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Abstract. The Cassini Plasma Spectrometer (CAPS) will make comprehensive three-dimensional
mass-resolved measurements of the full variety of plasma phenomena found in Saturn’s magneto-
sphere. Our fundamental scientific goals are to understand the nature of saturnian plasmas primarily
their sources of ionization, and the means by which they are accelerated, transported, and lost. In
so doing the CAPS investigation will contribute to understanding Saturn’s magnetosphere and its
complex interactions with Titan, the icy satellites and rings, Saturn’s ionosphere and aurora, and
the solar wind. Our design approach meets these goals by emphasizing two complementary types of
measurements: high-time resolution velocity distributions of electrons and all major ion species; and
lower-time resolution, high-mass resolution spectra of all ion species. The CAPS instrument is made
up of three sensors: the Electron Spectrometer (ELS), the Ion Beam Spectrometer (IBS), and the Ion
Mass Spectrometer (IMS). The ELS measures the velocity distribution of electrons from 0.6 eV to
28,250 keV, a range that permits coverage of thermal electrons found at Titan and near the ring plane
as well as more energetic trapped electrons and auroral particles. The IBS measures ion velocity distri-
butions with very high angular and energy resolution from 1 eV to 49,800 keV. It is specially designed
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to measure sharply defined ion beams expected in the solar wind at 9.5 AU, highly directional rammed
ion fluxes encountered in Titan’s ionosphere, and anticipated field-aligned auroral fluxes. The IMS is
designed to measure the composition of hot, diffuse magnetospheric plasmas and low-concentration
ion species 1 eV to 50,280 eV with an atomic resolution M/AM ~70 and, for certain molecules,
(such as N2Jr and CO™), effective resolution as high as ~2500. The three sensors are mounted on a
motor-driven actuator that rotates the entire instrument over approximately one-half of the sky every
3 min.

Keywords: Saturn, Titan, magnetosphere, space plasma, ion composition

1. Introduction

Saturn’s magnetosphere comprises a unique plasma environment very different
from that of the Earth or other planets. Although it shares a rapidly rotating magnetic
field with the other giant planets, Saturn is distinguished by internal plasma sources
such as Titan’s atmosphere and ionosphere and the rings. The existence and location
of Titan also permits the Cassini orbiter to execute a 4-year tour unlike that of any
planetary magnetosphere to date including the Earth’s. Over 40 close flybys of
Titan and another dozen or so of the icy satellites present many opportunities for
studies of magnetospheric interactions with planetary atmospheres and surfaces.
Highly inclined passes near or through the auroral zone, and a wide sampling of
both magnetic local time and latitude, constitute an unparalleled opportunity for
comprehensive studies of the morphology and dynamics of the magnetosphere.
Moreover, nearly all of the macroscopic phenomena mentioned here are associated
with microphysical processes such as wave—particle interactions that can be studied
to great advantage during the tour.

In order to be fully responsive to mission science objectives, the CAPS in-
strument is designed to make the most comprehensive possible suite of plasma
measurements within constraints imposed by the mission and spacecraft itself. The
balancing of measurement requirements, available technologies, and resource con-
straints has led to many tradeoffs that shaped the final execution of the CAPS
design. A single plasma sensor cannot carry out the wide range of measurement
objectives presented by the mission and therefore CAPS is made up of three sen-
sors (see detailed descriptions in Sections 4 through 6). The Electron Spectrometer
(ELS) measures differential electron velocity distributions making detailed studies
of secondary electron fluxes that contribute to ionization and chemical processes
taking place at Titan and elsewhere. At tens of keV ELS is expected to contribute to
studies of trapped electrons and those associated with saturnian aurora. Throughout
its energy range ELS will provide a global survey of plasma density, temperature
and electron pitch angle distributions that are needed to derive a comprehensive
view of plasma dynamics within the magnetosphere and, for roughly 50% of the
mission, in the solar wind and magnetosheath.
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At 9.5 AU the solar wind has cooled to become highly supersonic (Mach num-
bers ~10 to >40). The large amount of time that Cassini spends in the solar wind
presents a rare opportunity to study both its intrinsic characteristics and its inter-
actions with the magnetosphere of Saturn and possibly, the comet-like magneto-
sphere of Titan. The Ion Beam Spectrometer (IBS) is capable of the very high
energy and angular resolution necessary not only for solar wind measurements, but
also for observing ion ram fluxes at Titan and any auroral ion beams that might
exist.

Many of the key questions of plasma origins and processes can only be an-
swered through knowledge of plasma ion composition. Saturn’s magnetosphere
is known from Voyager to contain a wide variety of ion distributions that derive
primarily from the icy surfaces of the satellites and rings, Titan’s atmosphere, and,
to a lesser extent, from Saturn’s atmosphere and solar wind. Unfortunately very
little is known about the composition of these plasmas and how the composition
might affect magnetospheric phenomena. The Ion Mass Spectrometer (IMS), a high
sensitivity, high-resolution mass spectrometer, is designed to provide comprehen-
sive measurements in all regions of the magnetosphere. IMS relies on time-focused
optics combined with carbon foil technology. It is designed to separate atomic
species with high resolution, and to identify isobaric molecular species such as
CH:{, NH2+ ,and O™ (all with M/Q = 16, where M/Q is the mass/charge ratio) or
N5 and CO" (M/Q = 28) that would otherwise require a very large conventional
instrument to achieve. Because of its broad energy range IMS can be used to study
the composition of Titan’s ionosphere at a few eV, complementing the Ion and
Neutral Mass Spectrometer (Waite et al., 2004), or to study energetic trapped ions,
complementing the MIMI/CHEMS investigation (Krimigis et al., 2004).

We first present a discussion of investigation science objectives and measurement
requirements (Section 2). We then describe the design, development, calibration,
and operation of the CAPS instrument in some detail (Sections 3 through 7) and
conclude with a discussion of instrument operations and modes (Section 8) and
examples of performance data from the Cassini encounters with Earth and Jupiter
(Section 9). A table of acronyms can be found in the Appendix.

2. Scientific Objectives

Cassini’s broad scientific mission to study in depth the entire saturnian system, in-
cluding its magnetosphere, admits of an equally broad range of scientific objectives
for the CAPS investigation. These are primarily the saturnian magnetosphere and
aurora, Titan’s ionosphere and magnetosphere and the tenuous ionospheres of the
rings and icy satellites. In the remainder of this section we discuss the CAPS scien-
tific objectives in more detail as a way of providing motivation and background for
measurement requirements and instrument design that are the focus of this paper.
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Figure 1. Three-dimensional rendering of the Saturnian magnetosphere showing solar wind stream-
ing from the right, the donut-shaped torus shed by Titan, the inner region of material shed by icy
satellites, and the orange-colored plasma sheet stretching out into the magnetotail. (Painting courtesy
of J. Tubb, Los Alamos National Laboratory.)

2.1. SATURN’S MAGNETOSPHERE AND AURORA

Saturn’s magnetosphere (Figure 1) envelops the extensive ring system and the
collection of large icy satellites. It also encloses the orbit of Titan during average
solar-wind conditions, although a strong solar-wind gust can push the magnetopause
inside Titan’s orbit temporarily on the day-side. The satellites and rings provide
sources and sinks of plasma, thereby affecting the dynamics as well as the compo-
sition of the magnetospheric plasma. The plasma, in turn, affects the evolution of
satellite surfaces and even the motion of the smallest particulates, providing a nat-
ural laboratory for in-situ study of dust—plasma interactions that have implications
for solar-system evolution and many other astrophysical applications.

2.1.1. Plasma Sources and Sinks

Saturn’s magnetosphere has three distinct internal sources of plasma: the upper
atmosphere of Saturn (dominated by atomic hydrogen), the icy-satellite/ring sys-
tem and associated neutral-gas cloud (dominated by water products), and Titan
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(dominated by atomic nitrogen and perhaps atomic hydrogen). These are illus-
trated schematically in Figure 1. Data from Pioneer 11 and Voyagers 1 and 2
suggest that all three sources are effective, but their relative importance in various
regions remains controversial (cf. Shemansky et al., 1985; Richardson et al., 1986;
Richardson and Eviatar, 1987; Blanc et al., 2004). External sources (solar wind
and interstellar gas) are less evident in Voyager data but present in principle, and
no less important to detect if present. Apart from its possible role as an external
particle source for the magnetosphere, solar wind at 9.5 AU is expected to have
high Mach numbers, providing a unique opportunity to study bow shock dynamics
at very high-sonic Mach numbers. Also, the weaker interplanetary magnetic field at
9.5 AU will make shock layers thicker than at 1 AU and allow CAPS, with 2-s time
resolution, to spatially resolve shocks. During the length of the tour we expect a
very large number of bow shock crossings. We will look for reflected- and diffuse-
ion populations within the foreshock (Thomsen, 1985), accelerated electrons in the
foreshock region (Klimas, 1985), and the leakage of magnetospheric plasma into
the solar wind.

We will exploit four techniques to distinguish the source of resident plasma.
One is to monitor atomic and molecular ion composition as a function of position
in the magnetosphere. A wide variety of anticipated ion species must be resolved,
including HY, Hy, HY, He?*, O, O*", OH', H,O", H;0™, NT, and Nj. It is
particularly important to resolve M/Q 16 (O" from the icy satellite/ring system)
from M/Q 14 (N* from Titan), which CAPS will easily do. Information on ion
composition is often necessary but not always sufficient to distinguish the source
of the plasma. For example, O" and other water products can originate from any
of the icy satellites or E ring particles, whereas H can originate from any of
the several anticipated sources. A second clue to source location is the ion pitch-
angle distribution (Figure 2). For example, a beam distribution centered on the
particle source cone signifies an ionospheric source (Figure 2a), a pick-up ring
distribution signifies a nearby equatorial source (Figures 2b and 2c), a shell or
highly anisotropic “pancake” (isotropized ring) distribution signifies a more remote
equatorial source (Figure 2d), and a quasi-Maxwellian distribution probably reflects
a distant (e.g., solar-wind) source. (The precise shapes of the distributions will
depend on the relative location of the source, the particle transit times and the rate
of scattering due to wave—particle interactions.) The pick-up ring distribution may
evolve into a shell, as observed near comets (Coates, 2003 and references therein),
or into an anisotropic “pancake” distribution, depending on the ratio of the pickup
and ion cyclotron wave velocities (Crary and Bagenal, 2000). Both regimes are
expected to occur within Saturn’s magnetosphere. A third clue to source location
is provided by a radial map of flux-shell plasma content, which tends to peak in
source regions and to dip in loss regions. This quantity is obtained by integration
of the ambipolar equilibrium equation along magnetic field lines, the accuracy of
that depends on accurate measurements of the ion mass spectrum as well as the
ion and electron temperatures and anisotropies. The fourth clue to source location
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Figure 2. Representative ion velocity space distributions in the vicinity of Saturn.

is the corotation lag of magnetospheric plasma: the large-scale radial variation of
the partial corotation speed provides information about the global outward mass
transport rate (Hill, 1979), whereas localized departures from the general radial
trend provide information on the local mass-loading rate due to ionization and
charge exchange (Pontius and Hill, 1982). These last two signatures (flux-shell
content variations and corotation lags) are apparent in Voyager data (Richardson,
1986; Eviatar and Richardson, 1986), and clearly contain a wealth of information
that can be extracted with the greatly enhanced space/time coverage afforded by
Cassini.

Plasma sinks (i.e., loss mechanisms) are also important as determinants of mag-
netospheric dynamics. These include absorption by solid bodies (icy satellites and
E ring in particular), precipitation into Saturn’s atmosphere, recombination (partic-
ularly dissociative, e.g., H;O" + e~ — H + OH), radial convective transport, and
charge exchange (which is the primary loss mechanism). Each mechanism leaves
a characteristic signature in plasma composition, energy, and/or pitch angle. These
in turn can be exploited to determine their relative importance as a function of time
and location in the magnetosphere.
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2.1.2. Plasma Transport

The internal plasma sources described above all produce unstable particle distribu-
tions, which, among other effects, almost certainly drive radial convective (E x B)
transport. The solar-wind interaction may also drive an Earth-like convection sys-
tem, particularly on the night side where Saturn’s ionosphere virtually disappears
(Kaiser et al., 1984a, b; Connerney and Waite, 1984), thereby reducing the coupling
between Saturn and its magnetosphere. The spatial and temporal organization of
the resulting flow is, however, completely unknown, and such information is critical
to our understanding of the dynamics of Saturn’s magnetosphere.

For example, does the convection consist primarily of small-scale eddy circu-
lations that can be described in terms of a radial diffusion coefficient (e.g., Hood,
1985), or is there a persistent global-scale pattern? If a global pattern is present,
is it organized with respect to saturnian longitude (indicating rotational control
and an intrinsic magnetic-field asymmetry (e.g., Hill ez al., 1981)) or with respect
to local time (indicating ionospheric or solar-wind control)? Saturn’s kilometric
radiation (SKR), for example, shows evidence of both rotational (Warwick et al.,
1981) and solar-wind (Desch and Rucker, 1983) control. Is plasma lost from the
magnetosphere primarily through the formation of magnetotail plasmoids? If so, do
plasmoids form as the result of the solar wind interaction as at Earth (e.g., Hones,
1979 and references therein) or as the result of planetary rotation as probably occurs
at Jupiter (e.g., Vasyliunas, 1983 and references therein)? What is the origin of the
high-density inclusions detected by the Voyagers in the outer dayside magneto-
sphere — are they vestiges of a Titan plume wrapped around Saturn (Eviatar ef al.,
1982), or blobs of the central plasma sheet slung off by centrifugal force (Goertz,
1983), or something else? To address these and other questions we require not only
accurate determination of the ion bulk flow speed, but also high spatial (hence tem-
poral) resolution of boundaries between different flow regimes. Spatial precision
is needed for accurate mapping of convection boundaries along the magnetic field
to the ionosphere for comparison with auroral emission features observed by the
UVIS instrument (Esposito et al., 2004) and SKR emissions observed by the RPWS
instrument (Gurnett et al., 2004).

2.1.3. Auroral Processes

Voyager observations of SKR and UV emissions suggest strongly that parallel
(magnetic-field-aligned) voltage drops enhance auroral precipitation at Saturn, as
they do at Earth. Parallel voltages arise to maintain continuity of Birkeland currents
along the converging magnetic field. They develop somewhere above the ionosphere
where the velocity of current-carrying particles is a maximum, i.e., where the ratio of
magnetic-field strength to plasma number density is greatest. This probably occurs
below the minimum altitude reached by the Cassini orbiter, which would preclude
direct observation of the accelerated electron beam below the voltage drop. There
are, however, two distinct signatures of a parallel voltage drop that are discernible
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at higher altitudes: (1) the presence of upward ion beams (Figure 2a), either strictly
field-aligned beams resulting from direct parallel acceleration, or “‘conics” resulting
from transverse acceleration followed by diamagnetic repulsion (e.g., Gorney et al.,
1981); and (2) the enlargement of the electron loss cone resulting from the tendency
of the parallel electric field beneath the spacecraft to counteract the magnetic mirror
force on the electrons (e.g., Mizera et al., 1981). These two high-altitude signatures
have been observed simultaneously from the DE-1 spacecraft above Earth’s aurora,
and intercalibrated both with each other and with the classical low-altitude electron
beam signature observed simultaneously by the DE-2 spacecraft orbiting beneath
the acceleration region on the same field lines (Reiff ef al., 1988). Thus we have
powerful analytical tools, tested in Earth orbit, for assessing the parallel voltage
distribution along high-latitude field lines traversed by Cassini. It is also possible,
although unlikely, that the Cassini orbiter will cross the aurora acceleration region.
The location of the acceleration region depends on the electron density at high
latitudes, which is poorly constrained by existing data. If sufficiently low densities
place the acceleration region above 3Rgs from body center, then Cassini would pass
through this region.

To apply these tools it is essential to resolve the atmospheric loss cones (or
source cones) of both ions and electrons. It is also important to bear in mind that
the terrestrial signatures cited above refer to an upward parallel electric field, which
covers most terrestrial cases but not necessarily most saturnian cases. Significant
parallel electric fields are generally upward at Earth because the flux of current-
carrying electrons available from the ionosphere typically exceeds that available
from the magnetosphere by a wide margin (Knight, 1973), a condition that may not
apply at Saturn, particularly on the night side.

2.2. TITAN AND ITS INTERACTION WITH SATURN’S MAGNETOSPHERE

The interaction of Titan with Saturn’s magnetosphere provides an opportunity to
study a unique regime of the parameter space relevant to the interaction of mag-
netized plasma with a non-magnetized body. Here, we briefly assess our current
understanding of four important facets of Titan’s interaction with the magneto-
sphere of Saturn (see Ip, 1992, for more details) that are directly relevant to the
CAPS investigation.

lonosphere. Ionization of Titan’s atmosphere above 700 km results from the
action of solar EUV, impact ionization caused by the incoming corotating flow
(~20% of that caused by EUV, Keller er al., 1994a, b; Luna et al., 2003), and
precipitation of magnetospheric electrons. Because the corotation direction and the
direction of solar radiation differ around its orbit, any part of Titan’s ionosphere
may have different contributors to ionization at any one time (Nagy and Cravens,
1998; Figure 2). The best direct evidence for the ionosphere is the Voyager 1
observations of a plasma and magnetic wake behind Titan’s trailing hemisphere
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(Hartle et al., 1982a,b). Quantitatively, only upper limits on the ionospheric electron
density (~2400 4+ 1100 cm™> at the terminators) could be derived from radio
occultations (Bird et al., 1997). Models of Titan’s ionosphere suffer from a lack
of observational constraints and from difficulties inherent in Titan’s environment:
complex ion chemistry coupled with the neutral N,—CH, atmosphere, and intricate
boundary conditions set by the interaction with Saturn’s magnetic field. Elaborated
models of Titan’s ionosphere (e.g., Ip, 1990; Keller and Cravens, 1994; Keller
et al., 1994; Cravens et al., 1998, Ledvina, et al., 1998), which predict an electron
density peak near 1200 km (the exobase is at 1500 km), show that solar photons
are presumably the principal agent of ionization, and that chemistry is initiated
by the formation of N* and NJ. Such species can lead to many more complex
molecules including H,CNT, CHY, C,HY, C3H .

Magnetic Field Interactions. The magnetospheric flow past Titan is expected to
be sub-magnetosonic (Mg and M ~ 0.5; Ness et al., 1982 a,b ) over most of Titan’s
orbit. MHD simulations (Hansen ez. al, 2001) suggest that the flow may be weakly
super-magnetosonic when Titan is on the dusk side of the magnetosphere. Thus, the
Titan/magnetosphere interaction is distinct from both the Venus-Mars/solar-wind
interaction (M > 1, Ms > 1), and the lo-torus/magnetosphere interaction (M <
1, Ms > 1). No fast upstream shock is expected, except in those rare instances
when Titan is in the upstream solar wind or when Titan is in the dusk side of the
magnetosphere. Either mass-loading or Titan’s ionospheric Pedersen conductivity
can cause the magnetospheric flux tubes to slow down, drape around Titan, and
form an ionospheric wake downstream (Luhmann, 1996).

The wake resembles an induced magnetotail with the northern and southern
lobes comprising oppositely directed field lines (Ness et al., 1982a,b). The draping
of the field lines at Titan, whose magnetotail diameter is ~2Rr, is more extreme
than at Venus (diameter ~3Ry), or Mars (diameter ~ 5 Ryy) (Luhmann et al., 1991).
Brecht et al. (2000) have obtained initial results of global hybrid numerical simula-
tions of Titan’s magnetic interactions that reveal the complexity of the interaction
caused by ion kinetics (Ledvina et al., 2000). The spatial scale of the interaction,
which is determined by the heavy ion gyroradius or inertial scale length, depends
significantly on mass loading of the flow. Recent models indicate that Titan’s iono-
sphere supports currents that exclude the magnetospheric field from altitudes below
about 1000 km (Lindgren et al., 1997).

Escape of Charged Particles. At the interface with magnetospheric plasma flow,
charged particles are removed continuously from Titan’s ionosphere, and some neu-
trals above the exobase are ionized. Newly created particles are accelerated to the
local plasma corotation rate, implying exchange of momentum and energy between
Saturn’s magnetosphere and Titan’s atmosphere. The draping of the magnetic field
lines around Titan is associated with this momentum transfer. In a three-dimensional
multi-species model, Nagy et al. (2001) have found that tailward escape of heavy
ions creates a flux ~6.5 x 10** ions/s. Kopp and Ip (2001) and others have argued
that mass loading is asymmetric at Titan because the ion gyroradius is of the order
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of Titan’s radius. Because MHD models neglect gyroradius effects, this asymmetry
emphasizes the need for a kinetic model. There is no evidence of electron acceler-
ation at Titan. Instead, a bite-out of electrons with energies >800 eV was observed
(Bridge et al., 1981), which is suggestive of magnetospheric electron absorption
by Titan (Hartle et al., 1982). Because corotation still prevails at 20Rg, the charged
particles escaping Titan tend to form a torus around Saturn. However, frequent
motions of the magnetopause, as well as effects of convection, displace particles
radially from their original position. This may result in a multitude of dense, cool
plasma “blobs” or “plumes” in the outer magnetosphere, which is otherwise filled
by a hot, tenuous plasma. Plumes were observed in the neighborhood of Titan’s orbit
by Eviatar et al. (1982), who interpreted them as a plume wrapped around Saturn.
Goertz (1983) proposed that the plumes were instead detached from Saturn’s inner
plasma-sheet and centrifugally transported outward.

Escape of Neutrals. Diffuse neutral gas dominates the particle environment of
Saturn: the neutral to plasma density ratio is typically about 10 (Richardson, 1998).
Neutrals may also eventually escape Titan’s upper atmosphere (e.g., Shematovich
et al., 2003). The anticipated species are H, H, and N. The existence of a hydrogen
cloud has been confirmed by Voyager measurements of Lyman-alpha emission.
This cloud probably connects to the extended hydrogen corona of Saturn (Broadfoot
et al., 1981; Shemansky and Hall, 1992) and to hydrogen-rich icy surfaces in the
inner magnetosphere. Molecular hydrogen, H;, may result from the photolysis of
CH, but the existence of an H,-cloud remains speculative. Nor has a cloud of neutral
nitrogen been observed. Monte Carlo model calculations show that neutrals escape
by non-thermal processes initiated by UV photons, and precipitating electrons and
ions (e.g., Ip, 1992; Keller and Cravens, 1994; Keller et al., 1994; Shematovich
et al., 2003), processes often lumped together as atmospheric sputtering (Johnson,
1994). This loss rate has recently been shown to be sensitive to the slowing and
deflection of co-rotating ions and to the flux of locally produced pick-up ions
(Brecht et al., 2000; Shematovich et al., 2003). Therefore, the measurement of
plasma ion energies and fluxes near Titan by CAPS will be critical in modeling
neutral interactions with the atmosphere.

Neutrals that escape Titan become distributed in a torus as Titan orbits Sat-
urn. Charge-exchange between the neutral torus and magnetospheric ions, as well
as electron impact dissociation, direct photoionization, and electron-impact ion-
ization, are appreciable sources of Ht and N, as well as molecular ions, in the
magnetospheric plasma. Studying Titan’s interaction with Saturn’s magnetosphere
will enable us to set important constraints for our general understanding of Ti-
tan’s upper atmosphere and ionosphere. Progress on the four key problems cited
above requires high-temporal resolution to identify spatial boundaries, high-angular
resolution to track plasma acceleration, and high-mass resolution to separate and
identify neighboring ion species. We anticipate that CAPS performance will allow
us to achieve these objectives. Many close encounters with Titan during the tour
will be essential because the outer magnetosphere of Saturn is highly variable and
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also because unique information will be provided by variations in the local time
geometry of each fly-by.

2.3. Icy SATELLITES AND RING PARTICLES

Scenarios for the formation of the icy satellites all assume that volatiles other than
water were part of the initial composition (Stevenson, 1982). However, until recently
the only volatile clearly seen by Pioneer, Voyager and Earth-based observers is
water. On the other hand, atoms and molecules are ejected from surfaces by a number
of processes. Because the energies of the ejected atoms and molecules are too small
to escape from Saturn, this material either recondenses or is ionized and picked up
by the corotating magnetic field. Plasma in the inner magnetosphere has been shown
to come from satellites and ring particles (see discussion below) therefore it should
be possible to use CAPS data to determine their surface compositions (Johnson and
Sittler, 1990).

