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Spin Index Determination of the Hawkeye Spacecraft
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We have developed a method to despin data from the Hawkeye spacecraft (1974–1978) that involves analyzing
the variation of solar array voltage with sun phase angle. This new method is needed because the optical aspect
system on the Hawkeye spacecraft failed fourmonthsinto its mission, after which the spacecraft spin index could be
determined only for limited periodsusing two other methods.Adding our new solar array techniquenearly doubles
the availabledata.The Hawkeye mission was designed to study high-latitude,high-altitudemagnetosphere(exterior
cusp, surroundingmagnetopauseand boundarylayers, the polarcap, andAuroral � eld lines). The scienti� c payload
was designedtomeasurethe in situ plasma,magnetic,andelectric � elds. Besides Hawkeye, onlytheHighly Eccentric
Orbiting Satellite-2 (HEOS-2) systematically explored this region of the Earth’s geospace. Determining the spin
index for the rest of the data, and subsequently despinning these data and representing them in a geophysically
meaningful coordinate system, is still important due to the uniqueness of Hawkeye’s orbit. The solar array method
presented is based on searching parameter space for the solution that results in the best self-organization in spin
index of the solar array voltagemeasurements. The spin index computed using this method is compared against the
spin index determined from other methods. The resulting despun magnetic � eld data are compared with magnetic
� eld models and with in situ magnetic � eld measurements in the solar wind made by the IMP-8 spacecraft.

I. Introduction

O NLY two spacecraft,the Highly Eccentric Orbiting Satellite-2
(HEOS 2) and Hawkeye, have been launched into orbits that

sample the high-latitude, high-altitude magnetosphere and magne-
tosheath on a routine basis. The HEOS 2 mission lasted for two
years. Its magnetometer data are archived at a resolution of 32 s.
Unfortunately, the rest of the data set, including the particle data, is
lost.The NASA LangleyResearchCenter/Universityof IowaHawk-
eye spacecraft was launched on 3 June 1974 and reentered on 28
April 1978. Its orbital period is »51 h, and its spin period is »11 s.
Hawkeye’s perigee is »1:1RE , and its apogee is »21RE . Its apogee
is located above the northern hemisphere, making Hawkeye’s orbit
ideal for studyingthe high-latitudemagnetopauseandboundarylay-
ers around and antisunwardof the northern cusp (Fig. 1). About 40
papers havebeen written using Hawkeye data, includingfar ranging
topics such as the Earth as a radio source, electrostaticturbulencein
the magnetosphere,plasma waves and instabilitiesin the polar cusp,
the polarizationand origin of auroral kilometric radiation, the auro-
ral plasma cavity, high-latitude reconnection, and the exterior and
interiorpolarcusps.All fouryears’worthof theoriginaldata, includ-
ing engineering and trajectory data, have been preserved, but only
abouthalf of thesewere despun.Thus, importantparameterssuch as
the magnetic � eld direction and the plasma � ow direction were not
available for the undespundata. Despinning the rest of the Hawkeye
data will almost double the amount of high-latitude data available
to the scienti� c community. Current satellites such as the Defense
Meteorological Satellite Program, POLAR, and Cluster-II do not
sample this uniquehigh-latituderegion. In the foreseeablefuture,no
missions will explore this region of geospace on a systematicbasis.

To despin data measured by instruments on a spin-stabilized
spacecraft such as Hawkeye, both the orientation of the spin axis
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and a phase angle must be known. The phase angle is the angle in
the spin plane measured, at a given time, from a reference point ex-
ternal to the spacecraft. For Hawkeye, this angle, which we call the
spin index, is the angle in the spin plane between the sun direction
projected into the spin plane and the positive x axis in the undespun
spacecraft coordinate system, which is � xed relative to the space-
craft body.As the spacecraftrotates, this angle varies between 0 and
360 deg. The relationof the undespunspacecraft coordinate system
to the spacecraft body is shown in Fig. 2. The spin axis is directed
to a � xed point on the celestial sphere with a right ascension of
299:4 » deg § 1:1 deg and a declination of 7:8 » deg§ 1:5 » deg
and varied little over the mission. The spin index was determined
during the � rst four months using the optical aspect (OA) system,
but on 3 September 1974, the system could not be commanded on
after being turned off, and, therefore, the standard technique for
despinning the data could not be further used.

