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Karrer 2007) selects solar wind ions for out-of-ecliptic angles of incidence and filters the
solar wind and suprathermal ions by energy-per-charge (E/Q) before the ions pass into the
Time-Of-Flight/Energy (TOF/E) section of the instrument.

The Entrance System steers and filters ions utilizing the electrode configurations shown
in Fig. 3. The sun-centered solar wind sector (SWS) spans a 45° in-ecliptic FOV. The instan-
taneous polar angle acceptances are 0.4° and 2° FWHM for SWS Small and Main Channels,
respectively, and up to ±20° out-of-ecliptic dynamic FOV is attained with the use of deflec-
tors. The Small Channel (proton-alpha) and the Main Channel (heavy ion), positioned one
above the other in the SWS (Fig. 1), collect the main distribution of solar wind ions.

The Wide-Angle Partition (WAP) spans the remainder of the 360° in-ecliptic FOV (with
the exclusion of spacecraft and instrument blockages). The WAP entrance aperture accepts
ions in the polar direction with a FWHM of 3° for a given E/Q, or about 6° FOV over the
entire E/Q bandwidth.

Ions collected through all entrance apertures are filtered by E/Q with an electrode
pair of toroidal domes that are used as an electrostatic analyzer (Ewald and Liebl 1955;
Wollnik et al. 1972; Young et al. 1988). The ESA is cylindrically symmetric about the in-
strument azimuth, permitting the simultaneous collection of solar wind ions in the SWS and
suprathermal ions in the WAP. The E/Q bandwidth is ∼6% in the full E/Q dynamic range,
for all entrance apertures (Tables 2, 3 and 4).

The outer and inner domes of the ESA are connected, respectively, to the positive
and negative high voltage power supplies SWEEP ESA_plus and SWEEP ESA_minus
(Sect. 3.7.2). The voltages of both domes are matched and set simultaneously to one of
128 output settings (SWPE = 0–127). These voltage settings are logarithmically spaced
from ±6000 V down to ±10 V, in order to cover the full E/Q range from ∼80 to 0.3 keV/e.

The nominal energy-per-charge response of the ESA is given by

ESA_E/Q [keV/e] = 0.2 × 1.04895(127-SWPE).

There is a non-linear response in the power supplies at the lowest voltages, bringing the
lowest ESA_E/Q closer to 0.3 keV/e rather than the nominal value of 0.2 keV/e. The voltage
settings are loaded into a table for implementation. These table entries can be changed by
ground command.

During a 60-second collection cycle, comprised of 128 ESA steps, the ESA voltages are
stepped and held every 435.6 ms, which entails a 26 ms interval for HV settling followed by
409.6 ms of data accumulation. At each step of the ESA voltages, the polar angle deflectors
in the SWS are ramped through a pre-defined set of voltages provided by the deflector high
voltage power supplies (SWEEP DEFL1, SWEEP DEFL2), providing 32 deflection bins
per ESA step, with an accumulation time of 12.8 ms per deflection bin. The voltages of
the deflectors are matched to each set of ESA voltages in order to collect incident ions
up to ±20° in elevation, with each DEFL bin nominally corresponding to about 1.25° in
polar angle. After the ESA cycle has been completed (∼56 sec), the remaining time in
the 60-second cadence is used for sampling housekeeping, data transfer, resetting registers,
implementing commands, and setting up the SWEEP high voltages for the start of the next
collection cycle.

The Solar Wind Sector Main and Small Channels are activated sequentially, with the
switching between channels commanded by the IDPU based upon a monitored rate count.
The less-abundant solar wind ion species (typically <1% of the solar wind) are collected
in the initial part of the ESA stepping cycle though the Main Channel, which has a
large energy-geometric factor (G

(45°)
∼ 2.5–3.2 × 10−3 cm2 sr eV/eV per 45°, active area
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Aact ∼ 0.8 cm2). As the ESA voltage decreases, the incident ion flux increases as the solar
wind alpha particle (typically ∼4% in number density) and then proton (typically ∼96% in
number density) portions of the distribution are sampled. At a predetermined (command-
able) count rate set point, the SWEEP SCHN high voltage is enabled and applied to the
steering electrodes (SCO-L, SCI-U), allowing ions to pass through this channel into the
ESA. These SCHN voltages must be appropriately tuned to the ESA settings. Simultane-
ously, an electrostatic deflection gate (Main Gate, MG) located past the Main Channel en-
trance aperture disables ion collection through the Main Channel. This effectively switches
the geometrical factor to the smaller active area Small Channel (G

