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A fundamental limitation in observational space physics arises out of the inherent ambiguities between spatial and temporal
features that are present whenever measurements are conducted from a single platform. In this work we describe the QUantita-
tive Assessment of magnetospheric TRanspOrt (QUATRO) mission concept, which intends to utilize identical instrumentation
on four small Earth-orbiting spacecraft in an effort to resolve some of the fundamental questions that are currently still debated
in magnetospheric physics. The primary research area intended for QUATRO is the timing and trigger for the geomagnetic sub-
storm. A well-focused orbit and instrument design towards the primary science objective also allow QUATRO to study the en-
ergy coupling between the solar wind and the magnetosphere, as well as the transport and acceleration of energetic radiation
belt particles during magnetic storms. The QUATRO mission concept maximizes cost effectiveness and science return by using
flight proven commercial off-the-shelf technologies and science instruments integrated on a single data processing unit. QUA-
TRO is designed to be launched as a co-manifest payload on Geosynchronous Transfer Orbit - bound launch vehicles which
reduces the launch cost and provides frequent low-risk flight opportunities on future commercial and military launches.

1. INTRODUCTION wind to the Earth’s geospace. They are a fundamental mode
of magnetospheric variability, shaping space weather much
The desire to obtain simultaneous, multi-point measurein the same way that the formation, motion and decline of a
ments from spacecraft within the magnetosphere was reatyclone affects atmospheric weather [Siscoe, 1997].
ized from the dawn of space age and has received significant Magnetic reconnection, in which two regions of signifi-
attention following the completion of the ISTP program cantly differing magnetic field geometries interconnect
[Angelopoulos and Spence, 1998]. This desire is driven noacross a boundary, has been proposed to play a major role in
only by the limitations of the current data sets, but also bysubstorm development by being responsible for releasing the
the increasingly available access to space, due in large part targe amount of solar wind magnetic energy stored in the
boom of the commercial satellite industry. The latter hasmagnetotail [Hones et al., 1976]. The spatial scale over
resulted in an unprecedented number of secondary launchhich this process may occur ranges from 15 to 30 Re
opportunities, in which small payloads may “hitch a ride” on [Nagai et al., 1997]. In association with magnetic reconnec-
existing planned missions [Rademacher and Leschly, 1996%ion are fast Earthward-directed flows of plasma moving
The advent of the “micro-sat” concept, which takes advan<close to the Alfven speed (~1200 km/sec) which may be a
tage of instrument miniaturization and increased reliabilityresult of the tailward reconnection site [Angelopoulos et al.,
of commercial-off-the-shelf (COTS) components to driven1994]. These “bursty bulk flows” (BBFs) have been shown
the spacecraft mass to much lower levels, makes the inclue be responsible for a significant amount of the energy and
sion of these spacecraft as secondary payloads all the mofiex transport in the magnetotail. A second key process
feasible. Because of their smaller size and shorter develombserved in conjunction with the substorm is the formation
ment time such spacecraft can be built and launched at a sigf the “substorm current wedge” [McPherron et al., 1973]
nificantly lower cost than traditional ones. roughly 7-10 Re out in the magnetotail. In this phenomenon,
The proposed QUATRO mission serves a dual purposecurrents which are self-consistent with the flux content of the
First, by virtue of its well focused instrumentation and orbit tail lobes and which normally close across the tail region are
it will perform much needed multi-point measurements insuddenly disrupted and are diverted into the auroral iono-
the Earth’'s magnetosphere and resolve outstanding questioaghere. Thus this process has also been called “current dis-
in the field of space physics. By exploring the scale size ofuption” [Lui et al., 1996]. It is fairly well known that the
important geophysical processes it will lay the ground workfirst substorm auroral arc that brightens is magnetically con-
for mission planning of more populous constellation classnected to the region of the current wedge formation; what is
missions. Second, it will serve as a technology demonstratanot understood is what initiates this process.
for future, more ambitious constellation missions by demon- Single spacecraft missions have revealed that reconnec-
strating the feasibility of a scientifically rewarding, low-cost, tion, bursty flows and current disruption are key magneto-

low weight autonomous micro satellite. spheric processes partaking in the formation, evolution and
eventual energy deposition during an auroral substorm. But

2. SCIENCE OBJECTIVES the fundamental questions of the how and why of substorms

are still left unanswered: What causes the onset of a sub-

2.1 Particle acceleration in the magnetosphere storm in the magnetosphere? What controls the timing of

, i o this onset? What determines the onset location?

