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Abstoace

The Los Alamos National laboratory has
provided enargetic particle sensors for a variety
of spacecraft at the geostationary orbit (36,000 ka
altitude). The sensor syeten ~alled the Charged
Particle Analyzser (CPA) consists of four separste
subsystems. 1he LoE and HIE subsystems weasure
electrons in the energy ranges 30-300 keV and
200-2000 keV, respactivaly, The LoP and HiP
subsystems measure ions in the ranges 100-600 keV
and 0.4-150 MeV, respectively. A separata sensor
system called the spectrometer for energatic
alaectrons (SEE) measures very high-energy electrons
(2-15% MeV) using sdvanced scintillator design. In
this paper wa describe the relstionship of
operational anomalies and spacecraft upsets to the
directly measured energetic parcticle environments
at 6.6 Rg. Ve also compare sand contrast the CPA
and SEE instrument design characteristics with the
next generation of Lns Alamos 1instruments to be
flown at geostationary altitudaes,

Introduction

Spacecraft operating, within the aearth’s
magnetosphere generally are subjected to & hostile
environment due to charged particle radiation. As
recently ruvicwcdl, this may ba dus to Van Allen
radiation belt particles or gelactic cosmic vays,
both of thesa radiation components bsing relatively
constant with time at a given location of upace.
Much more variable radiation effecte occur due to
solar cosmic ray (solar flare ion) events, very
energetic electrons, and megnetospheric sesubstorms.,
These time-variable components introduce a highly
fluctuating backgrnrund i-%o many subsystems onboard
a given spacecraft in the aarth”s outar
wagnetosphere (2 3 Rg). 1It, therafors, has proven
important = 4{ndeed, necessary - to monitor such
background variations in situ sboard geostationary
orbit spacecraft,

A fur-her problea with particle radiations in
the outer wagnetosphere is the occurrencea of
spacecraft operational :nomaliee &nd upsets dua to
the presence of energetic particles. This is a
problem endemic 4in the outer wagnetosphera,
affecting most spacecraft at least to some dagreas,
and rrquires a continual monitoring of ronditions
in space. From such monitorirg one may rapicly
evaluate vwvhether a wspacecraft has had a prodlem
related to environmental conditiona, or as & result
some other sort of cause,

In this paper ve will review the present
generation of Los Alamos energetic particle sansors
being flown at geostationary orbit, We will
provide general hardwarc descriptions as wvell as
demonstrations of somec of the data analysis results
obtained from the instrumentation. In the latter
part of the paper we will describe the next
genaration of particle instruments presently under
development and test. We will shon the potential
value of these new sensor osystees and we will

describe the benefits of a proposed real-~tiue data
system to analyze and display moru promptly the
available geostationary orbit particle data.

Present Los Alamos Instruazents at 6.6 Re

The CPA Detector System

The Charged-Particle Analyzer (CPA) 1is one of

a saries of 4inetruments devel~-~ *~. Yoo
National Laboratory for several : =
The inetrument consists of RS 4

detectors; each detector is desigficy 1o. . specific
energy range and particle species and uses one or
more seamiconductor detectors as ite sensor
elenents. The basic accumulation time for a given
energy channel is 8 me. The data sequence repeats
evary 256 ms; thus for a nominal 10-s spacecraft
rctation period each anergy lavel fc each sensor
is sampled 40 times.

Electron fluxes are measured by two diffarent
detectors: the LoE and HiE units for the low- and
high-energy ranges, respectiively (see Fig. 1). The
LoE detector consists of five seeparate alemants.
Each elezant has & single sencar vith a collimating
apsrture having a half angle, of ~2.6° and a
geometrical factor of 3.6 x 1077 cm“ sr. The view
angles of the alemants are 0%, $£30°, and 160° co
the opacecraft equatorisl plane and rhus a large
fraction of the 4w unit sphere {8 wanpled by the
LoE detector during each spacecraft rotation. The
nominal energy levels are 130, 45, 63, 95, 140, and
200 keV with an upper-energy cutoff of 300 kaV,
The HiE detector scans only 4in the spscecraft
equatorial plane and coniists of a collimator-
sansor combination having a half !n¢1! of 3.7° and
a geomatric factor of 1,8 x 107¢ cm‘ sr. Nominal
HiE threshold levals ar¢ 0.2, 0.3, 0.4, 0.6, 0.9,
and 1.4 MeV with an upper-energy cutoff at 2.0 MeV
(see Table 1),

The LoP and HiP protoa detectors (Fig. 2) slso
scan in the spacectaft equatorial plane} each has
an active guard aecintillator and s swveeping magnet
to eliminate contamination from electrons below
~1 MeV. The LiP uses three sensors in a telescope
configuration to cover the energy range 0.4=150 MeV
wvith eixteen diffarential energy channels. The
nouinal HiP aenergy thresholds are 0.4, 0.3, 0.6,
0.8, 1.0, 1.3, 1.7, 2.7, &.7, 9.0, 13, 25, 38, %0,
78, end 108 MaV. (130 MaV is the upper-snergy
cutoff,) It should ba pointed out that thare {is
variance 4in tha HiP enargy threshold for the
deteccors in orbit. The exact threshold for the
LoP inetrument also vary for different instruments
in the CPA sariea.

As can be seen in Fig, 2, the low-anargy
proton sansor consiste of a eingle thin (40 y)
silicon detector (B1) wsurrounded by wagnesiun
ehielding. A plastic ascintillator detector (82)
serves as an anticoincidence element to eliminate
penstrating particles that aenter through the
collimator aperture as vell as charged particles
that enter through the rear of tha detector, The
svaeping magnet serves to eliminste electrons with
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Figure 1. The upper portion of the figure shows
the low-energy electron (LoE) detwctor portion of
the CPA including overall arrangement of the five
sensors and cross--ectional views of the £30° and
the 0° slaments. Thoe lowar portion of the figure
shovs a cross-section of high-energy (HiE) electron
detsctor.