After the failure of the OA system, a number of alternativemeth-
ods were consideredby Van Allen’s group at the Universityof Iowa
for determining the spin period and spin index (see Refs. 1 and
2). Two methods were developed and put into practice: One was
to use the magnetometer,1 and the other was to use the plasma in-
strument, a low-energy proton electron differential energy analyzer
(LEPEDEA).2 The magnetometer method compared the magnetic
� eld measurements with a model magnetic � eld1 and was applica-
ble in regions where the magnetic � eld models are fairly reliable:
>200° or <5:4RE at low magnetic latitudes and <6:8RE at high
magnetic latitudes.However, only 10% of its orbit time was spent at
radial distancesless than <6:8RE , and so the magnetometermethod
could be used only for a small portion of each orbit. The second
method used the sun pulse detected by LEPEDEA.2 This sun pulse
was observed on a seasonal basis for about 80 days in the spring
and 80 days in the fall. Therefore, about 160 calendar days per year
could be despun using the LEPEDEA detected sun pulse. With the
OA system and the two methods listed here, about 50% of the data
were despun, leaving the other half undespun.

The approachwe developed,which is basedon solararrayvoltage
measurements, to derive the spin index for the undespun half of the
data set, is discussed in this paper. The reasons for using the solar
array voltage is discussed in the next section, followed by a descrip-
tionof thedespinningmethod that is centeredon self-organizationof
solar array voltage measurements and their associated spin indices
in voltage-indexspace.The developmentof a parameterizedexpres-
sion for the relative spin index is then discussed, followed by the
applicationof this method. Finally, we discuss tests of accurateness
and problems such as timing before giving conclusions.
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II. Why Solar Array Voltage Is Used for Despinning
For spin index determination, one wants a measurement that is

sensitive to an external source of known location, like the sun, and
whose responseto this sourcevariesperiodicallyin a distinctmanner
as the spacecraft rotates. The contamination of the measurement
from other sources must be small or removable. Because the solar
array panel coverage on the spacecraft is asymmetrical about its
spin axis, its instantaneous power output is periodic in a distinct
manner. The response per spin is also approximately invariant over
an orbit because of the constancy of the source, the large distance
to the source, and the slow degradation of the panels in time. This
invariance is only broken around perigee, where the Earth’s albedo
can make an »20% contribution to the instantaneous power, and
also in eclipse.

Thus, instantaneoussolar arraypower is an idealcandidatefor use
in spin index determination, but, unfortunately,instantaneoussolar
array power is not sampled. However, the solar array voltage V is
sampled. In Fig. 3a–3e, the solar array voltage (dots) minus its av-
erage value is plotted vs spin index for different 3-h segments along
one orbit (except near perigee). The solid curve, which we call the
spin modulation curve (SMC), is calculated by averaging all solar
array voltage measurements (»1875) within §24 h of apogee into
small angular bins in spin index and subtracting off the overall av-
erage. The voltagemeasurements trace out a similar distinct pattern
in each panel, demonstrating that this measurement is periodic and

Fig. 1 Orbit of Hawkeye around the Earth.

Fig. 2 Hawkeye spacecraft with undespun x and despun coordinate x 0 systems.

a)

b)

c)

d)

e)

Fig. 3 SMCs for different orbital segments for a given orbit showing
invariance of this curve throughout an orbit.



782 BOARDSEN AND KESSEL

approximately invariant over the orbit, making this measurement a
good candidate for use in spin index determination. We � nd this
invariance to hold on all orbits tested.

Because the spacecraft’s spin axis is not normal to the solar eclip-
tic plane, the solar illumination of the spacecraft changes slowly
with calendar day as the sun angle changes [the angle between the
spin (CZ ) axis of the spacecraft and the sun direction; Fig. 2]. The
sun angle varies from »28 deg on calendar day 24 to »152 deg on
calendar day 207 each year. The shape of the pattern formed by the
voltage measurements as a function of spin index is mainly deter-
mined by the sun angle as demonstrated in Figs. 4a–4f. The time at

a)

b)

c)

d)

e)

f)

Fig. 4 SMCs for different sun angles (different times of year).

apogee and the sun angle is given at the top of each of Figs. 4a–4f.
The patterns and SMCs in Figs. 4c and 4d and Figs. 4e and 4f are
very similar because they have similar sun angles, even though the
measurements are made 365 days and 89 days apart, respectively.
The octahedral shape of the spacecraft is apparent in Figs. 4e and
4f. We � nd that the shape of the SMCs as a function of sun angle
is similar throughout the mission, and we will use this to compute
calibration curves discussed in Sec. III.B.

