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ABSTRACT

Context. The abundance of deuterium in the interstellar gas in front of the Sun gives insight into the processes of filtration of neutral
interstellar species through the heliospheric interface and potentially into the chemical evolution of the Galactic gas.
Aims. We investigate the possibility of detection of neutral interstellar deuterium at 1 AU from the Sun by direct sampling by the
Interstellar Boundary Explorer (IBEX).
Methods. Using both previous and the most recent determinations of the flow parameters of neutral gas in the local interstellar cloud
(LIC) and an observation-based model of solar radiation pressure and ionization in the heliosphere, we simulated the flux of neutral
interstellar D at IBEX for the actual measurement conditions. We assessed the number of interstellar D atom counts expected during
the first three years of IBEX operation. We also simulated the observations expected during an epoch of high solar activity. In addition,
we calculated the expected counts of D atoms from the thin terrestrial water layer covering the IBEX-Lo conversion surface, sputtered
by neutral interstellar He atoms.
Results. Most D counts registered by IBEX-Lo are expected to come from the water layer, exceeding the interstellar signal by 2 orders
of magnitude. However, the sputtering should stop once the Earth leaves the portion of orbit traversed by interstellar He atoms. We
identify seasons during the year when mostly the genuine interstellar D atoms are expected in the signal. During the first 3 years of
IBEX operations about 2 detectable interstellar D atoms are expected. This number is comparable to the expected number of sputtered
D atoms registered during the same time intervals.
Conclusions. The most favorable conditions for the detection occur during low solar activity, in an interval including March and
April each year. The detection chances could be improved by extending the instrument duty cycle, say, by making observations in the
special deuterium mode of IBEX-Lo.
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1. Introduction

The abundance of neutral interstellar deuterium (NIS D) in
the Local Interstellar Medium has up to now been investigated
mostly using EUV spectroscopy methods (Hébrard & Moos
2003; Linsky 2007), even though it was also positively detected
in the visual domain (Hébrard et al. 2000). Within ∼100 pc
of the Sun, it was determined to be ξNISD = 15.6 ± 0.4 ppm
by number (Linsky et al. 2006), while in the local interstellar
cloud (LIC), represented by the line of sight towards Sirius, it
is ξNISD = 16 ± 4 ppm (Hébrard et al. 1999). The unique ca-
pability of the Interstellar Boundary Explorer (IBEX; McComas
et al. 2009) to directly detect neutral interstellar H (Möbius et al.
2009; Saul et al. 2012), He (Möbius et al. 2009, 2012; Bzowski
et al. 2012), Ne, and O (Möbius et al. 2009; Bochsler et al. 2012)
raises the question of whether the IBEX-Lo neutral atom camera
(Fuselier et al. 2009) could also potentially detect NIS D.

IBEX-Lo is a time-of-flight mass spectrometer that detects
and analyzes negative ions originating from the impact of neu-
tral atoms on a specially designed conversion surface (Wurz
et al. 2006). Neutral interstellar atoms are detected when they
bounce off the conversion surface, thereby capturing an electron
and thus turning into a negative ion. Owing to their unique

mass-to-charge ratio and the known energy of the interstellar
atoms, the NIS D signature should be possible to identify in the
IBEX-Lo data.

The distribution of NIS D in the heliosphere has drawn rel-
atively little attention up to now. For many years, the only pa-
per to touch on the subject was by Fahr (1979), who indicated
that the solar resonant radiation pressure for D should be ap-
proximately half of the pressure acting on H because of the
atomic mass difference. Before the IBEX launch, the detectabil-
ity of NIS D had been addressed by Tarnopolski (2007) and
Tarnopolski & Bzowski (2008). They suggest that potentially,
the beam of NIS D atoms should be visible for IBEX during two
time intervals each year: August through November and January
through March. However, the detection sensitivity of IBEX-Lo
strongly drops with decreasing particle energy, so that only the
January–March interval may be promising. During this interval,
the energy of the atoms that enter the sensor is increased be-
cause the Earth, along with IBEX, is moving into the incom-
ing flow. The expected total deuterium flux was assessed as
0.015 cm−2 s−1.

In practice, the conversion surface of IBEX-Lo is perma-
nently covered with a thin layer of terrestrial water, whose
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molecules are sputtered off by the incoming neutral interstellar
atoms and dissociated. Some of the sputter products are negative
ions, which are registered in IBEX-Lo similar to converted nega-
tive ions and, with their energy and composition signature, allow
the analysis of neutral interstellar He and Ne (Möbius et al. 2012;
Bochsler et al. 2012). Since hydrogen in terrestrial water con-
tains ξterr = 150 ppm deuterium (Böhlke et al. 2005), IBEX-Lo
will also detect D− ions from the water layer, sputtered primarily
by NIS He atoms, thus producing a substantial foreground that
competes with NIS D atoms.