The primary science goal of the QUATRO mission ist0 Gjven the combination of processes described above,
understand the cause-and-effect relationship between thiere are currently two major com etin% Xaradigms of sub-
processes that are associated with the geomagnetic substorstorm onset and evolution which the QUATRO mission as-
Substorms represent explosive releases of magnetospheRf€s to resrcl)lve andl ﬁtuqy- In thle f%VSt aradigm, k”O;’]V” as the
energy which has accumulated from the coupling of the solar ear-Earth neutral line” model of substorms, it is the onset
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of magnetic reconnection in the tail that causes a sudden ompogee. The QUATRO pair at the higher apogee will have a
slaught of Earthward plasma flows in the form of BBFs I[Fig- phase lag of ~13 degrees in their mean anomaly, so that these
ure 1]. As these flows impact the inner edge of the plasmapacecraft will be at a ~0.5 Re separation along their orbit at
sheet at 7-10 Re, the kinetic energy of this bulk flow of plas-apogee.

ma is translated into increased particle heating and vorticity,
and is responsible for a El)_lle-up of transported magnetic flux
in the near Earth region. This is tantamount to a disruption of
the cross-tail current and hence current wedge formation. The
resulting field-aligned currents are then responsible for the
auroral substorm breakup.
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Figurel. Near-Earth neutral line paradigm of substorm
onset and supporting data. Current disruption and substorms The results of this relative orbital configuration between
develop after the fast flows have started. all four spacecraft are 3 different geometries relevant for
conducting multi-point measurements in the Earth’s tail: A
A second model for substorm dynamics assumes thaiclustered” configuration, in which all four spacecraft form a
there is an inherently local plasma instability that causes thestrahedron at apogee, roughly 0.5 - 1 Re on a side. An

disruption of the cross-tail current in the 7-10 Re region [Lui«4)i " ; ion. i i i
et al., 1996]. In this case the energy released dur?ng a2 su aligned” configuration, in which the two pairs of spacecraft

storm is initially stored in the particles carrying the cross-tail /€ Separated by several Re along the Sun-Earth direction
current. The observed Earthward flows and reconnection d6SM X) in the tail. A “cross-tail” configuration in which
~20 Re distance are initiated by the tailward motion of the lothe two pairs of spacecraft measure simultaneously across
calized instability. Hence they should be observed after thehe tail, separated primarily in the Y-direction. All four

current disruption has started at 7-10 Re. This is called thep,cecraft possess identical instrumentation, namely an ion

“current disruption” model of substorms. : . : ;
The present ambiguity between these two models resultgnd electron electrostatic analyzer for imaging the energetic

directly from the scarcity of observational data from multiple Particle distributions, a 3-axis fluxgate magnetometer, and a
satellites which could observe the causal relationships of theolid-state telescope for measurements of the most energetic
Erocesses that are well established and studied using compnigeV particles.

ensive single satellite missions [Kennel, 1992; Angelopou- QUATRO will resolve the cause-and-effect relationship

los, 1996]. ; ; _
The QUATRO mission aspires to resolve the Cause_andt_)etvveen current disruption, bursty plasma flows, and sub

effect relationship between current disruption, reconnectiorpio'™ Onset. Once the time-sequence of substorm onset in
flows and substorms, using correlated measurements frofie magnetosphere has been established, future theoretical
four spacecraft [Figure 3]. All four spacecraft have a com-investigations and analysis of existing datasets will be able to
mon 1500 km perigee altitude. Two spacecraft E()Ql and Q2jocus in the right spatial region and time scale. To accom-

will be in an elliptical orbit with an apogee of 11.5 Re, while ; ; ; ;
the other pair (O3 and Q4) will be piaced in a higher orbit atpl|sh this leap in our understanding of the substorm process,

12,5 Re. The Q1 and Q2 spacecraft in the lower orbits will QUATRO will use its frequently occurring tail-aligned
have different inclinations of ~2.5 degrees, so that theséwithin 22.5" of the tail axis) geometry to directly measure

spacecraft are separated by ~0.5 Re along the z-direction efe Earthward propagation of fast plasma flows and/or the
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tailward propagation of the current disruption process. Addi- If QUATRO determines that it is the tailward reconnection
tionally, it is hypothesized that fast-mode waves generatethat occurs first, causing the sudden Earthward BBFs which
by anti-Earthward current disruption expansion may propathen disrupt the cross-tail current, the mission will further be
gate out and initiate reconnection in the tail. These waveable to verify that the amount of energy associated with these
can also be measured and identified when QUATRO is in théast flows is consistent with the magnitude of the associated

tail-aligned configuration. auroral substorm.