Eq € 300 kev, A light-tight nickel window (i
interposed betwesn the magnet and 8! in some
earliar detectors whareas later modals used sensors
2ith additional thickness to the aluainua contact

to sffect the ll!ht-tightncll. The effective area
of 51 1is 0.5 cm“, and the collimation aperture has
an opening half angle of =2.5°. The rclu}tln,
geomettic factor for the sensor is 3.9 = 107" ca
sr over the proton detection energy range 100-600
kaV,

The h.gh-energy proton telescope shown {in
Pig. 2 conaists of three solid state detectors (D1,
D2, aund D3) surrounded by a plastic scintillator
anticoincidence cup (D4). DI 4s & &35-y surface
barrier_silicon detector with an effective atea of
1.0 ca‘. D2 1s & 3-ma-thick lithium drifted
detector with an area of 2.3 cal. D3 is again s
surface barrier detector with a _thickness of 500
and an effective area of 2.5 ca‘.,

The aluminized uylar window (~609 ug/ca?
aluminua equivalent thickness) keeps light (from
striking the detector stack, while the sweeping
magnet 1is designed to pravent electrons with
E, ¢ 1.0 Mev from resching the telescope sensors.
The threshold of D4 1s such that all charged
particles (not entering through the Iront aperture)
with enetgy depositions at or above that of a
minjmua ionizing particle are rejected, The brass
collimation defines an entrance aperture for the
telascope of ~6.3° half angla.

In the high-snergy Lelgqscope, proton detection
evante fulfilling the DID2D4 logic requirement 1ie
in the energy cange 0,46 C E 7€ 2.2 MaV with a
geometric factor of_ 4,4 x I/ em? ar, Events
fulfilling the DID2DID4 logic requirement lie in
the energy renge 2.7 < E_ < 22 MeV, The geometric
factor for DID2 events (s again 4.4 w 1074 cam? ar.
Particles which penetrate D2 and are subsequently
counted by D3 lie in the energy rnnge
~25 ¢ E, < 1% MeV. The geometric factor for these
protons 18 ~8 x 1072 cm? gr, Protons with energies
greater than 150 Mev penetrate the thick tungsten
absorbar (eee Fig. 2) and hence are rejected by the
D4 anticoincidence conditicn.

The spacecraft rotates with a spin period of
~10 @ about an axis vhich is pointed continuously
tovard the center of :the esarth by an active control
system. Both the low-energy and the high-energy
proton detectors point radislly ~utward in the
spacecraft equatorial plane, so that proton
measurenents are nade in a narrow solid angle band
in s plana approxinctely perpendicular to the
ecliptic, In the essentially dipolar magnetic
field which often exists at 6.6 Ry the CPA proton
detectors scan naarly all pitch anglee during one
rotation. In thce highly Jistorted taillike fielde
oftun aencountered on the nightside of the
magnetoasphare, very limited pitch angle scans may
result,

The three-dimensional data from the LoE
detector are analysed by making a least squares fit
to the observed fluxes using tha 200 pointe
obtained from a single energy level during a
spacecraft rotation., Spherical harmonie functions
are used for this fit and, although they are not
eigenfunctions for electron distributions in the
magnatoaphere, these functions have useful
properties which simplify the analysis. The
seroth=-, firet-, wsecond-, and fourth=ordar
harmonice ara computed, but the second-order
components are the most commonly used, B8ince the



Tabla 1.

Charged Particle Analyzer (CPA) Characteristics

Particle % ! Energy
Sensor Species Telescopes Energy Range Channels Geomatric Factor
LoE Electrons 5 30-300 keV 6 3.6 x 10" 3casr
HiE Electrons 1 0.2~2 MeV 6 1.8 = 10”2
LoP lons 1 100-600 keV 10 3.9 x 1073
Hip {ons 1 0.4~150 MeV 16 4.4 x 10°2"

's = 8 x 1072 cm?-sr above 22 Mev.

spacecratt doas not have an on-board magnetomete:,
the symmatry axis of the second- or fourth-order
fite is used to order the data and 1is 1identified
with the magnetic (field direction. Implicit in
this identification are the asssumptions that the
spacecraft 1s on a closed field line and that the
distribution changes slowly compared with the
spacecraft rotation period. Gradient and
convection effects would be reflected in the odd
order terms. The pair (e,, ¢,) commonly used!
corresponds to the direction of nhe symmetry axis
of the sacond order fit to the distribuiion in HVD
coordinates., In this system H is parsllel to the
dipole axis, D points eastwvard, and V is
approximately radially outwardl, This systen {8
also callead '"dipole nperidian.” 8, 1is the
colatitude with respect to the H axis, and ¢; le
the azimuth measurad from the negative V axis, C

is the amplitude of the symmetrized second harmonic
coaponant, Ch >0 indicates @ “cigar-shaped”
distribution (mfnimue flux at ~90°) and ¢, <O
indicates a “pancake-shaped” distribution (maximunm
flux at 90°). Eithar of thesa brecad categories can
also show “buttarfly” characteristice (i.e,, two
secnndary flux maxima). A more datailed expoeition
of this tachnique is given in Ref. 3.

The SEE Detector Syates

Unexplained anomalies

electronice aboard [

occurring 1in the
number of operational
spacecraft at synchronous altitude pracipitated a
reconsideration of the eodel repressnting the
trapped radiation environment, In 1977 the
Aerospace Corporation proposed [ new  model,
designated AE-7, of the electron environment at
synchrcnous altitude, This model predicte a high~
energy contribution much enhanced over the
then-current NASA environment modnld, Although the
AE-7 wmodel was based wupon data frca the ATS and
O\V1-19 satellites, the population of electrons with
energies greatar than | MeV had not been adequataly
charsctarized. These energyatic electrons are veary
penetrating and, thus, very difficult to shield
against. In order to better define the populationn
of electrons at these high energies and thretr
variations over long periode of time, a project was
undertaken to provide an elactron aspectrometer
vhich could be inmplimented at sinioun {mpact to the
axiating spacacraft prograa. This spproach
provides the advantcge of long-durstion monitoring
vith a good duty cyecle.

The 4instrument which was designed to perform
this needed measurement is called the Spectrometer
for Energetic Electrons (SEE detector). It was
designed to be compatible with the mechantcal and
electrical interfaces provided for another
instrument: only ~2 kg of mass was alilowed for the
exparimant, and only five datas channels (at a total
affective data rate of five bits per second) wvere
available. Sufficient electrical powsr (0.5 watt)

was providad to accommodate *hYe measuramants
poseibile within the constraints of cthe data
handling system.

