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Abstract The IBEX-Hi Neutral Atom Imager of the Interstellar Boundary Explorer (IBEX)
mission is designed to measure energetic neutral atoms (ENAs) originating from the interac-
tion region between the heliosphere and the local interstellar medium (LISM). These ENAs
are plasma ions that have been heated in the interaction region and neutralized by charge
exchange with the cold neutral atoms of the LISM that freely flow through the interaction
region. IBEX-Hi is a single pixel ENA imager that covers the ENA spectral range from 0.38
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to 6 keV and shares significant energy overlap and overall design philosophy with the IBEX-
Lo sensor. Because of the anticipated low flux of these ENAs at 1 AU, the sensor has a large
geometric factor and incorporates numerous techniques to minimize noise and backgrounds.
The IBEX-Hi sensor has a field-of-view (FOV) of 6.5° x 6.5° FWHM, and a 6.5° x 360°
swath of the sky is imaged over each spacecraft spin. IBEX-Hi utilizes an ultrathin carbon
foil to ionize ENAs in order to measure their energy by subsequent electrostatic analysis.
A multiple coincidence detection scheme using channel electron multiplier (CEM) detec-
tors enables reliable detection of ENAs in the presence of substantial noise. During normal
operation, the sensor steps through six energy steps every 12 spacecraft spins. Over a single
IBEX orbit of about 8 days, a single 6.5° x 360° swath of the sky is viewed, and re-pointing
of the spin axis toward the Sun near perigee of each IBEX orbit moves the ecliptic longi-
tude by about 8° every orbit such that a full sky map is acquired every six months. These
global maps, covering the spectral range of IBEX-Hi and coupled to the IBEX-Lo maps at
lower and overlapping energies, will answer fundamental questions about the structure and
dynamics of the interaction region between the heliosphere and the LISM.

Keywords Interstellar boundary - Termination shock - Heliopause - Energetic neutral
atom - ENA - LISM

PACS 96.50.-¢ - 96.50.Ek - 96.50.Xy - 96.50.Zc

1 Introduction

The scientific objective of the Interstellar Boundary Explorer (IBEX) mission, launched on
Oct. 19, 2008, is to discover the global interaction between the heliosphere and the local
interstellar medium (LISM) (McComas et al. 2006, 2009, this issue). By acquiring global
maps of the spectral distribution of energetic neutral atom (ENA) fluxes emitted from this
interaction region, IBEX will answer four fundamental questions:

I: What is the global strength and structure of the termination shock?
II: How are energetic protons accelerated at the termination shock?
III: What are the global properties of the solar wind flow beyond the termination shock and
in the heliotail?
IV: How does the interstellar flow interact with the heliosphere beyond the heliopause?

Hydrogen ENAs are generated when solar wind or pickup protons, which are heated at
or near the shocked interface between the solar wind and the local LISM, are neutralized
by charge exchange with the cold neutral atoms that constitute a majority of the LISM
(Gloeckler and Geiss 2004) and freely flow through the interaction region. A fraction of
these ENAs successfully travel from the point of their neutralization to 1 AU, avoiding
photoionization from solar UV and ionization by either impact with solar wind electrons
or charge exchange with solar wind ions. Because the ENAs detected by IBEX-Hi have
followed ballistic trajectories from their emission region beyond the edge of the termination
shock, their flux and spectral distribution provide key signatures of the global nature of the
structure and dynamics of the interaction between the heliosphere and the LISM.

The IBEX science payload consists of two ENA imaging sensors that act as highly sen-
sitive single pixel cameras. They utilize the Common Electronics Unit (CEU) for sensor
control, conditioned power, data processing, and telemetry management. While similar in
functional design, these sensors are optimized to measure the tenuous ENA flux across two
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overlapping energy ranges: the IBEX-Lo sensor (Fuselier et al. 2009, this issue) measures
ENAs from ~10 eV to 2 keV in eight energy steps, and the IBEX-Hi sensor measures ENAs
from ~380 eV to 6 keV in six energy steps. The difference in energy ranges covered by
the sensors is enabled by the different mechanisms by which they ionize ENAs before the
ionized ENAs are electrostatically energy-analyzed and detected. In the higher energy range
covered by the IBEX-Hi sensor, ENA ionization (specifically H® — H™) by transmission
through an ultrathin charge-stripping foil provides higher ionization probability, whereas
in the low energy range covered by IBEX-Lo higher ionization probability (specifically
H° — H~ and O° — O™) is enabled by atomic reflection from a diamond-like carbon sur-
face. A second difference is IBEX-Lo’s ability to measure ENA mass and utilize a high
angular resolution collimator section to measure oxygen and uniquely address Question IV.

The ENA flux originating from beyond the termination shock and measured at 1 AU
by IBEX is anticipated to lie within the range of 1 to 500 cm™2s~ ! sr~'keV~! at ~1 keV
(Gruntman et al. 2001; Wurz et al. 2008). Because of this low ENA flux, the designs of the
IBEX sensors have been driven toward maximizing the sensitivity and minimizing the noise
and the backgrounds that would otherwise masquerade as ENAs. The numerous sources of
background and noise (see Wurz et al. 2009, this issue) include ENAs of magnetospheric
origin, ionization and acceleration of ambient gas molecules within the sensor, detection of
ambient ions that are beyond the maximum rejection energy of the entrance subsystem, and
coincidence events generated by penetrating radiation.

A second unique aspect of measuring these ENAs is their energy-dependent transit time
from their formation beyond the termination shock to their detection by IBEX at 1 AU. This
is illustrated in Fig. 1, which shows the time for a hydrogen ENA to travel 100 AU as a
function of its energy. The transit times for ENAs within the energy range of IBEX-Hi to
travel 100 AU range from 196 days at the central energy (4.09 keV) of the highest energy
passband to 591 days at the central energy (0.45 keV) of the lowest energy passband. Fur-
thermore, the range of travel times of ENAs emitted from a point source at 100 AU from the
Earth that are detected within the full width at half maximum (FWHM) of a single energy
passband ranges from 62 days at the highest energy passband to 143 days at the second low-
est energy passband. This time uncertainty for an individual energy passband corresponds to
~1/3 and ~2/3, respectively, of the 6-month period over which IBEX generates a complete
sky map. These time resolutions represent a lower limit because the ENA source region may
be quite thick and extend significantly beyond the termination shock and because ENAs
from source regions at the flanks and tail of the interaction region travel distances that can
be substantially farther than 100 AU.

ENA imaging of the Earth’s space environment was demonstrated serendipitously using
energetic particle instruments on the ISEE-1 mission (Roelof et al. 1985) and then the Polar
mission (Henderson et al. 1997). Neither these instruments nor subsequent dedicated ENA
imagers (e.g., Gruntman 1997; Pollock et al. 2000; Mitchell et al. 2000; Moore et al. 2000)
were optimized for the large aperture area, low noise and background, energy range, or
energy resolution required to measure the dim ENA emission from the inner heliosheath.

IBEX-Hi is a high sensitivity, single pixel sensor. A critical priority of the IBEX-Hi
sensor design and development was maximizing the sensitivity to ENAs while minimizing
noise and backgrounds. This drove the detailed designs of each subsystem: the collimator is
biased at +10 kV to reject ions up to 10 keV/q and is fabricated using nonlinearly stacked
thin plates having collinear aperture holes to minimize ion scattering; the charge conversion
subsystem ionizes ENAs so they can be electrostatically removed from the UV and electron
background; the energy analysis subsystem projects the enormous entrance aperture area of
the sensor onto a small detector area and is serrated to prevent UV and ions > 10 keV/q from
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Table 1 IBEX-Hi sensor
parameters and resources Energy range 0.38-6.0 keV
Energy resolution (A Epwnm/ E) 0.47-0.70
Number of energy steps 6
Field-of-view 6.5° FWHM
(0.0147 sr)
Mass 7.37 kg
Power (W) 0.65W
Telemetry 99 bps

reflecting into the detector subsystem; and the detector subsystem uses channel electron
multiplier (CEM) detectors to minimize noise from penetrating radiation and to measure
coincidence between these detectors to discriminate between noise and a true ENA that is
detected in multiple CEMs as it transits the subsystem.