A principal process for ejection of neutrals from the surfaces of the satellites
and ring particles is sputtering by the plasma itself, in which case the plasma is
self-sustained (Huang and Siscoe, 1987). Noll et al. (1997) reported an observation
suggestive of O3 primarily on the trailing hemispheres of Dione and Rhea, and
the possible presence of O3 requires that O, exist in the ice (Johnson and Jesser,
1996). The observation of O3 is important for two reasons. First, it is a clear in-
dication that magnetospheric plasma ions impact the surfaces of Dione and Rhea
(Johnson and Quickenden, 1997) and, second, it confirms that these ions produce
new chemical species from the surface materials (Johnson, 1990; Johnson ef al.,
1997; Delitsky and Lane, 1997). Therefore, this observation strengthens the sug-
gestion that the plasma in Saturn’s magnetosphere is a product of sputtering of
ring particle and satellite surfaces by energetic ion impact. This bombardment also
complicates analysis and understanding of the surface composition because reac-
tive nitrogen ions that diffuse inward from Titan’s torus are implanted into the icy
surfaces.

Earlier telescopic and spacecraft observations were also suggestive of plasma
bombardment and modification of the surfaces of the icy satellites. Differences
in reflectance, particularly at short wavelengths, between the leading and trailing
hemispheres were suggestive of radiation damage and sputtering of ice by the
plasma. Differences in weak IR water bands between the hemispheres also were
suggestive of plasma erosion and modification. Finally, preliminary modeling of
the composition and spatial distribution of the plasma appear to confirm its self-
sustained production.

As noted above, even the primary composition of the plasma was uncertain until
recently. The lack of mass resolution on the Voyager PLS and LECP instruments
allowed the hypothesis that N and H from Titan could be the dominant source
of plasma in the inner magnetosphere rather than H,O from the satellites and
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ring particles. This issue was decisively settled by the observations of gas-phase
OH co-existing with the plasma (Shemansky et al., 1993). These observations
combined with modeling (e.g., Ip, 1995; Jurac et al., 2002) confirmed that the icy
satellites and ring particles were the principal source of plasma in the inner saturnian
magnetosphere. However, the recent estimates of source rates for nitrogen from
Titan (Shematovich et al., 2003) are such that N* diffusing inward form Titan’s
torus may be a significant, possibly dominant component of the energetic heavy
ions in the inner magnetosphere.

The amount of OH seen by Voyager was larger than that initially predicted due
to plasma bombardment alone (Johnson et al., 1989), suggesting that additional
processes cause the loss of surface material. Recent modeling has confirmed that
within ~4.5Rg sources other than the sputtering of satellite surfaces contribute
(Jurac et al., 2001, 2002), whereas at larger distances satellite sputtering dominates
(Shi et al., 1995a, b).

Eventually, inner magnetospheric sources of plasma begin to overlap Titan’s
neutral out-flow. The other possible neutral and plasma sources are sputtering of
E-ring grains (Morfill et al., 1993), self-erosion of E-ring grains by collisions (Ho-
ranyi et al., 1992), particulate bombardment of the icy satellites (Haff et al., 1983;
Burns and Mathews, 1986), micro-meteorite erosion of the main rings (Ip, 1984),
and plasma sweeping of the ambient gas emanating from the main rings (Ip, 1995).
Jurac et al. (2001, 2002) have shown that there is likely to be “unseen” material
orbiting in the vicinity of Mimas and Enceladus, acting as sources of the plasma
and the neutral OH cloud.

In addition to determining the composition and dynamics of the plasma in the
inner saturnian magnetosphere, the CAPS data, combined with modeling of ambient
neutrals and plasma, will be able to definitively unravel the physical processes
determining various source strengths. However, what may be more important to
planetary science is the following. Because the rings and satellites are sources, and
different objects will dominate the local source at different distances from Saturn,
CAPS can obtain compositional information on individual objects. In addition to the
spatial distribution of composition, which can be masked by diffusion, measurement
of the energy and pitch-angle distributions of a particular species will distinguish
freshly produced ions from those that have diffused inwards or outwards. Such
measurements would be particularly advantageous on a close pass by a satellite or
in regions where ring sources dominate.

Observations of the icy satellites and rings have a long history but there is very
little definitive composition information on these objects. Although Cassini will
carry imaging spectrometers that in principle will be able to identify species other
than H,O, the plasma bombardment itself can make such identifications difficult.
First, sputtering depletes surface layers of the most volatile species, causing en-
hanced diffusion from depth and loss of volatiles. Moreover, bombardment also
chemically alters the materials. For example, H,O is decomposed to H, and O,,
NHj; can be converted into NpHy and N», and carbon bearing species into volatiles
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such as CO, CO, and refractory carbon chains. These species are often difficult to
observe spectroscopically.

By contrast, the sputtering process acts as a natural mass spectrometer with
atomic and molecular ions produced roughly stoichiometrically (Johnson and
Sittler, 1990). CAPS IMS can identify the presence of intrinsic parent species
and is capable of separating important atomic and molecular ions that have nearly
the same molecular weight. The target list of separable sputter products includes (in
order of increasing mass-to-charge ratio): Ct (M/Q = 12); CH* (M/Q = 13); N+,
CHJ (M/Q = 14); NH*,CHJ (M/Q =15); O",NH;, CH; (M/Q = 16); OH*,NH
(M/Q = 17); H,O" (M/Q = 18); and H3;0™" (M/Q = 19). Other, heavier molecules
of importance in the sputtering process that can be separated include: C5, (M/Q =
24), CH™ (M/Q = 25); CNT, CHS (M/Q = 26); and CO™, NI (M/Q = 28). The
CAPS data in conjunction with modeling can therefore provide definitive analysis
of satellite and ring surfaces for the planetary community.

3. Design Approach

The stated goal of the Cassini mission is to achieve measurements “at least 10-
times better than that of Voyager.” In order to meet this goal, Voyager observations
(Sittler et al., 1983) and models of the saturnian plasma environment (Richardson
and Sittler, 1990; Richardson, 1995; Richardson et al., 1998) were used to de-
velop CAPS science objectives, performance guidelines, and sensor requirements.
A second important goal relative to Voyager performance is that CAPS should pro-
vide complete coverage of electron and ion velocity distributions, eliminating gaps
between Voyager PLS (Bridge et al., 1977) and LECP (Krimigis ef al. 1977) instru-
ments. Those gaps were <10 eV for electrons and ions; 6 to 14 keV for electrons,
6 to 30 keV for protons, and 6 to ~70 keV for OT. A third key goal is to measure
unambiguously the composition of all major atomic and molecular ions from 1 to
50,000 eV.

With reference to Figure 3 and Table I, our measurement goals call for ELS
to obtain medium-resolution electron energy-angle spectra; the IBS to obtain high-
resolution energy-angle spectra; and the IMS to obtain high-mass resolution and
medium energy-angle resolution of ions. Figure 3 is a simplified overview of the
CAPS instrument layout and particle optics. All three sensors have in common that
they are based on charged particle motion in electrostatic fields. After entering the
sensors through wedge-shaped fields-of-view, particle trajectories are dispersed in
electric fields and then measured using electron-multiplier detectors. The ELS and
IBS optics separate electrons and ions respectively by energy/charge (E/Q) ratio
and by elevation angle of arrival (out of the plane of Figure 3). The second angle,
azimuth, is obtained by sweeping the sensor fields-of-view using a motor-driven
actuator. From knowledge of detector counting rates as a function of energy and
two angles, particle velocity distributions can be deduced. The IMS optics also
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Figure 3. Optical layout, fields-of-view, and key sensor elements of CAPS shown in the X-Y (az-
imuthal) plane of the spacecraft (see Figure 4). Cross-hatched areas Figure 3 indicate sensor electronics
subsystems. Heavy dashed lines suggest the general shape of particle trajectories.

separate ions by E/Q and angle of arrival, but then in addition disperse them by
time-of-flight (TOF) in a novel high-resolution mass spectrometer. IMS is capable
of separating major ion species to ~1% of the total flux, and minor ion species to
~0.1% or better of the total flux.

An important design consideration is the location of CAPS on the spacecraft
(Figure 4). Of particular concern was obtaining good separation from the main
Cassini engines and thrusters (potential sources of chemical contamination), sep-
aration from the radioisotope thermoelectric generators (potential source of pen-
etrating background radiation), and separation from any sources of electrostatic
charging. With all these considerations in mind, the best location for CAPS turned
out to be on the underside of the fields-and-particles pallet (Figure 4) adjacent to
the MIMI/CHEMS instrument (Krimigis et al., 2004) and just below the INMS
(Waite et al., 2004). Although meeting all of the above criteria for location, CAPS
still did not have an acceptable field-of view because it was fixed to the spacecraft
body and thus could only view in directions constrained by spacecraft orientation.
In order to counteract this limitation, the CAPS sensors were mounted on a rotating
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TABLE I

CAPS sensor performance summary.

IMS
Parameter Med. Res. High Res. ELS IBS
Energy/charge response
Range (eV/e) 1-50,280 0.6-28,750 1-49,800
Resolution (AE/E)rwHM 0.17 0.17 0.014
Angular response
Elevation sectors (number) 8 8 3
Instantaneous FOV 8.3° x 160° 5.2° x 160° 1.4° x 150°
(AZ x EL)rwam
Angular resolution 8.3% x 20° 5.2° x 20° 1.4° x 1.5°
(AZ x EL)rwam
Mass/charge response
Range (amu/e) 1~400 1~100 - -
Resolution (M/AM) pwHM 8 60 - -
Energy-geometric factor®
(cm? sreV/eV) 5x 1073 5x 107 1.4 x 1072 4.7 x 1073
Temporal response
Per sample (s) 6.25 x 1072 3125 x 1072 7.813 x 1073
Energy-elevation (s) 4.0 2.0 2.0
Energy-elevation-azimuth (s) 180

*Applies to total field-of-view and includes efficiency factors.

platform driven by a motor actuator capable of sweeping the CAPS instrument
by ~180° around an axis parallel to the spacecraft Z-axis (Figure 4). In this way
nearly 27 sr of sky can be swept approximately every 3 min regardless of space-
craft motion or lack thereof. Although not ideal for plasma measurements under
all circumstances (e.g., when the spacecraft body blocks the direction looking into
a plasma flow), careful design of observing periods permits effective performance
under most conditions.

Although adding a rotating platform provides a means of turning the instrument,
the spacecraft nonetheless occludes parts of the FOV as shown in Figure 5. At about
+-80° azimuth parts of the fields and particles pallet (FPP), the neighboring LEMMS
instrument, and RTG shielding obscure the CAPS FOV. Encroachments are actually
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SENSE OF CAPS
TAIRR ROTATION

Figure 4. Location and orientation of CAPS on the Fields and Particle Pallet. Note the definitions of
azimuth (in the spacecraft X-Y plane) and elevation (parallel to the spacecraft Z-axis) angles. These
will be used throughout the paper to describe instrument orientations and fields-of-view (FOV).

larger than shown here because of multi-layer thermal insulation blankets that stand
off from all spacecraft surfaces by ~5 cm.

4. Electron Spectrometer

4.1. PRINCIPLES OF OPERATION

The ELS sensor (Figure 6) is a hemispherical top-hat electrostatic analyzer (ESA)
similar to that described by Carlson et al. (1983). Its implementation is based closely
on the High-Energy Electron Analyzer (HEEA), part of the Cluster Plasma Electron
and Current Experiment (PEACE) (Coates et al., 1992; Johnstone et al., 1997). The
ELS energy range and angular field-of-view (FOV) overlap considerably with the
MIMI/LEMMS solid-state electron detectors (Krimigis et al., 2004), producing
complete coverage on Cassini from 1 eV to ~250 keV with no gaps.
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Figure 5. All-sky projection of the CAPS IMS field-of-view. Encroachment on the CAPS FOV are
caused by surrounding spacecraft structures (shaded areas). Similar encroachments occur for IBS and
ELS sensors.

Electrons enter the sensor via a grounded baffle (Figure 6) and then pass between
concentric hemispherical electrostatic analyzer (ESA) plates before impacting on
an annular micro-channel plate (MCP) detector. Angular and energy resolution
of the ELS are determined by the relative spacing between the two concentric
hemispheres, Ry/AR. In addition, the analyzer energy acceptance is proportional
to Ro/AR times the voltage applied to the inner hemispherical plate. An energy
spectrum is obtained by changing the voltage on the inner hemisphere in dis-
crete, programmable steps. Electron direction of arrival in elevation is determined
from the position at which it strikes the detector, recognized by the anode posi-
tioned behind the MCP (Figure 7). A number of innovative aspects from PEACE
have been incorporated in the design of the ELS analyzer, including reduction of
photoelectron susceptibility (Alsop et al., 1998) and high-relative mechanical ac-
curacy (Woodliffe and Johnstone, 1998) that minimizes errors in electron energy
measurements.

When operating, the ELS executes consecutive energy sweeps in which the
selected energy (voltage) is held for a fixed accumulation time (31.25 ms) and then
stepped down to the next level. One quarter of the accumulation interval is dead time
that permits readout of the detector counters and settling of the sweep high voltage.
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Figure 7. ELS field-of-view in the elevation plane showing its mapping to detector pixels.

In normal operation, a 64-level logarithmic energy spectrum is scanned between
0.6 and 28,000 eV in 2 s. The sequence is repeated until ELS is commanded to do
otherwise. Three high-voltage step tables are stored in the ELS. Sweep Table-Al,
the default mode, contains 64 values log-spaced over the energy range 0.6 eV-
28.75 keV separated by 16% decrements this will likely be the workhorse mode
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of ELS in the saturnian magnetosphere. Energy separation in this mode is matched
to the analyzer pass-band to ensure contiguous energy coverage. Alternatively, 32
values out of the 64 available can be selected by setting the starting point of the
energy sweep to any of the top 32 steps. Sweep Table B contains 32 values with 25%
decrements. This mode scans over arange of 1-1000 eV and is tailored to solar wind
measurements. Voltage Table C consists of 32 values with 36% decrements over an
energy range of 1.8-22,000 eV. It is designed to provide faster time resolution (1
s/sweep) over most of the available energy range. A fixed-step mode is also available
to facilitate ground calibration and to enable high-time resolution measurements at
a fixed energy if needed.

4.2. ELECTRON OPTICS

Studies by Carlson et al., (1983) indicate that a bending angle of 75° is an optimal
tradeoff between resolution and sensitivity for a top-hat ESA. Once the shape and
alignment of the hemispheres was selected, secondary electron and UV rejection
became major optical design considerations. In order to minimize their effects,
the input collimator aperture incorporates a saw-tooth baffle structure designed to
reduce particle and solar UV scattering. The central baffle section has a spherical
profile that maintains the desired electric field in the ESA. A series of concentric
ring-shaped baffles on the top inner surface of the outer hemisphere forms a second
line of defense against stray UV and photoelectrons. The combination of these
two features ensures that there is no direct line-of-sight from the aperture to the
hemispherical solid surfaces.

Potential effects of sunlight in the sensor were further reduced by application
of a highly absorbent, diffusely reflecting surface layer of copper oxide crystals
(grown using the Ebanol-C process (Alsop et al., 1998)) deposited on all internal
surfaces. The film is electrically conducting, has good adhesion, and is sufficiently
thin (less than 8 um) and uniform to maintain the analyzer’s mechanical accu-
racy requirements. During operation, the inner ELS hemisphere is set to one of a
programmable series of positive voltage steps (the outer hemisphere is grounded).
Stepping this voltage shifts the narrow band of electron energies transmitted by
the ESA. Electrons emerging after a field-defining grid reach the MCP detector. In
order to maintain a satisfactory analyzer bending-angle and also to prevent high-
voltage breakdown, the MCP could not be located at the optimum focus position
behind the ESA. Instead, a grid was placed at the focus directly below the analyzer
exit, with the MCP positioned below this and 90° away from the analyzer entrance.
(In any case the coarse anode pattern does not require very good focusing).

The grid between the analyzer exit and the MCP defines the 160°-wide elevation
FOV of the sensor. The grid is made from Laser-cut phosphor bronze plated in gold.
An optimum design thickness of 125 um was obtained by considering electric field
definition requirements versus mechanical strength. By biasing the grid at —8 V
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TABLE 1II

ELS key sensor data and dimensions.

Parameter Value

ESA type Spherical top-hat
Mean radius 4.15cm

Plate spacing 0.30 cm
Analyzer constant 6.3

Plate bending angle 75°

Top-hat set-back angle 19.0°

Top-hat aperture radius 1.35cm
Detector Chevron MCP
Detector anode inner radius 3.95cm
Detector anode outer radius 4.35cm

(normally at O V) to repel electrons and by setting the plate voltage to its minimum
(0.1 V), the background count-rate due to penetrating radiation can be measured.
The 160° annular segment of the grid is divided into tapered windows at 2° intervals
and has a calculated transparency in excess of 80%.

4.3. RAY-TRACING AND MODELING RESULTS

The electron spectrometer has been extensively studied by numerical simulation.
Optical design, UV susceptibility and total electron fluence during the mission were
all simulated. The resulting design is similar to that of the HEEA (Johnstone et al.,
1997), except that an analyzer bending-angle of 75° was chosen. Table II gives key
sensor data and dimensions for the ELS.

The electrostatic modeling performed for PEACE has been described elsewhere
(Woodliffe, 1991). The potential distribution in a three-dimensional electrostatic
model of the instrument was solved using the Laplace equation and spline inter-
polations between the grid points. Analyzer response was calculated in three ways
using electron ray-tracing based on: (1) aregular starting grid, (2) a Monte Carlo ap-
proach, and (3) tracing of the outside edge of the response function, i.e., the extreme
limiting trajectories. The latter technique was a quick way of determining instru-
ment response and establishing the major design parameters. Then Monte Carlo
particle tracing was used to study detailed analyzer response and for comparisons
with calibration.

The results of electron optical modeling are summarized in Table III. The
acceptance space of the analyzer can be thought of as three-dimensional in energy,
elevation angle and azimuthal angle. In the simulation, electrons are started at a
range of angles and energies using the second technique above. For each dimension,
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TABLE III

Comparison of simulated and measured ELS analyzer characteristics.

Simulated Measured value in Measured value

Parameter value 125 eV calibration  in 960 eV calibration
Elevation FWHM (°) 20.0 20.20 £ 0.23 20.26 £ 0.27
Azimuth FWHM (°) 5.24 6.45 £ 0.06 5.68 £0.04
Azimuth midpoint (°) - 0.41 £0.07 0.06 £ 0.04
Energy FWHM/eV - 3.46 +0.01 26.18 +0.08
Energy midpoint/eV - 20.34 £ 0.04 152.08 + 0.23
AE/E (%) FWHM 16.75 17.02 £ 0.05 17.21 £ 0.06
Analyzer constant 6.35 6.16 £ 0.01 6.31 £ 0.01
Geometric factor (20° 1.7x107% 8+ 1x107* 8+1x 1074

anode, 100% efficiency)

(cm2 sreV/eV)

TABLE IV

Simulated ELS peak count rates per 20° anode for typical Saturn magneto-
spheric conditions.

Location Temperature (eV)  Density (cm™3)  Counts (s™1)
Solar wind 1 0.1 427
Magnetosheath 50 0.1 2137

Plasma sheet 100 30 854700
Magnetosphere 300 0.1 5128

the response is summed over the other two to produce the full width at half maximum
in each dimension. A simulated geometric factor is also tabulated.

The susceptibility of ELS to background from solar UV was also simulated.
Assuming a cosine law for reflection and a reflectivity of 0.5%, we found a rejection
ratio of ~10~8. A more sophisticated model based on the HEEA sensor was reported
by Alsop et al. (1998), including the effect of shims introduced into ELS to reduce
susceptibility to UV.

Calculations were performed to estimate the number of counts anticipated for
particular plasma environments during the mission. Maxwellian distributions of
specified density, temperature and bulk velocity formed the input to the ELS detector
simulation program, which calculates the number of counts to be expected in each
angular and energy bin. Table IV shows the count rates per 20° anode at the expected
peak of some typical distributions. Note that for a Maxwellian distribution the peak
count rate occurs at twice the temperature in eV.
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4.4. DETAILED DESIGN

4.4.1. Mechanical
The sensor head assembly, which is generally cylindrical in cross-section, consists
of an entrance collimator and baffles, ESA hemispheres, and MCP detector and
anode. The sensor, mounted integrally with the ELS electronics compartment, is
attached to the top of the IMS collimator assembly (Figure 6). This arrangement
places the ELS aperture as far as possible from the surface of the Cassini spacecraft.
Two flat side panels carry card guides for four electronics boards. Connectors on
the board edges mate with a motherboard in the lower part of the compartment
providing ease of access. Flexible circuit cables link the motherboard to the CAPS
DPU interface connector, mounted on one of the flat side panels, and to the capaci-
tor/amplifier board mounted behind the MCP anode. Pins on the back of the anode
plug into sockets on the capacitor/amplifier board when the anode is installed.
The sensor head design incorporates very accurate relative positioning of the
hemispheres (design goal 1%, equating to a total tolerance of 30 pm; Woodliffe
et al., 1998), which ensures accurate knowledge of the selected electron energy
at all positions around the detector. Aluminum alloy milled to a wall thickness of
1.6 mm forms the outer shell of the instrument. An additional 3 mm of aluminum
located directly above the MCP provides radiation shielding.

4.4.2. Detectors

After leaving the ESA, electrons incident on the front face of the detector each
cause an amplified cloud of charge collected by an anode at the rear of the detector
(Figure 7). The detector consists of a chevron MCP pair with a gold-coated copper
spacer 66-um thick positioned between the two plates. The purpose of the spacer
is to lower the voltage required for a particular gain, hence allowing more scope for
increasing MCP bias voltage as required over the mission. The effect of the spacer
is also to improve gain uniformity over the whole detector. At operating voltage,
the measured FWHM pulse height distribution is 130%. The resistivity of the glass
in the MCP is low enough to allow the plate to respond to count-rates up to 1 x 10*
mm ™2 s~! or approximately 10° electrons per anode per second, without saturation
causing significant gain degradation. The MCP high voltage can be varied from
0 to 4+3.5 kV in steps of approximately 60 V. This allows the MCP bias to be
increased throughout the mission to recover possible gain loss. The bias voltage at
the input to the MCP is maintained at +150 V to ensure all electrons have sufficient
energy to be detected. During calibration, the operational voltage on the MCP was
approximately +2.4 kV.

Electrons leaving the rear of the MCP traverse a gap of 500 pm before striking
the anode. A voltage of +82 V applied between the anode surface and the back
surface of the MCP optimizes spreading of the charge cloud leaving the MCP.
The anode has eight discrete 20°-wide electrodes separated by 150 pm. The active
anode area is formed by 10 um thick gold on a Deranox 975 Alumina substrate.
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Figure 8. Schematic ELS electrical block diagram.

The area of the separator contacting the MCP is coated with 10 um of gold. A
signal ground plane incorporated into the bottom layer of the multilayer ceramic
provides electromagnetic screening of the anode from the analyzer structure.

4.4.3. Sensor Electronics
A functional block diagram of ELS is shown in Figure 8. The electronics are
accommodated on four circuit boards integrated to a single motherboard consisting
of flexible and rigid sections. This design eliminates the need for an internal cable
harness, and at the same time couples ELS to the CAPS Data Processing Unit
(DPU) interface connector.

Amplifier/Capacitor Board. MCP pulses collected on eight anodes are passed to
an equal number of Amptek® A111F charge amplifier/discriminators that convert
raw signals above a predetermined threshold into 5 V, 300 ns logic pulses. Thresh-
olds were set in hardware to 3.4 x 10° electrons, which yields an equivalent level
of 25 mV (into 2.3 pF), giving good rejection of electronic noise. A decrease in the
threshold level by 2.5 mV increases spurious electronic noise counts by a factor of
10. (This relationship holds over a wide range of thresholds. MCP dark counts and
penetrating radiation are the main remaining contributors to background.).

A further consideration in threshold selection was cross-talk that might couple
MCP signals from one anode to the next. ELS anode cross-talk is below 3%,
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which is not enough to induce a signal on its own, but could induce spurious
counts when added to electronic noise. Convolving the two noise spectra (electronic
and cross-talk) provided a check that showed that the chosen threshold was set
correctly.

The A111F amplifiers show variation in deadtime with input pulse amplitude,
especially within a factor of 2 of threshold, as well as a variation of output pulse
width with input pulse amplitude, all of which were characterized during calibration.
Front and rear MCP bias voltages are provided by Zener diodes, which require
filtering at these low currents (around 10 1 A). The MCP anodes are biased at high
voltage (Figure 8) so signal pulses must be decoupled by high-voltage capacitors
before the signal goes to the amplifiers that share the same circuit board with the
HYV bias/anode coupling circuitry. The HV section was carefully designed and laid
out to support a maximum field of 800 V/mm.

