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LEICA: A Low Energy Ion Composition
Analyzer for the Study of Solar
and Magnetospheric Heavy lons

Glenn M. Mason, Douglas C. Hamilton, Peter H. Walpole, Karl F. Heuerman,
Tommy L. James, Michael H. Lennard, and Joseph E. Mazur

Abstract— The SAMPEX LEICA instrument is designed to
measure ~0.5-5 MeV/nucleon solar and magnetospheric ions
over the range from He-Ni. The instrument is a time-of-flight
mass spectrometer which measures particle time-of-flight over a
~0.5 m path, and the residual energy deposited in an array of
Si solid state detectors. Large area microchannel plates are used,
resulting in a large geometrical factor for the instrument (0.6 cm”®
sr) which is essential for accurate compositional measurements in
small solar flares, and in studies of precipitating magnetospheric
heavy ions.

I. INTRODUCTION

HE composition of energetic particles accelerated in solar
flares, interplanetary shocks, and magnetospheric storm
and precipitation events carries information about the source
region of the particles and the physical processes involved in
their acceleration at the source site and subsequent transport
to the observer. Since particle spectra from these events fall
steeply with increasing energy, the composition can be most
accurately studied at relatively low energies. The Low Energy
Ion Composition Analyzer (LEICA) on the Solar, Anomalous,
and Magnetospheric Particle Explorer (SAMPEX) mission is
designed to investigate these low energy particles. LEICA is
a time-of-flight mass spectrometer covering the energy range
~ 0.5-5 MeV/nucleon. The instrument measures ion mass,
energy, and arrival direction for the range He—Ni (3—60 AMU).
The LEICA sensor is an evolution of a compact time-
of-flight mass spectrometer developed for an interplanetary
spacecraft [1], [2]. A full-sized version of the instrument was
constructed for flight in a NASA “Get-Away-Special” canister,
and, together with the Heavy lon Large Telescope (HILT)
sensor [3], flew on the space shuttle mission STS-28 in August
1989 [4], [5]

[I. SCIENTIFIC OBJECTIVES

A. Solar Energetic Particles

Solar flare events typically accelerate particles to energies
of tens of MeV/nucleon, with occasional flares producing
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relativistic particles which are detectable by ground-based neu-
tron monitors. In recent years, two broad classes of energetic
particle events have been identified: large events which are
characterized by high flux levels and acceleration time scales
at the sun of tens of hours (e.g., [6], [7]), and small, impulsive
events which are generally enriched in *He, heavy elements
such as Fe, and electrons e.g., [8], [9]. Particle acceleration
in large flares seems to be associated with large shocks near
the sun, and their average abundances appear to be close to
those in the solar corona (reviews by Mason [10], Lin [11]). In
contrast, impulsive, small flares appear to accelerate particles
at the much hotter flare site itself (e.g., review by Reames
[12]).

Additional measurements of solar flare composition, energy
spectra, and ionization state can therefore give new informa-
tion on both the large and impulsive solar flare processes.
When SAMPEX is at high geomagnetic latitudes, LEICA
will sample solar energetic particles at the low energies
where abundances are high enough to make accurate statistical
measurements even in relatively small solar flares. At lower
magnetic latitudes, the solar particles are excluded by the
earth’s magnetic field. By measuring the rigidities for which
solar flare fluxes are cut off by the geomagnetic field, LEICA
will yield information on the mean charge state of the solar
flare ions, thus giving insights into, e.g., the temperatures of
the originally accelerated material.

[n addition to the elemental composition and energy spectra
of solar energetic particles, LEICA will measure the isotopic
composition over a limited range near 1 MeV/nucleon, thus
supplementing the measurements to be performed by the Mass
Spectrometer Telescope (MAST) sensor. The significance of
the solar isotopic studies is described in the accompanying
paper on the MAST instrument [13].