(45°)
∼ 6 × 10−7 cm2 sr

eV/eV, Aact ∼ 1.5 × 10−3 cm2). This GF switching is necessary to prevent saturation of the
detector electronics and to limit the lifetime fluence on the SSD and MCP detectors.

In addition to the instrument ion measurement properties, the Entrance System sup-
presses solar UV radiation. All electrode surfaces are blackened with copper-sulfide and
many surfaces are serrated. The instrument is designed to minimize direct exposure of in-
ternal components to solar photospheric UV radiation; pre-launch measurements give a UV
suppression factor exceeding 1 × 108. The serrated surfaces in the Entrance System also
inhibit scattered particles from reaching the TOF/E Chamber.

3.3.2 Characterization of the Entrance System / Energy Analyzer

As a major subsystem of the PLASTIC instrument, the Entrance System has undergone ex-
tensive design, prototype testing, and flight model calibrations prior to integration. Consid-
ering the complex ion optical system of the PLASTIC instrument, calibration and simulation
of the sub-system responses are important for understanding the overall instrument behav-
ior. The calibration results herein summarized are details of the final Flight Model (FM-A,
FM-B) calibrations, which are fully presented in Karrer (2007). Karrer (2007) also presents
details of the Flight Spare Entrance System (not flown).

The Entrance System ion optical calibration measurements were performed in the
CASYMS ion beam facility at the University of Bern (Ghielmetti et al. 1983; Steinacher
et al. 1995). CASYMS provides a broad parallel beam of an area of ∼250 cm2 of uni-
form flux. CASYMS delivers ions of many different species and charge states in an en-
ergy range from 5 eV/e to 60 keV/e, with an energy spread of ∼0.1% (<1% for very
low E/Q) and a beam divergence of ∼0.3°. Ar+ and He+ beams in an energy range
from 0.1 keV/e to 60 keV/e were used for the Entrance System calibration. The systems
were mounted on a turning table with elevation and azimuth angle articulation. (Note
that the CASYMS elevation angle corresponds to the solar wind out-of-ecliptic angle.)
Ions passing though the ESEA were counted by micro-channel plates in chevron config-
uration with a position-sensing anode (Lampton and Carlson 1979). Variation in detec-
tion efficiency due to particle energy was accounted for in the results (see Allegrini 2002;
Karrer 2007).

The energy acceptance and the analyzer constants were determined using different beam
energies and ion species. The analyzer constants give the relation between the applied elec-
trode voltage and the collected ion energy per charge, E/Q:

kelectrode = E/Q/Velectrode.

The measured values given in Table 2 are quoted in terms of eV/e per volt, reflecting the
energy-per-charge units (eV/e) normally used in describing an ESA response. The analyzer
constant given for the Small Channel differs slightly from the rest, because ions passing
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Table 2 Overview of entrance system analyzer constants

Entrance Electrode ES/ESA–FM A ES/ESA–FM B

system identifier

channel

Analyzer FWHM Analyzer FWHM

constant constant

(eV/e V−1) (eV/e V−1)

Small SCO-L 3.23(1) 10.40% 3.25(1) 10.64%

SCI-U 3.68(1) 13.20% 3.64(1) 10.75%

ESA 8.46(1) 6.35% 8.46(2) 6.26%

Main ESA 8.26(1) 6.12% 8.26(2) 6.48%

WAP ESA 8.25(4) 6.77% 8.26(1) 7.30%

Table 3 Overview of deflection constants and angular acceptance

Entrance ES/ESA–FM A ES/ESA–FM B

system Deflection Angular FWHM Deflection Angular FWHM

channel constant (deg) constant (deg)

(deg-keV/e V−1) (deg-keV/e V−1)

Small 0.117(1) 0.37 0.114(1) 0.27

Main 0.128(3) 1.9 0.127(3) 1.8

WAP – 3.2 – 3.1

through the Small Channel enter the ESA at a slight angle (∼0.2°) from above the instrument
plane (Fig. 3), thereby lowering the voltage required to collect an ion of a given energy. The
energy acceptance is given by the FWHM of the energy distribution as measured by varying
the ESA voltage for a given beam energy.