The summary of IBEX-Hi performance and resources is listed in Table 1. The next sec-
tion describes in more detail the IBEX-Hi sensor subsystems and their unique designs that
maximize sensitivity and minimize noise and background sufficient to view the faint ENA
signal.

2 The IBEX-Hi Sensor

Figure 2 shows a cross-sectional illustration of the IBEX-Hi sensor. The sensor is divided
into four subsystems that are sequentially encountered by an ENA. The entrance subsys-
tem serves multiple purposes, including limiting the angular field-of-view (FOV) to 6.5°
FWHM and electrostatic rejection of ambient electrons with energies up to 0.6 keV and ions
with energies up to 10 keV/g. The ENA then encounters the charge conversion subsystem
that utilizes ultrathin carbon foils to positively ionize a fraction of ENAs that transit a foil.
The ionized ENAs then enter the electrostatic energy analysis subsystem, which consists of
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Fig. 2 This cross-sectional view of the IBEX-Hi sensor illustrates the subsystems and the trajectory of an
ENA through the sensor

nested toroidal analyzer plates that project the large entrance aperture onto a small detector
subsystem. The bias of the inner ESA plate sets the energy passband for ionized ENAs to
enter the detector subsystem. ENAs entering the detector subsystem are accelerated by a
bias of —6 kV for increased detection efficiency. The detector subsystem consists of three
stacked cylindrical chambers (designated A, B, and C as shown in Fig. 2) with each cham-
ber separated by an ultrathin carbon foil. Each chamber has a CEM detector that detects
secondary electrons generated by the interaction of the ENA with a foil or an interior wall
of a chamber. An ionized ENA can transit all three chambers and register a pulse in mul-
tiple detectors, generating a double (AB, BC, AC) or triple (ABC) coincidence event. The
following sections describe in detail these subsystems.

2.1 Entrance Subsystem

The IBEX-Hi collimator subsystem, which is nearly identical to that of IBEX-Lo, serves
multiple purposes. First, it defines the instantaneous FOV of 6.5° FWHM. Second, appro-
priately biased electrodes successively prevent electrons and ions from entering the sensor
aperture. Third, it limits the access of light into the sensor. The collimator has been opti-
mized to provide maximum ENA transmission for the size and geometry of the sensor. The
collimators for IBEX-Hi and -Lo are identical in their design except for small differences in
inner and outer radii and a high angular resolution quadrant in IBEX-Lo that is not present
in IBEX-Hi.

The collimator consists of stacked plates, each with arrays of collinear hexagonal, photo-
etched apertures. The use of plates minimizes the exposed surface area from which particles
can scatter into the charge conversion subsystem. IBEX-Hi has the same FOV over its entire
aperture.

Figure 3 shows a 2-dimensional cut through the collimator. An intrinsic complication
using multiple plates with collinear apertures that form channels is leakage, in which par-
ticles with trajectories beyond the desired FOV enter one channel and can pass through to
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a neighboring channel. To prevent such leakage, a series of six plates with the same small
separation (h; = d tan Oyy,, Where Oy, is the largest possible angle of incidence of parti-
cles that must be rejected) is placed at the center of the collimator. From this set of plates
in the center, additional plates are alternately stacked toward the entrance and exit ends
of the collimator with the plate spacing increasing in a geometrical sequence according to
hi+1 = h;(w + d)/w and the largest spacing at the exit plate. In the final collimator design,
plate separations are slightly less than the theoretical geometric progression to account for
potential leakage from manufacturing tolerances and deviations from plate planarity. The
angle Oy« is limited to <50° at the collimator entrance by a precision-milled pre-collimator
with trapezoid-shaped hexagon ribs, whose width is not larger than d — 50 um.

Assuming no leakage, the angular response of the collimator is solely determined by the
width w of the hexagonal openings and the total distance 4 between the entry and exit plates,
and the FWHM is approximately fgwiv = tan™'(w/ h). For a geometry with close-packed
hexagonal openings in each plate, the transparency T of the collimator at normal incidence
is T =1/(1 4+ d/w)?, where d is the width of the plate between adjacent apertures.

2.1.1 Collimator Field-of-View (FOV)

Figure 4 shows the hexagonal point spread function P (6, ¢) of IBEX-Hi as derived using a
Monte-Carlo simulation of a single hexagonal channel. The maximum transmission of 0.67
lies at P (0, 0), and the integrated FOV is 0.0147 sr. Modeling of the collimator based on
worst-case manufacturing and plate alignment tolerances of 100 wm indicates a cumulative
transmission of <10~ for particle trajectories over all angles beyond the nominal FOV. Test-
ing of the IBEX-Lo and IBEX-Hi collimators with an Ar* beam showed that the combined
effects of leakage through neighboring channels and scattering from edges of the collimator
plates resulted in a transmission of <1073,
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Fig. 4 The IBEX-Hi collimator
transmission as a function of
incident ENA angle is derived
using Monte-Carlo simulations of
the geometric response of a
single hexagonal channel with an
aspect ratio of length 4 to major
hexagonal cell width w of

26.83 : 1. This collimator point
spread function P (0, ¢) has a
maximum transmission of 0.67
and an integrated FOV of

0.0147 sr
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Fig. 5 Measured 20 keV Art transmission through the collimator as a function of incident beam angle 6,
where 6 = 0° corresponds to the boresight direction, for angular scans across the hexagon corners (left)
and across the hexagon base (right). The collimator was grounded during the tests. The simulated angular
response is shown in red and agrees well with the data except near 0°, which is an artifact of non-uniform
illumination of the ion beam over a small region of the collimator

The FOV and the overall transparency of the collimator were determined using an optical
comparator, which measured the total line width of the collimator stack. The FOV was
measured to be 6.44 £+ 0.15° FWHM across the hexagon base and 6.5 £ 0.15° FWHM
across the hexagon corners. The transparency of the IBEX-Hi collimator was found to be
66.85 4 0.75%. Angular and linear scans with a narrow 20 keV Ar™ beam across the base
and the corners of the hexagon have verified these optical measurements as shown in Fig. 5.

@ Springer



82 H.O. Funsten et al.

2.1.2 Suppression of Ambient Charged Particles

In order to minimize background, the IBEX sensors must reject ambient (positive) ions
up to 10 keV/g and electrons, including ubiquitous photoelectrons, up to 0.6 keV. If ions
were allowed to enter IBEX-Hi, they would be indistinguishable from ENAs of similar en-
ergy. Rejection of ions up to 10 keV/g was chosen because ion fluxes at energies >10 keV
decrease rapidly with increasing energy for most plasma environments encountered over
the IBEX orbit. This ion rejection is achieved by biasing the entire collimator structure to
+10 kV. Furthermore, the pre-collimator imposes electrostatic troughs at the entrance of
each hexagonal channel that act as defocusing lenses, so most incident ions between 10 and
16 keV are deflected to angles significantly outside the collimator acceptance range and thus
are substantially prevented from reaching the conversion foil.

Figure 6 shows the observed ion transmission through the IBEX-Hi collimator as a func-
tion of incident angle for 7.5 keV Ar" in a test configuration in which the collimator was
biased to +8 kV and used to validate the collimator electro-optic model. Maximum trans-
mission values of ~2 x 10~ were obtained. This represents an upper bound to the actual ion
transmission due to neutralization of a small fraction of the ion beam by charge exchange
with the residual gas in the vacuum chamber; these neutrals can pass through the collimator
and be detected.