NIS atoms of various species observed by IBEX, when
mapped on the sky, form well defined, oval regions (Möbius
et al. 2009). Details of the process of observations of the NIS
gas flux by IBEX-Lo were presented by Möbius et al. (2012). In
brief, the spacecraft is spin-stabilized and the optical axis of the
detector is perpendicular to the line of sight (Hłond et al. 2012).
The axis is fixed during one IBEX orbit and the field of view is
a strip 7◦-wide, straddling a great circle on the sky nearly per-
pendicular to the ecliptic plane. The spacecraft records counts
of NIS atoms of various species as a function of spin angle. The
spin axis is shifted at each new orbit to approximately follow the
Sun and thus a different strip on the sky is imaged on each orbit.

IBEX-Lo is capable to observe NIS atoms with energies
from ∼10 eV to ∼2 keV (Fuselier et al. 2009). This interval is di-
vided into eight partly overlapping energy ranges Ei, i = 1, ..., 8,
whose central energies are equal to 14.5, 28.5, 55.5, 107, 207.5,
451, 909, and 1903 eV, respectively, and the widths are propor-
tional to the respective central energies: ΔEi/Ei � 0.7. These
energy ranges, referred to as the IBEX-Lo energy steps, are
switched sequentially during the observations.

The observed count number of atoms of a given species
is proportional to the time-integrated flux of NIS atoms in the
IBEX-inertial reference frame. The data may be analyzed as a
function of spin angle, which closely corresponds to ecliptic lat-
itude, or they may be integrated over spin angle and then the
total number of atoms observed on a given orbit regardless of
their arrival direction is obtained.

Because now we know the exact time intervals and geometry
of the IBEX-Lo interstellar flow observations for three seasons
after the IBEX launch at the end of 2008 (Möbius et al. 2012;
Hłond et al. 2012), we can simulate the expected NIS D flux as
well as the internal D production and thus determine the actual
detection conditions. We also consider the NIS D detectability
during solar maximum. We identify the preferred solar activity
phases for NIS D detection in the Earth orbit, specify operational
requirements, and suggest some measures to improve NIS D de-
tection chances in future observations.

This paper explores through modeling the detection condi-
tions of NIS D, but does not discuss how to extract the NIS D
component from the deuterium signal registered by IBEX-Lo.
This highly complex task deserves a separate, specially tailored
study, which is now in progress (Rodríguez, priv. comm.). The
paper discusses a potential opportunity to add the technique of
in-situ measurements of NIS D to the body of knowledge of in-
terstellar medium. As is typical in scientific research, the new
technique starts with a demonstration what can be done, what
conditions exist and how they affect the practical application of
this new technique. The modeling paper will hopefully be fol-
lowed by a first presentation of the search results, likely with
large error bars determined by available observing conditions.
With time, based on the first insight, the new technique can be
refined (possibly using a better optimized instrument) to provide
enough statistics to draw quantitative conclusions on the density

of NIS D in front of the heliosphere and its abundance relative
to other NIS species.

The abundance studies based on IBEX observations require
both careful data analysis and a similarly careful modeling. Our
paper is part of the latter endeavor. The experimental papers start
with Möbius et al. (2009), where detection of NIS He, Ne, and
O in the IBEX signal is reported. A first quantitative look at the
Ne/O abundance is presented by Bochsler et al. (2012). Saul
et al. (2012, 2013) successfully detected NIS H and traced the
evolution of the total flux with ecliptic longitude and from sea-
son to season, registering tens of thousands of NIS H atoms and
noticing the gradual decay expected due to the solar radiation
pressure increasing with the rise of solar activity. Hence, there
should not be any problems with the statistics at the NIS H side
of the abundance studies.

Regarding the modeling, we have the present paper and the
papers by Sokół et al. (2013) and Bzowski et al. (2013), where
the ionization factors for H and D are discussed. The transmis-
sion of NIS D and in some extent of H is discussed in the present
paper.

In a broader astrophysical context the results from the
IBEX abundance studies will be a starting point for a broader
analysis. This is because they are just point measurements on
the spatial scale of the LIC and, as it results from modeling
studies, e.g., by Slavin & Frisch (2008), the ionization states of
the species in the LIC show gradients due to inhomogeneities in
the radiation field and possibly cloud boundaries interaction. The
ionization states are of course directly related to the abundances
of neutral populations in the local interstellar gas. With all this
we believe it is clear that abundance studies by IBEX are com-
plementary to the absorption studies and certainly cannot replace
them. On the other hand, they may provide valuable insight into
processes operating in interstellar clouds in microscale.