The angular acceptance and deflection constants for the deflection plates were determined
using different energies and elevation angles (see Table 3). The deflection constants give the
relation between applied electrode voltage and the ion incident angle:

kdeflection = � · E/Q/Velectrode

where � is the polar (elevation) angle, E/Q is the beam energy per charge, and Velectrode is
the voltage of the deflection electrode. The angular acceptance is given by the FWHM of
the angular distribution measured by varying the elevation angle for a given beam energy.

To determine the geometric factor, the instrument electrodes were tuned for a specific
beam energy after which the active areas, Aact, were measured for different beam energies
and elevation angles:

Aact = ndetector(�tηdetector)
−1

where ndetector is the counts on the detector during the accumulation time t,� is the beam
flux per unit area, and ηdetector is the detection efficiency of the particle detector. The results
are plotted in Fig. 4 in terms of the angular and energy acceptance for the three different
entrance apertures of FM A and FM B. The respective geometric factors G (similar to the
energy-geometric factor GE as defined by Young et al. 1989), were calculated from the
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Table 4 Active areas and geometrical factors for the FM-A and FM-B Entrance System Apertures

Entrance Azimuth FM A FM B

system position Active area Geometrical Active area Geometrical

channel (deg) (cm2) factor G (cm2) factor G

(cm2 eV/eV sr (cm2 eV/eV sr

per 45° sector) per 45° sector)

Small 0 1.41(4) × 10−3 6.0(5) × 10−7 1.50(4) × 10−3 6.3(4) × 10−7

Main 0 8.9(7) × 10−1 3.15(4) × 10−3 7.5(5) × 10−1 2.52(4) × 10−3

WAP −90 8.2(3) × 10−1 8.35(6) × 10−3 – –

−180 1.12(8) 6.82(7) × 10−3 9.4(4) × 10−1 6.44(6) × 10−3

−38.5 4.7(2) × 10−1 3.19(3) × 10−3 – –

discrete measurements using the approximation:

G
(45°)

≈ αSWS ·
∑

i

∑

j

�θi(�Ej/Ej )(Aact)ij

where αSWS is an integrated (over 45°) azimuth angle parameter, �θi is the elevation angle
step size for step i,Ej and �Ej energy and energy step size for step j , and (Aact)ij is the
active area of step i, j .

The discrete-sums approximation for calculating the geometric factor as applied to the
PLASTIC entrance system is discussed by Allegrini (2002) and by Karrer (2007). The αSWS

parameter incorporates a full integration in azimuth over 45°, under the assumption of uni-
form response and cylindrical symmetry. The measured active areas and geometric factors
for each entrance system and its apertures are provided in Table 4. The active area, some-
times called the directional geometric factor, is defined for a parallel beam, and is useful for
solar wind applications. Note that the geometrical factors in Table 4 appear different from
those provided in Table 1. The entries specified in Table 1 were obtained from the integrated
instruments, and include the effects of transmission in the TOF/E Chamber, the efficiency
of the detectors (Sect. 3.4.3), and the full FOV of the respective channel.

For the Small Channel of both flight models, a complete elevation versus azimuth angle
scan of the system response was performed (Fig. 5a,b). An azimuth angle scan for one ele-
vation angle was made for the Main Channel and WAP (Fig. 5c,d). For these measurements
all electrodes were tuned for an incident beam energy E/Q = 3 keV/e.

Entrance System calibration and testing (including a full set of environmental tests) has
ensured optimal ion optical functionality after integration with the full PLASTIC. Detailed
knowledge of the response functions, especially the analyzer and deflection constant rela-
tions between applied voltage and measured ion properties, are critical for setting in-flight
operational tables for the ESA, Channels, and Deflectors (“SWEEP”) high voltage system,
and ultimately for the interpretation of the resulting solar wind data.