III. Description of the Despinning Method
If enough solar array voltage measurements are made so that

the SMC is traced out per spacecraft rotation, then one could mark
off this repeated pattern in a time series to despin the spacecraft.
However, like most engineeringdata, this measurement is made in-
frequently,once every »8:5 spacecraftrotations.Therefore,another
method is developed that relies on being able to model the instanta-
neous angular rotation rate of the spacecraft to high precision over
a large time interval (»48 h covering »16,000 spacecraft rotations
composed of »1875 voltage measurements). The high precision
comes about by letting the data self-organize themselves in spin
index as explained hereafter.

In principle, if the initial spin index Á0 at time t0 and the instan-
taneous angular rotation rate !.t/ is known over the time interval
to be despun, then the spin index Á.t/ as a function of time t can be
calculated from the following equation:

Á.t/ D [Á0 C 1Á.t/] mod 2¼ (1)

where 1Á.t/ is the relative spin index and is given by

1Á.t/ D
Z t

t0

!.t 0/ dt 0 (2)

A. Determining D Á(t) Through Self-Organization
The key for this method to work is that a parameterized expres-

sion 1Á.tI !0; !1; : : : / must exist whose parameters !0; !1; : : :
can be adjusted such that this expression becomes an accurate
approximation to 1Á.t/ over the time range to be despun. If such
an approximation cannot be found, this technique will not work.
If such an approximation exists, then given a set of voltage mea-
surements V j taken at times t j , relative phases 1Á.t jI !0; !1; : : : /
can be assigned to these measurements. If the chosen parameters
!0; !1; : : : result in a good solution for 1Á.t/, the pattern formed
by the set of points [V j ; 1Á.t j I !0; !1; : : : / mod 2¼ ] will be dis-
tinct, with minimal scatter. If !0; !1; : : : results in a poor solution,
then the pattern will be nondistinctwith a lot of scatter.

We use the followingexpressionto measure the amount of scatter
in a pattern for a given !0; !1; : : : :

·.!0; !1; : : : / D
PnB

i D 1
m i ¾

2
iPnB

i D 1 m i

(3)

where

¾ 2
i D

X

j 2 i

.V j ¡ NVi /
2

m i

Ái ¡ 1 < [1Á.t j I !0; !1; : : : / mod 2¼ ] < Ái (4)

NV D
X

j 2 i

V j

m i
; Ái ¡ 1 < [1Á.t j I !0; !1; : : : / mod 2¼ ] < Ái

(5)

The integer nB is the number of evenly spaced bins between
0 and 360 deg into which the sensor measurements are sorted
[Ái D 2¼.i=nB /]. The integer m i is the number of measurements
in bin i . The quantities NVi and ¾ 2

i are the mean and variance of the
sensor measurements in bin i . The weighted sum of ¾ 2

i yields the
criteria for self-organization · . If !0; !1; : : : yields a nondistinct
pattern with a lot of scatter, then · will be large. If !0, !1; : : :
yields a distinct pattern with minimal scatter, then · will be small.
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Fig. 5a Solar array voltage vs relative spin index before self-
organization.

Fig. 5b Solar array voltage vs relative spin index after self-
organization.

The !0 , !1; : : : parameter space is searched until the global min-
imum is found whose resulting pattern does not exhibit alias-
ing (see Sec. IV.C). Figure 5a shows the pattern formed by plot-
ting [V j ; 1Á.t j I !0; !1; : : : / mod 2¼ ] using an initial guess for
!0; !1; : : : . It is nondistinct with a lot of scatter. Figure 5b shows
the pattern formed by the same measurements using !0; !1; : : : that
were determined by � nding the global minimum for · . It is very
distinct with minimal scatter.