2. Simulations

Two populations of NIS D are expected in the heliosphere
(Baranov et al. 1991): the primary flow, coming directly from
the LIC, and the secondary component, which is created in the
outer heliosheath due to charge exchange between NIS H and
D atoms and interstellar D+ ions in the heated and compressed
plasma in front of the heliopause (HP). In this paper we assume
that the flow parameters of the two populations inside the HP
are homogeneous as a function of the offset angle from the nose
of HP and identical with those of the corresponding H popula-
tions. We adopt them based on the analysis of pickup ion mea-
surements (Bzowski et al. 2008) and kinetic global heliosphere
simulations (Izmodenov et al. 2003). Since a recent analysis of
the IBEX NIS He observations (Bzowski et al. 2012; Möbius
et al. 2012; McComas et al. 2012) resulted in the flow parameters
that differ from the previous values (Witte 2004; Möbius et al.
2004), we also include simulations with these new parameters.
The densities of the D populations at the HP were adopted as
15.6 ppm, distributed between the primary and secondary pop-
ulations proportionally to the densities of these populations at
TS (Tarnopolski & Bzowski 2008). For NIS He we adopted the
density determined by Witte (2004). See Table 1 for numerical
values.

The directions of inflow of the primary and secondary pop-
ulations of both H and D were adopted as identical and equal
to the inflow direction of NIS He, even though the inflow di-
rection of NIS He and NIS H were determined to differ by ∼6◦
(Lallement et al. 2010), most probably due to the action of in-
terstellar magnetic field, which modifies the flow of interstellar
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Table 1. Flow parameters of H, D, and He at TS used in the simulations.

Population λ [◦] φ [◦] T [K] V [km s−1] n0 [cm−3]

PrimaryH,D
(1) 255.4 5.31 6020 28.512 0.0312(2)

SecondaryH,D
(1) 255.4 5.31 16300 18.744 0.0542(2)

NISHeHe,D,O
(3) 259.2 5.12 6165 22.756 0.0150(4)

Notes. The densities of the primary and secondary populations are listed
for H, the density labeled as NIS He population is for He. The densities
of D populations were adopted as for H, multiplied by the interstellar
abundance ξNISD = 15.6 ppm (see text). The density of O at TS was
adopted 5 × 10−3 cm−3 after Slavin & Frisch (2007).

References. (1) Izmodenov et al. (2003); (2) Bzowski et al. (2008);
(3) Bzowski et al. (2012); (4) Witte (2004).

plasma in the outer heliosheath. We decided to neglect this effect
in our simulations because its influence on the modeled NIS H
and D flux is expected to be minimal. Izmodenov et al. (2005)
predict a very weak sensitivity of the filtration of NIS H through
the heliospheric interface on the inflow parameters. Furthermore,
the uncertainties of the actual inflow direction of NIS gas, of the
variation in the flow parameters of the NIS gas as a function
of the offset angle from the upwind direction in the outer he-
liosheath (Katushkina & Izmodenov 2010), and detailed behav-
ior of the secondary populations in the outer heliosheath in
the presence of interstellar magnetic field are poorly known.
Therefore, in our opinion, an attempt to take them into account in
the present modeling would not necessarily improve the realism
of the results.

For comparison with observed IBEX count rates and to as-
sess the expected foreground, we simulated NIS H, He, and O.
The parameters used in the simulations are compiled in Table 1.

The cross sections for photoionization, charge exchange, and
electron impact ionization of D are practically identical with H,
thus leading to identical H and D ionization rates. Important is
the difference in radiation pressure acting on H and D due to the
differences in atomic mass and Lyman-α resonance frequencies
(see Tarnopolski & Bzowski 2008). We use the neutral inter-
stellar gas model by Tarnopolski & Bzowski (2008, 2009, the
Warsaw Test Particle Model), modified for the observation ge-
ometry, as specified for NIS He in Bzowski et al. (2012), as well
as the measurement-based radiation pressure and ionization rate.