Sensor Management Unit (SMU). The SMU receives and interprets sensor com-
mands sent by the CAPS DPU and accumulates and transmits ELS data back to the
DPU. It stores the sequence of high-voltage steps to be applied to the analyzer, the
grid voltage setting, and the MCP voltage table. SMU circuitry supplies stimula-
tion test pulses of variable amplitude and frequency to the amplifier/discriminator
channels. Under control of the CAPS DPU, the SMU clock speed can be succes-
sively halved to lengthen the data acquisition period from 31.25 to 1000 ms/step,
creating progressively longer energy sweeps. Furthermore, the sample deadtime
can be varied between 25 and 12.5% of the sample period to increase counting rate
capability at high rates.

High Voltage Supplies. The ELS contains two high-voltage supplies. A low noise
supply biases the MCP at voltages up to +3.7 kV at 25 uA with 6-bit resolution.
A second supply powers the ESA with 64 or 32 stepped voltage levels between
44200 and 4-0.1 V. This wide dynamic range meant that great care had to be taken
at low output levels to avoid external noise affecting the pulse-width modulator that
sets the voltage levels. A 12-bit digital-to-analog converter (DAC) controls the ESA
output voltage using an “expanding DAC” technique to reach 16-bit resolution at
low energies, thus achieving voltage accuracy of 1% or 0.1 V, whichever is greater.
The supply steps at a minimum interval of 31.25 ms and settles in 8 ms. The
entire HV converter section of the circuit board is shielded to protect low-voltage,
low-noise circuitry from interference or possible breakdown.

4.5. CALIBRATION

The ELS was calibrated in the Mullard Space Science Laboratory (MSSL) electron
calibration facility developed for Cluster (Johnstone et al., 1997). A photograph of
ELS in the calibration system appears in Figure 9. A mercury lamp generates UV
that strikes a gold layer deposited on a quartz disk. From this photoelectrons are
extracted by applying a bias potential to the gold surface, creating an electron beam
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Figure 9. Photograph of the ELS flight unit in the MSSL calibration chamber. Gold-plated foil was
used to prevent unwanted electrostatic charging in the calibration chamber.

15 cm in diameter with divergence less than 1° (at 1 keV) and good uniformity over
the ELS aperture. During calibration ELS was mounted on a two-axis rotary table
and turned to allow electrons from defined directions to enter (a short discussion
of calibration theory can be found in Section 6.2.2). A p-metal shield inside the
vacuum chamber shielded the calibration volume by reducing the residual magnetic
field to less than 10% that of the Earth. Electron beams with energies above ~30eV
showed minimal directional deviation.

Beam current measurements that provide absolute calibration were made with
a faraday cup and picoammeter. During calibration sequences beam stability was
monitored with a CEM. A tritium source provided a cross check after each sensor
re-configuration to maintain consistency during calibration.

Calibration of the ELS engineering model has been described elsewhere (Linder
et al., 1998). Calibration of the flight model was made at ten electron energies be-
tween 2.3 and 16,260 eV. At each energy step a matrix of approximately 500 x 10x
10 aximuthal x elevation x ESA voltage sweeps were taken (the actual number
varied with energy step). Two basic types of data were taken: First a finely stepped
elevation angular scan was made at constant energy and beam azimuth angle. Sec-
ond, a full three-dimensional calibration (energy, elevation, azimuth) was obtained
at defined resolutions in the three dimensions. The most detailed calibrations were
made at 125 and 960 eV (Figure 10a and b). Each plot shows the ELS response as
a function of elevation angle, summed over the other two dimensions. In each case
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Figure 10. (a) ELS calibration data showing elevation response of the eight anodes at 125 eV. (b)
ELS calibration data showing elevation response of the eight anodes at 960 eV.

some 150,000 data points, corrected for dead time and beam monitor readings, were
summed to produce a plot. The eight anodes show a nearly uniform response with
some loss of transmission at the two end anodes. This is to be expected because the
grid holder cuts off incident trajectories at £80° elevation. A summary of 125 and
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960 eV calibration data is included in Table III. Energy-angle scans with a 125 eV
electron beam were made at the azimuthal center of each of the eight anodes. These
are plotted in spectrogram format in Figure 11. Taken together, Figures 10 and 11
show that analyzer performance in three-dimensions is consistent from one anode
to the next and deviates little from instrument simulations.

4.6. PERFORMANCE

Calibration results in the previous section show that the mechanical construction
accuracy of the analyzer (see Johnstone et al., 1997), and therefore the anticipated
scientific performance of the instrument, is excellent (Table V). Analyzer response
widths agree with simulations and are close to those originally proposed. The
geometric factor is based on a nominal MCP voltage setting.

Response of ELS to solar UV also was measured during calibration. In common
with Alsop et al. (1998) we find energy-dependent rejection efficiency. Setting
the grid potential to —8 V and grounding the inner hemisphere made it possible to
distinguish between photons themselves and photoelectrons reaching the MCP. The
results showed an excellent rejection ratio (i.e. ratio of dark current background to
background measured with UV entering the aperture) of ~10~'? at high electron
energy and a worst case of ~1078 at low energy. The intensity of Lyman « at Saturn
is approximately 2.4 x 10° cm~2 s~! so the solar UV background at Saturn should be
negligible. Using tritium or an electron beam as a source, end-to-end tests showed
that secondary electron production inside ELS is minimal. ELS performance is
summarized in Table V.

Section 9 of this paper contains examples of ELS data taken during Cassini’s
swingby of the Earth in August 1999 and its encounter with Jupiter in December
2000 to January 2001. Beginning with the jovian encounter, ELS (and CAPS as
a whole) has been operating continuously and successfully when mission plans
permit.

5. Ion Beam Spectrometer

The IBS is specifically designed to provide high resolution, 3-D measurements
of the energy and angular distribution of any beamed ion populations encoun-
tered during the course of the mission. This instrument, based on an earlier de-
sign by Bame et al. (1978), has four principal measurement objectives: (1) afford
context for saturnian magnetospheric studies by providing solar wind and bow
shock measurements, (2) search for ion beams in the saturnian magnetosphere
and study high-latitude source/loss cones in the cusp and auroral regions, (3) ana-
lyze thermal plasma distributions during transits through Titan’s upper atmosphere,
and (4) provide solar wind science data when the opportunity arises during the
mission.
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Figure 11. Spectrograms of ELS response in azimuth versus energy. Each spectrogram corresponds

D. T. YOUNG ET AL.

Cassin ELS FM, 125eV, 2/4/97, Cassin ELS FM, 125eV, 2/4/97,
cemdt corrected, log, anode 0 cem+dt comected, log, anode 1

o N B>

Azimuth (deg)
)

& A

[=TR C R = ]

Azimuth (deg)
N

& A

(=T S I - ]

Azimuth (deg)
%

& b

o N & @

Azimuth (deg)
)

& b

1

TAOD3414FF

to an elevation passband shown in Figure 10a (125 eV beam).
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TABLE V

ELS detailed performance summary.

Parameter Value
Energy range (eV) 0.6-28,250
Resolution AE/E (%) 16.752
Field of view (°) 5.24%% 160
Angular resolution (°) 5.24%x 20

Analyzer constant measured on FM at 960 eV (eV/V) 6.31
Geometric factor® (cm? sr eV/eV)
(1) per 20° anode 8 x 1074
(2) per complete FOV 6.4 x 1073

#Value from simulation.
YBased on nominal MCP voltage setting.

5.1. PRINCIPLES OF OPERATION

Similar to the ELS, the IBS is based on the principles of a curved-electrode elec-
trostatic analyzer. The primary differences, aside from its larger radius, is that the
spherical IBS electrodes extend 178° from the entrance aperture to channel-electron
multiplier detectors located at the exit. Positively charged ions enter the spectrome-
ter through one of three flat, grounded apertures. They then acquire trajectories that
are parts of conic sections due to the central electric force field present between the
spherical electrodes (Figure 12). The inner plate has a variable (stepped) negative
potential applied to it whereas the outer plate is at ground potential. Only those
ions with a very small range of entrance energies and angles will transit the narrow
gap between the nested hemispheres and be counted by particle detectors located
at the ESA exit. Ions with too large energy or with angles of arrival more than
~ +41° from the aperture normal will not be bent sufficiently by the electric field
and will be lost on impact with the outer analyzer plate. Those with too little energy
or with angles within less than ~ —1° of the aperture normal will be pulled into
the inner plate and also lost to the system. By sequentially stepping the potential
on the inner plate and counting particles that transit the ESA, the energy spectrum
of the ambient ion population can be readily determined.

A unique aspect of the IBS is the method used to obtain high-angular resolution
3-D velocity space measurements. On the basis of the crossed-fan FOV concept
employed in an earlier solar wind ion instrument (Bame et al., 1978), it is possible to
obtain the required angular resolution by tilting the acceptance fans of each aperture
30° relative to the others (Figure 12). Because each of the three fans requires only
a single non-imaging detector, it is possible to measure the velocity distribution of
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Figure 12. Elevation and plan views of the IBS sensor. Note that the three FOV fans are tilted by
30° and offset from one another in the vertical direction. The cutaway drawing at left shows power
supplies mounted within the IBS analyzer dome.

the ambient plasma with a minimum of complexity and resources. Information on
the instantaneous viewing direction of each of the fans combined with the energy
analysis provided by the ESA provides a nearly complete energy-angle distribution
of the ambient plasma ion population.

5.2. DETAILED DESCRIPTION

For a variety of reasons, the IBS was allocated minimal resources of approximately
1 kg and 1 W and optimized to near those values (Table XI). These constraints,
plus a requirement to be able to search almost the entire unit sphere for ion beams
and analyze them with adequate energy and spatial resolution, dictated the overall
IBS design.

Key IBS sensor data and dimensions are given in Table VI. The choices were
dictated by the requirement for high angular and energy resolution while simultane-
ously obtaining sufficient particle throughput needed to measure narrow solar wind
beams expected at 9.5 AU. To minimize weight but still provide adequate radiation
shielding, the inner ESA hemisphere (made from aluminum) was optimized to a
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TABLE VI

IBS key sensor data and dimensions.

Parameter Value

ESA type Hemispherical
Mean radius 10.00 cm

Plate spacing 0.25 cm

Analyzer constant 19.0

Plate bending angle 178°

Aperture (curved) 0.25 cm x 1.50 cm

Aperture radius of curvature  10.0 cm
Detector CEM

thickness of 0.7 mm and that of the outer to 0.8 mm. The tolerances for manufactur-
ing the hemispheres and aligning them relative to one another were quite stringent.
Vilppola et al. (1993) have shown through simulations that inaccuracies of ~ few
tens of um are important.

Normally, the interior surfaces of the hemispheres would have been grooved
and blackened to suppress UV photons that could scatter into the detectors, but
grooving of the large thin plates is impractical. Originally, we avoided blackening
the interior analyzer gap because the large ESA bending angle of 178° requires nu-
merous bounces before photons could be transmitted to the detectors, which should
greatly suppress unwanted background. In addition, we expect to encounter very
low-energy ions (1 to a few eV) in Titan’s ionosphere. Transport of ~1 eV ions
through the relatively long path length of the IBS ESA (~315 mm) necessitates a
highly uniform field between the plates. We therefore wished to avoid using the
usual Ebanol-C black coating used on ELS because of the possibility of introducing
surface potential “patchiness” in the analyzer gap. (For 1 eV ions the inner analyzer
plate potential is only —50 mV and a variation of only a few mV in surface poten-
tial along the path would be unacceptable). Therefore, the ESA hemispheres were
not grooved or blackened but were instead carefully coated with pure gold, a poor
reflector of UV. However, during early testing it was found that UV transmission
through the ESA was much higher than that expected at high-polar angles, appar-
ently due to “channeling” along minute machining grooves that remained in the
hemispheres. As a consequence, in the end the hemispheres were blackened using
the Ebanol-C process and UV rejection fell to ~107!°. None of the anticipated
problems associated with Ebanol actually occurred.

As mentioned above, the unique aspect of the IBS is its method of determining
3-D plasma velocity space distributions by means of crossed-fan geometry. There
are three curved 2.5 x 15 mm apertures in the IBS faceplate (Figure 12), each with a
nominal acceptance fan of ==1.5° FWFM in azimuth (set by the ESA characteristics)
and £75° FWFM in elevation angle (set by the apertures) from the normal to the
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Figure 13. Velocity space coverage of the IBS crossed fan electrostatic analyzer. The solid and dashed
lines represent the centers of the two slanted fans. The central aperture fan is omitted for clarity.

plane of the aperture. If we define the middle aperture as being along the 0° radius
from the center of the instrument faceplate, the other two apertures are located at
430° relative to it. There are three CEM detectors located 180° around the faceplate
from each of the apertures, i.e. in the position where ions entering the apertures
from any transmitted direction come to a focus. The FOV of the middle aperture
is oriented such that its long (polar) dimension is parallel to the azimuthal (Z) axis
of the CAPS actuator. The FOV of the other two apertures are therefore “crossed”
with inclinations of £30° with respect to that of the middle aperture.

Ions transmitted through each of the apertures are detected by the corresponding
CEM, giving an instantaneous 1-D view of an ion distribution. A 3-D measurement
of the plasma velocity distribution can be built up from each aperture by simulta-
neously sweeping the energy passband of the instrument and rotating the actuator
(ACT) and/or the spacecraft itself. Figure 13 illustrates how spatial coverage is
obtained. Data from the three individual acceptance fans are combined (Figure 14)
and used to obtain a 3-D distribution measurement with angular resolution as high
as 1.4° x 1.4° (FWHM). The maximum angular resolution falls off gradually with
increasing polar (elevation) angle due to the natural broadening of the azimuthal
acceptance angle as polar angle increases from the aperture normal (see Figure 17
below).
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Figure 14. The upper figure shows a hypothetical input solar wind energy spectrum for a single fan.
The lower figure illustrates the method for determining ion beam position in velocity space from
crossed-fan measurements (after Bame et al., 1978).

It can be seen that two fans would be sufficient to obtain the required mea-
surements. However IBS incorporates three fans for a number of reasons. One is
redundancy: if one of the three CEMs fails, it is still possible to obtain fully 3-D
results. If two channels fail, useful 2-D data can still be obtained. Second, given an
unobscured FOV, IBS can potentially obtain 3-D coverage over ~80% of space.
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Figure 15. Views of the IBS flight unit during assembly. (a) The completed unit seen from the rear
showing the outer hemispherical plate. (b) View of the inside of the front plate of IBS showing the
three CEM detectors on the left and aperture holes on the right. (c) Details of IBS high-voltage supplies
that are mounted inside the ESA inner dome. (d) Details of the ceramic CEM detectors.

The three matched detectors used in IBS (Figures 12 and 15d) are custom-built
CEMs chosen for their rugged construction out of solid ceramic, their high-gain
characteristics (typical plateau ~10%), and their availability in nearly any desired
form factor (the manufacturer is Dr Sjuts Optotechnik GmBH of Germany). The
input funnel interior dimensions are 5 x 20 mm, which is more than adequate to
intercept all of the ions converging at each of the sensor’s three focal points. Ninety
percent transmission grids are stood off from the front of the CEM funnels and
biased negatively with respect to the funnels to minimize secondary electron loss.
The input assembly (grid and funnel) is biased at negative high voltage so that
all transmitted ions receive post-acceleration equivalent to the CEM bias. A CEM
responds to an incoming ion by emitting an electron charge pulse at its exit, which
is biased at about —100 V. Electrons are attracted to the anode, which is at signal
ground, and are then fed to an Amptek A111F hybrid preamplifier/discriminator.
The resulting output pulses are routed to counters located in the CAPS DPU where
samples are compressed and inserted into the telemetry stream by the CAPS Central
Processing Unit 1 (CPU1).
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5.3. RAY-TRACING AND MODELING RESULTS

Initial modeling of the IBS was chiefly concerned with determining manufacturing
tolerances required to achieve the desired energy-angle resolution and transmission
efficiency of the ESA (Vilppola et al., 1993). Analysis of simulation results showed
that it was necessary to align the two ESA hemispheres relative to one another with
an accuracy of better than ~25u m to obtain the desired energy resolution of
AE/E = 0.015. Furthermore, deviations of the ESA plate surfaces could not depart
from perfect sphericity by more than 300 um (0.3% of plate radius) if >90%
transmission efficiency was to be maintained. Guided by this analysis, fabrication,
assembly and metrology techniques were developed to help ensure that individual
IBS hemispheres were within specification. Unfortunately, it was not possible to
directly measure the inner surfaces of the analyzer gap once the ESA was fully
assembled. Thus unexpected irregularities that might be introduced during assembly
potentially could go unnoticed. Laboratory calibrations were employed to determine
whether specifications had been maintained and sensor response conformed to
expectations.

5.4. ELECTRONICS

A schematic block diagram of the IBS electronics is presented in Figure 16. All of
the electronics are mounted on two circular circuit boards housed in the ESA hemi-
spherical cavity (Figure 15¢). The upper board contains both the ESA and the CEM
high-voltage power supplies, whereas the low-voltage amplifier/discriminators, test
pulser, and digital-to-analog converters (DACs) are contained on the lower board.
The electrical interface from the IBS to the CAPS DPU is a single 62-pin connector.
The weight of the internal IBS electronics is 42% of the total weight of the IBS
sensor, or 490 g.

The CEM HYV supply, which provides a negative bias voltage to the three IBS
detectors in parallel, is commanded by an 8-bit word over a range of 0 to —4.0 kV.
The ESA supply biases the inner ESA hemisphere with a stepped negative potential
that determines the instantaneous energy of transmitted ions. For IBS to be able
to function as desired, the ESA HVPS must cover the voltage range —0.05 to
—2600 V in 1.284% increments with a time between steps of 7.8125 ms. In order
to have sufficient resolution over the entire voltage range, the ESA supply was
designed with three ranges (—0.05 to —1.85 V, —1.85 to —69.6 V, and —69.6 to
—2600 V) each of which is 12-bit controllable. This results in a total of 12,288
possible voltage steps although only 852 logarithmically spaced steps are required
for full coverage of the voltage range with 1.284% spacing. During operation a
14-bit data word controlling the ESA stepper supply is written to a latch in the IBS
electronics every 7.8125 ms (one-eighth of the IMS stepping interval of 62.5 ms).
The basic operational mode consists of a 255-step voltage scan (corresponding to an
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Figure 16. Schematic IBS electrical block diagram.

energy scan) lasting 2 s. In planned operations this may consist of a single, 255-step
scan, two 127-step scans, or half of a 510-step, interleaved scan. Data values for
generating the energy sweep are stored in CPU1 memory. Energy sweep steps are
verified by returning an analog monitor voltage that is digitized and entered into

the CAPS housekeeping data.

5.5. CALIBRATION

Initial calibration results showed that IBS responds as expected (Figure 17) except
for the presence of a few small but unusual features. Of these, a double-bend
in the energy-polar angle response (Figure 17¢) is the most notable. To address
these findings, a more accurate simulation of the sensor was developed and used
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Figure 17. Spectrograms summarizing detailed calibration of the IBS.

to investigate IBS response in more detail (Vilppola et al., 1996). Improvements
made to the model included addition of curved apertures (Figure 15b) at the correct
standoff distance from the ESA plates, introduction of fringing fields, and a realistic
description of the ion beam that matched that used in calibration. These upgrades
to the model did not, however, account for the bend feature of Figure 17c. A further
refinement of the model allowed the introduction of slight asymmetries in ESA
plate geometry (Vilppola et al., 2001). The resulting simulations with asymmetric
hemispheres and a slight (few tens of microns) misalignment of the two hemispheres
produced good agreement with laboratory results. Although the flight sensor’s ESA
plates may indeed be slightly misaligned as suggested by simulations, the response
of the engineering model IBS is almost identical to the flight model, which is
surprising if a random misalignment occurred. Moreover, the responses of the three
individual fan apertures in both IBS models are also very similar. This suggests that
the unexpected calibration response is due to a small systematic error in alignment
or is inherent in the overall electro-optic design and not a function of alignment
accuracy. Our latest simulations suggest that a small systematic manufacturing fault
might be to blame.

Calibration of IBS took place in ion beam facilities at Los Alamos and SwRI (the
same facilities that are used to calibrate IMS). The work at Los Alamos concentrated
on angle—angle and angle—energy responses while absolute energy and sensitivity
calibrations took place at SWRI. At Los Alamos ions were produced in a radio-
frequency discharge ion source and then accelerated down a 3-m flight tube into
the calibration chamber where IBS was located. Both external supplies and the IBS
internal power supplies were used in calibration. A nitrogen beam was typically used
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which was accelerated to between 0.3 and 60 keV. Beam location and uniformity
were measured but not absolute ion current. Typical operating pressures were in
the low 1078 Torr range.

The ion current extracted from the Los Alamos source was quite stable but not
easily varied over a wide dynamic range. Therefore a series of slits were employed
to adjust the current delivered to the target chamber. IBS was mounted on a stand
whose orientation could be adjusted in one translational axis (across the beam) and
two rotational axes. Thus the incident ion beam could be made to impinge on the IBS
aperture at any desired combination of elevation and azimuthal angles. All of the
diagnostic, motion control and data acquisition systems were computer-controlled.
During a typical calibration run, three separate 1-D scans in energy, elevation and
azimuthal angle would be taken across the center of the response function. Three
central 2-D cuts through the response function would then be taken, followed by
a series of energy-azimuth cuts along the elevation axis at 10° intervals. Finally,
data were corrected for deadtime losses and variation in the beam current during
the calibration run. Angular data were transformed from laboratory to spacecraft
coordinates. Figure 17 shows an example of the IBS energy—angle response to a
10.0 keV beam of H™ ions.

After calibration at Los Alamos, the IBS was integrated with the CAPS flight
instrument and underwent checks of calibration in the ion beam at SWRI. The
latter, which is similar to that at Los Alamos, is described in Section 6. Typical
beam spread at SWRI was A6 =~ 0.2° and AE/E =~ 0.005. One difference in the
two calibration systems was important: the integrated CAPS unit was positioned
to calibrate mainly IMS. Thus the rotation axes of the calibration goniometer were
centered on the IMS FOV. Since the plane of the IBS apertures is offset 32.0 cm
from the central axis of the IMS and ELS sensors (Section 7.1), the IBS aperture
plane was neither co-planar nor co-aligned with the other two sensors: Any rotation
of CAPS tended to move the IBS FOV out of the ion beam. The displacement of the
aperture through the small IBS maximum azimuthal angular acceptance of ~ £2°
was less than 1 cm, well within the diameter of the calibration beam as seen from
IBS. Thus only calibrations of the energy response at azimuth = elevation = (0°
and of absolute sensitivity (see the discussion in Section 6.6 below) were possible.

5.6. PERFORMANCE

The detailed results of IBS absolute and elevation calibrations with an N* beam
are summarized in Table VII. There are slight but consistent trends in the analyzer
constant K and in the energy and angle resolutions. Taken at face value, the trend in
K suggests that the analyzer plates appear to be closer together at higher voltages,
or, alternatively that the voltages produced by the IBS ESA supply are too low by
0.26% at 0.25 keV and too high by 0.47% at 25 keV. The latter would be within
the allowed error range of the supplies. Trends in energy and azimuthal angular
resolution are toward slightly higher resolution at higher energies. By extrapolating
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TABLE VII

IBS detailed performance summary.

Parameter Value

Energy range (eV/e) 0.95 to 49,800
Energy resolution (AE/E)rwHM 0.014
Field-of-view (°)pwHM 1.4 x 150
Angular resolution (°) 14x 14
Analyzer constant (average) 19.0
Geometric factor (cm? sreV/eV) 4.7 x 107
Effective area (cm?) 0.081

Dead time (us) 0.86

data taken between 0.25 and 30.0 keV we have estimated performance for all but
the lowest ion energies.

Initial absolute efficiency measurements made at SWRI found an efficiency of
about 30% of the calculated value. It is possible that this disagreement arises in the
beam system’s ability to measure total beam current for a tightly collimated FOV
such as IBS’s. The beam current monitor is located 1-m upstream from the IBS
aperture and 4 m from the ion source. The monitor’s acceptance in angle, energy,
and spatial coordinates are much larger than that of IBS, particularly in the elevation
direction. This could cause the monitor to overestimate the amount of beam actually
filling the IBS acceptance phase space.

IBS has performed extremely well since initial operations began during the Earth
encounter in August 1999. Examples of IBS data taken at Earth and the encounter
with Jupiter in December 2000 to January 2001 are presented in Section 9. IBS has
been operating continuously since late 2000, with the exception of an 8-month gap
in 2003, when the CAPS instrument was off while spacecraft and instrument flight
software were being tested.