If left exposed to the space environment, the collimator biased to +10 kV would attract
and collect ambient electrons, including copious photoelectrons from the sunlit side of the
spacecraft, resulting in a total electron current approaching 100 pLA. Furthermore, many of
these electrons would transit the collimator and ionize the residual gas in the space between
the collimator and charge conversion subsystem; these ionized atoms and molecules would
then be accelerated to the conversion foil and could masquerade as legitimate ENAs. To
avoid both effects, negatively biased electron repeller ring electrodes are placed in front of
the inner and outer radii of the collimator but completely outside of the collimator FOV.
Figure 7 shows a cut through the entrance subsystem with simulated equipotential lines. To
achieve a closed potential surface of —0.6 kV in front of the +10 kV collimator, the electron
repeller electrodes are biased to —3.125 kV. Tests with an electron beam and the collimator
biased to +10 kV demonstrated that rejection of electrons up to 0.6 keV is achieved with
this configuration. We note also that photoelectrons and secondary electrons emitted from
the electron repeller electrodes are accelerated to the collimator but only at high incident

Fig. 6 Transmission of 7.5 keV 103 TT T[T T T[T T T[T T T[T T T[T T T TTT
Ar™ as a function of the
azimuthal angle around the
annular collimator entrance. The
collimator is biased to +8 kV and
the electron repeller electrode is
biased to —2.5 kV. A radial
spoke spanning the aperture at 0°
completely blocks the incident
beam. Except for measurements
at the spoke, these measured
transmission values represent an
upper limit because of the small
fraction of ArY in the incident ®

beamthatpassesthroughthe 10.6 IIIIIIIIIIIIIIIIIIIIIIIIIII
collimator and is detected -10 0 10 20 30 40 50 60
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Fig. 7 The radial cut through the
IBEX entrance subsystem .
illustrates equipotential field lines
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angles significantly outside of the collimator FOV, thus preventing these electrons from
reaching the critical volume between the back of the collimator and the charge conversion
subsystem.

2.2 Charge Conversion Subsystem: ENA Ionization

ENAs that transit the collimator enter the charge conversion subsystem whose purpose is
to convert the ENAs to positive ions by transmission through an ultrathin foil. A total of
15 foils are distributed in a circular array as shown in Fig. 8 with inner and outer radii of
14.41 cm and 16.56 cm, respectively. These foils are nominal 0.6 ug cm~2 carbon from ACF
Metals and are mounted on 333 line-per-inch (Ipi) Ni grids that have a typical transmission
of 73.4% as measured using a 50 keV H™ beam. Each foil is mounted on a two-window foil
frame that was determined by analysis and testing to be the optimal geometry for acoustic
survival during launch. The foil frames each have an open area of 10.44 cm? for a total
conversion foil area of 156.6 cm®. The conversion foil grid transmission was measured to
be 73.4%, and the transmission of the photoelectron suppression grid located immediately
in front of the conversion foils was 95%.

The probability of H® exiting the foil as H* is shown in Fig. 9 (Funsten et al. 2001). The
ionization probability ranges from 0.013 at 0.33 keV to 0.13 at 6 keV, and the laboratory
data infer two different ionization regimes by their different energy dependence. ENAs also
lose energy in the foil as measured by Allegrini et al. (2006).

The foil constant kg = Egyy /2, in which Ej is the energy of an incident H™ ion beam
and v/ is the angular halfwidth of the scattered beam after transit through the foil, was
measured for each foil as a proxy for foil thickness (Funsten et al. 1993) and to quantify
its energy-dependent angular scattering, which is an important part of the end-to-end sensor
model. The angular halfwidth v, ,, was determined by integrating the 2-D scatter distribu-
tion in one (x, y) dimension and dividing by 1.19 to correct for integration of a Lorentzian
distribution. The measured foil constant, frame serial number, and location in IBEX-Hi of
each foil are listed in Table 2. The average foil constant for all foils is 18.5 keV deg. The
foils were additionally analyzed for pinholes using Art beam analysis (Funsten et al. 1992),
and the pinhole fraction was less than 1% for all foils.

One possible source of significant background is electron impact ionization of outgassing
atoms and molecules in the region between the conversion foils, which lie at ground poten-
tial, and the collimator, which lies at +10 kV. Ionization is caused by photoelectrons or sec-
ondary electrons that are emitted from the entrance surface of a foil or a foil frame surface
and then accelerated toward the collimator. Ionized atoms and molecules are accelerated in
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Fig. 8 The charge conversion
foil locations are noted in this
front view of the IBEX-Hi sensor
that has its entrance subsystem,
ESA subsystem, and detector
cover removed

Fig. 9 The measured ionization
probability of HO transmitted
through an ultrathin carbon is
shown as a function of incident
energy
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the opposite direction of electron acceleration, directly toward the conversion foils. These
ions could exit the foil within the energy range of IBEX-Hi, therefore masquerading as he-
liospheric ENAs. We have minimized this “ion gun effect” background in two ways. First,
the charge conversion foils act as a seal to block gas in the energy analysis and detector
subsystems from entering the collimator region, which minimizes the pressure of the am-
bient gas in the “ion gun” region. Second, the charge conversion subsystem incorporates a
25 1pi nickel grid with 95% transmission located 0.48 cm in front of the charge conversion
foils and biased to —300 V to suppress the photoelectrons and secondary electrons. Simu-
lations show complete suppression of photoelectrons and secondary electrons emitted from
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Table 2 IBEX-Hi foil placement

and measured foil constant k. oil Foil Foil constant,
The requirement for IBEX-Hi is location number kp [keV deg]
kg <25 keV deg

1 27 16.8

2 30 19.3

3 19 19.3

4 31 16.8

5 42 20.2

6 43 17.6

7 17 18.5

8 38 18.5

9 41 18.5

10 48 18.5

11 33 19.3

12 49 16.8

13 40 20.2

14 36 19.3

15 50 16.8

Average 18.4

the conversion foils and foil frames with energies up to at least 30 eV; this value is signif-
icantly lower than might be expected from a —300 V grid bias because of the large field
leakage due to the high geometrical grid transmission (Read et al. 1998). The suppression
grid reduces the “ion gun” background by a factor of ~20.

2.3 Energy Analysis Subsystem

Positively ionized ENAs exiting the charge conversion foil enter the electrostatic energy
analyzer (ESA), whose inner and outer analyzer plates are shaped like a “Bundt” baking
pan (Moestue 1973). This geometry was successfully used on the Russian Interball mission
(Vaisberg et al. 1995) and on the ISTP/POLAR mission (Shelley et al. 1995). The radius of
the electro-optic surface of the inner (outer) ESA plate is 5.32 cm (8.34 cm), with the center
of this radius located 8.76 cm (8.83 cm) from the central symmetry axis of the ESA plates
and 0.82 cm (1.15 cm) below the plane of the conversion foils.

The inner ESA plate can be biased up to —7 kV and is the primary control for the central
energy of each of the six energy passbands of IBEX-Hi, where we define the central energy
as the energy of the maximum of the sensor response function for the passband. The ESA
plates had serrations of hemispherical troughs of radius 0.76 mm machined such that the
troughs are concentric relative to the symmetry axis of the sensor and, therefore, are aligned
perpendicular to the direction of electrostatic deflection of ionized ENAs in the ESA. The
serrations minimize scattering of many background particles into the detector subsystem,
including UV light, ENAs exiting the foil as neutrals, ionized ENAs outside of the set energy
passband, and ions > 10 keV that can successfully transit the entrance and charge conversion
subsystems.

The outer ESA plate is biased to —90 V, —80 V, and —20 V for the lowest three energy
passbands (passbands 1, 2, and 3, respectively) for two purposes, both of which increase the
energy analysis subsystem throughput. First, ENAs scatter in the foil, especially at lower
energies, to an angle at which they cannot transit the ESA even though their energy resides
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within the energy passband. For the lowest energy passband, the —90 V on the outer ESA
plate coupled with the —780 V on the inner ESA plate accelerate and proximity focus ion-
ized ENAs so they have a higher probability of transiting the ESA. Second, ENAs lose pro-
portionately more energy in the foil at lower energies, so fewer ENAs that would otherwise
transit the ESA actually do. Because all ionized ENAs are accelerated by the same energy
into the ESA, they are subsequently analyzed at a higher central energy and, importantly, at
a broader energy passband. This shift of ionized ENAs to higher energies in the ESA and
the wider energy passband at these higher energies therefore enable a higher throughput to
compensate for the larger energy loss in the foil at lower incident ENA energies.

The intrinsic geometry of the toroidal ESA plates provides azimuthal focusing through-
out the first 90° of deflection and azimuthal defocusing beyond 90°. The detector subsystem
is biased to —6 kV to accelerate ionized ENAs into the detector subsystem to counteract this
defocusing and also to increase the detection efficiency of the ionized ENAs. Electro-optic
simulations of the coupled ESA and detector subsystems optimized the design so that the
focal points of ENA trajectories at the central energy of each passband are located near the
center of the detector subsystem and along its central axis.

