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We have developed a megaelectron-volt class energetic charged-particle spectrometer based on a novel config-
uration and processing algorithm. The National Space Development Agency of Japan has undertaken a program
to develop a particle monitor capable of discriminating and measuring protons in the range from 0.9 to 150 MeV,
electrons in the range from 0.5 to >10 MeV and alpha particles >8 MeV, all within a single sensor called the standard
dose monitor. The goal is to utilize sensors with nearly identical design and performance on several simultaneous
missions to develop a clearer understanding of particle energies and their variability as a function of solar activity,
latitude, and altitude. To date, four flight model sensors have been delivered. The sensors are designed to detect
accurately the higher-energy particles and high count rates present during active solar periods. In addition, this
sensor exhibits extremely efficient discrimination between low-energy electrons and protons. The sensors have
been calibrated over nearly their entire particle-energy range. The design is described and calibration data are
compared with the results of a Monte Carlo sensor performance model.

Introduction

HE need to characterize the radiation environment of the

Earth’s magnetosphere is gaining ever-increasing importance.
The orbital radiation environment causes multiple effects on space-
craft, including long-term degradation of advanced electronic com-
ponents and solar arrays, single-event upsets/latchups in electronic
circuitry, spacecraft charging, and human exposure during long-
duration missions. The missions of many satellites now require op-
eration in orbits with harsh radiation environments. In addition,
electronics are becoming more susceptible to radiation effects as
the trends toward smaller feature sizes and the use of commercial
components continue.

The potential impact on mission performance can only be as-
sessed from knowledge of the environment the spacecraft will en-
counter. The density and energy of the particles accelerated by the
interaction of the solar wind particles with the Earth’s magneto-
sphere vary temporally and spatially. Coordinated measurements
from several satellites possessing particle spectrometers of com-
parable capabilities are required to assemble a more complete and
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global view of the magnetosphere and its interaction with the solar
wind. In addition, whereas the most energetic particles are compar-
atively rare, they possess the greatest potential for damage, and they
are the least well characterized by the current orbital monitors.

The National Space Development Agency of Japan (NASDA)
has undertaken a program to develop a particle monitor capable
of discriminating and measuring protons in the range from 0.9 to
150 MeV, electrons in the range from 0.5 to >10 MeV, and alpha
particles >8 MeV, all within a single sensor called the standard
dose monitor (SDOM). The goal is to utilize sensors with nearly
identical design and performance on several simultaneous missions
to develop a clearer understanding of particle energies and their
variability as a function of solar activity, latitude, and altitude. The
sensors are designed to detect accurately the higher-energy particles
and high-count rates present during active solar periods. To date,
we have delivered four flight model SDOMs: two for the NASDA
Data Relay and Tracking Satellites (DRTS-W and DRTS-E), one for
the NASDA Mission Demonstration Satellite 1 (MDS-1), and the
fourth SDOM for the Japanese Experiment Module (JEM) of the
International Space Station (ISS). The MDS-1 satellite, Tsubasa,
was launched into a geosynchronous transfer orbit in February 2002.
The DRTS satellite, Kodama, was launched into geostationary orbit
in September 2002. The SDOM sensors on both satellites operated
successfully on orbit and returned data.

The natural radiation environment is driven by the interaction
of the Earth’s magnetic field with energetic particles ejected from
the sun and particles of galactic origin, creating the asymmetrically
spatially structured magnetosphere. The trapped radiation belts con-
sist of inner (dominated by protons with energies extending up
to above 100 MeV and outer (dominated by electrons with en-
ergies extending up to a few megaelectron volts) belts. The up-
per energy limit of the electrons is not well determined, and its
measurement and variability are two of the objectives of current
programs. Measurements on the Combined Release and Radia-
tion Effects Satellites (CRRES) observed instantaneous bursts of



GREEN ET AL. 863

electrons with energy peaking at 15 MeV and extending to 50 MeV
(Ref. 1).

Particle sensors will encounter very different types of radia-
tion environments depending on orbit altitude and inclination, lo-
cation and orientation of the sensor on the spacecraft, and the
local magnetic field. The particle sensors developed and demon-
strated on previous satellite missions reflect a wide variety of de-
sign approaches and the variety of environments expected to be
encountered.