6. Ion Mass Spectrometer

The IMS is designed to carry out three primary functions in response to CAPS
scientific objectives. In describing and discussing the IMS it helps to rank these
functions in rough order of time resolution: (1) Obtain rapid measurements of the
velocity distributions of major ion species up to 50 keV. These data will be used
to determine magnetospheric boundaries, structures in the region of Titan and icy
satellites, and particle acceleration regions. (2) Measure the atomic, molecular, and,
where possible, isotopic composition of saturnian plasmas in order to determine
chemical and physical processes leading to the creation, transport, and loss of
plasma populations. (3) Carry out a thorough survey of general characteristics of
the magnetosphere including its composition.
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6.1. MEASUREMENT REQUIREMENTS AND APPROACH

6.1.1. Requirements

Our approach to designing the IMS was taken largely from the three requirements
given above. The first centers on measurement of rapid changes in the distribution
functions of the dominant ion species (>1% of the total), for example, HT, H;r s
He™™, O, OH*, H,O%, or NJ depending on location in the magnetosphere (see
discussion in Section 2). Characteristic scales are, for example, on the order of
the time needed to cross plasma boundaries (~few seconds). It is important to
realize, however, that characterization of rapid plasma changes is limited by the
performance of the ACT and by spacecraft motions (nominal rotation rates of 1°/s
and <0.15°s, respectively). Thus the highest time resolution for two-dimensional
snapshots in energy-elevation is a few seconds, while for 3-D scans the resolution is
~3 min. A comparable time base requirement (~minutes) is set by the combination
of spacecraft relative velocity and target body radius. In order to fulfil the second
requirement IMS must return energy-resolved high-resolution M/Q spectra from
which minor ion species (<1% of the total) can be identified and their relative
abundances measured. This function is more nearly like that of a traditional mass
spectrometer. The typical time scale for this measurement should be roughly that of
the 3-D measurement (a few minutes) in order to sample the entire region of phase
space available at any one time. In addition to survey products, the high-resolution
M/Q versus E/Q data will serve as a ground truth check of the high time-resolution
ion data.

A complete understanding of the saturnian magnetosphere requires knowledge
of its average characteristics as a function of both time and position. Because of
the large number of candidate plasma sources (see Section 2), ion composition can
be expected to be a strong function of location. This leads to the third primary
requirement placed on IMS, namely an accurate, contiguous survey of as many ion
species and their energy distributions as possible. This survey will be carried out
under the aegis of the Cassini magnetosphere and plasma science (MAPS) working
group to which CAPS contributes. Although limited in some ways by telemetry
rate considerations, we have developed a special survey mode to optimize CAPS
contributions to this survey (see Section 8.1).

6.1.2. Approach

There is a well-known tradeoff in conventional mass spectrometry between sen-
sitivity and mass resolution. In order to build a space flight spectrometer sev-
eral issues must be addressed: (1) Magnetic mass spectrometers do not usu-
ally provide high resolution at ion energies above ~3 keV because the size of
the spectrometer grows proportionately to ion velocity. Quadrupole spectrome-
ters (e.g., Waite et al., 2004), another alternative, function well only up to ener-
gies of ~0.1 keV. (2) Although energetic particle telescopes are able to distin-
guish ion mass and mass/charge, they typically are insensitive to heavy ions such
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as O™ below ~50 keV/e (e.g., Krimigis et al., 2004). (3) Sensitivity is proportional
to aperture acceptance (solid angle and area), so it is essential to develop a sensor
having both a large FOV and a large acceptance area. Neither of these factors is
conducive to good resolution in conventional mass spectrometers.

Given these considerations, our approach was to choose a novel technique based
on isochronous (time-focusing) mass spectrometry based on carbon foils. Using
carbon foils as a means of generating timing signals in TOF space instruments
is well known (Gloeckler and Hsieh, 1976; Hamilton et al., 1990; Young et al.,
1991). What is novel about the IMS design is its capability for isochronous perfor-
mance over a FOV as large 360° (McComas et al., 1990; McComas and Nordholt,
1990). The combination of carbon foil and isochronous methods solved several
measurement problems. In the first place, all other things being equal, aperture
size determines mass resolution in conventional mass spectrometry. Here, however
aperture size is determined by carbon foil size, which in principle can be made as
large as desired. Secondly, the foils can be arranged in an axisymmetric geometry
that permits the mass spectrometer to view 360° if desired, thus increasing solid
angle of acceptance and FOV appreciably. Finally, a third feature of the IMS TOF
optics is that the combination of a high-resolution time-focusing linear electric
field (LEF) with time-dispersive optics yields not only high-mass resolution but
also high sensitivity because all daughter products leaving the carbon foil can be
detected.

6.2. PRINCIPLES OF OPERATION

6.2.1. Overview

To achieve IMS measurement goals we have matched the properties of a toroidal
ESA to those of the TOF analyzer. The combination of an ESA with carbon-foil
based TOF measurements has been previously developed and flown in space by
Gloeckler and colleagues (see Gloeckler and Hsieh, 1976; Gloeckler et al. (1995,
1998); Hamilton et al., 1990), Hovestadt et al., 1995, and by Young et al. (1991,
1998). Early development of the LEF concept by Gloeckler et al. (1995) resulted
in a high-resolution 1-D (in energy) isochronous instrument used to measure the
collimated flow of the solar wind. However, McComas et al. (1990) and McComas
and Nordholt (1990) were the first to describe the principles and operation of a
cylindrically symmetric LEF analyzer capable of making 2-D energy-angle mea-
surements. McComas et al. (1998) and Nordholt et al. (1998) further describe the
LEF application to IMS.

Ions initially enter the top-hat portion of the ESA through a grounded collimator
(Figure 18). A flat circular plate truncates the inner ESA toroid at the point where it
joins the top-hat section. There are two advantages to toroidal geometry: (1) Toroids
have two radii of curvature that independently control ion focusing within the TOF
section (in spheres the two radii are degenerate and equal, in cylinders one radius
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Figure 18. Schematic diagram of the IMS optics, detectors, and placement of high-speed FEE
electronics.

is infinite). (2) The top-hat entrance aperture of a toroid like the one used in IMS is
larger per unit of ESA plate surface area than for a comparably sized spherical top-
hat, giving higher sensitivity per unit of sensor weight (Wollnik, 1971; Young et al.,
1988). In the elevation plane (orthogonal to that of Figure 18), ions are formed into
a beam by a combination of vanes in the entrance collimator and field-correcting
slits (one per 20° pixel) at the exit of the ESA. Figure 19 illustrates the collimated
FOV and mapping to the two IMS detectors.

A voltage applied to the inner ESA electrode creates an electric field in the
top-hat that deflects ions into the toroid. As with ELS and IBS, only particles
within a particular range of E/Q and direction of arrival are transmitted through
the ESA to the TOF analyzer. Ions that successfully exit the ESA are accelerated
by —14.56 kV into one of eight ultra-thin (1~1.5 g/cm?) carbon foils distributed
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Figure 19. The IMS field of view in the elevation plane showing the mapping of angular pixels to
the IMS detectors.

around the entrance to the TOF analyzer (one foil per angular “pixel”). Ions fall
through the accelerating field, gaining sufficient velocity perpendicular to the foil
so that they penetrate the foils even at the lowest external energies (~1eV). Higher
post-acceleration voltages would naturally be desirable, but would have driven up
instrument size, mass, and power in addition to risk. (The IMS supplies are capable
of delivering —16.0 kV and the optics are rated at —15.0 kV but are tested much
higher. However for operational reasons the IMS voltages are set at £14.56 kV.)

6.2.2. Instrument Theory
Figure 20 shows the equipotential distribution in the LEF along with typical particle
trajectories. Ions enter from below, normal to the foil surface (scattering in the foil
is neglected in this simple presentation). From the figure it is clear that the shape
of the LEF near the foil area pushes electrons outward toward the outer edge of
the “straight-through” (non-mirroring) ST detector where “start” timing events
are recorded. Negative ions have higher momentum and are pushed only slightly
outwards in the upper part of the field. Neutrals of course follow a rectilinear path
through the field, while positive ions below ~15 keV (external energy) are reflected
in the field. The following first-order theory of instrument performance applies only
to characteristic trajectories traveling through the central portion of the LEF.

lon Mass Identification. In the simplest case of an atomic species that does not
break up in a foil and that can be identified by a single TOF peak, the parent ion
corresponds directly to an identifiable ion of mass/charge (M/Q). The distinction
of mass per charge is important because IMS is not able to identify mass or charge
separately, only the ratio. Identification of parent molecular species (consisting of
two or more atoms) is more complicated and follows a multi-step process. First,
individual peaks are identified in the TOF spectrum on the basis of calibrated
properties such as peak centroid and shape. Second, patterns or combinations of
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Figure 20. Characteristic trajectories in the LEF obtained by ray-tracing.

daughter peaks are recognized and the daughter peak identified (e.g., a C* peak
that might originate in any number of carbon compounds). Finally, the relative
abundances of any daughter species are used to identify the parent molecule. (It
may be possible with experience to go directly from the first step to the last.)

Ions with total energy E and charge Q at infinity are accelerated by a potential
U, giving them a total energy E + QU or, more conveniently, E/Q 4 Uy since
the ESA measures E/Q rather than E. The ions strike the carbon foil, exiting with
energy “per charge” o (E/Q + U,) (for neutral species the total energy is used). The
factor o accounts for energy losses due to collisions. Although molecular species
will break up in the foil, the daughter products all travel with approximately the
same center of mass velocity, allowing us to write the following equation for any
peak measured at time 7

M/Q = (0/ki(E/Q +Us)T*’L™? (1)

where k; = 22.85, E/Q and U, are measured in kV, M/Q is in amu/charge: L is the
particle path length in cm, and 7 is in units of ns (10~ s). The acceleration potential
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U has anominal value of —14.56 kV but can be varied if necessary although doing
so would affect calibration.

Mass resolution M/ AM is determined primarily by the time resolution of the LEF
optics. Because the LEF portion of the IMS is time focusing resolution can be quite
high (~60 at M/Q = 20) including all effects of energy and angle straggling. LEF
spectra are used in the interpretation of ST spectra. There, resolution is degraded by
path length variations, which are caused by the range of trajectory angles leaving the
ESA, combined with angle energy straggling in the foil. Writing the uncertainties
as AT, AL and AE the mass resolution is:

M/AM = [(T/AT)* + (L/AL)* + (E/AE)*]'/? 2)

Positively Charged Ions with Ey/Qy <~15.5 kV. An ion leaving the carbon foil
and satisfying the condition o' (Ey + QyUa) cos?6 < 14.56 keV, where 6 = 14 ° is the
angle between the foil normal and the central IMS axis of symmetry, will execute
simple harmonic motion before striking the LEF detector (see Figure 20). The
motion of ions in the LEF is analogous to simple harmonic motion, depending only
on ion M/Q and independent of energy or angle of entry into the field to first order:

T =n(M/Qky)'/? 3)

The effective “spring constant” k, has been determined from calibration to be
2.327 x 10° amu/(C s?). Positively charged daughter fragments from molecu-
lar breakup have energies per charge proportional to their fraction of the parent
molecule’s mass. The LEF mirror field has been purposely “detuned” slightly from
strict linearity to take advantage of this fact and optimize IMS resolution for molec-
ular fragments. The square root relation in (3) holds very well despite detuning (see
below). Other departures from the ideal field such as inhomogenieties cause ions to
take different paths in the field, introducing broadening into mass peaks (Equation
2).

Positively Charged lons with Internal Energy per Charge Eo/Q >~15.5 kV. Ions
in this energy range are retarded by the linear electric field, but eventually reach
the “straight-through” (ST) detector located at the far end of the LEF, opposite the
foils. Their TOF is given by:

T = (M/kyQ)"*sin ' {[L(k2/2)"*1/[E/ Q1"*} 4

Negatively Charged Ions. These see a spatially varying field as they travel
through the TOF region. Hence their flight times must be determined by integrating
their velocity over the path.

T =M/20)" (k"L + &+ E/0)]/(E/0)?) 5)

Neutral Particles. Most particles leaving the foils are charge neutral. Their TOF
is given simply by their path length and velocity.

T =k L[M/E]"? (6)
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Sensitivity. In addition to identification of ion species, the other most important
quantity of physical interest is the three-dimensional velocity distribution function
for a particular ion species at infinity, f;(v). The quantity that IMS measures dur-
ing a sampling interval At is the counting rate C. Assuming that the part of the
distribution function measured at any one time is constant and uniform within the
IMS range of acceptance, then, following the work of Johnstone ez al. (1987) and
others,

f:(v) =nCM?/AE*G; At (7)

where n is a unit vector indicating the direction of v, and G is the differential IMS
“geometric” factor:

G,‘ = AS,T,(AQAE/E) (8)

where A is the entrance aperture area, ¢;(E, M) is the energy and mass dependent
efficiency of carbon foils and detectors as well as the effects of and circuit deadtimes,
7;(E, M) is the transmission dependence of foils, grids and optics, and (AQAE/E)
is the solid angle and energy acceptance averaged over the entrance aperture. G has
units of cm? sr eV/eV. The efficiency factor in (8) can be thought of as converting
counts/s into ions/s.

Similar equations also apply to the ELS and IBS. Although ELS will observe
only electrons, IBS is capable of observing and separating several ion species in a
cold, flowing plasma as will occur during low-altitude Titan flybys. In that case its
mass-dependent efficiency will have to be taken into account to obtain the correct
relative abundance of ion species.

6.3. INSTRUMENT DESCRIPTION

Unlike ELS and IBS, which contain their own power supplies and data acquisition
electronics, the IMS consists of a separate sensor unit and six separate electronics
modules: a fast front-end electronics (FEE) performing signal acquisition, a time-
to-digital converter (TDC), a spectrum analyzer module (SAM), a dedicated central
processing unit (CPU2), and two high-voltage units (HVU1 and HVU2). The FEE
is located in the sensor itself (Figure 18), the TDC, SAM and CPU2 are inside the
DPU, and the HVU’s are outside near the sensor (Figure 3). Table VIII summarizes
key IMS optical parameters.

Ions entering the IMS collimator are subject to an electric field set by a negative
voltage on the inner electrode of the ESA. The value of this voltage is given by
Vesa = KEy where K &~ Ro/2AR = 6.25 for IMS, Ry is the mean major radius of
the ESA, and AR is the electrode spacing. The ESA high voltage (HV) supply is
relatively complex. It generates stepped voltages at a 62.5 ms cadence, covering
63 voltage steps plus one “flyback”™ step every 4 s. The broad range of energies
covered by IMS (Eyax/Emin = Vmax/Vmin = 5 X 10%) requires three separate
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TABLE VIII

IMS key sensor properties.

Analyzer

Parameter

Value/type

Electrostatic analyzer

Mass spectrometer

Mean major radius
Mean minor radius
Plate spacing

Analyzer constant
Analyzer bending angle
Top-hat set-back angle
Top-hat aperture radius
LEF

Spring constant

Toroidal top-hat

6.50 cm

1.30 cm

0.40 cm

6.25

93.0°

11.0°

2.29 cm

Isochronous time-of-flight
2.327 x 10® amu/(Cs?)

47

Detector Z-stack Galileo MCP
MCP outer radius 433 cm

MCP thickness 0.10 cm

Channel length/diameter 40:1

STOP anode radius 3.75cm

ST Linear time-of-flight
Slant path length foil to detector 18.8 cm

Detector Z-stack Galileo MCP
MCP outer radius 433 cm

MCP thickness 0.10 cm

Channel length/diameter 40:1

START anode annulus radii 2.10, 3.80 cm

STOP anode radius 2.00 cm

digital to analog converters that together yield 3 x 2!? “micro” steps. Normally a
logarithmic voltage scan based on 63 log-spaced “macro” steps chosen from among
the micro-steps is stored in tables used to command the ESA voltage. In principle
the voltage table can be set to scan the ESA in a wide range of patterns. The other
HVU2 supplies service the IMS microchannel plate (MCP) detectors, whose gains
can be changed independently.

After leaving the ESA, ions encounter a guard electrode set at a distance of
5 mm from the ESA exit plane. The guard electrode is biased at approximately
one-half the voltage on the inner ESA toroid to help shield the smaller ESA field
(as low as a few mV/m) from the TOF acceleration field (~1 kV/mm). From the
vicinity of the guard electrode ions are accelerated by —14.56 kV through 1.1 £ 0.1
pg/em? thick “carbon” foils and into the LEF analyzer. The linear electric field is
produced by voltages of —14.56 kV applied to the foil end of the LEF and +14.56
kV to the opposite (ST) end (Figures 18 and 20). Independent positive and negative
high-voltage converters located in the HVU1 supply these voltages. Each supply is
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controlled by an 8-bit command word. A 10'°  resistor-divider network applied to
30 co-axial rings creates a series of potentials that generate the LEF. One guard ring
near the center of the ring stack is grounded to create a zero potential surface (Figure
20). In addition to its vertical, linear component, radial fields arise as a natural
consequence of the solution to Laplace’s equation in cylindrical coordinates. These
act to push positive ions outward from the central axis and focus electrons toward
it. By choosing an ESA bending angle of 14 °, the inward radial velocity associated
with ion bounce motion is balanced against acceleration caused by outward radial
field components, thus optimizing ion transmission.

Because the carbon foils covering the entrance to the TOF are very thin and
relatively large (7 mm x 18 mm at the center line), they are mounted on stretched 333
lines-per-inch, 70% transmissive nickel mesh. As ions pass through the foils they
come into an equilibrium charge state that depends on the incident species, its speed,
and the foil material (Funsten et al., 1993a, b, 1994, 1995), but is fundamentally
independent of the incident charge state. To illustrate this, the probabilities of
hydrogen, helium, carbon, and oxygen ions exiting a foil as singly charged positive
or negative ions are shown as a function of energy in Figure 21. Above 15 keV (the
lowest energy ions seen in the TOF) the ratio of neutral to positive to negatively
charged hydrogen is ~35:15:1 changing to ~60:40:1 at 30 keV. The same ratios for
carbon, on the other hand, are ~11:2:1 and ~9:2:1, respectively, which indicates
a higher proportion of negative ions relative to hydrogen (typically ~5:1) and
corresponding lower proportions of positive ions. For oxygen the comparable ratios
are ~15:1:4 and ~7:1:2, respectively, indicating the preponderance of negatively
charged oxygen caused by its large electron affinity. It is interesting that for all
three species the fraction of ions exiting as neutrals remains at ~70% regardless
of energy over this range. Helium has a positive ion yield that is quantitatively
similar to oxygen’s but the exit charge fraction of its metastable negative ion is
<3x10~* (Funsten et al., 2001). Other ions have different positive, negative, and
neutral yields, which generally fall within the range between that of hydrogen and
helium. Typically, the fraction of ions exiting the foil in charge state Q = +2 is
less than 2%. Molecules incident on the foil are fragmented and, depending on the
same parameters as for atoms, may exit the foil in a variety of daughter products
and charge-states (Funsten et al., 1994).

As ions exit a foil, they eject secondary electrons with a yield of two to three
per incident ion on average (Ritzau and Baragiola, 1998). Secondaries are steered
by nearby electrodes as they accelerate toward the outer annulus of the ST MCP.
Electron transit times are ~1 ns with negligible spread in times of arrival. An
electron striking the ST MCP generates a signal on one of eight annular anodes
located at the exit of the MCP (anodes and foils are aligned in elevation). The MCP
signal is amplified and split into two components in the FEE. One identifies the
elevation position of an event, the other starts the TOF measurement. In the nominal
case of a single atomic species, a daughter product strikes either the central “stop”
region of the ST MCP or the LEF MCP.
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Figure 21. Equilibrium exit charge state fractions for charge states Q = +1 (upper panel) and Q =
—1 (lower panel) for H, He, C, and O incident on a nominal 0.5 ug cm™2 carbon foil as a function of
incident energy. Data are taken from Funsten, et al. (1993a, b, 1994, and 1995).

The ST MCP consists of a so-called Z-stack of three individual plates mounted
in proximity to each other. A typical operating gain is ~1 to 3 x 10° although
this is an adjustable parameter controlled by changing the MCP bias voltage. The
LEF MCP has a different configuration from the ST detector. Instead of a three
plates in proximity, the MCP plate facing into the ion beam is located on the top
of the TOF ring stack (Figures 18 and 23d). The remaining two plates are mounted
12 mm away from the TOF stack near ground potential. This feature conveniently
decouples the LEF MCP signal from negative high voltage. Electron charge clouds
from an MCP are collected on one of the anodes and then amplified in the FEE.
Nearly all daughter products leaving the foils (except for those scattered out of the
LEF region) have the potential to be detected. Particles striking the ring electrodes
can cause secondary electrons that are detected as background.

Either a LEF or a ST stop event halts the timing measurement. In order to be
counted as a valid TOF event, the TDC logic requires that start and stop events both
be valid as well as coincident. In the case that “molecular” settings are chosen in
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the TDC logic, a valid start and a least one stop must be coincident. The timing and
outcome of all events are of course probabilistic, which must be taken into account
during analysis.

In addition to detecting monatomic species, the IMS design also has fun-
damental advantages for measuring molecular ions. As noted earlier, nearly all
polyatomic species break up during passage through foils (Funsten et al., 1994).
Molecular fragments exit with approximately the same center-of-mass velocity as
the incident ion so their kinetic energy is proportional to their mass fraction. In
order to take advantage of this fact, the part of the LEF field near the TOF foils
(where low-energy daughter fragments are reflected) was “de-tuned” from the
exact LEF solution by strengthening it slightly (effectively increasing the local
spring constant). The effect on positively charged fragments (such as H* from
protonated molecules) is to make them return slightly faster than their counterparts
entering as H™ parent ions. Trial and error determined the initial field estimate,
after which Monte Carlo simulations were employed to find a solution with as few
overlapping peaks as possible between atoms and molecules of interest. Details of
this process are found in Nordholt et al. (1998).

Either the LEF or ST MCP or both may detect molecular fragments. The TDC
identifies the later correlated event with high probability as a molecular event. This
information, along with LEF and ST times-of-flight, are passed to the spectrum
analyzer module (SAM) where a look-up table is used to identify the molecule. Tri-
atomic and larger polyatomic molecules may produce more than two stop signals,
but only two are processed. However, detailed TOF spectra can be examined on the
ground to identify these ions. As an example of IMS capabilities, the TOF system
can separate N, C, and O molecular fragments from N and CO™, giving it an
effective mass resolution of 1 part in ~2500 (Figure 33 below).

TOF spectra obtained from the LEF have several properties worth noting.
The first is that, because ions with £y < 15.5 keV are time-focused regardless of
energy, TOF spectra change very little with energy, making spectral deconvolution
relatively easy (see Figure 34 below). The second property is that ST spectra are
dispersed in TOF, which is both an advantage and disadvantage in the deconvolution
process. It is an advantage because the electric field disperses, and therefore helps
distinguish, negative from neutral from positive daughter products (listed in order
of increasing TOF). It is a disadvantage because the lack of time-focusing means
that peaks are broader (lower resolution), and there are many more chances for peak
overlap.

6.4. MECHANICAL DESIGN

The IMS collimator is located at the top of the unit (Figure 22). Seven equally
spaced vanes divide the 160 ° FOV into eight elevation channels each 20 ° wide. The
remaining vanes are closed to particles but are needed to support mechanical loads
created by the ELS. All entrance collimation is coated with copper sulfide black to
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Figure 22. FElevation view of the IMS sensor shown as a detailed engineering drawing at left and as
a cutaway perspective drawing at right. The letters a, b, c, etc. in the drawing refer to details visible
in Figure 21.

suppress UV and particle scattering. During ground handling and through launch,
the IMS aperture was covered by a thin sheet of metallized Kapton designed to help
maintain chemical cleanliness and protect the many fragile sensor components
(carbon foils, MCP detectors, and blackened optical surfaces) from mechanical
damage. Once in space, the IMS cover was released and retracted by a mechanism
similar to a roll-up window shade.

The inner dome of the toroidal analyzer is mounted concentrically with the
outer by a cantilever located in the blind portion of the IMS FOV (just above (d) in
Figure 22). The outer electrode is part of the IMS housing and is held at ground
potential. ESA surfaces are also chemically blackened to suppress UV and particle
reflections. All materials used inside the IMS are either polished aluminum or
ceramic in order to maintain high levels of vacuum cleanliness and high-mechanical

precision.
Figure 23b shows the LEF 30-ring assembly. Four ceramic spacers separate

each ring from the next by 5.0 mm. One spacer on each ring is designed to hold one
of the 30-resistor divider network used to generate the potentials for the LEF. Prior
to assembly, electrical contact with the rings is made through gold-plated copper
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Tadez:

(d) (e) (f)

Figure 23. Details of the IMS assembly keyed to Figure 20: (a) IMS housing showing aperture at left
and ceramic high-voltage connectors (small white cylinders on the main body). (b) Assembled stack
of 30 high-voltage rings used to generate the LEF. Four stacks of ceramic “vertebrae” that position the
field rings and hold the resistor divider chain are visible. (¢) ST MCP anodes showing eight individual
start anodes at the top and the single ST STOP anode in the center. (d) A view looking along the
central optical axis of the LEF into the opened IMS. The eight ESA field correction slits can be seen
on the left in a semicircular arrangement. The corresponding foils are seen on the right. The dark areas
in the center of both pieces are the upper and lower microchannel plates that make up the LEF MCP
stack. (e) View of the FEE electronics. The output from the LEF MCP is sent via cabling external to
the IMS housing to the FEE board. (f) View looking down on the HVUT at terminals that connect to
cables going to the —15 kV (top) and 415 kV electrodes on the TOF unit.

foils soldered to the ends of each resistor. Four long metal rods pass through holes in
the ceramic spacers between the rings, holding the entire stack in compression. To
provide the required stiffness of the ring stack, each spacer is attached to the outer
IMS housing cylinder (Figures 22a and 23a). All six HV cables are terminated by
ceramic feed-throughs that are protected by mechanical covers designed to allow
the volumes around the terminals to outgas freely (Figure 23f). Protection from
system noise required mounting the sensitive (~few mV signals) FEE inside the
IMS housing.