B. Magnetospheric Precipitating Heavy lons
and Energetic Neutrals

Magnetospheric heavy ions of energies near 0.5 MeV/nucle-
on were first reported by Van Allen et al. [14]; in particular,
a number of observers discovered low altitude equatorial
particles with origin in the ring current [15]-[18]. Scholer et al.
[19] detected large fluxes of CNO during a geomagnetic storm
using instruments on a low earth orbiting satellite (perigee
~ 230 km, apogee ~ 1500 km); more recently, Rassoul
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Fig. 1.

The LEICA instrument shown with acoustic cover opened and thermal blankets removed. The arc-shaped raised fitting on

the electronics box is a cable channel for the spacecraft despin yo-yos.

et al. [20] discussed the optical emissions associated with
precipitation of heavy ions and energetic neutrals from the
ring current. The CNO/He ratio of ~ 5.5 x 1072 at 0.25
MeV/nucleon observed by Scholer et al. was consistent with
either a solar wind or ionospheric origin, but they pointed out
that a measurement of the C to O ratio could give a decisive
test. The LEICA instrument on SAMPEX will measure many
such events with detailed compositional information, making
it possible to gain new insights into the dynamics of these
magnetospheric particles.

111. INSTRUMENT DESCRIPTION

A. Sensor

The LEICA sensor identifies ion type and energy by simul-
taneously measuring the time-of-flight ¢ and residual kinetic
energy F of particles which enter the telescope and stop in
one of an array of four Si solid state detectors. An overview
of the flight instrument is shown in Fig. 1, and the instrument
resource requirements are listed in Table 1. Fig. 2 shows a
simplified cross sectional view of the basic elements of the
telescope sensor. The time-of-flight is determined from START
and STOP pulses from chevron microchannel plate (MCP)
assemblies which detect secondary electrons that are emitted
from the entrance foil and from a foil in front of the solid state
detectors when an ion passes through them. The measured
energy £ = 1/2 mv? and the velocity v = L/t (where L is
the path length) are combined to yield the mass of the ion

m = 2E(t/L)? (1)

TABLE 1
LEICA REeSOURCES
Mass 7.43 kg
Power 4.9 W (average)
Bitrate 1.3 kbps
(orbit average)
Field of view (FOV) 17° x 21°

and the energy per nucleon E/m inside the telescope. The
ion’s incident energy is obtained after correcting for the energy
loss in the entrance foils. Table Il gives the energy ranges
for selected species analyzed by LEICA, and Table III lists
details of the detector characteristics and geometry factor.
Since LEICA measures only the mass of the ion, it cannot
distinguish isobars such as *H vs. *He, or °Ar vs. *°Ca.
However, for the mass range of LEICA (elements < 60 AMU)
there are only a few stable isobars, and in each case one
element dominates the solar system abundances (e.g., [21])
so that this is not a practical problem for the solar energetic
and magnetospheric populations that LEICA detects.

Two 0.75u Ni entrance foils separated by ~ 9 mm are
mounted on etched metallic grids, and give immunity to solar
and geocoronal UV and visible radiation. The foils were
manufactured by Lebow Co., Goleta, CA. The mounting grid
is 0.010” thick gold-plated Cu-Be, with 0.250” square cell
sizes separated by 0.005”-wide grid elements, thus achieving
96% transparency. The double entrance foils are spaced 1.0 cm
apart, which prevents single pinholes from allowing sunlight to
enter the telescope. The thin foils are protected by an acoustic
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Fig. 2. Cross sectional view of the LEICA sensor. Incident ions enter through
the thin foils, and pass through to one of the solid state detectors in the array
at the back. The time-of-flight is determined from START and STOP pulses
from microchannel! plate (MCP) assemblies which are triggered by secondary
electrons that are emitted from the thin foil surfaces, then accelerated and
deflected by electrostatic mirrors onto the MCP surfaces.

