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I ABSTRACT

Energetic neutral atom (ENA) emission from the interaction region between the heliosphere and
the local interstellar medium (LISM) should enable remote observation of this region’s structure
and dynamics. This will allow us to understand the complex physics of the interaction and will
help distinguish between competing models of the region. In this paper, we describe the imaging
technique of ENA ionization by an ultrathin transmission foil followed by electrostatic deflection
and coincidence detection. New laborato~ results demonstrate the ability of this technique to
detect ENAs over the energy range 0.2-6 keV that is not covered by any traditional ENA
instrumentation but is critical for understanding the physics of the process that govern the
interaction region. This technique has a large intiinsic geometric factor that will enable imaging
of the extremely dim ENA emission and will allow quantification of the important characteristics
of the outer heliosphere-LISM interaction region.

I INTRODUCTION

The interaction of the heliosphere with the local interstellar medium (LISM) is believed to
generate energetic neutral atoms (ENAs) that result from charge exchange of hot plasma ions,
predominantly hydrogen, with cold interstellar neutrals. (Gruntman et al., 1990; Gruntman 1992;
Hsieh and Gruntman, 1993; Gruntman 2000) These neutral atoms, which follow ballistic
trajectories from the interaction region and can be remotely detected within the inner
heliosphere, carry extensive information about properties of the interaction region and the LISM.
Models of the interaction region (e.g., see Gmntman et al., 2000 and references therein) predict
predominant ENA emission at several hundred ev, although at very low fluxes, With increasing
energy, the ENA flUX generally decreases at -a rate that is strongly dependent on the LISM
parameters and the choice of interaction model. Measurement of the ENA spectral and spatial
distributions will enable an impofiant advance in our understanding of the heliosphere-LISM
interaction region.

I
The primary challenge of ENA imaging is accurate measurement of ENA trajectory and energy
within a large UV and charged particle background. Several ENA imaging techniques covering
different energy ranges have been developed to overcome this challenge. (Gruntman, 1997) On
the recently successful IMAGE mission, three different imaging techniques were used to
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measure of the comparatively copious ENA emission from the terrestrial magnetosphere across
three different energy ranges: HENA utilized a thick foil to block UV, allowing ENAs over 15
keV to pass to the detector section (Mitchell et al., 2000); MENA utilized freestanding
transmission gratings to block UV while allowing a fraction of ENAs to pass to the detector
section (Pollock etal., 2000); and LENA employed a reflection surface that ionized a fraction of
ENAs followed by electrostatic deflection of ionized ENAs into the detector section (Moore et
d., 2000). These instruments have demonstrated the powerful technique of ENA imaging for
viewing global morphology and dynamics of the magnetosphere.

However, due primarily to the scientific focus of the IMAGE mission, these imagers did not
cover the energy range of 0.2-6 keV that is critical for imaging of the heliosphere-LISM
interaction region. The maximum of the energy range of the LENA imager is approximately 150-
200 eV due to the decrease in conversion efficiency at higher energies. The MENA imager has a
minimum energy of approximate y 1 keV due to somewhat poor angular resolution at lower
energies and the scientific focus on bulk magnetospheric ENA emission of 1-25 keV. The energy
range of the HENA imager starts at 15 kev due to the thick blocking foil. Furthermore, the ENA
imagers on IMAGE were designed to detect the comparatively copious ENA fluxes from the
magnetosphere and would have considerable difficulty imaging the extremely dim ENA
emission from the heliosphere-LISM interaction region.

h this paper, we investigate the feasibility of detecting ENAs from the heliosphere-LISM
interaction region using the technique of ENA ionization via transmission through an ultrathin
foil. This technique is optimum for the targeted energy range of 0.2-6 keV and has a geometric
factor that is large enough to measure
interaction region. This technique
(McComas et al., 1991; Funsten et al.,

the extremely small ENA flux from the heliosphere-LISM
has been investigated extensively at higher energies
1993, 1995b) but not at energies below several keV.