2.4 Detector Subsystem

The detector subsystem consists of three nearly identical, stacked cylindrical chambers, each
5.6 cm in diameter and 2.6 cm tall and each having a CEM detector as shown in Fig. 10.
The chambers, designated A, B, and C as sequentially encountered by an ionized ENA,
are separated by two thin (nominal 2 pg/cm?) carbon foils (McComas et al. 2004). The
ionized ENAs transit the foils and generate secondary electrons (e.g., Ritzau and Baragiola
1998; Allegrini et al. 2003) at their entrance and exit surfaces. Similarly, the ionized ENAs
generate secondary electrons when they impact the aluminum interior walls of the chambers
or the back wall of Chamber C. As shown in Fig. 10 secondary electrons generated within
one chamber are electrostatically attracted towards the CEM detector of the same chamber
by the potential difference between the CEM funnel (—1.7 kV) and the chamber (—6.0 kV).
The secondary electrons subsequently generate a pulse in the CEM, and detection of pulses
in more than one CEM detector within a prescribed time window is registered as a coincident
event.

Penetrating radiation (e.g., >5 MeV electrons or >100 keV photons) can generate a
coincidence signal that can be mistaken for a detected heliospheric ENA. To minimize this
effect, the CEMs are positioned so that no straight penetrating particle trajectory can go

Fig. 10 Ionized ENAs enter the
IBEX-Hi detector subsystem and
generate secondary

electrons (e ™) at interior
chamber surfaces including the
foils between Chambers A and B
and between Chambers B and C.
These secondary electrons are
detected in each chamber,
enabling double (two chamber)
or triple (three chamber)
coincidence detection of a single
ENA

lonized ENA
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through all three CEMs. Thus, a triple coincidence is limited to penetrating particles actually
crossing the two carbon foils. Careful characterization of the background in the detectors and
detector subsystem is described in Sect. 4 (Calibration and Performance) and in more detail
in Wurz et al. (2009).

The Sjuts CEMs have a rectangular funnel with a sensitive area of 1.20 x 2.47 cm. The
carbon foils, procured from ACF Metals, are mounted on electro-formed 200 1pi nickel
grids with a transmission of ~78%. The entrance grid of Chamber A is covered by a 70 Ipi
electroformed nickel grid, with a transmission of ~90% but no foil.

When a secondary electron is detected by any of the three CEM detectors, short (3 ns)
and long (96 ns) electronic coincidence windows are opened. During these intervals the
electronics are triggered to accept and record events detected in the other CEMs. At the
end of the long coincidence window, 18 unique combinations of events are possible. We
note that an ionized ENA may not be detected for at least three reasons: the secondary
electron yield from carbon foils is statistical (Poisson) with the non-zero probability that no
secondary electron is produced (Gruntman et al. 1990); the electro-optic model shows that
not all secondary electrons impact the sensitive area of the CEM detector; and the CEM
detection efficiency for electrons at ~4 keV is ~70-80% (Paschmann et al. 1970).

The shortest travel time for a 6 keV ENA to traverse the two foils of the detector subsys-
tem is about 17 ns, which is much longer than the short coincidence window duration of 3 ns.
Because an ionized ENA enters Chamber A first and reaches Chamber C last, a coincident
event with CEM C registering a pulse in the short time window when an event in CEM A
is also detected is unlikely to be a real ENA. Therefore, we developed two qualification
schemes, discussed in the next section, to prioritize coincidence combinations that are most
likely associated with ENAs rather than penetrating radiation or accidental coincidences.

2.5 Electronics

The IBEX-Hi electronics are designed to capture coincident events between any of the three
CEM detectors and to record counts from the CEM detector in the IBEX Ion Background
Monitor (IBaM) (Allegrini et al. 2009, this issue). The electronics are distributed between
the Combined Electronics Unit (CEU) and the IBEX-Hi sensor. Within the IBEX-Hi sensor,
high voltage filters eliminate noise and charge amplifier electronics convert CEM charge
outputs into digital signals for processing on the Digital Board in the CEU.

The CEU also contains the high voltage power supplies (HVPS) for both sensors that
generate and control voltages for the CEM detectors, collimator electrodes, and electro-optic
elements. While the HVPS for both IBEX-Lo and IBEX-Hi reside on the same CEU board,
their physical layouts are completely separated so that a fault on the HVPS of one sensor
will not affect the HVPS performance of the other. The IBEX-Hi HVPS, their maximum
and nominal operating voltages, and maximum output currents are listed in Table 3. Except
for the Collimator (+) voltage, the high voltages for IBEX-Hi are generated by linearly
regulating the output voltage from bulk high voltage supplies, which increases the overall
efficiency. The step settling time of the inner ESA plate supply is 0.2 s for a step from
—7.0kV to —0.5 kV and 0.05 s for a step from —0.5 kV to —7.0 kV, both of which are much
shorter than the measurement time at a single energy step of two consecutive spacecraft
spins.

The high voltages applied to the CEM detectors and the chamber stack are filtered to
prevent the introduction of noise in the signal electronics. Each CEM detector has a one-
pole low-pass filter with a cut-off frequency of 72 Hz. The coaxial return line for each
CEM HVPS has a “zap-trap” of back-to-back diodes and a capacitor to provide a chassis
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Table 3 IBEX-Hi high voltage

power supplies (HVPS) High voltage Max. Nomir.lal Max.
power supply voltage operating current
kV) voltage (kV) (LA)
Collimator (4) 11.0 10.0
Collimator (—) —4.6 -3.1
CEM_A —4.6 -1.7 23
CEM_B —4.6 -1.7 23
CEM_C —4.6 -1.7 23
CEM_D —4.6 —-1.7 23
Detector —6.0 —6.0 1
Chambers
Inner ESA -7.0 Energy 1
dependent
Outer ESA —0.30 Energy 1
dependent
Suppression —0.30 —-0.30 1
Grid

return path to dissipate the large filter capacitor in the event of a high voltage discharge, thus
protecting the electronics within the sensor. The high voltage to the chamber stack uses a
two-pole filter with a cut-off frequency of 127 Hz.

Amptek A121 fast hybrid charge amplifiers convert the electronic pulse outputs from
the CEMs into digital pulses. The Amptek A121 was selected because of its relatively
low power, voltage-adjustable threshold, and small package. The amplifier electronics were
housed in separate, grounded enclosures for each CEM to maximize isolation and therefore
minimize crosstalk between the CEMs’ electronics chains. The anode output of each CEM
is connected to the input of the charge amplifier by an RG-178 coaxial cable that is ~15 cm
long. The charge amplifier is protected from high voltage discharge by a 100 €2 carbon-
composition resistor that is mounted away from other board components and followed by
back-to-back input protection diodes.

The threshold for the A121 is voltage controllable within the range 5 x 10*-5 x 10° elec-
trons and commanded through software at a nominal operating value of 3 x 10° electrons.
This is well above the analog noise floor, ensuring that no electronic noise can trigger a false
coincidence in the measurement, and well below the centroid of the CEM pulse height distri-
bution, ensuring no loss of valid counts. A filtered, differential-receive circuit processes the
analog threshold that is generated in the CEU, reducing noise and re-referencing the thresh-
old to the charge amplifier’s ground. The output pulse width is set to 75 ns. The dead-time is
525 ns, implying a maximum theoretical periodic throughput for each channel of 1.9 MHz.

The TTL-level output of the charge amplifier is converted to Low Voltage Differential
Signal (LVDS) levels before being transmitted to the CEU. This current-steering output
produces small voltage swings that are equal and opposite, which minimizes noise on the
power and ground lines. This is an important feature which greatly reduces the possibility
of cross-talk between channels as well as feedback into the front-end of the amplifiers.

Besides the three CEM detectors (A, B, and C) in the IBEX-Hi detector subsystem, a
fourth CEM detector (D) is used in the IBaM. CEM D plays no role in the coincidence mea-
surement and simply accumulates counts to measure the ion background. The detector type
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Fig. 11 The coincidence circuit within the CEU FPGA provides a novel polling scheme for capturing
whether an event was detected in any of the three CEM detectors at the end of short and long time win-
dows

and analog electronics (including input filtering, zap-trap protection, and charge amplifier
board) for CEM D are identical to the other CEM detectors.