The model is fully time- and heliolatitude dependent.
Radiation pressure is a function of time and radial velocity of
the atom (see Fig. 1 in Tarnopolski & Bzowski 2008), based
on observations of the solar Lyman-α line by Lemaire et al.
(2002); Lemaire et al. (2005). For the time series of the to-
tal solar Lyman-α flux to calculate the radiation pressure we
adopted the composite Lyman-α time series data product from
LASP, available through the LISIRD Web page1 (Woods et al.
2000). It is shown in Fig. 1, along with the total ionization rate
at the equator that includes charge exchange and photoionization
(Sokół et al. 2013; Bzowski et al. 2013). The solar wind speed
and density as a function of heliolatitude for the calculation of
charge exchange rates was adopted after Sokół et al. (2013).

The simulations were performed using the method described
in detail by Bzowski et al. (2012) for NIS He (see their Sect. 2).
The calculations were done for three IBEX observation seasons
(2009, 2010, and 2011), with the IBEX-Lo field of view taken
according to the measured spin axis orientation (Hłond et al.
2012). The simulated flux in the IBEX reference frame was

1 http://lasp.colorado.edu/lisird/lya
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Fig. 1. Carrington rotation averaged composite Lyman-α flux (Woods
et al. 2000, upper panel) and total ionization rate of D and H (lower
panel) since the beginning of the descending phase of solar activity in
2002 until present. The cyan areas mark the solar maximum interval
(left) and the solar minimum interval (right) used in the calculations.
The placement of IBEX orbits in time relative to the solar activity phase
is shown between the panels; italics mark the artificial orbits which are
shifted to the beginning of 2002.

convolved with the collimator transmission function (see Figs. 2
and 3 and Eq. (1) in Bzowski et al. 2012) and averaged over
the actual time interval of each orbit. The expected count rates
were integrated either over the full energy range (i.e., from 0 to
the maximum flow energy) or individually over the three lowest
IBEX-Lo energy steps. The results correspond to the collimator-
averaged flux of NIS atoms in the IBEX-inertial reference frame,
mapped as a function of IBEX spin angle. From these, maximum
values were taken for each orbit. They are shown in Fig. 2 for the
years after IBEX launch as the maximum flux for a given orbit,
as a function of orbit number, which increases with the ecliptic
longitude of the observer. Solar activity during this interval was
increasing from the minimum conditions.

We also performed the simulations for the conditions just af-
ter solar maximum by shifting the observation time, geometry
conditions etc. to the beginning of 2002 (when the solar activity
started to decrease), using the respective total ionization rate and
radiation pressure history from Sokół et al. (2013) and Bzowski
et al. (2013). The results are also shown in Fig. 2. Throughout
the paper we use the solar minimum term for the solar activ-
ity conditions after IBEX launch and solar maximum for the
conditions seven years before the observations. Note that such
a treatment of the solar maximum conditions in the context of
future IBEX observations should be regarded as conservative
because the present solar activity cycle is predicted at approx-
imately half the strength of the previous maximum (Hathaway
2009; see also2), which should result in a weaker drop of the
NIS flux than we predict in the model presented here.

The flux of NIS atoms at a given moment of time is
Gaussian-like in spin angle (see, e.g., Bzowski et al. 2012,
Figs. 6 through 8), so the peak height for a given orbit is pro-
portional to the total number of counts for this orbit and enables
a quick assessment of the relations between the expected count
numbers of different species and their changes with solar activ-
ity. To obtain the total count number for a given orbit, one has
to integrate the flux over the spin angle and follow the equations
specified in the next section.

3. Results
The simulated variation in the flux maximum with ecliptic lon-
gitude of the Earth (or IBEX orbit) in Fig. 3 confirms that the

2 http://www.solarscience.msfc.nasa.gov/predict.shtml
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lines) and for solar maximum conditions in 2003 (dashed lines).

absolute flux maxima for He, D, and H should be observed in se-
quence, from negligible radiation pressure (He) to the strongest
effect (H). The highest flux values are found for He as expected;
the flux of H is lower by 3 orders of magnitude during the orbit of
the maximum NIS He flux (Möbius et al. 2012; Saul et al. 2012),
and the expected D flux is lower than H by 4 orders of magnitude
(with somewhat higher abundance at 1 AU than in the LIC due
to lower effective radiation pressure acting on D relative to H, as
explained by Tarnopolski & Bzowski 2008). The ecliptic longi-
tude at which the flux maximum for a given species occurs does
not considerably vary with the interstellar gas speed, inflow lon-
gitude, and temperature combinations at the HP that are adopted
here, but they depend on the phase in the solar cycle when the
observations are made (except for He, for which radiation pres-
sure is zero).
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Our simulations confirm the conclusion of Tarnopolski &
Bzowski (2008) that the kinetic energy of NIS D in the
IBEX frame exceeds the sensitivity threshold only during the
Spring observation season. During this interval, the energy of
both the primary and secondary NIS D population falls into the
range of energy step 3. At this energy step, the expected D flux is
4−5 orders of magnitude lower than that of NIS H (the same as
in Fig. 3 for the total flux integrated over the full energy range).