R S T S E S This can be done by examining the scale size of the flows

BASIC MISSION I with two or more QUATRO spacecraft in the “cross-tail”

Bg{f‘;\'?%ﬁ%m 1100 mk configuration, combined with information using remote
—10. = in measurements from Solar Wind and UV data acquired by the

QUATRO Configurations [ ACE and POLAR platforms which should yield an estimate

\ ___Tail-Aligned I of the energy released in the auroral ionosphere.

s Clustered L hIf i'i i_s determin(_ebdI thfat alocal itnstagilityfwithint.the cur(;etnht
® 0. - sheet is responsible for current wedge formation, and thus
= N/ L+10mo;. the subsequent substorm activity, QUATRO will be able to
E? Y Cross-Tail i identify the exact nature of these processes by combining

i high-resolution in situ plasma and magnetic field measure-
- ments on each platform.
r Currently there are two major candidates for such an

S ‘ EQUATORIAL PLANE || instability in the current sheet: Ballooning/Interchange Insta-
R A N S A bilities (BIl) and Cross Field Current Instabilities (CCI.) The
10 E)Q 0 =10 -20. =30 , .
§ Bll's are generated by the large pressure gradients expected
N XGsm in the near-Earth plasma sheet and may have wavelengths on

Figure 3. QUATRO's four identical spacecraft will the order of 2000-12000 km, moving azimuthally with the
study the equatorial magnetosphere in all three dimensions siiamagnetic drift speed of the ions (50-100 km/s). Multiple
multaneously and resolve the spatio-temporal ambiguity tha®UATRO spacecraft with azimuthal separations in the
riddles substorm research. “cross-tail” orbital configuration would be able to measure

these coherent waves using standard cross-spectral tech-

By studying the number of possible conjunctions betweerniques. CCls, on the other hand, have no azimuthal coher-
the four spacecraft we can determine the amount of time thagnce but may have wavenumbers along the magnetic field,
any two QUATRO spacecraft will be in a tail-aligned config- with frequencies below the local lower-hybrid resonance and
uration. This is shown in Figure 4. Since more than 500wavelengths of 300-2000 km. QUATRO spacecraft in the
hours of data will be available from the first year of opera-“aligned” configuration will be able to measure these waves.
tion, and assuming a substorm recurrence rate of one everyThus should an inherent instability prove to be the “smoking
hours, we conclude than even with a 50% data return frongun” of auroral substorm activity, QUATRO will be able to
the QUATRO mission more than 80 substorms will be stud-distinguish between the two most prominent possibilities,
ied by a tail-aligned configuration. This is an order of magni-which will focus the attention of future theory and modeling
tude improvement over fortuitous conjunctions betweenon the correct mechanisms most relevant to substorm gener-
current spacecraft. ation.
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Figure 4. Residence time (hrs) of any two QUATRO Figure 5. Residence time (hours) of any two QUATRO

js;?[acecraft atfta tail-alitgnedﬂ(]within_dzz.5° tc_Jf the t?i[[tagis) spacecraft at a cross-tail (within 22.5° of thg 4}, direction)
interspacecraft separation. The residence time is plotted as; : . h—
function of two parameters: The radial distance of the Cemelﬁterspacecraft separation. The format is the same as in Fig

of mass of the spacecraft <R> and the interspacecraft di%gjé. Total integrated time in this configuration is 1166
tance dR. Total time in this configuration is 562 hrs. '
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2.2 Magnetopause and radiation belt science instruments: An electron/ion electrostatic analyzer (ESA)
measuring the 3 dimensional ion and electron distribution in
the range of 3-30 KeV, once per spin. A fluxgate magnetom-

provide answers to outstanding questions at two othef'e" (MAG) producing 16 vector magnetic field measure-

