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Spin Index Determination of the Hawkeye Spacecraft

Scott A. Boardsen* and Ramona L. Kessel "
NASA Goddard Space Flight Center, Greenbelt, Maryland 20770

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 four monthsinto its mission, after which the spacecraft spin index could be
determined only for limited periods using two other methods. Adding our new solar array technique nearly doubles
the availabledata. The Hawkeye mission was designed to study high-latitude,high-altitudemagnetosphere (exterior
cusp, surrounding magnetopauseand boundarylayers, the polar cap, and Auroral field lines). The scientific payload
was designed to measure the in situ plasma, magnetic,and electric fields. Besides Hawkeye, only the Highly 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 voltage measurements. The spin index computed using this method is compared against the
spin index determined from other methods. The resulting despun magnetic field data are compared with magnetic
field models and with in situ magnetic field measurements in the solar wind made by the IMP-8 spacecraft.

I. Introduction

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 Langley Research Center/University of lowa Hawk-
eye spacecraft was launched on 3 June 1974 and reentered on 28
April 1978. Its orbital period is ~51 h, and its spin periodis ~11 s.
Hawkeye’s perigeeis ~1.1Rg, and its apogeeis ~21Rg. Its apogee
is located above the northern hemisphere, making Hawkeye’s orbit
ideal for studyingthe high-latitudemagnetopauseand boundarylay-
ers around and antisunward of the northern cusp (Fig. 1). About 40
papers have been written using Hawkeye data, including far 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’ worth of the originaldata, includ-
ing engineering and trajectory data, have been preserved, but only
abouthalf of these were despun. Thus, important parameters such as
the magnetic field direction and the plasma flow 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 scientific community. Current satellites such as the Defense
Meteorological Satellite Program, POLAR, and Cluster-1I do not
sample this unique high-latituderegion. In the foreseeablefuture,no
missions will explore this region of geospace on a systematic basis.
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
projectedinto the spin plane and the positive x axis in the undespun
spacecraft coordinate system, which is fixed relative to the space-
craftbody. As the spacecraftrotates, this angle varies between 0 and
360 deg. The relation of the undespun spacecraft coordinate system
to the spacecraft body is shown in Fig. 2. The spin axis is directed
to a fixed 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 first 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 alternative meth-
ods were considered by Van Allen’s group at the University of lowa
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,' and the other was to use the plasma in-
strument, a low-energy proton electron differential energy analyzer
(LEPEDEA).? The magnetometer method compared the magnetic
field measurements with a model magnetic field! and was applica-
ble in regions where the magnetic field models are fairly reliable:
>200y or <5.4Rj at low magnetic latitudes and <6.8 Ry at high
magneticlatitudes. However, only 10% of its orbit time was spent at
radial distancesless than <6.8 R, 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.? 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,whichis based onsolararray voltage
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 discussedin the next section, followed by a descrip-
tion of the despinningmethod thatis 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
whoseresponseto this source varies periodicallyin 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 invariantover
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
invarianceis only broken around perigee, where the Earth’s albedo
can make an ~20% contribution to the instantaneous power, and
also in eclipse.

Thus, instantaneoussolar array poweris anideal candidatefor use
in spin index determination, but, unfortunately, instantaneous solar
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 voltage measurements trace out a similar distinct pattern
in each panel, demonstrating that this measurement is periodic and
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approximately invariant over the orbit, making this measurement a
good candidate for use in spin index determination. We find this
invariance to hold on all orbits tested.

Because the spacecraft’s spin axis is not normal to the solareclip-
tic plane, the solar illumination of the spacecraft changes slowly
with calendar day as the sun angle changes [the angle between the
spin (+Z) axis of the spacecraftand 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
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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 spacecraftis apparent in Figs. 4e and
4f. We find 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 spacecraftrotation, then one could mark
off this repeated pattern in a time series to despin the spacecraft.
However, like most engineering data, this measurementis 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 spacecraftrotations
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 ¢, at time f, and the instan-
taneous angular rotation rate w(?) is known over the time interval
to be despun, then the spin index ¢ (¢) as a function of time ¢ can be
calculated from the following equation:

¢ (1) = [¢o + A ()] mod 27 1)

where A¢(¢) is the relative spin index and is given by

Ap(t) = / w(t)dt' )

fo

A. Determining A¢(¢) Through Self-Organization

The key for this method to work is that a parameterized expres-
sion A¢(f; wo, w1, ...) must exist whose parameters wy, @1, . . .
can be adjusted such that this expression becomes an accurate
approximation to A¢ (¢) 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; taken at times ?;, relative phases A¢ (¢); wy, w1, .. .)
can be assigned to these measurements. If the chosen parameters
wy, 1, ...resultin a good solution for A¢(?), the pattern formed
by the set of points [V;, A¢(f;; wy, w, ...) mod 27| will be dis-
tinct, with minimal scatter. If wy, @1, ... results in a poor solution,
then the pattern will be nondistinct with a lot of scatter.

We use the following expressionto measure the amount of scatter
in a pattern for a given wg, wy, . ..:

Y mio?
===l 3)
Zi:l m;

Kk (wo, w1, ..

where

Z(V — Vi)

Jjei

di—1 < [Ad(t; wy, i, ..

=y

i

.)mod2r] < ¢; 4)

i1 < [A@(fj; wy, wy, ...)mod 27 ] < @;

&)

The integer np is the number of evenly spaced bins between
0 and 360 deg into which the sensor measurements are sorted
[¢pi =27 (i /np)]. The integer m; is the number of measurements
in bin i. The quantities V; and o} are the mean and variance of the
sensor measurements in bin i. The weighted sum of o} yields the
criteria for self-organizationk. If wy, wy, ... yields a nondistinct
pattern with a lot of scatter, then « will be large. If wy, @i, ...
yields a distinct pattern with minimal scatter, then « will be small.
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Hawkeye Data from 1974 240 10:54 UT to 1974 242 14:09 UT
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The wy, wy, ... 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;, A¢(tj; wo, w1, ...)mod2m] using an initial guess for
oy, W1, . ... It is nondistinct with a lot of scatter. Figure 5b shows
the pattern formed by the same measurements using wg, @i, . .. that
were determined by finding 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 ¢,. 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 ¢y.

B. Determining ¢,

To determine ¢, a set of calibration curves 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 ¢,. Determining ¢, is done by computing x %:

{V ca1[¢(t )]}2
Z ovealP (@) ©

for ¢ spaced at 0.1-deg intervals from O to 360 deg and taking the
global minimum as the solution, where

n
m=§ m;

i=1

is the total number of measurements, V., (¢) is the calibrationcurve,
and oy, (¢) is the standard deviation of the calibrationcurves at spin
index ¢.

C. Approximation A¢(t;wy, wr, . . . ) for Ap(t)

As explained in Sec. III.A, it is crucial that a parameterized ex-
pression A¢ (t; wy, wy, . ..)exists thatis an accurate approximation
to A¢(¢) for a specific set of parameters wy, w;, ... over the time
interval to be despun. We find that the following approximation is
sufficient:

A¢(t;a)0,a)1)=a)0t+%a)1t2 7

where wy, w; are the free parameters.Introducinghigher-orderterms
in Eq. (7) did not result in better solutions for A¢ (¢). Figure 6a
shows the difference (solid jagged black trace) between the A¢ (¢)
determined by the OA system and the least squares fit of Eq. (7) to
the OA determined A¢ (¢) over one full orbit. Figure 6b shows the
radial distance of the spacecraft. For the bulk of the orbit centered
around apogee, we find that a set of values wy, w; can be determined
such that Eq. (7) is a good approximation of A¢(¢). We find this
to be true for all orbits despun using the OA system or sun pulse
method and, therefore, conclude that this approximationis good for
all orbits except around perigee or in eclipse. The deviation of the
fit of Eq. (7) from the true solution when the spacecraftapproaches
perigee is due to thermal expansion/contraction of the spacecraft,
primarily fromthe Earth’s albedo and infrared radiationand/or when
the spacecraft passes through the Earth’s shadow.