In  order to accommodats the desirad
measurenent within thase conetraints, the
inetrument was based © upun [ scintillation

spectrometer in which assentially all of the energy
of the incidant e'~~rrons is deposited and
measured, Silicon solid-ctate detactors are used
to determine that a rasponse {n the scintillator is
caused by an olactron entering the detector though
a collimatirg aperture (Fig. 3)., [Except for the
apertur ., the detentur is vhieldad by a thick (5 gm
em”2) sluminua shell, which prevants the direct
penatration of aelectrons with eneargies less taan
~13 MeV, The detector is poweisd through a salf-
contained power convarter the housing of which also
sarves as the mounting base for the instrument.
Thu electronice which process the recponse of the
detactor and present the results to the data
handling system are housed in an enclosure which is
mounted to the senscr shell,

The silicon
provide the gating

solic-state detactors whi:ch
signal enabling the measurement
of the total energy of the electron baing analyeed
consists of & stacked pair of elements,
olectrically connected in parallel, Early flight
detectors employed 1500 y ion-implanted sensrce in
order to allow a gating threshold sufficiently high
(0.9-1.3 Mav window) sc that the random counting
rate and the probabilicty of randsm coincidences
betveen lcwar-snergy particles would not produce an

unacceptably high random background in the gating
channel. Later detectors were equipped with 1000
ruggedized surface-barrier sensors with the

addition of a passive sluminum absorber immediately
covering the front element in order to aaintain the

singles rate within acceptadle limits,
Additionally, electrons are required to penstrate
an  aluminue honeycomb panel, losing ~0.3 Mev
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Figure 2. Cross-sactional schematic {llustrations

of the low~energy proton (LoP) and high-energy
proton (HiP) portions of the CPA sensor eystem.

energy, before entering the collimating aperture of
the datector.

The scintillaction spectrometer, whare the
energy rezaining to the alectron (after panatration
through tha gating sensor) is daposited, is based
upon a 1.2%" x 1.23" bismuth garainate (BGO)
scintillator, BGO was chosen i{n order to maximine
stopping efficiency and re~collection of
bremsstrahlung genevated in abrorbing the kinetic
energy of the alectron (within the limited volume
snd nass avuilable), at the cost of soms incrasase
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Figute 3. A diagram of the SEE detector system
illustrating the collipator, the silicon detector
arrangement, snd the BGO (bismuth germanate)
crystal, Particle detection characteriscics are
«lso shown.
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Figure 4. An illustration of the nverail alactron

and preton energy ranges wmeasured by present-
geneTation Llos Alamos sensors at geosptationary
orbit.



t
in backscattering from the datector. A C.050" leed
shell surrounds the scintillator, shielding it from
auch of the breasrtrahlung generated in the
spacecraft and at the surface of the {instrument
itself by the trapped-radiation environment. A
leaded-glass 1lightpipe complates the shialding
surrounding the scintillator and ecouples the
scintillator to an RCA type 7151Q photomultiplier

(PM) tube. High voltsge required to operate the PM
tube is generatad in the pover converter and 1s
controllable, by command, to vary the gain of the

PM tube over eight discrete levels.

PM tube
lavale,
The

Electrical signals devaloped in the
are amplified and analyzed st five
determined by discrete lavel discriminators.

total scincillation dJetector counting rate may be
asonitored from the output of the lowest-level
discriminator. Counting rates occurring within the

differential interval defined betrzen adjscent
leval discriminators rtegquire logical coincidence
(or lack of coincidence) with response from the
silicon gating detectors, thus providing a
measurecent of elactrons with energies in four
differential inteivals as shown in Fig. 3. A
commandable function salaction permits reduction of
this ptimary measurament to only three channels,
utilizing the fourth channel to monitor the total
counting rate from the scintillation detector.

The eilicon gating sensors are elactrically
connected in parallel. Signale from the sensors
are amplified by a charge-sensitive preamp followad
by a voitage amplifiar. Two level discriminators
define anergies of ~90% and ~150% of the most
probabla energy deposited by electrons within the
measurement vrange. This provides >902 efficiency
in identifying the entrance of thesa electrons
through the collimator aperture.

1t has been difficult to provide satisfactory
calibrations of the {instr.cent, because of the
energy trange in whizh {c is Jdesigned to perform ite

monitoring functions. Monte-Catlo Jesign studies
have been done to elmulate actual detector
response., At energies greatsar chan 2 MeV, the

electrons are not stopped cleanly, but produce many
secondary 4interactions as their «energy 1s
dissipated. An apprecisble number of electrons are
scattered backward, escaping the scintillator,
Others lose energy primsrily by generating
bremsstrahlung, some of which escapes the
scintillator. Additionally, the resolution cf the
scintillation detector smears the response,
however, this was not accounted for in the current
analysis. Actual cclibrations of the detector have
been performed atilieing electron beams provided by
a linear ac:elerator. Results of the calibrations
sare in ressonable agreement with the Monte-Carlo
simulations.

Figure 4 sumparices tha prasant overall
olactron and proton energy coverage of the CPA and
SEE detector systems,

CPA and SEE Science ard Engineering Results

CPA dats acquired froam 1976 through 1978 were
processed by a set of "Phase I" analysis codes,
The basic directional count rate arrays were
analysed on & spscecraft rotation basis, particle
anisntropies wers computed, and wspin-averaged

fluxes vere displayed on 2-hr per framc microfiche
plots. Thus, a high tise resoluction (10-8)
archival dats set vas formed. In addition, ae part
of the processing, CPA data were stored and
averaged to form one-hour and daily flux averages.
Thesa latter, courser average data have been used
in s variety of statistical studien.6+?