TABLE 11
LEICA ENERGY RANGES FOR SELECTED SPECIES
Species Energy Range Triggering
(MeV/nuc) Efficiency (%)

Iy >0.76 ~1

1He 0.50-6.57 6

12¢ 0.49-10.70 64

160y 0.49-8.25 67

20Ne 0.46-6.79 71

288 0.39-5.05 78

56 Fe 0.21-2.87 79

*measured triggering efficiency near 1 MeV/nucleon for
nominal MCP bias settings; proton efficiency is
estimated; Ne efficiency interpolated from other species

cover (Fig. 1) that is mounted on top of the sunshade, and
is opened after launch. The sunshade serves an additional
role of limiting solid angle viewed by the front foil, thereby
preventing excessive START rates in large solar flare events.
Secondary electrons emitted from the inner Ni foil surface (see
Fig. 2) are accelerated to ~ 1 kV by an electrostatic potential
applied to an accelerating harp ~ 1 cm from the foil. The harp
assemblies for acceleration and for the electrostatic mirrors
consist of 1-mil tungsten wire strung on 1-mm spacing, thus
achieving a transmission of ~ 97.5% for each layer. The use of
electrostatic mirrors (e.g., [22], [23]) permits a compact design
for secondary electron deflection which has the additional key
features that (a) the electron flight paths from foil to MCP
for normal incidence are all of the same length and therefore
isochronous, and (b) an image of the foils is formed on the
front of the MCP’s.

The large area (7.5 % 9.3 cm active area, 1.02 mm thickness)
Galileo Electro-Optics Corp. MCP’s have 25 pu pore size, a

TABLE 111
LEICA DETECTOR CHARACTERISTICS

Element Description Thickness (mg
cm~?)

Outer Front Foil 0.75 g« Ni 0.668

loner Front Foil 0.75 p Ni 0.668

Detector foil 0.03 i Al 8.1 x 103

metallic coating

Detector foil 1 jt parylene 0.11

base

Detector Geometrical Thickness and
Factor! Material?
(cm?sr.)

Dl 0.13 300u Si

D2 0.13 300u Si

D3 0.16 3004 Si

D4 0.16 300 o Si

Total: 0.58

Notes: ' Geometrical factors in this table are for friple
coincidence (start-stop-detector) and take account of grid
and harp total transmission of 73%, and details of
detector and MCP alignments inside telescope

2 the detector side through which particles enter is coated
with 40 pg cm™2 of Au

channel bias angle of 19°, an open area ratio of 50%, and
are mounted in a chevron arrangement. The plates are run
at a low nominal bias (800 V and 850 V/plate for START
and STOP, respectively) in order to prevent saturation of the
position sensing electronics (see below). This low bias on the
MCP’s results in low overall efficiencies for 'H and *He (see
Table 1I), but for heavier species the triggering efficiency is
large. The MCP bias levels are separately commandable in
~ 4V steps, and can be run at voltages up to 50% higher
than nominal, allowing for adjustment post launch if the plate
characteristics change. The MCP gains are monitored in flight
by noting the background singles count rates of the plates; if
count rates decrease noticeably, the bias is adjusted upwards to
levels which produce rates comparable to the immediate post-
launch values. Because of the highly variable fluxes in low
earth orbit, this monitoring and adjustment is good only to a
factor of ~ 2 in MCP gain. According to the manufacturer,
the MCP’s use recently developed glass which results in only
small losses of gain vs. the total charge expelled from the
plates.

The MCP outputs are directed onto thick-film anodes (man-
ufactured by Detector Systems, Antoich, CA) deposited on
alumina substrates. A solid anode on the back of the substrate
is used to obtain the timing signal, while on the front side
facing the MCP there is a wedge-and-strip anode (WSA) which
is used to obtain the position of the electron cloud emerging
from the MCP. The WSA electrode pattern [24], [25] is such
that the analysis of signals from the three segments (“wedge”,
“strip”, and “zigzag”) of the anode allows determination of the
(z, y) position of the electron cloud from the MCP. The WSA
information along with the fact that the electrostatic mirrors
produce images on the MCP’s allows the location of the points
on the Ni and parylene foils where the ion penetrated, thus
permitting a determination of the flight path length L inside
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the telescope. All pulse-height analyzed events are time tagged
to 1-s accuracy, and since the SAMPEX pointing direction
changes slowly, each event’s arrival direction can be deduced
off line.