Test pulsers enable testing and exercising of the charge amplifier channels and the down-
stream coincidence circuitry. Each test pulse is equivalent to a CEM pulse magnitude of
6.8 x 10° electrons. The test pulsers are controlled by registers within the CEU field pro-
grammable gate array (FPGA). Various pulse patterns and coarse time delays can be gen-
erated to simulate all possible coincidence event types, providing tremendous flexibility to
test the electronics chain.

The CEU receives the digital signals from CEM detectors A, B, and C and uses a novel
polling scheme at the ends of two time windows to classify coincident events rather than
more traditional and much more complex time-of-flight (TOF) measurement. As shown in
Fig. 11, the digital signals from each CEM are split. The first lines are each input into a
4 ns fixed pre-delay and subsequently into a gated D-latch. When a pulse is detected in any
CEM, its individual state is latched “hi” for the duration of the coincidence measurement.

The second lines split from the CEMs are used to poll the state of each CEM at two
prescribed times (designated as “short” and “long”) using the following method. The CEM
outputs are input into an OR gate to register if any CEM detected an event, and the output of
the OR gate is latched for the duration of the coincidence measurement. The latch output is
then split and input into a “short” time delay (controllable within a range of 1-8 ns in steps
of 1 ns) and a “long” time delay (controllable within a range of 30—100 ns in 10 ns steps).
The outputs of the time delays are used as the clock inputs, or triggers, for the final gated D-
latches to record snapshots of which detectors register an event at the ends of the short and
long time windows. The contribution of the pre-delay of 4 ns combined with the nominal
(but adjustable) settings for the short and long time delays of 7 ns and 100 ns, respectively,
correspond to nominal short and long coincidence windows of 3 ns and 96 ns, respectively.

When an event is detected, the latched outputs of Short_A, Short_B, and Short_C are reg-
istered at the end of the short time window, and the latched outputs of Long_A, Long_B, and
Long_C are registered at the end of the long time window. If a latched state is “hi”, which
corresponds to a detected event, then this state is recorded for the appropriate time window
and detector. A “hi” event state captured at the end of the short window is designated as
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lowercase “a”, “b”, or “c” and at the end of the long window is designated as uppercase “A”,
“B”, or “C” according to the CEM detector in which the event occurred. Note that an event
registered in the short window will also be registered in the long window.

We define a “Long” event as any non-coincident or coincident event that has registered
at least one “hi” state at the end of the long time window, irrespective of whether it was
registered as a “hi” in the short time window. The set of Long events therefore includes all
single events and coincidence combinations. For example, a “Long AB” corresponds to all
possible coincident AB events: aAB, bAB, and abAB.

Because an ionized ENA sequentially traverses Chambers A, B, and C, we find that some
coincidence combinations more likely result from detection of ENAs, such as an A event first
observed in the short time window and a C event only observed in the long time window.
Conversely, other combinations more likely result from penetrating radiation, such as both A
and C events detected in the short time window. Therefore, IBEX-Hi has two qualification
schemes, either of which can be invoked by the CEU for any coincidence combination,
to prioritize individual coincident events for the histogram data and the direct event data
stream.

The first qualification scheme, denoted as Qual(Not_C), retains all coincident events of a
coincidence combination in which the short time window never includes an event in Detec-
tor C. For example, “Qual(Not_C) ABC” retains only the triple coincidence events aABC,
abABC, and bABC.

The second qualification scheme, denoted as Qual(Not_Equal), retains all events in
which the events in the short and long windows are different. For triple coincidences,
“Qual(Not_Equal) ABC” includes all triple coincidence events except for abcABC; in an-
other example, “Qual(Not_Equal) AB” includes aAB and bAB but excludes abAB.

We note two additional features of this implementation. First, the pre-delay of 4 ns men-
tioned above combined with the adjustable short time delay provides a trim range to set a
short coincidence window that includes 0 ns and record a snap-shot of the combination of
CEM signals that caused the event to start. Second, the coincidence measurement can sta-
tistically identify and quantify the abundance of heavy ions in the measurement (Allegrini
et al. 2008).

3 Sensor Model

An end-to-end performance model of IBEX-Hi was developed and refined throughout devel-
opment of the sensor to optimize the sensor design and to simulate and evaluate performance
of the subsystems individually and the sensor as a whole. The model is constructed with a
combination of analytic modeling, electro-optic simulations, and physics modeling of spe-
cific sensor elements. Electro-optic design and simulations were performed using SIMION,
a commercially available charged-particle optics simulation package (Dahl 2000).

Testing of IBEX-Hi subsystems and calibration of the fully assembled sensor has been
used to validate most components of this model. The calibration results alone do not consti-
tute a complete characterization of IBEX-Hij; in fact, only a limited subset of all possible ion
or neutral atom energies, species (H and O), incident angles, and foil locations on the sensor
could be tested in the time available. A high-fidelity sensor model allows us to interpolate
between these data points to derive an integrated response function and to predict sensor
response across the full possible range of operational conditions expected throughout the
mission, allowing the flexibility to modify the measurement strategy if needed for discovery
science.
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The end-to-end model includes a geometric ray-tracing of the collimator, an empirical
determination of foil transmission and ionization fraction, and 3-D electro-optic SIMION
models of the energy analysis and detector subsystems. The end-to-end simulation is per-
formed by propagating a large number (N ~ 10°) of ENAs distributed in energy (E) and
angle (6, ¢) through the model for each of the 6 energy settings (j) of the ESA. As the
ENAs “fly” through each sensor element (k), they are appropriately propagated in a manner
that reflects the physical action of that particular element. At each stage, the transmission
efficiency (7;x = N7}/ N}‘fk) is determined. Note that 7, N™, and N°" are all functions of
energy, angle, and position. We consider each stage in turn below.

Collimator ~ As previously described, the IBEX-Hi collimator is composed of a stacked
array of hexagonal cells that restrict the FOV to 6.5° FWHM. Because the FOV is based
solely on the geometry of a hexagonal channel, the angular dependence of the collimator
transmission is accurately modeled using the collimator response function P (6, ¢), which
is illustrated in Fig. 4 and is indistinguishable from the measured performance. The sensor
simulation is initiated here, with virtual ENAs uniformly spread across the cell entrance and
uniformly distributed in angle up to £10° relative to the collimator boresight.

Conversion Foil Ultrathin carbon foils are used to convert a fraction of the incident ENAs
into positive ions that are then energy-analyzed and accelerated into the detector section.
Although the desired function of the foil is to simply strip an electron from an ENA, the
ENA also undergoes statistical processes of angular scattering, energy loss, and ionization.
These are simulated via Monte-Carlo sampling of energy-dependent empirical functions for
each of the above factors.

e The scattering angle for a given ENA is determined by sampling a 2-D Lorentzian-
squared, having an angular width determined by the ENA’s initial energy and laboratory
measurement of the foil constant kg. The use of a Lorentzian-squared is based on empiri-
cal best fit to the measured laboratory distribution.

e Energy loss of ENAs at energies >1 keV is based on measurements by Allegrini et al.
(2006) and uses an asymmetric Gaussian energy distribution having a mean and width that
are functions of foil thickness, ion species, and ion energy. These results were extrapolated
for ENA energies <1 keV.

e The probability for ENA transmission through the foil tg,; was derived using SRIM
(Ziegler et al. 1985) Monte-Carlo simulations of protons incident on a 1.7 g cm~2 carbon
foil. The results were fit to Tro = exp(—9.594 x 10*/E?), where E is in eV.

e The probability of an ENA exiting the foil as H* is determined from the formulas in
Fig. 9.

