal the external LISM pressure of the interstellar
wind and magnetic field. The solar wind expansion tran-
sitions to a subsonic flow at the termination shock. There
the kinetic energy of the supersonic flow is largely con-
verted into thermal energy in the subsonic plasma beyond

Figure 1. Two-shock model of the interaction of the solar
wind with the local interstellar medium. LISM is local
interstellar medium, TS is termination shock, HP is
heliopause, BS is bow shock, CR is cosmic rays, ISP(G)
is interstellar plasma (gas), and B is magnetic field. Angle q
is measured from the upwind direction. The heliospheric
sheath, the region (gray) between the termination shock and
the heliopause, contains the postshock solar wind plasma
and pickup protons.
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the shock. This subsonic postshock solar wind plasma flows
in the heliospheric sheath around the termination shock and
down the heliospheric tail. The solar plasma eventually
mixes with the interstellar galactic plasma in the tail at
distances >5000 AU [Jaeger and Fahr, 1998; Izmodenov
and Alexashov, 2003].
[12] The heliosphere is believed to be filled with fluxes of

energetic hydrogen atoms with energies less than a few keV
originating in the heliospheric sheath between the solar wind
termination shock and the heliopause [Gruntman, 1992,
1997]. The number densities of these ENAs are typically a
few orders of magnitude smaller than that of interstellar
hydrogen in most parts of the heliosphere. Consequently,
most of the experimental techniques measuring the neutrals
in the heliosphere, such as study of the Lyman-a glow of
interplanetary hydrogen, are not especially sensitive to
heliospheric ENAs. The notable exception is detection of
individual energetic atoms at a given point, which is the
basis for ENA imaging of the heliosphere [Gruntman, 1992,
1997; Gruntman et al., 2001].
[13] Close to the Sun, however, the fast-moving helio-

spheric ENAs may become relatively much more abundant.
The solar wind and solar extreme ultraviolet (EUV) radia-
tion efficiently ionize the slower-velocity interstellar neu-
trals producing a region, sometimes called the ionization
cavity, with the depleted interstellar hydrogen number
densities. In contrast, the faster-velocity ENAs originating
in the heliospheric sheath are less subjected to ionization
and, consequently, the relative abundances of hydrogen
ENAs and interstellar hydrogen could be significantly
different in the Sun’s vicinity. Therefore mass transport by
heliospheric ENAs may become important. We note that
there is another example of important transport of mass,
energy, and momentum by heliospheric ENAs: the ENAs
born in the supersonic solar wind and the heliosheath would
penetrate and ‘‘contaminate’’ the pristine LISM at distances
up to 300–400 AU [Gruntman, 1982, 2004; Baranov and
Malama, 1993; Zank, 1999; Izmodenov et al., 2001a]. In the
terrestrial magnetosphere, the similar processes are respon-
sible for energetic particle transport from the ring current to
the thermosphere [Dessler et al., 1961; Tinsley, 1981].
[14] Most of the heliospheric ENAs are born in charge

exchange between hot plasma ions and background inter-
stellar neutral gas in the heliospheric sheath (Figure 1) and
their energies are below a few keV. When charge exchange
occurs, the resulting ENA instantaneously becomes inde-
pendent from the surrounding plasma and the influences of
the magnetic field. The energetic neutral particle moves
along a ballistic trajectory away from the point of charge
exchange governed only by the initial velocity and forces of
the Sun’s gravitational attraction and radiation pressure. As
ENAs travel through space, they may be lost by ionization
(electron and ion collisions and photoionization), which can
be reliably quantified. Some ENAs would move toward the
Sun and reach the inner heliosphere, contributing to the
population of atomic hydrogen in the Sun’s vicinity.
[15] Other sources of ENAs in the heliosphere include

a neutral component in the solar wind [Fahr, 1968b;
Gruntman, 1982, 1994] and energetic neutrals produced in
charge exchange of heliospheric energetic ions, such as
suprathermal ions, anomalous cosmic rays, solar energetic
protons, and protons associated with the corotating interac-