From 1979 to the present the CPA data have
been processed under a sat of "Phase II" computer
codes. In addition to the 10-s fiche plots which
are nearly identical to the Phase 1 output, Phase
11 programs have also produced s one-minute average

digictal archive of all dsta products, plus suamary
12-hr coler spectrogram survey plots. A recent
paper illustrates most of the available CPA data

products and formats.®

The SEE data are available in highast tize

resolution as )6-s average count rates. These have
baen averaged to form a [2-min average data set and
daily everages have also been formed., HMicrofiche

plots of sll average dally energy spectra are
available frow 1979 to prasent,’

Hot plasma and energetic particle populations
are known to produce spacecraft operational
anomalier.! 1In the inner part of the aarth’s
magnetosphare, these affects are priparily due to
durably trapped radiation balt particles, the
integrated doses from which can be calculated
accurately for a given orbit. In the outer
magnetosphere many spacecraft operationsl

difficulties appear to be due to intense, transient
phenomena. The CPA and SEE sensor systems provide

anergetic particle detaction and assesemant
capabilities during these kinds of high-energy
radiation events. As hss become increasingly

clear, sodern satellite syetems, weather and globdal
comnunication installations, and many defanse
programs have bacoze dependent on knowledge of the
conditivon of cthe near-earth space environment.
Military spacecraft, sommarcial communication
satellites, and a wide variety of othar sclentific
and opsrational space systems require {nformation
about solar and ionospherie conditions,
magnatospliaric disturbance levels, and solar and
galactic cosmic rtay fluxes, Without such
knowledge, these systems often cannot be operated
pruperly. Three primary forms of radiation affect
spacacraft esystame in the outer magnatosphere,
These are:

(1) Solar flare particles;

(2) Very high energy electrons; and

(1) Magnetospharic substorm particles.
The damaging component of svlar flare particles
primarily dions (mostly protons) of 10 to ~200 MeV
kinatic energy. The very high energy electrons are
2-20 MeV in kinetic enargy and their origin fe at
present  unknown, The third source, the
magnetospheric substorm, produces large fluxes of
low-to-noderate energy ions and aelectrons; the
mechanisms of damage 1s primarily one of surface
and near-surface spacecraft changing effects.?

is

High Time Resolution CPA Results

The occurrence of large flares on the eun’s
surface have long been known to be followed aftar a
few hours to s fev days by sigrificant geomagnatic
disturbances, The nature of the terrestrial
effects can include large aagnetic etorms,



ionospheric disruptions. and intense surface
affects.!? It is now known that flares typically
produce very energetic particles and also often
give rise to strong travelling shock wvaves in the
interplanetary uediua. Given ' proper
interplanetary magnetic field (IMF) conaection
between the flare eite on the sun and the earth,
10s of MeV solar protons can reach the terrestrial
environs in & watter of hours. At eaarth, thess
very enargetic protons appsar to have ready access
to the polar cap regions and tha outer
magnetosphere and, thus, there can be very prospt
effectc from solar flares.

The damaging aspects of solar flare particles
on spacecZaft comes in significant measure froa
fluence effects. Protons 1ia the ten to sevaral
hundred MeV rangea sre vary penetrating, and one
large flare can be as damaging as years of on-orbit
operation in the nc mal, asabient magnatospheric
environment, Intense long-term exposure to high-
cnergy proton fluxes produces crystal-lactice
structure damage in solid state devices, and bayond
s certain point such devices becoze completely
dysfunctional.!! The effects of large dosagsa of
heavily ionizing radiation on electronics has been
wvell-investigated and damage-fluence curves are
available in many cases. The number of rads at
which individual components fail varies
substantially (depending on device construction),
but with sufficient exposure most wmodern space
electronic systens suffer at least sote
degradation.

Solar flare protcns can also produce other
types of disturbances in spacecraft systems. For
example, data from a geostationary orbit satellite
during the ecarly part of August 1972 (J. B. Blake,
private communication, 1983) established that whan
the <50 MeV flux was above ~200 protons (caZ-g)”}
there vas continuous disruption of the onboard star
sensor photomultiplier.

The mechanism of disruption in this case vas
the penetration of the ensrgetic protons into the
star sensor systam itself. The aenergy depositioen
by the protons produced continvous "scinti{llations"
in the photomultiplier system which completely
incapacitated the ctar reference function. Without
accurate rotational reference, many operational
spacecraft sre quite restricted in their
performance. This, and a variety of other proton-
induced disruptions, have been traced directly to
flare-generated particles. Such flare induced
backgrounds are continuously moaitored by the CPA.

Solar flaras occur rather commonly (perhaps
once & month) near solar suncpot maximsum, but they
occur very infrequently near solar minimum. |in
contrast o the relativaely infrequent, but quite
energetic, phenomans associated with solar flares,
magnetospheric substorus oceur auch aore
frequently. During average corditions, cvhere may
be one to savaral isolated substorme (cf about |
hour duration) during a day, Duriug very
disturbed, storaliks conditions, substorm activity
may be nearly continuous.

one of the most eign'ficant affects of
substorm from the standpoint of  aspacecraft
oparations is the occurrence of spacecraft
charging.? During a charging avent, {insulated

surfaces may char?e to several kilovelts (normally
negative relative to the ambiant). This charging
«ffect occurs because of a lack of current balance
between the ambient plasma wedivm and the
spacecraft surfsce.l2 Typically when a spaceczaft
is iomersed in a cool, dense plasma then incident
alectron and ion currents, esecondary emitted
currents, photoalectrons, and backscattered
electrons all balance giving a low potential,
However, in a very hot, tenuous plasma, current
balance can ba hard to achieve snd large poteatials
can build up.

There have been many upsets, anomalies, and
disruptions of spacecraft at (or near) synchronous
orbit.)? Hundreds of examples havea been observed
that show that episodes of large spacecraf:
charging occur during substorms. Many of theses
charging events end i.ith abrupt, intense discharges
and arcing between spacecraft components, Whan
this occurs, signif,cant damage can occur.l»? The
vast majority of anomalies and upsets occur in the
local time sector from wmidnight to local dawnm,
This is the region of substorm anergetic electron
injection and subsequert drift.!* The association
of wmany spacecraft operstionsl problems near
synchronous orbit with seubstorm electron flux
increases, therefore, is irrefutable.