The strength of this method is that prior knowledge of the pat-
tern formed by the set of measurements is not needed to compute
the relative spin indices, and many techniques can be developed to
determine Á0. However, for this study, enough despun already data
exist to determine the shape of these patterns such that calibration
patterns (SMCs) can be derived and used to determine Á0 .

B. Determining Á0
To determine Á0, a set of calibrationcurves were generated from

previously despun data (see Fig. 4 for examples). The sun angles
of these curves cover the range from 40 to 152 deg. Unfortunately,
no despun data are available for sun angles below 40 deg for gener-
ating calibration curves. The calibration curve whose sun angle is
closest to the sun angle of the interval being despun is used for the
determination of Á0 . Determining Á0 is done by computing Â 2:

Â 2 D
mX

j D 1

fV j ¡ Vcal[Á.t j /]g2

¾Vcal [Á.t j /]2
(6)

for Á0 spaced at 0:1-deg intervals from 0 to 360 deg and taking the
global minimum as the solution, where

m D
nX

i D 1

m i

is the totalnumberofmeasurements,Vcal.Á/ is thecalibrationcurve,
and ¾Vcal .Á/ is the standarddeviationof the calibrationcurvesat spin
index Á.

C. Approximation D Á(t;!0; !1; : : : ) for D Á(t)
As explained in Sec. III.A, it is crucial that a parameterized ex-

pression1Á.tI !0; !1; : : : / exists that is an accurate approximation
to 1Á.t/ for a speci� c set of parameters !0; !1; : : : over the time
interval to be despun. We � nd that the following approximation is
suf� cient:

1Á.tI !0; !1/ D !0t C 1
2 !1t2 (7)

where!0; !1 are the freeparameters.Introducinghigher-orderterms
in Eq. (7) did not result in better solutions for 1Á.t/. Figure 6a
shows the difference (solid jagged black trace) between the 1Á.t/
determined by the OA system and the least squares � t of Eq. (7) to
the OA determined 1Á.t/ over one full orbit. Figure 6b shows the
radial distance of the spacecraft. For the bulk of the orbit centered
around apogee,we � nd that a set of values !0; !1 can be determined
such that Eq. (7) is a good approximation of 1Á.t/. We � nd this
to be true for all orbits despun using the OA system or sun pulse
method and, therefore,conclude that this approximation is good for
all orbits except around perigee or in eclipse. The deviation of the
� t of Eq. (7) from the true solution when the spacecraft approaches
perigee is due to thermal expansion/contraction of the spacecraft,
primarilyfromthe Earth’s albedoand infraredradiationand/or when
the spacecraft passes through the Earth’s shadow.

The time derivativeof 1Á.tI !0; !1/ gives the instantaneousan-
gular frequency

!.t/ D !0 C !1t (8)

From conservationof angular momentum, one expects this expres-
sion to be a constantwhen the spacecraftis at radial distances>5RE

Fig. 6a Difference in spin index determined by the OA system minus
the spin index determined by � tting Eq. (7) to the OA determined spin
index.

Fig. 6b Radial position of the spacecraft.

Fig. 7 Variation of the Hawkeye spin period throughout the four-year
mission.
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where the re� ected and radiated energy � ux from Earth becomes
small, dropping off in intensity as »1=r ¡2 . However, a term, !1,
linear in time, is necessary to model !.t/ accurately over the orbit
segment centered about apogee extending down to a few RE . Dur-
ing the mission, j!1=!0j · 1:5 £ 10¡9 s¡1, with !0 » 33 deg s¡1 . In
general, the !1 term can not be droppedbecausethe sparse sampling
of the solar array voltageswith time requires the despinningof large
time intervals. Because we typically despin from at least a 24- to
48-h contiguous time interval, a drift error from <240 to <720 deg
in the spin index solution can result if !1 is not included.

The variation of the spin period 2¼=!.t/ over the mission is
shown in Fig. 7. The spin period plotted in Fig. 7 is determined
from the OA system or the LEPEDEA sun pulse or magnetometer
methods of despinningthe data.After the antennas’deploymentand
trim, an approximately linear 0:3-s decrease in spin period occurred
over the � rst two years of the mission. The reason for the variation
in the spin period has never been determined. We � nd the change to
be uniform throughoutthe orbit, and so it is not due to effectsaround
perigee, that is, frictional torque from the atmosphere or magnetic
torque from the Earth’s magnetic � eld.