tion regions [Hsieh et al., 1992; Roelof, 1992; Hsieh and
Gruntman, 1993]. Heliospheric ENAs at high energies, 55–
80 keV, have been detected by the neutral channel of
the HSTOF sensor of the CELIAS instrument on SOHO
[Hilchenbach et al., 1998]. These high-energy heliospheric
ENAs can be disregarded because their number densities
are several orders of magnitude lower than those of the low-
energy ENAs and of interstellar hydrogen anywhere in the
heliosphere.
[16] The concept of the heliospheric ENA production,

propagation, and loss is well understood [Gruntman, 1992,
1997]. Briefly, the directional differential ENA flux jENA,i
(cm�2 s�1 sr�1 erg�1) of a given species i from a given
direction~s is a line of sight integral

jENA;i ~s;Eð Þ ¼
Z
~s

ji ~s;Eð Þ
X
k

sik Eð Þnk ~sð Þ½ �P ~s;Eð Þds; ð1Þ

where ji(~s, E) is the local directional differential flux of
parent ions, nk(~s) is the local number density of neutral
species k of the background gas, and sik(E) is the energy-
dependent charge-exchange cross section between ions of
species i and neutrals of species k. The survival probability,
P(~s, E), of ENAs allowing for particle extinction on their
way from their point of birth to the point of interest is

P ~s;Eð Þ ¼ exp �
Z

b tð Þ dt
� �

;

where b(t) is the ENA total loss rate from charge exchange,
electron impacts, and photoionization. The details of the
calculations of ENA fluxes and number densities can be
found in the works of Gruntman [1992, 1997], Hsieh et al.
[1992], Roelof [1992], Hsieh and Gruntman [1993], Fahr
and Lay [2000], and Gruntman et al. [2001].

3. Model

[17] We demonstrate the importance of the mass transport
by heliospheric ENAs using axisymmetric flow fields
(velocity, temperature, number density) of the LISM and
solar wind plasmas and the heliospheric interface structure
predicted by a two-shock gasdynamical Baranov model
[Baranov and Malama, 1993, 1995]. The two-shock model
assumes that both the interstellar plasma flow and the solar
wind plasma flow are supersonic (Figure 1). The plasmas
are described as single fluids, while the neutral gas is
described kinetically. The plasma-gas charge exchange
coupling is treated self-consistently, and cosmic rays, ener-
getic particles, and magnetic field are disregarded.
[18] We note that what happens exactly at the solar wind

termination and how the energy of the solar wind plasma is
partitioned in the heliospheric sheath among various plasma
constituents are not exactly known. Inconsistent interpreta-
tions of the recent observations in the distant heliosphere by
Voyager 1 [Krimigis et al., 2003; McDonald et al., 2003]
have clearly revealed the limitations of our present concepts
and models of the solar wind termination.
[19] The laws of conservation, however, suggest in a

fundamental, model-independent way that heliospheric
ENAs would reach the inner heliosphere. The supersonic
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expansion of the solar wind has to slow down and transform
into a subsonic flow because of the finite pressure of the
interstellar medium surrounding the solar system. This
slowing down, through a shock transition or otherwise,
would result in two effects. First, some of the kinetic energy
of the supersonic solar wind would transform into energy of
the thermal motion of plasma particles and/or into energi-
zation of some type(s) of charged particles. Some plasma
protons would thus reach, after charge exchange in the
heliospheric sheath, the inner heliosphere as ENAs. Second,
the slowing down of the solar wind would shift (in the
velocity space) the distribution of the solar wind pick up
protons, and some of these protons would reach, after
charge exchange, the inner heliosphere as ENAs. This
unavoidable presence of heliospheric ENAs in the inner
heliosphere consequently enables the probing of the nature
of the physical processes at and beyond the termination
shock through ENA global imaging [Gruntman, 1992,
1997; Gruntman et al., 2001; McComas et al., 2003]. As
we will see, the mass transport by heliospheric ENAs to the
inner heliosphere significantly contributes to hydrogen
number densities in the Sun’s vicinity, which opens a way
of constraining our global heliospheric models through
analysis of the pickup proton abundances in the solar wind
at 1 AU and from mapping the solar wind flow pattern in
EUV.
[20] We assume in this work the following pristine (at