Particle fluxes at 6.6 Ry rTegularly decrease
about 1 hour before substorm onsat and this has
been tarmed the "storage" phase or “growth" phase
of the substorm since energy 1s being added to the
magnatotail at these times, Particla drift-shell
splitting affecte at 6.6 RE produce a depletion of
90° pitch angle particle and hance a oagaetic
field-aligned, or "cigar," electron pitch engle
distritution is seen before most gsubstorm onsets.
Thus, this prestbstorm pariod also has been termed
the ecigar paase.l5 In aetudying hundreds of
substorm aveants noar local midnighe wich
geocstationary syacecraft instruments, we have found
that most substorm injection avents are preceded by
cigar (growth) phase featuras. Of wmore than 100
cases of detected ~igar phases of ~0,5-3 hour
duration, in 97 cases the cigar phase wvas
fmmediatvly fullowed by & substorm injection,!* On
the othor hand, when there was no cigar phaoe
throughout the pass:je of the spacecraft through
the local midnight sector, we saw no substorm (as
manifescad in the anergetic particle data) on 15 of
those occasions, and we saw wesk substorm activity
on 2 occasions. Such rasults from the CPA suggests
that sutstorms teand to occur if, and only 1if, the
cigar phase rsignatures and magnetotail enargy
storage occur, This can be the basie of & valuable
substorm prediction method (or componant thereof)
as has besen previously suggestaed,l®

Long-Term CPA and SEE Results

The existence of populations of very high
enargy (2 2 MaV) alectrons deep in the earth’s
radiation belts bave loag been known.’ These
electrons constitute a primsry integrated dose
(fluence) problem for oparation of spacecraft below
~h Rp altitude ss vas mentioned previocualy. 1It has
been videly believed, however, that tha intensity
of ouch particles dropped off very rapidly with
geocentric distance’ auch that liiLtle flux reaainad
bayond L ~ 3,
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Figure 5. Daily-average, 3-5 MeV electron count

rateas from June 1979 to April 1982 measured by the
SEE detector at 6.6 Rp. Numerous intense spikas,
well sbove normal background levels are seen in the
data.

Nev measurements eince 1979 wuseing the SEE
detector have shown the sporadic appearance of
larga fluxes of 2~ 10 MeV electrons near
synchrorous orbit. Figure 5 shows a plot of the

dally-average intensity of 3-5 HMeV alectrons from
June 1979 to April 1982. (We raefar generally to
this population as the ~3) MeV flux.) The data are
presanted as differential count rate varsus day of
year from the beginning of 1975.

The data show that much of the time, fluxes of
3 MeV electrons are rather low (0.1 e/s ~ 1
e /cm?-g-gr-MeV)., However, on many occasions the
fluxas reach significant levels (~10 c/s); on
relatively rare occasions, such as June of 1980 or
July 1981, ve see extraordinarily high fluxes,

Figure 6 shows a plot of the elactron energy
spectra for selected days during the June 1980
avant. The spectra combine data from the CPA 1low-
energy alectron sansor system (30-300 keV) with the
high (0.2-2.0 MaV) and very high (2-10 MeV) energy
sensor systems on the same geostationary
spacecraft. For reference, the short-dash long-
dash curve in Fig. & shows tha NASA AE~4 model
environmant at 6.6 RE.5

The figure shows that the wuodel
exhibite & rapid drop-off of flux above ~2 MeV. By
contrast, the observed daily average fluxes in the
largu June 1980 avent follow a hard exponentlal
spectrum up to 10 MeV., Thus, while the (integral
flux abova 2 Mav for the AE-4 modal would be & few
hundred electrons {cm?2-p=sr)~l, during the June

event wve obenrved 21g% gleccrons (ca?-s~sr)~! adove

environment

2 MeV., The @model pradicts aesrentially no
measurable fluxes above ~5 MeV vhersas wa observe
differential fluxes roughiy (lve crders of

magnitude higher than the modsl at these enatziaes.
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Figure 6. Compoeite CPA and SEE spectra from 30
keV to ~10 MeV for three selected days during an
intense electron event 1in Juna 1980. For
comparison, the NASA AE-4 enviroumental model 1is
shown. These resulte 1illustrate that tha high
energy electron fluxes at 6.6 R often greatly

excred the nominal model predictions.

The occurrence of very high energy slectrons

at 6.6 R 1s of significant aengineering interest.
Wa have found numarous aexamples of spacecraft
operational problems occurring during such flux
anhancements.! One class of anomalies for which
the high energy electron ccmponent 1is clearly
implicated has been well-studies. During a broad
interval of time (October ]980 - April 1982) che
star tracker system onboard a geosynchronovs
satellite experianced repeated outages and

salfunctions, Typically, there were several days
ol erratic behavior after which the problems would
disappear. The setar tracker wupsets occurred
essantially wvhenever fluxes of electrons aexceaded
an approximately oempiricsl level of 6 count ratn
units. Further, star tracker disruptions nevar
ware seen whaen fluxes remained balow this ampirical

level. The high degree of corralation between star
tracker upsats and very energetic electron fluxes
is oetrong avidence for & causal relationship

between the environment and the anomaliaes.!

It has bean shown!7 that irradiation of spacs
eysteme by veary enargotic aelectrons can causes a
desp dielectric charging phenomenon., Essentially,
very high energy ({.e., very panetrating) electrons
can bury themselves in diaelectric materials (e.g.,
coaxial cables, etc.) and stop. They then give
rise to very high electric fields (potential
differances of several kilovolts) in these regions
until aevantually an {intense breakdown occure.
Hence, a&  nearly irrefutable corralation of
spacecraft anonalies with the environment axicts
and, further, a plausible physical connection can
be established.



Unfortunately, it 4s very hard to shield
against aulti-MeV electrons. The grestest hope {is
to be aware that wsuch particles occur rather
regularly at 6.6 and to design systems and

subsystems which are immune to their effects. From
the standpoint of predictions, we are finding
considerable evidence cthat this very energetic

component recurs with a regular 27-day (solar
rotation) periodicicy®, and thus we should
aventuaily be able to predict the times of their
occurrence reagonably wall.
i
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Figure 7. Plots of the average diurnal variatione
of fluxes of aelectrons (5200 keV and >930 kev)
measured by §/C 1976-059 during the years 1976

through 1978. The wsolid line 4in each plot
i1llustrates the mean flux (50X probabilicy) value,
The upper dashed curve in each case shows the flux

lavel that {s
lover dashed curve shows the
exceadad 90X of the time,

excasded only 10X of the time; the
flux laevel that 1{»
Thase sorts of rasulte

allov one to judge what the likely average as well
as aextreme conditions of 1low flux or high flux
aight be.