One of the early orbital proton sensors (S30 on the Diaman
Allemande satellite in 1970) utilized two solid-state detectors to
discriminate protons into three energy bins (5—46 MeV) in a large
geometric G-factor configuration that also provided pitch angle
information.”> The high-energy alpha proton spectrometer sensor
measured protons (1.2-100 MeV), alphas (1.6-500 MeV), and elec-
trons (0.88-1.6 MeV) from an 800-km polar satellite starting in
1971, using Si detectors in a sequential order to provide differen-
tial energy dE from a thin detector times E (five thicker Si detec-
tors, each 1 mm thick) for discrimination and energy resolution.> A
scintillator-based anticoincidence detector and collimator defined
the collection G factor. The proton—electron telescope aboard the
IMP7 satellite in 1972* and the charged particle analyzer on space-
craft 1976-059A (Ref. 5) refined the same concept into a more
compact design and provided valuable insights into magnetospheric
processes. A series of lightweight energetic particle detectors was
developed by the Jet Propulsion Laboratory, California Institute of
Technology, for the planetary probes.® These open structures re-
lied on temporal coincidence on several detectors to define parti-
cles within a selected acceptance angle cone. Use of an anticoin-
cidence detector and collimator is beneficial for magnetospheric
applications to decrease omnidirectional flux to manageable count-
ing rates, especially during storms. An exclusively scintillator-based
burst detection dosimeter sensor for electron and proton detection
was deployed on the global positioning system satellites after 1982
(Ref. 7). A continuous record of the electron flux in two energy
bins and protons in six bins up to 50 MeV is provided by the geosta-
tionary operational environmental satellites series of satellites using
three solid-state silicon detectors (SSD) and Cerenkov sensors.®

The CRRES had several energetic particle sensors that signifi-
cantly extended our understanding of the magnetospheric environ-
ment. The Proton-Electron Telescope (PROTEL) sensor® and the
spectrometer for electrons and protons!'® used collimation and an
anticoincidence detector to define the particle flux onto a series
of SSDs. PROTEL used a permanent magnet to deflect electrons,
thereby preventing their detection. Detection energy range is lim-
ited by proton propagation distance through the detector. PROTEL
represents the current high-energy limit of an all-SSD detection ap-
proach: Protons of up to 100 MeV were detected by a stack of six
large, low-noise solid-state detectors with a combined thickness of
over 14 mm. The high-energy electron fluxmeter (HEEF), also on
CRRES, represented the first use of both solid-state detectors and
a scintillator in combination to extend the energy range.!! HEEF
detected electrons up to 10 MeV. The combined SSD/bismuth ger-
minate BGO scintillator detection approach was extended in the
High Sensitivity Telescope sensor launched on the POLAR satel-
lite in 1996 (Ref. 12). This large G-factor sensor utilized simul-
taneous detection by three SSDs and a plastic scintillator to de-
tect and discriminate electrons (<10 MeV), protons (<90 MeV),
and alphas (<187 MeV). Logic based on multiple threshold dis-
crimination levels in the detectors is used to perform energy anal-
ysis. The resolution and sensitivity of this well-characterized sen-
sor has provided fascinating insight into magnetospheric dynamics.
The IMAGE mission is beginning to provide fascinating insight
into the magnetospheric dynamics of energetic particles <500 keV
(Ref. 13).

The dose monitor (DOM) sensor on ETS-VI, launched in 1994,
utilized an all SSD detection, with a thin dE detector widely
separated from a six-SSD stack E detector, permitting electron
(<5.8 MeV), proton (<45 MeV), alpha, and heavy ion detection.
Its extended collimator provided a well-defined (0.0029 cm? - sr)
G factor.'*

SDOM Sensor

In this paper, we present a description of, and performance data
from, a new single sensor to discriminate energetic, megaelectron
volt electrons, protons, and alpha particles over a wide energy range
and to measure their energies with 20% accuracy: the SDOM.
SDOM uses the energy deposited in a combination of solid-state
detectors and a plastic scintillator to distinguish and measure the
energy of each incident particle. The sensor is designed so that elec-
trons, protons, alphas, and heavier particles each create a unique
combination of signals in the detectors that permits their identity
and their energy to be determined.