The entrance to the LEF region can be seen most easily to the left in Figure 22d.
The eight rectangular windows seen in this view are frames that carry the carbon
foils. In the center of the assembly is the LEF MCP. Large openings between the foil
assembly and the edge of the ceramic mounting ring provide ample gas conductance
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during launch and afterwards. The IMS cylindrical housing is approximately 22 cm
in diameter x 34 cm long.

6.5. ELECTRICAL DESIGN

A number of key science and resource requirements drove the electrical design of
IMS.

1. Resolve TOF spectra to 0.75 ns over a range set by the fastest ions (H at 65
keV internal energy) and the slowest (heavy ions at 15 kV internal energies).
For the ST portion of the instrument the central path length is 18.8 cm, giving a
H™ flight time of 53 ns. Using 1600 ns as the upper limit on TOF we find that
even with an energy loss of, say, 90% in the foils and an energy straggling tail
of 300%, a limiting observable mass of ~400 is achievable. For the LEF portion
we can use Equation (3) to find the limiting observable mass to be ~200 amu,
although in practice it is doubtful that masses much above a few hundred amu
will make it through the foil.

2. Compress the raw IMS data stream from (2048 TOF x 2 (LEF and or ST) x 8
elevation anodes x 16 bits)/0.0625 s = 8.4 Mbits/s to a more manageable ~10
kbits/s. As discussed below, this problem is solved using on-board deconvolution
of TOF spectra.

3. Obtain mass-resolved energy spectra continuously over 1 to 50,000 eV in 4.0 s,
requiring a high voltage slew rate of 150 kV/s.

4. Generate £ ~15 kV high voltages for the TOF optics.

5. Keep mass, power and complexity to a minimum.

In the following section we describe the IMS electronics subsystems by tracing
the order in which signals are acquired and processed, namely FEE to TDC to SAM,
and then to CPU2.

6.5.1. Front-End Electronics

Once charge from an MCP detector is collected on an anode, it enters a series
of amplifiers, discriminators, and logic that identifies the event (see Figure 24)
and begins processing. In this discussion the signals are identified as “START” and
“STOP.” Both event types are handled in essentially identical ways. When a START
event is detected the signal is split into two parts. One is used to identify the location
of the event in one of eight elevation angles or one of the two stop channels (LEF
or ST). This part of the signal (termed the identification or ID signal) is processed
through fast (0.2 us deadtime) preamp and level-discriminators and can be used to
correct for deadtime in the slower (2.2 us) circuits. The other “half” of the START
signal is sent to the TDC where it triggers the timing circuitry. Similar processes
apply to the STOP signals.
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Figure 24. Schematic block diagram of the IMS front end electronics (FEE) and high-voltage con-
nections.

6.5.2. Time-to-Digital Converter

Once a START pulse triggers the TDC, the state of the ID discriminators is captured
giving the identity of the event origin (Figure 25). Subsequent START events are
ignored for timing purposes but are counted as ID events. Once initiated, the TDC
converts time directly into a digital word using a clock and vernier technique in the
following manner. A valid START enables a gated 80 MHz clock that increments a
counter. A subsequent STOP that occurs later than 40 ns (the pulse pair resolution
of the TDC) after the START event, inhibits that counter, thus providing a coarse
time measurement with a resolution of 12.5 ns. If no STOP event is recorded the
counter times out at 1600 ns, corresponding to the longest time required for the
heaviest, lowest energy ions to cross the TOF optics as discussed above. To obtain
finer time resolution, the phase of the clock relative to the clock edge is measured
at the instant the STOP is received by means of the delay line vernier (Figure 25)
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Figure 25. Schematic block diagram of the IMS time-to-digital converter (TDC).

implemented using a 12.5 ns delay line with 16 taps. As the STOP pulse propagates
down the delay line, a changing pattern of 1’s and 0’s appears on the delay line
taps. This pattern is latched at the end of every clock period. When a STOP occurs
the resulting digital pattern represents the time of the STOP signal relative to the
clock edge. The FEE logic then encodes it into a binary word that becomes the fine
time measurement. Thus the TDC resolution is effectively 12.5 ns/16 = 0.781 ns,
corresponding to 1600 ns/0.781 ns = 2048 channels. If the TDC is instructed to
identify molecular events then the gated clock is fed to two independent counters.
The first STOP causes one counter to be inhibited and the vernier pattern to be read
out and stored. The second STOP inhibits the second counter and causes a second
vernier pattern to be read out.

There are several possible outcomes of events detected by the TDC logic in
addition to the ideal outcome. For example, a “real” ion can cause a start event
followed by a second ion causing a stop event. This could come about in two ways,
each leading to a false result: (1) the start event could be a real start followed by
a stop caused by the “wrong” ion, or (2) the start event could be caused by an ion
scattered to the start electrodes (see Figure 20) followed by a stop caused by a second
ion. Another example of types of false coincidences is that between real start or stop
events and background in the detectors, e.g., that caused by penetrating radiation.
The rate of accidental coincidence events is dependent in a complicated non-linear
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way on the total event rates. False events and background must be removed from
IMS data before they are usable.

After a TOF measurement is completed, the TDC encodes an 11-bit TOF value,
a 3-bit elevation sector value, a resolution bit signaling ST or LEF data, and a
“continuation” bit indicating a molecular event. Each 16-bit TOF word is then sent
to a first-in-first-out (FIFO) buffer read out by the spectrum analyzer module (see
Figure 25). The TDC is then reset in preparation for the next measurement. Among
its other functions the TDC logic checks for inconsistent control states, channel
ID’s, or time measurements in order to minimize systematic errors.

During a single IMS sampling period (62.5 ms) the TDC also accumulates the
number of ID events corresponding to the eight start anodes, two stop anodes,
two timing discriminator channels, number of times when no coincident stop TOF
event was detected, total number of TOF measurements completed, and the number
of events recorded in two other configurable channels. The configurable channels
are used to diagnose TDC operation and to correct errors that may occur at high-
counting rates. They can be set to read out the total number of the following events
recorded during a 62.5 ms measurement period: (1) STARTSs, (2) STOPs, (3) ac-
quisition errors, (4) TDC fixed deadtime reached (regardless of whether or not
a measurement results in a valid TOF measurement), (5) monatomic events, (6)
molecular events, (7) TDC resets at the end of a measurement cycle, (8) errors
caused by indeterminate channel ID values, and (9) TOF measurements less than
the pulse-pair resolution time of 40 ns.

To achieve the best possible performance at high-event rates, the TDC operates
as a non-paralyzeable counter with a fixed deadtime of 2.187 s for TOF measure-
ments. ID measurements (collected in “SINGLES” counters), on the other hand,
have a 0.2 us deadtime making them suitable for correcting the slower timing
measurement rates. Finally, the FEE/TDC system has built-in test pulsers that can
stimulate any START or STOP pair with one of 24 selectable time delays at periodic
event rates up to 1 MHz.

6.5.3. Spectrum Analyzer Module

The SAM processing method allows a high level of TOF data compression
(~1000:1) to be achieved with little sacrifice in accuracy. The key to carrying out
this process at high-event rates and within the short IMS sampling interval (62.5
ms) is a high-speed, deterministic deconvolution technique that we will refer to as
the SAM algorithm. The hardware that supports this algorithm has a distributed,
pipelined architecture based on four loosely coupled, reconfigurable modules (Fig-
ure 26). Once SAM processes a single data sample (i.e., data gathered in 62.5 ms)
they are transferred to the CPU2 processor and the cycle repeated. Although data
transfers from FEE to TDC and TDC to SAM occur at random rates, control of
all other processing, data transfers and command and control functions are syn-
chronized, taking place during the final 12.5% (7.81 ms) of the sampling interval.
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Figure 26. Schematic block diagram of the Spectrum Analyzer Module (SAM).

During this time the ESA voltage is stepped, data registers are read out and reset,
and new commands are executed if required.

As a consequence of the primary measurement objectives discussed in
Section 6.1.1, two different types of data and two differently timed acquisition
cycles form the basis of IMS operation. The data types consist of ion data (ION)
identified on-board at the highest possible rate using the SAM algorithm. The sec-
ond is TOF spectra at the highest possible mass resolution but at a much lower
data rate. ION energy spectra have a time resolution of 4.0 s for a maximum of 7
ion species over the full energy range. TOF data on the other hand, also cover the
energy spectrum but at lower time resolution (256 s).

The operational cycles associated with data acquisition are defined as A- and B-
cycles. The A-cycle lasts 32.0 s. During this time the ESA is scanned through eight,
64-step energy sweeps of 4.0 s each. The slower B-cycle is timed to correspond
to eight A-cycles and to the acquisition and transmission primarily of TOF spectra
(during both A- and B-cycles, data of both types are being collected). Dual memory
banks allow raw data acquisition to proceed while CPU2 and SAM processors
both access data from the previous 4.0 s acquisition interval. At the end of each
interval, spectra that were processed during the previous interval are read from
SAM by CPU2. In addition, new, selectively binned TOF spectra, are read into the
SAM processor. There, during the next measurement interval, the SAM algorithm
deconvolves TOF spectra, extracting selected ion M/Q values. Once analysis is
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TABLE IX

SAM operational modes.

Mode Description
1. SNGL_DUAL_STOP Single-stop or dual stop mode of operation
2. TOF_.MODE
Angle_Collapse_En Accumulate TOF, collapse Polar Angle
Alt_Angle_Collapse Accumulate TOF, collapse Alternate Polar Angles
Seq-Event_En Enable Sequential Event Mode
3. BINNING MODE
HW _Bin_En Enable Hardware Binning Mode
SW_Bin_En Enable Software Binning Mode
4. HW Bin LUT Sel Select 1 of 4 hardware binning look-up tables
5. Mol LUT Sel Select 1 of 2 molecular look-up tables
6. ACCUM_EV1_2_EN Accumulate 1 event or both events from a dual stop event
7. TOF_CMPRS Enable or disable summing: 4 adjacent TOF ST bins; 2 adjacent
LEF bins
8. TOF_DISABLE Enable or disable TOF and TOFACC Modules

complete, SAM interrupts CPU2, which then reads the M/Q-sorted data. SAM is
then ready for the next acquisition and processing cycle.

SAM operates as a CPU?2 slave. The analysis algorithm is coded in the Ada lan-
guage and executed in the 1750A microprocessor module (Figure 26). Its address
space is accessible by CPU2, and program and local data are loaded into the mod-
ule by CPU2. However, SAM itself cannot read or write to CPU2 memory. The
three remaining modules (TOF, TOFACC, and EVENT) are each autonomously
controlled by separate gate arrays. In order to speed up TOF data processing, ded-
icated paths support concurrent data flow from the input FIFO to the appropriate
processing modules (Figure 24). In addition, each module manages its own local
processing and external access to data. The SAM operational modes are given in
Table IX.

SAM acquires data from the TDC via a FIFO buffer at a maximum rate of 5 x
10° periodic events/s. The FIFO can be configured by command to enable dual-stop
operation (for molecules) and data acquisition from selected elevation ID channels.
Disabling the FIFO causes data to be routed by a redundant path (Figure 26) to the
EVENT and TOF modules.

The TOF module organizes incoming data from the TDC into groupings that
correspond to different ion species. The way in which incoming data are grouped
depends on parameters in the SAM ION group table, which contains a targeted
list of species and their binning parameters (see Table IX). In normal operation, a
software-binning mode (option 3 in Table IX) will be used. In this mode 16 TOF bins
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x 8 elevation sectors x 2 channels (ST and LEF) are stored during one 0.0625 s
accumulation period. During the next acquisition period the SAM algorithm is
executed beginning with the first new data stored in the double-buffered memory.
If the hardware-binning mode is selected instead, the same quantity of data are
selected but then are grouped according to one of four command-selectable look-
up-tables (LUTs). In this mode, data are grouped in TOF channels according to
their assigned mass peak locations and exported to CPU2 (Figure 26). In general,
the software-binning mode requires more analysis time than the hardware-based
approach.

Deconvolution of TOF spectra is more complicated in the dual STOP mode used
for molecular ions. The reason is that a molecular event (i.e., two valid coincident
stops) consists of two daughter products, both of which must be identified and
then their identities correlated in order to specify the parent molecule. In this mode
incoming TOF events are classified into one of four two-dimensional correlation
tables depending on which of the following events occurs: (1) the ST MCP records
the first stop, (2) the ST MCP records the second stop, (3) the LEF MCP records
the first stop, or (4) the LEF MCP records the second stop. Each of the four tables is
2048 TOF channels deep and contains identification codes for 32 different molecular
species. Once a molecular event is identified the SAM algorithm is used to identify
the particular parent molecule.

After SAM algorithm processing is completed, all valid TOF events have been
sorted into a two-dimensional array consisting of eight elevation sectors by seven
ION (atomic or molecular) species. These 56 data products are sent to CPU1/CPU2
shared memory once per energy step. Several data compression modes are avail-
able based on summing adjacent energies or angles (Table IX), or by selecting
fewer than seven ion species. Yet another mode, used primarily for engineering,
stores 32,000 TDC words with each word corresponding to a concatenation of
TOF (11-bits) + elevation (3-bits) + TOF resolution (1-bit) + atom/molecule
(1-bit). Energy and azimuthal data for a particular set of events are tracked
separately.

We would now like to provide some insight into the SAM algorithm (Sittler,
1993). The algorithm’s advantages are that it reduces the inversion problem of de-
convolving TOF spectra to a deterministic number of multiply and add operations,
thus making processing time predictable and the algorithm efficient. Figure 27 con-
tains two examples of TOF spectra. Summing counts within an interval centered on
a given mass peak is a straightforward way of obtaining ion peaks from a LEF spec-
trum (top panel). The bottom panel, however, shows a simulated spectrum obtained
from the ST detector in which it is apparent that TOF peaks from different parent
species overlap significantly, and simple binning will not give the correct answer.
The SAM algorithm responds to this need by providing accurate deconvolution of
complex spectra without introducing systematic errors.

Taking advantage of the fact that TOF peak profiles for different species can be
determined from calibration, we have developed a relatively simple algorithm that
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Figure 27. Schematic example of a high-resolution (LEF) TOF spectrum (upper panel) and a low-
resolution (ST) TOF spectrum (lower panel).

can be expressed as a set of n-coupled linear equations with constant coefficients.
This is shown in Equation 9.
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Figure 28. Simulated TOF spectrum resulting from mass 14 and the (fictitious) daughter fragments
of mass 19 (in red).

Here the B; are binned counts for the jth binning interval where j is the index
indicating ion species. The N; are the true counts corresponding to the jth ion
species, the o; renormalize the N; so that the product o ;N; is equal to the total
number of TOF events due to ion species j, and "y* gives the fraction of the total
counts that the kth fragment of ion j contributes to the binning interval of ion i.
Basically each row in Equation (9) consists of terms that represent contributions
from each ion species and its daughter fragments to the binned counts for a particular
binned interval. An application of this algorithm can be seen in Figure 28 where
we show a simulated TOF spectrum containing only M/Q = 14 and 19 (the mass
19 fragments are fictitious and for illustration purposes only). A binning interval is
defined as the inclusive range of TOF channels between the FWHM points measured
at a particular peak (roughly the blue areas in Figure 28). The binning interval for
the largest peak is the shaded region on the right containing N; counts. The total
under all peaks attributable to mass 19 is o ;N;. The shaded region on the left is
associated with a daughter peak of mass 19, showing the contribution of the kth
fragment of ion j (i.e., of mass 19) to ion i (i.e., mass 14), i.e., the factor "y,f.
The set of equations in (9) can be written in matrix notation as follows:

ajp aipp az ..., aip Nl Bl
aiz dy axz ...... (2537 N2 Bz

= (10)

Ap Ay Ap3 ... f7 N, B,
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where the total coupling coefficient is given by a;; = a; Y -, i yf. By taking the
inverse of Equation (10), we obtain the following

Ny g1l 812 813 -e---- gin B
N> 821 82 823 ... &on B,

=1. . (11)
Nn 8nl 8n2 8n3 ... .- 8nn Bn

In Equation (11) the summed counts N; are seen to be a weighted sum of the
binned data B; for which the g;; are the weighting coefficients. (Note that C; =«
N represents the total number of counts originating from ion j, which is what SAM
provides to CPU2.) Because ST spectra change with ion energy (recall that ST TOF
~1/velocity ~E~'/?), ST spectral binning intervals and inverse coupling coefficient
matrices also change. The SAM ION group tables contain binning intervals and
matrices for 16 energy steps covering the full energy range then operating. The
values used for a given energy step are computed in SAM by linear interpolation
at the end of the preceding energy step. Finally, SAM uses the total number of
TOF events processed plus the total number of timeout events to make dead time
corrections.

The major advantage of the SAM approach is that the majority of calculations
needed to deconvolve ion species, such as peak fitting, can be performed on the
ground using calibration data. Only the results, in the form of coefficients that
make up the inverse matrix G and the binning intervals, are needed in flight. The
SAM method works very well but depends on accurate calibration, inclusion of
all observed species in the group tables, and subsequent analysis of contributors to
calibration mass peaks.

Algorithm Modeling. Multiple simulations have been performed to test the
SAM algorithm. Observed ion peak shapes of parent and daughter particles
are modeled by combined gaussian and lorentzian fitting functions. Peaks from
daughter species are normalized to unity under the total line profile (Figure 29).
Then the sum of the counts in each peak is weighted such that the number of
counts for a particular ion, j, are equal to C;. The procedure is then repeated for
all ions making up a particular group.

The data shown in Figure 29 represent simulated spectra from ions with masses
14 through 19. Although the six TOF spectra are simulated, it is fairly obvious that
it would be impossible to interpret the summed spectrum (red spectrum labeled
“14-19”) without some means of deconvolving individual peaks shown below it.
The process followed to generate coefficients needed by the SAM algorithm begins
by defining a binning interval for each dominant ion peak (in this case the peaks
labeled 14-19 in Figure 29). Once binning intervals are specified, it is straightfor-
ward to compute the inverse coupling coefficient matrix. Then a simulated spectrum
can be generated and data binned and multiplied by the inverse coupling coefficient



CASSINI PLASMA SPECTROMETER INVESTIGATION 63

60

TOF Counts
B
(]

N
o

0
200 300

Figure 29. A simulated example of daughter product peaks (M/Q = 14 through 19) and the sum of
all daughter-product counting rates (outer envelope in red) based on calibration data. Note daughter
fragments from several molecular species such as the water group are present (masses 16-19). Each
species is normalized to 1000 counts.

matrix G. In order to estimate the accuracy of this method, poisson uncertainties are
introduced randomly and the process repeated 200 times. In this particular example
the water group ions (16—19 in Figure 29), are broader than mass 14 and 15 peaks
because of greater overlap of the 16—19 peaks in this region ST mass resolution is
relatively low (~8).

As an example of the power of the SAM technique, we have considered a case
in which the relative distribution of total counts from each ion species in Figure 29
is held the same, but the total number of counts in the entire TOF spectrum is
varied from 10 to 10,000 thus varying counting statistics and, one would think, the
accuracy of the method. Figure 30 is a graph of the square root of the number of
counts assigned to each peak divided by the measured standard deviation from the
simulation. The profiles in Figure 30 are relatively flat and independent of count
rate. As expected, the best precision is obtained for the most abundant species (14
and 15) with the least precision for masses 16—19. Note, however, that although
the relative precision for the least abundant species is low, the average results are
correct. The constant values for the errors result from the requirement that the
relative abundances are held constant.

6.5.4. High-Voltage System

Figure 31 is a schematic of the IMS high voltage (HV) system made up of five
supplies controlled independently by CPU1 (see Table X for detailed supply char-
acteristics). As explained earlier, the supplies are contained in two separate units:
nominally £15 kV in HVU1 and the two MCP supplies and ESA stepping supply
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TABLE X
IMS high-voltage supply specifications.

Supply Range (kV) Resolution (bits) Precision Ripple (p—p)
HVUI/N 0to +16.0/0 to —14.56* 8 +1% 0.1%
HVU1/P 0to +16.0/0 to + 14.56* 8 +1% 0.1%
HVU2/STMCP —0.5to —3.6 8 +2% 0.5%
HVU2/LEF MCP —-0.5to —2.4 8 +2% 0.5%
HVU2/ESA —0.00015 to —7.415 3 ranges x 12 +0.5% or 1 LSB 0.25%

*First range is maximum capability. Second range is normal operating range.
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Figure 30. The ratio of the square root of the signal to measured standard deviation of estimates
produced by the SAM algorithm as a function of the number of counts in the simulation. Data are
from 200 runs of the algorithm using the data in Figure 29.

in HVU2. All supplies feature current-limiting and breakdown protection, as well
as analog monitoring (digitized in the data stream). HVUI1 is powered by filtered
430V from spacecraft primary power whereas the HVU?2 supplies use 415 V gen-
erated by CAPS. Stringent hardware, software and operational precautions were
instituted to prevent HV from being applied at inappropriate times. Once in flight,
separate commands have to be sent to enable and arm a supply. In addition, high-
voltage commands (to any sensor) are checked by CPU1 to ensure they do not
violate pre-set constraints on upper HV limits or HV step size. High-voltage cables
rated at >2.5 times the respective supply voltages connect HVU1 and HVU?2 to
IMS sensor electrodes (40 kV cables are used for HVU1 connections). All HV
connectors were custom designed and fabricated from low-void ceramic to prevent
high-electric field concentrations that might lead to HV breakdown over the course
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Figure 31. Schematic of the IMS high-voltage system.

of the mission. Metal covers placed over the HV terminals reduce electric stresses
and provide mechanical as well as contamination protection.

HVUI. The HVUI1 supply is composed of independent positive and negative
voltage converters whose output is maintained at £1% over all line and temperature
variations (Table X) with very low ripple. The primary purpose of HVUI is to
provide the negative and positive high voltages that together create the LEF by
correctly biasing a string of 30-high ohmic resistors running the length of the TOF
ring stack (Figures 24 and 31). HVUI1 also generates regulated 1200 V referenced
to —15 kV that is used to bias the first plate in the LEF MCP stack. Because power
for the LEF MCP regulator is derived from the —15 kV supply the latter must reach
a minimum of &~ —12 kV in order for the LEF MCP to reach ~950 V and operate
correctly. A voltage drop of —100 V is placed on a grid in front of the MCP to
return secondary electrons to the MCP surface, thus maintaining high efficiency.

To make a compact but reliable unit, electric fields in the HVUT1 supplies were
kept below 1 kV/mm relative to the grounded housing. Transformer and high volt-
age assemblies were not encapsulated in order to avoid multi-material composite
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structures that could introduce mechanical stresses that might in turn lead to dielec-
tric faults and eventual breakdown. Instead, after fabrication and cleaning, the inte-
rior surfaces and components were coated with Parylene-C, a tough, low-outgasing
polymer with high-dielectric strength.

HVU2. Both of the MCP supplies are located in the HVU?2 as is the ESA
supply. The MCP supplies are virtually identical in construction and operation,
relying on a pulse-width modulator control circuit and a resonant converter op-
erating at a switching frequency of 100 kHz. The capacitor networks shown in
Figure 31 provide rf filtering. A resistor divider (R36 and R37 in Figure 31) bi-
ases the field-correcting aperture located at the ESA exit to approximately one-
half the ESA plate potential. Another function of the MCP supplies, in addition
to powering the two detectors, is supplying a suppression bias voltage to high-
transmission grids to return secondary electrons to the MCP (the same function
provided by HVUI for the LEF MCP). Similar potentials at the back of the third
stages of both detectors accelerate electron charge clouds toward their respective
anodes.

The ESA programmable power supply presented several challenges that make
it different from the MCP supplies. The primary requirements were that it step
rapidly and accurately over a wide range of voltages set by the energy range of the
instrument (0.16 — 7415 V, taking into account the finite width of the IMS passband).
Thus a commandable resolution of 14 bits was required to obtain the precision given
in Table X. With this resolution it is possible to cover a wide dynamic range very
accurately with, in theory, any type of scan desired (linear, logarithmic, etc.). The
supply is designed to step every 62.5 ms with a slew period of 12.5% or 7.81 s,
requiring a voltage slew of 150 kV/s.