infinity) LISM parameters: velocity 25 km s�1, temperature
5672 K, electron (proton) number density ne = 0.07 cm�3,
neutral hydrogen number density nH = 0.14 cm�3. The solar
wind is spherically symmetric with the speed 450 km/s and
number density 7.0 cm�3 at 1 AU. The calculated termina-
tion shock, heliopause, and bow shock are shown in Figure 2.
The computation region extends from 400 AU in the upwind
direction to 700 AU in the downwind direction and 1400 AU
in the sidewind direction. The ENA production rates are
numerically calculated using formula (1).
[21] We consider here a simplified model of ENA trans-

port to the inner heliosphere. In particular, (1) we disregard
losses of ENAs while propagating inside the heliospheric
sheath and (2) ENA losses in the solar wind are calculated
under assumption of the constant velocity of ENAs.
[22] The former model simplification results in a small,

by 5–10 %, overestimation of the contributions of the ENA
fluxes arriving from the upwind and sidewind (with respect
to the interstellar wind) directions. While the model does
not account for much larger ENA losses in the heliospheric
tail, the contributions of ENAs arriving from the downwind
hemisphere are significantly underestimated because the
computational zone stretches only to 700 AU in this
direction. Therefore the presented estimates of mass trans-
port are the lower limit of the contribution of heliospheric
ENAs to neutral hydrogen in the inner heliosphere.
[23] The latter model simplification means that no forces

act on the ENAs. This simplification introduces only a small
error. Relatively slow ENAs with V < 120 km/s (E < 75 eV)
experience solar radiation pressure approximately counter-
balancing solar gravitational attraction. ENAs with higher
velocities (energies) are Doppler-shifted from the solar
Lyman-a line and consequently accelerated by the solar
gravitation. This effect is however small because of the
relatively large original velocities of ENAs. Therefore this

simplification is perfectly adequate for the purposes of the
present work.
[24] We compare the number densities of heliospheric

ENAs at <1 AU with those of interstellar hydrogen.
Distribution of interstellar hydrogen in the inner heliosphere
is calculated using the hot model [e.g., Fahr, 1974; Holzer,
1977; Meier, 1977]. Although this computationally conve-
nient model does not include important plasma-gas coupling
in the heliospheric interface, it is adequate for the purposes
of this work, if one accounts for the effect of the helio-
spheric interface by ‘‘adjusting’’ the velocity and tempera-
ture of the inflowing interstellar gas [Gruntman, 1994]. The
adjusted parameters are inferred from the Lyman-a glow
observations at 1 AU [e.g., Lallement et al., 1993; Costa et
al., 1999]. The following adjusted interstellar hydrogen
parameters are used in this work: number density
0.14 cm�3, temperature 12,000 K, bulk velocity 20 km s�1,
radiation-to-gravitation force ratio m = 0.95, and ionization
rate 6.0 � 10�7 s�1 at 1 AU. The ionization rate is inversely
proportional to the square of the distance from the Sun and
independent of ecliptic latitude and longitude.

4. Interplanetary Hydrogen Number Densities
at <<1 AU

[25] Figures 3 and 4 show the calculated number densities
of heliospheric ENAs and interstellar hydrogen for the
upwind and downwind directions, respectively. A model
used in this work is symmetric about the interstellar wind
velocity vector that lies approximately in the ecliptic plane.
Therefore the number density would depend on the helio-
centric distance and angle q counted from the upwind

Figure 2. The axis-symmetric heliospheric structure used
in this work (based on calculations by Baranov and Malama
[1993]). The interstellar wind (ISW) approaches from the
left along the Z axis. BS is bow shock, HP is heliopause,
and TS is termination shock. The Sun is at the (0, 0) point.
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direction (Figure 1); no dependence on the position with
respect to the ecliptic plane is thus expected.
[26] One can see (Figures 3 and 4) that the importance of