Electrostatic Energy Analyzer (ESA) A SIMION electro-optic model of the energy analy-
sis subsystem incorporates the geometry of all relevant electrostatic elements, and the tra-
jectories of H* exiting the foil through the ESA are subsequently computed. Figure 12
compares the simulation and calibration (Cal 1) results of the absolute transmission of the
combined conversion foil and ESA for each of the six energy steps. The model clearly repro-
duces the measured behavior, including the energy passband centers and widths, especially
for the higher energy passbands. The good correspondence, which is slightly worse at lower
energies where the conversion foil behavior is less well known, gives us confidence in our
general understanding of the foil physics and ESA electro-optics. We have employed a scal-
ing factor to the modeled transmission values to account for the differences between the
simulations and the calibration data; the scaling factors range from 1.45 at energy step 1
to 0.88 at energy step 6.
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Detector Subsystem The detector model uses a separate electro-optic model for each
chamber and a single carbon foil model for the foils between Chambers A and B and Cham-
bers B and C. Simulated H" ions are initially incident at the entrance grid of Chamber A
and sequentially propagate through the electro-optic model of Chamber A, the foil model,
the electro-optic model of Chamber B, the foil model, and finally the electro-optic model for
Chamber C. At the location of ion impact on each foil, the probability for secondary electron
emission from each surface is calculated using a Poisson distribution and the measurements
of Kozochkina et al. (1993) and Ritzau and Baragiola (1998). These secondary electrons,
in turn, are propagated through the appropriate chamber electro-optic model by following
their trajectory to the CEM detector, and their detection probability is 0.7. The detector rep-
resents the most complex and uncertain component of the end-to-end model, and at the time
of the IBEX launch the sensor response function is primarily based on the empirical, scaled
detector response that is discussed in Sect. 4 (Calibration and Performance).

4 Calibration and Performance

IBEX-Hi had four phases of calibration: Cal 1, which included calibration without the colli-
mator and photoelectron suppression grids for quantification and electro-optic validation of
the integrated performance of the charge conversion and energy analysis subsystems with
ion and neutral atom beams; Cal 2, which verified performance for a small subset of energies
and foils and was performed between vibration testing and thermal-vacuum testing (Jones
and Bernardin 2007); Cal 3, which used the spare CEU that was functionally identical to
the flight CEU for detailed, end-to-end performance characterization; and Cal 4, which was
cross calibration with IBEX-Lo.

Cals 1, 2, and 3 were performed at Los Alamos National Laboratory (LANL) using a
magnetically mass-resolved H" beam generated by a microwave ion source having an in-
trinsic energy spread <2 eV and accelerated to an energy from 0.45 to >10 keV. A neutral
hydrogen (H°) beam was created by charge exchange of the H" beam with the residual gas
in the beam line between the mass-analyzing magnet and the calibration chamber, and the
remaining H* in the H® beam was magnetically deflected before it could enter the chamber.
The beam transited a 2.0-mm-diameter aperture and had a measured diameter at the IBEX-
Hi entrance of ~2.2 mm for energies >1 keV and 2.8 mm at 450 eV. The wider beam at the
sensor entrance was due to angular divergence of the beam. The typical chamber pressure
was <2 x 1077 torr, and Residual Gas Analysis (RGA) spectra were obtained at least once
each day and every 20 minutes when IBEX was under vacuum but not powered. Cal 4 was
performed at SWRI; details of the SWRI calibration facility are provided in McComas et al.
(2009a).

In all calibrations, the ion or neutral atom beam flux was measured using an absolute
beam flux monitor that is schematically illustrated in Fig. 13. The monitor utilizes a co-
incidence scheme (Funsten et al. 2005) in which an ion or neutral atom beam generates
secondary electrons at the entrance surface of a foil, and these electrons are accelerated to
and detected by detector D1. A fraction of the beam transits the foil and generates secondary
electrons on the back surface of the foil and at the back plate of the monitor; these secondary
electrons are accelerated toward and registered by detector D2. The absolute detection ef-
ficiencies for each detector are derived from measurement of the single (non-coincident)
count rates C; and C, of CEM detectors D1 and D2, respectively, and the coincidence count
rate Ccon between them. The probability (and therefore detection efficiency) that an ion
that enters the monitor is detected by D1 is ¢; = Ccoin/(Ccow + C»). Similarly, the D2 de-
tection efficiency is &, = Ccow/(Cco + C1). Because these detection efficiencies include
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Fig. 13 The absolute beam flux
monitor was used to measure the
H* or H? beam flux throughout
the IBEX-Hi calibrations

D1 D2
Table 4 Average background
count rates for exclusive Measurement Background rate
(non-coincident) single events
and a subset of coincidence types ~ Singles CEM A 89 mHz
me.asured over 19.6 gou.rs of CEM B 115 mHz
quiescent operation during cross
calibration CEM C 69 mHz
CEM D 12 mHz
Double Long AB 2.8 mHz
coincidences Long BC 4.2 mHz
Qual(Not_C) AC 0.13 mHz
Triple Qual(Not_C) ABC 0.58 mHz
coincidences Long ABC 1.04 mHz

the secondary electron yields, the fraction of the beam that transits the grid-mounted foil,
and the probabilities that secondary electrons are accelerated into the detectors and generate
pulses, we do not need to know these quantities individually. The resulting coincidence effi-
ciency is therefore econ = €1€2, and the incident beam flux is therefore Ccon/(AgEcoiN),
where Ag is the cross-sectional area of the beam.

The beam flux and beam stability were measured throughout the calibrations. The stabil-
ity was typically 1-3% over a single IBEX-Hi measurement. The beam was also monitored
for drift over time, and typical drift for >80% of the calibration data was <5%. Importantly,
the IBEX-Hi sensor telemetry stream reports single (non-coincident) count rates for each
of its three detectors as well as all coincidence count rates, enabling in sifu monitoring of
detection efficiencies of each detection chamber throughout the IBEX mission using this
method.

The average background count rates, listed in Table 4, were measured over 19.6 hours
during Cal 4 (cross calibration) when the sensor was fully operational but had no incident
ion or ENA beam. The singles count rates in each CEM detector were <0.2 Hz. While the
coincident count rates are higher than expected based on random coincidence of the back-
ground singles rates in the detectors, we have found that ambient gamma rays are associated
with a majority of the background coincidence events observed in the detector subsystem.
This is based on the relative frequency of different coincidence combinations in the detector
subsystem from a 137Cs source placed next to the sensor, from a 3.5 keV H* beam, and
under a quiescent (unstimulated) condition. We used laboratory TOF electronics to measure
the TOF between detected events in all coincidence combinations. While most coincident
events from the 3.5 keV H* beam involved a first pulse from CEM A and no events in which

@ Springer



The Interstellar Boundary Explorer High Energy (IBEX-Hi) 95

CEM C registered the first pulse, both the '¥’Cs source and quiescent background generated
approximately an equal number of coincidences in which CEM A and CEM C registered the
first pulse. We note that '3’Cs also emits 1.175 MeV electrons that have a range of ~2.3 mm
in Al, but these were completely blocked by the Al walls of minimum thickness >2.5 mm
surrounding the interior of the detector chambers and CEM detectors.

We subsequently measured the background y-ray environment in the LANL calibration
facilities, showing a background flux of 6.3 ¥ cm™2 s~! between 0.2-3 MeV and specific y-
ray lines corresponding to “°K (K is used in concrete) and daughters associated with 2*?Rn.
Therefore, because a majority of coincident counts listed in Table 4 result from the ambient
y-ray environment of the calibration laboratory, the measured background count rates are
significant overestimates of the background rates expected in space from this mechanism.

IBEX-Hi was also tested for response to UV light, in particular to study the “ion gun”
effect in which photoelectrons generated at the conversion foil are accelerated toward the
+10 kV collimator and ionize ambient atoms or molecules, which in turn are accelerated
into the conversion foil and can masquerade as ENAs. During Cal 1, an Ar-purged deuterium
lamp, followed by two notch filters used to maximize the fraction of H Ly o (1216 A) and
a MgF, window, directly illuminated the conversion foils. The photon rate at the foils was
~4 % 10'% 57! as measured using a calibrated UV photodiode (Korde et al. 2003). The ion
gun effect was observed when the collimator was biased to 410 kV and no voltage was
applied to the photoelectron suppression grid, yielding individual count rates in CEMs A,
B, and Cof 17, 12, and 1.6 Hz, respectively; a total double coincidence rate of ~0.1 Hz; and
a total triple coincidence rate of <0.05 Hz. The double and triple coincidence rates dropped
to background levels when the collimator voltage was switched from +10kV to 0 V.