3.4 Time-of-Flight Measurement System

3.4.1 TOF/E Chamber Overview

An ion exiting the ESA is accelerated through a −15 kV to −25 kV voltage drop (PAC
voltage, commandable) just before entering the TOF/E chamber (refer to Fig. 2). The ion
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Fig. 4 Contours of relative geometrical factors. (a, b) Small Channel on the FM-A and FM-B Entrance
Systems as a function of beam energy and elevation angle (all normalized to 1 keV/e). For FM-A, the ion
beam used was 5 keV/e He+. For FM-B, 5 keV/e Ar+ was used. (c, d) Main Channel on the FM-A and
FM-B Entrance Systems as a function of beam energy and elevation angle (all normalized to 1 keV/e). For
FM-A, the beam was 5 keV/e Ar+ . For FM-B, 3 keV/e Ar+ was used. (e, f) WAP Channel on the FM-A and
FM-B Entrance Systems as a function of beam energy and elevation angle (all normalized to 1 keV/e). For
FM-A, the beam used was 5 keV/e Ar+. For FM-B, 3 keV/e Ar+ was used
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Fig. 5 Azimuth angle scans. Center of SWS in the calibration coordinate system is at 60°. (a, b) Azimuth
response as a function of elevation angle for the Small Channel, for Entrance Systems FM-A and FM-B,
respectively. (c, d) Azimuth response for the Main Channel and the WAP at a single elevation angle: −0.5
deg for FM-A and 0 deg for FM-B. Intensity differences are due to different beam settings used between
FM-A and FM-B

then traverses a thin (≈ 3.5 µg/cm2) carbon foil located at the entrance to the chamber.
The carbon foil is deposited on a supporting nickel grid that, together with an associated
overlying field control grid (for suppression of backscattered electrons), is 83% transparent
to the incident particles. Grid transmission was measured optically as well as with an ion
beam (Lüthi 2003).

The carbon foil emits secondary electrons (Meckbach et al. 1975) that are subsequently
accelerated and steered by guiding electrodes onto a micro-channel plate (MCP) chevron
pair to trigger the “START” timing signal. The cascade (output) electrons at the exit of the
MCPs are accelerated from the negative PAC voltage of the TOF/E Chamber to the signal
board at ground potential. A fast “START” signal is read from an 80% transmission grid,
and the “START” position is read from anodes located below the grid.
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After the ion traverses the carbon foil, it continues its passage through the TOF/E cham-
ber and reaches the detector level, where it impacts either a solid state detector (SSD) or the
“STOP” portion of a large MCP. The nominal (without scattering) travel distance is 8.0 cm
on the SSD level, and 5.8 cm on the “Large” MCP detector level.

In the SSD section, the penetrating particle causes the emission of backscattered sec-
ondary electrons from the detector surface. These electrons are steered onto a “Small” MCP.
The cascade electrons at the exit of the MCP are accelerated from the negative PAC voltage
of the TOF/E Chamber to the signal board at ground potential. The fast “STOP” signal is
provided from a solid anode located on the signal board.

In portions of the WAP sector where there are no SSDs, the incident particle directly
impacts the “Large” MCP, thereby triggering its “STOP” timing signal directly.

The START and STOP signals of the SSD and non-SSD sections of PLASTIC are fed into
two independent time-to-amplitude converter (TAC) boards. Rate information is provided
from the START, STOP, and Coincidence (START with STOP) elements of the two sections,
as is a measurement of the flight time τ of the ions. The time signals are processed in a 10-bit
time-to-amplitude converter. The τ range ∼4 to 250 ns is converted to TOF channel range 0–
1023; and the TOF value is subsequently transferred to the event selection logic for further
processing (see Sect. 3.7). These two boards (designated TAC0 and TAC2) also provide
in-flight test and calibration capabilities by adjustable internal stimulation circuitry. The
electronic resolution of the time measurement is <0.2 ns. The total time-of-flight dispersion
is also affected by the angular spread and energy straggling of the ion passage through the
carbon foil.