6.6. CALIBRATION

Returning to the equation for “geometric” factor, we can use Equation (8) to find
a way to measure this factor in the laboratory. As discussed by Johnstone et al.
(1987) and others, Equation (8) can be rewritten:

G; =(Q/Joe(E;, Mj)Ti(E;, M;) Z [AO sinO Ap(AE/2E)]iC;S; (12)

In this equation Jj is the beam current density its charge so that their ratio has
units of flux. The efficiency and transmission are functions of energy and mass.
The summation term is taken over a series of small volumes in energy space cen-
tered on (0, ¢, E); weighted by the counting rate at each location. The summation
extends over the entire acceptance of IMS. Finally, the weighting factor S; ac-
counts for variations in ion current over the time that the individual samples are
taken.

Calibration was performed with a Von Ardenne plasma discharge source at SWRI
and a radio frequency source at LANL (Alton, 1993). Beam intensity was fairly
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stable over short time periods (~1 h) but could be controlled only by pressure feed-
back in the source itself. The beam used for calibration at SwRI was monochromatic
and plane parallel to a high degree. It was verified to have an angular spread of 0.2 °,
about 2.5% of the width of IMS acceptance in angle. Beam width in energy was
AE/E = 0.005, about 3% ov the IMS passband. Only the mass resolution of the
beam separator was below expectations (M/AM)geam =~ 40.

During calibration a known ion species was selected, the energy of the beam set,
and Jy measured. Because it is far simpler than varying the energy of the ion beam,
the voltage on the ESA was micro-stepped at increments of ~0.3% of the passband.
The IMS was placed on a three-axis goniometer (two angles plus translation) and
rotated about the center of the IMS FOV to obtain angular measurements at a
resolution of ~1° x 2° (AZ).

On the other hand, calibration of the IMS response to mass, energy, and Jy could
be achieved relatively quickly. A wide range of energies was calibrated using N* as
astandard. Similarly, a wide range of ion species was calibrated using a few specific
ESA energies as standards. At every opportunity the value of Jy was measured to
quantify absolute calibration.

Correctly associating the center of TOF peaks with corresponding M/Q values
for known gases established TOF calibration, the correction factor o;(E, M) for
energy losses in the foil, and k; in Equation 3.

The mass-analyzed ion beam at LANL was used initially to test IMS energy-
angle response and TOF characteristics. From the latter, initial coefficients for the
SAM algorithm could be calculated. During these tests we discovered cross-talk
between elevation-angle channels caused by internal particle scattering. Coating the
inner plate of the ESA with copper sulfide black, an anti-scattering agent, eliminated
most cross-talk but some remains.

Final calibration of the IMS in flight configuration was carried out at SWRI. Only
about 30% of planned activities were completed. Twenty energy steps between
0.256 and 27.56 keV, corresponding to the centers of the IMS energy passbands,
were covered. The calibration species included H*, He’>*, He*, C*, CHT, N¥,
CHJ, NH*, OF, CHJ, NHJ, OH', H,O*, H;0%, 2Ne™, 2Ne*, N and Ar™.
The primary concentration of calibration effort covering nearly all of these species
at a single energy took place at 1.024, 9.74 and 27.56 keV. At all other energies
calibration concentrated on N* and M/Q = 16.

Further calibrations of IMS are being carried out in the laboratory with a pro-
totype model refurbished to be identical to the flight model in all essential char-
acteristics. The purpose of this effort is two-fold: First to understand features of
the instrument, primarily certain TOF spectra, which were not well characterized
during flight unit calibration. Second, we plan to introduce a wider variety of
ion species that are more characteristic of what might be expected in the iono-
sphere of Titan. All calibration data from both the flight and prototype units have
been placed in a common format and assembled into an archive kept with flight
data.
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6.7. PERFORMANCE

Figure 32 illustrates the characteristic energy-angle response of the IMS ESA for a
16.39 keV Ne™ beam, plotted as ion count contours in the voltage (energy) elevation
angle plane. The slightly asymmetric appearance of the contours is consistent with
the simulated response of the toroidal top-hat analyzer (Young et al., 1988). The
sawtooth nature of the contour edges is an artifact of goniometer motion. Note that
this figure corresponds to Figures 11 and 17a for ELS and IBS, respectively.

A set of TOF spectra taken simultaneously with the ST and LEF anodes for
M/Q = 16 at 1.024 keV is shown in Figure 33 (a) and (b). The actual ion flight
times in Figure 33 are obtained by multiplying the indicated channel numbers by
0.78 ns. As can be seen in the LEF spectrum in Figure 33 (a), H*, O, C*, N* and
O™ can be identified as the daughter products of O*, CH; and NHJ all of which
were present in the same beam at M /Q = 16.00. The mixture can be inferred on the
basis of the history of gases leaked into the source and on the makeup of filament
materials. Although the calibration beam was not mass separated, it is clear that
the IMS resolve beam components. The H" peak is proportional to the amount of
CH;, and NH;, while the amount of [0 + O*"], N*, and C* are proportional to
the parent molecular species.

2008 16.39 keV Ne’, Ancde 3

Analyzer Voltage

-9 -8 -F 5] 5 -4 -3 -2 -1 0 1 2 3 4 5 &
Elevation Angle, deg
TAQ0A414Z
Figure 32. Ton energy (proportional to analyzer voltage) versus azimuthal entrance angle for a single
elevation anode of the IMS sensor.
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The corresponding ST spectrum shown in Figure 38 (b) illustrates that generally
the most significant peak in the ST response is due to neutrals. Since, to first order,
all neutral daughter products from an incident molecule travel with the same center-
of-mass speed viy = (2E;n/M)"/? through the TOF analyzer, a single neutral peak is
produced. Energy straggling and scattering in the foil tend to broaden this peak. At
1.024 keV, no positive ions appear in the ST spectrum because they are all reflected
by the LEF, appearing exclusively in Figure 33(a). The two peaks labeled “E” are
the result of de-focused ions that strike the LEF MCP suppression grid and grid
holder. The errant ions produce secondary electrons, which are then accelerated by
the LEF to the ST detector, resulting in ST peaks. Note that these two “echoes”
coincide with the LEF Nt and O peaks. The LEF field accelerates stable negative
ions leaving the foils and thus they appear at earlier times than the neutrals. This
accounts for H™, C™, and O~ peaks in the example. Nitrogen does not have a stable
negative ion and thus does not appear in the spectrum. The noise background in
these spectra is primarily due to internal scattering of particles exiting the foil and
to accidental coincidences of particle events with each other (for example a START
coincident with a non-related STOP event.

Data from calibration spectra have been analyzed and compared to models
of IMS behavior given in Equations (3) through (6). For example, in a perfectly
linear electric field the TOF should be proportional to the square root of the ion
mass/charge, independent of energy. Figure 34 shows a plot of this relation for ion
M/Q vales of 7 and 14 (NT* and N, respectively) over a wide range of energies.
Although the electric field has been purposely detuned from a perfectly linear case,
the square root relation still holds quite well and can be used to identify peaks
in LEF spectra. The notable exceptions are low-energy ions, which straggle badly
and tend to reflect in the most non-linear portions of the field. The third curve in
Figure 34 is a ghost peak caused by internal scattering (see Figure 33 (a) at TOF
channel 170).

The neutral species present in ST spectra experience no electric field and hence
their times-of-flight are given by effective path length divided by exit speed (Equa-
tion 6). Figure 35 (upper panel) shows a plot of measured neutral particle TOF for
a wide range of incident ion M/Q and energies. The square root relation holds quite
well and here again it is useful for identifying species in the TOF spectra. Energy
straggling and scattering caused by the foil produce some of the scatter in this plot
because of the difficulty encountered in fitting the peaks and hence identifying their
centroids.

In contrast to neutral species, however, ST ions that overcome the LEF potentials
experience a varying force along their paths, so modeling in this case requires
integration along the trajectory (Equation 4). As an example, Figure 36 shows a
comparison between the measured TOF of C™ and O~ ST ions for several energies
in a simple model assuming a perfectly linear electric field. The agreement is not as
good as with the LEF and neutral models, but is better than about 10%. We believe
that the disparity is partly due to the non-linearity of the electric field, as well as
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Figure 33. (a) An LEF time-of-flight spectrum for an incident 1.024 keV ion beam made up of
mass/charge 16 ions including CH;, NH2+ ,and O (b) The ST TOF spectrum corresponding to the
LEF spectrum shown in Figure 38 (a).
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Figure 34. Location of the center of the Nt and N>* LEF TOF peaks as a function of incident ion
energy demonstrating the energy focusing capabilities of the LEF optics. The lower curve corresponds
to behavior of the ghost peak evident in Figure 33 (b) at 170 TOF channels.

the mass and energy-dependent straggling and scattering caused by the foil. The
foil effects are more severe for lower energies and result in a longer than predicted
TOF. In addition, when a molecule breaks up in the foil the resulting components
divide their energies proportionally to their masses so each has a lower energy than
the original. This effect shifts the TOF of positive molecular fragments from their
expected positions had they the same energy as the incident parent molecule. Thus
it is possible to distinguish between an ion formed in a molecular breakup and an
atomic ion of the same M/Q. Comparisons with the LEF and ST spectra (Figure
36) allows us to distinguish between molecular and atomic species, which would
otherwise require a conventional mass spectrometer with much higher resolution.

7. Instrument System Design

This section provides a complete description of the system aspects of the CAPS
instrument.
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Figure 35. (a) Locations of the centers of TOF peaks as a function of ion M/Q for the ST detector.
(b) Locations of the centers of TOF peaks as a function of ion M/Q for the LEF detector. Spectra were
obtained at energies between 1 and 27.6 keV/e.
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Figure 36. Comparison of the TOF peak location of negatively charged mass 12 and 16 ions as a
function of ion energy external to the TOF system. The relatively simple model does not include all
details of the IMS LEF fields and energy straggling.

7.1. MECHANICAL DESIGN

Figure 37 shows the actuator (AC). In addition to the 3 features to note in the
photograph in Figure 37 are the high-voltage cables running from the IMS high-
voltage units 1 and 2 to the IMS sensor (the cylindrical shape in the background)
and the micrometeoroid shielding placed on the outside of the DPU. Table XI
summarizes mass and power properties of the CAPS subsystems.

To have compatible electron and ion measurements, the fields-of-view of all
three sensors are co-planar in elevation (Figures 4 and 38a). In addition the centers
of the IMS and ELS fields-of-view are co-axial whereas that of the IBS is offset by
32.0 cm to the right in Figure 38a.

The data processing unit (DPU) houses the greater part of the CAPS electronic
circuitry, and forms the central mechanical platform of the instrument. The large
number and complexity of circuits needed to service three sensors, the ACT, and
spacecraft interfaces determined the physical size of the DPU. To give a simple
example of the electronic complexity of CAPS, consider that each of the eight
DPU circuit boards is 19.0 cm x 19.0 cm square making the total board area used
for electronics ~0.5 m?. An additional ~0.3 m? of electronics is located in the
individual units for a total of 0.8 m?.
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Figure 37. Photograph of the CAPS flight model prior to delivery to the Cassini spacecraft.

The presence of the ACT complicates thermal design because its bearings ther-
mally isolate CAPS, which dissipates a maximum of 21 W, from the FPP. There-
fore, the CAPS temperature is controlled independently of the spacecraft through
a dedicated radiator (on the 4+X surface of the DPU) and electrical heaters in the
instrument. The CAPS radiator is sized so that operations during the mission result
in average instrument temperatures between —20 C and 430 C.

The bottom of the DPU structure is attached to a mechanical transition plate
that provides attachment points connecting the DPU to the ACT assembly (Section
7.4). Six mounting feet on the base of the ACT secure CAPS to the FPP. During
all test and launch activities, whenever the ACT was operated, it was done so in
an upside-down configuration (see Figure 3). After final mechanical properties
were measured, the transition plate was drilled such that the center of mass of the
rotating portion of CAPS was positioned at the center of rotation of the ACT. This
technique made it relatively easy to meet spacecraft static and dynamic balance
requirements (<0.090 kg m and <0.060 kg m?, respectively), permitting CAPS
to actuate during periods when optical remote sensing (ORS) observations and
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TABLE XI

CAPS subsystem characteristics.

Power (W)

Subsystem Mass (kg) Peak Average
IBS sensor 1.27 1.09 0.93
ELS sensor 1.40 1.90 1.50
IMS sensor 7.06 7.21 4.77
DPU 6.70 8.50 6.90
Cable and shielding 2.64 - -

ACT 3.96 2.30 2.30
Totals 23.03 kg 21.00 W 16.40 W

spacecraft communications with Earth are taking place. Tests conducted during the
cruise phase of the mission have shown that CAPS does not interfere with spacecraft
pointing in any measurable way.

With six complex subsystems located externally to the DPU, 11 interconnect-
ing cables comprising about 350 individual wires were needed outside the DPU
structure. Conventional wire cables and associated connectors would have been too
complicated, heavy, and bulky to be practical. In addition they would be susceptible
to micrometeoroid damage and electromagnetic radiation leakage. Our approach
was to design and manufacture a special set of cables made of flexible multi-layer
printed circuits that were terminated by imbedded connectors. These so-called “flat”
cables, which carried an outer protective shielding layer of copper, were easily bent
around corners and secured to the DPU. This also made instrument integration sim-
pler and safer than would have been possible with conventional cables. Once flat
cables were implemented, a re-examination of the micrometeoroid hazard by the
Cassini project indicated that cable shielding was too thin to prevent penetration by
interplanetary or ring particles. Thus impact shielding was increased by introducing
1.5-mm thick aluminum “bumper” shields placed on the —X, —Y and +Y faces of
the DPU (Figure 37). As an additional precaution, the Cassini project added two
layers of quartz “beta-cloth” fabric beneath the spacecraft multi-layer insulation
blankets that covered CAPS. With these precautions the probability of the cables or
DPU being damaged by micrometeoroid impact was estimated to be less than 4%
(most of this risk occurred during successful passage through the asteroid belt).

To avoid contamination by spacecraft photoelectrons, the ELS was mounted
at the far end of the IMS collimator, which, in combination with CAPS location
on the FPP, placed the ELS FOV as far from nearby spacecraft surfaces as pos-
sible. However, this mounting arrangement created a cantilevered inertial load on
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Figure 38. Orthogonal projection drawings of the CAPS flight unit showing mechanical details.
Projections are in the spacecraft (a) X-Y, (b) Y-Z, and (c) X-Z planes assuming that CAPS is in the
nominal “safe” position shown in Figure 3.

the cylindrical IMS housing. Careful structural analysis was necessary to avoid
mechanical resonances.

During its nominal 11-year mission, electronic components will absorb an esti-
mated cumulative radiation dose of 100 krads behind 1.0 mm of aluminum shielding
or its equivalent. Shielding calculations performed with a factor of 2 design mar-
gin showed that the walls of electronics housings required a minimum thickness
of at least 1.5 mm. Although most of the electronic components in CAPS are ra-
diation hardened to the 100 krad requirement, some are not. Care was taken to
place sensitive components near the centers of individual circuit boards and then
locate the boards in a way that that made optimum use of the enclosures and
surrounding spacecraft volumes to provide shielding. As a result, electronic com-
ponents in CAPS meet the radiation design goal with margins of a factor of two or
more.

Final integration of the CAPS Flight Unit on the Cassini orbiter took place
at Kennedy Space Center in July 1997. At the time of integration the interface
between CAPS and the spacecraft MLI blankets was problematic, especially in
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areas near the junction of the moving parts of the ACT and the surface of the FPP.
MLI blankets were fabricated very precisely in order to avoid snagging CAPS on
the FPP. During one phase of flight operations, however, there is some evidence
that CAPS did snag on the MLI. For that reason the motion of CAPS has been
restricted to +104° to —80° in azimuth, rather than the planned +104° to —104°
range.

Electrostatic Cleanliness. Differential spacecraft charging is a serious concern
because all three CAPS sensors are capable of measuring particles with energies
slightly below 1 eV. To ensure their performance, sensor apertures were coated with
conducting black materials (copper oxide or copper sulfide deposited electrochem-
ically), which, because of their microscopically rough surfaces, help reduce both
particle and UV scattering by factors of 100 to 1,000. External aperture surfaces
are bare aluminum, a sufficiently good conductor to allow adequate charge dissipa-
tion. During spacecraft integration concerns over the conductivity and uniformity
of indium-tin-oxide MLI surfaces on the orbiter exterior prompted the CAPS team
to request that carbon-impregnated Kapton®, similar to that used on Voyager and
Galileo, be placed around the instrument. As an additional precaution, MLI blankets
near the CAPS apertures were stitched on with thin stainless steel wires grounded
through contact with blanket material.

Contamination Control. Many sensor components (detectors, carbon foils, high
surface resistance insulators and chemically blackened surfaces) are sensitive to
chemical contamination and particulate debris that might be introduced during
ground handling, testing, or launch. The CAPS detectors are all electron multipliers
that depend on the electron yield of a thin layer of reduced lead-silicate glass.
Surface chemical contamination by, for example, compounds found in circuit board
coatings, reduces multiplier efficiency and gain. Water and other condensable
molecules are easily adsorbed on multiplier surfaces only to outgas once in vacuum,
potentially leading to HV breakdown. Carbon foils in IMS interact with incoming
ions to emit secondary electrons in much the same way that multipliers do. The foils
are hygroscopic and easily form van der Waals bonds with polar compounds such as
water (e.g., during launch). High-voltage insulators and high-ohmic resistors (~10
G 2) are also concerns. Thus prolonged exposure of internal sensor surfaces to water
vapor and other volatiles can create large internal gas loads that need to be avoided.
For this reason, and because the carbon foils are sensitive to acoustic vibration
during launch, the IMS was fitted with a retractable cover released several months
after launch. Operation since then has shown no signs of contamination or foil
loss.

7.2. ELECTRICAL DESIGN

Figure 39 is a schematic overview of the major components of the CAPS electrical
system and its command, control and data flow aspects. The system is made up of
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20 individual circuit boards located in the DPU (8), IBS sensor (2), ELS sensor
(4), IMS sensor (3), IMS HVU1 and HVU2 (4) and the ACT (1). Functionally
the different boards provide each sensor with independent command and control;
high voltages (9 independent supplies), high-voltage safe/arm protection and volt-
age monitoring; data acquisition, processing and compression; and data formatting
and transmission to the spacecraft. Control of the entire CAPS instrument depends
on a hierarchical network involving three microprocessors, all of which are ra-
diation hardened PACE MIL-STD 1750A’s. CPU1 handles all CAPS command,
control and data interface traffic with the spacecraft via a 1553 interface protocol.
It also controls IBS, ELS and ACT subsystems and the CPU2. The latter in turn
controls IMS data acquisition and processing functions carried out by the TDC
and SAM, respectively. Table XII lists the eight DPU electronics boards and their
functions.

Spacecraft Interface. The spacecraft data and command interfaces are primarily
through the bus interface unit (BIU). The BIU generates real-time interrupt (RTI)
signals sent to CPUI1 telling it to poll for messages from the spacecraft and to
transmit any waiting telemetry packets.
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Figure 39. Schematic high-level CAPS electrical block diagram. Sensors are represented by the three
boxes in the upper part of the figure, the DPU by the central shaded box, and the ACT by the thin box
at the bottom.
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TABLE XII
Primary functions of DPU circuit boards.

Board Name Functions

1. Spacecraft Interface ~ Bus Interface Unit, ACT interface, IMS cover release, ACT release,
heater control

2. Low Voltage Supply Low voltage converters, +30 V filter, housekeeping

3. IBS/ELS Interface Master timing, IBS and ELS command and data interfaces, IBS HV
control, HV safe/arm

4. IMS Interface HV control and safe/arm, analog data, power synchronization

5. TDC TOF data acquisition, TDC and coincidence logic, FEE control,
FIFO interface with SAM

6. SAM Pace 1750A processor, TOF, TOF accumulator, and EVENT

modules, local memory for SAM LUT’s

7. CPUI1 Pace 1750A processor, memory management unit; 256 kwords local
memory; 16 kwords PROM; ELS, IBS, HVU1, HVU2, CPU2,
ACT control functions

8. CPU2 Pace 1750A processor, memory management unit, 256 kwords local
memory, 256 kwords shared memory, 8 kwords boot PROM,
SAM contol

CPUI and CPU2 Microprocessors. The CPU1 and CPU2 microprocessors are
located on separate circuit boards together with associated memories. With refer-
ence to Figure 39, the CPUI is the primary CAPS control and data processing unit.
Its address and data control bus extend to the IBS/ELS interface board, the IMS
high-voltage control board, and the BIU. The CPU?2 is dedicated entirely to IMS
data acquisition and processing as well as to control of the TDC and SAM. Both
CPU1 and CPU2 can access 10° 16-bit words of memory address space via indi-
vidual memory management units. CPU2 contains an additional 2,56,000 words of
shared memory accessible by CPU1.

Low Voltage Power System. The LVPS provides sensor analog and digital elec-
tronics with a variety of regulated voltages including ELS (£8 and +5 V), IBS (45
and —15 V) and HVU2 (45 and %15 V). Each high-voltage supply is powered
through individual current-limited +15 V lines controlled by separate solid-state
power switches. The +15V lines are fused to prevent failure in any one circuit from
damaging others.

IBS/ELS Interface Board. This board contains the master CAPS timing generator
used for subsystem synchronization and data acquisition cycles. The timing signal
is divided down to three basic periods: 7.8125 ms (the basis for IBS sampling, ACT
micro-stepping, and timing interrupts to CPU1), 31.25 ms (ELS sampling interval),
and 62.50 ms (IMS sampling interval). The master timing generator allows CPU1
software to synchronize CAPS operations to the scheduled repeat cycle of the
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spacecraft. This is accomplished when the software sets a bit in hardware to start
the master timing circuit after the appropriate real-time interrupt signal has been
received from the BIU. The master clock has the capability to be divided down still
further to lengthen sensor sampling periods by factors of 2 to 8.

The ELS/IBS board also contains three 16-bit counters making up the IBS
data acquisition interface. An 8-bit bus controls high-voltage supplies for the IBS
detector and ESA. The ELS data acquisition interface consists of a 16-bit one-way
bus to the DPU that reads out eight registers in which detector counts are stored
(corresponding to the eight elevation sectors). In addition an 8-channel 8-bit analog
multiplexer in ELS sends housekeeping status to CPU1. A similar bus operating in
the opposite direction allows CPU1 to command ELS. In addition to these functions,
once power is applied to the ACT, CPU1 sends a 16-bit word every 7.8125 ms (equal
to the IBS stepping cadence) to control acceleration, scan, deceleration, and stop
modes.

IMS HV Interface Board. As mentioned earlier, CPU1 controls operation of the
HV supplies located in HVU1 and HVU2. The HVU1, which produces +14.56 kV
for the TOF, is powered directly by the spacecraft 4+-30 V bus through a redundant,
optically isolated, current-limited switch controlled by CPU1. HVU1 and HVU2
are controlled independently by 8-bit command words. The HVU2 produces ESA
and two MCP detector high voltages in much the same way as the IBS and ELS
high-voltage supplies. In normal operation CPU1 writes a 14-bit word to the ESA
stepping supply every 62.5 ms to select 63 pre-programmed ESA voltage steps.
CPULI also controls the LEF and ST MCP detector high voltages using separate
8-bit command words.

Two 16-channel analog multiplexers process analog monitors that go into the
housekeeping telemetry data. Also on this board are separate SAFE and DISABLE
control lines for all nine of the CAPS high-voltage supplies. The lines are routed
to a SAFE/ARM connector (removed before launch) located on the board and
accessible from the outside of the instrument. Its purpose was to provide visual
assurance during ground operations that CAPS sensors could not be commanded
inadvertently above 3% of maximum voltage.

Time-to-Digital-Converter (TDC) and Spectrum Analyzer Module (SAM). These
two units are dedicated to converting raw IMS detector signals into TOF spectra
and processing the data to identify ion species. They were discussed separately in
Sections 6.5.2 and 6.5.3.

Grounding. CAPS is designed with single point secondary ground. The signal
ground connection to chassis is located on the DPU mother-board close to the
low voltage power supply. During testing after system integration it turned out
that sensitive charge amplifiers near the ELS, IMS, and IBS detectors required
additional grounding. As a consequence, the grounding concept was changed to
allow additional connections between these signal grounds and chassis to opti-
mize overall noise performance. The best performance was achieved by connecting
signal-grounded internal cable shields to chassis at the sensor end of the interface
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cables. It should be noted that the isolation between primary and secondary power
was not compromised by this arrangement.