the contribution of the heliospheric ENAs to the number
density of hydrogen increases with the approach to the Sun.
For given solar and interstellar conditions, interstellar hy-
drogen dominates at heliocentric distances >0.3 AU in the
upwind direction and at >0.8 AU in the downwind direc-
tion. The pickup protons abundances in the solar wind is an
accumulated effect of the wind propagation from the Sun to
an observation point. In the upwind direction at 1 AU, the
fractions of pickup protons due to interstellar hydrogen and
heliospheric ENAs would be 92% and 8%, respectively. In
the downwind direction, the relative contributions would be
reversed: 91% due to heliospheric ENAs and only 9% due
to interstellar hydrogen. It is clear that the heliospheric
ENAs are a major contributor to the atomic hydrogen
population within 1 AU and, correspondingly, to fluxes of
pickup protons at 1 AU. The region within 1 AU would also
contribute to solar wind charge exchange produced emis-
sions in EUV, especially for lines of sight crossing the
downwind region.
[27] Our preliminary estimates also show that the helio-

spheric ENAs with energies E < 200 eV would be respon-
sible for most of ENA mass transfer to the Sun’s vicinity.
Such ENAs are much faster than the inflowing interstellar
hydrogen atoms, which explains why the relative contribu-
tion of ENAs to the neutral hydrogen number density
significantly increases inside the ionization cavity. On the
other hand, the velocity of these relatively low-energy
ENAs is much smaller than that of the solar wind. Therefore
heliospheric ENAs would not produce exceedingly ‘‘hot’’
pickup protons and thus be consistent with the observed
pickup proton velocity distribution functions.
[28] The fluxes of heliospheric ENAs and the resulting

mass transport would depend on interstellar and solar
conditions and on the way the energy is partitioned among

plasma components in the heliospheric sheath. Izmodenov et
al. [2001b] investigated the effect of varying ionization
states of the interstellar medium surrounding the Sun. In
addition, ENA fluxes are ‘‘filtered’’ in energy-dependent
way while traversing the heliospheric sheath plasma. We
also note that a number of researchers presently favor much
higher values of the solar radiation pressure on atomic
hydrogen then we used in our estimates. For example,
Bzowski [2001] argues that the ratio of radiation-to-
gravitation force m varies from 1.0 to 1.5 during the solar
cycle, based on the solar Lyman-alpha studies by Tobiska et
al. [1997]. For these much higher values of radiation
pressure (compared with m = 0.95 used in the present work)
the relative importance of heliospheric ENAs would be
substantially greater and they may become a dominant
population even in the upwind direction, especially during
the solar maximum conditions.
[29] The contribution of heliospheric ENAs to the atomic

hydrogen population in the inner heliosphere would depend
on partition of the solar wind energy among various plasma
components in the heliospheric sheath. The efficiency of
production of ENAs capable of reaching the inner helio-
sphere depends on the effective temperature of the proton
component and local plasma velocity. Gruntman et al.
[2001] showed how different assumptions of the processes
at the termination shock would result in strikingly different
directional properties of ENA fluxes (i.e., global ENA
images). Energetic neutrals produced in charge exchange
of pickup protons in the heliospheric sheath [e.g., Chalov
and Fahr, 2003; Chalov et al., 2003] may provide an
important contribution to mass transport under certain
conditions. The dependence of mass transport on the details
of the interaction in the heliospheric interface region may
thus open a way of constraining our global heliospheric
models through examination of pickup protons and solar
wind EUV emissions obtained at 1 AU.

Figure 3. Radial dependence of number densities of
interstellar atomic hydrogen and heliospheric ENAs for
the upwind direction.

Figure 4. Radial dependence of number densities of
interstellar atomic hydrogen and heliospheric ENAs for
the downwind direction.

A12108 GRUNTMAN AND IZMODENOV: MASS TRANSPORT IN THE HELIOSPHERE

5 of 7

A12108



[30] We show in this work for the first time that the
heliospheric ENAs originating in the heliospheric sheath
between the termination shock and the heliopause and
reaching the inner heliosphere provide an important and
heretofore unaccounted source of atomic hydrogen in the
Sun’s vicinity. Our calculations consider only one possible
global heliosphere model, where plasmas are described as
single fluids. We show that for this model the mass transport
to the inner heliosphere by ENAs is important and domi-
nates the population of atomic hydrogen in the downwind
direction under typical solar and interstellar conditions.
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