3.4.2 Design of the TOF/E Chamber

A cutaway representation of the PLASTIC Entrance System and TOF/E Chamber is shown
in Fig. 6. The TOF with energy measurement system is shown on the right half of the TOF/E
Chamber, and the TOF-only measurement system on the left side of the cutaway. The TOF/E
chamber dimensions and the applied electrode voltages were designed using the electrostatic
ion optics analysis and design program SIMION 3D version 7.0 (Dahl 1995). This program
calculates ion and electron trajectories, time-of-flight, kinetic energy, angles of incidence,
and electric potential field arrays. The program output was used in designing the SSD, MCP,
and anode detector dimensions and their respective placement in the TOF/E Chamber, in
order to maximize the probability of hitting the targeted detector (i.e., optimization of the
geometrical factor). Simulations were also used in assigning the voltages applied to the
steering and focusing electrodes and to the electron acceleration grids. Electrode and grid
parameters were varied until the output response was optimized to minimize the dispersion
in the time-of-flight (species resolution) and in the angle (position integrity and resolution).
The fidelity of the simulation relies on appropriate initial inputs. User inputs include the
initial particle distributions (species, energy, position, elevation and azimuth angles) for:
(1) ions exiting the carbon foil; (2) secondary electrons from the carbon foil and from the
SSD; and (3) cascade (MCP output) electrons for start and stop signals.

The method used in generating the test file for ions exiting the carbon foil is fully de-
scribed by Allegrini (2002). The standard run assumed nominal solar wind element abun-
dances and charge state distributions (1.5 MK freeze-in temperature) for O, Ne, Mg, Si, Ar,
and Fe, representing a range of solar wind Z > 2 species; a bulk speed of 440 km/s with
nominal thermal spread; post acceleration of −25 kV; and carbon foil charge exchange, en-
ergy loss, and angle dispersion. The carbon foil energy loss and angular straggling functions
were measured by Lüthi (2003) for the same 3.5 µg/cm2 carbon foils and supporting grid
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Fig. 6 Cutaway view of the
PLASTIC Entrance System and
TOF/E Chamber

system as those used in PLASTIC. Charge exchange within the foil is expected to alter the
ion’s ionic charge state, and the results of Gonin et al. (1995) were used for determining
the post-foil charge fractions. Separate simulation runs were executed for singly charged
species, as would represent solar wind protons or oxygen pickup ions.

Secondary electrons emitted from solids typically have an energy distribution with a
maximum (most probable energy) of ∼2–3 eV, with a long energy tail, and a cosine angular
distribution relative to the surface normal (e.g., Wehner 1966; Kawata et al. 1991; Ritzau and
Baragiola 1998). This general distribution shape was used in generating the simulated test
electrons exiting from the carbon foil and from the SSD surface. For the simulated cascade
(MCP output) electrons, the energy distribution was derived from Koshida and Hosobuchi
(1985), with the initial electron angular dispersion centered at the MCP channel angle (19°
for the large MCP, 13° for the small MCP).

Figure 7 illustrates the simulated trajectories for the Solar Wind Sector side of the TOF/E
Chamber using these input distributions. Ions are shown exiting the carbon foil and hit-
ting the solid state detector; start electrons are steered from the carbon foil to the small
micro-channel plate; stop electrons emitted from the front surface of the SSD are steered to
the small micro-channel plate; and the MCP-generated cascade electrons are accelerated to
their respective anodes located on the signal board. Combined target efficiency for nominal
operational voltages was estimated (through these simulations) to be >92%.

Simulations were also employed to verify that any backscattered electrons, created either
by ions or electrons hitting internal structures other than their intended detectors, would not
accidentally be steered onto an MCP, where it could trigger false event counts (creating a
background population).
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Fig. 7 Ion and electron
trajectories from a SIMION 3D
simulation for the TOF/E
chamber on the Solar Wind
Sector side (with SSDs)

Prototype testing was performed using the UNH ion gun facility (0–40 keV/e, singly
charged ions) to verify the simulation results and to determine any modifications that were
needed (e.g., for fringe field effects). An over-sized square MCP with a position-sensing
anode (Lampton and Carlson 1979) was used in the prototype tests to verify geometries and
placements chosen for the various detectors. The laboratory MCP could be rotated in the
detector plane (i.e., in azimuth) to determine relative detection efficiencies as a function of
position. Laboratory power supplies were used to determine the fine adjustment of various
steering and grid voltages on the prototype. End-to-end performance testing was performed
on the integrated engineering and flight models.