Fault Protection. To prevent a failure in a subsystem from becoming catastrophic
and damaging another subsystem or the entire instrument, all power lines exiting
the DPU have been fused using dual redundant fuses conservatively rated for at
least twice the nominal peak current. Custom-designed, current-limited solid-state
switches protect power lines switched by the DPU, namely the ACT motor drive
and latch, HVU1 and HVU2 converters, and supplemental heaters. Similar to the
fusing philosophy, current limiting is set at twice the nominal peak current on a
line.

In addition to fusing subsystem loads, other precautions were taken with the
sensor high-voltage systems including SAFE/ARM controls implemented in soft-
ware (in addition to hardware controls discussed above). Individual high- voltage
converters must be armed and enabled by separate commands before high voltage
will appear at the outputs. The more sensitive CAPS electrical circuits are protected
from damage that may occur as the result of momentary ground loops associated
with discharges by so-called “zap-traps.” These provide a low inductance return
path from the chassis structure to the origin of the high voltage, i.e., HV ground in
the individual HV generators. Zap-traps consist of two parallel fast diodes mounted
in opposite directions between HV return and structure.

The health and safety of the CAPS electrical system is monitored via ~90 house-
keeping channels whose contents depend on instrument mode. During maintenance
mode housekeeping data reflect primarily low-voltage power supply, temperature,
and ACT status. During normal science, emphasis is placed on high voltage and
system-status monitoring. The CPU1 contains a 12-bit ADC (Figure 39) that sam-
ples the HV output monitors, low-voltage supplies including total current drawn on
the 28 V line from the spacecraft, the ACT position encoder, and the temperature
at six locations within CAPS. To provide the required thermal environment, CAPS
relies on two types of heating elements located in the DPU. Supplemental heaters
are controlled by commands to CPU1 (Figure 39). They provide additional heat that
may be needed when the instrument is operating in a reduced power state. Supple-
mental and replacement heaters are controlled by the spacecraft and are intended
to maintain both the CAPS thermal environment and that of the FPP when CAPS
is turned off.

7.3. FLIGHT SOFTWARE

7.3.1. Software Description

The primary functions of the CAPS flight software are to (1) maintain communica-
tion with the spacecraft telemetry and command systems, (2) control operation of
the CAPS sensors and actuator, (3) generate data acquisition and telemetry products,
and (4) carry out internal checks of system status. Figure 40 shows a detailed data
flow diagram of the software control and data flow system.
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The multi-processor hardware system (CPU1, CPU2, and SAM) distributes
loosely coupled, fixed software tasks. The CPU1 is the “front end” of the data
system and is the only processor that communicates directly with the spacecraft
(Figure 40). The CPU1 collects data from all three sensors as well as housekeeping
data, and formats it into “CCSDS” (Consultative Committee for Space Data Sys-
tems) standard transmission packets, which are then sent to the spacecraft command
and data system (CDS) via the BIU. As can be imagined, CPU1 executes indepen-
dently of CPU2 and SAM, which are slaved to the former. SAM in turn is slaved
to CPU2. During operation the CPU2 extracts TOF data processed by SAM from
a random access memory (RAM) shared between the two. CPU2 data are then
communicated to CPU1 via another set of shared memory.

Spacecraft and instrument operational mode choices define the CAPS operating
state, telemetry rate, data volume, data product type, and power allocation. As
part of this scheme, the spacecraft operational mode and current physical data
rate are communicated to CAPS once per second. CAPS telemetry is divided into
two streams: science and housekeeping. The housekeeping stream has a nominal
physical data rate of 22 bits/s dropping to 11 bits/s in maintenance mode. Science
“logical” data rates can be varied by command from 16 kbps down to 0.25 kbps
in factors of 2. However, the logical rates must always be smaller than or equal
to one of two “physical” rates (16 and 2 kbps) set by the spacecraft CDS. Any
data volume difference between physical and logical rates is filled with zero length
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Figure 40. Detailed schematic of the CAPS data flow and command system.
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packets (ZLP) so that the CDS retains the expected packet pick-up rate and is
unaware of any differences in data volume. The ZLPs are recognized by the CDS
and are not stored on the spacecraft solid-state recorder (SSR), thus allowing CAPS
science data flow to be tailored to the allocated SSR volume without loss.

Commands or command sequences are uplinked to the spacecraft roughly every
28 days during the tour phase of the mission. Once uplinked they may be executed
in real-time, stored in the spacecraft solid-state recorder (SSR), or stored in CAPS
RAM memory as instrument-expanded (command) blocks (IEB’s). Command se-
quences containing time-ordered triggers for executing IEB’s are stored in the SSR
from which they are sent to CAPS. Real-time commanding is also available if
necessary for time critical operations.

Data acquisition, high-voltage control, and spacecraft communications with
CAPS (Figure 40) all take place at times determined by the spacecraft clock broad-
cast once per second; or with synchronization messages and real-time interrupts
(RTT) sent once every 0.125 s. The CAPS hardware sample clocks are synchronized
to the RTI signal during CPU1 initialization. Internally CAPS organizes data based
on A- and B-cycles introduced earlier in Section 6.5.3.

7.3.2. Software Operation

CAPS flight software functions are split between PROM-resident and SSR-resident
software depending on instrument mode. PROM resident code includes functions
needed to implement maintenance, low power, and CPU2/SAM-Ready modes. Ta-
ble XIII is a list of operational modes and their characteristics. The transitions and
interrelationships between these modes are shown in Figure 41. When power is first
applied, or when the DPU has been commanded to reset by the spacecraft, CAPS
“boots up” from code stored in PROM and begins execution of memory checks,
BIU initialization and RTI synchronization. It also determines the commanded
operational mode and begins execution. In the initial “ON” state, code from the
SSR is read to CPUI, which then initializes its own plus CPU2 and SAM op-
erations, bringing all three processors to a “READY” state. From this the LOW
POWER, NORMAL SCIENCE, or SLEEP modes can be reached. When CAPS is
commanded to the “OFF” state it ramps down any high voltages that are on and
then returns to LOW POWER mode before power is turned off.

Maintenance Mode. During parts of Cassini cruise phase the maintenance mode
was run to exercise the ACT stepper motor and bearings once every 3 months during
spacecraft periodic instrument maintenance (PIM) operations. No science data were
taken. Only simple housekeeping packets containing ACT angular position as well
as instrument current, voltage and temperature monitors were returned at 11 bits/s.
During the first and third PIM periods following launch, wax thermal actuators
released the ACT latch and IMS cover mechanisms, respectively.

Low-voltage Mode. The initial command from the spacecraft causes CAPS to
boot up from PROM into a low-voltage state. Initially the instrument ignores any
accidental commands to the ACT or high-voltage units as a safety precaution. Only
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TABLE XIII
CAPS operational states.

Power (W) Status Telemetry mode Code source

State Average Peak ACT HV HK* SCr* PROM  SSR/Gnd
Maintenance 15.8 19.1 on off Maint. ZLP X
Low voltage 12.5 12.5  off off  Sci. ZLP X X
CPU2/SAM ready 13.2 13.2  off off  Sci. ZLP X
Sleep 13.2 132 off on Sci. ZLP X
Normal science 13.4 18.0  off on Sci. Sci. X

w/o ACT
Normal science 16.4 21.0 on on Sci. Sci. X

w/ ACT

*HK: housekeeping mode; SCI: science mode; Maint. data; sci. data; ZLP: zero length packet.

housekeeping is produced at 22 bits/s. From this mode CAPS can be commanded
to enter the CPU2/SAM-ready mode (Figure 41), which is simply a transition state
between PROM-based and RAM-based versions of the low-voltage mode. In the
CPU2/SAM-ready mode, CPU1 releases the CPU2 processor, which then waits for
program load commands from CPU1. Both CPU processors and the SAM are then
ready to accept program loads in assisted load format (ALF) blocks from the SSR.
After all three processors are loaded, CPU1 is commanded to begin execution while
CPU2 is put back into reset. At this point CAPS is again in low-voltage mode, but
code is now executing from instrument memory (instead from PROM) and CAPS
can be commanded to enter normal science mode.

Normal Science Mode. Normal science is unique because it is the only one in
which high voltages can be applied, the CPU2 and SAM are operational, and a full
range of ACT motion is possible. Once CPU1 releases CPU2 from reset, the latter
releases SAM and then initializes SAM and TDC based on a table controlled by
ground command (SAM group tables were discussed in Section 6.5.3). If, during
normal operations, the SAM or TDC configuration, or the SAM group table, are
changed, then CPU2 puts SAM into reset.

In addition to controlling telemetry rates and other subsystems, CPUI1 also
controls sensor energy scans and scan rates. The scan table contents are set by
ground command as are the rates. Normally ELS and IBS scans require 2 s whereas
IMS requires 4 s. During normal science mode data are acquired in the following
way: A-cycle data from IBS and ELS are accumulated and stored one-half of
CPU1’s double-buffered memory, while the other half of memory is being read
out and processed. SAM data are gathered in the same way by CPU2 before being
extracted by CPU1 during the next A-cycle. At the same time that A-cycle data are
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Figure 41. CAPS operational state diagram. Mode states above the dashed line are part of the CAPS
initialization process; below the line are possible standard operational states.

acquired, CPU2 collects TOF data from SAM on the basis of a B-cycle (consisting
of 8 A-cycles). Details of B-cycle data products were discussed in Section 6.5.3.

Sequential Event Mode. This mode is a diagnostic of the entire TOF system
applicable only when CAPS acquires data at 16 kbits/s. In it SAM collects up to
16,000 TOF words sequentially at a fixed energy step over a period of two A-cycles.
Each word corresponds to a single particle striking one of the detectors. During the
next two A-cycles SAM computes ION data products corresponding to this data.
The procedure is repeated for two more energy steps, acquiring 48,000 events in a
single B-cycle.
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Sleep Mode. Sleep is a reduced operations mode from which CAPS can quickly
emerge (e.g., following the firing of the spacecraft’s main engine during Saturn orbit
insertion). In sleep mode the HVU1 voltages remain on at predetermined high, but
safe, level (e.g., =12 kV). All other supplies can be turned off. In addition CPU2
and SAM are held in reset and the ACT is parked and turned off. Only housekeeping
data are produced.

7.3.3. Fault Protection

The CAPS flight software contains several features designed to detect and report
faults and recover from them “gracefully.” Among the most critical features, because
it controls command and data transmission, is a watchdog timer that detects real-
time interrupts (RTI) from the spacecraft. If one is missed, the timer generates
an artificial RTI within CAPS. CPU2 also contains a watchdog circuit. If this
expires, an interrupt is generated in CPU1 and an error reported in housekeeping.
In the worst case, should the CPU1 watchdog expire, a reset of the CAPS system
will occur automatically and a message will then be generated by the spacecraft
telling the ground controllers that CAPS is in an OFF state. A second feature is
on-board verification of all software and commands sent to CAPS. Commands
are also checked for valid operations codes and appropriateness for the current
instrument state. Detected command errors and their specific nature are reported in
housekeeping. A third fault protection, mentioned earlier, is that CPU1 checks all
high-voltage commands for validity before allowing execution to proceed.

7.4. ACTUATOR

The primary function of the CAPS actuator (ACT) is to provide articulation of
the three sensors and their fields-of-view over the lifetime of the Cassini mission
(nominally 500,000 cycles). To this end the ACT rotates the instrument at a nominal
rate of 1°/s around an axis parallel to the spacecraft Z-axis (Figures 3, 4, 37 and
38). Among the many requirements placed on the ACT was a lifetime of 5,00,000
cycles without failure. Although the maximum range of actuator motion possible
is £104° in azimuth centered on the spacecraft —YZ plane (Figure 4), the useful
range is restricted to —80° < iy < 4-104°, where at ¥ = 0° the FOV is aligned
with the spacecraft —Y axis. Most FOV encroachments that do occur are beyond
—80° (Figure 5). At the ¥ = 0° position all three sensors are aligned with the
ORS instrument FOVs. At ¢ = +90°, they are aligned with the FOV of the INMS
and the MIMI/CHEMS instruments. In spacecraft coordinates the rotation range
corresponds to clock angles of 256° through 0° to 80°.

The actuator uses a 90 pole, two-phase, synchronous SAGEM motor that makes
use of direct mechanical coupling. The motor is driven by a sine-cosine pair of
phase voltages whose values are stored in the DPU and then sent to the actuator
at a rate of 128 Hz via a parallel data interface. The phase voltage waveform
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table comprises one electrical cycle (4° of mechanical motion) with a resolution of
128 steps/degree. The same waveform pair is used for both directions of rotation as
well as for acceleration and deceleration. Motor control electronics, DPU interface,
and synchronization and timing logic are all located on a single circuit board housed
inside the ACT (Figure 43). The DPU receives acceleration data that are used to
determine the step size for the pointer of the phase voltage vector: If the received
acceleration signal indicates that the actuator speed is decreasing due to changes
in the detent torque of the motor, the nominal pointer increment of one step every
7.8125 ms is increased to two or three steps to increase motor torque and thus
compensate for deceleration. Correspondingly, acceleration is compensated by not
incrementing the pointer or even by taking a step “backwards” in the table.

Ideally the cumulative sum of step corrections should be zero. Due to possible
offsets in the acceleration analog-to-digital converter this might not be the case.
A cumulative error would cause the rate of rotation to deviate from the nominal
1°/s. To prevent this, a second control loop in the DPU integrates the step correc-
tions and adds or deletes waveform pointer steps to keep the sum of corrections
at zero. Because of Cassini’s stringent pointing and stability requirements, ACT
motion was designed to be mechanically very smooth. Scan motion is controlled by
a direct-drive stepper motor and custom designed control electronics. Active posi-
tion sensing, feedback and acceleration/deceleration ramps help further smooth its
motion. A resistive encoder measures angular position which is fed as an analog
signal to the DPU where it is differentiated twice, producing a signal proportional
to angular acceleration, which is then used to control the motion.

The endpoints of the sweep are commandable by CPU 1, which generates detailed
micro step values sent to the motor control unit. Once the ACT is within 12° of
the end point of a sweep deceleration begins. After reversing direction, the motor
accelerates out to 12° and then sweeps back the other way in windshield wiper
fashion. Pointing accuracy during this motion is &= 0.5°. By using the full ACT
range combined with the ELS and IMS FOV, a 160° x 180° swath of the sky can
be scanned approximately every 3 min, independent of spacecraft orientation.

The ACT also serves as the mechanical platform for CAPS and, during spacecraft
ground testing and launch, holds the instrument “upside-down” on the spacecraft
pallet (Figure 3). During launch the forces on the ACT reached 28 g’s. These and
other special requirements made the motor unit design very demanding. In addition
to a minimum lifetime of 500,000 cycles, thermal gradients between CAPS and the
spacecraft pallet pass through the bearings but must not cause significant increases
in friction, or otherwise damage them. Finally, the ACT, which contains magnetic
materials, had to meet a stray field requirement of 2.5 nT at 1.0 m, requiring the
housing and bearing materials to be non-magnetic. One final important feature is
a hollow shaft through the motor that allowed a flexible purge tube to be run from
the spacecraft purge system up through the DPU to the sensors.

Animportant element of the ACT is bearings and bearing flanges, which are fitted
together precisely to meet high concentricity requirements on their relative motion
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Figure 42. (a) Elevation view (left side) and cross-sectional view (right side) of the actuator. (b)
Elevation and cross-sectional views of the ACT motor assembly.

(Figure 42). Because of residual magnetic field requirements there were only a
limited number of materials that could be used. Aluminum alloys were avoided
because of their high coefficient of thermal expansion. Moreover, common bearing
steels are magnetic. We therefore chose instead AISI 316 steel as housing material
and very precise non-separable angular contact ball bearings made of copper—
beryllium alloy. Another important magnetic component of the ACT is the SAGEM
hybrid stepper motor that provides 300 mNm of torque while requiring only 65 mA
of current. Stray fields from the stepper motor were controlled by mounting u-metal
shields on mating housing parts and adding a small compensation magnet on the
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Figure 43. Photograph of the ACT and associated launch latch mechanism (structure on right hand
side of ACT) with the DPU mounting flange removed.

bottom of the housing to cancel the motor’s first-order dipole field. The residual
magnetic moment of the shielded ACT was measured to be 4 nT at 1 m slightly
exceeding the requirement for 2.5 nT.

Bearing lubricant and rolling surfaces easily suffer severe damage if the balls
do not roll but rather skid along the ball track. Therefore it was essential to ensure
sufficient bearing preload and lubrication (ion plated lead coatings). Based on life
testing the bearing preload value was set at 35 N while the motor friction torque
was measured to be ~5 mNm.

The ACT bearings could not carry CAPS launch loads, which are transferred
through the ACT structure to the latch clamp ring. The latching device can be
characterized as a Marman or V-band clamp (Figure 42) that works by pressing
the ACT rotor and stator rigidly against each other. A plastic serrated ring made of
PEEK (poly-ether-ether-ketone) was placed between the clamp and the ACT parts
to prevent rotation under vibration loads when the ACT was latched.

The CAPS pointing direction is measured with a resistive encoder mounted
between the motor housing and a non-rotating flange. The encoder voltage is con-
verted to a digital signal used to adjust the pointer in the motor phase-voltage table.
This arrangement results in a velocity controller that damps mechanical oscillations
(caused by the proximity of the main torque ripple component of the motor at 1 Hz),
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to the resonance frequency of the mechanical system at 1.3 Hz. Another feature is
that two limit switches, which give a signal at hard stops located at +=110° with
respect to the sweep center, can be used for position calibration.

When being latched the rotor moves 2 mm downwards (see right cutaway view
of Figure 42a) and the motor assembly moves with it. Compression springs keep the
upper bearing preloaded to take up vibration loads on the shaft and flange during
launch. The lower bearing carries no external loads. When unlatched, the rotor,
shaft and flange all move back to their upper position and the flange rests against
the ACT stator structure. In this way the latch compression springs do not load the
bearings or motor assembly in the released state.

8. Planned Observations, Instrument Modes and Operations

8.1. PLANNED OBSERVATIONS

The Cassini orbital tour offers the opportunity to study essentially all regions of
Saturn’s magnetosphere and the interactions between the magnetosphere and Titan,
icy satellites and ring particles. However, spacecraft orientation and limited data
volume will prevent CAPS from obtaining the highest quality data at all times. In
this section, we describe the main limitations placed on CAPS measurements and
our plans to maximize scientific returns despite these limits.

One method of increasing the scientific return is through the use of magne-
tospheric and other models that can be updated as our knowledge base increases.
Despite the fact that Saturn’s magnetosphere is known only through three spacecraft
encounters supplemented by Earth-based observations, enough information exists
to create simple models that serve as an initial guide for planning observations.
For now, a limited number of science models are available. A number of workers
have addressed the problem of modeling the shape and plasma populations found
in the saturnian magnetosphere. Among them are Richardson and Sittler (1990),
Richardson (1992, 1995), Maurice et al. (1995, 19964, b), Richardson et al. (1998),
Slavin et al. (1983), and Behannon et al. (1983). Connerney et al. (1983), Davis
and Smith (1990) and Maurice and Engle (1995) have constructed magnetic field
configuration models. Finally, Maurice et al. (1996b) have constructed a usable
model of the saturnian magnetosphere capable of giving the probable locations of
saturnian plasma boundary features such as the magnetopause.

Reliable determinations of parameters such as ion density and flow velocity may
not be possible when the peak of the velocity distribution is outside the instrument’s
roughly hemispheric field of view. Poor pointing of this sort will be a frequent
occurrence during the mission because the spacecraft’s remote sensing instruments
are body-fixed, requiring spacecraft turns to observe and track various objects
within the saturnian system. The orientations required for these remote sensing
observations may or may not allow CAPS to observe the peak of the ion velocity



CASSINI PLASMA SPECTROMETER INVESTIGATION 91

distribution. More often than not, the pointing requirements are compatible, but
only with an appropriate choice of the spacecraft’s secondary axis (e.g., the rotation
angle about the boresight of the remote sensing instruments). Spacecraft orientation
is further restricted by the need to keep the Sun from illuminating the infrared
instruments’ radiators. Available data volume will also limit CAPS measurements.
The spacecraft will, on average, return 1.75 Gbits of data per day throughout the tour.
If CAPS operated at its full, 16 kbps data rate, it alone would generate 1.38 Gbits
of data per day. Given that the Cassini spacecraft carries 12 instruments, CAPS
clearly will have to operate on average at significantly lower rates for much of the
mission.

To manage the restrictions on pointing and data volume, the Cassini MAPS
(Magnetospheric And Plasma Science) instruments have adopted a strategy that
mixes low-rate survey measurements with coordinated, focused observing cam-
paigns. The survey provides a continuous, although limited, dataset covering the
entire mission, whereas the campaigns provide full quality data in regions of inter-
est. The MAPS instruments have planned various campaigns to study solar wind
control of Saturn’s aurora, magnetospheric boundaries, the magnetotail, Titan, the
Titan torus, the inner magnetosphere, icy satellite and E ring interactions with the
magnetosphere, and low-altitude crossings of auroral field lines. Table XIV shows
the amount of time and the locations the spacecraft will be in various parts of
the magnetosphere, as well as the anticipated times that will be part of MAPS
campaigns. Figure 44 shows the arcs of the spacecraft trajectory corresponding to
campaign periods. For orbits O through 22 (orbits with an apoapsis on the dawn side
of the planet) the table and figures represent campaigns in the mission’s integrated
science operations plan. The science operations plan for later orbits is still under
development at the time of this writing.

In survey mode, the CAPS instrument will alternate between 500 bps and 4
kbps data rates. Normally, there will be a repeating, ~30-min pattern of six B-
cycles at 500 bps followed by a single B-cycle at 4 kbps. This strategy is intended
to provide a dataset without gaps, and which includes in the worst case at least
one high-rate observation every 0.3Rs along the spacecraft’s trajectory. During
the various MAPS campaigns, CAPS will operate at data rates between 4 kbps
and 16 kbps. The exceptions are solar wind/aurora campaigns, at times when the
spacecraft is very far from Saturn and most probably in the solar wind. In these
cases, CAPS will act as a solar wind monitor and use a specialized 2 kbps mode,
which emphasizes the IBS rather than IMS ion data.

Difficulties resulting from unfavorable spacecraft orientations can be solved in
several ways. When remote sensing instruments are taking data, the quality of the
pointing for CAPS can be improved by selecting the secondary axis or by identifying
which of several potential targets is more favorable to CAPS (e.g., observations by
the remote sensing instruments of one ring ansa rather than another will frequently
make the difference between good and bad pointing for CAPS.) A drawback of
“riding along” in this manner is frequent turning and re-orienting of the spacecraft
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TABLE XIV

Characteristics of the saturnian tour.

L shell crossings Number in tour Number in MAPS campaigns
Titan (L = 20.25) w/ |latitude| < 30° 124 37
Enceladus (L = 3.94) w/ |latitude| < 30° 69 22
G ring (L = 2.72) w/ |latitude| < 30° 14 8
“aurora” L = 15 w/r < 5Rg 22 13
Time in regions of the magnetosphere Daysintour  Daysin MAPS campaigns
Solar wind r > 40 Rs, 0600 < LT < 1800 277.64 107.56
Near magnetospheric boundaries 313.19 195.77
25 > r > 40 Rg, 0600 < LT < 1800
Magnetotail r > 25 Rs, LT < 0600 or LT > 1800 171.95 106.45
Titan Torus 10 < r < 25 Rg, |latitude|< 30° 374.34 62.53
Inner magnetosphere/Icy satellite torus 79.64 16.06
3 < r < 10 Rg, [latitude|< 30°
Inner magnetorphser/ring ionosphere 1.67 0.95
r < 3 Rg, |latitude| < 30°
Polar/auroral regions r < 5Rs, L > 10Rg 2.49 1.61

as remote sensing instruments observe different targets. This will complicate data
analysis, but we do not expect it to affect data quality. When riding along with
remote sensing observations is not possible, CAPS will occasionally act as the
prime instrument and control spacecraft orientation. These periods will be spent
either at a fixed and favorable orientation, or, around apoapsis periods, rolling
the spacecraft. In addition, the spacecraft will spend an average of 9 h per day
downlinking data to Earth. During these periods, the spacecraft will typically roll
so that the CAPS sensors and other particle instruments can observe nearly 47 sr
of velocity space. Since these rolls have a ~30-min period, they are not desirable
when plasma conditions are likely to change rapidly. In the inner magnetosphere,
such rolling downlinks will frequently be replaced with downlinks using a fixed
orientation agreed upon by the particle instruments.