It is expected that the peak fluxes remain stable during solar
minimum and slowly decrease with rising solar activity (Fig. 2),
mostly because of increased solar Lyman-α flux, responsible for
radiation pressure (Fig. 1). Conversely, a gradual flux increase
is expected for declining solar activity, with a solar cycle ampli-
tude of a factor of ∼5 in the primary and ∼10 in the secondary
NIS D flux, as illustrated in Fig. 2.

Like for the other species, the D peak flux at 1 AU varies
characteristically along the Earth orbit, reflecting flow veloc-
ity and temperature, as illustrated in Fig. 4. With a detector of
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Fig. 5. Simulated spin phase-integrated total counts of NIS D per
orbit, compared with the total counts of D atoms sputtered off by
NIS He atoms from the terrestrial water layer on the IBEX-Lo conver-
sion surface (grey), and with the total counts of the primary NIS O atom
population (black). The total counts of D (purple) are a sum of the
counts from the primary (red) and secondary populations (blue). Shown
are simulations for the 2010 observation season conditions. An ex-
ploded view of the interval where the NIS D signal is on a comparable
level to the sputtered signal is shown in Fig. 6.

sufficient sensitivity the flow parameters of the primary NIS D
population could be determined.

However, along with NIS D, IBEX-Lo will also detect
D− ions sputtered off from the conversion surface by the plentiful
NIS He atoms. To compare the expected counts of sputtered D
with those from NIS D, we integrate the flux of both components
in energy step 3 over spin phase and convert the spin-integrated
flux into counts for each orbit.

To calculate the counts cX,n observed by IBEX-Lo from the
spin-integrated flux FX,n for a species X and energy step n, we
must fold in the species and energy dependent geometric factor
gX,n of IBEX-Lo, the exposure time teff , and the duty cycle q:

cX,n = FX,n gX,n q teff. (1)

Throughout the following calculations, we adopt identical ex-
posure times and duty cycles for all species and all orbits:
teff = 6 days and q = 1/8 (because of the IBEX-Lo stepping
cycle with 8 energy steps). The geometric factor for NIS D for
energy step 3 is adopted identical as for H from IBEX-Lo cali-
brations: gH,3 = gD,3 = 2.172 × 10−5 cm2 sr keV/keV, and for O,
the energy step 6 gO,6 = 6.888 × 10−5 cm2 sr keV/keV.

To calculate the D counts cD,sputt sputtered from the water
layer by interstellar He the energy-integrated flux of He FHe,all
must be used. The geometric factor based on the D sputtering
efficiency from the terrestrial water layer gsputtD,3 = 2.483 ×
10−5 cm2 sr keV/keV, which is adopted as the measured H sput-
tering efficiency, and the D abundance in terrestrial water ξterr
are used, modifying Eq. (1) to:

cD,sputt = FHe,all ξterr gsputtD,3 q teff. (2)

Results of these simulations for the 2010 observation season are
shown in Fig. 5, where the primary and secondary components
of NIS D and their sum are compared with the expected sputter-
ing contribution of D from the water layer. Also shown are the
counts of NIS O, which provide a test of the expected absolute
count levels: the model counts are in reasonable agreement with
actual observations reported by Bochsler et al. (2012).
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Fig. 6. Simulated spin phase-integrated total counts of NIS D per
orbit, compared with the total counts of D atoms sputtered off by
NIS He atoms from the terrestrial water layer on the IBEX-Lo con-
version surface (grey) for the interval in 2010 when the counts from the
sputtered component are comparable with the counts from NIS D. See
Table 3. Note that these atoms almost solely come from the secondary
population.