; S it .. ments every spin period, at an absolute resolution of 1 nT. A
nglj;gns that it will visit: The magnetopause and the rad'atlor{?olid-state telescope (SST) with two look angles, at 30

degrees above and below the spin plane, each with a 15
degree field of view. Each detector will measure electrons

Although QUATRO'’s orbit and instrumentation were opti-
mized for substorm studies, QUATRO is uniquely suited to

QUATRO SCIENCE REQUIREMENTS and ions in the 20 keV-1MeV range and its pointing elimi-
Timing of 2000 km/s speed signal nates sun-light Whl|e being close enough to the ecliptic plane
between CD and BBFs, over 1-5 Re | gaseline 2s spin rate exceeds thal. to monitor the ~90° pitch angles in the ring current as well as
SC separations: => Need 3sec resolufion the high speed flow flux increases seen beyond the ESA
Routnely monitor the cross tal Q1 &2 separated by 0.5 Re. energy range. The instruments are based on existing designs

as shown on Table 2.

B field @ 1 sample/spin
Plasma moments in tail @ 1 sample/spiflanned data accumulation rate
Distribution functions and energetic exceeds that.
particle spectra at full resolution during
fast flow or dipolarization events. WGT [PWR

- - INSTRUMENT r mW) |HERITAGE
B field relative accuracy to 1 nT Standard Fluxgate and ESA : @) |(mW)

i calibration exceeds that ESA, w/ High Voltage
and_moments relative accuracy to 1094 bit k led e & Analog Electronics 2,015| 1,26QFAST Sensor
Orbit knowledge to 10% of S/C sep. | Orbit knowledge requirement
satisfied by tracking requirements

SST with High Voltage

Keep interspacecraft separations Orbit stable to J2, lunar and & Analog Electronics 481 400 WIND Sensor
in range of 0.2-5 Re: Requires other perturbations. Orbit MAG, Sensor Feedbach

stability of orbit configuration: placement will be fine-tuned Drive & Digital Circuitry] 480|600 FAST Sensor
Q1-Q2 withinA(inc)~+2.5deg during L&EO; orbit solution

Q2-Q3 withinA(T)~+2.5 hrs converges through either ranging

Q3-Q4 within  A(ma)~13 deg. or ground tracking angles.

Table 2. QUATRO spacecraft instruments.

Table 1. QUATRO science requirements.
The relative orbital separations remain within prescribed
At the magnetopause QUATRO will determine the limits because the orbits were designed to be robust to sec-
boundary conditions, extent, and effects of reconnection ovepnd order corrections. This is achieved as a result of a com-
scale-lengths between 0.3-8 Re, utilizing more than 700 hr§on perigee for all four orbits (minimizing J2 and drag
of 2 and 3 spacecraft magnetopause azimuthal conjunctiongffects) and the similarity of the remaining orbital elements
At the radiation belts, QUATRO will be able to determine of the four QUATRO spacecraft. Figure 6 illustrates that
the source of MeV electrons at storm recovery. The rapid?0int using the Goddard Trajectory Determination System
replenishment of radiation belt electrons at storm recoverynd including all relevant higher order perturbations.
represents the largest electron flux increase during the entire All of the science requirements are met by simple, COTS
progression of the storm. The mechanism for rapid (~4c0mponents. For example, attitude determination is possible
hours) acceleration of those electrons is an outstanding quet® better than 0.2 degrees (one sigma error) using standard
tion in radiation belt dynamics today. QUATRO will deter- sun and horizon sensors, based on an analysis that uses
mine whether radial transport is responsible for the observetlight-proven sensor data. Orbit determination is possible to
rapid flux increase by measuring the radial profile of equatoWithin ~1 km assuming a ~1 minute ranging session follow-
rial energetic electrons from 3 to 12 Re with a fast repetitioning each telemetry contact [Angelopoulos et al., 1998].
period: One radial profile will be acquired by any QUATRO Backup usage of the tracking antenna pointing angle data
spacecraft every 2.5 hours, i.e., at a time scale commensura#@n produce the desired orbit knowledge of 10% of the inter-
with the MeV electron energization. This frequent radialSpacecraft separation very quickly within the mission.

