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Introduction

IMPORTANT components of the magnetospheric plasma
to be explored by the CRRES are the energetic electrons

and protons that populate the Earth's radiation belts. The
fluxes of these particles depend critically on the production
and loss mechanisms in the radiation belts and exhibit dy-
namic behavior in response to solar and geomagnetic activ-
ity.1'2 The understanding of these processes requires detailed
measurements of the particle distribution functions including
the pitch angle. Previous measurements of energetic electrons
and protons have been made by instruments on satellites such
as Ogo 5,3 SCATHA,4 (S/C) 1979-053, and (S/C) 1982-019,1'2
but the unique CRRES orbit offers exciting new possibilities
for developing improved models of the inner and outer radia-
tion belts.5'6 For example, the particle distributions measured
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along the spacecraft trajectory can be used to map the two-di-
mensional radiation belt morphology in the orbit plane for
1.05<L < 7 near the geomagnetic equator.

The ONR 307-3 Spectrometer for Electrons and Protons
(SEP) is one component of the ONR 307 Energetic Particles
and Ion Composition experiment. SEP measures the energy
and pitch angle distributions of energetic electrons and pro-
tons throughout the CRRES orbit. The specific science objec-
tives of the SEP experiment are 1) to understand the physics of
the sources, losses, energization, transport, and lifetimes of
energetic particles in the Earth's radiation belts; 2) to under-
stand the details of wave-particle interactions (WPI), both
natural and man made, that result in precipitation of radiation
belt particles; and 3) to utilize this experimental data base to
greatly improve the accuracy of trapped radiation belt models.

Experiment Description and Operations
The SEP design is based heavily on the successful SC-3

spectrometer4'7 flown on the SCATHA mission. Unlike the
single-detector system used on SCATHA, SEP consists of
three solid-state particle spectrometers oriented at 40, 60, and
80 deg from the spacecraft spin axis. A cross-sectional view of
one of the telescopes is shown in Fig. 1. Each spectrometer has
four detector elements labeled A, D, E, and E'. Various logic
combinations of the four detector elements in each spectrome-
ter are used to determine the particle types and energy ranges,
which are measured sequentially. The operational modes of
each telescope are individually commandable.

The D detector, which is 200-/xm-thick intrinsic silicon, is
used to measure both the rate of energy loss of the higher-en-
ergy particles and to directly stop and measure the low-energy
particles. The E detector, which consists of a stack of five
2-mm-thick silicon surface-barrier detectors in parallel, is lo-
cated behind the D detector to stop the higher-energy particles
and to measure their total energy loss. The E' detector, which
is a 1000-jLtm-thick piece of silicon, is located behind the E
detector and is used as an active collimator. Following it is a
tungsten absorber that sets the upper energy limit for analysis.
The entire telescope-configured stack is surrounded by the
anticoincidence A detector, which consists of a plastic scintil-
lator viewed by a photomultiplier tube. The A detector senses
and rejects energetic particles and bremsstrahlung that pene-
trate either the outer shielding walls of aluminum and tungsten
or the silicon detector stack and tungsten absorber. The detec-
tor stack is located behind a long, narrow collimator that
defines the 3-deg angular field of view full width at half
maximum (FWHM). The aluminum and tungsten effectively
stop electrons with energy up to 5 MeV and bremsstrahlung
photons with energy up to about 150 keV.

Each of the three identical SEP particle telescopes has a
high-resolution, 3-deg (FWHM) field of view provided by a
long collimator (20 cm) containing 10 baffles. The collimators
are identical to the ones used on the SC-3 instrument,4 provid-
ing an instrument geometric factor of ~ 3 x 10~3 cm2-sr. For
the 80- and 60-deg telescopes, measurements over 12 energy
channels are obtained every 0.25 s with a dead time of 2 ms.
Because of telemetry restrictions, the 40-deg telescope accu-
mulates for 0.5 s with a dead time of 4 ms.
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Fig. 1 Cross-sectional view of one of the SEP telescopes.
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The three SEP spectrometer heads and the analyzer package
are shown in Fig. 2. The two units are mounted on the bottom
of the spacecraft and are separated to achieve a lower temper-
ature in the silicon detectors for improved low-energy electron
detection.8'9

Each sensor operates from its own 256, 8-bit word CMOS
memory, which is individually addressable and loadable via a
16-bit serial-digital command. Four of these words completely
define one operating mode (32-bit control register) for an
individual sensor. A mode is defined by specifying the logic
conditions (coincidence/anticoincidence), gain, detector for
pulse-height analysis, and energy thresholds required between
the four detector elements to uniquely establish a particular
type and energy range for analysis.4

Several modes can be programmed in sequence to empha-
size one particle type, to obtain comprehensive measurements
for special events such as solar flares, or to dwell on a narrow
energy range for any particle type. A hard-wired backup mode
that measures the higher-energy electrons (215-5100 keV) is
independent of the memory and is used automatically at turn-
on and whenever the memory is being loaded or disabled. The
basic programmable mode parameters are the energy range
and energy channel widths for the electrons and for the pro-
tons. Typical modes that may be used during the CRRES
mission are shown in Table 1.