It is clear from the figure that during most of the NIS ob-
servation season, the sputtered D signal will dominate over
interstellar D. From the whole 2010 season, 160 counts of sput-
tered D and only 2.2 of NIS D are expected, with similar pro-
portions in 2009 and 2011. However at the beginning of March
each year (i.e., starting from Orbit 20 in 2009, Orbit 68 in 2010,
and Orbit 116 in 2011), the sputtered and NIS D counts be-
come comparable, with the sputtered component quickly falling
off. Thus until March each year, the observed D/H abundance
should be stable and close to the terrestrial value. Afterwards, a
rapid change is expected. From the simulations we performed,
it is expected that the number of NIS D atoms observed on or-
bits 20 through 26 is ∼0.58, on Orbits 68 through 74 is 0.64, and
on Orbits 116 through 122 is 0.38, i.e. total of ∼1.6 during the
3 intervals. Simultaneously, the expected tally of the sputtered
D atoms during these intervals is expected at 2.6 in 2009, 3.0
in 2010, and 1.5 in 2011, total of ∼7 during the 3 seasons. See
Tables 2–4 and Fig. 6 for details. These numbers were obtained
assuming coverage of the observation time close to 100% for
each orbit. This is realistic because no spin phase information is
needed, only the total spin phase-integrated counts. Therefore,
any spin phase synchronization issues that have so far reduced
the effective observation time for other species (Möbius et al.
2012) are not important here.

Thus, extracting a genuine NIS D signal from the IBEX data
will be challenging. It will require a careful selection of the time
interval when the NIS D signal is not expected to be swamped
in the sputtered D signal, integrating thus selected signal over all
available observation seasons and performing an in-depth statis-
tical analysis of the signal to appropriately account for the rem-
nant sputtered component.

4. Discussion

One has to realize the predictions we offer are based on assump-
tions on absolute densities of NIS He and NIS D at the termi-
nation shock that need not be accurate, even though we have
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Table 2. Estimated count numbers from the sputtered D component and genuine NIS D atoms shown for subsequent IBEX orbits in 2009.

Orbit 20 21 22 23 24 25 26 total
Sputtered D 1.72 8.02 × 10−1 2.99 × 10−2 3.10 × 10−3 2.75 × 10−5 0 0 2.56
NIS D 2.39 × 10−1 1.98 × 10−1 6.72 × 10−2 4.37 × 10−2 2.00 × 10−2 1.00 × 10−2 5.55 × 10−3 0.58

Table 3. Estimated count numbers from the sputtered D component and genuine NIS D atoms shown for subsequent IBEX orbits in 2010.

Orbit 68 69 70 71 72 73 74 total
Sputtered D 2.62 3.42 × 10−1 2.54 × 10−2 9.30 × 10−4 2.28 × 10−5 2.66 × 10−8 0 2.99
NIS D 3.16 × 10−1 1.62 × 10−1 7.83 × 10−2 4.39 × 10−2 2.10 × 10−2 1.20 × 10−2 4.94 × 10−3 0.64

Table 4. Estimated count numbers from the sputtered D component and genuine NIS D atoms shown for subsequent IBEX orbits in 2011.

Orbit 116 117 118 119 120 121 122 total
Sputtered D 1.21 2.76 × 10−1 6.72 × 10−4 1.32 × 10−5 0 0 0 1.48
NIS D 1.87 × 10−1 1.25 × 10−1 3.18 × 10−2 1.78 × 10−2 1.08 × 10−2 4.42 × 10−3 0 0.37

adopted the best information currently available. The absolute
density of NIS He was taken from Witte (2004). It had been
obtained from analysis of NIS He observations by GAS/Ulysses.
The flow parameters from GAS/Ulysses have been challenged
(Bzowski et al. 2012; Möbius et al. 2012) based on analysis
of observations from IBEX-Lo, but no new estimates of the
NIS He density at the termination shock have been provided.
The assumed absolute density of NIS D at TS is calculated based
on a recent determination of NIS H density at the termination
shock based on Ulysses observations of H pickup ions (Bzowski
et al. 2008). This, however, required the assumption that the
NIS D abundance in front of the heliosphere is equal to the
abundance averaged over the Local Cloud, and the assumption
that the parameters of the primary and secondary populations of
NIS D at the termination shock are identical with the parameters
of NIS H.

These assumptions have not been verified by modeling, but
in our opinion seem realistic. There is no observational evi-
dence suggesting that the ionization state of D in the LIC dif-
fers from the ionization state of H, given their almost identical
ionization potential and the relatively small difference in ther-
mal speeds. The filtration of NIS D through the heliosphere is
expected to be very similar to the filtration of H. The secondary
population of NIS D (i.e., the population created in the outer he-
liosheath due to the charge exchange reaction between the outer
heliosheath plasma and NIS gas) comes up predominantly from
the reaction of interstellar D+ ions with interstellar H atoms, i.e.,
identically as the secondary population of NIS H. Izmodenov
(2007) studied the filtration of NIS H through the heliospheric
interface and concluded that the filtration factor weakly depends
on the interstellar gas parameters. Filtration should deplete the
primary D population, just as the primary H, and the flow pa-
rameters will be weakly modified, similar to NIS H parameters.
The only kinematic difference between H and D will be due to
the small difference in the thermal speeds. Thus also the sec-
ondary population of NIS D will likely have similar flow pa-
rameters to the secondary population of NIS H. The exact pa-
rameters have not been modeled, but the general relations of the
flow parameters of the secondary relative to the primary are ex-
pected to be similar: the flow will be considerably decelerated
and the temperature increased. We have conservatively assumed
an agreement in the temperatures of the secondary H and D, and
not in thermal speeds. If the thermal speeds were to be equal,
it would effectively heat up the secondary D, which would re-
sult in a longer duration of the NIS D signal after the sputtered