profile acquisition is made possible only because of theSpacecraft stability is 1 degree or better by using the central
existence of mu|tip|e Spacecraﬁ, since a Sing|e Spacecraft]G' tank as a nutation damper rather than additional nutation

scans the radiation belts only every 12 hours. dampers. Due to the choice of small thrusters, attitude con-
trol is feasible to within 5 degrees. By focusing on a few out-
2.3 Science requirements versus instrumentation standing science objectives, QUATRO eliminates generic

. . . . _attitude and orbit knowledge and stability solutions that
The mission requirements stemming from the primary sci<.q,1d have been expensive, power hungry and heavy.

ence objective (substorm science) are outlined in Table 1. gy data accumulation that can achieve the mission
Science instruments flown on current missions easily exceegjence objectives results in 120 Mbits of data storage per
the QUATRO requirements. A low-cost approach 10 theg it The data collection includes routine full distribution
QUATRO mission calls for re-utilization of existing designs, f,nction (FDF) recording at a low time rate (once per 40 sec-
since the primary methodology for achieving the missiongq) hyt also full or reduced distribution function recording
goals is not advanced instrumentation but rather a wellepg of RDF) at every spin at times of “burst” data collec-
focur?ed orbit de5|g|n 1;ollowm_g|]| (E)arefu_l m'ssg?lr‘ agaly_srlls. he tion. Triggers for burst data recording will be based on exist-
The QUATRO platform will be spin-stabilized with the ' |gic developed for WIND which manages to trigger on

spin axis normal to the ecliptic plane and a spin period of Z[" sty flow and dipolarization events in the near-Earth
seconds. Each spacecraft will be equipped with three SCIeNGRgion, as well as on magnetopause encounters.
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The collected data can be stored and dumped during thgtage, i.e., the Atlas and Titan series launch vehicles.
inbound or outbound leg of the orbit when sufficient link  The co-manifest launch opportunity selected for study
margin is available [Angelopoulos et al., 1998]. To maximizewas the launch of the GOES-M satellite on an Atlas IlA on
science return from a limited bandwidth we require that dataluly 1, 2001. It has a 394.6 kg of margin over and above the
collected at periods when all four satellites were in the magtaunch contingency allocated to the primary spacecraft. Cur-
netosphere receive highest priority for retaining and dumpsent estimates of the total weight of the four QUATRO
ing. Thus a favorable orbit's data which did not transmit tospacecraft complement are 98.4 kg, including an overall
the ground due to lack of station coverage may be recorde®5% mass contingency. Thus the QUATRO mission weight
on memory and transmitted at a later time, taking precederis approximately one fourth of the current throw-weight
over the current orbit’'s data. capability of the GOES-M launch. Lockheed Martin under
contract from NASA-LeRC performed a launch feasibility
and cost analysis of the QUATRO co-manifest launch, con-

367 [T SR T cluding that it is possible to launch QUATRO in the desired
274 INCLINATION & MEAN ANOMALY orbit (GTO), with the desired initial spin rate (> 30 RPM ini-
181 B N Ao A BENON tial spin) and orientation (spin normal to the ecliptic to

within 5 degrees) for the cost of $3.3 M. This represents

9] 94 . .
8 BOPER) nearly an order of magnitude cost reduction over a Pegasus
20 launch, which comes with a bonus of an increased accuracy
0] ARAAN) - in orbit injection and knowledge. The actual cost may vary
g SHABEERIANCTO depending on the specific type of spacecraft adapter ring
;] [QurRozaps precess oy ov qsed on the antaur upper stage, as well as on the peculiari-
D TR e ties of the_ primary spacecraft for the particular launch
187 | AFFECT ADVERSELY THEIR SEPARATIO selected. Figure 7 shows the QUATRO spacecraft mounted
99 L on the adaptor ring of the Centaur upper stage, and observing
S0 ARAAN) all clearance requirements from the various electronic, elec-
2 trical and mechanical modules that attach to the bracket.
294 AAPER)
B N s ;
FET - CENTAUR - PRIMARY
T - SPACECDRAFT ADAPTER
30 { ARAAN)=A(APERFAPER)A(NC)-0 [ . RING (TYPE-B1)
) AMA)~0 ot A . 7
[0] e & 1 i
o e ey
50 «.___:ub o
o} QUATRO 3 AND 4 ORBITAL ] P A =
o ELEMENT DIFFERENCES ] ";fl- Y
~30 INCLUDING THE MEAN f e | ]
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Figure 6. Evolution of QUATRO interspacecraft separa- v M (L #
tion over a 13 month period using the Goddard Trajectory Ix: | \ (LY
Determination System. The integrator includes J2, lunar, so ll i
lar and drag effects. The QUATRO formation is robust to or- I e i e
bital perturbations and its constancy depends on the accurac
of the initial orbit placement.
3. MISSION IMPLEMENTATION i ] BT P LR
3.1 Co-manifest launch opportunity Figure 7. QUATRO mounting on Centaur adapter ring.