[n biasing of the electron emitting foils and MCP/WSA
system, there is the choice of having the emitting foil at
ground, and the WSA at positive 3—4 kV, or running the
foil at negative 3—4 kV, and the WSA at ground (with the
MCP’s at appropriate intermediate biases). We obtained better
results with the WSA system by running the anode at ground,
thus avoiding the use of high voltage capacitors to isolate the
electronics from the WSA. Thus, in Fig. 2, the inner Ni foil is
biased to a nominal —2.7 kV (the outer foil is kept at ground).
Similarly, we preferred keeping the solid state detector front
surface at ground, and therefore the electron emitting surface
for the STOP pulses is the grid mounted 1y parylene foil with
a 300A Al coating (electron emitting surface), which was put
in front of the detectors and biased at —2.7 kV.

The solid state detector array consists of four standard Ortec
circular surface barrier detectors, each with 900 mm? active
area. The light sensitivity of the solid state detectors required
that the LEICA telescope be sealed, yet provision had to be
made for venting during the rapid ascent on the Scout launch
vehicle where the depressurization reached a maximum rate
of ~ 2 1b in~2 s~L. For the Get-Away-Special version of the
instrument, air outlet vents were installed near the entrance
foils; however it was found that during the Shuttle flight, the
MCP’s were triggered at near saturation levels. Taking account
of the day/night and latitude dependencies of the count rates
observed on the Shuttle flight, the best explanation for the
effect was that ionospheric O was entering the telescope. The
O density is quite large (10°> cm™?) at both Shuttle altitudes
and the altitude of the SAMPEX orbit (e.g., [26]), so in the
LEICA telescope all venting was through a single “chimney”
which included 2 grids based at £40 V, which is more than
sufficient to stop ions and electrons at SAMPEX altitudes.

B. Electronics

For each ion triggering the instrument, the instrument mea-
sures the time-of-flight, the energy signal in the solid state
detector, and the pulse sizes from three-collector wedge-
and-strip anodes (WSA) in back of both the start and stop
MCP’s. A triple coincidence requirement (START-STOP-Si
detector) with a short (~ 350 ns) time window gives high
background immunity for all analyzed events. The Si solid
state detector thresholds are set at 0.5 MeV, and full scale
energy deposit is 140 MeV. The primary logic and gating
functions are carried out in ACTEL gate-array logic. All events
triggering the system have their digitized time-of-flight and Si
detector energy deposit measurements converted into pseudo-
logarithmic form by fast gate logic. These [n(t) and [n(E)
values are then used to determine whether each particle is
a proton, He nucleus, or heavier than He. Events triggering
LEICA that the pseudo-log lookup system identifies as protons
are counted, but no further analysis is performed. Heavier
nuclei are then treated as low (He) or high (heavier than
He) priority for transmission to the ground. The DPU (see
the accompanying article by Mabry et al. [27]) ensures that

a sample of both priority events will be telemetered, but that
fow priority events will not crowd out the rarer heavy species.

Because of the very high event rates observed by LEICA
in large flares, it is not possible to transmit all particle
information within available telemetry allocations. Two types
of information are therefore returned: first, detailed pulse-
height-analysis (PHA) data at an average rate of 10 events/s,
and second, counting rates which make it possible to normalize
the PHA data to yield particle fluxes. In order to maximize
event collection over the magnetic poles, the PHA events are
read out asynchronously as described in the accompanying
paper on the Data Processing Unit [28]. Table IV lists the count
rates telemetered by LEICA, and Table V lists the contents
of each PHA event. Those rates which count events that are
analyzed by the ADC’s are limited to a few thousand per
second. The count rates are stored in 24-bit accumulators in
LEICA, and are compressed to 12 bits by the Data Processing
Unit (DPU) before telemetering the data.

Because of the low sensitivity to protons (Table II) and
helium, the LEICA count rates for triple coincidences are
typically very low (few counts/second) and consequently back-
ground is also very low. The singles count rates are typically
highest when the spacecraft passes through the South Atlantic
Anomaly, when the solid state detectors singles rates reach a
few thousand per second, and the start microchannel plates
count near 20 kHz. These count rates are low enough so
that electronic problems such as pulse pile up are not seen
with LEICA. LEICA operates in two modes: normal mode,
and calibrate mode in which an internal pulser stimulates the
solid state detector, time-of-flight, and WSA electronics. The
calibrate mode is entered via ground command, and runs for
approximately 15 minutes once per month.