Calibration
The SEP sensor heads were calibrated using electron and

proton beams from accelerators at the Goddard Space Flight
Center (GSFC) in Greenbelt, Maryland, and at Harvard Uni-
versity in Cambridge, Massachusetts. Two accelerators were
utilized at GSFC, a low-energy electron machine for energies
up to 150 keV and a Van de Graaff accelerator with a maxi-
mum energy of 1.5 MeV for both electrons and protons. The
sensors were in vacuum at room temperature for these runs.
The beam rate of the low-energy accelerator was stable to
about 25% at a few thousand counts per second for electrons
between 25 and 150 keV. The Van de Graaff accelerator

extended the electron measurements to 1500 keV in 10 steps
and started the proton range from 500 to 1500 keV in five
energy steps.

High-energy proton calibrations were done in air at the
Harvard Cyclotron Laboratory for eight energy steps between
35 and 100 MeV. The 159-MeV proton beam was reduced in
energy by absorbers that produce a beam energy spread of less
than 6% at 90 MeV and above, whereas the spread is about
40% at the lowest energies. The measured energy deposition
from higher-energy protons penetrating the detectors was
within 1 MeV of calculated values.

Figure 3 shows examples of calibration data for electrons
and protons. The spectra of monoenergetic beams were ob-
tained with a laboratory multichannel analyzer and were re-
lated to the 12 channels of the flight pulse-height analyzers by
voltage levels. The calibration data were used to specify the
energy ranges for each mode of each sensor as shown in Table
1. The mode ranges are electronically divided into 12 channels,
each approximately having the channel width shown in the
table. The energy ranges in Table 1 show some overlap be-
tween modes. The particle collimation, the D detector absorp-
tion, and the sensor coincidence circuitry combine to signifi-
cantly reduce the overlap.

Results
SEP commenced normal operations on August 7, 1990,

after a successful instrument activation period. Preliminary
results are shown in Figs. 4 and 5. Figure 4 shows pitch angle
spectrograms for electrons and protons measured during orbit
79 by the sensor that is 80 deg from the spin axis. This orbit
occurred several days after the commencement of a moderate
magnetic storm (Dst = - 116). Each panel shows the relative
flux of electrons or protons integrated over the energy ranges
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Fig. 2 Photograph of the three SEP telescopes mounted together
and the electronics analyzer package.

Fig. 3 Examples of calibration data showing typical spectra of the
particle beams and the pulse-height responses vs energy in all three
sensors for high-energy electrons and protons.

Mode
Electron 1
Electron 2
Proton 1
Proton 2
Proton 3
Proton 4
Alphas

Table 1

Sensor
Energy

range, MeV
0.042-0.324
0.164-4.93
0.875-6.60
2.5-38.7
35.8-80.2
45-94
6.8-24

SEP initial energy range and channel width

A
Width,
MeV

0.0235
0.397
0.478
3.01
3.7
4.08
1.43

Sensor
Energy

range, MeV
0.042-0.336
0.171-5.12
0.916-6.70
2.2-33.7
31.2-69.9
45-105
6.90-24.3

B
Width,
MeV

0.0245
0.413
0.482
2.62
3.22
5.00
1.45

Sensor
Energy

range, MeV
0.041-0.313
0.170-5.11
0.920-6.80
2.0-30.4
28.2-63.1
45-110
7.00-24.

C
Width,
MeV

0.0227
0.412
0.490
2.37
2.91
5.42
1.47
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Fig. 4 Pitch angle spectrograms showing relative intensities of elec-
trons and protons measured during orbit 79. The intensities are nor-
malized to the average differential, directional flux measured during
the 64-s sampling interval.

ill
Fig. 5 Energy time spectrograms showing approximately spin-aver-
aged fluxes of electrons during orbits 77 and 79.

indicated in the upper right-hand portion. The intensity is
color coded according to the flux in 4-deg-wide pitch angle
bins normalized to the average differential, directional flux
measured during each sampling interval. A full energy and
pitch angle distribution is obtained in 64 s in the normal SEP
operating mode. The time axis in the plot is arranged with
perigee near the beginning and end and apogee at the center.
Note how the pitch angle coverage for this detector varies
during the orbit. Depending on the orientation of the magnetic
field, data from the other two sensors can extend the pitch
angle coverage achievable with a single telescope. Evidence for
both pancake and butterfly pitch angle distributions are ap-
parent in this display.