For each particle, the charge pulse from each detector is amplified,
and the peak signal is digitized. The digital signals from all detectors
are compared against a table of the signals expected for each particle
and energy. The particle is then identified and assigned to a specific
particle-energy bin. The table is developed through ground calibra-
tions and modeling to maximize throughput, accuracy, and unam-
biguous assignment. Rapid sampling and processing permit particle
detection at rates in excess of 10°/s. Sample accumulation times and
the number of energy bins can be adjusted to specific satellite or-
bits and geometries before launch. The SDOM has been specifically
designed to count at rates encountered during solar storms without
pulse pileup. The design embodies many of the desirable features
of past particle monitors, extends operation to higher energies and
faster rates, and uses a novel processing/algorithm approach to per-
mit accurate particle identity/energy assignment.

Design Approach

Our compact SDOM makes use of three SSDs of increasing thick-
nesses backed by a thick, low-Z scintillator. The SSDs provide low-
energy differential and total energy detection, and the scintillator
permits high-energy detection and discrimination. The first detector
is kept as thin as possible so that particles produce signals in two
detectors at energies near the sensor threshold, thereby enabling dis-
crimination at as low an energy as possible. The electron hole pair
signal increases until a particle has enough energy to penetrate all of
the way through a given detector. On breakthrough, a signal appears
on the next detector along the trajectory. Detector thicknesses are
selected to optimize range and accuracy of the detector combination.

Figure 1 shows the sensor configuration. Ion-implanted, fully de-
pleted silicon detectors from Micron Semiconductor, Ltd., of 134-,
300-, and 1000-xm thickness are located in close proximity, just be-
hind the defining aperture and window. A 56-mm-thick doped plas-
tic scintillator placed behind the SSD stack provides approximately
80-MeV proton range, with energies resolved up to 160 MeV. For
electrons, the scintillator provides energy resolution up to 10 MeV.
Electrons with >10 MeV energy penetrate through the scintillator.
Electrons well above 50 MeV are detectable (but not resolved). The
signal from the scintillator is measured by a pair of miniature rugged
photomultiplier tubes (PMTs) operated at approximately 500 V and
coupled to the scintillator via an optical gasket. The PMTs are se-
lected to have matched optical performance and temperature de-
pendence and to observe the scintillator deposition volume from
opposite sides. The scintillator (except at the PMT interfaces) is
coated with a vapor-deposited aluminum plating to increase optical
collection efficiency. Modeling of the performance with ray tracing
indicated that photon collection efficiency was uniform to within
30% over the volume of the scintillator. A thin Kapton® (12.7-um
thickness) window with 0.3-um thick gold and 0.2-pum aluminum
coatings is used to prevent visible and UV light, as well as lower-
energy particles, from entering the detectors.

Particle geometric collection efficiency is defined by a collimator
and aperture. By using a common sensor head with different colli-
mators, we can easily customize the G factor for different orbits and
missions. The G factor can be made as large as 0.3 cm? - s, although
values between 0.1 and 0.03 are more typical. The collimator and
front plate of the sensor are made of Densalloy, a machinable tung-
sten alloy with a density of 18.1 g/cm?. For the detector sidewall
structure, S-mm-thick aluminum was used. To further decrease spu-
rious detection of particles from outside the collimator acceptance
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Fig. 1 Cross-sectional view of MDS-1 SDOM.

cone, the entire SSD package and front and side scintillator areas
are surrounded by a 10-mm-thick aluminized plastic anticorrelation
scintillator (ACS). Emission from the ACS is detected by another
pair of matched miniature PMTSs. The rear of the scintillator is well
shielded by a dense beam stop, as well as by the SDOM electronics
section and chassis. Preamplifier electronics are mounted directly
above the detectors on the front plate of the sensor, with the ampli-
fiers, digitizers, and logic circuits connected directly to the rear of
the sensor. The entire assembly is mounted on a lightweight base,
weighs less than 8 kg, and measures 121 x 147 x 322 mm®. The
sensor head and electronics are about equal in weight and volume.
Figure 2 shows a photograph of the sensor.