C. Performance

High mass resolution analysis is done on the ground using
the ion trajectory information telemetered with the PHA data.
Mass histograms are formed for selected energy ranges, with
the relative abundance of each species determined from the
population at the appropriate mass bin in the histogram. Since
LEICA has multiparameter analysis it is possible to identify
and correct for residual background in the measurement, an
essential feature for identifying a broad range of ions with
widely differing abundances. The instrument response to heavy
ions was measured prelaunch by exposing it to heavy ions
beams at the Brookhaven tandem van de Graaff, and the
Lawrence Berkeley Laboratory 88-inch cyclotron.

Equation (1) is used to determine the dispersions in mass
resolution given the contributing dispersions in the measure-
ment in the time of flight ¢, the energy deposit F, and the

trajectory length L:

) () () () e
(m \E * t + L/ &
We now consider each of these terms. The solid state detector
energy dispersion is relatively small for particle energies above
a few hundred keV/nucleon [29], [30]. As a typical value,
for monoenergetic 2 MeV/nucleon N the energy signal in
the solid state detector had a measured standard deviation
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TABLE 1V
LEICA COUNTING RaTtes!
Name Loglc Condi[ionz Typc Response Energy Range3 Geomelri(;al
Factor® (cm? sr.)
D1 D1 singles discr. All ions & clectrons > 600 keV 0.16
D2 D2 singles discr. All ions & electrons > 600 keV 0.16
D3 D3 singles discr. All ions & electrons > 600 keV 0.16
D4 D4 singles discr. All ions & electrons > 600 keV 0.16
START START singles discr. All ions & electrons > 250 keV (H); 49.8
> 25 keV (e)
STOP STOP singles discr. All ions & electrons > 250 keV (H); 0.73
> 25 keV (e)
Double START - STOP logic rate All ions > 250 keV (H); 0.58
Coincidence > 25 keV (e)
(Valid Stop)
Triple START - STOP - logic rate All ions 0.50-6.57 MeV (H) 0.58
Coincidence Dr
(TCR)
Hi Priority TCR - HP ADC rate Z> 5 ions 0.49-10.7 MeV/nuc 0.58
Lo Priority TCR - P - HP ADC rate He 0.50-6.57 MeV/nuc 0.58
Protons TCR - P ADC rate H >0.76 MeV/nuc 0.58
Cal Event TCR - Cal Internal pulser rate not a particle rate — —
Notes:

Yall counting rates are read out once every 6 seconds.

Zpotation: Dx: detector . discriminator true; HP = high priority test posilive; P = proton test positive; Cal = calibrate on

3energy range shown is for most abundant species

dgeometry factors are for singles trigger; in Table 111 the geometry factors are for coincidence triggers

or = 130 keV. When measured in this manner, this o g value
includes effects due to system electronics noise, solid state
detector FWHM, and straggling in the Ni and parylene foils;
however, in (2) the particle straggling does not enter since
particles which have, e.g., higher than average losses in the Ni
foils, will also have longer times of flight which compensate
and therefore don’t increase the dispersion. Thus, the value
og = 130 keV is an upper limit. The contributions to this o
from system noise is independent of species and energy, and
the contribution from the detector FWHM is independent of
energy for each species above ~ 100 keV/nucleon.

The dispersion in the time-of-flight in (2) is due primarily to
“walk” in the time-to-amplitude converter which occurs when
different START and STOP signal sizes trigger the system.
The effect is particularly important in systems using MCP’s
since these plates show a broad FWHM signal size even for
heavy ions of the same energy. In the LEICA design, constant
fraction discriminators compensate for most of the time-of-
flight “walk”. In order to estimate the time-of-flight dispersion
in the system, we exposed the instrument to a “monoenergetic”
28Si beam at 4.2 MeV/nucleon, and measured a time-of-
flight dispersion o, = 330 ps. For particles at this high an
energy, energy losses in the thin foils are small, and so energy
straggling is also very small; thus, the time-of-flight dispersion
for these particles is presumably a measure of dispersions
in the electronics, mirror system, etc., and is the same for
particles of different energies. Thus, we can use this result to
estimate the time dispersion for ~ 1 MeV per nucleon ions;
since their the flight time in the telescope is ~ 45 ns, a 330
ps dispersion leads to o,/t = 0.007 in this case.