IV. Applying the Despinning Method
The � owchart (Fig. 8) summarizes the procedure for despinning

an orbit segment:
Step A) The orbit segment to be despun must be selected.
Step B) Then · must be minimized.
Step C) The solution !0; !1, found by minimizing · , is then

checked for aliasing. If aliasing is found, modi� cation of the initial
guess or the orbit segment for despinning must be made and the
process restarted at step B.

Step D) If the solution does not show aliasing, then Á0 is deter-
mined, and the science data are despun and checked. If the despun

Fig. 8 Flowchart of steps in the despinning process.

a)

b)

c)

Fig. 9 Examples of different temporal variations in solar array
voltage.

science data check out, the solution is accepted, if not the process
is repeated after making adjustments. Each of these steps will be
described in this section.

A. Step A: Choose the Time Interval
The following criteria are used to select the time interval over

which to despin. Typically, the portion of an orbit was � tted where
the radial position was greater than 5RE . No time interval contains
either the perigee portion of the orbit or an eclipse period. This
was because the spin index (phase angle) was dif� cult to model for
these intervals. Figures 9a–9c show intervals of different temporal
variations in the solar array voltage. The majority of the intervals
were like those of Figs. 9a and 9b, in which the interval was despun
as a whole. In general,we found that the greater the time interval the
better the results. We typically despun a 24–48-h contiguous time
intervalat once. In Fig. 9c, a stepliketransition in solar arrayvoltage
occurred.We found it best to break intervalslike this into piecesand
despineach pieceseparately.We suspectthat thevariationsin Fig. 9c
were due to changing power demands by the spacecraft.

B. Step B: Minimizing ·(!0; !1 )
The simplex method of Nelder and Mead3 (commonly called the

amoeba method) is used to minimize · . This method requires an
initial guess for !0; !1 , which is made by using the values from
previously despun intervals that are closest in time. A scale length
must be speci� ed for !0; !1. The scale lengths were chosen by
trial and error. Roughly, the amoeba takes steps in parameter space
on the order of the scale lengths, adjusting the scale lengths as it
goes along, until a minimum is found. (See Press et al.4 for more
details.) Its important that the initial scale length for !0 be large
enough to reduce the likelihood of convergenceon a minimum that
is not global. This scale length must also be much smaller than the
sampling frequency of the voltage measurements.

Before running the simplex method, the number of angular bins
nB used in the computation of · must be determined. Because of
the octahedral symmetry about the spacecraft’s spin axis, many of
the SMC curves exhibit octahedral symmetry, suggesting that the
minimum number of bins should be 16, that is, a bin for each local
minimum and maximum. From exploringthe surfacede� ned by · in
!0; !1 space, it was determinedthat the depthsof the localminimum
are a function of nB . The greater the number of bins, the deeper the
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minima due to aliasingbecome,whereas the minima due to harmon-
ics of the SMC become shallower. The true solution and its mirror
solution and their jmj D 1 aliases (Sec. IV.C) are the global min-
ima of · . These global minima were also found to have the largest
widths in parameter space. By experimentingwith nB ranging from
4 to 128, we settled on nB D 32 for giving the best overall � t. By
experimentation,we � nd that the number of voltage measurements
must be greater than 4nB , and we are unable to obtain a good spin
index solution if the time interval despun was less than 2 h, or 64
measurementsdistributedover 16 angular bins. Figure 5a shows the
resulting (poorly organized) pattern in voltage measurements from
the initial guess, and Fig. 5b shows the � nal (well-organized)pattern
using the solution from the simplex method.