A final {llustration of the secientific and
enginesring results from the Los Alanmos
geostationary orbit data set is shown in Figure 7.
This {s Dbased on the kinds of broad statistical
analyses vhich have been performed on the CPA and
SEE data sets.’:® In the figure we illustrace the
avarage diurnal varistion. of energetic electrona
observed in two energy ranges (>200 keV and >930
keV) during 1976-1978. The piots utilize all data
available from S/C 1976-059 and the statistical
evaluation used the l-hr data tapes as 1input. in
Fig. 7 we have plotted the mean flux (502
probability) value as well as the 10 and 90X flux
probability values for esch channel., Froe such
curves, it is possible to judge whar the average
energetic particle environment at 6.6 Rg would be
‘for any given local time). 1t is also possible to
judge what the likely extreme conditions of either
lov flux (90 probability) or high flux (10X
probability) aight be. Results of these kinds
should be useful in an engineering sense and should
allow assessmant of flux levels important for
spacecraft design criceria.

New Generation Los Alamos Particle Instruments
The APQO System

The Advancad Particle Analyzer (APO)
instcument will analyze elactron fluxas with
essantially the same energy range and resolution as
the present CPA instrument, and covaer the protons
with about one-hal{ the energy resolution. The ion
energy range will be shifted considerably to the
lower enargy eide. In addition, tha APO will have
the capability of monitoring cthe fluxes of helium,
carbon, nitrogen, oxygen and other heavy ions whose
existunce and furction in wmagnetospheric processes
are only now beginning to be datermined. The APQ
will also have three-dimensional pitch angle
capability for aelectrons, protons and alphas
wvhereas the current CPA is limited to elactrons in
this reaspact (esea above).

The APO instrument consists of a set of
collimated semicoprducto: sanaor taelescopes
Fig. 8). The axes of the collimators are
an angles of O degrees, +60 degreas, and -30
degrees vith respect to the epacecraft aequatorial
plane. The electron pitch angle~ distritutions are
symmetric for the trapped electron population st
geostationary altitudes, so this arrangement gives
high pitch angle coverage and maximizes the heavy
ion coverage which peaks strongly near 90 degraes.
Each telescope conslsts of s pair of wsolid astate
sensors in ar. E - dE/dX arrangement. The front
elenent of the telescope is & surface barrier
sangor &4 microns thick and 10 mm? in eurface area.
Tt has a capacitance of > 250 pF and operates with
1.{ volts of bias. Tha back element of the
telescope {s a surface barrier sensor 3000 microns
thick snd 25 mn? in surface area with a capacitance
of a few picofarads and operating bias voltage of
approximately 900 volcs.

three
(see
located

The APO detector is designed to measurs ions
in the 30 keV to 50 MeV arergy range and electrons
in the range from 50 keV to 1.6 Hev with an
{ntegral channel 21.6 Mav, Specifically, the fon
measuremants include protons (30 keV - 350 MeV),
alpha particles (300 keV 1.5 MeV), carbon,
nitrogen and oxygen ions (1.3 MaV - ~235 MeV) and
heavier ions ()7 MeV). The protons will bs counted



APO SENSOR SYSTEM

ELECTRONS 80 eV - 1.6MaV 9 ch
2LECTRONS >1.¢ MeV 1en
PROTONS 80 aeV - B8OMeV f2ch
ALPHAS 800keV - 1.8MeV Jch
SNO 1.80MeV ~ 28MeV Bch
HEAVIES > 7.2 MeVv aoh

APO TELESCOPE
SECTION

Figure 8. A diagram of one of the 1individual APO
sungor telescopes and the measurement energy rangas
for electrons, protons, and heavier ions.

in 12 differentisl energy channels, the alpha
particles in 3 channels, the CNO ions in 5 channels
and the heavy ions in 2 channels. The 5 CNO
channels include 2 channels 4in which carbon,
nitrogen, and oxygen are counted together and one
channel each in which they are counted uniquely,

Electrons are counted in 9 differential aenergy
channels and 1 integral channel.
Sixty-four (64) angular samples will be

acquired over the unit sphere for ele:tron, proton,
and alph~ channels during a 10.24 second period
(essentially one spacecraft rotation), Thus data
will be asccumulated in all of these channels for
160 milliseconds. Since the counting rates for the
heavier ions (CNO and heavier ions) are very low,
the accumulation time for these channels will be
10.24 seconds (approximately one spacecraft
rocation).

In order to make a wmore accurate heavy ion
composition mmasurement over longar time sculas, a
dual parameter analysis will be performad on the
dE/dX pulse heights dus to heavy {ions passing
through a particular telaescopa. The valid pulse
paires will be digitized and the data transmitted to
and accyzmulated on the ground, Pulse pailrs
generated during the time a talescope svesps across
the sun (sun sensor monitor ie set = 1) will be
invalidated by the ground processor.

Each pair of solid-state eensors in the set of

three telescopes have an associsted charge
sansitive preamplifier; howaver, to conserve both
weight and power, the thres telescopes share ths

-t

saae post electronics and logic. Thus, there are
two postamplifier chaine, one for each of the two
elesents in a telescope. The amplifiers are
followed Dby anergy level discriminators,

differentisl scaling logic, particle identification
logic, and accumulators for esach of the ion and
electron channels. There are a total of 22 ion
channels and 10 slectron channels.

Since the telescopes must share che post
alectrocnics, each telescope will ba salected in a
fixed patteru every 160 milliseconds with the 0
degree teleacope selacted twice as often as the
other two. Thus, the 0 degree telescope will have
a 50X duty cycle while the +60 degree and -30
degree telescope will each have a 252 duty cycle,
Accutrulations are made for 160 mseconds as
mentioned above and the +60 degree and -30 degree

telescope will have a resolution of 640 mseconds
and the 0 degree will have a rasolution of 320
neeconds. The dual parameter composition

measurement will be made on a continuous basis with

the data ctagged o the Tl, T2 and T3 telescopes.
Up to 50 pulse pairs can be accrmulated each
second.