A near-equatorial orbit for a spacecraft that weighs ~100__The Atlas launch provides a “smooth” ride to the QUA-
kg can be achieved by a single Pegasus launch with an addiRO spacecra_ft and attach bracket, such that a S|mple release
tional solid motor fourth stage. An alternative approach is toechanism (Figure 8) can carry the ascent and primary sepa-
use existing rides to the Geosynchronous Transfer Orbifation loads, while providing a robust release and spin-up
(GTO) and use on-board propulsion to position the spaceQP€ration. The release as a function of initial conditions of
craft in their final orbits. The latter is the approach taken inth® QUATRO fuel mass was studied by NASA LeRC, while

this writeup. We identified a potential launch opportunity & Parametric study of the location, orientation and strength of
with additional lift margin and used that opportunity to dem- the release spring has been completed as a part of a Master’s
onstrate feasibility of the launch scheme. Nevertheless, thi&1€sis project [Gun, 1998]. Both those studies indicate that
analysis described here can be used on a wide variety dff€spective of the initial fuel location a final 30RPM spin
launch vehicles that utilize the Centaur engine as an uppd@te is achieved (Figure 9), while clearance between the
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magnetometer boom and the adapter ring or the other QUA- The propulsion system utilizes a monopropellant blow-
TRO spacecraft is maintained throughout the release. down hydrazine fuel tank. This is an off-the-shelf component
It is important to note that prior to the release, propellantwith low weight and cost, proven flight history and short
settling is achieved via a 5RPM rotation of the Centaur priordelivery schedule. The tank uses a single fill and drain port
to the release. Furthermore, a hinged release mechanisior both loading and blowdown of fuel. Positive expulsion is
keeps QUATRO spinning only about the Z-axis during themaintained by placing the fuel tank off-center from the
release minimizing effects of fuel slosh. Any nutation spacecraft spin axis, allowing centrifugal forces to keep the
present upon release will be readily damped such that thfuel adjacent to the port at all times after QUATRO spin-up.
final spin vector will be along the torque imparted by the Two orthogonal thrusters are used. The first thruster,
spring force, because the fuel itself acts as an exceptionahounted along the spacecraft spin axis but off centered from
nutation damper. To accentuate the operation of the fuel asthe center of mass has dual purpose: On continuous thrusting
nutation damper, we have incorporated tank baffles (nomode it performs the main delta-V maneuvers, after the
shown here) and we are also considering elastomeric diaspacecraft has been positioned to spin along the direction of
phragm, and a separate nutation damper as alternatives. the required deltaV. On pulsed mode, once per spin, it

Payload Turn On Switches? torques and re-orients the spacecraft to point at any given
o PLME////j::];/Q direction. Since the thruster plume cannot be controlled to
R //4pprox Kicloft Motion better than 0.5 degrees, we deliberately design it to be ~1
= degree canted away from the spin axis to spin up the space-
A . . .
@?—?CENTAUR PLATE pi=b — . craft during its operation. The second thruster then acts to
Hook Edge Release 1/4" TiNi Frangibolt g . y
(with toller bearings) for Launch Restraint slow the spin rates induced by the first thruster.
/’ ) QUATRO Release Final Spin Rate
\ [/ TOPVIEW o 5 As a Function of N2H4 Mass Location
[ CentaurBracket B oo e o
N N 5 ! ! !
I Q ‘ : !
-l — pommemeeees E—— pTmmeeees
QUATRO PLATE VIEW FROM CENTAUR 4 3 3 3
TR Q2 |----mmmm oo i 7777777777777 R I
IS ‘ ! :
= = Slosh Mass Assumed on Tank Wall
Centaur (S TWO SPRINGS FOR gl Location Measured Counter Clockwise [
Positive N QUATRO KICKOFF AND n From Bottom of Tank
Release SPIN-UP o 1 T T

Indicator

Switch = 0 100 200 300 400
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] Figure 9. QUATRO simulation results show that a >30

Figure 8. QUATRO mounting and release mechanism. RPM spinrate is achieved independent of initial fuel location.