The sensor is designed to be in good radiative and thermal con-
tact with the host spacecraft. External surfaces are painted black
to maximize radiation, and a thermally conductive shock absorbing
material cushions the entire base of the SDOM. The front external
cover (facing space) has a silver/inconel optical solar reflector ap-
plied to minimize SSD/sensor operating temperature changes due
to solar heating. Portions of the sensor were designed and fabricated
both in the United States and in Japan in a true international team
collaboration.

The processing electronics are data driven, with event detec-
tion being triggered by any detector, each having independently
adjustable trigger threshold voltages. Each detector, including the
ACS, has its own trigger threshold that can be commanded from
the ground. If the signal in any SSD or scintillator detector exceeds
that detector’s threshold, and the ACS detector is below its thresh-
old, that event is processed as a potential particle. The processor
will subsequently determine whether that event constitutes a true
particle or whether it is a spurious or rejected event.

Electronics were developed to sample the signals from all detec-
tor channels simultaneously at 100-ns resolution, determine peak
signals in each channel, and compare the digitized (8-bit) signals
to assign particle type and energy via algorithms discussed in the
next section.

b)

Fig. 2 Photograph of JEM SDOM: a) with cover removed and b) with
cover installed.

The processing of signals with parallel field programmable gate
arrays enables rapid particle detection, discrimination, and energy
assignment at rates in excess of 200 kHz. These rates will permit
accurate measurements of orbital particle fluxes during periods of
elevated fluxes associated with severe solar activity. The total power
consumed by the sensor during continuous operation is 13 W.

Hardware Development Program and Test Results

The sensor assembly and handling follows strict quality assur-
ance guidelines. Fabrication is to level MIL-STD-975 using high
reliability parts (grade 2 or better) and materials selected for radi-
ation tolerance and low outgassing (<1% total mass loss, <0.1%
collected volatile condensable materials). After sensor and elec-
tronics integration, preliminary bench testing to establish SDOM re-
sponse and noise characteristics is completed. Radioisotope sources
(Sr*°9 x 1078 Ci and Rb'*9 x 10 =7 Ci) produce energetic (beta)
electrons with cutoff energies of 2.282 and 3.54 MeV, respectively.
These sources are used to produce signals in all detectors and to
check counting rates and analog signal levels.

The first engineering model was subjected to qualification-level
environmental testing. Although most of the SDOM components
have space heritage, to our knowledge, the Hamamatsu R5600 (and
R7400) miniphotomultiplier tubes do not. These parts were quali-
fied by testing separately to vibration levels of 20-g sine sweep and
random and to 1000-g shock (1-ms half-sine). No damage or per-
formance degradation at the 5% level was detected from vibration,
shock, or thermal cycling. The tubes were also subjected to Co®
gamma irradiation to 10* Gy. We observed no detectable change
in dark current and less than 10% decrease in responsivity after
irradiation.

The entire SDOM sensor and electronics were subjected to vibra-
tion (sine and random at 20-g) and 1000-g shock with no damage or
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degradation. Thermal cycle testing over a —55°C to +65°C survival
range, with eight —45°C to +55°C operational cycles also showed
no damage, with starts at —55°C and +65°C completely successful.
At +55°C, the SSD detectors exhibited about 15% increased noise
over room-temperature operation. Electromagnetic interface test-
ing of radiated and conducted emissions and susceptibility demon-
strated that the electronics had a good design with proper filtering.
Subsequent sensors have been fabricated and tested to levels ap-
propriate for their specific missions, including DRTS, MDS-1, and
JEM of the ISS.

Sensor Operation and Algorithm

Based on measurements of the amplifier gains, we predict the sig-
nals from each detector using a sophisticated, physics-based Monte
Carlo model that incorporates the known geometry and materials of
the sensor, the measured electrical performance (preamplifier gain
and noise) and the GEANT code developed at the European Or-
ganization for Nuclear Research.'> Simulation of the trajectories
and interactions for ensembles of electrons (0.1-50 MeV), protons
(0.5-250 MeV), alphas, and representative heavy ions yield very
accurate energy deposition distributions. For less demanding tasks,
we also use a simple, non-Monte Carlo engineering code based on
measured energy depositions for electrons,'¢ protons, and alphas.'’