component vanishes, and effectively would likely increase the
chances for detection.

The sputtering efficiency for D from the water layer and of
registering the NIS D atoms directly has not been calibrated prior
to flight. The values used in the paper are deduced based on cal-
ibrated efficiencies for H and He. Resulting uncertainty does not
qualitatively change the conclusion that the sputtered compo-
nent will dominate over the interstellar, it may only modify the
break-even point. If the signal from sputtered D is detected, then
the sputtering efficiency can be effectively measured from com-
parison of the sputtered counts versus NIS He counts.

Departures from these assumptions may result in a change
both in the absolute values of total counts predicted and in the
proportions between the sputtered and NIS signal. The change
in proportions between the sputtered and NIS intensities should
mostly affect orbits 20 and 21 and their equivalents in the subse-
quent years because on these orbits the contribution from the
sputtered component is strongest. The later orbits should be
much less affected because the sputtered signal is predicted to
fall off very rapidly.

In the simulations we assumed that the inflow directions of
NIS He and NIS H (both populations) are identical. This is not
exactly true, as concluded by Lallement et al. (2005), who sug-
gest that the longitude of the H direction is lower by ∼3◦ than
of the He direction. The H flow observed by Lallement et al.
(2005) is an inseparable superposition of the primary and sec-
ondary population. We estimate that this effect should shift the
locations of the total D line relative to the sputtered D line in
Fig. 5 by a half of the orbit leftward (because one orbit corre-
sponds to approximately 7◦), which would reduce a little the in-
terval when the NIS D signal is above the sputtered signal. The
change would be small, however, and of little significance for
the conclusions.

Taking all this into consideration, the numbers we give
should be regarded as order estimates accurate to a factor of <10.
The general conclusion from our simulation is that the integrated
signal from the orbits from March each year should bring a few
genuine NIS D atoms and a comparable, a little larger number
of counts of the sputtered D atoms. The NIS D should be visible
in the IBEX-Lo data as a change in the observed D/H abundance
from the terrestrial value, starting from March each year.

An interesting aspect of observations of NIS D, resulting
from our study, is that potentially detectable NIS atoms will most
likely belong to the secondary population (cf. the blue and red
lines in Fig. 5). Thus the ability to build up enough statistics of
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NIS D atoms is welcome since it provides direct insight into the
physical state of the gas in the outer heliosheath.

Direct observation of neutral interstellar D provides a highly
complementary local measurement of D at the location of the
Sun. Simultaneously, it provides an opportunity to improve
our understanding of the interaction of the interstellar gas and
plasma with the heliosphere, because with H and D we have
an isotope pair with both of them substantially affected by the
plasma flow around the heliosphere and by solar radiation pres-
sure. Admittedly, based on the analysis presented here the first
observations will contain a large uncertainty because only a
few counts are expected over the past 3−4 years of operation.
However, this modeling study together with the observational
analysis will provide the basis for improved observations over a
longer IBEX mission and for improvements of the observational
technique on future missions.

Given the low expected count number, there is a ∼20%
Poisson probability for non-detection of NIS D. Another expla-
nation for potential non-detection might be a significantly lower
than assumed absolute density of neutral interstellar gas or lower
abundance of D in front of the heliosphere. Detection at a level
comparable to the prediction would likely suggest that the pic-
ture of the heliosphere and the LIC we have is mostly correct.
Anyway, it would be a totally independent confirmation of a re-
sult obtained with different methods (spectroscopy) and would
also show that within large error bars, there are no significant de-
viations of the D/H abundance from the LIC average. Detection
at a level statistically significantly higher than the predictions
could imply a higher total density of interstellar matter in front
of the heliosphere or a large overestimation of the attenuation of
NIS D inside the heliosphere (which we believe unlikely).