The IBEX-Hi FOV alignment was measured during Cals 1 and 3 using a theodolite lo-
cated at a viewport at the rear of the calibration chamber, collinear with the beam axis,
and boresighted with two beam-defining apertures upstream of the chamber. A double-sided
mirror was mounted flush to the IBEX-Hi baseplate to an estimated accuracy of <0.1°, and
the alignment was measured using autocorrelation. The reproducibility of the autocorrela-
tion and movement of the motion stages was <0.02°. Alignment accuracy of the theodolite
with the upstream apertures is estimated to be ~0.1°. Finally, angular divergence of the H°
beam was measured to be 0.2° FWHM. Using this alignment scheme, the angular response
of the sensor to a 2.7 keV H beam incident on Foil 6a was measured at Energy Passband 5
at several points in the azimuthal and polar directions, and the results are shown in Fig. 14.
An angular offset of 0.17 & 0.07° in polar and —0.20 & 0.07° in azimuth is likely due to a
combination of the tolerance errors mentioned above and possibly a slight angular depen-
dence of the overall sensor response. After correcting for beam divergence, the collimator
acceptance angle was measured to be 6.5 = 0.1° FWHM, in agreement with the collimator
tests described previously.

Using the Cal 1 results of the combined throughput of the conversion foils and energy
steps as shown in Fig. 12, the central energies and energy resolutions were derived for double
and triple coincidence events and are shown in Fig. 15. The FWHM energy resolution ranges
from approximately 0.45 at the lowest energy passband to about 0.65 at the highest energy
passband. Although limited to only the charge conversion and energy analysis subsystems
(and therefore not representative of the flight energy passbands or the end-to-end IBEX-Hi
energy response), this data was used to validate the physics model of the conversion foil and
the electro-optic design of the ESA.

The energy-dependent trajectories through the ESA govern the location and angle at
which an ionized ENA enters the detector subsystem. Furthermore, there is a known spatial
dependence of the detection efficiency for each detector chamber because the CEM detectors
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Fig. 14 The IBEX-Hi angular T T T T T T T T T ]
response as measured using a 1.0 - ® Azim offset = -0.20 +/-0.07 |
Polar offset = 0.17 +/-0.07
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Fig. 15 The central energies (left panel) and energy resolutions (right panel) of the combined charge con-
version and energy analysis subsystems are shown for each energy step as measured during Cal 1. Dou-
ble coincidences are the sum of Long AB, Long BC, and Qual(Not_C) AC counts. Triple coincidences are
Qual(Not_C) ABC counts

are located on one side of each chamber. However, because ionized ENAs are accelerated
by 6 keV into the detector subsystem and because of the scalability of electro-optics, we
expect that (1) the response for each energy passband can be generally scaled according to
E/E, where E is the central energy of the passband and E is the initial ENA energy and
(2) the detection efficiency for the coincidence combinations are generally independent of
energy. Figure 16 shows the detection efficiency for summed double coincidences (defined
in the figure caption) as a function of E/E, for all passbands and all energies used during
Cal 1 and Cal 3. The data for each coincidence combination were fit to e(E/Ey) = ¢; +
c2((E/Ey+ c3) —c4)? where ¢y, 2, c3, and c4 are fit parameters, and this empirical equation
is used as the basis for the detector response in the end-to-end sensor model.

The Cal 3 results show a slightly higher efficiency of the detector subsystem, which likely
resulted from new foils installed between Chambers A and B and Chambers B and C. These
new foils were mounted using an improved technique and had a higher fraction of coverage
over the support grid. To reflect this enhanced detection efficiency, the upper curve in Fig. 16
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Fig. 16 The empirical detector L e . L B B B B B
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Fig. 17 Response of the IBEX-Hi sensor to a beam of 2.8 keV HO, where the arc-shaped foil apertures have
been flattened such that the horizontal direction corresponds to azimuth. Double coincidences are the sum of
Long AB, Long BC, and Qual(Not_C) AC counts. Triple coincidences are Qual(Not_C) ABC counts

was derived by linear scaling of the empirical Cal 1 equation to the Cal 3 results, which were
incorporated into the end-to-end sensor response function.

During Cal 3, a 2.8 keV H® beam was directed along a snake-like path at a steady rate
of 1 mm/sec along a radial line across a foil and through 0.36° azimuthal steps between
the radial lines. The incident beam flux was intermittently re-measured using the absolute
beam current monitor to monitor beam flux drift. The relative singles (non-coincidence)
rates, double coincidence rates, and triple coincidence rates over multiple foils is shown in
Fig. 17, in which brighter pixels correspond to higher count rates. The response is observed
to change as a function of azimuthal angle (horizontal direction in the figure). This response
variation is the direct result of the azimuthal-dependent trajectories through Chambers A, B,
and C and, in particular, the location of the CEM within each chamber. The axis of symmetry
of the response observed in Fig. 17 and throughout IBEX-Hi calibrations lies along the
line between CEM B (corresponding to the middle of Foil 8) and CEMs A and C (located
between Foils 1 and 15). Table 5 shows the relative fraction of double and triple coincidence
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Table 5 Relative probabilities

of occurrence for different double  Itiple coincidence Combination Event probability
and triple coincidence event set
combinations. Note that
coincidence combinations Qual(Not_C) ABC aABC 0.64
fibcABC, acAC, cAC are not bABC 0.14
included because they are not
likely produced by an ENA in the abABC 022
detector subsystem. CEM D is Double coincidence Combination Event probability
the detector in the IBaM ]
event set
Long AB aAB 0.18
bAB 0.03
abAB 0.06
Qual(Not_C) AC aAC 0.08
Long BC bBC 0.49
cBC 0.07
becBC 0.09

events averaged over the energy passbands. The most probable triple and double coincidence
events are aABC and bBC, respectively.

Calibration results were used to refine and validate all of the modeled and simulated
components of the end-to-end sensor model except for the detector subsystem, which uses
the empirical response shown in Fig. 16. The model is then used to interpolate the response
for energies, foil locations, and incident angles not measured during calibration and derive
the integrated response of the whole sensor. The count rate C; of IBEX-Hi corresponding to
an ENA flux of J(E, Q) cm™2sr~!eV~!s! at ESA setting i (with central energy E;) is

C,-=/J(E,Q)Gi(E,Q)deE. 1)

The geometric factor G; is constructed by separating the collimator response P (£2) from the
comprehensive energy-dependent response R;(E) of the sensor after the collimator:

G,(E,Q) =ATc P(Q) R, (E). 2)

In this equation, A is the total aperture area of the charge conversion foils (156.6 cm?) and
Tc is the fractional area of the collimator consisting of open apertures (0.67). The point
spread function P (£2) describes the angular response of IBEX-Hi, which, to a high degree
of accuracy, can be represented solely as the energy-independent collimator response shown
in Fig. 4. Because the incident ENA flux is expected to be relatively constant over the solid
angle of any single azimuthal pixel, the integrated collimator response corresponds to a solid
angle of [ P(2)d2=0.0147 sr.

The sensor response function R;(E) describes the cumulative, energy-dependent re-
sponse to ENAs that exit the collimator and are incident within the total area of the charge
conversion foils. R; (E) therefore includes all factors governing transmission and transport
through the charge conversion, energy analysis, and detector subsystems, as well as the prob-
ability of detection in each CEM chamber. The response function was generated using the
end-to-end sensor model, and the results for double and triple coincident events are shown in
Fig. 18. The primary uncertainty of the sensor response function lies in the empirical detec-
tor subsystem response function. Using the end-to-end response function, the flight energy
passband settings have been defined as shown in Table 6.
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Fig. 18 The response L T
function R; (E) of the IBEX-Hi B 7
sensor is shown for each energy 1072
passband i. The double
coincidence response includes
the sum of Long AB, Long BC,
and Qual(Not_C) AC events. The
triple coincidence response
corresponds to Qual(Not_C)
ABC events

Double Coincidence Response
Triple Coincidence Response

1073

Response Function, R,(E)

1074

Incident ENA Energy [keV]

Table 6 Flight energy passbands for double and triple coincidence events as derived from the sensor end-
to-end model for each of the six IBEX-Hi energy steps. The full-width-at-full-maximum values (Epw —
E_pw) represent the 99% level and central energy E( represents the energy of the maximum (peak) value of
the response function

ESA setting Double coincidences: Long AB + Long BC + Qual(Not_C) AC
ESA Outer ESA Inner ESA E_pw E_pw Ey Enw E_pw AE/Eg
Step [kV] [kV] [keV] [keV] [keV] [keV] [keV] [keV]