Rather than use a threshold-based particle discrimination and en-
ergy assignment approach, we developed a pulse-height analysis
approach that utilizes the absolute magnitude of the signals from all
detectors. As particle energy increases, the signal in a detector in-
creases until there is sufficient range that the particle breaks through
and reaches the next detector. We have developed algorithms that
use the signals from the penetrated detectors as the prime deter-
minant of particle identity, and the signal from the unpenetrated
detector as the prime determinant of energy. All detectors must be
consistent with the identity-energy assignment. This effect is shown
in Fig. 3, where the signals produced by protons in SDOM SSD and
scintillator detectors are plotted as a function of energy. Most often,
protons propagate through the SSD detector stack and scintillator
with only a modest off-axis scattering component. Protons with en-
ergies above 90 MeV penetrate through the scintillator. Protons at
higher energies are resolved, but with somewhat lower resolution.
Electrons undergo significantly more scattering, broadening their
energy deposition in each detector.

The modeled energy spread from an ensemble of monoenergetic
particles is used to set expected signal magnitudes and widths, which
in turn drive the particle counting bins’ energy ranges. The magni-
tudes of the acceptable signals are adjusted to be consistent with
scattering distributions and noise levels determined from the de-
tailed modeling and from calibration. A wide range of penetrated
SSD detector signals may satisfy the logic conditions as long as the
value lies in the range consistent with that particle identification.
The amplified, digitized signals from each detector are sequentially
compared with tabulated values for each particle energy bin. The
number of particle-energy bins can be as high as 64; however, more
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Fig. 3 Proton calibration data of signal in SSDs and scintillator ac-
quired at three different facilities (also energy deposition predictions
from GEANT code for SDOM based on our geometries and amplifier
gains).

Table 1 Calibrations performed during SDOM development

Energy,
MeV Facility

Proton
0.9-1.7  NASA Goddard Space Flight Center Radiation Effects Facility
7.5-31 Yale University Wright Nuclear Structure Laboratory
29-159  Harvard Cyclotron Laboratory

Electron
0.4-1.8  NIST Van de Graaff
7-32 NIST Medical Industrial Research Facility
Alpha
10-50 Yale University Wright Nuclear Structure Laboratory
Carbon
15-120  Yale University Wright Nuclear Structure Laboratory

typical values are 32 or 25 depending on each spacecraft’s mission
requirements and available telemetry bandwidth. A typical 32-bin
configuration provides 7 electron bins, 15 proton bins, 6 alpha bins,
and 4 diagnostic bins. A 25-bin configuration includes 5 electron,
12 proton, 4 alpha, and 4 diagnostic bins.

We implement the processing algorithm using several field pro-
grammable gate arrays (FPGAs). As a particle enters the sensor and
triggers an SSD or the scintillator, signals from each detector’s shap-
ing preamplifier are read and digitized every 80 ns. The maximum
signal is determined and processed by the FPGAs to determine par-
ticle identity and energy. Processing is complete, and a new particle
can be measured within 5 s, as demonstrated by bench testing and
during calibration. Each detector’s signal must lie between (greater
than or equal to the lower value, less than the higher value) the
entries in the table for an assignment (and the ACS must have pro-
duced no significant signal). The detector signals are tested against
the values for every bin to find whether a unique determination has
occurred. If the detector signals are compatible with two or more
bins, the particle is counted as uncertain, and that particle is recorded
in one of the diagnostic bins. The purpose of ground calibrations
and modeling is to set the values of the look-up table (LUT) used
by the algorithms and to eliminate any nonunique determinations.

Over its development cycle (from benchtop prototype, to engi-
neering model, to several flight models) we have calibrated SDOM
over nearly its entire particle-energy range. Calibrations were per-
formed for protons over the 0.9—-160-MeV range, electrons over the
0.4-32-MeV range, alphas over the 10—120-MeV range, and carbon
(representing heavy ions) over the 15-120-MeV range at several fa-
cilities. The calibration energies are summarized in Table 1.