The time derivative of A¢ (f; wy, w;) gives the instantaneous an-
gular frequency

o(t) = wy + ot 3)

From conservation of angular momentum, one expects this expres-
sionto be a constantwhen the spacecraftis at radial distances >5R
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where the reflected and radiated energy flux from Earth becomes
small, dropping off in intensity as ~1/r~2. However, a term, w;,
linear in time, is necessary to model w(#) accurately over the orbit
segment centered about apogee extending down to a few Rg. Dur-
ing the mission, |@; /w,| < 1.5 x 107° 57!, with wy ~33 degs™!.In
general, the w; term can not be dropped because the sparse sampling
of the solar array voltages with time requires the despinning of 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 w; is not included.

The variation of the spin period 27 /w(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 decreasein spin period occurred
over the first two years of the mission. The reason for the variation
in the spin period has never been determined. We find the change to
be uniform throughoutthe orbit, and so it is not due to effects around
perigee, that is, frictional torque from the atmosphere or magnetic
torque from the Earth’s magnetic field.

IV. Applying the Despinning Method

The flowchart (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 wy, w;, found by minimizing «, is then
checked for aliasing. If aliasing is found, modification 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 ¢, is deter-
mined, and the science data are despun and checked. If the despun

Goal: Despin Data by Solving for mg, (), {4
in Equations 1 and 7
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Interval to be
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(Sec. IV. A, Fig. 9)
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Fig. 8 Flowchart of steps in the despinning process.
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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 fitted where
the radial position was greater than 5Rz. No time interval contains
either the perigee portion of the orbit or an eclipse period. This
was because the spin index (phase angle) was difficult 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
intervalatonce.In Fig. 9c, a steplike transitionin solar array voltage
occurred. We found it best to break intervalslike this into pieces and
despineach piece separately. We suspectthatthe variationsin Fig. 9¢
were due to changing power demands by the spacecraft.

B. Step B: Minimizing x(wq, w;)

The simplex method of Nelder and Mead® (commonly called the
amoeba method) is used to minimize «. This method requires an
initial guess for w,, w;, which is made by using the values from
previously despun intervals that are closestin time. A scale length
must be specified for wy, w,. 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.* for more
details.) Its important that the initial scale length for w, be large
enough to reduce the likelihood of convergence on 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
np 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 surface defined by « in
o, W space, it was determined that the depthsof the local minimum
are a function of ny. 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 |m|=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 experimenting with nz ranging from
4 to 128, we settled on ng =32 for giving the best overall fit. By
experimentation, we find that the number of voltage measurements
must be greater than 4np, and we are unable to obtain a good spin
index solution if the time interval despun was less than 2 h, or 64
measurements distributedover 16 angular bins. Figure 5a shows the
resulting (poorly organized) pattern in voltage measurements from
theinitial guess, and Fig. 5b shows the final (well-organized)pattern
using the solution from the simplex method.

C. Step C: Checking for Aliasing

Once a solution wy, w; is found by minimizing «, the resulting
pattern for this solution must be tested for aliasing because the
angular sampling frequency w, of 3.9 deg/s (sampling time 7, is
92.16 s) is much less the angular spin frequency of ~33 deg/s. We
designate a)g, a)lT as the true solutions for wg, w;. The true solution
! can be written as

wp = .k +a) ©)

where
k= ﬁx(a)OT/a)S) (10)
a = (w) /w,) modulus1 (11)

where 0 < o < 1. For Hawkeye, k =8 and 0.37 <« < 0.62. The rel-
ative phase for measurement i, i =0, n samples, taken at time i?;
is

(A¢;/27) modulus 1 = [(a)OT/ZJT) ity + (a)lT /471) iztf] modulus 1

= (io + i’f) modulus 1 (12)

where 8 = (w! /47)t? and n*>B <2. The pattern formed by the set
of samples {(A¢; modulus 27), V;; i = 0, n} 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

Wom = a)x[(l + C()/m] (133)
o = o [m (13b)

The quantities/ and m are integers and m # 0. The integer |m| gives
the number of times the pattern will be repeated between 0 and
360 deg. If m =1 and [ =k, then Eq. (13a) becomes Eq. (9). If
m=—1and ! =—k — 1, then Egs. (13a) and (13b) become

a)é” = w,lk + (1 —a)] (14a)
a){" = —a)lT (14b)

the patternresulting from this solution is the mirror reflection 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 =5,
is shown in Fig. 10.