IMAGER FOR ENAS IN THE ENERGY RANGE 0.2 KEV TO 6 KEV

The measurement objectives for imaging ENAs from the heliosphere-LISM interaction region
include: a large enough geometric factor for statistically significant measurements in one day, an
energy resolution AWE S 1, an imaging resolution of approximately 7°x70, and double or triple
coincidence ENA measurement for ample rejection of noise and clear identification of ENAs.
These objectives are met with a single-pixel imager based on the technique of ENA ionization
using an ultrathin foil is shown schematically in Fig. 1. An ENA enters the first set of collimators
that consists of a set of alternately biased plates to reject solar wind ions from the ENA
measurement. ENAs then pass through a second set of collimators that collimate in a direction
orthogonal to the first set of collimators. The two collimators result in a single pixel filed-of-
view (e.g., 70x70).

An ENA that passes through the collimators then transits an ultrathin carbon foil, and a fraction
of the ENAs are ionized. The ionized ENAs transit a hemispherical electrostatic energy analyzer
(ESA) if their exit energy lies within the ESA energy passband. In addition to its energy
resolving capabilities, the ESA also serves to block UV light from entering the detector section.
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The ENAs then enter the detector section that consists of a second carbon foil for generation of
secondary electrons that are detected separately from the ENAs for a coincidence measurement.

For the energy range 0.2-6 keV, a single pixel instrument is superior to a true imaging instrument
having multiple pixels due to ENA scattering in the first foil that is used to ionize the ENAs. The

scattering half-angle vuz of ionized ENAs emerging from this foil is related to the incident
energy according to WU2=13 [keV-deg] / Eo. (Funsten et al., 1993) For example, at 1 keV this

corresponds to an angular FWI-IM of 26°, which is far larger than the desired angular imaging

resolution of -7°. This 10SSof knowledge of the incident ENA trajectory precludes use of an true
imaging instrument such as one of the ENA imagers on IMAGE. The optimum implementation
is therefore a single pixel instmment in which the field of view is collimated and does not
depend on scattering in the foil. To view 2n sr of the heliosphere, this ENA imager could be
placed so that its single pixel view is orthogonal to the spin vector on a sun-pointed spinning
spacecraft, resulting in a 7°X3600 view each spin. The full heliosphere would be complete] y
viewed twice over one orbit of the spacecraft around the Sun. Broader coverage could be
obtained using multiple single pixel instruments placed at different viewing angles relative to the
spacecraft spin axis.

An important feature of the imager is that the first foil, used for ENA ionization, can be biased to
a high positive potential VFOIL. ENAs that exit the foil as ~ are therefore accelerated
perpendicular to the foil, which provides three important advantages for enhanced ENA imaging.
First, the large angular scattering at low energies, which would normally result in ionized ENAs
being scattered toward the ESA plates, is sufficiently mitigated by this “proximity focusing” of
the acceleration that acts to straighten out the trajectories perpendicular to the foil so that the
probability of transmission through the ESA is high. Second, the accelerated ENAs transit the
detector section at a much higher energy so that (a) the secondary electron yield at the second
foil is higher and (b) the ENA detection probability is high, both of which combine to greatly
increase the probability of coincidence detection (and therefore geometric factor). Third, the
ionized ENAs are accelerated to a higher energy at which the ESA energy passband is broader.
This results in a larger apparent energy resolution A.E.Eo of the measurement and a proportional
increase in the geometric factor. This is understood by first considering an ENA with incident
energy Eo. After this ENA is ionized and accelerated, we set the energy passband so that it’s

central energy equals Eo+ LIVFOIL(q is the ion charge) and the energy passband is AE. The
intrinsic ESA resolution equals AE4Eo+ qVFOd, although the apparent energy resolution from
the perspective of the initial energy of the ionized ENA is AZ.YEO.This apparent energy resolution
of the ENA measurement can be significantly larger than the intrinsic value if qvFOIL >> Eo. This
is an important advantage since most analyzers have an intrinsic resolution significantly below
the required energy resolution of WEs 1; an increase in AZYE results in a proportional increase
in the geometric factor.