The model includes the full three-dimensional geometry of the
sensor and surrounding spacecraft. Using the model in conjunction
with calibration data, we assess various background and interference
effects, such as x-ray production in the sidewalls and collimator,
shielding effectiveness, and ACS efficiency.

Sensor Performance

Because the SDOM sensor model is entirely physics based, com-
prising only known and independently measured quantities, and no
free parameters, it is an extremely useful tool for interpreting cali-
bration data and future flight data. The model incorporates the sensor
geometry, materials properties, electronic noise, preamplifier gain,
and algorithm logic. We have used the calibration data to validate
this model. We compare the SDOM response to well-characterized
particle input to the model predictions, including analog detector
signals, as well as the results of the internal algorithm process-
ing. Because the model is entirely physics based, we can use the
validated model with confidence to interpolate and extrapolate the
sensor performance to particle—energy regions that are uncalibrated.

One of the benefits of the SDOM algorithm is its excellent speci-
ficity. Its specificity derives from four independent criteria having
to be met (three SSD signals and one scintillator signal) for an as-
signment to be made. If even one of the criteria is not met, then
that particle is rejected. Specificity is important, especially for dis-
criminating against low-energy electrons in the orbital environment.
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Fig. 4 Processed data resulting from irradiation with 0.47-MeV
electrons.

In many orbits, electrons dominate the incident particle flux over
protons, sometimes by orders of magnitude. To prevent misinter-
pretation of the proton flux, a flight sensor should not misassign
low-energy electrons as protons. SDOM has demonstrated electron
rejection of better than 1000:1. That is, less than 0.1% of incident
electrons are misassigned as protons. Figure 4 shows an example
of this excellent rejection. These data were acquired at the National
Institute of Standards and Technology (NIST) Van de Graaff gen-
erator. Figure 4 shows the processed data resulting from irradiation
with 0.47-MeV electrons compared to GEANT predictions. Figure 4
displays the resulting energy spectrum where bins e 1—-e5 correspond
to electron energies of 0.3—>10 MeV, spaced logarithmically, the
P bin is the sum of all protons bins (bins P1-P12), the A bin is the
sum of all alpha bins (bins A1-A4), and H is the heavy bin. During
this calibration, no electrons were misassigned as protons, alphas,
or heavy ions, thereby yielding the upper limit 0.1% of electron con-
tamination. This result agrees with the sensor model predictions.

We have also calibrated SDOM with high-energy electrons (7—
32 MeV). Electrons with energies >10 MeV penetrate completely
through the scintillator. For electrons between 10 and 32 MeV, the
energy detected in the scintillator is constant. These calibration re-
sults are in good agreement with the GEANT model predictions.

After the sensor model is validated with calibration data, we use
that model to predict the geometric factor and cross-contamination
for each particle—energy bin. The reported G factors are weighted for
an E 3 orbital flux distribution. The £73 distribution is a reasonable
approximation to the orbital spectrum.

To interpret the orbital data, the analyst uses the following proce-
dure. The number of particles detected in each particle—energy bin
during each sample time N; is given by

N =lsamp1e/ F(E)G;(E)dE ey
0

where fgmpic is the sample time, F'(E) is the omnidirectional orbital
flux expressed in particles per square centimeter per steradian per
megaelectron volt per second, and G; (E) is the geometric factor for
the ith bin expressed in square centimeters steradian.

This integral is approximated by

Ni = tsampleF(Eav)GlWFWHMi (2)

where F(E,y) is the omnidirectional flux at the average bin energy
(weighted by the E =3 orbital flux), G}” is the E~* weighted average
geometric factor, and the full-width half-maximum (FWHM) energy
is given in terms of the ith bin. GI.W , FWHM,;, and #gppe are the
calibration constants for the sensor. Those calibration constants for
the MDS-1 SDOM are summarized in Table 2.