Some typical species resolution for the fully integrated PLASTIC Flight Model is il-
lustrated in Fig. 8a. These calibration data for protons and heavy ions were taken at the
CASYMS facility.
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Fig. 8a TOF distributions
obtained for H+, He+, and Ne+4

ions at 1 and 60 keV/e CASYMS
(UBe) beam energies. TOF
resolution is a function of the
species and total energy of the
ion. Higher charge states for a
given species will have higher
energies, and hence improved
resolution, as seen in the
response for the Ne+4 ions

Fig. 8b A composite of Energy
vs. TOF obtained for various
ions, illustrating resolution for
different species

3.4.3 TOF Detection Efficiency

The total efficiency for measuring the particular ion in the TOF/E system is affected by three
separate contributions: the efficiency for getting a “START” signal, the efficiency for getting
a “STOP” signal, and the efficiency for getting a “VALID EVENT”.

The START efficiency is a function of the number of secondary electrons emitted from
the carbon foil; the effectiveness of focusing these electrons onto the START MCP; the MCP
detection efficiency; and the anode detection efficiency and signal threshold. On the “small”
MCP side, the STOP efficiency is a function of the scattering of the ion in the carbon foil
(that is, the number of ions successfully hitting the active area of the SSDs); the yield of
electrons emitted from the SSD; the focusing of these electrons onto the STOP side of the
MCP; the MCP detection efficiency; and the corresponding anode detection efficiency and
signal threshold. On the “large” MCP side, the STOP efficiency has similar inputs, except
the ion itself triggers the STOP MCP. The VALID EVENT efficiency depends on the logic
conditions imposed on the event selection. These typically include the requirement for a
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Fig. 8c Energy vs. TOF for an
argon beam with various ionic
charge states, illustrating the
charge state resolution within a
single species

START signal and a coincident STOP signal (thereby providing a double coincident TOF),
and may include conditions on energy and position coincidences.

The yield of secondary electrons forward emitted from the carbon foil or backward
emitted from the SSD surface is a function of the incident ion’s mass and velocity.
The yield is typically larger for forward emission than backward emission, with smaller
yields for protons than for heavier ions at a given velocity (Meckbach et al. 1975;
Ritzau and Baragiola 1998).

The effectiveness of the focusing of the secondary (and the cascade) electrons were simu-
lated and then tested with a prototype, as discussed previously. The simulations also included
the measured effect of carbon foil straggling (Lüthi 2003).

The detection efficiency of MCPs is a strong function of its gain, which in turn depends
upon its dimensions (active area, plate thickness and channel diameter), bias voltage, and
the type, energy and angle of the primary radiation or particle being detected (Hellsing
et al. 1985; Photonis, private communication). The annular, long-life micro-channel plates
(MCP) used in PLASTIC were custom made by Photonis, and were provided as matched (in
resistance) chevron pairs. The channel bias angle for the “small” MCPs was set at 13° with
an azimuth orientation. This angle was chosen to optimize the gain for incident electrons
(which in this case are used for both the START and the STOP signals), while limiting the
likelihood of ion feedback. For the “large” MCP, the START particles are secondary elec-
trons, while the STOP particle is the incident ion itself. For this configuration, the channel
bias angle was set to 19°, with a radial orientation. (The expected angles of incidence and
the angular spread for the particles impacting the MCP were determined from the TOF/E
Chamber simulations.) The gain and pulse height distribution as a function of bias voltage
was established for each MCP chevron pair using an americium-241 alpha source and a
nickel-63 beta source. These measurements were taken at the UBe KAFKA facility, and the
results were used to make the flight unit selections.

The UNH ion gun and the UBe CASYMS ion beam calibration facilities were used
to determine the final (end-to-end) efficiencies of the integrated instruments. The calibra-
tions were achieved in two steps. First, the relative efficiency was measured for selected ion
species as a function of the MCP bias. Second, using the optimum MCP voltage, the effi-