C. Step C: Checking for Aliasing
Once a solution !0; !1 is found by minimizing · , the resulting

pattern for this solution must be tested for aliasing because the
angular sampling frequency !s of 3:9 deg/s (sampling time ts is
92:16 s) is much less the angular spin frequency of »33 deg/s. We
designate !T

0 , !T
1 as the true solutions for !0; !1 . The true solution

!T
0 can be written as

!T
0 D !s.k C ®/ (9)

where

k D � x
¡
!T

0

¯
!s

¢
(10)

® D
¡
!T

0

¯
!s

¢
modulus1 (11)

where 0 · ® < 1. For Hawkeye, k D 8 and 0:37 < ® < 0:62. The rel-
ative phase for measurement i , i D 0; n samples, taken at time i ts

is

.1Ái=2¼/ modulus1 D
£¡

!T
0

¯
2¼

¢
i t s C

¡
!T

1

¯
4¼

¢
i 2t2

s

¤
modulus1

D .i® C i 2¯/ modulus 1 (12)

where ¯ D .!T
1 =4¼/t2

s and n2¯ · 2. The pattern formed by the set
of samples f.1Ái modulus 2¼/; Vi I i D 0; ng is independentof the
integer value of k, and, therefore, different integer values for k rep-
resent alias solutions.

In general, alias solutions of the true solution are given by

!0ml D !s[.l C ®/=m] (13a)

!1m D !T
1

¯
m (13b)

The quantities l and m are integers and m 6D 0. The integer jmj gives
the number of times the pattern will be repeated between 0 and
360 deg. If m D 1 and l D k, then Eq. (13a) becomes Eq. (9). If
m D ¡1 and l D ¡k ¡ 1, then Eqs. (13a) and (13b) become

!M
0 D !s[k C .1 ¡ ®/] (14a)

!M
1 D ¡!T

1 (14b)

the pattern resulting from this solution is the mirror re� ection about
180 deg of that of the true solution. The pattern, using simulated
data, resulting from a true solution and its alias solution for m D 5,
is shown in Fig. 10.

If the solution !0; !1 showed m cycle aliasing in its pattern, the
simplex routine was restarted using the following initial conditions
for !0

0; !0
1:

!0
0 D !s [k C .m!0=!s/ mod 1] (15a)

!0
1 D m!1 (15b)

Equation (15a) is obtained by solving Eq. (13a) for ® and substitut-
ing it into Eq. (9).

Havingfounda solutionwhere jm j D 1, itmust thenbedetermined
whether this solution is the true solution equation (9) or the mirror
solutionequation (14). For Hawkeye, determiningwhich solutionto

Fig. 10 Simulated data showing SMC for true solution (large dots)
and for m = 5 aliasing (small dots).

choose is generally not a problem because the maximum change in
!0 between consecutiveorbits (<0:009 deg/s) is much less than the
separation between the true solution and mirror solution !s.2 ¡ ®/
for most of the mission. Thus, if the solution from a neighboring
orbit is known, then the correct solution can be determined as long
as the following condition holds:

j0:5 ¡ ®j > 1!0=!s » 0:0023 (16)

However, when this condition is violated, that is, when ® goes
through 0:5, a resonance, then earlier knowledge of the spin index
curve is used for similar sun angles in choosing the correct solution.
Magnetometer data are also used, because their angular sampling
frequency of 180 deg/s is much greater than !s . (See Sec. IV.D on
how magnetometer data are used.) If the solution was found to be
the mirror solution, then

!0
0 D !sfk C [1 ¡ .!0=!s / mod1]g (17a)

!0
1 D ¡!1 (17b)

were used as initial conditions in reminimizing · .
Resonances occur whenever

® D m1=m2 (18)

where m2 > m1 are positive integers composed of no common fac-
tors. Exactly at a resonance, the solar array voltage is sampled at
only m2 discreet points in spin index. For Hawkeye, the !1 term
varies enoughover an orbit segment that going through a resonance
is not a problem because the solar array voltages are sampled over
the entire range of spin index.