8.2. OPERATING MODES

Depending on mission phase and spacecraft power resources, CAPS will automat-
ically go to one of two low-power states that operate out of PROM from which
it can be commanded into one of three other states that operate out of software
loaded from the ground or from the SSR. These states are discussed in Section
7.3.2. In only one of these (normal science) is CAPS able to acquire scientific data.
In the sleep state, detector and ESA voltages are set to zero and the +14.56 kV
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Figure 44. Cassini spacecraft trajectories corresponding to MAPS campaign periods during tour. The
trajectory is overlaid on the results of a MHD simulation (Hansen, 2001) and model magnetospheric
boundaries. Colors show density predicted by the MHD simulation, and the solid red line shows the
magnetopause in this model. Dashed black and red lines show a Voyager-based model bow shock and
magnetopause, respectively (Slaven et al., 1983.)

voltages lowered to some safe value. The IBS and ELS sensors can be brought out
of this state rather rapidly (~15 min). The IMS requires ~2 h. None of the other
CAPS states incorporate high-voltage operations, nor can they generate science data
(see Table XIII for operational modes). All spacecraft operating modes currently
planned for tour allow CAPS to remain on and operating. Use of the CAPS sleep
mode is expected to be limited to activities associated with Saturn orbit insertion
and the Huygens probe mission.

Within the normal science state CAPS is capable of performing a wide range
of table-driven programs devoted to science data gathering. As part of the science
planning process, observational modes are specified that control the range of ve-
locity space covered by the sensors, the rate at which velocity space is scanned,
the conditions under which IMS data will be taken, and the data products to be
returned from the three sensors. Voltage tables that control each sensor’s ESA, as
well as the range of ACT angles to be scanned, can be independently programmed
thus controlling the ranges of velocity space covered by CAPS.
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The three ELS voltage tables mentioned earlier are fixed. Those of IBS and
IMS consist of 512 and 64 entries respectively that can be filled with step values
corresponding to a desired voltage scan. As explained earlier, the step values for IBS
and IMS may be chosen from among 12,288 micro-steps corresponding to digital
to analog converter resolution. Thus it is possible to create tables corresponding to
logarithmic, linear, or any other placement of steps within the allowed voltage range
of the ESA high-voltage supplies. The time resolution and therefore the stepping
interval for each sensor is different (Table I) and tied to the IMS sampling rate of
62.50 ms.

The default energy table for ELS, which controls the sweep generator in 16%
decrements, covers 63 steps from 0.6 eV to 28.25 keV. For IMS, the default will be
63 steps from 1 to 50 keV in 16% decrements, while IBS will use a variety of mode-
dependent energy tables. In solar wind search mode, IBS will sweep from 150 eV
to 10 keV in 255, 1.67% steps. When the instrument identifies the proton peak, IBS
will shift to a solar wind tracking mode. In this mode, IBS sweeps 127, 1.67% steps
every second over an energy range that extends from one half to three times the
energy of the proton peak. This range is adjusted every 256 s, on the basis of the
previous 256 s of data. If the proton peak shifts outside the observed range, or if a
change in spacecraft attitude obscures the solar wind, IBS will return to solar wind
search mode. In magnetospheric scan mode, IBS will use two interleaved, 255-
step sweeps, from 10 eV to 50 keV in 3.37% steps. The interleaved sweeps can be
combined on the ground to give 1.67% energy resolution at a lower-time resolution.
Custom, 255 step sweep tables will be used during close satellite encounters.

The range of actuator motion will be a compromise between time resolution and
angular coverage. Sweeping through 180° (close to the maximum range) requires
approximately 200 s, while sweeping through a 24° range takes only 48 s. The
actuator may also be held at a constant position, producing a two-dimensional
cut of velocity space at the 2- or 4-s energy sweep period of the sensors. This is
the planned mode of operation during icy satellite encounters, which are very rapid
(e.g., during an Enceladus encounter, the spacecraft crosses the satellite’s geometric
wake in under 50 s.)

Another important operational consideration is selecting the seven ion species
reported by SAM. The SAM extracts spectra of up to 32 atomic species, of which
up to seven are reported and returned in the CAPS data. Each ion group table
contains 16 possible, 7-species combinations. Selection of ion species will be based
on analysis of, and experience with, the IMS data, particularly the abundance of
species indicated by B-cycle TOF data. The initial selections early in the mission
will be based on theoretical models and earlier Voyager measurements. In addition,
multiple group tables can be stored in the spacecraft SSR and loaded into SAM. This
would allow group tables customized to different parts of Saturn’s magnetosphere
to be used without the need for uplinking new data tables.

The mix of data products placed in the telemetry stream by CAPS is determined
by telemetry rate and is discussed in detail in the next section. Solid-state recorder
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memory on the spacecraft will be allocated on a day-by-day basis based on the
detailed Cassini science plan. Depending on the CAPS allocation and particular
measurement objectives during the day, one or more data rates and their duration
are chosen to produce the required volume.

In addition to the normal science mode, CAPS has an engineering mode in which
multiplier gains are checked, pulser stimulation signals are used to test and calibrate
detector signal chains, and detector background is measured for an extended period.
Before reaching Saturn the engineering mode will be operated as frequently as cruise
data volume and pointing restrictions allow. After reaching Saturn this mode will
be part of a periodic instrument calibration occurring approximately once every
50 days.

8.3. Dara ProDUCTS

At the maximum CAPS telemetry rate of 16 kbits/s all data products coming out
of the science and calibration modes can be accommodated without the need for
compression. The exception is the compressed extraction of ions by the SAM
algorithm, and a semi-logarithmic collapse of all data words. The collapse replaces
16-bit data words stored in the DPU with 8-bit data words to be returned to Earth.
For small data numbers, the 8-bit values are equal to the 16-bit values, but for higher
values the scale is logarithmic. A similar 32- to 16-bit compression is used for TOF
data. As a result of this compression, the uncertainty in the higher data numbers is
roughly 40.015N rather than the statistical £N'/2. No attempt was made to carry
out more exotic on-board compression routines such as moment calculations or
image-like compressions, with the exception of a run-length compression of the
sparse, IBS data.

The contents of the CAPS data products at 16 kbits/s are distributed among
the three sensors, the ACT and housekeeping channels as shown in Table XV.
Data products are organized along A-cycle (32.0 s) boundaries. Acquisition and
formation of B-cycle data products is more complex than the A-cycle process: The
CPU?2 extracts TOF data in the form of 512 channels each of ST and LEF data.
In the default mode, adjacent energy steps are sampled to produce 2RES x 32E
x 512TOF = 32,768 words. In the standard CAPS telemetry mode of 16 kbits/s,
each word of B-cycle data is summed over 8 A-cycles, whereas for some lower rate
modes it is summed over 16 A-cycles (i.e., the B-cycle is 8 A-cycles long for the
16 kbits/s mode and 16 A-cycles long for these other modes).

Most CAPS data products are generated at lower data rates by collapsing (sum-
ming) the 16 kbps data over adjacent energy, elevation and/or azimuth bins. In
addition, snapshots (uncollapsed subsets of the 16 kbps data) may be included. The
subset of data included in the snapshot can be determined on the spacecraft, so that
the snapshot contains the peak of the velocity distribution. Leaving out certain prod-
ucts entirely produces the smallest possible datasets. The modes used by the CAPS
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TABLE XV
Telemetry products in 16 kbits/s mode.

Data channels

Product EQ EL AZ MQ LOG TOF Total* bytes
ELS 63 8 16 - - - 8068
IBS 255 3 16 - - - 12244
IMS ION 63 8 7 - - 28288
IMS TDC LOG 63 - - 4 - 2020
IMS TDC SNG 63 8 8 - - - 4036
IMS TOF LEF 32 - - - - 512 16388
IMS TOF ST 32 - - - - 512 16388
ACT - - - - - - 68
HOUSEKEEP - - - - - - 170

*Totals for each product include 4 bytes of fiducial information.
Acronyms: EQ: energy/charge, MQ: mass/charge, EL: elevation, LOG: logical, AZ:
Azimuth, TOF: time-of-flight.

instrument were revised prior to the Cassini Jupiter encounter to include 0.25, 0.5,
and 1 kbps rates, in addition to the original 2 and 16 kbps modes. These modes
were further revised before reaching Saturn, to add 4 and 8 kbps modes and incor-
porate experience from analysis of the Jupiter data. Other data products that can be
included as options (at the expense of sensor data) are memory readout of control
tables for SAM and ESA stepping. Sequential event data that are used to verify
IMS operations can also be included.

8.4. GROUND OPERATIONS

In an attempt to reduce overall mission costs, the Cassini project has embraced the
concept of distributed ground operations. For so-called principal investigator (PI)
instruments this means that responsibility for instrument commanding and health
and safety lies with the instrument teams and, in particular, with the PI institution.
As a practical matter, the PI institution becomes an extension of the Cassini project
ground system.

Ground system operations can be divided into two categories: Generating com-
mands for uplink to the spacecraft and handling and processing data produced by
the spacecraft during downlink.

Ground operations begin with a sequence-by-sequence list of measurement ob-
jectives developed by drawing on the Cassini science operations plan (SOP) and
elaborations of the CAPS science objectives. The SOP describes spacecraft or-
bit, attitude, and allocation of resources such as power, pointing constraints, and
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telemetry. This plan was developed prior to reaching Saturn, and consists of conflict-
free, flyable sequences. Later, if no significant changes are required, sequences will
be taken from the SOP, updated, re-checked and sent to the spacecraft. For CAPS,
the most important part of updating these sequences will be the revision or inser-
tion of instrument-internal modes. This is the stage where experience from previous
observations can be used to improve our choices of actuation angles, ion selection
index, etc. In practice, significant changes to the SOP are likely. Unexpected events,
such as satellite ephemeris changes or downlinks that cannot be scheduled at ex-
actly the planned time, will force some changes and modification of the sequences.
Changes in response to new discoveries will be highly desirable. The substantial
effort required to develop the SOP prior to reaching Saturn is intended to allow
for these changes. With flyable sequences in hand, the instrument teams can focus
their efforts on science and on implementing desired changes.

Downlink processing begins when science and housekeeping data from CAPS,
together with auxiliary data (spacecraft ephemeris, attitude, etc.), are extracted from
the Cassini project data-base through the CAPS science operations and planning
computer (SOPC) located at SWRI. Level 0 housekeeping data are immediately
examined for any out-of-limit values that might affect CAPS health and safety. In
the event that limits are exceeded, a contingency plan provides options for recovery
from the fault. Non-emergency conditions that may require adjustments to system
operating parameters will be incorporated in the normal command uplink cycle.
Real-time operations can also be accommodated through the project’s sequence
virtual team (SVT) process. If necessary, emergency operations can be invoked in
which commands will be sent to CAPS in real time. This same routine also checks
the predicted against the actual instrument state vector to verify proper operation.
Level O science data are also checked for trends that might indicate unanticipated
changes in sensor operation such as shifts in detector gain or the appearance of
unexpected sources of detector background.

In tandem with the ongoing limit checking process, level 0 data are decom-
pressed, checked for quality, and formatted to create the CAPS level 1 products.
Aucxiliary data are collected into a parallel stream with the same file structure so that
the two are compatible. Level 1a data are extracted and then converted to physical
units, such as flux and velocity space density, which then constitute level 1b prod-
ucts. Finally, the derived level 2 data products, such as density, flow velocity and
temperature are calculated. These data, together with the software tools needed to
generate data displays, are then made available to the CAPS and Cassini teams. The
interface with the data analysis system will be Web-based to maximize accessibility
and opportunities for scientific study of the data. This interface allows wide access
to a set of production survey tools, including various types of spectrograms and
line plots, as well as orbit analysis tools. Survey plots (spectrograms and line plots)
will be routinely produced as image files and stored on-line for rapid sequential and
random access to facilitate browsing, surveys and comparisons with other Cassini
observations.
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9. Initial Operations and Performance

9.1. CAPS INITIAL RESULTS DURING EARTH FLYBY

On August 18, 1999 the Cassini spacecraft flew past the Earth on its way to Saturn.
While the purpose of the encounter with Earth was to gain velocity, it also opened
the possibility for operation of the CAPS as calibration and test exercises. As Rymer
et al. (2001) have described, the encounter pointing geometry had the spacecraft
-Z-axis pointed toward the sun. In this orientation the center of the three sensors’
elevation FOVs pointed orthogonal to the direction of motion. The fans (Figures 3
and 6) viewed forward (sunwards) as well as in the spacecraft direction of motion
(i.e., the spacecraft ram direction). The latter proved favorable for viewing low-
energy plasmas in the Earth’s magnetosphere (a situation similar to what occurred
during orbit insertion at Saturn). Although it is anticipated that the solar wind will be
less intense at Saturn (ngw ~ R~> where R is distance from the sun), other features
inside the bow shock and magnetopause should be of broadly similar intensity.
Thus Earth encounter presented a unique opportunity to test CAPS performance in
a not too dissimilar environment from that of Saturn.

In Figure 45 we present energy—time spectrograms from all three CAPS sensors.
The ordinate is particle energy, the abscissa is in units of hours UT, and color
corresponds to detector counting rates. The upper panel corresponds to ELS data,
the middle to IMS, and the lower to IBS. Cassini sliced through the near-equatorial
magnetosphere near the sub-solar point. The encounter itself was unique in that the
spacecraft speed of 16.1 km/s was about three times that of comparable orbiting
spacecraft. With reference to Figure 45, at 0000 UT ELS and IMS measurements
indicate that the spacecraftis clearly in the solar wind. At 0151 UT ELS shows most
clearly and with the best time resolution that Cassini crosses the Earth’s bowshock
and passes into the magnetosheath (note the rapid increase in electron flux and the
vertical barred pattern due to the motion of the CAPS actuator, indicating strong
plasma flow in the magnetosheath). At 0225 UT Cassini crossed the magnetopause
into the Earth’s magnetosphere proper (sharp drops in electron and ion fluxes).
Vertical yellow bars at ~0250 to 0300 are caused by penetrating particles from
the Earth’s radiation belts that enter the ELS and IBS detectors. IMS data require
coincidences between the two detectors, which greatly reduced its background
rates. From 0306 to 0351 the spacecraft was in the plasmasphere. What the figure
shows is relatively cold (~few eV) plasma rammed into the ELS and IMS sensors
when the spacecraft was inside the plasmasphere (red area below 10 eV from 0306
to 0351 UT) on the inbound and outbound trajectories. Because the IBS is set at a
higher energy range, corresponding to solar wind proton energies >200 eV, it does
not observe the plasmasphere. It is worth noting that the plasmasphere is similar in
terms of density and temperature to the outer portion of Titan’s ionosphere. Finally,
the horizontal red bands in the IMS plot between approximately 0230 to 0310 UT
and between 0345 to 0440 UT represent the Earth’s ring current.
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Figure 45. Composite energy-time spectrograms of ELS (upper panel), IMS (middle), and IBS
(lower) taken during the Cassini Earth encounter. The color scale at the right is proportional to
detector counting rates.

9.2. ELS INITIAL RESULTS

Abel et al. (2001) and Rymer et al. (2001) give an overview and detailed discussion
of ELS measurements at Earth. Figure 46 is an energy—time spectrogram of ELS
data in the same format as Figure 45 except that the eight separate panels correspond
to eight anodes and therefore to eight elevation directions (see Figure 10a, b). These
data illustrate the high quality of ELS performance in all regions traversed by
Cassini. More detailed analysis of bi-directional lobe electrons, including the first
observation of a returning electron population in the magnetosheath, is described in
Abel et al. (2001). Careful examination of Figure 46 shows many of the distributions
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to be anisotropic (e.g., in the magnetosheath between ~0200 and 0240 UT, or the
plasmasphere near 0315 UT).

Initial analysis of measurements taken at Jupiter indicates high-quality data as-
sociated with the jovian bow shock, magnetosheath and magnetopause. In addition,
ELS has monitored the effects of impulsive solar activity in the distant solar wind
beyond 5 AU (from September 2000 onwards).

Data in Figure 46 also show that at low energies (E < 30 eV) ELS measurements
are strongly affected by asymmetries in the spacecraft photoelectron sheath and, at
Earth at least, by Cassini’s high velocity (16.1 km/s) relative to the plasma (Rymer
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Figure 46. ELS energy-time spectrograms taken on August 18, 1999 during Cassini’s flyby of the
Earth. The eight separate plots represent the eight ELS elevation anodes, with anode eight looking
closest to the direction of the spacecraft — Z-axis (i.e., toward the spacecraft antenna).
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et al. (2001). At Titan although the spacecraft velocity is lower (~6 km/s) so are
ambient electron thermal velocities. Thus we may expect an anisotropic sheath.
Although photoelectron emission from the spacecraft is diminished by R~ relative
to that at Earth it is also expected to add to asymmetries. In other words, it is difficult
to predict what the response of ELS will be during Titan encounters, although the
one data point from Earth is a start for predicting that behavior.

9.3. IBS INITIAL RESULTS

Because of its design, IBS data from the Earth encounter are less useful than those
of the other two sensors. This can be understood with reference to the IBS section
of this paper, but basically it is caused by the orientation of its FOV perpendicular
to the ram flux coupled with the lack of resolution in the ram direction. On the other
hand, during the Cassini encounter with Jupiter, when the sensors could be pointed
toward the solar direction, its performance could be demonstrated.

Figure 47 is an example of one of ~40 bow shock crossings observed dur-
ing encounters in late 2000/early 2001 (Szego et al., 2003a, b) by IBS and the
other CAPS sensors. In Figure 47 the jovian bow shock was crossed between
0430 ~ 0500 UT when Cassini was 576R; (~4.1 x 107 km) from Jupiter. Pro-
tons in the solar wind upstream of the shock can be distinguished as a red
band before 0430 UT. Above it is a thinner yellow band representing He™ .
The shock crossing can be identified by the increase in ion temperature down-
stream. Comparison with magnetic field data indicates a parallel shock typical
of turbulent shocks seen in the jovian magnetosheath. At various times after the
shock the solar wind plasma temperature drops such that IBS is again able to
resolve the He?* peak. Data presented in Szego et al. (2003) dealing with the
jovian bow shock and magnetosheath show convincingly that IBS is operating as
anticipated.

9.4. IMS INITIAL RESULTS

Figure 48 shows IMS data in energy versus TOF spectrogram format integrated
over the month of March 2002 when Cassini was roughly 8 AU from the sun.
The data represent the first observations of interstellar pickup ions made beyond
5 AU. Pickup ions originate from neutral gas in the interstellar medium (Gloeckler
and Geiss, 1998). The pickup process occurs when gas is ionized by solar pho-
tons and accelerated by the solar wind electromagnetic field to energies as high
as 2Mv?sin?a where v is the solar wind bulk velocity and « is the ion pitch an-
gle. Interstellar ions have higher energies than solar wind ions as well as pitch
angle distributions with particles arriving at angles other than the solar wind di-
rection. Thus they effectively avoid the high-gain antenna of the spacecraft that
prevents IMS from directly viewing the solar wind. In summary we would expect
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Figure 47. Upper panel shows energy—time spectrogram for the IBS taken between 0300 to 0900 UT
on February 11, 2001. The energy scale covers 0.25 to 10.0 keV. The lower panel is a plot of solar
wind proton velocity in km/s same period (from Szego et al., 2003a).

to see ions arriving from directions unblocked by the HGA up to a cutoff energy of
2Mv?*sin’a. Complicating the picture is the fact that during March 2002 the space-
craft turned in such a way that there is some direct solar wind data mixed with data in
Figure 48.

In the ST energy spectrum in Figure 48 H4- ranges up to 20 keV while the bulk of
the distribution is at ~1 keV corresponding to ~440 km/s, roughly the average solar
wind velocity. The highest HT energy (20 keV) suggests a maximum solar wind
velocity during this period of 980 km/s, which is a high but still reasonable value.
The second most intense peak in the ST spectrum, labeled LEF echo originates not
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Figure 48. Color-coded logarithm of the sums of counts in the CAPS IMS ST (upper panel) and LEF
(lower panel) detectors, respectively. The dashed lines are derived from a simple theoretical model
of the instrument. Data are summed over all of March 2002. The summed counts are displayed as
a function of energy-per-charge (vertical axes) and time-of-flight channel on the horizontal axis (1
channel = 3.125 ns).

from the nearby He™ counts, but rather from an “echo” peak caused by H' ions
(see discussion in Section 6.7 and Figure 38b).

The other two ions visible easily in the ST spectrum, in addition to H', orig-
inate from He*" and He™ listed in order of TOF (see Equations 4-6). In order
to understand the ST spectra it is necessary to consider charge exchange fractions
leaving the foil (see Figure 21) as well as the center of mass velocity of particles
leaving the foil. Thus, on passing through a foil, the two He charge states show up
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primarily as He’. The LEF spectrum shows the HT peak, but, as a consequence
of the low rates of He — He' and He — He™™, there are very few counts. We
do expect, however, that by summing over longer periods of time and removing
unwanted “background” that occurs when Cassini puts the IMS FOV in the solar
wind direction, we will be able to distinguish and observe interstellar pickup ions.

Using data from the IMS McComas et al. (2004) have reported the first obser-
vations of interstellar pickup ions made beyond the orbit of Jupiter. The spatial
distribution of the ion fluxes is consistent with gravitational focusing by the Sun.
During the period reported’ Cassini was located between 6.4 and 8.2 AU from the
Sun in the downstream direction relative to incoming interstellar gas moving past
the Sun. The IMS data also establish the existence of a hydrogen shadow in this
same region where hydrogen is depleted relative to interstellar flow. A combina-
tion of radiation pressure on the hydrogen atoms together with trajectories passing
close to the Sun that lead to photoionization and loss in the solar wind leads to the
shadowing effect. We anticipate further observations of interstellar pickup ions as
the spacecraft approaches Saturn and throughout the orbital mission when a large
amount of time is spent in the solar wind (Table XIV).

10. Conclusions

After nearly 7 years in flight, Cassini went into orbit around Saturn on July 1, 2004.
During the cruise to Saturn the CAPS instrument was operated successfully for
periods of varying length during cruise and the Earth and Jupiter encounters. The
long cruise period has given our team the time necessary to fully check out and
test CAPS in the plasma environments of the solar wind and two magnetospheres.
This gives us confidence that the instrument will perform successfully during the
saturnian tour. In addition, the cruise period was used to develop a sophisticated
ground system that enables and greatly assists the complex task of science planning
for CAPS activities throughout the mission. The downlink portion of the ground
system is equipped to reduce data rapidly once it is received on the ground and
make it available as quickly as possible to the scientific community.
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Appendix: List of Acronyms

ACT Actuator

ADC Analog-to-Digital Converter
ALF Assisted Load Format

amu/e Atomic Mass Unit/Charge
AU Astronomical Unit

AZ Azimuth

BIU Bus Interface Unit

CAPS Cassini Plasma Spectrometer
CDS Command and Data System
CEM Channel Electron Multiplier
CH TOF channel number (1 CH = 3.125 ns)
CPU Central Processing Unit
DPU Data Processing Unit

DAC Digital-to-Analog Converter
E Energy, energy step

(Continued on next page)



EL
ELS
EPS
E/Q
ESA
FEE
FIFO
FOV
FPP
FWHM
Gbits
HEEA
HVU
IBS
D
IEB
IMS
INMS
kV
keV
LEF
LEMMS
LUT
MCP
MIMI
MLI
M/Q

MSSL
ORS
PEACE
PI

PLS
PROM
RAM
RES
RTI
SAM
SMU
SOI
SOP

CASSINI PLASMA SPECTROMETER INVESTIGATION

Elevation

Electron Spectrometer

Energetic Particle Spectrometer (Voyager)
Energy/Charge

Electrostatic Analyzer

Front End Electronics

First-In-First-Out buffer

Field-of-View

Fields and Particles Pallet

Full Width at Half Maximum

Gigabits (10° bits)

High-Energy Electron Analyzer (Cluster)
High-Voltage Unit

Ion Beam Spectrometer

Identification bit

Instrument Expanded Block

Ton Mass Spectrometer

Ion Neutral Mass Spectrometer

KiloVolt

KiloelectronVolt

Linear Electric Field

Low Energy Magnetosphere Measurement System
Look-Up Table

Microchannel Plate

Magnetospheric Imaging Investigation
Multi-layer Insulation

Mass/charge

Milliseconds

Mullard Space Science Laboratory
Optical and remote sensing instruments
Cluster Plasma Electron and Current Experiment
Principal investigator

Plasma Science (Voyager)

Programmable Read-Only Memory
Random Access Memory

Resolution (# of TOF channels: 512, 1024, 1536, 2048)
Real Time Interrupt

Spectrum Analyzer Module

Signal Management Unit

Saturn Orbit Insertion

Science Operations Plan

(Continued on next page)
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SOPC Science Operations and Planning Computer
SSR Solid State Recorder
ST Straight-Through (time-of-flight)
SwRI Southwest Research Institute
SVT Sequence Virtual Team
TDC Time-to-Digital Converter
TOF Time-of-Flight
1-D 1-Dimensional
2-D 2-Dimensional
3-D 3-Dimensional
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