If the solution wy, @, showed m cycle aliasing in its pattern, the
simplex routine was restarted using the following initial conditions
for wy, w;:

wy = ws[k + (mwy /w,) mod 1] (15a)
W] = mw, (15b)

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

Havingfounda solutionwhere [m| = 1,itmustthenbedetermined
whether this solution is the true solution equation (9) or the mirror
solutionequation (14). For Hawkeye, determining which solutionto
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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
w, between consecutive orbits (<0.009 deg/s) is much less than the
separation between the true solution and mirror solution w, (2 — o)
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:

[0.5 — | > Awy/w,; ~ 0.0023 (16)

However, when this condition is violated, that is, when o goes
through 0.5, a resonance, then earlier knowledge of the spin index
curveis 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 w;. (See Sec. IV.D on
how magnetometer data are used.) If the solution was found to be
the mirror solution, then

0 = wy{k + [1 — (wo/w,) mod1]} (172)
W] = —w (17b)

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

a =m;/m, (18)

where m, > m are positive integers composed of no common fac-
tors. Exactly at a resonance, the solar array voltage is sampled at
only m, discreet points in spin index. For Hawkeye, the w; term
varies enough over 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 « (wg, @),
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 75 associated with minimal k¥ can
be identified, one can try

), = wy{k + [1 — (wo/msw,) mod1]} (192)
o] = w/m; (19b)

as a new initial guess.

After determining wy, @i, then ¢y is determined using the method
describedin Sec. IIL.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



786 BOARDSEN AND KESSEL

Comparison of Spin Index Computation Methods
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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
overa ~48-htime interval centered around the apogee of 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 distributionis ~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 field model® and with near-
Earth interplanetary magnetic field (IMF) measurements. The IMF
measurements were made by Interplanetary Monitoring Platform-8
(IMP-8) (~33 R semicircularmidlatitudeorbitabout Earth) when it
was in the solar wind. The Tsyganenkoand Stern modelis 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 field 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 detectany
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 Stern’ model, and the green dots
are 5-min resolution IMP-8 IMF measurements while in the solar
wind. Figure 12a displays the magnetic field magnitudes, Fig. 12b
displays the latitudinal angle in geomagnetic solar magnetospheric
coordinates (GSM) of the magnetic field direction, and Fig. 12c
displays the ¢ angle in GSM of the magnetic field 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 field directions are in reasonable agreement
with the IMF directions. The plasma flow direction in the magne-
tosheathis steadier than the sheath magnetic field direction, tending
to flow tailward. It is plotted as black dots in Fig. 12d. The smooth
purple curve shows the estimated flow direction based on a simple
steady-statemodel of the magnetosheathflow direction. In the mag-
netosheath, a sharp break in this flow direction not accompanied by
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Fig. 12 Example survey plot used to judge the reliability of the spin
index solution is shown; comparison of despun magnetic field and flow
direction to models.

a sharp change in the solar wind direction would 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 field directions are in reasonable agreement with the
directions computed from the Tsyganenko and Stern® model. This
agreementindicates 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 field 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 n g, making small modifications to the ini-
tial guesses and/or subdividing the interval into subintervals, and
fitting 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
attitudesystem failuresifitems 1-5 in the followinglist are satisfied:

1) A sensor measurement must be available whose response to an
external source of known location is distinct and periodic with re-
spectto 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 ¢y 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 first five items.

6) Science-quality vector magnetometer measurements with a
sampling rate greater than half of the spin period are desirable.

7) The availability of 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) Preflight calibration data of the sensor response for different
spacecraftorientationswith respectto the sunis desirable (not avail-
able for Hawkeye).

9) A preflight 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 satisfied and used for determining ¢, (item 3),
as explainedin Sec. III.B. However, if item 7 is not satisfied, magne-
tometer measurements (item 6), if available, can be used in regions
where magnetic field 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-organizationrelies on 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 function of 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 sufficiently 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
spacecraftclock and 2) conversion from spacecrafttime to universal
time on the ground. We suspect that case 2 happened occasionally
when spacecrafttracking was switched to a different ground station.

VI. Summary

In summary, the method developedin this paper was successfully
applied in determining the spin index of the Hawkeye spacecraft.

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-
entific 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-
ting and/or downloadingfiles (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.govhawkeye/hawkeye.html).
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