The sensor performance is also shown graphically in Figs. 5 and
6. Figure 5 shows the energy resolution (d £/ E) for all of the proton,
electron, and alpha bins for the MDS-1 SDOM. The MDS-1 energy
resolution is limited by the number of bins available in the teleme-
try data (in this case, 25). Calibration data show that the inherent

Table 2 Calibration constants and performance parameters
for the MDS-1 SDOM

Average energy, FWHM, E low, E high, G factor,
Bin MeV MeV MeV MeV cm? - st
Proton
P1 1.02 0.23 0.91 1.14 0.00312
P2 1.29 0.42 1.08 1.50 0.01147
P3 1.73 0.54 1.46 2.01 0.00891
P4 2.33 0.73 1.96 2.70 0.01076
P5 3.20 1.07 2.66 3.74 0.00903
P6 4.55 1.66 3.73 5.38 0.01104
P7 6.85 2.25 5.73 7.98 0.00985
P8 10.9 8.62 6.59 15.2 0.00689
P9 18.4 15.8 10.5 26.3 0.00685
P10 32.2 21.7 21.4 43.0 0.00627
P11 56.9 37.8 38.0 75.8 0.01196
P12 148 125 85.9 210 0.03152
Electron
El 0.62 0.58 0.40 0.91 0.00102
E2 1.45 1.13 0.89 2.02 0.00274
E3 3.97 3.60 2.17 5.77 0.00271
E4 8.02 3.33 6.36 9.69 0.00486
E5 10.0 >20 0.00588
Alpha
Al 9.24 5.40 6.51 11.9 0.01259
A2 18.4 11.0 12.9 23.9 0.00940
A3 349 16.8 26.5 433 0.00797
A4 11 72.1 65.1 137 0.01395
Heavy ion
H 1.5/mucleon  >60/nucleon  0.011
1.20
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A L X X X
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5 o ot
é 0.60 _ —t .
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Fig. 5 Energy resolution (dE/E) for proton, electron, and alpha parti-
cle bins; MDS-1 SDOM; Table 1.

energy resolution for protons for this sensor is approximately 20%,
which could support as many as 27 proton bins. We have purposely
positioned the proton energy bins to have finer resolution at lower
energy, where the majority of the proton flux lies, and coarser res-
olution at high energy, where there are fewer protons. The electron
and alpha resolutions are also limited by the number of bins avail-
able. The inherent energy resolution for alphas is similar to that for
protons. The inherent energy resolution for electrons is somewhat
coarser than that of protons and is approximately 50%.

The G factors for all bins are shown graphically in Fig. 6. For com-
parison, the geometric, or unit efficiency, G factor is 0.011 cm? - sr.
For protons and alphas, SDOM has nearly unit efficiency. The effi-
ciency is lower for the lowest energy protons and for protons in bins
P8, P9, and P10 (7-43 MeV). The efficiency for high-energy protons
(>85 MeV) is actually higher than geometric because particles at
those energies penetrate through the collimator. The efficiency for
electrons is somewhat less than that for protons and alphas, running
between 10 and 50% of geometric. This lower efficiency is caused
by the high specificity of the sensor. The electron bins are developed
purposely to provide high specificity at the cost of some efficiency.
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SDOM; Table 1.

Another salient feature of the SDOM architecture is its high level
of redundancy available by virtue of the LUT algorithm architecture.
As mentioned earlier, the scintillator has redundant photomultiplier
tubes, each with its own preamplifier. The stack of three SSDs is in-
tegral to the design and cannot be fully redundant. However, SDOM
supports up to 16 ground-commandable LUTSs. By careful utiliza-
tion of these LUTs, we have built a high level of redundancy into
the system. SDOM includes LUTs optimized, so that the sensor
will still operate with one or more detector failures. There are also
several LUTs designed as diagnostic modes.

Although each PMT has roughly matched performance, there are
enough differences between them that we have provided individ-
ually optimized LUTs for PMTO and PMT1. As described earlier,
SDOM is equipped with both electronic and optical internal calibra-
tions. Under normal operating conditions, these calibration pulses
produce a unique bin assignment when SDOM is commanded to
use one of the diagnostic LUTs.

Conclusions

We have developed a series of compact sensors that permit high
rate accurate energetic particle measurements on satellites. Both
particle distributions and signals from individual particles will be
available for analysis. The response of the sensors has been accu-
rately characterized through extensive calibrations at several facil-
ities and through performance during environmental testing. Once
launched, this series of sensors should provide insight into the en-
ergetic distribution of energies and flux rates of ~0.5-200 MeV for
particles at a variety of orbital stations.
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