1 —0.09 —0.78 0.26 0.38 0.45 0.58 0.75 0.20

2 —0.08 —1.28 0.36 0.57 0.78 0.98 1.25 0.41

3 —0.02 —1.85 0.62 0.89 1.21 1.56 1.91 0.68

4 0 —2.88 1.07 1.45 1.92 2.53 3.02 1.08

5 0 —4.46 1.68 2.15 2.80 3.82 4.54 1.67

6 0 —7.00 2.57 3.34 4.51 6.14 6.93 2.80
ESA setting Triple coincidences: Qual(Not_C) ABC

ESA Outer ESA Inner ESA E_gpw E_pw Ey Enw E_pw AE/E
Step [kV] [kV] [keV] [keV] [keV] [keV] [keV] [keV]

1 —0.09 —0.78 0.24 0.38 0.45 0.59 0.75 0.47

2 —0.08 —1.28 0.35 0.52 0.71 0.95 1.23 0.60

3 —0.02 —1.85 0.58 0.84 1.08 1.55 1.93 0.65

4 0 —2.88 1.07 1.36 1.85 2.50 3.02 0.62

5 0 —4.46 1.68 1.99 2.70 3.75 4.54 0.65

6 0 —7.00 2.57 3.13 4.09 6.00 6.93 0.70

Based on simulations and recent estimates of ENA fluxes, the spectral slope of ENAs
should sharply decrease with increasing energy above ~1 keV (e.g., Gruntman et al. 2001;
Wurz et al. 2008). Therefore, derivation of the incident ENA flux J(E, 2) from the sensor
count rate C; through inversion of (1) should be performed using an iterative, forward-
modeling method. Nevertheless, the energy geometric factor, defined as

1
GF = E/G,-(E, Q)dQdE, 3
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Table 7 Values of the energy

geometric factor GE (cm? sr ESA step G¥, double coincidence: GE, triple coincidence:
eV/eV) derived using (3) for the Long AB + Long BC + Qual(Not_C) ABC
flight ESA passbands Qual(Not_C) AC

1 0.00060 0.00013

2 0.0016 0.00041

3 0.0028 0.00075

4 0.0053 0.0013

5 0.0086 0.0024

6 0.015 0.0045

can be used to estimate the ENA flux near energy E; using J(E;) = C;/E; GiE . The energy
geometric factors for double and triple coincidence events are listed in Table 7 for each of
the six IBEX-Hi energy passbands.

5 Sensor Operations and Data Handling

IBEX-Hi operates in science mode over the portion of the IBEX orbit when the spacecraft
is above 15 Rg, which is about 93% of the ~8-day orbital period. In this mode, all high
voltages are at nominal operating levels, and the ESA voltages are stepped once every two
spacecraft spins. A complete energy sweep over all six passbands is therefore completed
every 12 spins, which corresponds to 3 min based on a nominal spin rate of 4 rpm.

In science mode, IBEX-Hi reports two data products: (1) histograms of accumulated
counts as a function of angle, energy step, and coincidence type, and (2) direct event data
consisting of individual coincidence events selected using a prioritization scheme and re-
ported at high time (and therefore angular) resolution. The telemetry rate is 42 bps for his-
togram data, 57 bps for direct event data, and 12 bps for housekeeping that is shared with
IBEX-Lo.

Histograms are constructed from accumulated counts from coincident and non-coincident
(single) events and sorted by event type. Each histogram is a 6 x 60 array of counts for the
six energy passbands and 60 angular bins around the spin axis, each 6° wide. The angular
bins of eight primary event type histograms are summed over four ESA cycles (12 minutes);
another three secondary histograms are summed over eight ESA cycles. The counts in each
angular bin are compressed from 16 bits to 8 bits and stored in the solid-state recorder (SSR)
for downloading during the next IBEX perigee pass.

The primary histograms include non-coincident (singles) counts in each detector
(Long A, Long B, Long C), four double coincident types (Long AB, Qual AB, Qual AC, and
Qual BC), and one triple coincident type (Qual ABC). The secondary histograms include
Long AC, Long BC, and Long ABC. The qualification scheme, either Not_C or Not_Equal,
can be independently selected for each of the qualified coincidence event types. The his-
togram data also includes accumulated counts from the IBaM as a function of spin angle.

Direct event data consists of individual coincidence events whose coincidence type is
reported along with the spin angle and energy passband at the time that the event was de-
tected. Direct events are recorded at higher time resolution (4.2 ms, or ~0.1° of spin angle)
than used for acquisition of the histograms. Because of telemetry constraints, IBEX-Hi is
limited to recording ~800 direct events per 12-spin cycle, which corresponds to an average
of ~67 events per spin. Therefore, a culling process is used by the CEU to telemeter only the
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highest priority direct events. The prioritization scheme, which lies in a changeable look up
table in the CEU, currently has Qual(Not_C) ABC as the highest priority because these triple
coincidences represent the measurement with the lowest noise. These high priority events
are stored up to the limit of ~800 events per 12 spins. If space remains, the second priority
events, which currently include Long AB, Long BC, and Qual(Not_C) AC, are included in
the direct event data. No other event types are stored as direct event data. Because direct
events are recorded at greater time resolution and greater coincidence type specificity than
the histograms (for example, the qualified-triples histogram includes three different types of
direct events), they represent key data for deeper analysis of the global ENA maps.

IBEX-Hi has three other operational modes: high voltage standby mode, gain test mode,
and functional test mode. High voltage standby mode is entered every orbit when the space-
craft passes below 15 Rg as it approaches the radiation belts. At these low altitudes, the
magnetospheric ENA signal can be significantly greater than that of heliospheric ENAs, and
detector background from penetrating radiation may also be substantial. Upon entering this
mode, the collimator voltages are turned off, the voltage applied to the detector chambers is
reduced from —6 kV to —4 kV, and the voltage across each CEM is decreased by 0.6 kV,
which is below the threshold for electron avalanche in the CEM.

Gain tests are run periodically to ensure that the CEMs are operating on the plateaus of
their respective gain curves. During a gain test, each CEM voltage is alternately stepped
between its current operating voltage and offsets of —200 V, —100 V, 4100 V and 4200 V
from operating voltage. Because the heliospheric ENA signal rate is quite low, gain tests
are performed at ~12 Rpg to utilize the stronger magnetospheric ENA signal in some of
the magnetospheric-viewing azimuthal pixels, resulting in anticipated ENA count rates of
~10 s~! in these pixels. Based on these count rates, the planned integration time per energy
passband setting is ~12 minutes. The scheme of returning to the current operating voltage
before proceeding to the next voltage offset minimizes the impact of natural fluctuations in
the ENA rate on the test results. If a gain test shows that a CEM detector gain has decreased,
the gain will be increased by an appropriate increase of the CEM operating voltage.

The electronics functional test is periodically executed to assess the health of the IBEX-
Hi amplification and signal processing electronics. This is a shortened and automated ver-
sion of the electronics checkout performed throughout calibration and during commission-
ing. Specific diagnostics include determination of the electronic noise floor discriminator
setting and the lower level discriminator below which crosstalk between separate detectors
is observed.

6 Summary

The IBEX-Hi imager is a sensitive, single pixel ENA imaging camera with a FOV of 6.5°
with six contiguous energy passbands spanning an energy range of ~0.38-6 keV. Because
of the anticipated tenuous signal at 1 AU of ENAs from the interaction region between the
heliosphere and the LISM, the IBEX-Hi sensor design has been driven by maximizing sen-
sitivity and minimizing background and noise, resulting in the most sensitive ENA sensor
ever flown over its energy range. An end-to-end IBEX-Hi sensor performance model has
been developed with most components validated through extensive testing and calibration.
This model allows accurate quantification of the cumulative energy response and sensitiv-
ity of the sensor and enables the flexibility to modify instrument operations to optimize
our measurement of new discoveries as they arise. The sensor meets the measurement re-
quirements for acquiring global ENA maps that will allow us to answer the key scientific
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questions regarding the structure and dynamics of the interaction between the heliosphere
and the LISM. Although focused primarily on measurement of heliospheric ENAs, IBEX-
Hi will also allow us to view and study regions of the terrestrial magnetosphere and possibly
other planetary magnetospheres that have never been observed before in ENAs.
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