The ASEP Detector System

The Advanced Spectrometer for Energetic
Particles (ASEP) detector assemblies aach contain a

ASEP DETECTOR

ENERQGY
INFORMATION: © ELECTRON CHANNELS
COVERING 0.7-20 MoV
3 PROTON CHANNELS
COVERING >10 MeV
ANGULAR
RESOLUTION: 20° FWHM
TIME
RESOLUTION: 1-10%.
TELESCOPP
FACTOP 0.380m2 STER.

PHOTOMULTIPLIER
TUBE
PLASTIC &

BGO
SCINTILLATOR

g
ELECTRONICS

Figure 9. A cutavay diagram of the ASEP sensor
aystem @&n¢ & tabulation of its physical
characteristice and the response to electrons and
protons. '



scintillator, oM tube,
electronics (see Fig. 9).
on Bismuth Germanate (BGO) and plastic (NE102)
scincillacion spectrometers. The plastic
scintillator surrounds the BGO to provide active
charged particle shielding which is supplemented by
passive shielding (1/2 inch AL) effective to 6 MeV
for electrons and 50 MeV for protons. The active
charged particle discriminatica is achieved by
phoswiching, i.e., optically bonding both
scintillators to the same photoaultiplier and
weparating their responses via rise time analysis.
An aperture in the passive ghield allows a 1.8 cm?
area of the NEIO2 to act as a charged particle
window, thus performing the same function as the
solid etate senscr in the present SEE detector, but
with less complexity and higher reliability.

power  supply, and
The detectors are based

The ASEP 1instCruments operate as follows:

. Pulges from the BGO/NE102 scintillator are
categorized according to pulse rise time as either
"fa:t" (NEL0O2) or "slow" (BGO) or as a fast/slow
comblnation. All pulses are further subdivided
into classes according to pulse amplitude. All
zhig 18 done with four level discriminators. The
type of radiation that caused cthe pulse 1is
determined by the level d{scriminators that
trigger. The enalog-to-digital cenverter (ADC)
measures the energy deposited per pulse. Electrons
froom ~1 MeV to ~15 MeV can be measurad, while
protons from ~10 to ~200 MeV ara also counted
saparately.

In-flight calibration is
accomplished by continuously wonitoring the pulse
amplitude dietribution due to primary cosmic rays.
A serieg of pulses are injected into the detector
analog circuitry for the purpose of more precisaly
verifying the ADC couverter calibration and 1logic
operation.

partially

The heart of the detector electronice is the
rise~time discrimination circuit. This circuit
s2parates the uix of fast (10 nsec) and slow (500

nsec) pulse compunents appearing at the output of
the PM tube, The fast component is isolated by a
fast presmplifier which has an integration constant
much shortear than the 500 neac rise tima of the
slow component. The alow component is then
isolated by subtracting the fast couponent from the
composite pulse.

The fast signal is amplificd
two level discriminators. The =8low signal 1is
amplified and digitized by a 15-level ADC
converter. Either level 1 or level 3 of tha ADC
convertar is remotely selected to sarve as the slow
lower level discriminator and level 8 is the slow
upoer level detector. The combination of the four
level discriminators which are triggered by an
evant and the energy deposition measured by the ADC
converter identify the radiation typa (see Fig. 9).
This determination is made in the ASEP logic
located in a separate assembly.

and applied to

Overall Advanced Sensor Systems Capabilities

In addition to tha APO &and ASEP systems
described above, the next generation of Los Alanmos
ingtruments will also include an Advaaced Plasma
spectroneter (APS) instrument, This detector
system consists of a hemispherical electroustatic

-10-

analyzer based extensively on prior (28 Alamos
plasma detectior techniques. The APS vill measure
separat:ly the fluxes and spectra of electrons and
ions from ~1 eVY to 40 keV. These measurements will
obviously complement the APO measuraments very well
at the lower energy part of the total eavironment
spectral range.

Figure 10 ahows the combined Llos Alauos
advanced sensor system capability at 6.6 Rp. This
is to be compared with present capabilities as

shown in Fig. 4. PFProm thie figure it is oseen that
virtvally the entire electron spectrum from 1 eV to
~15 MeV is covered (with a small gap between 40 kev
and ~50 kev), Similarly, the 1ion spectrum is
covered from ~1 eV to ~200 MeV except for a small
gap between the APS and A0 ranges. Note in
particular that the APS/APO .overage should provide
excellent c.ita concerning spacecraft charging
problems. Similarly, the APC and ASEP combination
should provide excellent data concerning solar
flare protons and very high energy electrons,

Summary and Future Directions

The geostationary orbit 1is a
consicerable human interest in space.
location, a spacecraft appeaars to remain fixed
above a given point on the earth”s geographic
equator a8 the orbi:ing satellice complates one
revolution while the earth completes one daily
rotation, This orbit is therefore very useful for
many satellite applications to waather,
communication, and military needs when it s
desirable for a spacecraft to maintain a constant
position relative to particular geographic
lorations or land masses.

region of
At this

Scientifically, 6.6 R is also a ve.y
interesting position within the terrestrial

magnetosphere. The geostationary orbit is at the

ADVANCED GEOSTATIONARY
OREBIT BACKGROUND CAPABILITY

1ev 100 eV 10 keV 1 MeV 100 MeV

lgi! JﬁikTV |100reV| 10TQV I 1 BeV

ELECTRONS APS APD 1AcLP

PROTONS APS APQ ASEP

PLASMA
SPACECRAFT
CHARGING

Figure 10. An overal’ summary of the Los Alamos
advanced geostationary orbit particle detection
capabilities. In combination, the APS, APO, and
ASEP sensors cover virtually ell of the electron
spectrum up to ~20 MeV and nearly all of tha proton
spectrum up to ~200 MeV. In particular the APS
system measures in a range not covered by prasent
systems (See Fig. 4) that is important for
spacecraft surface cherging protlems.



outer terminus of the terrescrial trapped radiation
region (outer radiation zone) and is also at the
inner edge of the magnetotail plasma sheet. From a
geostationary spacecraft placform, therefora,
scientific inatrumentation can probe the highly
dynamic outer magnetosphere and can assess both the
trapped (Van Allen) radiation euvironment and
plasna sheet conditions, the la~ter l}eing strongly
modulated by geomagnetic activity.