TABLE V
LEICA PuLse HEIGHT EVENT CONTENTS

[tem Number of Bits
Solid State Detector 12
Time-of-flight 12
START Wedge 12
START Strip 12
START Zigzag 12
STOP Wedge 12
STOP Strip 12
STOP Zigzag 12
Time of day! 16
FLAGS:

Calibrate enable 1
Hi Priority 1
Calibrate event 1
D1 triggered 1
D2 triggered 1
D3 triggered 1
D4 triggered 1
Multiple START pulses 1
Total: 120
Notes: "Hour, min, sec

The AL/L term in (2) is derived from the accuracy of the
WSA position sensing systen, evaluated in terms of the related
uncertainty in the particle path length L (~ 50 cm) in the
telescope. The MCP/WSA system returns accurate information
(¢ < 0.2 mm) information on the location of the secondary
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Fig. 3. “Spot” size on the front MCP from a 1-mm diameter beam spot

of 2 MeV/nucleon 1N incident on the front foil. The spread of secondary
electron emission angles with respect to the foil surface dominates the width
of the spot.

electron impact sites on the front of the MCP. However, the
knowledge of where the ions penetrated the foil is less accurate
than this because the secondary electron emission angle with
respect to the surface normal follows a cosine distribution [31].
Propagated through the LEICA mirror system, the result is
that electrons leaving the foil from a single spot may land
anywhere within a ~ 1 cm diameter circle on the MCP’s.
There may be additional effects introduced by the mirrors
since their electrostatic fields are not perfectly uniform. For
heavy ions, the large numbers (10 s, e.g., [32]) of secondary
electrons should compensate for this somewhat since for such
events there are multiple electrons hitting the MCP and the
spatial dispersions should tend to cancel out. Fig. 3 shows
the measured spot size for ~ 2 MeV/nucleon '*N which was
collimated to strike the START incident foil through a 1 mm
diameter hole. The standard deviation of the distribution is
3.1 mm; combining this uncertainty in both 2 and y directions
for both the START and STOP MCP’s, the weighted average
uncertainty in the total path length L between the foils is
AL/L = 0.0006. With these values of the various dispersions,
we may estimate the mass resolution for 1.4 MeV/nucleon >C:
after penetrating the foils, this ion deposits 13 MeV in the solid
state detector, and has a flight time of 35.5 ns thus:

2 2
om\2 (013 33 ,
S 2 2 x 0.0006)% (3
(m) (m)'*(st>+(x S
SO
Tm — 0.021 (4)
m
and

Om = 0.25 AMU

in reasonable agreement with the measured mass resolution
shown in Fig. 4.

D. Data Products

Routine data products from LEICA are generated by com-
bining the counting rate and pulse height data to give absolute
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Fig. 4. Mass histograms of ~ 1.5 MeV/nucleon '2C and 160.

fluxes and energy spectra of different species. In addition to
the calibration and triggering efficiencies mentioned above, it
is also necessary to correct for coulomb scattering in the Ni
foils in order to recover incident flux levels. This effect is
important only below ~ 1 MeV/nucleon.

Time-intensity profile plots are generated on an orbit by
orbit basis, and over longer time periods (1 week, 1 month)
for studies of longer-lasting events such as large solar flares.
Longer time period studies related to solar flare events consist
of data taken only at geomagnetic latitudes high enough to be
essentially free of distortion from cutoff effects. Short events
such as precipitating magnetospheric heavy ions are identified
on the orbit plots and then analyzed in detail on high time
resolution displays. High mass resolution analyses such as
shown in Fig. 4 are done only for periods selected for their
interest in solar flare or magnetospheric studies.
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