Besides alias solutions contributing local minimum to ·.!0; !1/,
harmonics of the Fourier transform of the spin index curve can also
contribute to a local minimum. For example, the second harmonic
of the Fourier transform of the spin index curve in Fig. 10 is twice
as large as that of the fundamental. In this situation, trial and error
is heavily relied on in changing the initial guess for reminimizing· .
However, if the harmonic number m3 associatedwith minimal · can
be identi� ed, one can try

!0
0 D !sfk C [1 ¡ .!0=m3!s/ mod1]g (19a)

!0
1 D !1=m3 (19b)

as a new initial guess.
After determining!0; !1, then Á0 is determinedusing the method

described in Sec. III.B.
To the test the reliability and accuracy of this method, it was

tested on 102 orbits that were already despun by either the OA sys-
tem or the LEPEDEA sun pulse method. Because we cannot despin
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Fig. 11 Distribution in the error in the spin index solution using the
solar array method.

through perigee, this method was applied to each orbit separately
over a »48-h time intervalcenteredaround the apogeeof each orbit.
The distribution of the difference between the spin index solution
using this method and either the OA solution or the LEPEDEA sun
pulse solution is shown in Fig. 11. This distribution is composed of
172,395 measurements from these 102 orbits. The standard devia-
tion of this distribution is »2 deg about a mean of 0 deg. Based on
this distribution, the error in determining the spin index solution is
estimated to be less than 5 deg 98% of the time, less than 2 deg 80%
of the time, and less than 1 deg 46% of the time.

D. Checking Despun Science Data
In applying this method to previously undespun intervals, visual

checks are used to gauge the reliability of the spin index solutions.
To do this, the despun Hawkeye magnetometer data are compared
with the Tsyganenkoand Stern magnetic � eld model5 and with near-
Earth interplanetarymagnetic � eld (IMF) measurements. The IMF
measurements were made by InterplanetaryMonitoring Platform-8
(IMP-8) (»33RE semicircularmidlatitudeorbitaboutEarth)when it
was in the solarwind.The Tsyganenkoand Sternmodel is applicable
inside the Earth’s magnetosphere; the despun magnetometer data
should be in reasonable agreement with those of the Tsyganenko
and Stern model when Hawkeye is in the magnetosphere.Because
the solar wind near Earth is approximately homogeneous, the IMF
direction and the Hawkeye magnetic � eld direction should be in
reasonable agreement when Hawkeye is in the solar wind. These
measurements should be in rough agreement when Hawkeye is in
the magnetosheath, where it detects the shocked solar wind after
passage through the Earth’s bow shock.

Figure 12 is a example of the plot we developedto help detect any
gross errors that occurred in the spin index solution. Solutions were
not extrapolated through perigee. In Figs. 12a–12c, the black traces
(dots) are despun Hawkeye magnetometer measurements, whereas
the red trace is the Tsyganenkoand Stern5 model, and the greendots
are 5-min resolution IMP-8 IMF measurements while in the solar
wind. Figure 12a displays the magnetic � eld magnitudes, Fig. 12b
displays the latitudinal angle in geomagnetic solar magnetospheric
coordinates (GSM) of the magnetic � eld direction, and Fig. 12c
displays the Á angle in GSM of the magnetic � eld direction.

For this example, Hawkeye was in the magnetosheath from day
349, »2000 universal time (UT) to day 350, »1330 UT, and on
day 350 from »1930 UT to »2300 UT. For these time periods,
the Hawkeye magnetic � eld directions are in reasonable agreement
with the IMF directions. The plasma � ow direction in the magne-
tosheath is steadier than the sheath magnetic � eld direction,tending
to � ow tailward. It is plotted as black dots in Fig. 12d. The smooth
purple curve shows the estimated � ow direction based on a simple
steady-statemodel of the magnetosheath� ow direction. In the mag-
netosheath, a sharp break in this � ow direction not accompaniedby

Fig. 12 Example survey plot used to judge the reliability of the spin
index solution is shown; comparison of despun magnetic � eld and � ow
direction to models.

a sharp change in the solar wind directionwould indicate a potential
error in the spin index solution.For times in Fig. 12 outside of these
two intervals, Hawkeye is in the magnetosphere, and the Hawk-
eye magnetic � eld directions are in reasonable agreement with the
directions computed from the Tsyganenko and Stern5 model. This
agreement indicates that the despun solution for this orbit is reason-
able and contains no gross errors. Because the magnetometer data
have a high sampling rate, errors in despinning, like aliasing, will
show up as oscillations in the magnetic � eld direction (Figs. 12b
and 12c) when Hawkeye is inside the magnetosphere.