Figure 5 shows energy time spectograms for electrons mea-
sured during orbits 77 and 79. The differential number fluxes

are averaged over 32 s; because the satellite spin is about 29 s,
these are approximately spin-averaged fluxes. The data for
each orbit are shown in two panels corresponding to the low-
and high-energy electron ranges. The large dropout in fluxes
in the first half of the orbit is a result of the magnetic storm
that commenced one orbit earlier. Two orbits later, the en-
ergetic particle fluxes have recovered. Just after 12 UT in orbit
79 there are three dispersive-like electron events possibly asso-
ciated with substorm activity.

To obtain the differential particle flux from the SEP data,
the counts in each sampling interval are divided by the product
of the live time, the spectrometer geometric factor, the energy
width of the channel for the particular mode, and the sensor
particle detection efficiency for the channel. Pitch angle distri-
butions for each sensor are calculated using the sensor look
directions and the magnetic field direction determined from
the onboard magnetometer.

Conclusions
The SEP experiment on CRRES operated almost continu-

ously throughout the lifetime of the spacecraft. The data
obtained in the CRRES orbit allows the computation of the
particle distribution functions in phase space for energetic
electrons and protons throughout the radiation belts. These
distributions can be used for developing models of both the
static and dynamic radiation belt populations. Preliminary
work toward a dynamic model has been completed using
SCATHA outer-belt electron distributions together with a
general solution to a simple form of the simultaneous bimodal
(radial and pitch-angle) diffusion equation.10'11 The SEP data
are especially suited for these types of studies because of the
good angular resolution and extended pitch angle coverage
provided by the three telescopes.
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Scientific Objectives

THE low-energy ion mass spectrometer (IMS-LO) (ONR-
307-8-1,2) is part of the SPACERAD1 payload on the

CRRES2. IMS-LO is designed to measure the composition of
plasmas that are the sources of radiation belt particles, and to
provide data on the origin and acceleration processes of these
plasmas. To achieve these objectives, the instrument measures
energy and mass spectra covering the ranges of E/q =
0.11-35 keV/e and M/q from 1-32 amu/e with good cover-
age of pitch angles throughout the CRRES orbit.

Measurement Techniques
The IMS-LO-1,2 instruments on CRRES rely on essentially

the same design that was successfully implemented with previ-
ous Lockheed instruments on SCATHA (launched January
1979) and S3-3 (launched July 1976). Improvements have been
made with each version of the instrument in range of cover-
age, resolution, and operating flexibility.

IMS-LO-1 and IMS-LO-2 are identical instruments which
are mounted on the aft surface of the spacecraft with their
look directions at 135 and 105 deg to the spacecraft + Z axis.
In the spacecraft X- Y plane they are both at 45 deg from the
+ X axis, clockwise viewing in the + Z direction. CRRES
spins about the Z axis with + Z oriented sunward. The look
directions of the instruments were chosen to maximize cover-
age of fluxes near the magnetic field line direction thoughout
the mission. Each instrument performs ion-composition mea-
surements in the energy per charge range 0.11-35 keV/e and
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the mass per charge range 1-32 amu/e. The energy range,
which is covered by 45 energy steps, is broken into three
contiguous parts (/ =0,2), each consisting of 15 energy steps
(/ = 0,14). The mean energy per charge Eu of ions on the /th
step of the jth part is given by

EIJ (keV) = 0.109 x (1.14008)</+ ] (1)

The three parts of the energy coverage are sampled in paral-
lel by three separate analyzer and sensor units ('"heads"). At
the completion of each 15-step sequence, the background
counting rate is measured for each sensor head. The mass
range (1-32 amu/e) is covered by 32 steps. Alternatively, the
spectrometer can be commanded to a heavy-ion mode as de-
scribed in the section below on operating modes and control.
In addition to ion measurements, each of the two instruments
monitors the background electron flux at four fixed energies.
The electron channels are described in a separate section be-
low.
Ion Optics

Each of the IMS-LO mass spectrometers consists of three
analyzer heads which measure ions in a different portion of
the E/q range from 0.11-35 keV/e. One of the analyzer heads
is illustrated in Fig 1. Each analyzer consists of four sections:
a collimator, a velocity filter, an energy analyzer, and a chan-
nel electron multiplier detector.

Ions enter the instrument through the collimator that pro-
vides an acceptance cone of approximately 5-deg full width.
Following collimation, the ions enter the crossed electric and
magnetic field velocity filter (Wien filter), which acts as the
mass analyzer (MA). Its magnetic field is fixed while the
crossed electric field is varied according to the value of E/q
and M/q being sampled. The fields are oriented so that the
electric and magnetic forces on an ion are in opposition, and
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Fig. 1 Ion mass and energy analysis optics for the low energy ion
mass spectrometer.


	a: 
	b: 