DETECTION OF ENAS IN THE ENERGY RANGE 0.2 KEV TO 6 KEV

The imaging technique of ENA ionization using an ultrathin foil followed by electrostatic
deflection is superior to other techniques for ENA imaging of the heliosphere-LISM interaction
region due to the robustness of the foils, their extensive flight heritage, their ability to span large
aperture areas, and their consistent performance under “dirty” vacuum environments typical of
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an outgassing spacecraft that would otherwise contaminate an atomically clear surface. We will
not discuss the technique of ENA ionization by surface reflection, although we note that new
results obtained with more exotic, clean reflection surfaces than the single crystal tungsten used
on LENA/IMAGE show enhanced ionization of H under ultrahigh vacuum conditions at energies
greater than 200 eV (Wurz et al., 1997; Jans et al., 2000) and may provide another promising
approach to ENA imaging of the heliosphere-LISM interaction region.

A key factor governing the efficiency of the instrument shown in Fig. 1 is the ionized fraction
~(H+) or fiH-) of hydrogen that exits the foil. Studies have investigated both the fraction of H+
(Funsten et al., 1993; Funsten et al., 1995b) and H- (Funsten et al., 1995a) exiting an ultrathin
carbon foil at energies greater than several keV. At the same energy, the fraction of H- exiting a
carbon foil is much less than the fraction of H+, so the sensitivity of the ENA imager is
maximized based on conversion to H+ rather than conversion to H-. Previous measurements of
the exit charge fraction ~(H+) have been obtained only for energies down to 1 keV at which the
conversion efficiency was ~(H+) = 0.06. Using the same experimental apparatus and method
described in detail in Funsten et al. [1993], we have measured the exit fraction fl~) down to an
incident energy E. of 330 eV for a nominal carbon foil thickness of 0.5 @cm2 that is typically

measured to be -1.1 p.g/cm2 (Funsten et al., 1993). These measurements, depicted in Fig. 2(a),
show that ji(H~) increases with increasing energy from a value of 1.3% at 330 eV to 6.9~~ at 1
keV and 13.1 Yo at 6 keV. This energy dependence is expected since, with increasing incident
energy, the mean charge state in the bulk foil is driven toward a value of +1 and the charge
exchange processes that act to neutralize an ion at the exit surface become less important (Los
and Geerlings, 1990).

An interesting feature of these measurements is an apparent break point at an energy of 0.9 eV.
Below and above this break point, ./(H+) can be well represented by the following linear
polynomials:

f(li+) = -0.015+0.088 E,, E,< 0.9 keV (1)

j’(~+) =0.054+0.013 J!30, 0.9 keV<EO < 6keV. (2)

The break point likely indicates a change in the fundamental charge exchange mechanism at the
exit surface that defines the final, measured exit charge state of a hydrogen atom.

The sensitivity and energy resolution of the ENA imager shown in Fig. 1 are also dependent on
the transmission probability and the energy loss distribution of the ENAs in the foil. Figures
2(b)-2(d) show the results of SRIM 2000 Monte Carlo simulations (Ziegler et al., 1985) of
hydrogen transiting a 1.14 pg/cm2 carbon foil. The probability of hydrogen transmission through

the carbon foil, shown in Fig. 2(b), is 50% at -270 eV and increases rapidly with increasing
energy, indicating that poor transmission will impact the imager sensitivity only at the low end of
the energy range, i.e., at energies less than several hundred eV, at which the projected ENA flux
from the heliosphere-LISM interaction region is highest. (Gruntman et al., 2000)
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Fig. 2(c) shows the mean energy loss as a function of incident energy. The energy loss slowly
increases with increasing energy, nearly m log(EO), from a value of 0.15 at 0.2 keV to 0.51 at 10
keV. The diamond in this figure corresponds to a measurement from Funsten et al. ( 1995b) of the

mean energy loss by 5 keV H incident on a 1.I ~g/cm2 carbon foil. This measured value is 20%
higher than the simulation result. one result of energy loss is that the ENAs exiting the foil will
transit the ESA at a lower energy at which the energy passband of the ESA is correspondingly
narrower. Such “pushing” of the ENA energy distribution to lower energies would normally act
to lower the geometric factor, but, as discussed in the previous section, the acceleration of
ionized ENAs after exiting the foil fully compensates for this effect by accelerating the ionized
ENAs to a much higher energy and, therefore, a wider energy passband and larger geometric
factor.