For the survey plots (see Fig. 12 for an example), an error of
>5 deg is easy to pick up when Hawkeye is in the magnetosphere
because a noticeable discontinuity in the magnetic direction traces
is present (Figs. 12c and 12d). To judge the reasonableness of the
spin index solutions, plots like these were generated for the entire
Hawkeye mission and visually inspected. For intervals in which
the solution seemed unreasonable, the spin index solution for that
interval was recomputed after making adjustments. These adjust-
ments involve changing nB , making small modi� cations to the ini-
tial guesses and/or subdividing the interval into subintervals, and
� tting each subinterval separately.

V. Discussion
The method described in this paper can be potentially applied

to other spacecraft (spinors or dual spinors) that have experienced
attitudesystemfailures if items1–5 in the followinglist are satis� ed:

1) A sensormeasurementmust be availablewhose response to an
external source of known location is distinct and periodic with re-
spect to the spacecraft’s spin period and is invariantover the interval
to be despun.

2) A good parameterized approximation such as Eq. (7) and
demonstrated in Fig. 6a, must exist for the relative phase [Eq. (2)].

3) A method for determining Á0 must be developed.
4) If the data are sampled at a rate of less than half of the spin

period, a method must be developed to remove aliasing from the
solution.
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5) The spin axis orientation must be known.
Items 6–9 are useful in support of the � rst � ve items.
6) Science-quality vector magnetometer measurements with a

sampling rate greater than half of the spin period are desirable.
7) The availabilityof despun data, before the failure of the space-

craft attitude system, that can be used to test the reliability of this
method is desirable.

8) Pre� ight calibration data of the sensor response for different
spacecraftorientationswith respect to the sun is desirable(not avail-
able for Hawkeye).

9) A pre� ight model of the sensor response (not available for
Hawkeye) is desirable.

Item 1 is the most critical; for Hawkeye the solar array voltage
measurements best satisfy this item as demonstrated in Fig. 3. For
Hawkeye, item 7 was satis� ed and used for determiningÁ0 (item 3),
as explainedin Sec. III.B. However, if item 7 is not satis� ed, magne-
tometer measurements (item 6), if available, can be used in regions
where magnetic � eld models are reliable to determine item 3. They
can also be used to determine items 4 and 5. The function [Eq. (3)]
we use to measure the degree of self-organizationrelieson the SMC
being single valued as a function of spin index. If this is violated, a
more complicated measure must be developed. For example, if an
instrument was drawing large amounts power, in a cycle, from the
spacecraft, this could cause the pattern formed by the voltage mea-
surements to be double valued as a functionof spin index, requiring
a different and computationally more taxing measure than the one
used in this study.

One problem to be aware of is the potential existence of timing
errors in the sensor measurement time tag. For Hawkeye, a 1-s
error would lead to a »33-deg error in the spin index solution for
data despun during that interval. This method is dependent on the
relative time being suf� ciently linear over the interval for which
the spin index solution is being determined. We suspect that the
two potential sources of timing errors are 1) radiation upsetting the
spacecraftclockand 2) conversionfrom spacecrafttime to universal
time on the ground. We suspect that case 2 happened occasionally
when spacecraft trackingwas switched to a differentground station.

VI. Summary
In summary, the method developedin this paper was successfully

applied in determining the spin index of the Hawkeye spacecraft.

Color reproduction courtesy of NASA Goddard Space Flight Center.

This method relies on self-organization of the solar array voltage
measurements in the spin index. Orbit data previously undespun
over the mission were despun in this study, excluding the orbit seg-
ments around perigee due to thermal expansion and the effects of
albedo. Based on comparing this method with other methods for
spin index determination, it is estimated that the accuracy of this
method is about »2 deg. The resulting despun magnetometer data
for the entire Hawkeye mission have been converted to the sci-
enti� c common data format and archived at the National Space
Science Data Center (NSSDC). The data set is presently avail-
able via the Coordinated Data Analysis Web (CDAWeb) for plot-
tingand/or downloading� les (http://cdaweb.gsfc.nasa.gov).The de-
spin check plots (see Fig. 12 for an example) are also presently
electronically accessible via the Hawkeye Web page at NSSDC
(http://nssdc.gsfc.nasa.gov/hawkeye/hawkeye.html).
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