Following their release to GTO, the QUATRO spacecraft__The stiff DPU casing is both the mounting point of QUA-
will use their own propulsion systems to raise themselves td RO 0n the LV adapter and the mounting of the tank within
their final orbits. Figure 10 shows the orbit evolution from QUATRO. The rest of the propulsion system, instruments
GTO to the final equatorial orbit of 1500 km perigee altitude@Nd Spacecraft subsystems are mounted on the spacecraft
by 12.5 RE apogee geocentric distance. This requires a tot8fiff Al plates that connect the honeycomb Al solar panel
deltaV of 1100 m/s which is achieved with a monopropellantSUpport. Graphite epoxy shells cover the tank and provide
hydrazine-to-dry-spacecraft-mass ratio of 75%. The orbidded stiffness, as well as mounting surface for Kapton ther-
ascent to the final orbit is described in the companion papeial blankets and two spacecraft antennas. The MAG boom
by Angelopoulos et al. [1998]. Its main design was a seriedS the only deployable part of the QUATRO spacecraft. Itis a
of ~14 low impulse maneuvers to be completed over a perio@raphite epoxy boom (Lunar Prospector heritage) deployed
of less than a month, through which near-real time telemetryia centrifugal acceleration on a hinge immediately after
allows continuous checkout of autonomous spacecraft pelQUATRO release. It latches in place radially outwards from

formance without the need for real time control. the spacecraft center of mass.
QUATRO is powered from three 12"X6" GaAs panels,
3.2 Spacecraft design made of 2X2 cm sized cells with 6 mils of coverglass. Each

panel produces 6.31 Watts power at 32.54 Volts at end-of-life
Operational simplicity, low risk and usage of off-the- in the QUATRO radiation environment. A string of 24 NiMH

shelf, low cost, and ample heritage components form thd-2V battery cells, provides 33.4 Whr at 28.8 V. A second
basis of the QUATRO design. Instruments were distributec?ring with its own charger is included for redundancy. RF
around the tank to maximize dynamic spin balance. Thre@peration during 12 min. science data downlink can be easily
solar panels in triangular mounting with sensor placement iccommodated by a single string. Alternating between the
cut-aways minimize power spin-ripple and shadowing. AtWO battery strings from one ground contact to the next pro-
common instrument and spacecraft DPU minimizes connec¥ides low battery stress and redundancy. After each downlink
tors and is housed in a stiff rectangular Aluminum box, the battery string is recharged at 1.75 Watts in 3.5 hrs.
both for radiation shielding and for structural support. Battery control and conditioning takes place on the main
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DPU. Power distribution to Tx/Rx, HVPS, and instruments craft for a mission that only requires two-spacecraft conjunc-
is taking place at FET-switched 28 Volts. Power down-con-tions for its basic science goals mitigates risk and abolishes
version to 5V for the DPU and A/D converters, and +-12 V an expensive quality assurance program. Thus, traditional
for the amplifiers is taking place via InterPoint MCH-series spacecraft cost models cannot approximate the cost of the
power converters. The DPU centralizes the operation an@UATRO spacecraft estimated from grassroots accounting.
data collection for all of the instruments/subsystems and

minimizes external harnessing. Spacecraft uplink and down- 3. CONCLUSIONS

link is accomplished using two body mounted ground-plane

antennas, one 1/4 wavelength and the other 3/4 wavelength
with a maximum gain of 2.7 dBi. The RF operation is USing funds from CALSPACE grant, the QUATRO space-

described in detail in Angelopoulos et al. [1998]. craft preliminary design has already been completed. A
detailed feasibility study for inclusion of QUATRO as a sec-

ondary payload has been conducted by Lockheed Martin

hf?g@% under NASA/LeRC funding. QUATRO represents an inex-
o, pensive, self-justified, high science return first step towards
ELECTRON & [ON &) k . . L
ELECTRO_STATIC g the realization of the constellation mission.
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