The detection capability for NIS D could be further improved
by increasing the sensor duty cycle by up to a factor of eight, if
viewing time is concentrated on energy step 3, in which inter-
stellar D is primarily expected, i.e., by operating in an IBEX-Lo
Interstellar Medium flow mode (Fuselier et al. 2009) optimized
for D. Preferably, such a campaign should be carried out during
future low solar activity, when the expected D signal is strongest.
Increasing the statistics by a factor of ∼10 would enable making
statistical tests of various hypotheses related to the assumptions
used in this study. Obtaining the D/H abundance on a precision
level of a few times 10−2, comparable to the best astrophysi-
cal estimates, requires the ability to estimate the counts of both
species with a precision level of 10−2, which appears out of reach
for D with the current instrument and so likely has to await a
follow-on mission. The counting statistics for H does not seem
to be an issue here.

Because interaction of the incoming interstellar gas with the
heliospheric boundary and extinction of species will differently
affect each individual abundance ratio, observations of the D/H
have to be seen in context with other abundance studies based on
IBEX data, such as Ne/O (Bochsler et al. 2012) and on pickup
ion data (Geiss & Gloeckler 1998; Gloeckler & Geiss 2004;
Gloeckler et al. 2008). It should be noted though that finding
the D/H from IBEX observations is probably the best bet over
deriving any ratios with other species, such as D/O. For both D
and H the process of conversion to a negative ion, which deter-
mines the sensor efficiency for these species, is almost identi-
cal, while the affinity to an electron for O is much greater. In
addition, IBEX-Lo records a mix of Ne and O, where Ne is de-
tected through sputtering on the conversion surface (Bochsler
et al. 2012). Therefore, additional systematic errors will have to
be considered when reporting D/O that do not affect the D/H
and, as suggested by a comparison of expected fluxes in Fig. 5,

the modeling part of the analysis would be equally complex as
for the D/H pair.

5. Summary and conclusions

Based on pre-launch estimates by Tarnopolski & Bzowski
(2008), it was expected that IBEX would be able to detect NIS D.
We performed simulations of the expected NIS D signal based
on actual interstellar flow measurements for times, geometry,
and heliospheric conditions during minimum and maximum of
solar activity using a state of the art kinetic model of the NIS
gas flow in the inner heliosphere. We also compared this signal
with the expected foreground of D sputtered by NIS He from
the terrestrial water layer that covers the IBEX-Lo conversion
surface.

The entire NIS D signal is expected within the energy range
of IBEX-Lo energy step 3. The expected NIS D maximum oc-
curs two IBEX orbits after the peak of the He signal and approx-
imately one orbit before the peak of H. The expected D/H in
energy step 3 is higher during solar maximum than during solar
minimum, while the fluxes of both species are reduced during
solar maximum due to the increased radiation pressure.

As an additional challenge, a foreground of NIS D gener-
ated from NIS He due to sputtering from terrestrial water on the
IBEX-Lo conversion surface exceeds the expected NIS D sig-
nal by almost two orders of magnitude. Focusing on IBEX or-
bits after the sputtered signal and integrating the observations
over spin phase will maximize the detection capability. The ex-
pected count numbers from the sputtered and NIS populations
become comparable after the beginning of March each year and
can hopefully be interpreted using appropriate statistical meth-
ods. During this time, we expect ∼2 counts of NIS D collectively
in 2009, 2010, and 2011 and a few counts from the sputtered
component during this time interval. In fact, the interval when
the sputtered population stops overwhelming the interstellar can
be found from observations: the observed D/H abundance in the
signal should be stable and close to terrestrial during the times
when mostly the sputtered component is present. Afterwards, the
observed D/H should change because the contribution from the
NIS component should become statistically significant.

Increasing the duty cycle by concentrating observations on
IBEX-Lo energy step 3 in a dedicated NIS D observation mode
for several seasons during future solar minimum conditions
would further boost the NIS D detection. Under these condi-
tions, undoubtful detection of NIS D with IBEX appears poten-
tially possible. Fortunately, IBEX was recently maneuvered into
a previously unknown, long-term stable lunar synchronous orbit
(McComas et al. 2011a) with a significantly reduced radiation
environment. Given an excellent state-of-health and hydrazine
reserves of the spacecraft, IBEX could function for more than a
full solar cycle, possibly for decades, potentially providing op-
portunity to build up the necessary statistics.

Our estimates also provide guidance for future missions,
such as the Interstellar Mapping (IMAP) mission suggested by
McComas et al. (2011b), which would carry next generation
neutral atom cameras. To successfully investigate the NIS D
abundance in the LIC, they will need a reduced internal D con-
tamination and substantially improved collection power.
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