Using the SRIM simulations and energy loss data, we have also computed the ratio of the full-

width at half-maximum (MF) of the energy distribution to the mean final energy J?%of the ions,
which is shown in Fig. 2(d).”The data was fit to the equation AEF/EF = 0.29/ E. which is shown in
as the solid line in the figure. The diamond is a 5 kev measurement from Funsten et al. (1995b)

and agrees well with the simulation. The combination of the ratio AEF/EF and intrinsic energy
resolution of the electrostatic energy analyzer govern the energy resolution of the imager. From
the figure, AEF/EFS 1 forEO2280 eV, and AEF/EFS 0.5 for EO 2560 eV.

DISCUSSION AND SUMMARY

Calculation of the geometric factor of the instrument shown in Fig. 1 includes the following
components: a 7°X70 (0.015 sr) field-of-view, 64 cm2 aperture area (ESA plate diameters of 16
cm and 24 cm), ENA ionization probability jIH+) shown in Fig. 2(a), ENA transmission
probability from Fig. 2(b), collimator transmission of 0.76, grid transmissions totaling 0.24, and
energy dependent secondary electron emission yields (Ritzau and E3aragiola, 1998) and
microchannel plate detection efficiencies. The resulting energy geometric factors G are
approximately 0.0005 cm2sr at 0.3 kev, 0.0025 cm2sr at 0.9 kev, and 0.01 cm2sr at 6 keV. These
geometric factors are superior to that of a transmission grating-based imager (Pollock et al.,
2000) since the gratings have an ENA transmission of -4% that is comparable to ~(H+) in Fig.
2(a) and since the detection efficiency of the grating-based imager is low because ENAs are not
accelerated into the detector section. Furthermore, using currently available grating fabrication
technology, populating a large aperture area with the gratings is quite expensive. The full energy
range of 0.2 to 6 keV could be covered in six contiguous energy passbands.

To demonstrate the potential for an ENA imager to distinguish between different models of the
heliosphere-LISM interaction, Fig. 3 shows the instrument count rates from ENAs as a function

of the angle O relative to the upwind direction (assuming a general cylindrical symmetry of the
heliopshere boundary). The counts are based on ENA fluxes calculated by Gruntman et al.
(2000) for three types of termination shocks: a gasdynamical strong shock, a weak shock with
thermalized pickup protons, and a weak shock with non-thermalized protons. The figure shows
the number of detected ENAs per day in the energy passband 0.58< E <1.19 keV using an
energy geometric factor of 0.0025 cm2sr. The count rates are fully sufficient to obtain daily,
statistically significant ENA measurements, and the data acquired using this imaging technique
should provide the first oppotiunity to clearly study the physics of the interaction region.
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Figure Captions

Fig. 1. The ENA imager for measuring the faint ENA emission from the heliosphere-LISM
interaction region is based on the technique of ENA ionization using an ultrathin foil followed by
electrostatic deflection and a coincidence detector section. This technique is superior due to the
ability of foils to operate in the “dirty” environment of an outgassing spacecraft and to easily
span large aperture areas. As an example, this imager would have an aperture area of 64 cm2, a
single-pixel FOV of 7°x70, and six contiguous energy passbands covering 0.2-6 keV.

Fig. 2. The foil that converts ENAs to positive ions is a critical component that governs
instrument performance. Panel (a) shows laboratory data of the fraction flH+) of hydrogen that

exits a 1.1 pg/cm2 carbon foil as H+. Panels (b)-(d) show the results of SRIM simulations of

hydrogen through a 1.1 carbon foil: (b) probability of transmission, (c) energy loss, and (d) the
ratio ~F/EF of the FWHM of the exit energy distribution to the exit energy.

Fig. 3. Using the modeled ENA fluxes from Grtmtman et al. (2000) and an energy geometric
factor of 0.0025 cm2 sr for the instrument shown in Fig. 1, the counts per day per pixel are shown
for three types of shocks as a function of the angle 6 from the upwind direction (assuming a
cylindrically symmetric heliosphere). The instrument technique described in this paper provides
sufficient counts for statistically significant results at 1-day intervals, and the ENA images
should provide a powerful technique to remotely image the heliosphere-LISM interaction region
and elucidate its associated physics.
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