From 1976 for the CPA (and from 1979 for the
SEE) up to che present time, Los Alamos instruments
have provided a nearly coatinuous record of the
energetic particle environment at 6.6 Rg. We
expect this record to continue into the future with
an even more comprehensive data sat. As shown in
this paper, the ingtrumentacion is well-suited for
overall environmental monitoring, and the results
have been of significant scientific and engineering
value,

There exists a large and diverase "applications
comaunity” by which we mean those persons and
organizations who are using the atmosphere and/or
outer space for commercial, engineering, or
military purposes. This community often needs to
know the geonmagnetic and magnetospheric
environmental conditions to better carry out 1its
tasks (that is, spacecraft design, communication,
or satellite operations).

We believe that the statistical studies of the
tvpe discussed in this paper ares particularly
useful for this community. Our statistical resulte
clearly indicate the soris of flux lavels of
energetic particles that may be expected to be
encountered at geostaticnary orbit. The
probability levels assigned to various flux levels
of the different particle components should allow
better assessment of design criteria for future
geostationary satellite missions, as an example.

We ea:tpect that the ovarall particle data set
can also be useful in evaluating events of interest
to the applications community long after these
events have occurred. For example, espacecraft
operational anomalies or atmospharic disturbances
(affecting radio propsgation) can at times be
interpreted in terms of energetic particle
enhdancements in the outer magnetosphere. The data
presented here (and data that continua to be
collected by CPA® and SEEs on orbit) are readily
available for use by the applicatious community,
Data are also avallable from these satellites in
real time for qualified users in the spplications
comounity for environmental m-.nitoring purposes.

Within the scientific community, s major
is to beatter

goal
understand magnetospheric structure
and dynsamics. Relevant questions include where
energetic plasma particles originate, how the
particles are subsecuently transported, and how
they are eventually lost (precipitated into the
terrastrial atmoephare). Long-term fluxes such as
given by the present data can lead to a better
predictive capability in ths future.

We unvision that an expanded real-rime data
system invoiving all of the Los Alamos
geostationary orbit data could be of considarable

value. Ve
an objective,

ate, tharefore, actively pursuing such
Our basic approach is to etresmline

=11~

and unify data acquisition
particle sensor subsystems. Through this means we
foresee the enhancement of the handling of these
data as an overall spacecraft operation tool.

from each of the

Our objectives in developing a real-time data
system are to provide resident Los Alamos expertise
for space environmental evaluation and to devalop a
prediction and environmental assesszent capability
for improved spacecraft operation throughout the
terrestrial magnetosphere,

Among the tangible benefits that will accrue
for these effcrts are:

(1) A asgnetospheric substorm prediction

algorithm;

(2) Implementation of a workable spacecraft

charging algorithm;

(3) Analy-ie of spacecraft operational

anomalies on short (< 1 day) time scales;

(4) Elimination of obsoleacenc data

acquisition systenms; and
(5) A reduction of data handling manpower and
tape handling.

We conclude that background environmental
sensor systems at geostationary orbit have broad
and valuable scientific and engineering
applications, The use of data from such seystems

can be of coneiderable benefit over a wide spectrum
of operational conditions. Thus, such data are,
and will continue to be, a powerful resource in the
continuing use of near-earth space.

Acknowledgmenta

We thank the many individuals at Los Alamos
and Sandia National Laboratories whn have wmade the

CPA, SEE, and related programs a success. This
work wvas supported by the U.S, Department of
Energy.
References
1. Baker, D. N., in press in Proceedings of the
Solar-Terrestrial Predictions Workshop,
Meudon, France, 18-22 June 1984,
2. McPherron, R. L., EQS Trans. AGU, 56, 6l4,
1975. '
3. Higble, P. R., and W, R. Moomey, Nucl,
Inst. Methods, 146, 439, 1977.
4. Vawmpola, A. L., et al,, J. _Spacecraft and
Rockets. 14, 690, 1977, T
5. ~tte, J. L., et al,, Solar-Terrestcial
cedictinne Proceedings, Vol. 2 (ed.,
R. F. Donnelly), p. 21, NOAA, Boulder, CO,
1979,
6. Baker, D, N., et al,, Geophys. Res. Lett,
6, 531, 1979,
7. Baker, D. N., et al., Los Alamos National

Laboratory raport LA-8843, August 1981.



9.

10.

11.

12,

13,

14.

5.

16.

17.

Baker, D. N., et al., in The IMS Source Book
(C. T. Russell and D. J. Southwood, Edl.s,
P. 82, Am, Geophys. Union, Washington,

D.C., 1982.

Rogen, A. (Ed.) Spacecraft Charging by
Magnetospheric Plasmas, AIAA, Vol. 47, Nev

York, 1976.

Paulikas, G. A., snd L. J. Lanzerotti, Rev.
Sp. _Sei., p. 42, July/August 1982,

Bouquet, F. L., et al,, IEEE Trans, Nuc.
Sci., NS=30, p. 4090, 1983,

DeForesr, S. W., J. Geophys. Res., 77, 651,
1972.

McPherson, D. A., et al., Spacecraft Charging
at High Alcitudes - ™he SCATHA Program, AlAA,
p. 73, 1975.

Baker, D. N., 1in Magnetic Reconnection in
Space and Laboratory Placmas (E. W. Hones,
Ed.), P. 193, Anm, Geophys. Union,
Washington, D.C., 1984,

Baker, D. N., et al., J. Geophys., Res., 83,
4863, 1978,

Baker, D. N., et al., J. Geophys. Res., U4,
7138, 1979.

Reagan, J. B.,, et al., IEEE Trans, Elec.
Ingul., E1-18, p. 354, 1983.

-12-



